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Dependence of approaching velocity on the force-distance curve in AFM analysis
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Abstract—The force-distance (F-D) curve in AFM analysis is a useful technique in the field of biophysics and surface
science for measuring the physical/chemical properties of a substrate. Herein, the dependence of V. on the F-D curve
has been described via a theoretical investigation confirmed with measured data. The results show the attractive force
was gradually reduced above a V, of 5 wm/s by increasing the external repulsive force loaded onto the cantilever. To
obtain a non-distorted F-D curve, one of two methods should be used: to analyze F-D curve under V. of 1 um/s or use

of a short/stiff cantilever.
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INTODUCTION

Atomic force microscopy (AFM) has emerged as a useful tool
for the microscopic reading the surface morphology [1], lithographic
writing of the nanopattern onto a substrate [2], and spectroscopic
measuring of the conductance between two electrodes [3]. Among
these applications, force-distance (F-D) analysis is a fundamental
tool in several fields of research, such as surface science, materials
engineering, biochemistry and biology. In these fields, F-D curves
are routinely used to determine several kinds of measurements, such
as elasticity, adhesion energy, Hamaker constants, surface charge
densities and degrees of hydrophobicity [4]. In a previous report,
Evans and others used the biomembrane force probe to test the ad-
hesive strengths of attachments between surface-bound P-selectin,
and showed the loading rate is highly dependent upon the rupture
force and unbinding force [5]. A classical molecular dynamics was
also used to investigate the interfacial adhesion between polyester
and carbon-based particles [6,7].

The most interesting regions of F-D curves are the non-contact
regions, containing the jump-to-contact and jump-off-contact points,
which provide information about the attractive and repulsive forces
both before and after contact. In particular, the measured force at
the jump-off-contact point relates to the contact adhesive stress, from
which the adhesion energy can easily be obtained by integration of
the triangular area (gray region of inset in Fig. 1) at this point [8].

When the F-D curves for the mica/NSC36C (L=130 um and k=
0.60 N/m) system were measured using a different approaching veloc-
ity (V.=0.1, 1, and 5 um/s), as illustrated in Fig. 1, they revealed
different jump-off-contact forces, resulting in a different adhesion
energy in relation to the approaching velocity. As V. decreased, the
attraction energy gradually increased, and the F-D curve showed a
more negative value. It should be noted that the approaching (or
retracting) velocity had a big impact on the attraction force in the
F-D curve measurement. This feature distorted the F-D curve be-
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tween the tip and the substrate, making it difficult to obtain the exact
adhesion energy from F-D curve. However, there is less informa-
tion in the literature on the effect of the approaching/retracting veloc-
ity for measuring F-D curves. Therefore, the importance of the ap-
proaching/retracting velocity for measuring the F-D curve in AFM
analysis was investigated.

EXPERIMENTAL SECTION

To obtain the F-D curve between the mica and the probe tip, a
commercial AFM instrument (XE-100, Park System, Korea) was
used. To minimize the intrinsic distortion of the apparatus, an inde-
pendent z-scanner was used, which also eliminated the xz cross
coupling problem inherent with conventional AFM [9]. A NSC36
(Mikromasch, Estonia) series was selected as the contacting canti-
lever, and used most widely in the contact mode. The sampling for
measurement with different velocity and cantilever was repeated
12 times in several contact points. Total sampling number of times
is 108 (12 times, 3 velocities, and 3 cantilevers). When the tip is
approached in the normal direction to the substrate, a smooth sur-
face reveals the adhesion force vertically. However, a surface with
highly rough and foreign substance (i.e., dust, organics, and chemi-
cals) has various directional adhesion forces. The morphological
effect of the rough and contaminated substrate hindered the analy-
sis of the attraction energy in the normal direction to the substrate.
Generally, the mica, as a proof-of-model, provided a <1 nm rough-
ness, and thus was a suitable substrate for measuring the attraction
energy in the normal direction to the substrate [10]. The capillary
condensation of water might be impacted on the measured adhe-
sion force. To minimize the effect of humidity on measuring the ad-
hesion force, the AFM apparatus was located in the relative humid-
ity (RH) control box, and RH was controlled in the range from 40-
50%. Adhesion properties of biomolecules have been reported by
researchers, and they identified the distribution of specific func-
tionality via AFM force spectroscopy [11,12]; the adhesive energy
was clearly dependent on the contact area. However, in this work
we used only one contact area, namely, single tip radius and single
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substrate. Therefore, the dependence of adhesion energy on the con-
tact area was minimized in this work.

