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The detection of vertical and lateral forces at the nanoscale by atomic force microscopy (AFM) reveals
various mechanical properties on surfaces. The gPlus sensor is a widely used force sensor, which is built
from a quartz tuning fork (QTF) and a sharpened metal probe, capable of high-resolution imaging in
viscous liquids such as lubricant oils. Although a simultaneous detection technique of vertical and lateral
forces by using a gPlus sensor is required in the field of nanotribology, it has still been difficult because
the torsional oscillations of QTFs cannot be detected. In this paper, we propose a method to
simultaneously detect vertical and lateral force components by using a gPlus sensor with a long probe.

The first three eigenmodes of the gPlus sensor with a long probe are theoretically studied by solving
Received 7th October 2022 t of ti ¢ ti for the QTF d be. Th lculati It . d
Accepted 26th December 2022 a set of equations of motion for the prong and probe. The calculation results were in goo

agreement with the experimental results. It was found that the tip oscillates laterally in the second and
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1 Introduction

Friction, wear, and lubrication are fundamental physical
phenomena on solid surfaces and at solid/liquid interfaces,
which are crucial in both science and industry. Detecting
vertical and lateral forces at the nanometer scale by atomic force
microscopy (AFM) can provide essential knowledge on such
tribological issues.' In recent years, dynamic AFM was adopted
to investigate friction with higher spatial resolution and force
sensitivity.>® In dynamic AFM, the force sensor is vibrated at or
near its eigenfrequency, and the tip-sample interaction is
detected via the changes in its oscillation state. To access the
vertical and lateral interactions simultaneously, it is required
that the tip oscillates in the vertical and lateral directions
separately in independent modes, the so-called bimodal AFM.
In the case of silicon cantilevers, it is realized by utilizing its
flexural and torsional modes detected by an optical beam
deflection detector with a quadrant photodiode*” or by an
optical interferometer system.® Atomic-scale friction analysis
was demonstrated in ultra-high vacuum (UHV) environments*®
and recently in water.” However, it is difficult to apply dynamic
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a bimodal AFM utilizing the gPlus sensor with a long probe to confirm the lateral force detection.

AFM with silicon cantilevers to viscous liquid environments
such as lubricant oil/solid interfaces because the quality factor
of the silicon cantilever decreases, and the force sensitivity is
seriously suppressed. Another technique for detecting vertical
and lateral forces at the lubricated interfaces is required to
investigate lubrication mechanisms at the atomic and molec-
ular scales.

The qPlus sensor is another force sensor built from a quartz
tuning fork (QTF) and a sharp tip.>'° One prong of a QTF is fixed
to a substrate, and a probe with a sharp tip is attached to the
other prong, in the so-called “qPlus” configuration. Atomic-
resolution imaging has been achieved by qPlus sensors in
various environments, UHV," ambient conditions,”*™® and
liquid environments,””** including lubricant oils.** In these
reports, the vertical tip-sample interaction was detected for
regulating the tip-sample distance. The probe was attached
perpendicularly to the QTF prong, and its tip oscillated verti-
cally to the surface in its fundamental flexural mode (Fig. 1a).
However, torsional oscillations cannot be detected because
commercially available QTFs are generally manufactured for
detecting flexural oscillations.

By attaching the probe parallel to the QTF prong and rotating
the sensor by 90°, the tip oscillates parallel to the surface
(Fig. 1b). The lateral tip-sample interaction can also be detected
with atomic resolution by lateral force microscopy (LFM)
utilizing this qPlus sensor.”®?® Namely, vertical and lateral
forces can be individually detected by qPlus sensors with
different arrangements. However, simultaneous detection of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustrations of the four types of gPlus sensors. (a)
Conventional gPlus sensor. A prong and the base of a QTF are fixed to
a substrate (shown in the gray-colored shaded area). A probe is
attached perpendicularly to the QTF prong. The tip oscillates vertically
in its flexural mode. The torsional mode cannot be detected by the
piezoelectric effect of the QTF. (b) LFM gPlus sensor. A probe is
attached parallel to the QTF prong. The tip oscillates laterally in its
flexural mode. (c) gPlus sensor for biaxial excitation. A probe is
attached parallel to the QTF prong with a different electrode
arrangement. The tip oscillates vertically and laterally in its length-
extensional and flexural modes, respectively. (d) gPlus sensor with
a long probe (this study). A long probe is attached perpendicularly to
the QTF prong. The tip oscillates vertically and laterally in its funda-
mental and higher flexural modes, respectively.

both vertical and lateral forces with a single qPlus sensor had
not been reported until recent years.

