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Simultaneous force and conduction measurements in atomic force microscopy
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We used an ultrahigh-vacuum atomic force microscOpEM) 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 Np®e graphite surfaces. Results are used to compare various means
of obtaining the tip-sample contact are&,]. We find that simple continuum models can give a reasonable
description of the mechanical behavior of the contact. Specifically, the Maugis-Dugdale [[Dotiéhugis, J.

Colloid Interface Scil50, 243 (1992] provides a good basis for describing the elastic contact between an
AFM tip and a smooth sample. The theoretigaliation 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 areaA,, the best approaches appear to be either to fit the applied force data to an appropriate
continuum modelprovided the contact is elastior to measure the lateral tip-sample contact stiffness. In
principle we show that conduction AFM methods can be used toAindor Ohmic contacts. However, the
uncertainty in the conduction properties of available AFM tips means that at present the absolute ¥glue of
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.
[S0163-18207)07347-3

[. INTRODUCTION In comparison to STM, lateral and normal forces can be
measured directly using AFf1’ The ability to measure fric-
Engineering surfaces are rough, even at the moleculaional forces acting at the junction is particularly significant
scale, and when two surfaces are brought together physic&r tribology applications, and in this regard the assertion
contact occurs at a limited number of protruding microscopidhat the AFM tip-sample contact can behave as a single as-
asperities. The real area of contact is much smaller than thegerity has been experimentally verifigdhe techniques and
apparent geometric contact area. A familiar example is thaissues involved in the experimental determination of both
of dry sliding! where the frictional forces acting are dictated normal and tangential forces are now understood. However,
by the interaction of the asperities. Thus it has long beem difficult and general problem in AFM is to determine the
recognized that understanding the mechanical behavior dafffective area of tip-sample contacd{). Such a measure-
single asperity contacts is essential to understanding fundanent is necessary to obtain quantitative micromechanical in-
mental problems of friction, wear, adhesion, and surfacdormation, such as pressures and shear strengths, at the tip-
deformatio? In early experimental studies of sample junction. These are parameters of considerable
microasperities, point contacts were formed under applied importance in understanding the mechanics of the contact.
loads ofuN or more and contact diameters were greater tharror example, at what pressure does plastic deformation com-
~30 nm. Recent experimental advances based on scannimgence? In friction experiments, at what applied pressure or
probe microscopy(SPM), such as scanning tunneling mi- shear does a boundary lubricant fail? Also note that direct
croscopy(STM) and atomic force microscopyAFM), offer ~ knowledge of A; enables a clearer interpretation of the
an alternative means of studying single asperity contacts. Ughysical basis of obtaining topographic AFM images.
ing SPM techniques one can investigate contacts at very low In a previous study,the friction forces and lateral stiff-
loads (<1 nN) and with atomic scale contact area. An addi-ness acting at an AFM contact were measured, and shown to
tional advantage of SPM methods is that one can simultabe self-consistent with the Maugis-Dugdale motelf the
neously obtain topographic information of the surface beingcontact mechanics. The consistency of the results suggested
studied. that a reasonable estimateAy can be found by either mod-
Important pioneering work in the use of SPM to study theeling the elastic behavior of the contact as a function of the
micromechanics of point contacts was performed byi®u measured normal force, or by using the measured lateral con-
and co-workeré,who used STM to investigate the adhesion, tact stiffness. In this paper we further investigate the problem
yield strengths, and plastic deformation of metal-metal conof determining the AFM contact area by measuring the elec-
tacts at the atomic scale. Since only current is measured dirical conduction through the tip-sample contact, which is
rectly in STM, the forces acting at the tip-sample contact ar@ne of the traditional means of obtainiry,. Briefly we
measured by mounting the sample on a compliant cantilevefind that electrical conductivity measurements can give use-
and monitoring the deflection of the lever. A much studiedful information on the changes in the contact area as the
corollary of this work is to use the atomic scale junctionsnormal and lateral forces vary, even for nanometer-sized
formed at the metal contact to study current transportontacts. However, we could not obtain the absolute value of
through one-dimensional structures. Aq with confidence from the conductivity. This is not a gen-
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eral problem, but rather is a consequence of the present limi-
tations of the tips used for conduction AFM, i.e., given a
mechanically and electrically stable AFM tip with Ohmic
electrical characteristics, we believe reliable measurements
of Ag can be made on conducting surfaces. R
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|
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All the present experiments are performed using commer- i } /Lh
i ,
1
|
[

cially available Si AFM tips in contact with atomically [
smooth, conducting surfacefhighly oriented pyrolytic o
graphite (HOPG and NbSeg| under UHV conditions. In Sample
principle the methods discussed can be used in more general i

