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Nanoscale-roughness influence on pull-off adhesion force in liquid and air
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The pull-off adhesion force was measured by atomic force microscopy in sphere-plate geometry in water
where a capillarylike behavior develops due to nanobubbles and was compared to the corresponding capillary
adhesion in air. The sphere and the plate were coated with gold, and the pull-off adhesion force was measured as
a function of the evolving surface roughness of the plate, and the retraction velocity of the interacting surfaces.
In absolute magnitude, the pull-off force in air is larger than that in liquid by an order of magnitude or more, but
in both cases, the pull-off force follows a monotonic decrease with increasing roughness. However, the relative
decrement of the adhesion force in water was approximately 300%, and significantly higher than that in air for
the same change of the rms roughness in the range ∼ 7-14 nm. Finally, the adhesion force in water shows a
relatively complex dependence on the retraction velocity of the interacting surfaces as the roughness increases
due to possible deformation of the nanobubbles and the bridges they form between the surfaces.
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I. INTRODUCTION

The intermolecular adhesive force between two surfaces
in liquid and air is a heavily studied subject from both
the fundamental point of view and technology applications
in different industries. In fact, the performance of mi-
cro/nanoelectromechanical systems (MEMS/NEMS) can be
heavily affected by the permanent stiction between moving
parts due to the adhesive intermolecular interactions [1,2]. A
thorough understanding of the interactions between particles
and surfaces at nanoscale separations [3] is a fundamen-
tal requirement for almost any nanotechnology related field.
Providing a precise analysis of the adhesion force is an
exceptionally challenging problem because of the complex
contribution of the geometry of the interacting surfaces [1].
In fact, the adhesion force which causes two surfaces to come
into contact arises from various contributions: (1) van der
Waals interactions as a result of temporary dipoles, (2) a
capillary force between hydrophilic surfaces because of the
meniscus pressure and surface tension, and (3) the electro-
static force resulting from probable electric charges on the
surfaces. Notably, the capillary force, if present, could give
a dominant contribution to the adhesive force [4].

The influence of the ambient conditions on the adhe-
sion force might change the liquid adsorption on the surface
when two surfaces come in contact, which is difficult to
determine experimentally and theoretically [5–8]. Despite
the mathematical limitation, there are several fundamental
methods to evaluate the adhesion force in contact mechan-
ics. Bradley investigated the adhesive contact between two
rigid spheres [9], then Johnson-Kendall-Roberts [10], and
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Derjaguin-Muller-Toporov developed two models for spher-
ical elastic connections [10]. From the experimental point
of view, utilizing the force-distance curves between rough
surfaces with irregular geometry and atomic force probes,
one could measure the capillary force in different conditions
with pN to nN sensitivity during pull-off experiments [4]. The
magnitude of the capillary adhesive force is profoundly af-
fected by the formation of the liquid meniscus, which could be
controlled and/or affected by external factors such as surface
wettability, surface roughness, and nano-/microbubbles.

In fact, surface roughness influences strongly the capillary
meniscus and the associated force so that even very slight
roughness variations from the ideal surface (as little as ∼ 1nm
rms roughness that can lead to peak heights up to ∼ 5 nm)
can considerably diminish the strength of adhesion force [11].
This is because the surface asperity on a rough substrate will
have a variable adhesive contact area [12]. Since the size of
liquid menisci is limited by the asperities, the formation of
the liquid bridge between two surfaces would change [13–16].
Moreover, at liquid-solid interfaces nanobubbles (NBs) have
been shown to exist forming gaseous domains. Indeed, when
the size of a bubble in liquid shrinks to less than 1 µm, the
effect of buoyancy becomes negligible in comparison to the
predominant force of Brownian motion [17]. Consequently,
these diminutive NBs possess the remarkable ability to re-
main suspended within the liquid for extended periods, often
lasting hours or even days [17]. Research has delved into the
presence of NBs on surfaces, utilizing a blend of theoretical
and experimental approaches [18]. Because of their remark-
able stability in liquids, NBs exhibit a significantly greater
possibility, compared to larger microbubbles, of adhering to or
originating on the surfaces of particles suspended in the liquid.
This phenomenon leads to the formation of what are known
as surface NBs, which are essentially NBs positioned at the
interfaces between solid and liquid phases. The enduring
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stability of NBs in the liquid environment allows them to
interact with solid surfaces, fostering the creation of these spe-
cialized surface nanobubbles [19]. When surfaces in a liquid
approach, the NBs residing on their adjacent surfaces have
the potential to coalesce, creating what is termed a capillary
gas bridge and, as a consequence, a unique force that operates
between the solid surfaces. The nature of the capillarylike
force (NBCF) in aqueous ambient is slightly different from
the capillary force in air [20].

