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Understanding the forces such as adhesion, attraction, and repulsion between surfaces and liquids is
the key not only to understanding phenomena such as lubrication and indentation but also the key to un-

derstanding how best to operate an atomic-force microscope (AFM). In this paper, we examined the
cases of an insulating tip on an insulating sample (silicon nitride tip on mica) and of a conducting tip on
a conducting sample (tungsten carbide tip on a gold or platinum foil). The force-versus-distance curves
for these two limiting systems were very different in different liquids. In ethanol, the curve is just what
one would expect theoretically: a slightly attractive force before contact, a jump into contact, then a
small pull-out force, about 0.2 nN for an insulating tip on the insulating surface and about 0.5 nN for
two conducting surfaces. In pure water, the behavior is complex and variable. Pull-out forces vary from
0.2 to 1.5 nN for two insulating surfaces. For two conducting surfaces the force-versus-distance curves

show large pull-out forces of order of 10 nN. These large forces are probably due to adsorption contam-
ination layers on the metal surfaces that are not removed by the solvent action of the pure water. These
forces, however, can be reduced to less than one-hundredth of the original value by adding ethanol to the
water. This makes ethanol a useful liquid for routine imaging of macromolecules such as DNA, pro-
teins, and polymers, that have been adsorbed to a substrate and that must be imaged at low force. In for-

mamide, we observed a predicted repulsive interaction in the nontouching regime for insulating surfaces
as predicted by Hartmann. In different concentrations of KC1 aqueous solution, we observed again a

repulsive interaction in the nontouching regime due to double-layer repulsion of charged surfaces across
ionic solutions. The measured Debye length agrees well with the theoretical prediction. And last, the

dependence of the pull-out force on the indentation in water has been investigated. The more the tip in-

dents the sample surface in a force-versus-distance cycle, the larger the pull-out force will be. This
shows also the usefulness of the AFM for investigations of micromechanical properties.

INTRDDUCTIDN

The atomic-force microscope (AFM) (Refs. 1 and 2)
has proved its usefulness in imaging surfaces with atomic
or molecular resolution in air, vacuum, or liquids
when scanning in the contact mode. The underlying con-
trast mechanism and the limitation of the AFM in both
the resolution and the nondestructive scanning' are
based on the interaction between the sample surface and
the AFM tip. Earlier experimental works have shown
that scanning in air always involves large meniscus forces
of the order of 100 nN. ' ' In other experiments mono-
layer films2o, 2i and transition-metal dichalcogenides
were probed with AFM's. Using a metal tip on a metal
surface gives rise to metallic adhesion of the order of a
few nN, ' which was confirmed by calculation, or of a
few pN; other theoretical calculations give forces of the
order of 10 nN. ' Furthermore, it was suggested that

the force for nondestructive scanning should not exceed
1 —10 nN for "hard" surfaces and 10 pN for soft sur-
faces such as biological surfaces. In order to overcome
the huge meniscus force, scanning in UHV or under
liquids is required. We report here the interaction be-
tween an AFM tip and a sample surface in ethanol, wa-

ter, formamide, and KCl aqueous solution by studying
force-versus-distance curves.

EXPERIMENT

A commercial AFM (the Nanoscope II Force Micro-
scope ') including electronic control and software was
used to record the force-versus-distance curves, revealing
the interaction between the surface of the sample and the
tip. A force-versus-distance curve (see Fig. 1) displays
the defiection of the cantilever (the y axis of the force-
versus-distance curve), on which the tip is mounted as a
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function of the vertical position of the xyz translator (the
x axis of the force-versus-distance curve) on which the
sample is mounted (for schematic details of an AFM see
Ref. 7). The xyz translator moves the sample surface up
and down with a constant speed (except at the turning
points). The total time t, for a complete up and down cy-
cle was chosen long enough that there was no hysteresis
in the nontouching regime, i.e., where the tip is not touch-
ing the sample surface. All the force-versus-distance
curves displayed a single measurement while the xyz
translator was continuously going through the up and
down cycle. A liquid cell makes it possible to immerse
both the tip and the sample surface completely in a

liquid. Freshly cleaved mica, flame polished ' gold
foil or platnium foil were used as sample surface. The
tip was a microfabricated Si3N& tip (estimated tip ra-
dius: =50 nm) or a shard of tungsten carbide (WC), that
was glued on a cantilever with two-ton clear epoxy. The
WC shards were obtained by putting a piece of WC be-
tween two hardened, flat steel plates and hammering on
the top one. Therefore, the tip radius is diScult to deter-
mine. Ethanol (99.8%%uo),

' deionized water (resistivity: 16
MQ), formamide (methanamide, CH3NO), and
different concentrations of KC1 aqueous solution were in-
troduced in the liquid cell after the sample was mounted
on the xyz translator of the AFM, and the cantilever with
microfabricated tip was put in place.

