
PHYSICAL REVIEW B 15 DECEMBER 1997-IVOLUME 56, NUMBER 23
Simultaneous force and conduction measurements in atomic force microscopy

M. A. Lantz, S. J. O’Shea, and M. E. Welland
Engineering Department, Cambridge University, Cambridge CB2 1PZ, United Kingdom

~Received 10 June 1997!

We used an ultrahigh-vacuum atomic force microscope~AFM! to measure lateral forces and conductivity
simultaneously as a function of the applied normal force for nanometer-sized elastic contacts. Metal-coated or
bare Si AFM tips are used on cleaved NbSe2 or graphite surfaces. Results are used to compare various means
of obtaining the tip-sample contact area (A0). We find that simple continuum models can give a reasonable
description of the mechanical behavior of the contact. Specifically, the Maugis-Dugdale model@D. Maugis, J.
Colloid Interface Sci.150, 243 ~1992!# provides a good basis for describing the elastic contact between an
AFM tip and a smooth sample. The theoreticalvariation in contact radius with load is in good agreement with
the experimental variation in friction force, conductivity, and lateral tip-sample contact stiffness. To find the
contact areaA0 , the best approaches appear to be either to fit the applied force data to an appropriate
continuum model~provided the contact is elastic! or to measure the lateral tip-sample contact stiffness. In
principle we show that conduction AFM methods can be used to findA0 for Ohmic contacts. However, the
uncertainty in the conduction properties of available AFM tips means that at present the absolute value ofA0

cannot be found with confidence. In this regard the use of metal-coated tips can often be misleading for
conduction and mechanical measurements because metal wears rapidly off all or some of the tip apex.
@S0163-1829~97!07347-5#
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I. INTRODUCTION

Engineering surfaces are rough, even at the molec
scale, and when two surfaces are brought together phy
contact occurs at a limited number of protruding microsco
asperities. The real area of contact is much smaller than
apparent geometric contact area. A familiar example is
of dry sliding,1 where the frictional forces acting are dictate
by the interaction of the asperities. Thus it has long be
recognized that understanding the mechanical behavio
single asperity contacts is essential to understanding fu
mental problems of friction, wear, adhesion, and surfa
deformation.2 In early experimental studies o
microasperities,3 point contacts were formed under applie
loads ofmN or more and contact diameters were greater t
;30 nm. Recent experimental advances based on scan
probe microscopy~SPM!, such as scanning tunneling m
croscopy~STM! and atomic force microscopy~AFM!, offer
an alternative means of studying single asperity contacts.
ing SPM techniques one can investigate contacts at very
loads (!1 nN) and with atomic scale contact area. An ad
tional advantage of SPM methods is that one can simu
neously obtain topographic information of the surface be
studied.

Important pioneering work in the use of SPM to study t
micromechanics of point contacts was performed by Du¨rig
and co-workers,4 who used STM to investigate the adhesio
yield strengths, and plastic deformation of metal-metal c
tacts at the atomic scale. Since only current is measured
rectly in STM, the forces acting at the tip-sample contact
measured by mounting the sample on a compliant cantile
and monitoring the deflection of the lever. A much studi
corollary of this work is to use the atomic scale junctio
formed at the metal contact to study current transp
through one-dimensional structures.5
560163-1829/97/56~23!/15345~8!/$10.00
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In comparison to STM, lateral and normal forces can
measured directly using AFM.6,7 The ability to measure fric-
tional forces acting at the junction is particularly significa
for tribology applications, and in this regard the assert
that the AFM tip-sample contact can behave as a single
perity has been experimentally verified.8 The techniques and
issues involved in the experimental determination of b
normal and tangential forces are now understood. Howe
a difficult and general problem in AFM is to determine th
effective area of tip-sample contact (A0). Such a measure
ment is necessary to obtain quantitative micromechanica
formation, such as pressures and shear strengths, at the
sample junction. These are parameters of consider
importance in understanding the mechanics of the cont
For example, at what pressure does plastic deformation c
mence? In friction experiments, at what applied pressure
shear does a boundary lubricant fail? Also note that dir
knowledge of A0 enables a clearer interpretation of th
physical basis of obtaining topographic AFM images.