AFM situations, such as in air or liquids, but the interpreta- !
tion of such data is necessarily less straightforward. Simi-
larly, for this preliminary study we only consider elastic con-

tacts, and do not investigate the regime of plastic FiG 1. Maugis-Dugdale model of the tip-sample contact. Inti-
deformation. mate contact occurs within a circular region of radiusA constant
attractive force continues to act over a larger circular region of
Il. BACKGROUND radiusc. The attractive force falls to zero at a tip-sample distance
) . ho which is typically around 2 A.
Several methods appear feasible for addressing the prob-
lem of findingA, and thus obtaining useful micromechani- hetween the surfaces extends over a larger circular region, of
cal information. Meyer and co-workefsinferred the geo- ragdiusc. In the region betweea anda the surfaces separate
metric extent of the contact area from topography images. Igjightly by a distance increasing from zerorata, to h, at
our study the following, more general techniques are disy=c. The adhesive force between the two surfaces is as-
cussed. _ o sumed to have a constant valag until the separatiom is
(i) Measurement of applied normal force. Providggis  reached, at which point the adhesive force falls to zero. The
not so small (-1 nnt) that atomic structure dominaté#,  yalue ofh, is chosen such that the maximum attractive force
can be estimated by an appropriate continuum mechanicsnd the work of adhesion match those of a Lennard-Jones
equation which relates the applied normal force acting on apotential, i.e., ooho=w,_,, from which one findsh,
asperity to the mechanical contact area. For example, the g 971,. The values of the rada andc can be found by
earliest and simplest model for an elastic contact was giVegimultaneously solving two equations containiagc, and

by HertZ for a sphere on a flat. In this case, the nondimensional parameters
Ap=ma’=m(3PRI4E*)?? (1) P ( 9R
P=—— and A=20y| ——=7>]. 3
whereP is the applied normal force is the contact radius, TWR %\ 16mwE*?

R is the radius of curvature of the tip, al' is the com- |t can be shown that = 1.164. The effective radiud, over

bined elastic modulus of the tip and sample. ThuRi&nd  \yhich lateral forces act, lies somewhere betweeand c,

E* are known, one can infeA, by fitting the measured o b=a+n(c—a), where 0<n<1. In this work we as-

normal force to Eq(1). _ _ sume thain=0.4, as this corresponds approximately to the
The Hertz theory cannot be used if adhesive forces argaximum attractive force in the Lennard-Jones interaction.

present. In such cases more refined approaches are usggyiher details of the model were given by John&bn.

which take into account the surface forces acting on the tip. Note that all continuum models require an estimat&bf

To determine the appropriate continuum model to apply, Weynq the radius of curvature of the AFM tip. These parameters

note that the ratio of elastic deformation in the contact to theye gifficult to ascertain, and may be subject to considerable

distance over which surface forces act can be expressed t%certainty. In our experimen® is measured using high-

the nondimensional parametér given by’ resolution electron microscopy;®andE* is calculated us-
RWZ | 13 ing bulk material properties. In the Maugis-Dugdale model
= ) , (2)  We must also assume valueszfandn.
(i) Measurement of contact compliance. For the elastic
deformation of a point contact one can relate a measured

wherew is the work of adhesion, ang, is the equilibrium ) . .
spacing for the Lennard-Jones potential of the surfaces. Fé:rompllance or contact stiffnesk dnag) 10 the radius of the

