rihological
Investigations Using
Friction Force
Microscopy

R. Overney and E. Meyer

Introduction

Many attempts have been made in re-
cent centuries to investigate friction, adhe-
sion, lubrication, and wear. Most of the
experimental approaches and theories were
based on macroscopic experiments, such
as tensile and indentation tests. For a long
time, only the bulk properties of the mate-
rials were considered.

Late in this century a new term was
created combining all of the above-men-
tioned properties which deal with the sci-
ence of interacting material interfaces in
relative motion: ¢ribology. The state of the
art of science today reveals that process-
ing in nature depends strongly on inter-
faces that cannot be described onty by bulk
properties. Tribologists realize they mast
study the sliding surfaces by analytical
surface-science tools. With the surface force
apparatus developed by J.N. Israelachvili
and D. Tabor,” we have a surface analysis
tool that provides new insight into the field
of macroscopic stiding contact of lubri-
cated systems.

After Amontons’ laws were established
as a first attempt to describe sliding fric-
tion analyticaily, theories were advanced
over the course of this century. A classic
discipline was developed: contact mechan-
ics. More quantitative treatments of fric-
tion were developed by various authors.
The energy dissipation in most processes
in tribology induced the theorists to con-
sider the sliding bodies as spring models
creating phonon-phoron interactions. And
with modern computer facilities, they
started to perform computational experi-
ments whenever classical experiments
could not provide information on the sub-
micron scale.

With the inception of the field of scan-
ning force microscopies by G. Binnig,
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CE Quate, and C. Gerber! in 1986, a sur-
face analysis technique was introduced,
able to probe any surface with a resolu-
tion on the atomic scale. Many groups
worldwide have used this new technique
to investigate surfaces of crystalline and
amnorphous materials and to examine inor-
ganic and organic systems.? The design of
this real-space analytical tool is based on
the scanning tunneling microscope®
(G. Binnig, H. Rohrer, Nobel Prize, 1986),

ich scans a very fine tip over the sample
surface. The scanning force microscope
tip is located on a sensitive cantilever
spring. Interactions between the tip and
sample cause deflections of the cantilever.
These deflections are monitored by a com-
puter providing a two-dimensional image
of the sample surface in real space. De-
pending on the load of the spring, the tip

Sample

Figure 1. Bidirectional AFM Method (A).
Normal and lateral bending is measured
by two sensors: Sy (normal) and S,
(lateral). Typically, the feedback control
holds the normal force constant. In the
setup of Mate et al.* only the lateral
sensor is used.

can adhere to the sample and undergo
sliding start-up effects, known in tribol-
ogy as static friction, and dynamic slid-
ing effects by scanning. C.M. Mate and
GM. McClelland tock advantage of this
situation, modified the scanning force mi-
croscope, and measured the lateral instead
of the normal movement of the tip.* Their
experiment provided the first friction mea-
surements on the atomic scale.

With the development of the laser beam-
deflection method (see next section),
G. Meyer et al’ and O, Marti et al.® pro-
duced a single detection setup capable of
providing simultaneous information on
normal and lateral movement of the tiny
cantilever stiding over the sample surface.
This article seeks to:
® highlight the problems of crosstalk on
the topography and torsion signals and
present a method that allows one to dis-
tinguish between topographically induced
and frictionally induced torsion (friction
loap), and
® describe the first successful applications
of the friction force microscope carried
out on lubricating systems, such as organic
films, also known as boundary lubricants.

These boundary lubricant films are ei-
ther physically or chemically adsorbed on
the solid surfaces and their exact micro-
scopic nature remains largely unknown.
Self-assembled organic films, such as
Langmuir-Blodgett {LB) films, serve as
model boundary lubricants. These films
are known lubricants, behave in a solidlike
manner, adhere well to substrates, and
form ordered two-dimensional structures.
The scanning foree microscope provides a
unique opportunity to study friction and
wear resulting from a microscopic asper-
ity on these organic compounds.