In a previous study,9 the friction forces and lateral stiff-
ness acting at an AFM contact were measured, and show
be self-consistent with the Maugis-Dugdale model10 of the
contact mechanics. The consistency of the results sugge
that a reasonable estimate ofA0 can be found by either mod
eling the elastic behavior of the contact as a function of
measured normal force, or by using the measured lateral
tact stiffness. In this paper we further investigate the probl
of determining the AFM contact area by measuring the el
trical conduction through the tip-sample contact, which
one of the traditional means of obtainingA0 .3 Briefly we
find that electrical conductivity measurements can give u
ful information on the changes in the contact area as
normal and lateral forces vary, even for nanometer-si
contacts. However, we could not obtain the absolute valu
A0 with confidence from the conductivity. This is not a ge
15 345 © 1997 The American Physical Society
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15 346 56M. A. LANTZ, S. J. O’SHEA, AND M. E. WELLAND
eral problem, but rather is a consequence of the present
tations of the tips used for conduction AFM, i.e., given
mechanically and electrically stable AFM tip with Ohm
electrical characteristics, we believe reliable measurem
of A0 can be made on conducting surfaces.

All the present experiments are performed using comm
cially available Si AFM tips in contact with atomicall
smooth, conducting surfaces@highly oriented pyrolytic
graphite ~HOPG! and NbSe2# under UHV conditions. In
principle the methods discussed can be used in more ge
AFM situations, such as in air or liquids, but the interpre
tion of such data is necessarily less straightforward. Si
larly, for this preliminary study we only consider elastic co
tacts, and do not investigate the regime of plas
deformation.

II. BACKGROUND

Several methods appear feasible for addressing the p
lem of findingA0 , and thus obtaining useful micromechan
cal information. Meyer and co-workers11 inferred the geo-
metric extent of the contact area from topography images
our study the following, more general techniques are d
cussed.

~i! Measurement of applied normal force. ProvidedA0 is
not so small (;1 nm2) that atomic structure dominates,4 A0
can be estimated by an appropriate continuum mecha
equation which relates the applied normal force acting on
asperity to the mechanical contact area. For example,
earliest and simplest model for an elastic contact was gi
by Hertz2 for a sphere on a flat. In this case,

A05pa25p~3PR/4E* !2/3 ~1!

whereP is the applied normal force,a is the contact radius
R is the radius of curvature of the tip, andE* is the com-
bined elastic modulus of the tip and sample. Thus ifR and
E* are known, one can inferA0 by fitting the measured
normal force to Eq.~1!.

The Hertz theory cannot be used if adhesive forces
present. In such cases more refined approaches are
which take into account the surface forces acting on the
To determine the appropriate continuum model to apply,
note that the ratio of elastic deformation in the contact to
distance over which surface forces act can be expresse
the nondimensional parameterf, given by3

f5S Rw2

E* 2z0
3D 1/3

, ~2!

wherew is the work of adhesion, andz0 is the equilibrium
spacing for the Lennard-Jones potential of the surfaces.
f.5 the Johnson-Kendall-Roberts~JKR! theory12 provides
a good model of the contact, whereas forf,0.1 the analysis
by Bradley13 or the Derjaguin-Muller-Toporov~DMT!
model14 are more appropriate. In the intermediate regime,
Maugis-Dugdale theory10 provides an approximate closed
form analysis and this is the model we adopt because
typical AFM operation with sharp tips,f;1.

In the Maugis-Dugdale model intimate contact~zero sepa-
ration! between the two surfaces occurs within a circular a
of radiusa, as illustrated in Fig. 1. The attractive interactio
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between the surfaces extends over a larger circular region
radiusc. In the region betweenc anda the surfaces separat
slightly by a distance increasing from zero atr 5a, to h0 at
r 5c. The adhesive force between the two surfaces is
sumed to have a constant values0 until the separationh0 is
reached, at which point the adhesive force falls to zero. T
value ofh0 is chosen such that the maximum attractive for
and the work of adhesion match those of a Lennard-Jo
potential, i.e., s0h05wL2J , from which one findsh0
50.971z0 . The values of the radiia andc can be found by
simultaneously solving two equations containinga, c, and
the nondimensional parameters

P̄[
P

pwR
and l52s0S 9R

16pwE* 2D . ~3!

