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Tip-sample interaction in tapping-mode scanning force microscopy
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Tip-sample interaction in intermittent contact scanning force microscopy, also called tapping mode, is
experimentally studied to determine under which conditions tip-sample contact is established. Force vs dis-
tance curves are made while the cantilever is oscillating at its resonance frequency. Cantilevers with different
force constants driven at different oscillation amplitudes have been used. In addition, samples with different
hardness, such as silicon oxide, glass, and highly orientated pyrolytic graphite were taken as sample surface.
From the analysis of the data we conclude that by choosing appropriate operating conditions, tip-sample
contact can be avoided. This operating regime is of general interest in scanning force microscopy, since it
allows imaging of even the softest samples.

INTRODUCTION between the exciting signal and the response of the cantilever
can be measured as a complementary signal, which seems to

The physics and chemistry of surfaces is an appealingpe related with the chemical composition of the surfdce,
field since many processes such as chemical and biologicat to the dissipation processes in the tip-sample systém.
reactions occur on then. Correspondingly, surface science is Several theoretical approactié¥ have been proposed to
an important and well-established discipline. In particular,interpret IC SFM mode images and to determine the contri-
one topic that has drawn much attention is the interactiorbution of the different forces and interactions involved in the
between surfaces. More recently, the scope of endeavor hasquisition process. Modeling as well as understanding of IC
broadened to include liquid structure, surface and thin-filmSFM is difficult mainly because of two reasons. First, differ-
phenomena. Not only are static forces being investigated bugnt interactions may be relevant: van der Waals forces,
also dynamidge.g., viscous and time-dependefdrces. For  forces due to elastic and even inelastic deformations, as well
a detailed understanding of the corresponding processes, ias adhesion forces between tip and sampfdvioreover also
vestigations on an atomic and molecular scale are needediscous forces due to the formation of a liquid meniscus or
Techniques such as the surfaces force appatatds;  due to air damping may act and induce energy dissipafion.
scattering, or scanning probe microscopy have been impoiSecond, the oscillation amplitude of the tip is much larger
tant tools for these kinds of investigations. Scanning forceghan the typical length scales related to the variation of tip-
microscopy (SFM) has become a powerful tool for studying sample interaction. Therefore, modeling of IC SFM as a
surfaces on a nanometer scale. A variety of different operadamped forced harmonic oscillator is not a valid approach.
tion modes have been developed to image not only the sutn fact, in the case of IC SFM the tip-sample system is a
face topography but also to probe its physical propertieshighly nonlinear problem and should be treated
such as magneticor electrié properties, but also liquid accordingly'®*°
structures adsorbed on solid surfateBhe typical way of Due to the complexity just described, we feel that right
using SFM is contact mode: that is, the tip is brought intonow there is no general agreement on exactly how IC SFM
mechanical contact with the sample and the topography ofvorks. In fact, Whangbo, Bar, and Brandsch state that “to
the surface is scanned. One problem of this method is thaimulate any realistic experimental situatio. . leads to the
weakly adsorbed samples are easily damaged by the tip duproblem of having more unknowns than equatiorfS.Nev-
ing the scanning process. Intermittent contact scanning forcertheless we think that the most accepted view is as follows.
microscopy(IC SFM), also called “tapping mode,® is one  When the tip oscillates at a rather large distance, that is,
of the most extended modes, since lateral and shear forceghen the lower turning point of the oscillation is of the order
are minimized thereby reducing damage to the surfaceof a few nm from the sample, van der Waals forces might
Therefore, this mode is specially suited for imaging soft andresult in a small variation of the oscillation frequency and in
weakly attached materials such as biological samipdesi  a correspondingly very small variation of the oscillation am-
polymers®® In addition to being a very useful technique in plitude. This effect is, however, generally believed to be
SFM, IC SFM can be applied for studying interaction be-quite small. As the tip further approaches the sample, the tip
tween surfaces from a fundamental point of view. This is thewill touch the sample and feel the strong adhesive forces
topic of the present paper. related to the tip-sample contact as well as to the formation