¢>5 the Johnson-Kendall-Robert3KR) theory? provides contact area by simple equations of the form
a good model of the contact, whereas 0.1 the analysis Keontact 2E* @ (4)
by Bradley® or the Derjaguin-Muller-Toporov(DMT) o . L
model* are more appropriate. In the intermediate regime, th&vhen the tip is displaced in the surface normal directfoor,
Maugis-Dugdale theoly provides an approximate closed- K _8G*a )
form analysis and this is the model we adopt because for contact™ '
typical AFM operation with sharp tipsp~ 1. when the tip is displaced in the surface lateral directibh,

In the Maugis-Dugdale model intimate contéotro sepa- where G* is the combined shear modulus of the tip and
ration) between the two surfaces occurs within a circular areasample. Therefore, by measurikg..csWe can solve for the
of radiusa, as illustrated in Fig. 1. The attractive interaction contact radius using the bulk material properties of the tip

E* 2203
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and sample. This has the uncertainty in assigning a value toompare Eq(8) with the values ofA, expected from meth-
E* or G*, but this difficulty is inherent to all continuum ods (i) and (iii) above. We do not consider E¢8) as a
models. In AFM, Koniact IS measured by applying either a general means of finding,. Rather it is a description of the
small force or displacement modulation to the junction in thefriction behavior which must be verified for a given inter-
surface normal directioffor Eq. (4)] or in the surface lateral face. The parameteris not knowna priori from bulk mea-
direction[for Eq. (5] and monitoring the tip response. De- syrements and one does not anticipate(Bpto be as simple
tails  of 1§hlg experimental ~techniques are givengn rough surfaces where surface topograglyg., step
elsewheré:'"® We only note that care is required if dis- gqges will give rise to additional lateral forces acting on the
placement modulation is used to ensure that all the systergib_ Furthermore, variations in surface chemistry may also

corr)lpllances have been con&dgf@d. - alter the friction force, irrespective of variations Ay .
(iif) Measurement of conductivity. The conductivity of the

tip-sample contact can be measuréénd A, found using

the relevant current-voltage-(V) characteristic for the junc-

tion, since the current flow is invariably some function of the lll. RESULTS
junction area. Briefly, thé-V characteristic between tip and A. Experiment
sample can take on many forms depending on the principle . . :
conduction mechanism involved. In conduction AFM the The. experiments were performed using an optical
material of the tip apex consists of either pure metal mdef!ectl_on-type_UHV_ AFM. The tip-sample distance can be
heavily doped semiconductor. For purely Ohmic contactgn@intained using either constant force AFM or constant-
(i.e. metal-metal contadtsthel -V is of the typical spreading current STM control. Heating and argon ion sputtering are

resistance form available for cleaning, although in this work the HOPG and
NbSe samples were never sputtered, as this would roughen
p the surfaces. The base pressure of the system is 5
Rspreadingzﬁa (6) % 10”10 Torr.

The basic experimental results consist of force curves and
wherep is the mean resistivity of the tip and sample. This is|_y/ curves. In ar-V curve a linear voltage ramp is applied
the traditioqal method of find.iﬂﬂxo in point-contact studies, potveen the tip and sample, and the resulting current flow
and holds ifL<a, whereL is the mean free path of the \oa5red. A standard STM current to voltage converter is
conduction electrons. Typicalt ~100 A in metals. In used in this studyadjustable gain 76-10° V/A). For high
AT 1 ot uncommen o contactarea o b vey Sl concuciuty .. meta-metafuncton  ogarthmic cur
tance is given by the Sharvin expression rent .amphﬂer is gften more us.efull. THeV charagtensucs

provide an electrical characterisation of the junction.
4pL To obtain force curves, which characterize the mechanical
Rsmmﬁm- (7) behavior of the junction, the sample is either retracted from
or ramped toward the tip, and the resulting cantilever dis-

