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We investigate how the pull-off force in atomic force microscopy (AFM), which arises from a nanoscale
water bridge between the AFM tip and the surface, is influenced by atomic scale (smaller than 0.6 nm)
roughness in the surface. Adopting a lattice gas model for water, we have simulated the adhesion of a silicon-
nitride tip (with a 20nm diameter) to mica under ambient humidity. The pull-off force responds sensitively
to both surface and tip roughness, and its humidity dependence changes significantly with slight variation in
the tip and surface morphology. The change in the pull-off force due to roughness smaller than 0.6 nm can
be larger than the change from doubling the tip radius. The roughness effect is large at low humidities and
diminishes as humidity increases. Even at 80 percent humidity, the pull-off force varies considerably with
changes in tip-surface geometry. On average, the pull-off force decreases with increasing tip roughness.
However it decreases with surface roughness for small roughr@s2 (im), and then it increases for larger
roughness. The pull-off force is also found to decrease with increasing average tip-surface distance at the
point of initial contact, which shows the importance of spatial confinement of the water droplet.

1. Introduction wide 10 One can elaborate on the continuum theory by taking
into account the existence of a surface water film and the
nonspherical shape of the fign spite of this effort, Xiao and
Qiar? have found that the continuum theory is not able to
reproduce the experimental behavior of the pull-off force with
respect to humidity. In addition to its quantitative failure in
predicting the pull-off force, continuum theory has inherent
difficulty in delivering molecular insights on the problem.

Under ambient humidity, a water bridge forms between an
AFM tip and a surface. This nanoscale bridge exerts a substantial
force on the AFM tipt~® and the force needed to pull the tip
away from the surface is known as the pull-off force. Under-
standing the factors which determine this force provides useful
information for understanding the humidity-induced adhesion
between two solid objects (e.g., powders and granular materials).

This force also plays an important role in the molecular transport N Past work;*~**we have studied the pull-off force by using
from the tip to the surface in dip-pen nanolithograghy. grand canonical Monte Carlo calculations based on a lattice gas

The macroscopic Laplaegelvin equatiod®89 has been ~ Model. The same lattice model is able to capture the essential

widely used to study the water bridge and the resulting pull-off féatures of nanoscale confined water for a system that is similar
force. This continuum theory in its simplest form prescribes 0 ourst® It also successfully explained experimental results
that the pull-off force is given as#Ry cos 6, whereR is the concerning the self-assembly of nanoparticfes? We have

tip radius,d the water-surface contact angle, anthe surface ~ Used this model to simulate nanoscale water bridges like the
tension of water. Accordingly, the pull-off force should show ©One shown in Figure 1, and we have developed a thermodynamic
little humidity dependence. Various AFM experiments however integration methott** to calculate the pull-off force from
have reported that the pull-off force is sensitive to humidity Molecular Monte Carlo simulations. Our simulations reproduce
change® This discrepancy is not surprising because many the typical magnitude of the experimental pull-off force and its
measurements involve conditions where the discrete size of thehumidity dependence. This humidity dependence varies sig-
water molecules is important, and continuum approximations Nificantly as the tip wettability changes from hydrophobic to
are not appropriate. The continuum theory incorrectly assumeshydrophilic:2

that the water bridge shape can be described by two principal In most of our past work, the theoretical interpretation of the
radii, and its volume remains unchanged as the tip is retracted.pull-off force has relied on the notion that the tip and surface
Any continuum theory also presumes that the periphery of the are smooth. At the atomic scale however, real materials
water bridge is fixed so that the bridge is stable to thermal inevitably are rough to some extent. One of our previous Monte
fluctuation. This nanobridge however is often unstable (its Carlo study! has shown that small scale (less than 0.2 nm)
periphery fluctuates) when the tip diameter is small (such as roughness in the tip can lead to drastic differences in the pull-
for a carbon nanotube) and the bridge is only a few molecules off force. The humidity dependence of the pull-off force could
be understood by examining closely the structure of the water
* Corresponding authors. Email: jkjang@pusan.ac.kr, schatz@chem. bridge that gives rise to the force. At low humidities, the water