IC SFM essentially works as follows: the tip is oscillated of a liquid meniscus. This will induce a shift of the reso-
at rather large vibration amplitude, that is, between 10 anchance frequency, and a high dissipation of energy. Both ef-
100 nm. As the tip is approached to the sample, the vibratiofiects lead to a strong reduction of cantilever oscillation,
is reduced due to tip-sample interaction. This reduction ofwvhich is used as a feedback signal. Finally, when the tip is
vibration amplitude is used as feedback signal for the acquifurther approached and strongly hits the solid surface, it will
sition of topographic images. Additionally, the phase relationfeel a strong repulsive force due to the elastic restoring force
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of the surface. This description can be restated in terms of g y
the reduction of vibration amplitude: for very small reduc-

tion of vibration amplitude, van der Waals forces might be

relevant, for larger reduction the main interaction should be D C

due to adhesive forces, and for very strong reduction, the
elasticity of the sample becomes relevant.

An important point in IC SFM is that, as the name indi-
cates, it seems to be generally accepted that the tip touches
the surface under usual operating conditions. In fact, most
theoretical studies on IC SFM assumaepriori that tip-
sample contact occurs and accordingly, model the response
of the system by some kind of repulsive interaction. Evi-
dently the issues of tip-sample contact and of optimum im-
aging conditions in IC SFM are crucial. Moreover, the study
of tip-sample interaction is an important point not only for
the SPM community, but also for basic and applied research.

T
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However, in the vast literature, we have found only one early E F

experimental study that proposes a direct way of observing CHY 103mUs CHX:200mU= XY

this contact® A detailed discussion of the method is given

below. From that early study by Putmanal,? the forma- FIG. 1. Oscilloscope trace of the cantilever deflectiorz-pezo

tion of a contact is inferred. In the present paper we haveosition. The relevant aspects of the experiment are shown as the
found in similar experiments that a careful analysis of thetip goes through several states. Betwéeand B the oscillation is
data leads to the result that for rather soft cantilevers and lowndisturbed and the amplitude is maximum. FrBnto C the am-
vibration amplitudes, this is not correct. In these cases tipplitude decreases approximately linearly. At pofdtthere is the
sample contact does not occur. This behavior has been renap to contact of the tip to the surface. As theiezo further
ported previously for rather special operation conditifﬁ'ms approaches the surface, the cantilever deflects upwards until the set
well as for dull tips?® point of the normal force is reachdgoint D). After a few milli-
seconds, the piezo is withdrawn. The tip separates from the sample
at pointE. Then the cantilever oscillates again, following the same
MEASUREMENT OF TIP-SAMPLE INTERACTION linear regime as betwedhandC, until pointF. Then the cantilever
) oscillates free again reaching finally the maximum tip-sample dis-
The early work cited abové as well as the results pre- tance,G. Lines « and 8 are shown as guidelines: the solid ome
sented here are based on the acquisition of force vs distanggfines the position of the surface, agddashed line, the lower

