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Accurate Extraction of Electrostatic Force by a Voltage-Pulse Force Spectroscopy
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The classification of interaction forces between two approaching bodies is important in a wide range of
research fields. Here, we propose a method to unambiguously extract the electrostatic force (F.), which is
one of the most significant forces. This method is based on the measurement of the energy dissipation under
applied voltage pulse between an atomic force microscopy (AFM) tip and sample. It allowed us to obtain
F . as a function of the tip-sample distance and voltage including the distance-independent part, to which
conventional AFM is insensitive. The obtained F. curves nicely fit the analytical model, enabling
estimation of the geometry of the tip. The distance-dependent contact potential difference could also be
correctly obtained by the measured F,., opening an alternative route to quantitative Kelvin probe force

microscopy.
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The interaction forces between two approaching objects
is an important research subject in a wide range of fields.
The various classes of forces include chemical bonding
forces [1-4], Casimir forces [5,6], and non-Newtonian
gravity forces [7]. Atomic force microscopy (AFM) is a
highly sensitive tool that allows measurement of the
interaction force (F) between its tip and a sample. Using
a frequency modulation (FM) technique [8,9], F is usually
estimated by measuring the frequency shift (Af) as a
function of the tip—surface distance (z) followed by
mathematical conversion to F(z).

One of the key issues in force measurement is the proper
separation of the different physical origins of the measured
F to extract desired forces as mentioned above. For
instance, the separation between van der Waals force
(F ,4y) and electrostatic force (F ) has been demonstrated
[10,11], and is based on the measurement of Af as a
function of z as well as the bias voltage (V') between tip and
sample. Extraction of F, itself is practically important in
Kelvin probe force microscopy (KPFM), where the contact
potential difference (V,q) between tip and sample is
determined by the V minimizing F... FM-KPFM is
supposed to measure V,q from V to minimize |Af]
[12,13]. However, the measurement of V.4 as well as
the extraction of F. are not trivial tasks [11]if V,q hasa z
dependence, as has frequently been observed in previous
experiments [6,14—18]. The reason is as follows. F is
simply given by

Fele(zv V) = a(Z)[V - vcpd(z)}2 (1)

using a(z) as a function of z. This general form includes the
V2 term and V' term, which covers the charged system
[19]. Hereafter, V is the sample bias with respect to the
grounded tip. When V4 is independent of z, the z and V
dependences on F, are separable. Then, the measured A f
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has the same V dependence as F; therefore, V ,q can be
estimated by the so-called Kelvin parabola of Af. If V 54
has a z dependence, this is not the case: the V dependence
of Af differs from that of F,.. [20]. In this case, the
parabolic minimum in Af(V) does not coincide with Vg,
as we prove later.

In this Letter, we propose a novel method to extract F,
as a function of z and V reliably without measuring Af.
The method allows us to measure F,. including a
z-independent offset term, which is not observable in
conventional AFM. By fitting into the analytical model,
the tip radius and the cone angle can be estimated. It also
enables us to correctly derive z-dependent V.

The principle for extracting F.(z, V) is as follows. The
force difference [F.(z)] between two different V values
(here, V.=V, +V, and V =V,; V, > 0) can be written
by the difference in Fy as below

Fi(z) = Fele(ZvVZ Voivp)_Fele(Z’VZ VO) (2)

since V-independent F, such as F,,,, is canceled out. By
substituting Eq. (1) into Eq. (2), we obtain
Fi(2) = a(z)V3 £2a(z)V,[Vo— V(). (3)

The function of a(z) can be derived from the sum of F, (z)
and F_(z) as

Fi(z) + F_(z) = 2V}a(z). (4)

From the obtained a(z) and the difference between F_ (z)
and F_(z), Vpa(z) can be derived from the formula

Fi(z) = F_(z) =4V,a(z)[Vo = Veu(2)l.  (5)
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Note that we can extract F.(z, V), i.e. a(z) and V4(z), by
measuring F, (z) and F_(z) with any selection of V(y or V..

One may try to obtain F, (z) by measuring Af(z) curves
at three different V values (V=1V,, V,+V,, and
Vo — V) followed by force conversion as in conventional
force spectroscopy [21]. However, this method does not
give an accurate F(z) because a z-independent contribu-
tion is missing due to the insensitivity of Af to constant
force [11,34]. Note that Af is sensitive to the force
gradient, not to the force itself.