Moreover, the adhesion force between air bubbles and
hydrophilic surfaces has also been shown to be significantly
influenced by nanoscale roughness, in a manner that this
force decreases with increasing roughness of the hydrophilic
surfaces [21,22]. So far, despite the extensive studies for
capillary forces between hydrophilic surfaces in air, the in-
fluence of nanoscale roughness on the pull-off adhesion force
in aqueous ambient between interacting bodies [e.g., the
spherical-plate geometry, which is widely used in atomic
force microscopy (AFM) force measurements] still remains
widely unexplored. Therefore, we investigated here the influ-
ence of surface roughness on the pull-off adhesion forces due
to nanobubbles in the aqueous environment leading to cap-
illarylike adhesion, where also the retraction velocity of the
interacting surfaces was varied significantly to probe possible
effects due to nanobubble deformations. Our results were also
compared to capillary force measurements in air, using the
same interacting surfaces, in order to compare the influence
of the embedding environment on the capillarylike adhesion
forces versus an evolving surface morphology.

II. EXPERIMENTAL DETAILS

The force measurements were performed with AFM in
the sphere plate geometry. Hence, in order to measure the
pull-off adhesion force in the air and deionized (DI) water,
borosilicate spheres with a diameter of 20 µm were mounted
on tipless cantilevers with length approximately 350 µm,
which is much larger than the sphere diameters. The measured
spring constant of the cantilever was k = 0.22 ± 0.02 N/m.
The latter was obtained by hydrodynamic calibration within
the aqueous environment (see Sec. 1 of the Appendix), and
it compared well to values obtained by thermal tuning [4]
and electrostatic calibration in air [23]. The cantilever-sphere
system was coated once in the vertical position by 100 nm in
thickness gold (Au) film (at a deposition rate of 0.1 nm/sec
using electron beam evaporation). Moreover, it was tilted to
80◦ to avoid shadowing effects during the deposition process
and ensure electrical contact between the cantilever surface
and the AFM holder.

Furthermore, Au films with thickness of 200, 600, 800,
1200, 1800 nm, respectively, were deposited on Si substrates
using electron beam evaporation (from a 99.999% pure Au
target) at the same base pressure, as the Au films on cantilever-
sphere probes, of 10−6 mbar. The temperature of the samples
during the deposition process remained around the room tem-
perature (did not exceed the 40 ◦C), and the Si substrates
before deposition were cleaned as in [24]. The surface rough-
ness of the Au films on the plates was increased due to kinetic
surface roughening with increasing film thickness [25–27].
For the first three substrates we used an Au deposition rate of

0.1 nm/sec, while for the rest of substrates (thickest films) the
deposition rate was increased to 1 nm/sec in order to obtain
rougher surfaces. Moreover, in order to increase the adhesion
of Au on the Si substrates, and prevent any film delamination
during the force measurement in the aqueous environment, a
5-nm titanium (Ti) adhesion layer was deposited (at a deposi-
tion rate of 0.1 nm/sec) prior to Au deposition.

Finally, prior to the pull-off adhesion force measurements
in air and DI water, the Au surfaces were cleaned with N2

airflow, and the fluid cell in the AFM was rinsed with ethanol
followed by drying under N2 airflow that was applied gently
to avoid any damage to the sphere-plate measuring system.
The force measurements were performed with the Pico force
multimode 8 AFM [28]. The force curves in air were obtained
with the lowest approach-retraction speeds of 100 nm/sec
in order to keep any hydrodynamic drag force contribution
minimum. In DI water the approach-retraction speeds of 50
nm/sec and 500 nm/sec were used for comparison of any
dynamic contributions to the pull-off adhesion forces due to
deformation of the nanobubbles between the two interacting
Au surfaces. For each force curve we averaged 40 consecu-
tive runs, and during contact of the sphere on the plate the
force load on the cantilever was kept low in order to prevent
significant changes of the interaction area between the sphere
and the plate (see Fig. 1). In fact, with an average cantilever
deflection sensitivity of ∼ 74 nm/V, a set point voltage of
0.3 V (being as low as possible in order to minimize the
surface modifications, see Fig. 1, and being able to engage the
spherical probe into contact with the surface since the force
measurements were performed in contact mode), and a can-
tilever spring constant k ≈ 0.22N/m, the maximum applied
load is ≈4.8 nN.

