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Abstract 
 
Atomic force microscopy (AFM) measurements have shown that nanoscale interfaces in sliding contact frequently exhibit atomic lat-

tice stick-slip friction. Using various material surfaces and AFM tips, including colloidal probes, and systematically varying applied load 
and lever stiffness, it is demonstrated that transitions can be repeatedly observed from smooth sliding to single unit-cell slips and then 
multiple slips. The behavior is dependent on the interplay between the stiffness of the contact zone, the measurement system (i.e., the 
AFM cantilever), and the interfacial potential. Atomic lattice stick-slip occurs with colloidal particle tip orders of magnitudes larger than 
those previously used. Stable atomically corrugated sliding in ambient conditions that cannot be seen elsewhere is reported. The general-
ity of these conditions suggests that atomic-scale stick-slip behavior may be far more prevalent than previously appreciated. In addition, 
the friction-stiffness maps of various material surfaces in contact with a colloidal particle were reported, and the complex effects of sys-
tem stiffness and pressure were discussed for chemical-mechanical polishing applications. 
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1. Introduction 

Interest in ultra-small particles with a size of less than a few 
micrometer diameters have been tremendously increasing due 
to their wide applications in various fields such as environ-
mental and medical sciences, as well as engineering [1-3]. As 
one of their applications, in the chemical-mechanical polishing 
(CMP) process for silicon wafer planarization, one of the 
more critical and difficult issues to be solved for performance 
improvement is the presence of unwanted defects such as 
scratches, gouging, and corrosion. Much endeavor has been 
done to understand the machining mechanism from the tri-
bological viewpoint. However, most previous studies on tri-
bology in the CMP process were macro-scale research based 
on a total CMP system. Understanding nano-scale contact and 
frictional behavior at particle-surface interfaces is important.  

It is generally known that atomistic stick-slip frictional be-
havior occurs at such ultra-small scale contact interfaces. 
Great efforts have been made to understand the fundamental 
mechanisms of stick-slip friction from macro to atomic scale, 
since stick-slip friction causes system failures and instabilities. 
By using both simulation and experimental techniques, the 
effects of various parameters such as scanning direction with 

respect to lattice structure, contact materials, applied load, and 
scan speed, as well as theoretical models such as the Tomlin-
son model have been revealed [4-7]. However, many ques-
tions about atomic-scale stick-slip still remain. It is commonly 
suggested that in a nanometer-sized contact, the tip atoms may 
be distorted sufficiently by interfacial forces to pull them into 
at least a partial registry with the sample’s lattice. The origin 
of the behavior, that is, whether the behavior is intrinsic to the 
interface or it is affected by instrument properties, has not yet 
been unveiled. The transition in atomic-scale stick-slip friction, 
which will be discussed in this paper, is also one of the key 
issues to be examined. However, only a few studies have re-
ported on this [4-7].  

Based on the given background, this work aims to under-
stand the frictional behaviors at particle-surface contact inter-
faces depending on the nanomechanical and material proper-
ties of the system under various operating and environmental 
conditions. In this paper, the effects of system stiffnesses and 
materials on the atomic-scale frictional behavior at particle-
surface contacts will be discussed using several AFM probes 
with a wide range of lateral cantilever stiffnesses and applied 
loads. 
 

2. Experimental setup  

A commercial AFM (Nanoscope, Digital Instruments Co.) 
was used. The scanning speed was set to 0.6 µm/s, and all of 
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the experiments were performed under ambient atmosphere at 
room temperature and a humidity level of 35-50% RH. 

For the cantilever, in order to simulate particle-surface con-
tact, colloidal probes which had a colloidal particle attached in 
place of the AFM tip were used. Microspheres of silica and 
vitreous (glassy) carbon with less 10 µm diameters were used 
for the colloidal probe. The normal stiffnesses of the colloidal 
probes were in the range of 0.06-0.09 N/m. Each of these can-
tilevers had different dimensions and thus different normal 
and lateral stiffnesses. The surfaces for sliding contact were 
composed of a highly oriented pyrolitic graphite (HOPG, 
Grade SPI-1), copper, aluminum, nickel, poly-silicon, and P-
TEOS, all of which are currently used in the real CMP process 
as semiconductor materials.  