Experimental Details

Mate et al.* modified the atomic force
microscope (AFM) to measure the deflec-
fion of the cantilever in response to lateral
forces (Figure I). The sideways bending of
the cantilever (fungsten wire) was detected
using a laterally positioned optical inter-
ferometer. Wit! > early measurements
of lateral rictio:” i.:rces, it was demon-
strated that it is possible to measure lateral
forces on a subranometer scale on graphite*
and mica’ (even though the spring con-
stant of the tungsten wire was 2,500 N/in
and 100 N/m, respectively). This astonish-
ing resolution was possible because of
the sensitive optical sensor (resolution
< (.01 rum). Since those initial experiments,
several groups®" have combined normal
and lateral-force detection.

Combined normal and lateral-force mea-
suremerds can be performed by two dif-
ferent methads:
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(A) bidirectional measurements with
two sensors, and

(B) bidirectional measurements with
one Sensor.

Method (A) logically extends the normal
force measurement by bringing a second,

additional sensor {Si} up sideways to the
cantilever (Figure 1). This approach has
been implemented by G. McClelland et al.’
with a two-fiber optical interference uitra-
high vacuum (UHV) AFM, by G. Neubauer
et al.® with bidirectional capacitance sen-

y

Figure 2. Principle of simultaneous measurement of normal and lateral (torsional) forces. The
intensity difference of the upper and lower segments of the photodiode is proportional to the
z-bending of the cantilever. The inkensity difference between the right and left segments is

proportional o the torsion, t, of the force sensor.

(A)

W

Z

-I-'igure 3. Cross section of cantilevers for methods {A) and (B): (A): x- and z-deﬂectian are
meastred; (B): z-deflection and torsion, t, are measured.
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sor, and in our group with two tunneling
detection schemes."

In measuring the normal deflection
simuitaneously with the torsion (method
B™™), only one sensor is required to ac-
quire lateral (torsional) and normal force
information. The reflected beam is moni-
tored with a four-quadrant photo diode
(Figure 2). Normal bending of the cantile-
ver is measured by the intensity difference
(Ua+s — Ic+p) of the upper and lower seg-
ments of the diode. The signal difference
(I a+c — In+p) of the left and right segments
provides torsional information. These two
measurements are performed simulta--
neously (Figure 2). Within certain limits
(see next section), methods.(A) and (B) are
both sensitive to lateral {frictional) forces.
To increase this sensitivity, detection-
sensor-specific cantilever shapes are re-
quired (Figure 3).

A square or circular cross section of the
cantilever is required for method (A), to
enable positioning of a second sensor. For
method (B}, a flat rectangular cross sec-
tion of the lever is required. Also, a long
tip is required for method (B), whereas (A)
should have a short one. The reasons for
these requirements originate in the formal
expression of the spring constants of a
rectangular beam (Tables I and 1I).

Method (B) has the advantage of need-
ing only one detection sensor, and of be-
ing convenient in air because the sensor
responds quickly to the motion of the lever.
In general, with the laser beam deflection
scheme, no feedthroughs are required,
as in the optical interference AFM, mak-
ing the method particularly adaptable to a
UHYV system.®

Frictional Information

The aim in measuring lateral or tor-
sional deflections of the cantilever is to
receive information about the frictional
behavior of the scanned sample with re-
spect to the cantilever tip. In all the detec-
tion methods discussed, the deflection
sensor position is fixed. This immobili-
zation of the sensor with respect to the
dynamics of the cantilever can cause me-
chanical crosstalk between torsional, lateral,
and normal movemenis. It is irrelevant
whether the lateral forces are measured by
bending or torsion, as long as the cross
section of the cantilever is accommodated
in the detection method (cf. Figure 3). The
following discussion in lateral-force mea-
surement, therefore, will be based on a
sideways-positioned sensor 5.

As long as the cantilever is gliding over
an atomically flat surface, the. bending
force Fysin the gliding direction scales with
the same magnitude as the friction force
Fy. The measured lateral bending direction
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Table I: Spring Constant Formulas for a Rectangular Beam."

z-bending
x-bending

torsion

Ewd®

E = Young's modulus
w = lever width

d = lever thickness

L = lever length
r = tip length
o = poisson ratio

With the shear modulus:

N
2(1 + o)

Table II: Representative Spring Constants for Various Cantilever
Configurations (Dimensions).