To extract F. including the offset, which is essential for
correct estimation of V4 as explained later, we propose an
alternative method. F.(z) is measured by the energy
dissipation of the cantilever oscillation caused by voltage
pulses to the surface. Figure 1(a) shows the schematics of our
experimental setup. A cantilever is oscillated at constant
amplitude (A) with resonance frequency (f). We applied
square voltage pulses with an amplitude of V', to the sample
held at base voltage V. Pulse was applied at every cantilever
oscillation cycle by using the cantilever deflection signal as a
trigger. We defined the delay time of the pulse (7) as the time
from the tip’s closest point to the surface. Under such a
situation, the magnitude in F' at V = V|, jumps to that at
V =V, +V, at the time of 7 in only a short time period
corresponding to the pulse width (w). Then, we could
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FIG. 1 (color online). (a) Schematic diagram of experimental
setup of the voltage-pulse method for measurement of electro-
static force. Bias voltage pulse applied to the sample is
synchronized with the cantilever oscillation. (b) Schematic
F(z) curves during cantilever oscillation. Forward and backward
curves are shown by green and red, respectively. It is assumed
that |F(z,V = Vy+ V)| is larger than |[F(z,V = V,)|. Bias
Jjump from V;, to V5 + V, produces hysteresis of F curves in each
oscillation cycle. Energy dissipation DV is generated.

observe the energy dissipation corresponding to the area
of the hysteresis loop as shown in Fig. 1(b), where F(z)
during tip approach and retraction are schematically shown
by the green and red curves, respectively. Since w was set to
be as small as a few tens of nanoseconds (w < 1/f), we
could derive the linear relationship between the measured
energy dissipation (D) and desired F as below:

D.(7) = —=F.[z = z(7)w2zfAsin(2zfz).  (6)

D, equals F, multiplied by the tip displacement during
the pulse (product of cantilever speed and w). The validity
of the linear relationship of Eq. (6) can be experimentally
confirmed by the w dependence of D, (7) [21]. When D (7)
is measured under 7 sweep from —1/(2f) to 1/(2f), we can
obtain F.(z) covering the z range of the cantilever oscil-
lation. Thus, one can derive a(z) and V,4(z) in the z range of
2A from Egs. (4) and (5).

To check the above idea, we performed experiments
using our custom-built AFM operated at room temperature.
Different kinds of samples, Si(111)-(7 x 7), Cu(001), and
TiO,(011), were used [21]. Commercial Pt-coated Si
cantilevers were cleaned by Ar-ion sputtering in an ultra-
high vacaum (UHV). An optical interferometer was used
for detection of cantilever deflection. The cantilever was
oscillated at constant amplitude, typically A = 10 nm. We
measured the oscillation spectrum for each cantilever used
to check the cantilever dynamics. Our cantilever spectra
were almost ideal [21]. Hence, we do not expect artificial
dissipation due to an abnormal transfer function [35,36].
The voltage pulse was applied to the sample using a
commercial function generator (Agilent 81180A). The
energy dissipation was measured from the root mean
square of the drive signal to maintain A in a cantilever
oscillation controller [37]. The block diagram is shown
elsewhere [21]. The high Q factor (typically 10 000) of the
cantilevers in UHV enables us to detect the energy
dissipation at a high signal-to-noise ratio [38]. We usually
set V|, to be close to the parabolic minimum of Af. Since
V can be arbitrarily chosen as mentioned above, we do not
have to know the V,q value a priori. The Si(111)-(7 x 7)
surface was prepared by standard flashing and annealing.
The Cu(001) and TiO,(011) surfaces were prepared by
sputtering and annealing cycles. The tip was located around
the center of the terrace. During the 7 sweep, the tip-surface
distance feedback loop was opened. D (z) and D_(7) were
successively measured at the same z range using the same
tip. The effect of changes of f (less than 0.1%) on D, (7)
measurements during the 7 sweep was negligibly small.