Semiconductor-type point contacts are more difficult toPlacement logged. The applied force acting on the tip is then
characterize experimentalljin general we cannot obtain an given by the cantilever spring constant multiplied by the le-
accurate estimate of the absolute value of the contact arér displacement. Simultaneously, lateral forces and conduc-
because some of the parameters of the complatecharac-  tion can be measured. For conduction force curves, a fixed
teristic are not known. An example of this difficulty is de- voltage is applied between the tip and sample, and the cur-
tailed below for a Si tip on NbSe Nevertheless, at ixed rent is measured as the applied force changes. For lateral
bias voltage across the junction the current is always propoiforce measurementéve measure either the static friction
tional to Ay for any of the current transport mechanismsforce or the lateral contact stiffnesthe twisting of the lever
encountered(e.g. direct tunnelling, thermionic emission, due to a lateral sample displacement is meastifé8riefly,
etc).?% Therefore it is possible to equate theriation in  the sample is displaced using a triangular voltage wave form
current at a constant bias to variations in contact area.  applied to the piezoelectric scan tube. The resulting lateral

Finally we note that the friction forces acting on an asper{orce acting on the tip apex exerts a torque which twists the
ity also depend directly on the contact area, and an importariantilever beam. The twisting of the beam is detected in the
attribute of AFM is that the lateral forces can be measuregpiica| deflection system using a quadrant position photode-
directly” Details of the many AFM tribology studies and (gcior, Because of the applied periodic sample displacement
interpretation can be found elsewhétén this work we only 6 |ateral component of the photodetector signal is also pe-
wish to note that for an AFM tip S"_d'_”g with no wear on a riodic, the amplitude of which gives a measure of the mag-
Eﬂfgglglzlh:n;gr?gcts;r;% the friction forc€4} can be nitude of the lateral forces. For the experiments described

y: here, the wave-form amplitude is continuously measured us-
Fo=1A, ®) ing a Iock?in amplifier.. A lateral samplg osgillation pf
' ~100 Ap_p is used for friction force data, in which the tip
where 7 is the shear strength of the junction. The essentiablides over the surface, whereas an oscillatiorrﬁpr_p is
features of this simple description of interfacial sliding haveused for lateral contact stiffness measurements, in which the
been verified experimentalf?? In this study we measure the tip does not slip. Further details can be found in Refs. 8, 9,
variation inF; as a function of the applied normal force, and and 16.