III. SURFACE ROUGHNESS AND CONTACT ANGLE
MEASUREMENTS

Figure 1 shows the AFM topography images of all the
substrate samples. In order to obtain precise surface rough-
ness measurements and avoid any surface modification, we
performed the topography measurements in tapping mode
with a sharp tip for all substrate surfaces prior and after Au
deposition. In order to evaluate the roughness of the sphere
after Au deposition, within the actual interaction area during
the force measurement, the inverse imaging approach was
employed using a TGT1 grating from NT-MDT Spectrum
Instruments [29] as shown in the inset of Fig. 1(f) [30].
Figure 1(g) shows the morphology of the sphere area inter-
acting with the plate after performing force measurements
in order to illustrate possible morphology variations. The Au
film deposited on the borosilicate sphere had an rms roughness
of 6.5 nm, which is comparable to the roughest Au film
deposited on the Si substrates. This is due to pre-existing
roughness on the sphere surface in agreement with other
past studies using borosilicate spheres as probes for force
measurements [23,30]. The area enclosed with the (green)
border in Fig. 1(g), which is also obtained by inverse AFM
imaging, depicts some slight difference within the interaction
area of the sphere after performing force measurement due
to pressing several times of the sphere on the plate surface.
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FIG. 1. (a)–(e) 3D tapping mode AFM topography images of
rough surfaces, 200-, 600-, 800-, 1200-, and 1800-nm thick Au
films on Si with 1.48-, 2.45-, 3.70-, 4.90-, 6.80-nm rms roughness
respectively. The latter were acquired as the average values from
multiple scans. (f) Topography AFM scans for 100-nm Au coating
on the borosilicate sphere. The scans have been obtained by inverse
AFM after removing the special background curvature of the borosil-
icate sphere. (g) Topography AFM scan for the Au coating on the
borosilicate sphere after force measurement. (h) Scanning electron
microscopy (SEM) image of sphere glued on the cantilever for AFM
force measurements.

Indeed, the RMS roughness of the sphere prior to and after
force measurements was 6.5 and 6.7 nm, respectively.

Furthermore, in order to determine the roughness effect
on the pull-off adhesive force, it is necessary to analyze
the influence of the roughness on the contact angle that the
liquid makes with the surfaces during meniscus formation.
In fact, the pull-off adhesion force is a combination of the
preabsorbed water layers, the capillary condensation, and the
contact angle [31–35]. For the latter the water drop method
was used to measure the contact angle (CA). For this pur-
pose, the substrates were cleaned by UV-ozone exposure (for
20 min) to eliminate hydrocarbon contamination (similar UV-
ozone cleaning was applied for the interacting surfaces prior
to force measurements), and a water droplet of ∼ 2 µl was
dropped by a syringe on the Au coated substrate. The image
of the droplet was captured after ∼ 2 sec allowing it to reach
equilibrium. The final result for the CA is the average of five
measurements for each sample at different surface locations.

FIG. 2. Static contact angle vs rms roughness of the plates coated
with Au films of different thickness. With increasing roughness,
the Au surfaces becomes more hydrophilic since the contact angle
decreases.

In order to understand the influence of the surface rough-
ness on the CA, we employed the Wenzel equation cosθw =
rwcosθs, which illustrates explicitly that the CA on a rough
surface is a function of the roughness factor rw; θw and θs de-
note the CA on a rough and smooth surface respectively [22].
For any hydrophilic substance, the Wenzel equation shows
that the water CA decreases as the roughness factor rw in-
creases. As a result, the surface roughness enhances the
wettability and affects the adhesion force between the surfaces
during capillary meniscus formation. Figure 2 displays the
average static CA at room temperature vs the rms roughness
for the various Au films on the plate together with an image
of the corresponding water droplets. As Fig. 2 shows, the
static CA decreases significantly (almost by ∼ 50◦) when the
rms surface roughness increases up to ∼ 7 nm. This is due to
the higher hydrophilicity of the rougher surfaces originating
from the enhancement of the rough surface area that interacts
with water droplets. Notably, the measured CAs were ob-
tained for macroscopic droplets, while the situation becomes
more intricate when dealing with NBs due to their vastly
reduced contact lines leading to distinct wetting behavior at
the nanoscale. Therefore, for quantitative studies more precise
studies of CAs for NBs must be performed.