Kirpal et al. recently presented a method to simultaneously
excite the fundamental flexural and length-extensional modes
of a gPlus sensor, where the probe was attached parallel to the
QTF prong (biaxial excitation).>” By setting the QTF prong
perpendicular to the surface, the vertical and lateral movements
of the tip were provided by the length-extensional and flexural
modes, respectively (Fig. 1c). They achieved atomic resolution
in both modes under UHV and ambient conditions. However,
the electrode arrangement of the QTF they used, which is
required for detecting the length-extensional mode, differs from
that of conventional QTFs.

There is another way to oscillate the probe apex laterally,
which uses the higher eigenmodes of the QTF sensor with
a long probe.>***? Higuchi et al. analyzed the eigenmodes of
the QTF sensor with an angled-attached long probe by the finite
element method (FEM).”® They revealed the lateral tip oscilla-
tion in the second mode and demonstrated topographic
imaging with the sensor. Afterward, Chen et al. also reported
a FEM study on QTF sensors with an angled-attached long

© 2023 The Author(s). Published by the Royal Society of Chemistry
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probe with various probe lengths and diameters.*® In contrast,
we found lateral tip oscillation in the higher flexural mode of
a gPlus sensor, where a long probe was attached perpendicu-
larly to the QTF prong (Fig. 1d).*° In these methods, commer-
cially available QTFs can be used without any modification,
which is advantageous over the method using the length-
extensional mode.

To apply a QTF sensor with lateral tip oscillation for dynamic
lateral force detection, additional issues remain to be solved.
First, the determination of the spring constant and oscillation
amplitude is necessary for the quantitative analysis of tip-
sample interaction. The effective spring constant of the qPlus
sensor with a long probe was already analyzed by FEM.>*3%3*
Some methods to calibrate the amplitude of the higher mode of
the qPlus sensor with a long probe were proposed, such as
scanning electron microscopy*®*® and laser Doppler vibrom-
etry.*>** Furthermore, the analysis of piezoelectric sensitivity,
which is the ratio of the output voltage signals to the tip oscil-
lation amplitude, is crucial because it determines the deflection
noise density, which dominates the minimum detectable force
gradient in AFM.** Although several research groups have
analyzed the piezoelectric current,* to the best of our knowl-
edge, there have been no studies analyzing piezoelectric
sensitivity.

In general, FEM is a powerful method for sensor vibration
mode analysis. However, it can only analyze individual sensors.
Mathematical analysis based on equations of motion is more
effective for sensor optimization and is also crucial in the
scientific context. In previous mathematical studies on the
dynamic properties of qPlus sensors,** ¢ the probe was treated
as rigid in the mathematical models. The higher eigenmodes of
a qPlus sensor with a long probe, which are the coupled oscil-
lations of the QTF prong and probe, cannot be described in
these models.” In this paper, we show a mathematical study on
the first three eigenmodes of the qPlus sensor with a long probe
considering the deformation of the probe. The eigen-
frequencies, the tip oscillation angles, the effective spring
constants, and the piezoelectric sensitivities of these modes
were obtained by solving a set of equations of motion for the
QTF prong and the probe. We optimized the probe length for
lateral force detection and found that the third mode is more
suitable than the second mode in terms of piezoelectric sensi-
tivity. The calculated eigenfrequencies and piezoelectric sensi-
tivities agreed with the experimental results, and we proved the
validity of the mathematical model we constructed.

