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Abstract—Atomic force microscopy/friction force microscopy (AFM/FFM) techniques are in-
creasingly used for tribological studies of engineering surfaces at scales, ranging from atomic and
molecular to microscales. These techniques have been used to study surface roughness, adhesion, fric-
tion, scratching/wear, indentation, detection of material transfer, and boundary lubrication and for
nanofabrication/nanomachining purposes. Micro/nanotribological studies of single-crystal silicon, na-
tural diamond, magnetic media (magnetic tapes and disks) and magnetic heads have been conducted.
Commonly measured roughness parameters are found to be scale dependent, requiring the need of
scale-independent fractal parameters to characterize surface roughness. Measurements of atomic-scale
friction of a freshly-cleaved highly-oriented pyrolytic graphite exhibited the same periodicity as that
of corresponding topography. However, the peaks in friction and those in corresponding topography
were displaced relative to each other. Variations in atomic-scale friction and the observed dis-
placement has been explained by the variations in interatomic forces in the normal and lateral direc-
tions. Local variation in microscale friction is found to correspond to the local slope suggesting that
a ratchet mechanism is responsible for this variation. Directionality in the friction is observed on
both micro- and macro scales which results from the surface preparation and anisotropy in surface
roughness. Microscale friction is generally found to be smaller than the macrofriction as there is less
ploughing contribution in microscale measurements. Microscale friction is load dependent and fric-
tion values increase with an increase in the normal load approaching to the macrofriction at contact
stresses higher than the hardness of the softer material. Wear rate for single-crystal silicon is ap-
proximately constant for various loads and test durations. However, for magnetic disks with a mul-
tilayered thin-film structure, the wear of the diamond like carbon overcoat is catastrophic. Breakdown
of thin films can be detected with AFM. Evolution of the wear has also been studied using AFM.
Wear is found to be initiated at nono scratches. AFM has been modified to obtain load-displacement
curves and for nanoindentation hardness measurements with depth of indentation as low as 1 mm.
Scratching and indentation on nanoscales are the powerful ways to screen for adhesion and resistance
to deformation of ultrathin films. Detection of material transfer on a nanoscale is possible with AFM.
Boundary lubrication studies and measurement of lubricant-film thichness with a lateral resolution on
a nanoscale have been conducted using AFM. Self-assembled monolyers and chemically-bonded lu-
bricant films with a mobile fraction are superior in wear resistance. Finally, AFM has also shown to
be useful for nanofabrication/nanomachining. Friction and wear on micro-and nanoscales have been
found to be generally smaller compared to that at macroscales. Therefore, micro/nanotribological stu-
dies may help define the regimes for ultra-low friction and near zero wear.

1. Introduction

The recent emergence and profileration of prox-
imal probes, in particular tip-based microscopies
(the scanning tunneling microscope and atomic
force microscope) has allowed the study of surface
topographym adhesionm friction, weear, lubrication
and measurment of mechanical properties all on a
micro- to nanometer scale, to image lubricant molec-
ules and availability of supercomputers to conduct a-
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tomic-scale simulations has led to development of a
new field referred to as Microtribology or Nano-
tribology [1,2]. This field concerns with ex-
perimental and theoretical investigations of
processes ranging from atomic and molecular scales
to microscale, occurring during adhesion, friciton,
wear, and thin-film lubrication at sliding surfaces.
These studies are needed to develop fundamental
understanding of interfacial phenomena on a small
scale and to study interfacial phenomena in micro-
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and nano structures used in magnetic storage sys-
tems, microelectromechanical systems (MEMS) and
other industrial applications. Friction and wear of
lightly-loaded micro/nano components are highly de-
pendent on the surface interaction (few atomic lay-
ers). These structures are generally lubricated .with
molecularly-this films. Micro-and nanotribological
studies are also valuable in fundamental und-
erstanding of interfacial phenomena in ma-
crostructures [3-5] to probide a bridge between sci-
ence and engineering,