15 348 M. A. LANTZ, S. J. O'SHEA, AND M. E. WELLAND 56

14 : : — the tip-sample contact area, i.e., the current is proportional to
3 Maugis-Dugdale fit A,. The proportionality implies that Eq7) is applicable in
iie. mb* this experiment, and that the electron transport is ballistic.
We do not expect the spreading resistance t@vhich is not
proportional toAy) to be important sincea<100 A, and
indeed Eq.(6) does not give a good fit to the Maugis-
Dugdale variation in contact radius.
] The agreement between tkariation in current and the
1 2 continuum model gives us confidence tiigt can be found
q for nanometer sized contact areas using conduction AFM.
S ] However, there are technical difficulties we wish to highlight
TS if consistent and reliable values of thbsolutevalue ofA, is
Applied Force (nN) required. As an example, consider Fig. 2 for the HOPG/Ptir
system. The Maugis-Dugdale model gives the effective con-
FIG. 2. The currentpoints vs applied force for a Ptir-coated Si tact radius at zero applied force as 3.5.4 nm?* The con-
tip on HOPG. A constant sample bias of 5.6 mV is applied. Theductivity value of the radius at zero applied force is 3.3
solid lines show the Maugis-Dugdale fit to the contact area, with+ 1.5 nm, which is found from Eq.(7) using p
parameters\ =0.6 andb=a+0.4(c—a). The effective Maugis- =1000-500Qu{} m,?® and assumind. =100 A. The theo-
Dugdale contact area isb”. The areara® is that of the intimate retical and conduction values of contact radius appear in
contact region. agreement, and certainly can provide a reasonable estimate
of Ay. We note, however, that the error in the HOPG resis-
tivity is high, and, further, we have not considered the un-
The first set of experiments were performed on cleavedertainty in the mean free path nor the effect of regions of
HOPG using a silicon cantilever sputter coated with a 20-nnmetal wearing from the tip. Such uncertainties regarding the
film of 90% platinum/10% iridium. The spring constant of electrical nature of the junction are even more pronounced
the cantilever in the normal direction was determined to bdor non-Ohmic junctiongas discussed in Sec. Il C belgpw
Knorma=43 N/m 2% Sample preparation consisted of cleavingand we have concluded that it is only for metal-metal con-
a HOPG sample immediately prior to transfer into vacuumacts that we can at present obtain a “conduction” estimate
and then heating to 400 °Crfd h prior to the experiments. of Ay with confidence. However, the use of metal-metal con-
The tip was cleaned by baking at130 °C for 12 h, and then tacts in AFM gives rise to two problemsi) At present,
Ar* sputtering for 3 min5-kV ions giving~0.5-uA target ~ microfabricated AFM tips are coated with a thin film to pro-
curreny. To preserve the Pt Ir coating on the tip apex, thevide a metallic tip. Such tips are not reliable, as in our expe-
STM mode was used for feedback control. Imagiogrrent  rience the metal film always wears rapidly from the tip apex,
set point 1.2 nA, sample bias 60 m¢howed the HOPG particularly if lateral forces are presefitwWhat is required is
surface was characterized by large, atomically flat terrace$i homogeneous tigii) There is strong evidence that metal-
The force curves were obtained well away from the terracenetal contacts using a tip radius B ~100 nm invariably
edges, and no change in the sample surface was detectableiwvolve plastic deformation, even at negligible loa8$’
STM images taken after the experiments. To obtain a forcd herefore, a study of purely elastic contact behavior may not
curve the control loop was frozen, the sample bias was rebe feasible.
duced to 5.6 mV, and the sample was ramped forward a Another difficulty illustrated by this example is what is
distance of 45 A. The sample was then retracted by 75 A ameant by the contact area at the nanometer level. As shown
a rate of~5 A/s, while the current and cantilever deflection in Fig. 1, intimate contactzero separationoccurs within a
were logged. At the end of the experiment the sample biasircular area with radiusa, and in the region betweenand
was increased back to 60 mV, and feedback control restored. the surfaces separate slightly. The effective radi)slies
Approximately 50 force curves were taken at various lo-between these two values, i.e., we have chobena
cations on the sample. A similar variation in current with +0.4(c—a). The theoretical value oAy, which is fitted to
applied force was observed in each experiment, as shown ihe data of Fig. 2, shows howb? varies with load. Also
Fig. 2. Also shown is the variation in contact area as preshown for comparison is the intimate contact arest. It is
dicted from the Maugis-Dugdale theat$The agreement be- seen that-80% of the effective area in this example is given
tween experiment and theory is good, although this is not théy the intimate contact region.
case very close to the pull-off forcd?(= —25 nN), where Similarly, we can view the current as having two compo-
we note that the current falls to zero-a1 nN(i.e., before  nents: one due to the resistance of the intimate contact, and
the tip-sample separation at25 nN). This behavior requires the other due to tunneling across the region of small separa-
further investigation using noncoated tips, as a distinct postion around the periphery of the contact. One finds for metal-
sibility is that the metal has worn from an area of radiusmetal contacts that the extended nature of the contact pre-
~1 nm around the tip apex. We find this is a common prob-sents no difficulty, as the low resistance {- 10k(}) through
lem for all metal coated tip&see Sec. Ill D below for further the zero separation area effectively shorts any tunneling path
comments Nevertheless, the good agreement over thecontribution, i.e., the measured conductivity will correspond
greater part of the force curve implies tffat the continuum  to the areara?. However, if the contact resistance is high, as
contact mechanics model provides a reasonable description the Ptir-HOPG experiments, or when using semiconductor
of the contact, an¢b) the current flow is a direct measure of tips, the peripheral contribution can be significant. This situ-

1 s0

1 60

Current (nA)
(uu) esry

The component 7ta*

B. Ohmic contact: Metal coated tip on graphite
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ation may be even more severe in ambient conditions, sincenmediately prior to performing the conductivity experi-
any contaminant liquid meniscus, particularly water, can proments, the tip was further cleaned by *Asputtering for 3
vide a low-resistance current path of significant &eBor  min (5 kV, ~0.5-4A target current Sample preparation
the data of Fig. 2 the intimatena®) and peripheral fc®>  consisted of cleaving a NbSeample immediately prior to
—ma’) contact areas are approximately equal, so if the retransfer into vacuum, and then heating to approximately
sistances across each region are comparable then a signifiao °C for 30 min before the experiments.