curves. This method is fundamental for a correct measuraurning point of the oscillation. The horizontal arrow marks the
ment of tip-sample interaction, since it allows the precisedistancesz between the surface and the tip, at any given point.
determination of the tip-sample distance during the experi-
ment, and unambiguously to resolve the issue of contact forsuccession of force vs distance curesith a feedback pe-
mation. This is not directly possible in the kind of experi- riod between them at a given normal force set point. Jumping
ments that are now usually performed, where the amplitudelus feedback times are of the order of a few milliseconds.
and / or the phase of the oscillation amplitude is recorded aSince the smallest cantilever resonance frequency is about 40
a function of piezo displacemefft?® In this context it is kHz, the tip oscillates more than 500 times during a single
important to realize that the piezo displacement does ngumping cycle. Notice that while tip motion is induced by the
directly correspond to the tip-sample distance. To determinsmall piezo where the cantilever is fixed, the jumping motion
precisely the tip-sample distance, the simultaneous recording performed by the sample piezo tube. The data have been
of cantilever deflectiorinormal force signalis needed. recorded in theX-Y mode of an oscilloscope. The sample
The experiments presented here were performed using motion was input through the horizontal channel and the
commercial SFM systerif. The sample is fixed to a piezo signal corresponding to the tip motion was input through the
tube that allows motion along th¢ Y, andZ directions. The vertical channel. The oscilloscope image is then recorded
cantilever is glued to a small piezo plate to excite mechanicalising a digital video camera. In these images, the oscillation
oscillations. To maximize the flexibility of the system the of the cantilever is not resolved due to its high frequency
microscope is controlled by means of a digital signal proceseompared to the acquisition time of the whole force vs dis-
sor inserted in a PC expansion slot. tance curve. These images can be interpreted as a time-
The experiments described in this paper have been permveraged probability for finding the cantilever with a certain
formed in jumping mod€ while the tip is oscillated at its deflection for the different tip-sample distances. This ex-
resonance frequency with different amplitudes. Prior to anylains why the borders of the curves are dark: at the turning
experiment the sample surface is inspected using IC SFMoints the time probability of a classical oscillator is maxi-
Then a clean and flat spot is selected and Xkh¥ scan is mum. We note that while the cantilever motion cannot be
stopped. At this point the cantilever, being still in IC SFM, resolved in the oscilloscope images shown, this is not due to
oscillates at the resonance frequency with a reduced ampla limited bandwidth of our detection system, which is about
tude that is previously selected. To analyze the precise d& MHz.?°
pendence of the cantilever oscillation with tip-sample dis- To help the forthcoming discussion several labels have
tance, jumping mode is used. In brief, jumping mode is aeen included in Fig. 1 to mark the relevant points. We de-
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fine pointA as the starting point for an approach and retract
cycle. At this point the sample is at the furthest position and
the cantilever, free at this position, is oscillating with maxi-
mum amplitude. At poinB some kind of interaction appears
causing a reduction of oscillation amplitude. Usually, feed-
back is engaged in this regime to acquire images in IC SFM.
This reduction is approximately linear with position. At
point C the tip jumps onto the surface, then tip-sample con-
tact occurs and the oscillation stops. As the sample is furthe:
approached to the sample, the contact force gets larger unt
the set-point is reachegoint D). After a few milliseconds
theZ motion is reversed and the tip is released at posion
At this point the cantilever resumes its oscillation, which
increases linearly with sample motion until the free oscilla-
tion amplitude is reacheoint F).

The linesa and B are drawn as guidelines and are funda-
mental for the correct evaluation of the experimental data.
Line « (solid line) goes through points where the tip is in
contact with the surface. This line, therefore, defines the sur-
face position neglecting deformations of tip and sample. For
any data point on the force vs distance curve, the correspond
ing tip-sample distance can be read off as the horizontal dis-
tance to this linex (see Fig. L In our case, since the deflec-
tion is measured in nm, it can also be read off as the vertical
distance to that line. Ling (dashed lingis defined by the
lower turning point of the cantilever oscillation.

The fundamental feature that is observed in many of our FIG. 2. Several deflection vs distance oscilloscope traces with
experiments is that as the vibration amplitude of the cantiledifferent cantilevers and free amplitudes. In pargly, andc the
ver is reduced between poirBsandC, the tip does not touch force constant of the cantilever is about 50 N/m and its resonance
the surface. In fact, the force vs distance curve, and mor#equency about 360 kHz. It is the same cantilever for the three
precisely lineB does not reach the line between point$ measurements. In panalse, andf the force constant of the canti-
and C. Figure 2 shows several of these force vs distancédever (the same alwayss 3 N/m and the resonance frequency about
curves for different oscillation amplitudes and cantilevers#0 kHz. The freemaximum) amplitude is panela andd: 10 nm,
with different force constants. While Figs(a@-2(c) corre- ~ Panelsb ande: 35 nm, and panels andf about 55 nm. The sample
spond to experiments acquired with a cantilever of about 5¢5: Silicon oxide for panels, d, e, ¢ andf, and HOPG for pane.
N/m, Figs. 2d)—2(f) correspond to a softer cantilever with a The solid and dashed lines are guidelines with the same meaning