Adhesion [6-10], friction [11-23], wear [15-17,20-
22,24] and lubrication [6,25-30] at the interface
between two solids with and without liquid films
have been studied using the AFM and FFM. At
most solid-solid interfaces of technological
relevance, contact occurs at numerous asperities [3-
5], a sharp AFM/FFM tip sliding on a surface simu-
lates just one such contact. surface roughness is rou-
tinely measured using the AFM [31-34] and it has
been used for measuring elastic-plastic mechanical
properties {16,17,20-22,35-38]. For measurements of
surface roughness, friction force, nanoscale scratch-
ing and wear, a microfabricated square-pyramidal Si
sN, or silicon tip with a tip radius ranging from 10
to 50 nm is generally used [1] at loads ranging from
10 to 150nN. For measurements of microscale
scratching and wear and for nanoidentation hardness
measurements and nanofabrication, a three-sided py-
ramidal sigle-crystal natural-diamond tip with a tip
radius of about 100 nm is generally used [1] at re-
latively high loads ranging from 10 to 50 uN.

2. Surface Roughness, Adhesion and Friction

Solid surfaces, irrespective of the method of for-
mation, contain surface irregularities or deviations
from the prescribed geometrical form. When two
nominally flat surfaces are placed in contact, surface
roughness causes contact to occur at discrete contact
points. Deformation occurs in these points, and may
be either elastic or plastic depending on the nominal
stress, surface roughness and material properties.
The sum of the areas of all the contact points con-
stitutes the real area that would be in contact, and
for most materials at normal loads, this will be only
a small fraction of the area of contact if the surfaces
were perfectly smooth. In general, real area of con-
tact must be minimized to minimize adhesion, fric-

tion and wear [3-4].

Characterizing surface roughness is therefore im-
portant for prediction and understanding the tri-
bological properties of solids in contact. The AFM
has been used to measure surface roughness on
length scales from nanometers to micrometers. Sur-
face roughness most commonly refers to the vari-
ations in the height of the surface reative to a ref-
erence plane [3,4,31-34]. Commonly measured
roughness parameters, such as r.m.s. surface height
and peak-to-valley distance, are found to be scale-de-
pendent for any given surface. The topography of
most engineering surfaces is fractal, possessing a
self-similar structure over a range of scales. By us-
ing fractal analysis one can characterize roughness
of surfaces with two scale-independent fractal
parameter D and C which provide information about

Friction

Fig. 1(a). Grey-scale plots of surface topography
(left) and friction profiles (right) of a 1X1 nm area
of freshly cleaved HOPG, showing the atomic-scale
variation of topography and friction.
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Fig. 1(b). Diagram of superimposed topography
and friction profiles from (a); the symbols cor-
respond to maxima. Note the spatial shift between
the two profiles (Ref. 18).

roughness at all length scales [31-34]. These two
parameters are instrument-independent and are
unique for each surface. D (gencrally ranging from 1
to 2) primarily relates to distribution of different fre-
quencies in the surface profile, and C to the am-
plitude of the surface height variations at all fre-
quencies. A fractal model of elasitic-plastic contact
[23] has been used to predict whether contacts ex-
perience elastic or plastic deformation and to predict
the statistical distribution of contact points.

To study friction mechanisms on an atomic scale,
a well characterized freshly-cleaved surface of high-
ly oriented pyrolytic gaphite (HOPG) has been stu-
died by Mate et al [11]. and Ruan and Bhushan [18].
The atomic-scale friction force of HOPG exhibited
the same periodicity same as that of corresponding
topography (Fig. 1a), but the peaks in friction and
those in topography were displaced relative to cach
other [18], (Fig. 1b). A Forurier expansion of the in-
teratomic potential was used to calculate the con-
servative interatomic forces between atoms of the
FFM tip and those of the graphite surface. Maxima
in the interatiomic forces in the normal and lateral
directions do not occur at the same location, which
explains the observed shift between the peaks in the
lateral force and those in the corresponding to-
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pography. Furthermore, the observed local variations
in friction force were explained by variationin the in-
trinsic lateral force between the sample and the
FFM tip [18] and these variations may not neces-
sarily occur as a result of atomic-scalc stick-slip pro-
cess [11].