TOUCHING

NONTOUCHING
RKSUI.TS AND DISCUSSION

UJ

0

0

INSTANCE

FIG. 1. Diagram of a typical force-vs-distance curve. The x
axis represents the distance by which the xyz translator and
hence the sample surface moves up and down. The sample sur-
face approaches the tip when going to the left in the force-vs-
distance curve. The y axis represents the signal of the two-
segment photodiode, which is proportional to the deflection of
the cantilever and therefore the force of the cantilever spring
(for more details see Ref. 7). Deflecting the cantilever away
from the sample surface is going upwards in the force-vs-
distance curve. Following a whole cycle in the force-vs-distance
curve, we start at a large tip-sample separation in the nontouch-
ing regime (the right edge of the force-vs-distance curve). From
there, without or with only little deflection of the cantilever, the
sample approaches the tip following along the horizontal (non-
touching) line to the left in the force-vs-distance curve. At a
certain point (the jump-in point in the force-vs-distance curve)
the transition from nontouching to touching occurs, i.e., the tip
"jumps onto" the sample surface. This transition can be very
complex, especially when high forces occur and absorbed layers
are involved. Moving the samp1e still further causes deflection
of the cantilever for the same amount the sample is moved (the
touching regime ); this is represented by the diagonal ( touching )
line in the left part of the force-vs-distance curve. Retracting
then the sample from the tip, i.e., going to the right in the
force-vs-distance curve, the cantilever moves first again with the
sample. It can even deflect towards the sample before the tip
breaks the contact to the sample surface, going through the
point of minimal force in the force-vs-distance curve. We define
the difFerence between this minimal force and the nontouching
line as the pull-out force. At the jump-out point, the transition
from touching to nontouching, the tip has completely lost con-
tact with the surface or the absorbed layers on the surface; the
force-vs-distance curve returns to the nontouching line.

The force-versus-distance curves reveal the forces of
the AFM tip interacting with a sample surface across a
third medium —in this report, liquids (for a good descrip-
tion of two media interacting across a third medium see
Refs. 44 and 45). Figure 2(a) shows a force-versus-
distance curve using ethanol between a Si3N4 tip and a
mica surface. The pull-out force is about 0.2 nN. Even
in the case of metal-metal interaction (WC tip on gold)
the pull-out force is only about 0.5 nN [Fig. 2(b)]. For
metal-nonmetal interaction (Si3N4 tip on gold or WC tip
on mica) the pull-out force is between 0.2 and 0.5 nN. It
is important to note that the amount of hysteresis also de-
pends on the spring constant of the cantilever. For exact-
ly the same tip-liquid-sample system a significantly (i.e.,
roughly one order of magnitude) softer cantilever would
show larger hysteresis in force units. Thus detailed nu-
merical comparisons can only be made with cantilevers of
the same spring constant. This does not, however,
change our qualitative conclusions, since whenever an in-
crease in hysteresis was observed we were using the same
or even a stiffer cantilever.

The small attractive force just before the tip jumps into
contact is due to van der Waals interaction. The small
pull-out force for ethanol makes it possible to use it for
imaging very delicate surfaces such as DNA (Ref. 46)
with forces (0.1 nN. (Note that the imaging force is
measured from the point of minimal force in the force-
versus-distance curve to the operating point. The end
atoms of the tip and the top atoms of the sample surface
that are in contact with the tip always repel each other.
Reducing this repulsion by lowering the operating point
and the size of the hysteresis guarantees the best imaging
of soft samples with the AFM. )