Cantilever
Dimensions Spring Constants*
SigN4"*
(L X w Xxd) Cz Ci Cy
[zm] [N/m] [N/m] [Nm]
100 % 10 X 0.6 0.21 58 114
100 X 20 X 0.6 0.41 462 228
200 X 20 X 0.6 -0.05 58 114
Siﬁ

200 X 21 X 0.4 0.007 19 0.72

*Values for SizN." cantilevers are based on £ = 385 x 10" Pa,” G = 1.4 x 10" N/m** and
a tip radius (1) of 3 um. Values for Si"™" cantilevers are based on £ = 1.65 X 10" Pa,® G =
0.5 x 10"Pa,® G = 0.5 x 10" N/m?%" and a tip radius () of 12.5 um.

is equal to the lateral movement of the
lever. In this case, the detector S, acts as
a tool to monitor real lateral (frictional)
forces (Figure 4a).

Scanning over step sites gives rise to
high torques on the cantilever tip. This, in
turn, alters the cantilever’s gliding direc-
tion, and the static-positioned sensor no
longer measures parallel to the gliding di-
rection (Figure 4b).

It would be possible to recalculate the
lateral force Fp if the exact geometry of the
cantilever tip were known. In practice,
however, the tip geometry and its exact
orientation to the sample surface are
unknown. Because of the intrinsic prob-
lem of a static deflection sensor, frictional
measurements, which require force moni-
toring parallel to the gliding direction,
cannot be accurately performed on step
sites. Instead, indication of the sharpness

(steepness) of the step is deducted from
the degree of cantilever twisting.

In order to extract frictional information
from the torsion, it is important to com-
pare the friction loop (forward and reverse
scan of the torsional signal) with the
topography. In Figure 5, a forward and re-
verse scan line of a stepped surface is
schematically drawn. The sample surface
is assumed to be composed of a homoge-
neous material except for the lowest sur-
face (e.g., an underlying substrate). Step
heights and widths of the terraces can be
measured in the topographical mode. At
step sites the torsion t shows outlines as dis-
cussed above. In the homogeneous part (2),
t remains constant on either side of steps.
On part (3), where the material is differ-
ent, the amount of ¢ changes to another
constant value. The difference At = ¢, — 3
is independent of the topography and is

material specific. Because the cantilever is
sliding, At is a measure for the relative
sliding friction AFg. Static friction Fg is
given at the beginning (1) and (4) of each
forward and reverse scan. resistance
against the sliding direction causes the
hysteresis of the friction loop, which com-
pares the forward with the reverse scan.
The inverse torsional signals of the for-
ward and reverse scan is an important in-
dicating device for deciding whether a
torsional feature is caused by topography
or friction.

Wear Properties of
Organic Lubricants

In the science of tribology, self-assembled
organic films play an important part in
fluid lubrication.” Several studies have
demonstrated that the AFM can provide
an important new view of ultrathin, well-
ordered organic multilayer films.**® With
small loadings, on the order of 107°-10~¢ N,
it has been shown to be possible to image
Langmuir-Blodgett films.?* Film thick-
ness, mono- and multilayer steps, and the
arrangement of molecules in the surface
of the film have been recorded. ¥ The
AFM has also been used as a tool to inten-
tionally deform the films, creating features
of tailored dimensions. The forces required
to deform the films are on the order of
107* N. More important for achieving plas-
tic deformation than the normal load are
intrinsic properties of the film (e.g., pack-
ing density), feedback loop frequency, and
scan velocity. Wear occurs if the feedback
loop frequency is smaller than some criti-
cal value, i.e., when the applied shear stress
overcomes the material-specific yield point
(see Figure 6).

To decrease the feedback control fre-
quency per scan line, the scan velocity
and/or the scan area (under constant scan-
line frequency) can be increased. There is,
however, an interesting contradiction. De-
creasing the scan velocity can also cause
wear (Figure 7). The sliding velocity is an
important parameter for friction forces.
Sokoloff,2 for instance, found in his model
that (for sliding velocities that are small
relative to the velocity of sound in the
material), the friction force Fgy is inversely
proportional to the sliding velocity 7 ie,

where k is a material-specific constant. In
Figure 7, the velocity-wear dependence on
a mixed LB film is docurnented. This figure
shows that wear is strongly material spe-
cific. Whereas the hydrocarbon-containing
part of the film (bright islandlike structures
in Figure 7a) is conspicuously modified
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(ie., plastically deformed), the fluorocarbon-
containing part of the film (darker part of
the AFM image in Figure 7a) remains
defect-free at any scan velocity.