It can be shown thatl51.16f. The effective radiusb, over
which lateral forces act, lies somewhere betweena and c,
i.e., b5a1n(c2a), where 0,n,1. In this work we as-
sume thatn50.4, as this corresponds approximately to t
maximum attractive force in the Lennard-Jones interacti
Further details of the model were given by Johnson.10

Note that all continuum models require an estimate ofE*
and the radius of curvature of the AFM tip. These parame
are difficult to ascertain, and may be subject to considera
uncertainty. In our experimentsR is measured using high
resolution electron microscopy,15,16 andE* is calculated us-
ing bulk material properties. In the Maugis-Dugdale mod
we must also assume values ofz0 andn.

~ii ! Measurement of contact compliance. For the elas
deformation of a point contact one can relate a measu
compliance or contact stiffness (kcontact) to the radius of the
contact area by simple equations of the form

kcontact'2E* a ~4!

when the tip is displaced in the surface normal direction,17 or

kcontact'8G* a. ~5!

when the tip is displaced in the surface lateral direction,9,18

where G* is the combined shear modulus of the tip a
sample. Therefore, by measuringkcontactwe can solve for the
contact radius using the bulk material properties of the

FIG. 1. Maugis-Dugdale model of the tip-sample contact. In
mate contact occurs within a circular region of radiusa. A constant
attractive force continues to act over a larger circular region
radiusc. The attractive force falls to zero at a tip-sample distan
h0 which is typically around 2 Å.
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56 15 347SIMULTANEOUS FORCE AND CONDUCTION . . .
and sample. This has the uncertainty in assigning a valu
E* or G* , but this difficulty is inherent to all continuum
models. In AFM,kcontact is measured by applying either
small force or displacement modulation to the junction in
surface normal direction@for Eq. ~4!# or in the surface latera
direction @for Eq. ~5!# and monitoring the tip response. De
tails of the experimental techniques are giv
elsewhere.9,17,18 We only note that care is required if dis
placement modulation is used to ensure that all the sys
compliances have been considered.16

~iii ! Measurement of conductivity. The conductivity of th
tip-sample contact can be measured1,3 and A0 found using
the relevant current-voltage (I -V) characteristic for the junc
tion, since the current flow is invariably some function of t
junction area. Briefly, theI -V characteristic between tip an
sample can take on many forms depending on the princ
conduction mechanism involved. In conduction AFM t
material of the tip apex consists of either pure metal
heavily doped semiconductor. For purely Ohmic conta
~i.e. metal-metal contacts!, theI -V is of the typical spreading
resistance form

Rspreading5
r

2a
, ~6!

wherer is the mean resistivity of the tip and sample. This
the traditional method of findingA0 in point-contact studies
and holds ifL!a, where L is the mean free path of th
conduction electrons. TypicallyL;100 Å in metals. In
AFM, it is not uncommon for contact areas to be very sm
such thatL.a. In this case the appropriate contact res
tance is given by the Sharvin expression

RSharvin5
4rL

3pa2 . ~7!

Semiconductor-type point contacts are more difficult
characterize experimentally.19 In general we cannot obtain a
accurate estimate of the absolute value of the contact
because some of the parameters of the completeI -V charac-
teristic are not known. An example of this difficulty is de
tailed below for a Si tip on NbSe2. Nevertheless, at afixed
bias voltage across the junction the current is always pro
tional to A0 for any of the current transport mechanism
encountered~e.g. direct tunnelling, thermionic emissio
etc.!.20 Therefore it is possible to equate thevariation in
current at a constant bias to variations in contact area.