”Oﬂtg‘ﬁg;}em‘é‘a%‘r‘]-al Universit bridge is small so that it responds sensitively to the atomic-
* Chung Ang University. v scale details of tip morphology. In this case the pull-off force
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chemical potentigk. When it is the nearest neighbor of one of
the sites of the tip boundary and the surface, it feels the binding
energiespbr andbs, respectively. (Herein, we use the term “tip
boundary” instead of “tip surface” to prevent the readers from
confusing it with the term “surface”) The system Hamiltonian
is

H=—e_Zcic:j—bT ci—bSZCi—uN 1)

i,j=nn i=tip bound. i=surf.

wherec; is the occupancy (1 or 0) of the ith site, and the first
summation runs over nearest-neighbor pairs, the second is for
the sites next to the tip boundary, and the third for the sites
right next to the surfaceN is the number of molecules in the
fiaas system. It is well known that the lattice model with a nearest

y/i 30 x/! neighbor interaction can reproduce collective phenomena such
Figure 1. Computer-generated snapshot of the water bridge condensed@S 9as liquid condensation. The same nearest-neighbor lattice
between a hemispherical AFM tip and a flat surface. Lengths in the model has fully reproduced the main results of the atomistic
figure are in the units of the lattice spacing(0.37 nm), and the tip simulation of the phase transition of water in a carbon
radius is 30 lattice spacings (11 nm). Water molecules are drawn asnanotubé?® Using the Hamiltonian, eq 1, we performed grand
sphgre_s. _Tip and surface sites are represented as cubes. The relativéanonicalﬂVT) Monte Carlo simulation&-4 For given values
humldlty is set to 40%. Only the first quadrant¥ 0,y = 0) of our of 4, V, andT, we have performed 40,000 Monte Carlo moves
system is shown. ! . . e

(trials to change) for every site. The relative humidity, is

number of atomic-scale asperities on the tip. Therefore, the pull- gefined as = exp[( — ud)/ksT], whereu is chemical potential
off forge changes significantly from .tip to tip. As humidity rises, and . (—3¢) is the chemical potential at the bulk gagjuid
the bridge covers up many asperities, and the roughness effectransition!® This definition is the ideal gas limit expression for
of the tip on the pull-off force diminishes. If the tip is  the system pressure relative to the bulk saturation pressure.
macroscopic in size, the pull-off force will be determined by The pulk critical temperatur&, for the lattice gas is given by

the overall tip curvature only. Nanoscale (diameter of 20 nm) T /c=1.128. Identifying our liquid as wateff{ = 647.3 K)
tips, however, are under the influence of atomic-scale roughnesssetse = 4.771 kJ motl. The temperature is fixed &T, =

even at 80% relative humidity. 0.46, corresponding to water at room temperature (300K). If
Our previous study focused on the roughness of the tip for a \ye yse the above physical values éandl, our force unit is

smooth surface. Herein, we investigate the effect of roughness,/| = 0.021 nN. As before, energetic parameters are chosen to

in the surface as well. The surface differs from the tip in itS mimic a silicon-nitride tip interacting with micabr/e = 2.68

large (infinite) radius of curvature, and we find that this leads anghg/e = 2.4711 In calculating the bulk density, we use

to different effects on the pull-off force. It is also interesting to  mean-field density functional theory (DFT).With this

check whether there is a qualitative difference from the previous gpproach, the grand potential per unit voluf@ge/V is given
work if roughness exists for the both of interacting bodies, by

namely, the tip and surface as this case should be more relevant

to real experiments. For an extensive set of tip and surface Qper/V =kgT[p log p — (1 — p)log(Ll — p)] —

geometries (total of 49 tipsurface geometries), we investigate 2

how the roughness in the surface affects the pull-off force. Also, 3ep” —up (2)
by considering roughness larger than studied previously, we
investigate how increasing roughness affects the pull-off force.