When water is used instead of ethanol for Si3N4 tip on
mica, the pull-out force is larger and varies from 0.2 to
1.5 nN [Figs. 3(a) and 3(b)]. This is in good agreement
with earlier results taken with an older AFM. ' Here,
the small force prior to the jurnp into contact is repulsive.
This is due to double-layer repulsion (see the tnore de-
tailed discussion of Figs. 6 and 7). In the case of metal-
nonmetal interaction (the Si3N4 tip on gold or the WC tip
on mica) the pull-out force is between 0.5 and 2.0 nN.
For a WC tip on a gold surface in water the pull-out
force goes up to about 10 nN [Fig. 3(c)]. Furthermore
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the pull-in and pull-out distances, which are measured
from the pull-in and pull-out points, respectively, on the
nontouching line to the intersection of the extended non-
touching line with the touching line are 22 and 37 nm, re-
spectively. The transition from nontouching to touching
and vice versa is much more complex than in Figs. 3(a)
and 3(b); it goes through at least two instances of "jurnp-
in" and "jump-out. "This is due to the meniscus forces of
the layers of organic molecules (see chapter 14.4 in Ref.
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FIG. 2. Force-vs-distance curves in ethanol. The solid line
shows the motion of the sample towards the tip, the dashed line
from the tip. The units of the y axis are calculated by multiply-
ing the units of the x axis with the spring constant k and then
dividing the product by the slope s of the solid touching line in
the left part of the force-vs-distance curve. It wi11 be indicated
when the dashed touching line was used to determine the slope.
In the touching regime the tip is in contact with the sample sur-
face and is deflecting for the same distance the sample is moving
up or down. The origin of the force-vs-distance curve is chosen
at the intersection of the extended nontouching line and the
touching line. t, is the time for a complete up and down cycle.
(a) Si3N& tip (k=0.13 N/m ) on mica (t, =0.1 ms). The horizon-
tal line at the left edge is due to saturation of the signal proces-
sor. (b) WC tip (k=0.9 N/m) on gold (t, =2000 ms). The at-
tractive force in (a) and (b) just before the tip jumps into contact
is due to van der Waals interaction.
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FIG. 3. Force-vs-distance curves in water. (a) Si3N4 tip
(k=0.13 N/m) on mica (t, =0.5 ms). Again the horizontal line

at the left edge indicates saturation of the signal processor. (b)

Si3N4 tip (k=0.18 N/m) on mica (t, =400 ms). Note the varia-

tion in (a) and (b) due to different tips and the replusive interac-
tion in the nontouching regime. (c) WC tip (k=0.9 N/m) on
gold (t, =80 ms).
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44), which make an originally hydrophilic gold surface
hydrophobic within a few seconds when it is exposed to
air due to the adsorption of organic molecules. Such
layers caused a similar transition with an even larger
pull-out force when the experiment was done in air. '

These layers can be removed and hence the pull-out force
can be drastically reduced when ethanol is used.

The e6'ect of removing these layers was directly ob-
served in the next experiment, where water was originally
between the WC tip and a platinum surface [Fig. 4(a)j.
The force-versus-distance curve showed a large hysteresis
(pull-in and pull-out forces are about 26 and 55 nN, re-

spectively). The hysteresis was then reduced continuous-

ly to less than one-hundredth of the original value by
adding more and more ethanol [Figs. 4(b) and 4(c)] while
the cycles through the force-versus-distance curve were
not disrupted; the pull-in and pull-out forces in Fig. 4(b)
are about 20 and 29 nN, respectively. We have observed
the same kinds of hysteresis when we started with pure
ethanol and then added water.
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FIG. 4. Force-vs-distance curves of the %C tip (k=0.9 N/m)
on platinum (t, =520 ms): (a) in water (slope: dashed touching
line; note that the units of the y axis are not very accurate be-

cause the slope could not be determined very precisely), (b) after
adding ethanol (the estimated volume is less than 4 of the liquid

cell; slope: dashed touching line), (c) after flushing the liquid cell
thoroughly with ethanol (slope: solid touching line). The oscil-
lation of the nontouching line (+=200 nm+20%} is caused by
interference of the laser beam (r(,„„,=670 nm=2n„h, „,IQ,
n„h,„l=1.362) that is reflected on the gold foil with the one
that is reflected on the cantilever. This oscillation was never ob-
served, when mica was used.
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FIG. 5. Force-vs-distance curves in formamide: (a) Si3N4 tip
(k=0.06 N/m) on mica (t, = 1000 ms; slope: solid touching line).
Note the replusive interaction in the nontouching regime. (b)

WC tip (k=0.9 N/m) on gold (t, =80 ms; slope: dashed touch-

ing line). Again the oscillation of the nontouching line is caused

by interference.
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Figure 5(a) shows the force-versus-distance curve of a
Si3N4 tip on mica in formamide. The repulsive behavior
in the nontouching regime can clearly be seen between
the nontouching line and the touching line in the left of
the force-versus-distance curve. This effect is due to
dominant entropic contribution in the interaction as de-
scribed by Hartmann. For metal-nonmetal interaction
(the Si3N4 tip on gold or the WC tip on mica) no repul-
sive behavior in the nontouching regime was found. In
the case of metal-metal (the WC tip on gold) interaction
in formamide [Fig. 5(b)] the force-versus-distance curve
looks similar to the one in water. The pull-out force is
about 15 nN, and the pull-in and pull-out distances are 37
and 80 nm, respectively. Another WC tip and platinum
foil instead of gold foil gave similar force-versus-distance
curves for Figs. 2(b), 3(c), and 5(b). The difference in the
amount of the hysteresis in the case of metal-metal in-
teraction in different liquids [Figs. 3(c), 4(a) —4(c), and
5(b)] is caused by different degrees of hydrophobicity and
attractivity of the surface to adsorb organic molecules
and by different solubilities of these molecules in the
present liquid.