Finally we note that the friction forces acting on an asp
ity also depend directly on the contact area, and an impor
attribute of AFM is that the lateral forces can be measu
directly.6 Details of the many AFM tribology studies an
interpretation can be found elsewhere.21 In this work we only
wish to note that for an AFM tip sliding with no wear on
molecularly smooth surface the friction force (F f) can be
related to the contact area by,1

F f5tA0 , ~8!

wheret is the shear strength of the junction. The essen
features of this simple description of interfacial sliding ha
been verified experimentally.8,22 In this study we measure th
variation inF f as a function of the applied normal force, an
to
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compare Eq.~8! with the values ofA0 expected from meth-
ods ~i! and ~iii ! above. We do not consider Eq.~8! as a
general means of findingA0 . Rather it is a description of the
friction behavior which must be verified for a given inte
face. The parametert is not knowna priori from bulk mea-
surements and one does not anticipate Eq.~8! to be as simple
on rough surfaces where surface topography~e.g., step
edges! will give rise to additional lateral forces acting on th
tip. Furthermore, variations in surface chemistry may a
alter the friction force, irrespective of variations inA0 .

III. RESULTS

A. Experiment

The experiments were performed using an opti
deflection-type UHV AFM. The tip-sample distance can
maintained using either constant force AFM or consta
current STM control. Heating and argon ion sputtering a
available for cleaning, although in this work the HOPG a
NbSe2 samples were never sputtered, as this would roug
the surfaces. The base pressure of the system i
310210 Torr.

The basic experimental results consist of force curves
I -V curves. In anI -V curve a linear voltage ramp is applie
between the tip and sample, and the resulting current fl
measured. A standard STM current to voltage converte
used in this study~adjustable gain 107– 1010 V/A !. For high
conductivity ~e.g., metal-metal! junctions a logarithmic cur-
rent amplifier is often more useful. TheI -V characteristics
provide an electrical characterisation of the junction.

To obtain force curves, which characterize the mechan
behavior of the junction, the sample is either retracted fr
or ramped toward the tip, and the resulting cantilever d
placement logged. The applied force acting on the tip is th
given by the cantilever spring constant multiplied by the
ver displacement. Simultaneously, lateral forces and cond
tion can be measured. For conduction force curves, a fi
voltage is applied between the tip and sample, and the
rent is measured as the applied force changes. For la
force measurements~we measure either the static frictio
force or the lateral contact stiffness! the twisting of the lever
due to a lateral sample displacement is measured.8,21 Briefly,
the sample is displaced using a triangular voltage wave fo
applied to the piezoelectric scan tube. The resulting late
force acting on the tip apex exerts a torque which twists
cantilever beam. The twisting of the beam is detected in
optical deflection system using a quadrant position photo
tector. Because of the applied periodic sample displacem
the lateral component of the photodetector signal is also
riodic, the amplitude of which gives a measure of the ma
nitude of the lateral forces. For the experiments descri
here, the wave-form amplitude is continuously measured
ing a lock-in amplifier. A lateral sample oscillation o
;100 Åp-p is used for friction force data, in which the ti
slides over the surface, whereas an oscillation of;5 Åp-p is
used for lateral contact stiffness measurements, in which
tip does not slip. Further details can be found in Refs. 8
and 16.
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B. Ohmic contact: Metal coated tip on graphite

The first set of experiments were performed on clea
HOPG using a silicon cantilever sputter coated with a 20-
film of 90% platinum/10% iridium. The spring constant
the cantilever in the normal direction was determined to
knormal543 N/m.23 Sample preparation consisted of cleavi
a HOPG sample immediately prior to transfer into vacuu
and then heating to 400 °C for 1 h prior to the experiments
The tip was cleaned by baking at;130 °C for 12 h, and then
Ar1 sputtering for 3 min~5-kV ions giving;0.5-mA target
current!. To preserve the Pt Ir coating on the tip apex, t
STM mode was used for feedback control. Imaging~current
set point 1.2 nA, sample bias 60 mV! showed the HOPG
surface was characterized by large, atomically flat terra
The force curves were obtained well away from the terr
edges, and no change in the sample surface was detecta
STM images taken after the experiments. To obtain a fo
curve the control loop was frozen, the sample bias was
duced to 5.6 mV, and the sample was ramped forwar
distance of 45 Å. The sample was then retracted by 75 Å
a rate of;5 Å/s, while the current and cantilever deflectio
were logged. At the end of the experiment the sample b
was increased back to 60 mV, and feedback control resto