In the literature, an increase in shear
strength with an increase in sliding veloc-
ity is usuallg9 observed. B.J. Briscoe and
DC.B. Evans® observed a proportional in-
crease in friction force with the logarithm
of the sliding velocity under constant tem-
perature and pressure over the range of
0.3-3.4 um/sec, Their observation agreed
I-“. _7 F oo O with a first approximation with Eyring’s

M~ F MT T model of friction, which expresses the shear

- strength as a function of temperature, slid-

PO ing velocity, and applied normal load. The

~ AFM result of variable velocity cannot be

explained by this theory, whereas AFM

results of variable applied normal loading

can be explained, in first—ordermapproxi-
mation, as shown by our group.

,A TOpOgI aphy In the adhesivebt};eory of fgction, fric-

' tion is explained by asperity junctions

{ ' . : In these theories, the mechanics of station-

ary contact is extrapolated to the moving-

contact situation. The time step of forming

e e e Lo B = . R . . . . . .
: . junctions is either infinite or zero, i.e, there

; is or there is not a junction. A dynamic

i Pprocess, however, is time dependent. There-

Figure 4. Lateral deflection vs. lateral measurement; (a) gliding over an ntomically f-lat
surface, and (b) gliding over a step (where k is a real constant).

) fore, the real area of contact, A, that is
formed by the asperity junctions should

A Torsion (friction ;loop]

_be time dependent, ie,
A=A{p
| with
F T e .........,_..._! AF A(t"}-At) > A(t))
S A SL
| and the kinetic friction Fy, should pass
t1 : ) ) into the static friction Fyme, 1€
[ A . FalA®)25 Fa.
u i :

it ""‘""‘: jrm—-- The above AFM result of increasing wear
' scan "‘"“‘ by decreasing the sliding velocity sup-
P ports these assumptions. With this expla-

nation, static friction could be regarded as
a limiting case of kinetic friction.

Inter- and intralayer interaction can
be compared on ane- and two-bilayer Cd-
arachidate Langmuir-Blodgett films by in-
tentionally modifying the film surface and
also by comparing the stacking behavior
of two- or four-layer films. Steps in one-
bilayer films are mostly one monolayer in
height (~27 A), and two-bilayer films, one
bilayer in height (~54 A) (Figure 8).

The applied force and the feedback-loop
frequency required to disrupt the inter-
faces V; (i = 1,2,3 and j = 2,3,4), sche-
matically represented in Figure 9 allow a
ranking of the interlayer (Vy,Vs,) and sub-

Figure 5. Friction loop and topography on a heterogeneous Stepped surface. Terraces (2) and
(3) are composed of different materials. In regions (1) and (4), the cantilever sticks to the

sample surface because of static friction Fer. The sliding friction is t; on part (2), and t; on strate-film interaction Vi, which is:
part (3). In a torsional-force image, the contrast diffevence is caused by the relative sliding ’ )
Mion, AFSL ={; — t;. ) V3.1 < Vﬁ < Vu.
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Figure 6. Intentionally created hole ma
four-layer LB film. 2.5 X 2. 5 um’ AFM
image of Cd-arachidate film. A quadratic
hole has been created by increasing the
scan speed from 0.5 pmfsec fo 5 pmisec
(the load was also mcreased by about a
factor of 10, o 1077 N). Damage was
found to start at step edges where the
korsion is strong. Laterally increased
shear stress in the film can be observed in
the vicinity of the hole, where the density
of pares is decreased.

This scratching experiment corresponds to
nondestructive measurements on various
sample sites, which show that:

® the interaction between the polar heads,
Vi, is stronger than the interaction between
the hydrophobic tails, V3. This follows from
the dominance of bilayer steps in the four-
layer system; and

m the substrate-film interaction, Vi, is the
strongest of all three of the mentioned
interface interactions. This statement is
deduced from the phenomenon that, in
the one-bilayer system, mostly monolayer
steps and rarely uncovered substrates are
found.