Imaging biological samples in their natural environ-
ment means imaging them in salty solutions such as a
KC1 aqueous solution. Figures 6(a) —6(c) show force-
versus-distance curves of a Si3N4 tip on mica in (a) 0.1, (b)

1, and (c) 10 mM-KC1 aqueous solution, using an even
softer cantilever than for the previous Ggures. While the
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FIG. 6. Force-vs-distance curves of the Si3N4 tip (k=0.035
N/m) on mica in KCl aqueous solution, pH=6. 6 (t, =2300 ms).
The KCl concentrations are {a) 0.1 mM, (b) 1 mM, and (c) 10
mM. The force curves show replusive behavior in the non-

touching regime. For two equally charged and Hat surfaces the
replusion is decaying exponentially with increasing distance x
( -e, where 1/~ is defined as Debye length).

FIG. 7. Each point represents one force-vs-distance curve
and gives the Debye length 1/~ for a specific KCl concentra-
tion; the Debye length-vs-inverse square root of the concentra-
tion 1/&n is plotted for concentrations from 0.1 to 30 mM.
The Debye length 1/~ was determined from the upper (ap-

proaching) force-vs-distance curves by least-square fits of the re-

plusive, nontouching regime with the function y —C = Ae

Actually linear regression was calculated for ln(y —C)
= ln A —Bx, where C served as a parameter and was chosen in

such a way that it minimized the least-square error. Only points
whose linear regression correlation coefficient ~r~ &0.8 were

used in this plot (Ref. 52). The linear regression of all the used

points is 1/sc (nm) = 0.3+0.1n (M )+3+2.
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sample surface approaches the tip, repulsive interaction
occurs in the nontouching regime. (Note that the AFM
can directly measure the interaction between tip and sam-
ple in the nontouching regime and the deformation of the
sample in the touching regime. ) The pull-out forces are
(a) 0.2, (b) 0.15, and (c) 0.2 nN. With increasing KC1 con-
centration the repulsion rises more over the same dis-
tance. This repulsion is due to double-layer forces of
charged surfaces in an ionic solution (see, for example,
chapter 12 of Ref. 44). For two equally charged flat sur-
faces the repulsion decays exponentially -e ",where x
is the distance between the surfaces. For low surface po-
tentials (25 mV)
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FIG. 8. Force-vs-distance curves of the Si3N4 tip (k=0.035
N/m) on mica in water (t, =200 ms). Note again the replusive
behavior in the nontouching regime due to double-layer re-
plusion. The pull-out force increases with increased indenta-
tion. The indentation is measured from the origin to the left
edge of the force-vs-distance curve; again the horizontal curve
at the left is due to saturation. The indentation is (a) (10 nm
( ( 0.35 nN), (b) 70 nm (2.5 nN), and (c) 150 nm (5.3 nN).

where n is the ionic concentration, a =79, and T =297 K.
The characteristic length 1/~ is called the Debye length.
In Fig. 7 the Debye length was plotted versus the inverse
square root of the KC1 concentration. The linear regres-
sion of all the plotted data points gives a slope of 0.308.
This is in good agreement with the theoretical value of
0.305, considering that we use in our setup a Rat surface
and a spherical surface of different materials (instead of
two flat surfaces of the same material). Furthermore,
there is also an uncertainty in the z calibration of the xyz
translator and in the accuracy of the KC1 concentration.

In the last experiment the inhuence of indentation on
the pull-out force was investigated. In Fig. 8(a} the pull-
out force was about 0.2 nN for &10 nm indentation,
which corresponds to an indentation force of (0.35 nN.
Increasing the indentation to 70 nm (2.5 nN) in Fig. 8(b)
and 150 nm (5.3 nN) in Fig. 8(c) results in increased
pull-out forces of 0.35 and 0.7 nN, respectively. This
agrees well with the observation made with a surface-
force apparatus. The adhesion between most of the sur-
faces increases when the indentation is increased. '

We have shown that the AFM is a useful tool to mea-
sure adhesion, attraction, and replusion between conduct-
ing and nonconducting sample surfaces and tips across a
liquid medium. The AFM can also be used to measure
directly the attractive and replusive interaction and
determine, for example, the Debye length of double-layer
repulsion. Furthermore, the AFM can reveal mechanical
properties in experiments where indentation is involved.
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