IV. SURFACE ROUGHNESS EFFECTS ON THE PULL-OFF
ADHESION FORCE

In order to describe the effect of the CA and surface rough-
ness on the pull-off adhesion force due to meniscus formation,
Fig. 3 illustrates the formation of the meniscus bridge both in
air due to vapor condensation leading to a liquid bridge, and
in the liquid environment. In this case surface nanobubbles
accumulate between the interacting surfaces of the sphere and
the plate leading to bridge formation. The capillary force in air
is related to the adhesion of the thin layer of water on the edge
of the hydrophilic surfaces as it is shown in Figs. 3(a) and 3(b),
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FIG. 3. Illustration of the meniscus bridge formation between an AFM colloid probe in air and aqueous ambient. (a) A meniscus formation
between asperities of two solid surfaces in air. (b) Capillary bridge between two metal surfaces. D is the distance of the closest separation
between the sphere and the plate, and r is the radius of the meniscus. (c) Force-distance curve measured in air. (d) Nanobubbles accumulated
between the interaction area of a spherical probe and a surface in aqueous ambient. (e) Nanobubble capillary force. (f) Force-distance curves
measured in aqueous ambient at A: V = 50 nm/s and B: V = 500 nm/s, respectively.

whereas when the two solid surfaces are immersed in the
liquid, the nanobubbles can approach and accumulate between
the surfaces in order to form a capillary gas bridge [Figs. 3(d)
and 3(e)] leading to the nanobubble induced capillary force
(NBCF) [20]. The latter originates from two components,
namely, the surface tension and the pressure force due to the
pressure gradient between the liquid surrounding the capillary
bridge and the gas within the bridge [20,35].

The implications of the decreasing CA vs increasing
surface roughness on the capillary adhesion force can be
understood qualitatively as follows. The capillary force due
to meniscus formation (Fig. 3) can be estimated using the
equation [4]

Fcapillary = 2πγ R∗[cos(θ1) + cos(θ2)], (1)

where γ is the surface tension of the liquid, θ1 and θ2 are
contact angles of two surfaces respectively as it is shown in
Fig. 3(b), and R∗ is an equivalent sphere radius (which can
represent the sphere radius R or the size of surface asperity
where a meniscus is formed) [4]. Equation (1) shows that the
capillary force due to the meniscus [Fig. 3(b)] will decrease
with increasing CA. However, as Figs. 4 and 5 illustrate, the
minimum pull-off force both in air and in liquid, whether at
low or high retraction velocity, corresponds to the roughest
Au surface having the lowest CA, ∼ 54.22◦.

The decrease in pull-off force for rougher surfaces can be
attributed to the fact that only the highest asperities interact
through capillarylike bridges not only in air for the standard
capillary forces [4] but also within liquid leading to bridges
formed by the coalescence of nanobubbles. In these rough
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FIG. 4. Pull-off force vs roughness of sphere and plate in both air (•) and liquid (�). The inset shows the relative change of pull-off force
(with respect to the value of the roughest surface) vs roughness of the sphere and plate both in air and liquid. The inset illustrates the capillary
adhesion for a smooth surface (complete wetting) and the rough surface (asperity wetting).

FIG. 5. Pull-off adhesion force obtained with significantly different retraction velocities of the spherical probe: V = 50 nm/s (�) and V
= 500 nm/s (•). The inset shows the relative change of the pull-off force vs roughness of the sphere and plate in liquid for the two different
retraction velocities.
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regimes, the surface features are more irregular and uneven,
which limits the number of interaction points between the
surfaces. As a result, only the highest asperities come into
nanoscale proximity and create capillarylike bridges between
them as illustrated in the bottom inset of Fig. 4. On the other
hand, in the smooth regime, capillarylike bridge formation
is more uniform across the interacting surfaces for a greater
number of interaction points between the surfaces resulting
in increased pull-off adhesion forces. Clearly, the latter plays
the dominant role on the pull-off adhesion force as a function
of the surface roughness between the interacting surfaces. In
any case, our results with respect to the influence of surface
roughness on the pull-off adhesion force are also consistent
with previous studies in air and liquids [2,4,22], and they show
only attractive pull-off adhesion forces indicating a concave
shape of the associated meniscus [20].