Friction forces of HOPG have also been studied
[14,19,21,39]. Local variations in the microscale
friction of cleaved graphite are observed, which ar-
ise from structural changes occur during the cleav-
ing process [19]. The cleaved HOPG surface is
largely atomically smooth but exhibits line-shaped
regions in which coefficicnt of friction is more than
order of magnitude larger. Transmission clectron
microscopy indicates that the line-shaped regions
consist of graphite planes of different orientation,
as well as of amorphous carbon. Differences in fric-
tion can also be scen fior organic mon- and multi-
layer films [14], which again seen to be the result
of structural variations in the films. These mcas-
urements suggest that the FFM can be used for
structural mapping of the surfaces. FFM meas-
urcments can be used to map chemical variations,
as indicated by the use of the FFM with a modified
probe tip to map the spatial arrangement of chem-
ical functional groups in mixed oranic monolayer
films [39]. Here, sample regions that had stronger
interactions with the functionalized probe tip ex-
hibited lager friction. Local variations in the mi-
croscale friciton of scratched surfaces can be sig-
nificant, and seen to depend on the local surface
sloper rather than the surface height distribution [1,
15-21]. Directionality in friction is sometimes ob-
served on the macroscale; on the microscale this is
the norm [1,12,15-21]. This is becausc most
‘engineering surfaces have asymmetric surface as-
peritics so that the interaction of the FFM tip with
the surface is dependent on the dircction of the as-
perities, which also causes asymmetry and direc-
tional dependence. Reduction in local variations
and in directionality of frictional properties there-
fore requires careful optimization of surface rough-
ness distributions and of surface-finishing processes.

Table 1 shows the coefficient of friction measured
for two surface micro- and macroscales. The coef-
ficient of friction is defined as the ratio of friction
force to the normal load. The values on the mi-
croscale are much lower than those on the ma-
croscale. When measured for the small contact areas
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Table 1. Surface roughness and micro-and macro-
scale coefficients of friction of various samples [17,
23,27]

Material R.M.S. Micro-scale Macro-scale
roughness, coefficient of coefficient of
nm friction versus friction versus
Si;N, tip’ alumina ball’
Si (11) 0.11 0.03 0.18
c+-implanted Si 0.33 0.02 0.18

' Tip radius of about 50 nm in the load range of 10-150
nN (2.5-6.1 GPa), a scanning speed of 5 um/s and scan
area of 1 um x 1 pm,

*Ball radius of 3 mm at a normal load of 0.1 N 0.3
GPa) and average sliding speed of 0.8 mm/s.

and very low loads used in microscale studies, in-
dention hardness and modulus of elasticity are high-
er than at the macroscale. This reduces the degree
of wear. In addition, the small apparent areas of con-
tact reduce the number of particles trapped at the in-
terface, and thus minimize the ‘ploughing’ contribu-
tion to the friction force.

At higher load (with contact stresses exceeding
the hardness of the sofer material), however, the
coefficient of friction for micro-scale measurements
increases towards values comparable with those ob-
tained from marcroscale measurements, and surface
damage also increases [23]. Thus Amontons law of
friction [3,4], which states that the coefficient of fric-
tion is independent of apparent contact area and nor-
malload, does not hold for microscale measurements.
These findings suggest microcomponents sliding
under lightly loaded conditions should experience
very low friction and near-zero wear.