cant fraction of the measured current will flow through the  control was maintained in the contact AFM mode with an
peripheral region. The Sharvin resistance of the contact igypjied force of a few nN. Imaging showed that the surface
~1MQ, and we associate this with conduction through thea5 characterized by large flat terraces with the occasional
arear =0 tor =a. l.:ora<r<c,. where the tunnel barrier has 5o mic step. A flat and featureless area, well away from the
collapsed, the resistance varies betweehM( at r -a to_ terrace edges, was chosen as the site for the conductivity and
10-50 M) at r=c=~2A, where the tunnel barrier is friction force curve experiments. Following the experiments,

- 28 ; ; L _
. 0.5eV.™ The rgsstanc;e I sufficiently low over the pe the area where the experiments were performed was imaged,
ripheral area to give a significant current path, and the area

over which conduction occurs is expected to be larger thaand no change or damage to the surface was noticeable. In

the area of zero separation. However, not knowing the exa e conductivity experiments described below, a bias of

geometry of the tip-sample gap or tunnel barrier, we cannot, S ¥ Was applied to the sample. The bias results in an ad-

provide a simple relation between the effective conductior{jitior_‘al applied force due to elect_rostatic attraction be_tween
and mechanical areas. At present, the experimental errors afe€ tip and sample, but a comparison of data taken with and
at least 50% in the contact radius, which masks any attemp¥ithout a bias indicated that the bias only increased the mag-
to compare these differences between the effective mecharfiitude of the pull-off force by about 1.2 nN. The same varia-
cal and electrical contact areas. Notwithstanding this, frontion in friction force with load was observed with either O or
the Maugis-Dugdale theory we calculate that the intimate— 3 V bias, even though the friction and normal force curves
and peripheral areas can only differ by a factor-e2 in  changed slightly.
typical AFM applications, because the radii are limited to the The simultaneous variation in friction and conductivity
casec/a<?2. with applied force was measured at a variety of locations on
Finally, note that theoretically the radiiandc scale with  the sample, and an example of a typical unloading experi-
load in an essentially identical manr8iTherefore, the ob- ment is shown in Fig. 3. The same variation in friction and
servation that the variation in current closely matches theurrent with applied force was observed for loading and un-
theoretical variation with load follows even if the current |oading (approach speed 0.6 nnysndicating that the con-
transport mechanism differs in the intimate and peripherafact was elastic for the range of applied forces investigated.
contact regions. The scales on the current and friction axis have been chosen
such that the dependence on applied force can be easily com-
pared. It is clear that the variation in current and friction have
a similar dependence on applied force. Since the current at
In Sec. Il B, it was shown how conductivity can be mea- constant bias is expected to vary in direct proportion to the
sured as a functi_on_ of applied _nc_>rma| force. In this SeCtiortip-sampIe contact area, the close agreement between the
we show how similar conductivity measurements can b&yrent and friction data of Fig. 3 provides additional support
used to monitor simultaneously the variationAg and fric- ¢4 the hypothesis that the frictional force for an asperity is
tion forces actln'g on the tip as a function of the appl'eddirectly proportional to the tip-sample contact af&as. (8)].
normal force. This is clearly of importance, as E8) shows The relation between the friction, current, and tip-sample

there is a direct dependence of friction 8g for a single . . ; i
asperity. Metal-coated tips cannot be reliably used becaus(("aOntaCt area can be investigated further by comparing experi

the metal on the tip apex wears rapidly during contact mod ment to the Maugis-Dugdale theory. In order to compare the

AFM. Hence the cantilever used for lateral force studies i§heory with the friction data, the frictional force is assumed

microfabricated from heavily dopedh ¢) single-crystal sili- o be proport|ona2I to the .tlp—sample. contact area, 1.e.,
con. Unfortunately, as we outline below, this means that we ficion= 7Ao= 7mb*, whereb is the effective contact radius.

cannot obtain the absolute value A§ using the measured The validity of the assumption is shown in Fig. 3 by the good
conduction, but can only monitor the relative changéjras ~ agreement between both the friction and current data and the

the friction force changes. Maugis-Dugdale fit. Note that, for this comparison, we sim-