The D, (r) and D_(z) curves measured on the
Si(111)-(7 x 7) surface are shown in Figs. 2(a) and
2(b), respectively. The delay time z was swept over one
cantilever oscillation cycle, i.e. —1/(2f) to 1/(2f). At the
turning points, i.e. 7 = 0, —1/(2f), and 1/(2f), where the
cantilever motion is stopped, D, becomes zero because of
the lack of a hysteresis loop in the approach/retraction force
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FIG. 2 (color online).  (a) D*(z) and (b) D™ (z) curves measured
on the Si(111)-(7 x 7) surface. Pulse conditions and F vs V
parabolic curves are schematically shown in the insets. (¢c) D (7)
and (d) D~(z) curves with different V, values using a dif-
ferent cantilever from (a, b). (e) (DT +D7)/(2V3) vs
and (f) (D*-D7)/(2V,) vs 7. We set w=>50ns for all
measurements. The acquisition parameters are summarized in
the Supplemental Material [21].

curve. D4 (7) is point symmetric for ¢ < 0 and 7 > 0 since
the energy gain and loss of the cantilever due to the pulse is
simply inverted. For this particular example shown in
Figs. 2(a) and 2(b), D, (7) looks similar to D_(z). This
implies that a chosen Vj, (= —0.2 V) is close to the V 4
(= —0.25 V almost independent of z as obtained later).
Then, the responses to the pulses of +V, and -V, are
symmetric as shown in the inset of Figs. 2(a) and 2(b).
Before calculating F.(z) from D (7), we verify the
method and the equations above. Figures 2(c) and 2(d)
show D, (7) and D_(r) curves, respectively, which were
measured by various V,, values (from 0.5 to 1.55 V)
keeping V= —0.35 V. We used a different cantilever
from that used in Figs. 2(a) and 2(b). While D = 0 at the
turning points and the point symmetry around 7z = 0 are
seen as discussed above, the shape of D_ () in Fig. 2(c)
looks different from the simple form shown in Fig. 2(a).
D, changes sign even within either 7 < 0 or r > 0. This is
due to the intersection of the Fg(z,V =V, + V) curve
and the F..(z,V = V,) curve. This intersection implies
that V.,q depends on z as clarified later. Figures 2(e)

and 2(f) show (D, +D_)/2V3 and (D, —-D_)/2V,
curves, respectively, which were calculated from the curves
in Figs. 2(c) and 2(d). Remarkably, all curves obtained by
different V, values collapse into a single curve in both
Figs. 2(e) and 2(f). These scalings by V%, and V, confirm
the validity of the measurement principle shown in
Egs. (4)—(6). This result also eliminates other dissipation
mechanisms such as Joule heating dissipation [39] and
apparent dissipation caused by phase error [35,36].

Since D, is related to F, by Eq. (6), the curves in
Fig. 2(e) and 2(f) can be converted into (F, + F_)/2Vf7
and (F. —F_)/2V,, respectively. Then, we can obtain
a(z) and V,4(z) using Eqs. (4)~(5). Figures 3(a) and 3(b)
display the data obtained by eight different tips including
tip 1 and tip 2 used for Figs. 2(a) and 2(b) and Figs. 2(c—f),
respectively. It is worth mentioning that both a(z)
and V,q(z) curves are obtained by the 7 sweep instead
of the z sweep as in conventional force spectroscopy. The
distance z is covered in the range of the cantilever swing
(i.e., 2A).
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FIG. 3 (color online). (a) Extracted a(z) and (b) Vpq(z) curves
with eight different tips. Tip 1 and tip 2 correspond to Figs. 2(a)
and 2(b) and Figs. 2(c—f), respectively. The fitting curves based
on Eq. (7) are shown in (a). The values of R (0) are determined to
be 6.0 nm (6.2°), 24.7 nm (12.9°), 11.1 nm (11.3°), 5.7 nm
(11.2°), 25.2 nm (10.5°), 27.0 nm (13.6°), 10.2 nm (16.7°), and
8.5 nm (15.3°) for tips 1-8, respectively. The tip model is
illustrated in the inset. z = 0 is defined as the divergence point
of a(z). The acquisition parameters are summarized in the
Supplemental Material [21].
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In contrast to conventional force spectroscopy based on a
Af(z) measurement, the present technique can provide
Fc(z) including the offset term, i.e., the z-independent
contribution [see Fig. 3(a)]. All a(z) curves asymptotically
approach nonzero constant values at large z values. This
offset has not been measured in previous experiments
[10,11]. We found that all of the a(z) curves we obtained
could be fitted well into the analytical model [40] based on
a plane and a truncated cone ending in a spherical cap as
illustrated in the inset in Fig. 3(a). Assuming that a sample
is equipotential, it can be written as