3. Scratching, Wear and Indention

The AFM can be used to investigate how surface
materials can be moved or removed on micro-to
nanoscales, for example in scratching and wear [15,
17,20,21,24] (where these things are undesirable),
and nanomachining/nanofabrication (where they are
desirable). The AFM can also be used for meas-
urements of mechanical properties on micro- to
nanoscales, Figure 2 show microscratches made on
Si (111) at various loade after 10 cycles. As ex-
pected, the depth of scratch increases with load.
Such microscratching measurements can be used to
study failure mechanisms on the the microscale and

5.00

Fig. 2. Surface profiles of Si(111) scratched at vari-
ous loads. Note that x and y axes are in um and z
axis is in nm (Ref. 17).

to evaluate the mechanical integrity (scratch resis-
tance) of ultra-this films at low loads [15,16].

By scanning the sample in two dimensions with
the AFM, wear scars are generated on the surface.
The evolution of wear of a diamond-like carbon
coating on a polished aluminum substrate is shown
in Fig. 3 which illustrates how the micro-wear pro-
file for a load of 20 uN develops as a function of
the number of scanning cycles®. Wear is not un-
iform, but is initiated at the nanoscratches indicating
that surface defects (with high surface energy) act as
intiation sites. Thus, scratch-free surfaces will be re-
latively resistant to wear.

Mechanical properties, such as hardness and mo-
dulus of elastivity can be determined on micro- to
picoscales using AFM [16,17,20-22,35,-38]. In-
dentability on the scale of picometres can be studied
by monitoring the slope of cantilever deflection as a
function of sample traveling distance after the tip is
engaged and the sample is pushed against the tip
[15]. For a rigid sample, cantilever defection equals
the sample traveling distance; but the former quan-
tity is smaller if the tip indents the sample. The in-
dentation hardness of surface films with an in-
dentation depth of as small as 1nm has been
measured for Si(111) [37] (Fig. 4). Triangular in-
dentations are observed for shallow penetration
depths. The hardness for and indentation depth Of 2.
5nm is 16.6 GPa; and it drops to a value of 11.7
GPa at a depth of 7 nm. This decrease in hardness
with increase in indentation depth can be ra-
tionalized on the basis that as the volume of de-
formed materials increase, there is a higher pro-
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Fig. 3. Surface profiles of diamond-like carbon-coat-
ed thin-film disk showing the worn region; the nor-
mal load and number of test cycles are indicated
(Ref. 16).
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60 uN, 1.0 nm

70 uN, 3.0 nm, 15.8 GPa

Fig. 4. Grey-scale plots of images of indentation
marks on the Si(111) samples; load, indentation
depths and hardness values are indicated (Ref.
3.
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bability of encountering material defects [40].
Bhushan and Koinkar [17] have used AFM meas-
urements to show that ion implantation of silicon
surfaces increases their hardness and thus their wear
resistance. Formation of surface alloy films with im-
proved mechanical properties by ion implantation is
growing technological importance as means of im-
proving the mechanical properties of materials.

The Young's modulus of elasticity is calculated
from the slope of the indentation curve during un-
loading [1,35,38]. Maivald et al [36]. used an AFM
in ‘force mode’ to measure surface elasticities: AFM
tip is scanned over the modulated sample surface
with the feedback loop keeping the average force
constant. For the same applied froce, a soft area de-
forms more, and thus causes less cantilever de-
flection, the a hard area. The ratio of modulation
amptude to the local tip deflection is then used to
create a ‘force modulation image'. The force mo-
dulafion mode makes in easres on hard substrates.

Detection of transfer of material on a nanoscale is
possibel with the AFM. Indentation Cg-rich ful-
lerene films with an AFM tip has been shown [41]
to result in the transfer of fullerene molecules to the
AFM tip, as indicated by discontinuities in the can-
tilever deflection as a function of sample traveling
distance in subsequent indentation studies.