Finally, it is of utmost importance to experimentally verify
whether the lateral force can be detected by the lateral oscilla-
tion mode. Although several groups have revealed that the
probe apex of the QTF sensor oscillates laterally, there have
been few studies that show experimental evidence of lateral
force detection. To achieve this goal, we investigated a poly(-
vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)) film by
bimodal AFM utilizing a qPlus sensor with a long probe. The
friction anisotropy depending on the polymer crystal direction
was successfully imaged by the third mode, and we experi-
mentally demonstrated that dynamic lateral forces can be
detected by this technique.
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Fig. 2 Photograph (a) and mathematical model (b) of a gPlus sensor
with a long needle. L and h are the length and thickness of the QTF
prong, [ and d are the length and diameter of the needle, (. is the length
of the etched part of the needle, [, is the length of the free cylindrical
part of the needle, I, = — h — [, L¢ is the length of the electrode on the
QTF prong, w(xy, t) is the bending displacement of the QTF prong, and
u(x,, t) is the local displacement of the tungsten needle.

2 Analysis of the eigenmodes
2.1 Equations of motion

Referring to the discussion in ref. 34, we analyze the eigen-
modes of the qPlus sensor by adding considerations for the
probe deformation. First, we derive the equations of motion for
the bending motion of qPlus sensors. A photograph and

. d o
o 2 0 2 0x1
i, (a(zb, 0+l

[\S)

¢ axz 2 6x1

a schematic illustration of a qPlus sensor are shown in Fig. 2.
One prong and the base of a QTF are fixed to a substrate, and
a long probe is attached to the end of the other prong perpen-
dicularly. In this study, an electrochemically etched tungsten
needle was used as the probe. L and & are the length and
thickness of the QTF prong, [ and d are the length and diameter
of the needle, [. is the length of the etched part of the needle, ,
is the length of the free cylindrical part of the needle, [, =1 — &
— ., and L. is the length of the electrode on the QTF prong. The
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Table 1 The physical parameters of the QTF prong and the tungsten
needle used in the calculation®

QTF prong Tungsten needle

Pq 2650 kg m > Pw 19300 kg m*
Eq 80 GPa E,, 345 GPa

L 2.357 mm d 0.10 mm

h 0.2134 mm I 0.15 mm

b 0.127 mm

Le 1.74 mm

“ pq and Eq are the mass density and Young's modulus of quartz, L, &,
and b are the length, thickness, and width of the QTF prong, L. is the
length of the electrode on the QTF prong, p, and E, are the mass
density and Young's modulus of tungsten, d is the diameter of the
tungsten needle, and I. is the length of the etched part of the
tungsten needle.

physical parameters of the QTF prong and the tungsten needle
are tabulated in Table 1. We model the QTF prong and tungsten
needle as Euler-Bernoulli beams to analyze their coupled
oscillation. The bonded part and etched part of the tungsten
needle are modeled as a rigid cylinder and a rigid cone,
respectively. Though the tungsten needle was attached to the
QTF prong using epoxy glue, they are modeled as rigidly
bonded.

The bending displacements of the QTF prong and tungsten
needle are described in the (x;, z;) and (x, z,) coordinate
systems, respectively. The bending displacement of the QTF
prong at x; in the z; direction as a function of time is repre-
sented as w(xy, t), and that of the tungsten needle at x, in the z,
direction is represented as u(x,, t). To simplify the expression,
the point, x, = 0, is set to the lower end of the QTF prong

h
(z1 = ) without displacements). The axial displacements and

rotational inertia of two beams are assumed to be negligibly
small. The total kinetic energy T and potential energy U of
a gqPlus sensor are given by

1 (ow 1 . h\ ow :
Fha <— (L, f)) +3 L Py Aw (M(szl) + (Xz +§) a—xl(L, l)) dx;

6x1

v il 2
<87xl (L,t) + sz(lbv f)> ;

1t Fw ? 1 & u ?
5 JO Equ (W ()Cl7 [)) dX1 =+ E JO EWIW (w (Xz, t)) dXZ,

(1b)

U=

where p, is the mass density, A, is the cross-sectional area, E, is
the Young's modulus, and I, is the area moment of the cross-
section (x = q, w). The subscripts q and w indicate that the
properties are those of the QTF prong and the tungsten needle,
respectively. Mpceqale 1S the mass of the whole needle,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2
Micedie = PuAw (l — glc) , M. is the mass of the etched part of