The normal and lateral direction spring constants of thePly scaled the Maugis-Dugdale fit to match the experiment at
cantilever used were determined to kgm,=1.3 N/m and  one point on the force curveéat P~0 nN).
Kiatera= 117 N/mZ* The resistivity of the silicon is 0.01-0.02  Figure 3 shows that conductivity measurements can be
Q cm, and, as received from the manufacturer, the tip is exused to monitor the variation i, during friction AFM
pected to be covered in a native oxide. This insulating layemeasurements. However, to obtain an absolute value of the
was removed by immersing the cantilever in 7:1 bufferedarea from the current is particularly difficult using semicon-
oxide etch for 20 s. The cantilever was then rinsed in deionductor tips. To illustrate this, consider Fig. 4 which shows
ized water, and dried in a stream of dry nitrogen. This prothe result of a typical-V experiment performed at an ap-
duces a hydrogen-terminated, conducting silicon surfacelied force of 1 nN. Thd-V is nonlinear, as expected for a
which is stable in air for-24 h2° Within 30 min of etching, metal-semiconductor junction, and for this system the domi-
the tip was transferred into the UHV load lock chamber.nant current transport mechanism appears to be thermionic

C. Semiconductor contact: Silicon tip on NbSe
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FIG. 5. A force curve showing current, lateral stiffness, and
FIG. 3. The variation in current and friction vs applied force for @Pplied force for a clean Si tip on NbSeThe lever spring constant
a silicon tip sliding on NbSg The lateral sample displacement is 1S Knoma—=0.5 N/m. The tip is retracted from the surface, and the
100 Ap_p’ and the sample bias is 3 V. The solid line shows the displacement is defined as zero at the point where the tip and

Maugis-Dugdale fit to the contact area, with paramexer®.2 and sample separate. Negative values of displacement correspond to the
b=a+0.4(c—a). tip being in contact with the surface. The current is arbitrarily

scaled for easy comparison with the stiffness. The sample bias is
emission over the junction potential barrier. Therefore, tak-—3 V. and typical currents are-10 pA. For C|a“)t:\y the applied
ing the simplest possible case for a Schottky junction, werce is not shown for displacements less thafis A.

have?° . .
Dugdale theory. This suggests that Ef) can provide a

| =AgJy(eV/keT— 1), (9) reasonably simple means of estimating the contact radius
using the measured value bf,,,c:andG*, and indeed the
whereJ = A*T?e~9%s/ksT is the saturation current density, absolute value ofA, found using the contact stiffness
T is the temperaturéd* is the effective Richardson constant, method is in agreement with the calculated Maugis-Dugdale
kg is the Boltzmann constarn, is the elemental charge, and value. For example, for the data of Fig. 3 at zero applied
¢g is the barrier height. An extrapolation of a log-linear plot force we findb= 3.2 nm from the Maugis-Dugdale theaty,
of the forward-biad -V curve toV=0 gives AgJs). How-  andb=2.5+1.2 nm from contact stiffness experiments using
ever to proceed and extract the arkg, a value of¢pg is  G*=7.0 GPa. The contact stiffness method also appears to
required, and this is not known with confidence, nor is itbe useful for studies in ambient environments and for non-
possible to calculatés from the material properties of the tip conducting tip-sample systenfs.
and sample, i.e., the exact surface chemistry and doping of
the tip apex are uncertain. We fintk~0.45 eV for the data D. Some cautionary remarks
of Fig. 4, using the contact area as found from the Maugis-
Dugdale theory.
We also studied the lateral contact stiffnekg fac) for a
Si tip on a NbSe system. This was discussed fully in our
previous world Briefly, we find that the variation with the
load of KeoniactiS @gain very well modeled by the Maugis-