Lateral force calibration and the measurements of normal 
and lateral stiffnesses of the cantilevers were performed using 
established methods [8-10]. Further, the lateral contact stiff-
ness between a cantilever and a material surface was measured 
by AFM in which the scanner moves laterally within the range 
where no tip slip-ping occurs. The lateral deflection signal of 
the cantilever was then detected according to the applied load. 

 
3. Results and discussion 

3.1 Stick-slip friction at particle-surface contact 

It is generally thought that atomic stick-slip friction can oc-
cur only when an ultra-sharp and well-shaped tip slides 
against an atomically flat surface. In reality, almost all previ-
ous studies on the stick-slip and atomic lattice resolution im-
aging have been performed using sharp tips with a nanometer-
sized radius. However, the results presented in Fig. 1 show 
that such a general assumption is not the case in this work.  

Fig. 1 shows the images of the vertical and torsional deflec-
tion (friction) of the cantilever (5 x 5 nm2 size) with respect to 
the scan direction on an HOPG surface. These were obtained 
simultaneously using the colloidal probe with a glassy carbon 
particle that is 7 µm in diameter (normal stiffness~0.057 N/m). 
The line traces were extracted from each of the images. A 
longitudinal scan means that each line scan was taken by mov-
ing the sample parallel to the long axis of the cantilever, while 
a perpendicular scan means that each line scan was taken by 
moving the sample perpendicular to the long axis of the canti-
lever. The stick-slip frictional behaviors that are varied with 
the scan direction due to the anisotropic lattice structure of 
graphite can be shown in the images clearly. Such changes in 
the shape and periodicity of the stick-slip friction signal corre-
spond quite well to the behaviors that can be predicted from 
previous studies, which mainly focused on the effects of lat-
tice periodicity and anisotropy [4, 11]. 

In this contact situation, the contact area estimated simply 
by using the Hertzian theory and the material properties of 
HOPG and glassy carbon reported elsewhere [12, 13] is about 
1300 nm2. Consequently, more than 6800 unit cells of graphite 
are involved in the contact area. Despite the fact that this is 
obviously affected by the roughness of the particle, the results  

 

 
(a) 

 

 
(b) 

 
Fig. 1. Stick-slip behaviors with respect to scan direction on an HOPG 
surface using a colloidal probe with a glassy carbon particle that is 7 
µm in diameter. Applied normal load – 56.2 nN. (a) Longitudinal scan, 
(b) Perpendicular scan. (In each set of images: Upper- vertical deflec-
tion images, Lower – torsional deflection (friction) images. The line 
traces were extracted from each of the images.) 

 
clearly indicate that atomic stick-slip friction can occur even 
when there is a relatively large contact area, and the tips lack a 
well-shaped apex. As mentioned above, it was generally 
thought that atomic stick-slips only occur for nano-scale tips. 
Therefore, one important conclusion is that atomic stick-slip 
friction may be a more common phenomenon than is currently 
thought. 

Another important point to note is that double or multiple  
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Fig. 2. Friction loops at different loads (low, medium, and high loads) 
from the contact between a silica colloidal probe and (a) HOPG (Top: -
20.2 nN, middle: 108.0 nN, bottom: 278.0 nN), (b) copper (Top: -16.0 
nN, middle: 54.5 nN, bottom: 285.2 nN). 

 
slips are shown in the friction image and the line trace in the 
case of perpendicular scans (Fig. 1(b)), unlike the expected 
single slip behaviors. In other words, the tip jumps one or 
several stick points abnormally, and consequently, slips occur 
for two or more lattice spacings. From the experiments, it was 
found that even in the case of using the cantilevers which be-
long to the same type, some of them showed a single slip, 
some showed multiple slips, and others presented mixed be-
haviors. Such results could be explained by the lateral stiff-
nesses of the cantilever, as well as the applied normal load.  