\é\/e take |r}to _accountha wm:]e ranlfjeﬁ?I humldlty_ & /Or)] an(_:I simulations for the bulk system, and quantitative agreement with
raw conclusions on how the pull-off force varies with various s+« carlo simulations was found.

geotmtlatricafll factorst S?(t:rr: as tit1e degree of roughness and the 15 ;dhesion forcE between the tip and surface separated
spatial confinement of the system. by a distancéh is given by

2. Simulation Details (ap) B (E)Ne

X

We consider a system that consists of a hemispherical AFM ah )M ©)
tip above a planar surface (Figure 1). Water molecules can
occupy cubic lattice sites confined between the tip and surface.whereNgy is the excess number of molecules with respect to
Lengths are in units of the lattice spacimgwhich is taken to bulk (Nex = N — Npuk). We first calculateF versush by
be the molecular diameter of water, 0.37 #nhThe radius of numerically integrating eq 3 with respectadthermodynamic
the tip R is taken to be 30 lattice spacings (11 nm), and the integration)212At a fixed temperaturd and chemical poten-
horizontal range of our system 530 < x, y < 30. The first tial u, F is a function ofh. A typical F is negative (attractive)
quadrant X = 0,y = 0) of the system is simulated using a for smallh and approaches zero hsncreases. Occasionally,
Monte Carlo method, and the remaining quadrants are taken toF is repulsive F(h) > 0) when the tip is in direct contact with
be mirror images of the first with respect to th& and YZ the surface, i.eh = 1. This is the case where the contact of the
planes and theZ axis. Invoking this reflecting boundary tip with the surface squeezes many molecules out of the confined
condition yields nearly identical results to simulations that space between the tip end and the surfadéle identify the
include the complete systefh!® magnitude of the minimakF(h) as the pull-off force. In most

In the lattice model, each water molecule interacts with cases of our simulation (total of 4754 caseBjh) has its
nearest neighbor molecules with an attracti@and has its own minimum value at = | (66% of the cases) dr= 2| (33% of

The equilibrium density is determined by the conditidOfpgr/
op = 0. We checked the validity of DFT by running several

du

hT
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B We examined seven different surfaces, one of which is a flat
square lattice located @ = 0. The 6 rough surfaces drawn in
Figure 3 are generated by introducing hemispherical bumps with
random radii and locations to the flat square lattice. As in
generating the rough tips above, we have sampled the radius of
the hemispherical bump from a Gaussian distribution with a
variance of 0.74 nm (for surfaces-a) or 1.44 nm (for surfaces
d—f). Then hemispherical bumps are added to the flat surface.

D And this addition is repeated until there is no surface area
available for additional bumps (as in the tip, each bump is not
allowed to overlap any of the bumps already produced). Surfaces
a, b, and ¢ have rms roughnesses of 0.24, 0.22, and 0.22 nm,
respectively, where surface roughness is defined as the rms
deviation of theZ positions of the rough surface from those of
the smooth surface. Surfaces d, e, and f have rms roughnesses
of 0.59, 0.54, and 0.60 nm, respectively, and are thus about
three times bigger in roughness than surfaces.a

3. Results and Discussions

Let us first examine how tip size affects the pull-off force.
In Figure 4, the pull-off force for a smooth tip on a smooth
Figure 2. Pictures of the six rough tips that were simulated. Tip sites surface is plotted as a function of RH. As we increase the tip
are represented as cubes. Lengths in the figure are in units of the Iatticerad_Iusr from. 111 to 14.8 and _18'5 nm, the pull-off force for
spacing (0.37 nm) and the tip radius is 30 lattice spacings (11 nm). & given humidity increases. This seems reasonable because, for
Only the first quadrant of each tip is shown. Each tip is drawn upside a larger tip, a bigger water bridge forms between the tip and
down for visual clarity. The rms roughness for tips A, B, C, D, E, and surface. A bigger bridge should yield stronger adhesion between
Fis 0.20, 0.19, 0.22, 0.60, 0.59, and 0.57 nm, respectively. the tip and surface. Notice however that the humidity depen-