Approximately 50 force curves were taken at various
cations on the sample. A similar variation in current w
applied force was observed in each experiment, as show
Fig. 2. Also shown is the variation in contact area as p
dicted from the Maugis-Dugdale theory.10 The agreement be
tween experiment and theory is good, although this is not
case very close to the pull-off force (Pc5225 nN), where
we note that the current falls to zero at221 nN ~i.e., before
the tip-sample separation at225 nN!. This behavior requires
further investigation using noncoated tips, as a distinct p
sibility is that the metal has worn from an area of rad
;1 nm around the tip apex. We find this is a common pro
lem for all metal coated tips~see Sec. III D below for further
comments!. Nevertheless, the good agreement over
greater part of the force curve implies that~a! the continuum
contact mechanics model provides a reasonable descrip
of the contact, and~b! the current flow is a direct measure

FIG. 2. The current~points! vs applied force for a PtIr-coated S
tip on HOPG. A constant sample bias of 5.6 mV is applied. T
solid lines show the Maugis-Dugdale fit to the contact area, w
parametersl50.6 andb5a10.4(c2a). The effective Maugis-
Dugdale contact area ispb2. The areapa2 is that of the intimate
contact region.
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the tip-sample contact area, i.e., the current is proportiona
A0 . The proportionality implies that Eq.~7! is applicable in
this experiment, and that the electron transport is ballis
We do not expect the spreading resistance term~which isnot
proportional toA0! to be important sincea,100 Å, and
indeed Eq.~6! does not give a good fit to the Maugis
Dugdale variation in contact radius.

The agreement between thevariation in current and the
continuum model gives us confidence thatA0 can be found
for nanometer sized contact areas using conduction AF
However, there are technical difficulties we wish to highlig
if consistent and reliable values of theabsolutevalue ofA0 is
required. As an example, consider Fig. 2 for the HOPG/P
system. The Maugis-Dugdale model gives the effective c
tact radius at zero applied force as 3.561.4 nm.24 The con-
ductivity value of the radius at zero applied force is 3
61.5 nm, which is found from Eq. ~7! using r
51000– 5000mV m,25 and assumingL5100 Å. The theo-
retical and conduction values of contact radius appea
agreement, and certainly can provide a reasonable estim
of A0 . We note, however, that the error in the HOPG res
tivity is high, and, further, we have not considered the u
certainty in the mean free path nor the effect of regions
metal wearing from the tip. Such uncertainties regarding
electrical nature of the junction are even more pronoun
for non-Ohmic junctions~as discussed in Sec. III C below!,
and we have concluded that it is only for metal-metal co
tacts that we can at present obtain a ‘‘conduction’’ estim
of A0 with confidence. However, the use of metal-metal co
tacts in AFM gives rise to two problems.~i! At present,
microfabricated AFM tips are coated with a thin film to pr
vide a metallic tip. Such tips are not reliable, as in our ex
rience the metal film always wears rapidly from the tip ape
particularly if lateral forces are present.26 What is required is
a homogeneous tip.~ii ! There is strong evidence that meta
metal contacts using a tip radius ofR,;100 nm invariably
involve plastic deformation, even at negligible loads.4,27

Therefore, a study of purely elastic contact behavior may
be feasible.

Another difficulty illustrated by this example is what
meant by the contact area at the nanometer level. As sh
in Fig. 1, intimate contact~zero separation! occurs within a
circular area with radiusa, and in the region betweenc and
a the surfaces separate slightly. The effective radius (b) lies
between these two values, i.e., we have chosenb5a
10.4(c2a). The theoretical value ofA0 , which is fitted to
the data of Fig. 2, shows howpb2 varies with load. Also
shown for comparison is the intimate contact areapa2. It is
seen that;80% of the effective area in this example is give
by the intimate contact region.