: . an in Fig. 1. The order in taking the data are: paaglsandc for
force constant of about 3 N/m. The cantilevers were driven agqarder cantilevet50 N/m), and panelsl, e, andf for softer canti-

gg;a]l:egégjtc Iggtlr?&,igglt;gf Zn?jb?{:)t],lgrzgmg&uzta)sg nndm Ittiaxzrw N/m). Note that adhesion force of tip to surface grows with
[Figs. 4c) and 2f)]. Note that in all the cases the tip does '
not touch the surface. Several different hardness substrates
have been used for the experiments, such as highly oriermuch smaller force. Thus the tip is not damaged, and corre-
tated pyrolytic graphitéHOPG), glass, and silicon oxide. ~ spondingly the curves are more stapdee Figs. @l)—2(f)].

In addition to the lack of contact in our curves, some otherTherefore we suggest that the slgpeepends mainly on the
interesting observations can be made from our experiment$§p radius rather than directly on the force constant.
One of them is the relative slope of life compared withx. Another interesting feature in our data is that, if the oscil-
We normalize the slope of both lines such that the slope ofation amplitudea,. is low enough, the maximum restoring
line a is one® The slope of lineB is related to the length force F of the cantilever during oscillation is lower than
scale on which the interaction causing amplitude reduction ishe adhesion forc€ .4 which is measured during the reced-
effective. For high slopes, that is, slopes near 1, this interadhg part of the force vs distance curves, i.Bgs=Cagsc
tion increases very strongly with tip-sample distance, while<F ,4[see Fig. 2d)]. This observation is not consistent with
for smaller slopes this increase is more gentle. We find exthe formation of a contact between tip and sample, since the
perimentally that this slope is near 1 for soft cantilevers andip would then stick to the surface and the oscillation would
as small as 0.35 for harder ones. We think however, that thistop. Therefore we again conclude that tip-sample contact
dependence on the cantilever force constant is indirect: fodoes not occur in this case.
hard cantilevers this slope decreases with time and with in- To avoid confusion, and to make clear the point that the
creasing adhesiofsee Figs. @), 2(b), and Zc)].}® Since tip can indeed touch the surface, in Fig. 3 we show a curve
adhesion is proportional to the radius of curvature of thewhere the tip-sample contact does indeed occur, as one
tip,3! we believe that due to the high loading force duringwould expect for this so-called “tapping mode.” The differ-
tip-sample contact the tip becomes dull with time. For softerence between the data shown here and the data shown in the
cantilevers, the same deflection of the cantilever induces previous figures is essentially the oscillation amplitude of the
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AEisdZ2) =Efed 1— r(z)z]-

F Compared with experiments performed typically in “tapping
mode” (c~50 N/m, asee~50 nm, and sometimes even more
4 than 100 nm for the experiments discussed here where a
v 56 nm l noncontact regime is observétk 1 N/m, age~10—50 nm

the energy stored in the oscillation of the cantilever is be-
tween two and five orders of magnitudes lower. This corre-
N spondingly means 100 to 10000 times more sensitivity to
small interactions. We, therefore, believe that although this
noncontact very probably also exists for large oscillation en-
T J ergy, in this case it is simply not observed.

A fundamental question in the interpretation of our data
concerns the mechanism for the interaction observed in our
CHY:2U~ CHX 200mU= experiments. Unfortunately, we still do not understand its
precise nature, but it does not seem to depend strongly on the