Whereas it is easy to scratch the first bi-
layer (counted from the film-air interface)
of the two-bilayer systemn, it is difficult to
remove the film entirely and to uncover
the silicon substraie. Entire sheets are re-
moved in the scratching process. This in-
dicates larger intralayer interactions than
interlayer interactions.

The ranking of the interactions can be
estimated by the strength of the acting
potentials. Attractive hydrophobic forces
are acting between the tails of the mole-
cules. They are much stronger than the
van der Waals attraction at small separa-
tion and are of surprisingly long range.”
Hydrophilic interactions are repulsive and
form, together with the hydrophobic in-

teractions, some nonadditive net intralayer
interaction. Cd ions— surfactants at the
heads of the amphiphilic molecules—have
the effect of stabilizing the film.” The hy-
drophobic interaction V3, is expected to be
very strong. Considering the length of the
molecules, it seems reasonable that the in-
tralayer interaction dominates the inter-
layer interaction, as concluded by the AFM
results. The ranking V3 < Vxu, however,
cannot be explained by these two driving
forces. It might be possible that the saponi-
fication (hydrolysis of esters into acids and
alcohols) of the films that leads to the for-

mation of strong ionic bonds is responsible.
Future experiments with pure arachidic
acid will clarify whether the ranking of
interlayer forces is as pronounced as in the
case of the soap Cd-arachidate.

Friction Measurements on
Organic Lubricants

Friction measurements on
u the above-presented multilayers of Cd-
arachidate LB films on silicon (for experi-
mental details see Reference 30), and
® phase-separated LB films of mixtures of
hydrocarbons and fluorocarbons on silicon

Figure 7 Structures created in mixed mono!ayer film by low-speed scanning: (@) 2.5 %
2.5um’ AFM image of a 1:1 mixture of fluoracarbons (dark) and hydrocarbons (bright).
“Smileys” were written with the AFM by decreasing the scan speed from ~1 pm/fsec to

001 pm/sec. Under these conditions, only the islandlike structures (hydrocarbons) could be
scribed by the AFM cantilever tp. The fluorocarbon-containing part of the film could not be
destroyed by scan-speed reduction. (b) Friction-force map of the same region. Brighter areas

have higher friction.
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Figure 8. Line trace of the single and double bilayer films. (@) Monolayer sfeps in the bilayer
film. (b) Mainly bilayer steps are found in the double bilayer films.
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Figure 9. Schematic drawing of the
stepped Cd-grachidate films: (a) one-
bilayer Cd-arachidate film, and (b) two-
bilayer Cd-nrachidate fitm. The relative
strength of interlayer potentials, V, are
determined with the AFM (see text). The
silicon substrate was hydrophobized.”

(for experimental details see Reference 43),
provide material-specific identification.
The studies were carried out on two-bilayer
films on hydrophobized silicon wafers.
Figure 10a is a top-view image of a Cd-
arachidate bilayer film. The image contains
three different levels: The first level (1)
(dark) is the silicon substrate, the second
level (2) (dark grey) is the first bilayer system
(step height from the substrate 54 A),
and the third level (3) (bright) is the sec-
ond bilayer system (108 A). In the lateral
image (friction image), Figure 10b, there
is an evident contrast difference between
level (1) and the other two levels. Together
with the topographical information of Fig-
ure 10a, it is obvious that the film-covered
part of the sample shows decreased rela-
tive friction of one order of magnitude
{Figure 10c). The friction loop (Figure 10d)

(indicates increased lateral forces at step

MRS BULLETIN/MAY 1993

sites, arising mainly from a crosstalk from
topography.

The lubricating property of such organic
layers is demonstrated with the AFM, and
the factor of 10 difference in lubricated and
unlubricated friction agrees with macro-
scopic-scale friction measurements.®

No contrast difference can be observed
between the two levels of the film (first
and second bilayers). Within an uncertainty
of 10%, the shear strength does not depend
on the thickness of these films. whether
they are a two- or four-layer system. But it
is expected that multilayer films of about
10 layers or more should provide differ-
ences in shearing,.