Similarly, we can view the current as having two comp
nents: one due to the resistance of the intimate contact,
the other due to tunneling across the region of small sep
tion around the periphery of the contact. One finds for me
metal contacts that the extended nature of the contact
sents no difficulty, as the low resistance (,;10kV) through
the zero separation area effectively shorts any tunneling p
contribution, i.e., the measured conductivity will correspo
to the areapa2. However, if the contact resistance is high,
in the PtIr-HOPG experiments, or when using semiconduc
tips, the peripheral contribution can be significant. This si

e
h
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ation may be even more severe in ambient conditions, s
any contaminant liquid meniscus, particularly water, can p
vide a low-resistance current path of significant area.26 For
the data of Fig. 2 the intimate (pa2) and peripheral (pc2

2pa2) contact areas are approximately equal, so if the
sistances across each region are comparable then a si
cant fraction of the measured current will flow through t
peripheral region. The Sharvin resistance of the contac
;1 MV, and we associate this with conduction through
arear 50 to r 5a. Fora,r ,c, where the tunnel barrier ha
collapsed, the resistance varies between;1 MV at r 5a to
10–50 MV at r 5c'2 Å, where the tunnel barrier is
;0.5 eV.28 The resistance is sufficiently low over the p
ripheral area to give a significant current path, and the a
over which conduction occurs is expected to be larger t
the area of zero separation. However, not knowing the e
geometry of the tip-sample gap or tunnel barrier, we can
provide a simple relation between the effective conduct
and mechanical areas. At present, the experimental error
at least 50% in the contact radius, which masks any atte
to compare these differences between the effective mech
cal and electrical contact areas. Notwithstanding this, fr
the Maugis-Dugdale theory we calculate that the intim
and peripheral areas can only differ by a factor of;2 in
typical AFM applications, because the radii are limited to t
casec/a,2.

Finally, note that theoretically the radiia andc scale with
load in an essentially identical manner.10 Therefore, the ob-
servation that the variation in current closely matches
theoretical variation with load follows even if the curre
transport mechanism differs in the intimate and periphe
contact regions.

C. Semiconductor contact: Silicon tip on NbSe2

In Sec. III B, it was shown how conductivity can be me
sured as a function of applied normal force. In this sect
we show how similar conductivity measurements can
used to monitor simultaneously the variation inA0 and fric-
tion forces acting on the tip as a function of the appli
normal force. This is clearly of importance, as Eq.~8! shows
there is a direct dependence of friction onA0 for a single
asperity. Metal-coated tips cannot be reliably used beca
the metal on the tip apex wears rapidly during contact m
AFM. Hence the cantilever used for lateral force studies
microfabricated from heavily doped (n1) single-crystal sili-
con. Unfortunately, as we outline below, this means that
cannot obtain the absolute value ofA0 using the measured
conduction, but can only monitor the relative change inA0 as
the friction force changes.

The normal and lateral direction spring constants of
cantilever used were determined to beknormal51.3 N/m and
klateral5117 N/m.23 The resistivity of the silicon is 0.01–0.0
V cm, and, as received from the manufacturer, the tip is
pected to be covered in a native oxide. This insulating la
was removed by immersing the cantilever in 7:1 buffer
oxide etch for 20 s. The cantilever was then rinsed in dei
ized water, and dried in a stream of dry nitrogen. This p
duces a hydrogen-terminated, conducting silicon surf
which is stable in air for;24 h.29 Within 30 min of etching,
the tip was transferred into the UHV load lock chamb
ce
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Immediately prior to performing the conductivity exper
ments, the tip was further cleaned by Ar1 sputtering for 3
min ~5 kV, ;0.5-mA target current!. Sample preparation
consisted of cleaving a NbSe2 sample immediately prior to
transfer into vacuum, and then heating to approximat
120 °C for 30 min before the experiments.

Control was maintained in the contact AFM mode with
applied force of a few nN. Imaging showed that the surfa
was characterized by large flat terraces with the occasio
atomic step. A flat and featureless area, well away from
terrace edges, was chosen as the site for the conductivity
friction force curve experiments. Following the experimen
the area where the experiments were performed was ima
and no change or damage to the surface was noticeabl
the conductivity experiments described below, a bias
23 V was applied to the sample. The bias results in an
ditional applied force due to electrostatic attraction betwe
the tip and sample, but a comparison of data taken with
without a bias indicated that the bias only increased the m
nitude of the pull-off force by about 1.2 nN. The same var
tion in friction force with load was observed with either 0
23 V bias, even though the friction and normal force curv
changed slightly.