Furthermore, the retraction force curves in air and liq-
uid [see Figs. 3(c), 3(fA), and 3(fB)] show the impact of
nanobubble deformation on the retraction force curves for
different surface roughness. This is manifested by the step
features, which are present for both retraction velocities, of
the roughest surfaces in liquid [shown in Figs. 3(fA) and
3(fB)] with combined rms roughness (sphere and plate) of
8.9 and 10.1 nm, respectively. This behavior occurs in liquid
due to the possible deformation of the nanobubbles and the
bridge they form, which disappears in the area between the
two surfaces [36]. The step features in the retraction forces
curves [36] are also an indirect indication that nanobubbles
are present between the interacting surfaces. The substantial
difference between the magnitude of the capillary pull-off
force in air and in liquid indicates also the different nature of
the adhesion forces from the nanobubbles, which can remain
suspended in liquid for hours or even days [36], as verified by
previous AFM measurements (Ishida et al.) [36]. Indeed, if
we compare to force curves obtained in ethanol (see Sec. 2 of
the Appendix), for the same sphere-plate systems, it is evident
that in ethanol the pull-off force is of the order of ∼1 nN or
less, which is significantly less than that in water due to the
absence of nanobubbles in ethanol.

Moreover, if we compare the dependence of the magnitude
of the pull-off force vs roughness in Fig. 4, it becomes evident
that in liquid the relative decrease of the pull-off force (with
respect to the value from the roughest Au film) is ∼300%,
which is significantly higher than that in air (∼100%) for the
same change of the rms roughness in the range ∼7–14 nm. In
fact, the inset of Fig. 4 shows the strong relative sensitivity of
the pull-off adhesion force on surface roughness both in air
and within the liquid environment. In absolute magnitude the
pull-off force in air is larger than that in liquid by an order of
magnitude or more, but in both cases the pull-off force follows
a monotonic decrease with increasing roughness in agreement
with previous studies of capillary forces from rough surfaces
measured in air [4,22]

V. PROBE VELOCITY EFFECT ON THE PULL-OFF FORCE

The shape and size of the capillary bridge (which must be
concave due to the attractive pull-off forces [20]) that will
be formed between the sphere and the surfaces due to the
presence of nanobubbles in the liquid could be influenced

by the retraction velocity of the spherical probe resulting in
magnitude differences for the associated pull-off forces. In
fact, the influence of the retraction velocity on the pull-off
force in air was investigated in [37], and it was found that
with increasing velocity the magnitude of the pull-off force
was decreased. For the rougher surfaces, whether in low or
high velocity, the pull-off force inside the liquid was also
decreased with increasing roughness, while the opposite trend
was observed for the smoother surfaces (rms < 9 nm). More-
over, as shown in Fig. 5, with increasing velocity the force
data show a step-type behavior with increasing roughness at
∼ 10−nm rms roughness. This is also reflected by changes
of the force curves with increasing velocity for the same
roughness, if we compare Figs. 3(fA) and 3(fB), indicating
a different response of the nanobubbles during the retraction
of the spherical probe.