B R?*(1 —sin6)
a(z) = —”€O{Z[Z + R(1 —sin@)]
z+ R(1 —sin@)

2 P P e
+/3{ n I

N Rcos?6/ sin
z+ R(1 —sind)| |’

(7)

where f? = [Intan(6/2)]72. €y, R, 0, and L are the
dielectric constant in the vacuum, tip radius, cone opening
angle, and tip length, respectively. The first term in Eq. (7)
represents the contribution from the truncated sphere of the
tip apex, which has z=! dependence in the close-distance
regime (z < R). The other terms show the contribution of
the cone part, which produces the offset force. The fitting
curves are shown in Fig. 3(a). L is fixed as 17 ym taken
from the data sheet of the cantilever. R and 6 can be
precisely determined as fitting parameters (see the caption
of Fig. 3). The obtained values in R and @ are in good
agreement with the data sheet of the cantilever, i.e.
R < 25 nm and 0 ~ 10°. Therefore, one can estimate the
tip shape by the present method.

Next, we discuss the V,q(z) curves that we obtained.
Vpa(z) with tip 1 corresponding to Figs. 2(a) and 2(b) is
almost z independent [see the black plots in Fig. 3(b)] while
the other V,4(z) curves have clear z dependence. V
decreases with decreasing z for tips 2 and 4-7 while V4
increases for tips 3 and 8. In all curves, as the distance
decreased, V .,q approached the value of z-independent V4
obtained by tip 1. This can be explained by the averaging
effect, as observed in previous studies [14—17]. In the
present experiments, the averaging effect originates in the
tip, since the Si(111)-(7 x 7) surface is homogeneous. At
far tip-surface distances, all parts of the tip including the tip
sides contribute to V4. At closer tip-surface distances, the
tip apex plays a main role in V,q while the tip sides exert
less effect. Therefore, the V 4 values obtained by the
different tips are similar to each other at small z.
Empirically, tip-surface contacts (intentional or accidental)
tend to produce such z dependence in V4. Inhomogeneous
work function on the tip may be caused by multiple facets,
trapped charges, and patch charges [41].

Finally, we experimentally compare the pulse method
and conventional FM-KPEFM to see the difference between

Vepa and signal in FM-KPEM (VEXD). Af(V) curves

were measured at different z on the Cu(001) surface [see
Fig. 4(a)]. V()i (z) extracted from V to minimize |Af(V)]
was plotted in Fig. 4(b) (blue plots). Then, we carried out
pulse experiments on the same surface site with the same
tip state. After the same analysis as described above, we

obtained chd(z) as shown in Fig. 4(b) (black curve). It is

clearly shown that V2 }{(z) is deviated from Vq(2). Since

Fe(z, V) obtained by the pulse method can be numerically
converted into Af(z,V), VCFPAC’{ can be also simulated
from results of pulse experiments. We used the same
oscillation parameters for the simulation as the FM-
KPFM experiment. The simulated V.}{(z) is shown in
Fig. 4(b) (dashed green curve). The simulated curve
matches the experimental plots quite well. It was demon-
strated that V7 ¥ (z) is different from Vpq(z) if Vipa(2) has a
z dependence. Further details are discussed in the
Supplemental Material [21].
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FIG. 4 (color online). (a) FM-KPFM measurements: Af(V)
curves at different heights on the Cu(001) surface. (b) Vpa(z)
obtained by pulse method (black curve) and V23 (z) obtained by
FM-KPEM experiments of (a) (blue circles). The simulated
Vf[ﬁ’ (z) is also shown by the green curve. One cannot calculate
Vid
missing to calculate A f in this region. The acquisition parameters
for pulse measurements were f = 287480.6 Hz, A = 125 A, and
k =26.3 N/m, respectively. A is reduced to A = 19.6 A for

FM-KPFM measurements, and for the simulation of V{3 (z).

(z) at far distances in the region of 2A since F). data are
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We have developed a voltage-pulse AFM technique to
obtain F', as a function of z and V. This method based on
dissipation measurement enables us to determine F
with the offset, which can be directly fitted into the
analytical model to estimate the tip geometry.
Furthermore, z-dependent V4 can be accurately mea-
sured. Using the proposed technique, it is expected that
charge states, local work functions, and field-induced
effects on surfaces can be quantitatively investigated.
Correct estimation of F, is also essential to extract desired
forces such as Casimir forces and the gravity forces.
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