Fricton force measurement under vari-

o 1006 2000

z{nmy)

able normal forces show no functional
dependence on the applied normal load
(Figure 11). The investigations, however,
are performed only in the range of 1~10 nN
and at low speeds of less than 1 pm/s.
Wear processes start at forces above a
threshald of about 10 nN, primarily at film
edges. The above observation of AFM-
induced shear at filim islands confirms the
assumption? that wear does not evolve
continuously; instead, it starts at a critical
force of 10 nN. The collective motion of
molecules is preferred and the size of the
sheared particles is determined by the ap-
plied shear stress.

At Joads of about 10 nN, before the on-
set of wear, increased lateral forces at step

Figure 10. Bidirectional measurement of a four-layer Cd-arachidate LB film. () 2.0 X 20-pm’
topographical AFM image. The silicon substrate (dark), (level 1); one-bilayer system (dark
grey), (level 2); and two-bilayer system (bright), (level 3) are imaged, The step heights

are 54 A. (b) Simulitaneously measured friction-force map shows increased friction (light
areas} on the substrate as compared 0 that on the organic films. No difference in friction is
measurable between single- and double-bilayer surfaces. At step sites, an increased lateral
signal caused mainly by topographical crosstalk, is documented. (c) Forward (solid line) and
reverse (dotted ling) scan lines of topography. (d) Friction force loop, forward (solid line) and
reverse (dotted line) scan lines of friction. The difference between the upper and lower curve,
divided by two, yields the frictional force. The friction force of the LB-covered part is 0.2 nN,
and on the uncovered silicon surface is 3 nN. Applied normal load is 3 nN.
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Figure 11. Lateral-force dependence on loading ¥y. Lateral forces F; are measured (1) on flat,
film-covered areas, (2) at step edges, and (3} on the substrate. On film-covered arens, the
lateral forces remain constant. Lateral forces on the substrates and at the step edges increase

a5 a function of the applied normal load.

sites are measured (Figure 11). As already
mentioned above, lateral forces are higher
at step edges. Varying the applied normal
load in the range of about 2—-16 nN, the fric-
tional forces at step sites varies between
four and 12 nN. This increase in frictional
resistance is due to nonideal force control
at step edges (see the beginning of this
section) and is also due to the increase, on
impact, in contact area with the edge of
the upper bilayer. On the silicon substrate,
lateral force measurements increase as a
function of normal forces. :

Figure 12a shows a 50 X 50 um? top-
view AFM image of a 1:1 molar mixture
of arachidic acid and partially fluorinated
carboxylic acid bound ionically to a com-
mon cationic polymer (see schematic repre-
sentation of the carboxylates in Figure 13).
Roungd islandlike structures, 100 nm to
1 pm in diameter and 1.6 nm in height,
above a surrounding sealike film are ob-
served. The higher circular domains in
Figure 12a are assigned to the hydrocar-
bons and the surrounding flat film to the
fluorocarbons, based partly on their dif-
ferent molecular lengths and partly on
their diffevent frictional behaviors (described
later in this section). With molecular lengths
of ~2.5 nm and ~2.0 run for the arachidic
acid and the fluorocarbon-terminated
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acid, respectively, a difference in height of
~1.0 nm between domains of the two com-
ponents in this bilayer LB system is antici-
pated. Figure 12a shows a step height from
sea to island of 1.6 nm, a slightly greater
difference that could be due to a greater
tilt angle in the fluorocarbon domains.®
In a separate series of experiments, AFM
images have been recorded on LB bilayer

films composed of a single carboxylic dcid ..

component: one from arachidate and one
from the partially fluorinated carboxylate.
The fluorinated acid film contains fewer
defects than the arachidic acid film. These
results support the assignment of the cir-
cular domains to the hydrocarbon compo-
nent, since holes are only observed in the
circular domains in the mixed films. These
holes are ~5.0 nm in depth, consistent
with the thickness of a bilayer. Further-
more, increasing the force while scanning
disrupts the hydrocarbon but not the fluo-
rinated areas, in both the one- and iwo-
component films. The flucrinated sites
show good resistance to rupture during
sliding, which is in agreement with previ-
ous tribology experiments in the litera-
ture, usin% macroscopic measurement
techniques.