The simultaneous variation in friction and conductivi
with applied force was measured at a variety of locations
the sample, and an example of a typical unloading exp
ment is shown in Fig. 3. The same variation in friction a
current with applied force was observed for loading and
loading ~approach speed 0.6 nm/s!, indicating that the con-
tact was elastic for the range of applied forces investiga
The scales on the current and friction axis have been cho
such that the dependence on applied force can be easily c
pared. It is clear that the variation in current and friction ha
a similar dependence on applied force. Since the curren
constant bias is expected to vary in direct proportion to
tip-sample contact area, the close agreement between
current and friction data of Fig. 3 provides additional supp
for the hypothesis that the frictional force for an asperity
directly proportional to the tip-sample contact area@Eq. ~8!#.
The relation between the friction, current, and tip-sam
contact area can be investigated further by comparing exp
ment to the Maugis-Dugdale theory. In order to compare
theory with the friction data, the frictional force is assum
to be proportional to the tip-sample contact area, i
F friction5tA05tpb2, whereb is the effective contact radius
The validity of the assumption is shown in Fig. 3 by the go
agreement between both the friction and current data and
Maugis-Dugdale fit. Note that, for this comparison, we si
ply scaled the Maugis-Dugdale fit to match the experimen
one point on the force curves~at P;0 nN!.

Figure 3 shows that conductivity measurements can
used to monitor the variation inA0 during friction AFM
measurements. However, to obtain an absolute value of
area from the current is particularly difficult using semico
ductor tips. To illustrate this, consider Fig. 4 which show
the result of a typicalI -V experiment performed at an ap
plied force of 1 nN. TheI -V is nonlinear, as expected for
metal-semiconductor junction, and for this system the do
nant current transport mechanism appears to be thermi
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emission over the junction potential barrier. Therefore, t
ing the simplest possible case for a Schottky junction,
have20

I 5A0Js~eqV/kBT21!, ~9!

whereJs5A* T2e2qfB /kBT is the saturation current density
T is the temperature,A* is the effective Richardson constan
kB is the Boltzmann constant,q is the elemental charge, an
fB is the barrier height. An extrapolation of a log-linear pl
of the forward-biasI -V curve toV50 gives (A0Js). How-
ever to proceed and extract the areaA0 , a value offB is
required, and this is not known with confidence, nor is
possible to calculateJs from the material properties of the ti
and sample, i.e., the exact surface chemistry and dopin
the tip apex are uncertain. We findfB;0.45 eV for the data
of Fig. 4, using the contact area as found from the Maug
Dugdale theory.

We also studied the lateral contact stiffness (kcontact) for a
Si tip on a NbSe2 system. This was discussed fully in ou
previous work.9 Briefly, we find that the variation with the
load of kcontact is again very well modeled by the Maugis

FIG. 3. The variation in current and friction vs applied force f
a silicon tip sliding on NbSe2. The lateral sample displacement
100 Åp-p , and the sample bias is23 V. The solid line shows the
Maugis-Dugdale fit to the contact area, with parametersl50.2 and
b5a10.4(c2a).

FIG. 4. Current-voltage characteristic of a clean Si tip on Nb2

at an applied force of11 nN.
-
e

t

of

-

Dugdale theory. This suggests that Eq.~5! can provide a
reasonably simple means of estimating the contact ra
using the measured value ofkcontactandG* , and indeed the
absolute value ofA0 found using the contact stiffnes
method is in agreement with the calculated Maugis-Dugd
value. For example, for the data of Fig. 3 at zero appl
force we findb53.2 nm from the Maugis-Dugdale theory,30

andb52.561.2 nm from contact stiffness experiments usi
G* 57.0 GPa. The contact stiffness method also appear
be useful for studies in ambient environments and for n
conducting tip-sample systems.18

D. Some cautionary remarks

The force curves vary smoothly with load for the resu
presented thus far, but this is not always the case. Disc
tinuous changes in the force, due to either the presenc
compliant material at the contact or to changes in the lo
geometry of the junction~arising from local surface or tip
roughness!, can be observed with particular tips or sampl
An example is given in Fig. 5 which shows the variation
applied force, conduction and lateral stiffness for a Si tip
NbSe2. There is a remarkable correlation between the d
continuous jumps in the data, with both the current and st
ness sometimes even increasing as the load is removed.
suggests that the contact radius changes, in a discontin
manner. In this particular example the stiffness is very lo
and we infer that there is probably an additional complian
perhaps a wear particle, acting at the junction. It is for t
reason we do not call the measured stiffness the ‘‘con
stiffness,’’ nor attempt to find a value of the contact radius
this case using Eq.~5!. Discontinuous changes in the frictio
force, again most likely arising from abrupt changes in t
tip-sample contact area, can also been observed.