dence of the pull-off force does not change with tip size.
th_e _cases). For the rest 1% of the cases, the for_ce becomes Figure 5 shows how the pull-off force responds if we change
minimal at a longer distancen (= 3, 4l, and 3). This long  the morphology of the tip, instead of the tip size. The pull-off
ranged force minimum occurs at a high humidity near 80%. force varies radically by roughening the tip, especially at low
For this humidity, the corresponding water bridge is large in hymidities. The difference in the force can be larger than 6 nNs
size and the tipsurface force becomes long-ranged (which has gt close to 6% RH. This is remarkable because making the tip
been observed in reference 13). This shows that our nearestadiys 1.7 times larger (from 11.1 to 18.5 nm) yielded at most
neighbor interaction without direct tipsurface interaction does 3 5nN difference in the pull-off force (Figure 4) but a roughness
produce a long-ranged force. The short-ranged force minimum of |ess than 0.6 nm makea 6 nNdifference. In addition, the
found in most cases arises from the small size of the underlying humidity dependence of the pull-off force changes drastically
water bridge, which is in turn due to low humidity and the sharp ith tip roughness. Notice that tips AC have the similar
asperity of the nanoscale tip. If humidity becomes higher than youghness and are not much different in shape from each other.
80% and the tip has a larger radius, we will observe a long- | jkewise, tips D-F are similar to each other. The pull-off force
ranged force as we have seen in 1% of the cases. of the smooth tip initially increases and then decreases as RH

We simulated seven different AFM tips to study tip roughness increases. The pull-off force for the rough tips is more varied
effects. One of them is a smooth hemispherical tip defined asin its humidity dependence. For some of the rough tips, the
the collection of lattice sites closest to a continuous hemispheri- pull-off force initially increases, then decreases, and then
cal surface with a radius of 30 lattice spacings. We also increases again as we raise RH. Some rough tips show a nearly
considered the six rough tips drawn in Figure 2. A rough tip is monotonic increase in pull-off force as RH rises. As RH
generated by changing thé coordinates of the smooth tip  approaches 80%, the pull-off force of each tip becomes similar,
boundary as follows. Starting with the smooth tip, we choose but not exactly the same. This means that even at this high
an arbitrary point on the tip boundary, and introduce a small humidity, the underlying water bridge can sense the roughness
hemispherical bump with a randomly selected radius that is of the nanometer AFM tip.
taken from a Gaussian distribution with a variance of 0.74 nm  On the whole, the pull-off force of the smooth tip is larger
(for tips A—C) or 1.44 nm (for tips D-F). Then the Z positions  than that of a rough tip. And the tips with small roughness (tips
of the smooth tip boundary are changed by adding the A—C in Figure 2, drawn as open symbols) have larger pull-off
hemispherical bump to the tip boundary. This addition process forces than the tips with large roughness (tips-P in
is repeated until there is no tip boundary area available for Figure 2, drawn as filled symbols). The reason behind this trend
additional bumps. Each hemispherical bump is not allowed to can be related to the fact that the smooth tip has the largest
overlap any of the bumps already produced. Tips A, B, and C tip—surface contact area (defined as the area of the tip which
have root-mean-square (rms) roughness of 0.20, 0.19, andtouch the surface at the closest approach of the tip to the surface,
0.22 nm, respectively (where the roughness is defined as theh = 1101, As we mentioned previoush,the pull-off force is
rms deviation of th& positions of the rough tip from those of  mainly governed by (especially at low RHs) the number of
the smooth tip). These roughness values are similar to thosemolecules which face both the tip boundary and the surface.
considered previoush Tips D, E, and F have rms roughnesses The number of such molecules is proportional to the siprface
of 0.60, 0.59, and 0.57 nm, respectively, nearly 3 times larger contact area, and the smooth tip has the largest contact area
than those of tips A, B, and C. among all the tips.
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Figure 3. Pictures of the six rough surfaces that were simulated. Surface sites are represented as cubes. As in Figure 2, only the first quadrant is
shown (the rest is a mirror image of the figure). The rms roughness for surfaces a, b, c, d, e, and f is 0.24, 0.22, 0.22, 0.59, 0.54, and 0.60 nm,
respectively.
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Figure 4. Tip size effect on the pull-off force. The pull-off force vs 20 T ol 80
humidity is drawn for a smooth tip on a flat surface. We have drawn relative humidity (%)
the pull-off force for tips with radii of 11.1, 14.8, and 18.5 nm. In this
and all the following figures, lines are drawn to guide the eyes. Figure 5. Effect of tip roughness on the pull-off force. For the smooth