 
3.2 Effects of load and material on the transition in friction 

Fig. 2 presents the friction loops at different loads obtained 
by using a silica colloidal probe on HOPG and copper sur-
faces. The data shows a clear transition from single slips to 
multiple slips according to the applied load. Each of the fric-
tion loops shows clear smooth sliding, a single slip, and multi-
ple slips. 

It is also found that such transition occurs differently with 
the contact material. It is obviously found that the fluctuation 
in the friction signal (stick-slip magnitude) of copper is larger 
than that of graphite under a similar load. In other words, the 
energy dissipation due to friction (the area formed by both 
trace and retrace lines) is relatively high in contact with cop-
per. It can be thought that this result was caused by the differ- 
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Fig. 3. A friction–stiffness map of various material surfaces in contact 
with a silica colloidal probe. 

 
ent stiffnesses of contact between the cantilever tip and the 
material surface [14].  

The effects of changing the applied load are twofold. On 
one hand, according to the proposed theoretical models [4-7], 
increasing the load increases the corrugation of the tip-surface 
interfacial potential. Therefore, stick-slip is more likely. How-
ever, increasing the load can also increase the lateral contact 
stiffness. This contributes to the system stiffness, and this can 
make stick-slip less likely. Therefore, in order to observe how 
the transition shown in Fig. 2 changes according to the stiff-
nesses of the cantilevers and material contact, a set of experi-
ments considering the lateral stiffnesses of the cantilevers and 
contact was performed. The result is discussed in the follow-
ing section.  

 
3.3 Relationship between friction and stiffness 

Fig. 3 is a friction-stiffness map of various material surfaces 
in contact with the silica colloidal probes. As shown in the 
figure, the friction coefficient could be categorized into three 
regimes according to its magnitude, that is, low (below 0.2), 
medium (0.2-0.5), and high (above 0.5) friction coefficient 
regimes. As a whole, the frictional behaviors of the low, me-
dium, and high friction coefficient regimes showed smooth, 
single, and multiple slips, respectively.  

The results indicate that there is a boundary between each of 
the friction coefficient regimes. Also, it could be concluded 
that the transitions in the friction vary largely with the surface 
material in contact with the colloidal probe, even if the canti-
levers have similar lateral stiffness to one another. This is due 
to the fact that whether or not a single slip or multiple slips 
occur is a question of the dynamics of the system. According 
to the theoretical stick-slip models [4-7], multiple jumps can 
only occur if the cantilever has a relatively low lateral stiffness 
and relatively large lateral stiffness of the contact, under the 
condition of insufficient system damping. Therefore, the ex-
perimental results are consistent with the prediction from the 
model. From these results, it can be concluded that in order to 
have good machine surface integrity, the pressure applied to 
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the particle-surface interface in CMP processes should be 
properly determined with respect to the material to be ma-
chined and the lateral stiffness of the CMP system.  

 
4. Conclusions 

An experimental investigation of the atomic/nano-scale fric-
tional behavior at various tip-surface contacts was carried out 
using atomic force microscope (AFM) cantilevers with differ-
ent stiffnesses and tips. The experimental results show that 
stick-slip friction behavior occurs even when the colloidal 
probes with a particle of a few micrometers in diameter have a 
relatively large contact area and lack a well-shaped tip end. 
This indicates that the atomic stick-slip friction may be a more 
common phenomenon than currently thought.  

In addition, systematic transitions from smooth to single to 
multiple slips in friction at particle-surface contacts were first 
observed systematically by considering the competition be-
tween the stiffness of the interatomic potential across the inter-
face and the elastic stiffnesses of the contacting materials and 
the cantilever itself. From the observations, a friction map 
with respect to the lateral contact stiffness was obtained for 
various semiconductor material surfaces. These are expected 
to be useful data in applications using ultra-small particles 
such as CMP processes.  
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