The case with metal-coated AFM tips can produce beh
ior even further removed from the model of an ideal elas
contact. Here simultaneous current and mechanical meas
ments may be entirely misleading. Unless care is exerc

FIG. 5. A force curve showing current, lateral stiffness, a
applied force for a clean Si tip on NbSe2. The lever spring constan
is knormal50.5 N/m. The tip is retracted from the surface, and t
displacement is defined as zero at the point where the tip
sample separate. Negative values of displacement correspond t
tip being in contact with the surface. The current is arbitrar
scaled for easy comparison with the stiffness. The sample bia
23 V, and typical currents are;10 pA. For clarity the applied
force is not shown for displacements less than255 Å.
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e.g., by controlling in STM mode as in Sec. III B the me
coating on the tip apex wears rapidly, and one finds eit
that ~i! a narrow insulating gap forms between the me
coating on the tip and the sample, or~ii ! metal from the tip
may form a strong adhesive junction with the sample a
one observes a large increase in friction, adhesion, and
ductivity. In our experiments with gold-coated tips o
NbSe2, the force curves andI –V curve can show two gen
eral types of behavior, either small adhesion, small st
friction, and low, nonlinear conductivity@corresponding to
case~i! above#; or high adhesion, high friction, and Ohm
conductivity @case~ii !#. The latter case corresponds to t
shearing of a gold-NbSe2 junction. Here the metallic contac
area may only be a small part of the total contact area,
the strong interfacial energy associated with the meta
junction dominates the measurements. Even if the m
wears, the metal-sample contact may reform during an
periment if the bias voltage or applied force are sufficien
high. This discussion highlights a general finding from o
experiments using a variety of AFM tips, namely, that t
material of the tip apex must be homogeneous and prefer
have Ohmic characteristics for quantitative conduction m
surements to be undertaken at the nanometer scale, e
cially when lateral forces act on the tip.

IV. CONCLUSION

The important conclusions from the above results and
previous work9 is that continuum mechanics appears to g
a reasonable description of elastic contacts as small as o
two nanometers in radius. The Maugis-Dugdale model p
vides a good basis for describing the elastic contact betw
an AFM tip and a smooth sample, and the theoretical va
tion with load in the contact radius is in good agreement w
the experimental variation in friction force, conductivity, an
contact stiffness. We note that more study is required
,
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verify this statement fully at applied forces close to t
pulloff force. To address the important problem of findin
the contact areaA0 , the best approaches at present appea
be either to fit the force data to an appropriate continu
model, such as the Maugis-Dugdale theory, or to measure
contact stiffness. It is interesting to note that contact stiffn
methods can still be applied even if plastic deformations
cur, because there is always some elastic part of the de
mation from which we can assessA0 .31 What is not clear is
how useful these methods are under less-controlled co
tions than UHV when the material properties of the inte
faces~E* or G* ! are uncertain.

The use of conduction methods with metal-coated
semiconductor tips, while extremely useful to verify th
variation in A0 with load, cannot presently be applied wit
confidence to find the absolute values ofA0 . This contrasts
with the situation for traditional metal-metal contactstudie
where conduction methods can be used to findA0 because
the current transport mechanism is well understood. T
situation is, however, a consequence of the AFM tips av
able. While not yet a general method, we believe the res
presented show that conduction AFM can give a direct m
sure of A0 for micromechanical experiments, provided th
tip is sufficiently robust and Ohmic. In this regard we no
that the use of metal-coated tips can often be mislead
because metal wears rapidly off the tip apex. It is theref
desirable to develop sharp, Ohmic, and homogeneous tip
future conduction AFM studies.
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