VI. CONCLUSIONS

In summary, we have investigated the pivotal influence of
nanoscale roughness on the adhesion forces between surfaces
upon contact in water where a capillarylike behavior devel-
ops due to nanobubbles and compared with corresponding
capillary adhesion forces in air. Although several theoretical
models of adhesion are valuable for modeling the effect of sur-
face roughness on adhesion forces, the quantitative calculation
of adhesion forces between a particle and a rough surface can
be difficult for many reasons. The size, shape, homogeneity,
mechanical properties, and distribution of asperities (devia-
tions from an ideal planar surface) influence the actual contact
area and, therefore, directly affect the adhesion force [38]. The
main aim of this study was to clarify whether it is possible to
measure reliably the adhesion force in water and compare it
to capillary adhesion in air using roughness profiles that are
accurate for both the sphere and the substrate surface and
obtain the proper rms roughness and distance upon contact
of the involved roughness profiles. In fact, the magnitude
of the pull-off adhesion force decreases significantly with
increasing surface roughness in water, ethanol, and air. In
absolute magnitude, the pull-off force in air is larger than that
in liquid by an order of magnitude or more, but in all cases the
pull-off force follows a monotonic decrease with increasing
roughness, while it is important to note that the magnitude
of the pull-off force in ethanol is substantially lower than
that observed in water. However, the relative decrement of
the adhesion force in water with increasing roughness was
approximately 300%, and significantly higher than that in
air for the same change of the rms roughness in the range
∼7–14 nm. Finally, the adhesion force in water shows a
significantly complex dependence on the retraction velocity
of the interacting surfaces as the roughness increases due to
possible deformation of the nanobubbles and the bridges they
form between the surfaces.
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FIG. 6. Difference of cantilever deflection data (�) vs piezo
displacement obtained with approach velocities V1 = 0.5 µm/sec and
V2 = 8 µm/sec, respectively for the spherical probe. The fit (o) of the
deflection difference data yields the cantilever spring constant.

APPENDIX

1. Hydrodynamic calibration of the cantilever spring constant

The hydrodynamic drag force for nonslip boundary con-
ditions in the sphere-plate geometry is given by Eq. (1) of
Ref. [39],

FHydro(d, z) = − 6πηR2

z
v, (2)

where z is the sphere-plate separation distance, R is the sphere
radius with R � z, η is the medium viscosity, and v = dz/dt
is the relative velocity between the sphere and plate surfaces.
For the hydrodynamic calibration of the cantilever spring con-
stant, we considered two different piezo velocities, namely,
v1 = 0.5 µm/sec and v2 = 8 µm/sec, and took the difference
of the measured deflection signal in order to remove other
nonvelocity dependent force contributions (e.g., Casimir and
double-layer forces). If we express FHydro as FHydro = kD,
with k the cantilever spring constant and D the difference
in cantilever deflections for two different approach-retraction
velocities, then fitting of the measured data for D (see Fig. 6)

FIG. 7. (a) Height distribution of 100-nm Au film deposited on Si wafer, and (b) its corresponding AFM topography image. (c) Height
distribution of the borosilicate sphere coated with Au and (d) its corresponding inverse AFM topography image. The arrows in the height
distributions in (a) and (c) indicate the maximum contributions d0,sphere and d0,plate respectively to the separation upon contact d0 ≈ 35 nm,
which is significantly smaller than the fit range (z > 150 nm) of Eq. (2) (in Sec. 1 of the Appendix) to obtain the cantilever spring constant.
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FIG. 8. Complete approach and retraction force curves measured
in ethanol. (a) Au film of thickness 200 nm; (•) indicates the trace
and (•) retrace. (b) Au film of thickness 1800 nm; (•) represents the
trace and (•) retrace. The insets show more details around the point
of contact with the plate.

yields the cantilever spring constant k. Notably the sphere-
plate separation z is given by z = dp + d0, where dp indicates
the displacement of the piezo element of the AFM scanner,
and d0 is the distance upon contact due to the highest asperi-
ties of both surfaces as shown in Fig. 7. The latter is obtained
from extensive roughness analysis of the AFM topography
images of both surfaces as in [23,30]. As Fig. 6 shows, the
fitting of the difference of the measured deflection data was
performed at large separations (z > 150 nm). In this regime,
the repulsive hydrodynamic force is the dominant force as
compared to other interaction forces, and the surface rough-
ness contribution plays a negligible role since the distance
upon contact due to roughness is d0 = 35 nm (d0 = d0,sphere +
d0,plate; see, for illustration, Fig. 7).

2. Force curves in ethanol

Figure 8 shows the force-distance curves measured
in ethanol for two of the rough Au surfaces having
rms roughness of 7.88 nm (200-nm-thick Au film) and
13.2 nm (1800-nm-thick Au film), respectively. Comparison
with Fig. 3 in pure ethanol clearly illustrates no evidence of
any long-range attractive force. This agrees with the trend
observed by [40]. As a result the pull-off force is in this case
of the order of ∼1 nN or less, which is significantly less than
that in water due to the absence of nanobubbles in ethanol.
Water is a better solvent for nanobubbles than ethanol due
to its higher dielectric constant and lower surface tension.
Remarkably, the approach and retraction curves do not show a
significant variation for both samples, though for the roughest
surface both force curves are almost identical.
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