Lateral-force measurements (Figure 12b)
performed simultaneously with the topo-

graphy measurements (Figure 12a) roughly
indicate friction that is four times higher
over the fluorinated regions than over the
hydrocarbon regions. Holes in the film re-
veal the silicon substrate (Figure 12b). The
silicon, appearing as bright areas of high
contrast in the lateral image, displays a
friction force that is a factor of ten higher
than the hydrocarbon domains. This differ-
ence in friction is in good agreement with
aother experiments performed on both the
macroscopic and nanometer scales %% In
sum, from the AFM measurements on
these phase-separated B films, the rela-
tive friction of the hydrocarbon, flucro-
carbon, and silicon surfaces are shown to

be 1:4:10.

The differences in friction are not due
to changes in topography. This point is
demonstrated particularly well by the abil-
ity of the friction measurements to identify
the scattered islands of extraneous material
sitting atop hydrocarbon domains. Where-
as by normal-force measurement, only the
geometry of the island is determined, by
lateral-force measurement, the composi-
tion of the island is determined. The fric-
tional response of the isiand corresponds
to that of the circular hydrocarbon do-
mains, thereby allowing it to be identified
as hydrocarbon in nature. This assign-
ment would not be possible with the nor-
mal AFM alorne.

A surprising result is that the friction
on the fluorinated areas is higher than
that on the hydrocarbons. From the per-
formance of fluorine-containing lubri-
cants, such as Teflon® (PTFE), a reduction
in friction might be expected. However,
it is known from surface force apparatus
(SFA) experiments™ that fluorinated LB
films have larger shear strengths than their
hydrogen-containing counterparts.

These observations of friction and ro-
business on the scale of nanometers can
be applied to the study of tribology, par-
ticularly boundary lubrication. Boundary
Iubrication, as established by Hardy,” deals
with the lubricating effect of the layers of
lubricant in closest proximity to the solid
surfaces undergoing frictional contact, and
is of far-reaching importance in most
surface-on-surface sliding mechanisms.
The particular advantage of the fhuorinated
film is its resistance to rupture, as known
from both the SFA” and AFM measure-
ments. Therefore, the good performance of
the fluoracarbon films as lubricants can
be traced to an excellent stability in the
presence of applied stress and a reduced
friction (compared to unlubricated surfaces),
which ereate a reduction in wear to low
values (reduction by a factor of 10000).%
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Figure 12. Simuitancous normal and friction measurements on a bilayer mixed LB film.

(@) 2.5 X 2.5-unt’ AFM image of the surface of the bilayer prepared from a mixture of the
fluorocarbon and hydrocarbon carboxylates (1:1 molar). The image represents the topography.
The circular domains are assigned to the hydrocarbon component and the surrounding flat
film to the partially fhuorinated component. The difference in height surrounding flat film to
the partially fluorinated component. The difference in height between these lwo regions 1S
~16 nm. Holes of about 5 nm in depth are only ebserved in the islandlike circular hydro-
carbon domains, wheveas Hhe fluorinated fitm remains fairly uniform and continuously
unbroken, (b) Simulatancously measured friction-force map. The interal-force image indicates
higher friction (brighter contrast) over the fluorinated regions. Highest friction is measured
on the silicon surface {at the bottom of the holes in the film). No difference in contrast
(friction) is observed beiween the hydrocarbon layers of different heights.

(c) Three-dimensional display topographical image.

MRS BULLETIN/MAY 1993

---J-nlnt-uln-n»mL

@-l:l C,F,C,H,0CH, CO0"
()—— CsHyCO00"

poly(N-methyl)vinyl pyridine

“

Figure 13. Schematic view of the LB
bilayer system imaged by AFM in Figure
12. The h represents the height difference
of ~1.6 nm between the hydrocarbon and
fluorocarbon species (see text).

Conclustons .
The AFM is well-suited for studying wear
and frictional behavior by simultaneous,
bidirectional normal and lateral measure-
ments. It has been shown that complex
phenomena of boundary lubrication can
be studied. Material-distinct identification
can be performed and film inhomogenei-
ties exposed. Wear studies on LB films
reveal an interesting-functional behavior
depending on sliding velocities. This new
technique allows a variety of tribological
studies on all kind of materials, for example,
inorganic compounds, that are most likely
investigated under ultrahigh vacuum con-
ditions to avoid ambient film formation on
the surface;¥® the origin of the resistance
to sliding, such as elastic properties of the
materials;® and interaction forces.”
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