surface, the pull-off force vs humidity is drawn for the smooth tip

We now investigate how the roughness of the surface affects(drawn as circles) and the rough tips of Figure 2. Open symbols
the pull-off force. In Figure 6, we plot the humidity dependent representtips AC in Figure 2. Filled symbols correspond to tips-B
pull-off force for a smooth tip on various surfaces. One can see " Figure 2.
that this roughness also profoundly changes the pull-off force. rough surface has gorges between the bumps on the surface.
The roughness effect is especially significant at low humidities When the water bridge fills in these gorges, molecules feel a
(<20%). The pull-off force of a rough surface can be nearly stronger binding from the surface than from a smooth surface
5 nN smaller than that of the smooth surface. The difference in (because molecules in these gorges are more confined by the
the force gets small as RH approaches 80%. As with the tip surface walls). The stronger molecular binding to the surface
roughness, this is ascribed to the fact that the underlying watergives rise to a stronger pull-off force. This extra strength
bridge is narrow at a low humidity and is very sensitive to little sometimes can overcome the decrease in the pull-off force due
bumps on the surface. At high humidities, the bridge becomesto a smaller tip-surface contact area for the rough surface.
wide and covers up the small bumps, so that the atomic details Let us investigate the case of a rough tip on a rough surface
of the surface do not play an important role. Even at the highest (which should be a better model of real experiments). In
humidity however, we see a difference in the pull-off force for Figure 7, we plot the pull-off force versus RH for tip D in
different surfaces. Again, this means that the size of the Figure 2 on various surfaces. Again, the pull-off force and its
underlying water bridge did not reach the macroscopic limit, humidity dependence change drastically by switching the tip
and therefore the resulting pull-off force reflects the atomic- surface combination. Here, we see a weaker convergence of
scale morphology of the surface to some extent. Notice that the pull-off force at high RHs compared to the case where either
the pull-off force of a rough surface can be greater than that of the tip or the surface is smooth. Even at 80% RH, the difference
the smooth surface especially at high RHs. Although it has a in the pull-off force can be as large as about 3 nNs. Since both
tip—surface contact area smaller than the smooth surface, athe tip and the surface are rough, the systems in Figure 7 are
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Figure 6. Effect of surface roughness on the pull-off force of the relative humidity (%)
smooth tip. We plot the pull-off force vs humidity for the smooth  Figure 8. The pull-off force averaged over various tip and surface
surface (drawn as circles) and for six rough surfaces shown in geometries. We calculated the pull-off force for all the possible

Figure 3. Open symbols represent surfaces af Figure 3. Filled combinations of the tip and surface and then averaged. Error bars show
symbols correspond to surfacesfdin Figure 3. the rms deviations.
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Figure 7. Pull-off force for a rough tip on a rough surface. For tip D ;E { i
in Figure 2, we plot the pull-off force vs humidity for the smooth surface ° I
(drawn as circles) and for the six rough surfaces shown in Figure 3. ‘_:__{2‘ I 7
Open symbols (filled symbols) correspond to surfaces ésurfaces = E .
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more corrugated than those for which roughness exists only in ° 1
the tip (Figure 5) or in the surface (Figure 6). A more corrugated %0 [ I 0!4 . OI6