The force curves vary smoothly with load for the results
presented thus far, but this is not always the case. Discon-
tinuous changes in the force, due to either the presence of
compliant material at the contact or to changes in the local
geometry of the junctiorfarising from local surface or tip
roughnesk can be observed with particular tips or samples.
An example is given in Fig. 5 which shows the variation in
applied force, conduction and lateral stiffness for a Si tip on
NbSe. There is a remarkable correlation between the dis-
continuous jumps in the data, with both the current and stiff-
ness sometimes even increasing as the load is removed. This
suggests that the contact radius changes, in a discontinuous
7 manner. In this particular example the stiffness is very low,
and we infer that there is probably an additional compliance,
perhaps a wear particle, acting at the junction. It is for this
7 reason we do not call the measured stiffness the “contact
stiffness,” nor attempt to find a value of the contact radius in
this case using Eq5). Discontinuous changes in the friction
O] force, again most likely arising from abrupt changes in the
3 2 1 0 1 N 3 tip-sample contact area, can also been observed.
Sample Bias (V) The case with metal-coated AFM tips can produce behav-
ior even further removed from the model of an ideal elastic
FIG. 4. Current-voltage characteristic of a clean Si tip on NbSe contact. Here simultaneous current and mechanical measure-
at an applied force of- 1 nN. ments may be entirely misleading. Unless care is exercised
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e.g., by controlling in STM mode as in Sec. Ill B the metal verify this statement fully at applied forces close to the
coating on the tip apex wears rapidly, and one finds eithepulloff force. To address the important problem of finding
that (i) a narrow insulating gap forms between the metalthe contact ared,, the best approaches at present appear to
coating on the tip and the sample, @) metal from the tip  be either to fit the force data to an appropriate continuum
may form a strong adhesive junction with the sample andnodel, such as the Maugis-Dugdale theory, or to measure the
one observes a large increase in friction, adhesion, and cowentact stiffness. It is interesting to note that contact stiffness
ductivity. In our experiments with gold-coated tips on methods can still be applied even if plastic deformations oc-
NbSe, the force curves ant-V curve can show two gen- cur, because there is always some elastic part of the defor-
eral types of behavior, either small adhesion, small statienation from which we can assesg.3! What is not clear is
friction, and low, nonlinear conductivitycorresponding to how useful these methods are under less-controlled condi-
case(i) abovg; or high adhesion, high friction, and Ohmic tions than UHV when the material properties of the inter-
conductivity [case(ii)]. The latter case corresponds to thefaces(E* or G*) are uncertain.

shearing of a gold-NbSgunction. Here the metallic contact ~ The use of conduction methods with metal-coated or
area may only be a small part of the total contact area, busemiconductor tips, while extremely useful to verify the
the strong interfacial energy associated with the metalliozariation in Ay with load, cannot presently be applied with
junction dominates the measurements. Even if the metalonfidence to find the absolute valuesAy. This contrasts
wears, the metal-sample contact may reform during an exwith the situation for traditional metal-metal contactstudies,
periment if the bias voltage or applied force are sufficientlywhere conduction methods can be used to figdbecause
high. This discussion highlights a general finding from ourthe current transport mechanism is well understood. This
experiments using a variety of AFM tips, namely, that thesituation is, however, a consequence of the AFM tips avail-
material of the tip apex must be homogeneous and preferablyble. While not yet a general method, we believe the results
have Ohmic characteristics for quantitative conduction meapresented show that conduction AFM can give a direct mea-
surements to be undertaken at the nanometer scale, espgire of Ay for micromechanical experiments, provided the

cially when lateral forces act on the tip. tip is sufficiently robust and Ohmic. In this regard we note
that the use of metal-coated tips can often be misleading
IV. CONCLUSION because metal wears rapidly off the tip apex. It is therefore

. ) desirable to develop sharp, Ohmic, and homogeneous tips for
The important conclusions from the above results and ouf,iure conduction AFM studies.

previous worR is that continuum mechanics appears to give

a reasonable description of elastic contacts as small as one or
two nanometers in radius. The Maugis-Dugdale model pro-
vides a good basis for describing the elastic contact between The authors would like to thank Ken Johnson and John
an AFM tip and a smooth sample, and the theoretical variaPethica for many useful discussions, and Andrew Hoole for
tion with load in the contact radius is in good agreement withimaging tips in the electron microscope. M. L. acknowledges
the experimental variation in friction force, conductivity, and the support of the Sir Winston Churchill Society of Edmon-
contact stiffness. We note that more study is required taon.
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