FIG. 3. Deflection vs distance oscilloscope for a soft cantileverf:hemis't_ry (?f the Sa_mF?'e- _More_(r%er, W_e h_a\_/e four_1d that this
(0.75 N/m) with a large free oscillation amplitude. As described in INteraction is of a dissipative kind,that is, it is not induced

the main text, in this case the tip does touch the surface due to tH&Y @ conservative but some kind of viscous force. Several
high oscillation energy in the cantilever. mechanisms such as liquid necRsyapor condensation, air

friction, or a higher viscous force which acts on the tip due to

cantilever. We have found that for large vibration amplitudesan increased vapor pressure just above the surface, might be
and hard cantilevers the tip rather touches the surface,responsible for this interaction. The precise mechanism un-
while for soft cantilevergabout 1 N/m and low oscillation ~ derlying this interaction is still under investigation.
amplitude(10-50 nm the tip rather stays oscillating in the

noncontact regime. We note, however, that for very soft can- IMAGING APPLICATIONS

tilevers and very low oscillation amplitude, the tip might

jump directly into mechanical contact with the sample with- _ Finally we would like to discuss imaging applications,
out showing any reduction in oscillation amplitude, that is,Since we believe that this will be the most important use of

the “tapping”’ regime between the poinBsandC in Fig. 1 is this noncontact dynamic SFM. In fact, with low oscillation
absent. We think that a very small as well as a very larg&n€rgy (about 4<10'°J) and reduction factorsise/ajee of

radius of curvature of the tip also tends to keep the tip-0-95_0-4 we obtain the best images with high resolution on
sample system in the noncontact regime. rather soft and/or weakly adsorbed samples such as carbon

nanotubes and DNA strand$as well as water layerS. In-
cidentally, if these samples are acquired in jumping mode,
where we know for sure that a mechanical contact is estab-
The experimental conditions under which the noncontactished, we observe that the samples are often moved by the
regime is observed can be expressed more conveniently iip even though lateral forces due to the scan motion are not
terms of oscillation energy, rather than the two parameterpresent, and both normal force and contact time are known.
force constant and oscillation amplitude. From what has beele never observe this in IC SFM under the conditions de-
discussed above, it follows that for low oscillation energy thescribed above, and believe that this is yet another proof for
tip does not touch the sample, and for high oscillation enthe absence of tip-sample contact.
ergy, it does. This can be understood rather easily as follows: In addition we should comment that from IC SFM images
Assuming, as we know from other experiments, that theof carbon nanotubes on Sj@nd DNA strands over mica, we
main interaction in this regime is of viscous type, then thededuce tip radii as small as 15 nm. Amplitude reduction
reduction in oscillation amplitude can be related to the enexperiments carried out with the same cantilever, oscillation
ergy dissipated in the tip-sample system: amplitude, and sample before and after the image, did not
show any trace of contact. Thus, the lack of contact cannot
be attributed, at least in this case, to a dull tip.

CONTACT VERSUS NONCONTACT

2 2
afree a( Z)

2

AEgisd{Z) =Efee— E=

Afree

. . SUMMARY
wherec is the force constant of the cantilevé,. andasee

are the free oscillation energy and amplitude, &fd) and The amplitude reduction of an oscillating cantilever has
a(z) are, correspondingly, the oscillation energy and ampli-been studied as a function of tip-sample distance by acquir-
tude at a given point of piezo Z displacement. Note that ing force vs distance curves while the cantilever is oscillating
tip-sample interaction is very small in the noncontact regimeat its resonance frequency in ambient pressure. We suggest
as compared to the case where the tip touches the sample atiéht these kinds of experimental curves should be generally
that the energy that is dissipated is not measured directly butsed to determine whether tip-sample contact occurs, and to
through the reduction factoz) = a(z)/asee. Therefore, the measure tip-sample distance with accuracy. From our data
smaller the total energy in the cantilever oscillation, the betwe conclude that the reduction in oscillation amplitude can-
ter the resolution for energies is. To see this directly, thenot be due to a direct tip-sample contact if the total oscilla-
equation above can be easily rewritten as tion energy in the system is small. Tip-sample contact has
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been described as the main issue responsible for the amptiabes, or even liquid structures adsorbed on solid surfaces.
tude reduction of the cantilever oscillatidhThis is why this

SFM mode is sometimes referred to as “tapping mode.”' ACKNOWLEDGMENTS
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