1 . . . .
the needle, M. = ngAWlC, I, is the rotational inertia of the

bonded part of the needle about the y direction calculated about
2 2

16 12
tional inertia of the etched part about the y direction calculated

its center of gravity, I, = p,Aw h( ) and I. is the rota-

. . 3
about its center of gravity, I. = %Mc(dﬂ—lcz). Over dots

represent derivatives with respect to time. Using eqn (1) along
with Hamilton's principle, we obtain the equations of motion
for free undamped oscillations and the relevant boundary
conditions (shown in the ESI S17}). As the global displacement of
ow
3%,

induced under an assumption that the bending displacements
of the beams and the gradient at the end of the QTF prong are

the tungsten needle, v(x,,t) = u(x,,t) + (xz + g) (L,2), i

small (w(xl, t), u(xy, t) < h and(;9 (L,t) <« 1) , the equations

of motion are obtained in the form of

4

a'w .

E I, 76)(14 (x1,0) + quqw(xl, 1) =0, (2a)
*y ..

EyLy—— (%2, 1) + pyAwi(xa, 1) = 0, (2b)

axy*

and the boundary conditions for the QTF prong are given by

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

w(0,1) =0, (3a)
ow
a_xl (0,£)=0 (3b)
w . d o
E Iq ox 3 (L f) Mneedle W(L./ t) + 5 K(L7 f) = O7 [3C)
1

(cc)

and the boundary conditions for the tungsten needle are given

by
V(O,Z) - _l(Lv [)7 (43)
X1
dv ow
G 0.0 = (L), (4b)
&y . 1 v
EWIWW23 (lb, f) — M. (V(lb, f) + Zlcé_xz (Zb, l)) = 0, [4C)
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v 1 . 1, 9v
,Ewlwﬁ(lb,l) — ZM(, (V(lb, ) 41 FI (l}” ))

i)

=0. (4d)

Using the method of separation of variables, the solutions of
the displacements of the QTF prong and tungsten needle are
assumed as w(x;,t) = exp(iwt)@(x;) and v(x,,t) = exp(iwt)¥(x,),
where exp(iwt) is the temporal component of the solution with
an angular frequency w, and ®(x;) and ¥(x,) are the spatial
components of the solution. By substituting the solutions of the
displacements in eqn (2)-(4) and solving the equations, we can
obtain the eigenfrequencies of the qPlus sensor, f; = w;/27(i =
1,2,3...) and the corresponding mode shapes, ®,(x;) and ¥(x,)
(details shown in ESI S17). In the following sections, the char-
acteristics of the eigenmodes obtained by this theory are
discussed.

2.2 Eigenfrequencies and eigenmodes

In this section, we analyze the probe-length dependence on
eigenfrequencies and eigenmodes of qPlus sensors based on
the theory described in the previous section. The first, second,
and third eigenfrequencies are obtained with the help of
mathematical software (Maple™), varying the probe length
(1.36 mm = [ = 2.0 mm) with the physical parameters shown in
Table 1. We calculated for the probe length longer than
1.36 mm because eqn (2b) holds for the condition that the
length of the cylindrical part of the needle [, is enough longer
than the diameter d (I,/d = 10). Fig. 3 shows the calculated first
three eigenfrequencies. As the probe length increases from
1.36 mm to 2.0 mm, the first, second, and third eigen-
frequencies (fi, f, and f3) monotonically decrease from 13 kHz
to 10 kHz, from 45 kHz to 20 kHz, and from 160 kHz to 100 kHz,

o h
—pWAW (X2 + 5) \}'(Xz, Z)dXZ
(3d)

(b, )) =0,

respectively. In this calculation, f, and f; are 2-3 times and 10-
13 times higher than f;, respectively.

Fig. 4 shows the displacement of the center lines of the QTF
prong and tungsten needle of the qPlus sensors at the first,
second, and third eigenfrequencies with the probe lengths of
1.4, 1.7, and 2.0 mm, and those of the QTF prong without the
needle (no probe) for comparison. The first eigenmodes are
normalized with the vertical displacement of the tip (the apex of
the tungsten needle), A, = @(L) + g g—i(L). The second and

third eigenmodes are normalized with the lateral displacement

Nanoscale Adv., 2023, 5, 840-850 | 843
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Fig. 3 The first three eigenfrequencies calculated by using the properties listed in Table 1 while varying the probe length. (a) The first eigen-
frequency, f;. (b) The second eigenfrequency, f,. (c) The third eigenfrequency, fs.