Cg double grafted/SiO,/Si

40 uN, 3.7 nm

4. Boundary Lubrication

The ‘classical’ approach to lubrication uses freely
supported multimolecular layers of liquid lubricant
{1,6,25,26,28-30]. The liquid lubricants are chem-
ically bonded to improve their wear resistance [3].
To study depletion of boundary layers, the micro-
scale friction measurments were made as function of
number of cycles virgin Si(100) surface and silicon
surface lubricated with about 2-nm thick Z-15 and Z-
Dol PEPE lubricants, Fig. 5 Z-Dol is PFPE lu-
bricant with hydroxyl end groups. Its lubricant film

Normal Force = 300 nN
~ 204
z /
Si(100)
8 15 (
e
=]
<9
=]
LS B
- 7 zisisi00)
gl
e O 2o U OO
0 T T T T T T T T T

4] 10 20 30 40 50 60 70 80 90 100
Number of Cycles
Fig. 5. Friction force as a function of number of cy-
cles using silicon nitride tip at a normal force of 300
nN for the unlubricated and lubricated silicon sam-
ples (Ref. 29).

50.0 nn

25.0

ZnA/ODT/AuW/Si

200 nN, 6.5 nm

Fig. 6. Surface profiles showing the worn region after one scan cycle for self-assembled monolayers of oc-
todecyl silanol (C,) (left ) and zinc arachidate (ZnA) (right). Normal force and wear depths are indicated.
Note that wear of ZnA occurs at only 200 nN as compared to 40 UN for C,; film (Ref. 27).
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was thermally bonded at 150°C for 30 minutes and
washed off with a solvent to provide a chemically
bonded layer fo the lubricant film. In Fig. 5, the un-
lubricated silicon sample shows a slight increase in
friction force followed by a drop to a lower steady
state value after 20 cycles. Depletion of native oxide
and possible roughening of the silicon sample are be-
lieved to be responsible for the decrease in friction
force after 20 cycles. The initial friction force for Z-
15 lubricated sample is lower than that of un-
lubracted silicon and increase gradually to friction
force value comparable to that of the silicon after 20
cycles. This suggests the depletion of the Z-15 lu-
bricant in the wear track. In the case of the Z-Dol
coated silicon sample, the friction force starts out to
be low and remains low during the 100 cyles test. It
suggests that Z-Dol docs not get displaced/depleted
as readily as Z-15. Additional studies of freely sup-
ported liquid lubricants showed that either in-
creasing the film thickness or chemcially bonding
the molecules to the substrate with a mobile fraction
improves the lubrication performance {28,29,30].

For lubrication of microdevices, a more cffective
approach involves the deposition of organized,
dense molecular layers of long-chain molecules on
the surface contact. Such monolayers and thin films
are commonly produced by Langmuir-Blodgett (L-B)
deposition and by chemical grafting of molecules
into self-assembled monolayers (SAMs). Based on
the measurments, SAMs of octodecyl (C,) com-
pounds based on aminosilanes on a oxidized silicon
exhibited lower coefficient of friction of (0.018) and
greater ducrability than LB films of zinc arachidate
adsorbed on a gold surface coated with oc-
tadecylthiol (ODT) (coefficient of friction of 0.03)
(Fig. 6) [27]. LB films are bonded to the substrate
by weak van der Waals attraction, whereas, SAMs
are chemically bound via covalent bonds. Because
of the choice of chain length and terminal linking
group that SAMs offer, they hold great promise for
boundary lubrication of microdevices.

Measurement of ultra-thin lubricants films with
nanometer lateral resolution can be made with the
AFM [42-44]. The lubricant thickness is obtained
by measuring the force on the tip as it approaches,
contacts and pushes through the liquid film and ul-
timately contacts thc substratc. The distance
between the sharp ‘snap-in’ (owing to the formation
of a liquid of meniscus between the film and the tip)
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at the liquid surface and the hard repulsion at the
substrate surface is a measure of the liquid film
thickness. This technique is now used routinely in
the information-storage industry for thickness meas-
urements (with nanoscale spatial resolution) of lu-
bricant films, a few nanometres thick, in rigid mag-
netic disks.
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