system is_more sensitive to th_e tip and surface geometry, and 0 surfagézroughness (nm)
this sensitivity turns out to persist up to RH of 80%. Here, some
of the rough surfaces have the puII-off force much larger t.ha}n [Top] For each tip, the overall pull-off force is averaged over seven
that of the smooth surface for the entire range of RH. This is giferent surfaces. This average overall pull-off force is plotted vs the
due to the fact that some surfaces geometrically match the corresponding tip roughness. Error bars represent the rms deviation in
particular tip of Figure 7 (tip D) more than the smooth surface the force. [Bottom] For each surface, the overall pull-off force is
does. That is, for two of the rough surfaces, the tip shape averaged over seven different tips. This average pull-off force is shown
matches the surface morphology so that the free volume betweerfS @ function of the surface roughness. Error bars show the rms
the tip and surface is small compared to other surfaces. In thisd€Viations.
case, the system is more confined between the tip and surfaceAlso, as seen in Figures 6 and 7, a rough surface sometimes
and an increased confinement leads to an increased pull-offgives rise to a pull-off force larger than that of a smooth surface.
force. Later, we will examine this point further. We have checked whether roughness in the tip reduces the pull-
Figure 8 shows the pull-off force averaged over all the off force regardless of the surface geometry as well as whether
possible tip-surface geometries (total of 49 cases). The roughness in the surface on the whole increases or decreases
geometry-averaged force for a given RH is plotted along with the pull-off force. To do so, we have first averaged the pull-off
its standard deviation (drawn as an error bar). This geometry force for a given tip-surface geometry over RH {880%). We
averaged pull-off force monotonically increases with humidity. call this average the overall pull-off force for a given-tigurface
The force shows a steep increase at low RHs followed by a geometry. Since the dependence of this overall pull-off force
gradual ascent at high RHs. One can see that the fluctuation inon tip roughness varies from surface to surface, we have
force due to geometry change is quite large at low RHs. The averaged, for a given tip, the overall pull-off force over the seven
standard deviation in the pull-off force can be as large as 88% different surfaces of our simulation. The top of Figure 9
of its average. As RH increases, the standard deviation of theillustrates how this geometry-averaged overall pull-off force
force decreases but it is significant (about 2 nN, 21% of its varies with tip roughness. The error bars are the standard
average) even at a RH of 80%. deviations in the average over the surface geometry. Note the
We have seen in Figure 5 that the pull-off force of a rough large error bars and that the difference due to the tip roughness
tip on a smooth surface is smaller than that of the smooth tip. is less than 1.7 nNs. Nevertheless, the figure shows that this

Figure 9. The average overall pull-off force vs the degree of roughness.
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average overall pull-off force decreases with increasing tip T — ' " T
roughness. To confirm this trend, we have statistically tested
the correlation between the tip roughness and the overall pull-
off force. For all the tip-surface combinations (49 cases), we
have calculated the linear correlation coefficienfPearson’s

r) between the tip roughness and overall pull-off fot¢&ve
found thatr is —0.47 (negative correlation) with the significance
level (at which the tip roughness and the overall force are
uncorrelated) being 0.058%. This strongly supports our claim
that the overall pull-off force decreases with increasing the tip
roughness.

An analysis similar to that done in the top of Figure 9 can be 4 3 3
applied to surface roughness. The resulting pull-off force versus avg. distance between the tip and surface (nm)
surface roughness is presented in the bottom of Figure 9. Here rigure 10. Correlation between the overall pull-off force and the degree
the pull-off force for a given surface is averaged over the seven of confinement. The overall pull-off force is plotted vs the average
different tip geometries. Error bars represent standard deviationsvertical distance between the tip and surface. Error bars represent the
smaller than those in the top of Figure 9, meaning that the )
variation in pull-off force due to tip change is smaller than that RH. The figure shows that, on average, the overall pull-off force
due to the change in the surface morphology. Increasing thedecreases as the average—irface distance increases. A
surface roughness from zero to about 0.2 nm makes the averagétatistical test for the correlation between the average distance
overall pull-off force smaller. Further increasing the roughness and the pull-off force shows the linear correlation coeflfg(c):ient
to around 0.6 nm increases the average overall pull-off force @nd the significance level are-0.81 and 1.3x 107%,
for two of the three roughest surfaces. In contrast, the averagel®SPectively. Therefore, there is a strong negative correlation
pull-off force for the remaining surface is smaller compared to Petween the tipsurface distance and the pull-off force. There
that for surfaces with 0.2 nm roughness. This split behavior 1S: however, a small exception to this trend at an average distance
might arise from the limited number of tip geometries sampled ©f 4.4 nm, where the overall pull-off force is bigger than at
in our simulation. On average however, we can say that for 4 NM. This arises from the presence of gorges in the rough
0.6 nm surface roughness the overall pull-off force increases. Surface (in this case, surface f in Figure 3). As described
To corroborate this, we have performed a statistical test for the €arlier, molecules confined in these gorges are more strongly
correlation between the tip roughness and the overall pull-off attracted to the surface than molecules on a flat surface. These