RESULTS AND DISCUSSION

Local fluid-substrate force interactions, with resolutions in the
picoNewtons range, have been reported elsewhere [13]. Different
kinds of interactions may be present, including electrostatic, mag-
netostatic and van der Waals. The van der Waals interactions (F,;)
are omnipresent for a clean, uncharged and nonmagnetic system,
and may be the only forces present [14]. This attractive interaction
is a function of the separation distance between the tip and the sub-
strate, and does not include the approaching/retracting velocity as
variables. However, as revealed in Fig. 1, the attraction force was a
function of the velocity (V.) as well as the tip-sample separation
(r). As a function of the velocity, some forces should be considered
as repulsive and/or attractive forces to revise the net attraction energy
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Fig. 1. Experimental F-D curves for mica, as analyzed using

NSC36C (L=130 um and k=0.60 N/m) with different appro-
aching velocities (V).

Table 1. Values of the parameters used in the equations

due to the cantilever motion. The net force acting on the approach-
ing/retracting of the tip in the z-direction with V. includes the drag/
squeeze-film (F,) and normal loading forces (F,,,,). The resulting
force acting on the cantilever and tip is as follows:
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Where, the parametric notation and detail information for F,
and F,/F,,, can be found in Argento and French’s paper [14] and
our publication [10], respectively. The values for the parameters
used in the equations are summarized in Table 1. F,,;, operated at a
distance of less than 5-10 nm [15] and, thus, the tip-sample distance
in the F-V. curve was fixed within this range. The acting forces are
qualitatively different; F,,, is an intrinsic force and a function of
the tip-sample distance (1), while both F,, and F,,, are extrinsic forces
and functions of the approaching velocity (V.). F,, and F,,, act as
repulsive (positive value) and enforced-attractive (negative value)
forces, respectively. Therefore, the net force measured was as fol-
lows:

anz:an+anﬁlem-:asmw_ annd)+F¢v:memic+Fexmmic:deWJra:ds_ Flnad)

F-V. curves for F, F,; and F,,, (5F,+F,,,) were obtained at a
tip-sample distance of 0.01 wm, and analyzed by using NSC36A
(Fig. 2). F,, showed an increasing S-shaped curve with respect to
V., while F, ;- had a constant value, because it is not a function of
V.. Therefore, F,,,, mainly followed the increasing shape of F,,, with
decreases in the total attractive force with increases in the repulsive
force (F,), namely, more positive forces in the F-D curve. When
the tip-sample distance was 10 nm, the effect of F,, was dominant

Parameters Value or range Unit Remark
Hamaker constant, A 1.1x107" J tip (Si;N,)-air-mica
Normal force, F, 39.40, 48.53, 26.74 nN NSC36A, B, and C
Cantilever length, L 110, 90, 130 im NSC36A, B, and C
Tip radius, R 10 nm NSC36
Approaching/retracting velocity, V, 0.1,1,5 im/s 0 to 50 in calculation
Cantilever width 35 im NSC36
Spring constant, k 0.95,1.75,0.60 N/m NSC36A, B, and C
Resonance frequency 105, 155, 75 kHz NSC36A, B, and C
Tip-sample distance, r 5to0 10 nm van der Waals range
Transition parameter, o Otol - dimensionless
Cone angle, y 30 ° NSC36
Viscosity, 1 1.84x107° Ns/m? air
Kinematic viscosity, v 0.1546 cSt air
Density, 0 0.00119 g/em’ air

*Tip height is 20 um
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Fig. 2. Calculated F-V, curves for ¥, F,,, and F,,, GF,+F,,) at
a .01 um tip-sample distance, as analyzed using NSC36A.
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Fig. 3. Calculated F-V_ curves for F,,, at a 0.01 um tip-sample dis-
tance, as analyzed using NSC36A, NSC36B and NSC36C.

to that of F,,, but for an r of 5 nm, the predominance of F,, and
F,,» was reversed, as F,,,, was superior to any of the other forces in
the range <5 nm. This feature could be found with the other cantile-
vers (NSC36B and NSC36C), as shown in Fig. 3. The cantilever
(NSC36C) with a longer length (L) and smaller spring constant (k)
was more sensitive to V., and easily influenced by the F,, com-
pared to that with NSC36B.