of the tip, A4 =¥ (L) + lca—lp
6x2

(

I). To clarify the shape of the

eigenmodes, the displacements of the QTF prong and tungsten

needle are exaggerated in Fig. 4
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0.1-1.0 nm in dynamic AFM). The calculated eigenmode shapes
agreed with the FEM results shown in Fig. S1.7 It is clear from
Fig. 4a that the displacement of the QTF prong in the first
eigenmode is barely affected by the probe length. In addition,
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Fig. 4 The shapes of the first three eigenmodes of the gPlus sensors, corresponding to @; and ¥, calculated by using the properties listed in
Table 1 for varying the probe length ({ = 1.4 mm (red lines), 1.7 mm (blue lines), and 2.0 mm (green lines)). The black lines show the eigenmodes of
the QTF prong without the probe (no probe) for comparison. (a) The first eigenmode. (b) The second eigenmode. (c) The third eigenmode. (d)
The third eigenmode expanded around its node in the QTF prong. The node shifts toward the end of the QTF prong as the probe length

increases.
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the tungsten needle scarcely deforms in the first eigenmode
shown in Fig. 4a, which explains why the first eigenmode can be
calculated accurately by using previously reported theories
treating the probe as rigid.***¢ Fig. 4b and c show that the
second and third modes are greatly affected by the probe length.
The tungsten needle deforms in these modes, corresponding to
previous reports with FEM*>*" and laser Doppler vibrometer
experiments.** Fig. 4d shows the third eigenmode expanded
around its node in the QTF prong. The node shifts toward the
end of the QTF prong (+x direction) as the probe length
increases from 1.4 mm to 2.0 mm. These results agree with
a previous report that the node in the higher eigenmode of the
gPlus sensor shifts toward the end of the QTF prong as the
probe length increases.* As the node approaches the end of the
QTF prong, the tip oscillation amplitude in the vertical direc-
tion decreases.

Fig. 5 shows the tip oscillation angle from the lateral direc-
tion of the first three eigenmodes calculated from the vertical
and lateral displacements of the tip, §; = arctan |A,/4,|. Note that
although the trajectory of the tip oscillation is in an arc shape, it
can be regarded as linear when the amplitude is sufficiently
small. The tip oscillation angle of the first mode 6, is relatively
close to 90° (normal to the surface) and decreases as the probe
length increases. In the first eigenmode, the displacement of
the QTF prong is barely affected by the probe lengths, and the
tungsten needle barely deforms (see Fig. 4a). Therefore, 4;
increases and ¢, decreases as the probe length increases. The
tip oscillation angles of the second and third modes, 6, and 6,
are relatively close to 0° (parallel to the surface). As the probe
length increases, 6, increases and 6; decreases. That is because
of the variation of those modes of qPlus sensors, especially the
position of the node of the QTF prong described above (also see
Fig. 4b-d).

2.3 Effective spring constants

Next, we derive the effective spring constant of the eigenmodes.
The tip motion in dynamic AFM can be described with a

point-mass  oscillator model.*** We calculated the
effective spring constant of the ith eigenmode k; by equating
the strain energy stored in the sensor,
60

,6‘ 50+ — e

© 40- 1

$ 304 — 6

2, 20+ —- X

0 T T T T T T 1
14 156 16 17 18 198 20

Probe length /[mm]

Fig. 5 The tip oscillation angle of the first (red), second (blue), and
third (green) eigenmodes, 6, = arctan |A,/A|, for the properties listed in
Table 1 while varying the probe length. 6, is relatively close to 90°
(normal to the surface). 6, and 65 are relatively close to 0° (parallel to
the surface).
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15 (e 1 *wi\’
U= 2 L Eqlq (m) dx; + 2 Jo Eyly <W22> dxy, to the

. . . 1
potential energy of a point-mass oscillator, U = EkiAz, where A

is the maximum displacement of the tip, A = \/A,% + 4,2. The
effective spring constant in the vertical and lateral directions
can be described as k;, = k;sin %0; and k;; = k;cos >0,
respectively.®® Fig. 6 shows the probe-length dependence of k, ,
k,1, and k3 j, which are the effective spring constants in its main
oscillation direction. k, ;, varies little with the probe length at 1.9
kN m™", which agrees with previous theoretical studies.** k;
and k;, decrease as the probe length increases. k,, is in the
same order of magnitude as k; ,, and k;; is 10-100 times higher
than & .