force. First, we have chosen the-tipurface combinations with molecules can give extra strength to the pull-off force that can
surface roughness less than 0.3 nm (there are 28 such combina@verwhelm the decrease in the vertical confinement. The average

tions). The linear correlation coefficient between the surface Vertical distance does not incorporate the presence of these
roughness and the overall pull-off force, is —0.36 with a gorges and the enhanced confinement due to them, but this effect

significance level of 6.0%. This tells us that the overall pull- is small. ) )

off force indeed decreases with increasing the substrate rough- 1€ current simulation has been based on a short-ranged
ness from zero to 0.22 nm. Next, we have considered surface(nearest neighbor type)_ molecglar interaction. Inclusion _of the
roughnesses of 0.22 nm and higher (there are 28siipface Io_ng-raqge _molecular interaction might _yleld_ water bridges
combinations corresponding to this case). The statistical cor- PI99€r in size than obtained here. This might reduce the
relation coefficient between the surface roughness and the'oughness effects because a bigger bridge can cover up the small
overall pull-off forcer is found to be 0.64 with a significance °PUMPS on the tip and surface. Note howe(\)/er that we have
level of 0.027%. This statistically maintains that the overall pull- continuously changed humidity from 0 to 80% and taken into

off force increases with increasing surface roughness from account various sizes (froml small to large relative to the
0.22 up to 0.60 nm. roughness scale) of water bridge. And we have seen that our

short-ranged interaction does produce a long-ranged pull-off
force. The present work is mainly concerned about how the
pull-off force varies as we change humidity (therefore, the size
of the water bridge). If we include the long-ranged molecular

interaction in our simulation, there might be some quantitative
difference, for example, in the exact value of humidity at which

the pull-off force changes its humidity dependence (from

increasing to decreasing). The qualitative behavior of pull-off

force regarding humidity will remain intact however.
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The pull-off force originates from water condensation, which
is in turn due to confinement between the tip and surface. It is
then reasonable to expect that increased confinement will lead
to a bigger water bridge and an enhanced pull-off force. To
quantify what we mean by confinement, we have chosen the
average vertical distance between the tip and surface. This
average distance is defined as follows. For a—8prface
distance corresponding to direct contalot=f 0.37 nm), we

calculate, for each lattice site of the tip boundary, the distance Since the surface roughness changes the pull-off force

from the tip boundary site to the surface site right below. The significantly, one can deduce that the pull-off force on a rough

average distance between tip and surface is then given by t.hesurface should vary if the tip changes its lateral position. It would

ave_,ragle OJ.IT('S \./tﬁrgial dlstacljpce.tﬁhet_late(rjal extentthqf the tip is be interesting to compute this position dependent pull-off force
acircular disk with 11 nm ra 'US.( € tip radius), so this average and compare it with experiment if possible.

vertical distance is representative of the free volume of water
between the part of the tip and sgrface where there is .dlrec.t4. Conclusions
contact. The larger the average distance, the less confined is

the system. In Figure 10, the average-tgurface distance is The present Monte Carlo simulation of the pull-off force in
plotted against the overall pull-off force. Error bars represent AFM reveals that roughness of the surface as well as of the tip

the rms deviation of the overall pull-off force with respect to fundamentally changes the pull-off force measurement. Intro-
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