The net force (F,,,) with a full range of V, was calculated, and is
illustrated in Fig. 4. The F,,-V. curve shows a valley-shaped curve,
which could be explained in the summation of the component F-
V., curves, such as F, ~V., F,,~V. and F,-V_, as shown in the inset
figures of Fig. 4. As mentioned before, F,,,~V. shows a constant
value due to the non-function of V. [14]. F,,, in the range 0-1 pum/s
V. was dramatically increased, but maintained almost the same value
after 1 unvs V. [1,10]. Therefore, F,,,, was important within the range
0-1 wm/s V.. Meanwhile, F,, had an increasing S-shaped curve with
respect to V. and was dominant to the other forces above V. of 5
umys. After the summation of the three F-V, curves, the F,-V. curve
was divided into three regions of forces. In region-I (0-1 um/s V),
the net-F,;,, was only present ata V. of 0 ums (i.e., F,,=F,,), with
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Fig. 4. Calculated F,,-V_ curve, with respect to the approaching
velocity, at a 0.01 um tip-sample distance, as analyzed using
NSC36A. The inset represents the tendencies of F,;, F,,.,
and F, in the force-velocity curves.
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Fig. 5. Experimental F-V, curves for the NSC36 series cantilever,
as obtained at the jump-off-contact point in the force-dis-
tance curves.

F,., being dramatically decreased, due to the effect of the high increase
in F,y in the range 0-1 uny/s V_, which acted as an enforced attrac-
tive force (negative force). In region-II (1-5 um/s V), F,,., was stable
above a V. of 1 umy/s, and thus, F,,, became stable. In region-III (5-
50 um/s V), F,, steadily increased, acting as a repulsive force (po-
sitive force) in F,,,, followed by the increasing shape of the F,-V.
curve. It should be noted that high-speed analysis of the F-D curve
is not recommended due to the effect of the repulsive force (i.e.,
F,,) between the cantilever and the sample. The net-attraction energy
was able to be obtained at approximately zero velocity under condi-
tions of a zero-effect of F,,, while measurement of the F-D curve
needs an external loading force (F,,,,) and tip-moving (V). There-
fore, it is desirable to measure the F-D curve with the velocity range
that can minimize the effect of F.

Finally, the attractive forces at the jump-off-contact point in the
F-D curves were obtained by using NSC36 cantilevers with differ-
ent V., and are displayed in Fig. 5. The jump-off-contact point for
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one cantilever at a single V. was sampled 10 times and then aver-
aged. The force at the jump-off-contact point for NSC36C increased
with V_, which was consistent with the inset figure of Fig. 3. Thus,
NSC36C was more sensitive to V, than NSC36B. This means the
short and stiff cantilever, such as NSC36B, was insensitive to in-
creases of V., which reduced the F,, effect with respect to V.. Thus,
the attractive force (i.e., adhesion energy) measured with NSC36B
was less influenced by the repulsive force (F,,) with respect to V..
NSC36A has intermediate physical properties to those of NSC36B
and NSC36C, and was influenced by F,, up to V., of 1 um/s, but
the measured force was maintained at a similar value after a V, of
1 umys.

From the literature, the adhesion energy between mica surfaces
in air has been reported to be about 70-240 mJ/m’ [16], or 2.2-7.5%
1077 J when considering the contact area of the tip on the mica sur-
face with a normal vector. The contact area of the probe-tip was
calculated with respect to the tip-radius, and found to be approxi-
mately 3.14x107'° m’. As represented in the inset figure in Fig. 1,
the adhesion energy at the point of Fig. 5 was calculated. NSC36A
showed 31, 9.6 and 9.2x10™"" J for V. of 0.1, 1 and 5 pum/s V,, respec-
tively; whereas, for NSC36B and NSC36C these were 7.2, 6.2 and
5.5x107'%J and 10, 5.3 and 1.9x107* J, for the same values of V,,
respectively. Some deviations exist between the literature data and
those found in the present study, due to differences in the measur-
ing systems used for acquiring the adhesion energy. Namely, the
mica-mica (two-parallel plate) interaction was used in literature;
whereas, the present study used the mica-tip (cone-plate) system.
NSC36B revealed the adhesion energy was less sensitive to F,-V.
as compared to NSC36A and NSC36B.

CONCLUSIONS

In analyzing the F-D curve, if the approaching/retracting veloc-
ity increases, the attraction term in F,,, reduces, revealing a more
positive force due to the increase in the external drag/squeeze-film
force. The F, for a V, above 5 un/s gradually increased with respect
to V., which caused the intrinsic attraction force (F,,;) to diminish.
Thus, this feature interfered with the correct measurement of the
F,.-D curve. It would be reasonable then to assume that for the F-D

measured at a V, less than 1 umy/s, the effect of F,, would diminish
with regard to V.. In addition, based on the sensitive test for length
and stiffness of the cantilever, a short, stiff cantilever was found to
be the best option to analyze the F-D curve with a high-speed V..
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