2.4 Piezoelectric sensitivities

qPlus sensors utilize the piezoelectric effect to convert the tip
oscillation to electric signals. The piezoelectric sensitivity of
gPlus sensors is dramatically affected by the shape of the
eigenmode.? Piezoelectric charge, Q = Q,7(t), is generated on
the top and bottom electrodes by tip oscillation, where Q, is the
maximum charge in one oscillation cycle, and T(¢) is the
temporal component. Q, is given by**

L b A2
Qy = —hEqd5 [ J 9°0x) d)(xl)dydxl

Jo Jo

(5)
9o(L,)

= —bhE.d
q31 axl )

where d;, is the piezoelectric coupling coefficient, d3; = 2.31 pC
m . The Young’s modulus and sensor geometry are shown in
Table 1. The gradient of the QTF prong at the end of the elec-
trode 0®(L.)/0x, is obtained from the calculated eigenmode
shape. The charge sensitivity of the gPlus sensor S, that is, the
relationship between the oscillation amplitude A and the
maximum generated charge Qo, is given by S, = Q./A. Fig. 7
shows the calculated charge sensitivities, Sgi'c”, Sqai", and
S35%P™, which are the sensitivity of the first three eigenmodes in

their main oscillation direction. 3 v" is kept almost constant

— 1051,\

IE E — Ky
Z 104-! — k2
@ —— — kay

102

L] L] L L) Ll Ll 1

14 15 16 17 18 19 20
Probe length / [mm]

Fig. 6 Effective spring constants calculated by equating the strain
energy stored in the sensor to the potential energy of a point-mass
oscillator for the properties listed in Table 1 while varying the probe
length. The effective spring constant in the vertical direction of the first
mode, ki, (red line). The effective spring constant in the lateral
direction of the second mode, k,, (blue line). The effective spring
constant in the lateral direction of the third mode, ks, (green line).
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oscillation amplitude and the generated charge Sq = Q/A, calculated
for the properties listed in Table 1 while varying the probe length. The
calculated charge sensitivity of the vertical oscillation of the first mode,
Saheo (red line). The calculated charge sensitivity of the lateral oscil-
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lation of the second mode, S;5°” (blue line). The calculated charge
Theory (green

sensitivity of the lateral oscillation of the third mode, Sq75]
line).

at 2.9 uC m~ " while varying the probe length because the shape
of the eigenmode barely changes (see Fig. 4a). S§51" increases
from 0.1 pC m™ " to 0.8 pC m™* as the probe length increases. It
is much lower than S°0™, which corresponds to the gradient of
the QTF prong at the end of the electrode d®(L.)/dx, close to
0 (see Fig. 4b). Sg™ decreases from 5.5 pC m ™' to 1.0 pC m ™'
as the probe length increases. It is, however, higher than

SIheo™ when the probe length is shorter than 1.65 mm.

2.5 Discussion

In this section, we analyzed the characteristics of the eigen-
modes of the qPlus sensor, considering the deformation of the
probe. The probe barely deforms in the first mode, and the
mode shape of the QTF prong is less affected by the probe
length. The second and third modes are coupled oscillations of
the QTF prong and tungsten needle, and the mode shapes are
greatly affected by the probe length. The spring constant of the
QTF prong and the cylindrical part of the tungsten needle,
calculated by using 3EqI,/L° and 3El,/l, are 1.9 kN m™" and
1.2-5.1 kN m™', respectively. The fundamental eigen-
frequencies of the QTF prong and the cylindrical part of the
tungsten needle calculated from their shapes and physical
parameters are 34 kHz and 22-59 kHz, respectively. Thus, the
gPlus sensor with the long tungsten needle can be regarded as
two cantilevers with similar spring constants and eigen-
frequencies, perpendicularly connected at the one's free and the
other's fixed ends. The first mode of the coupled oscillation
system is the first mode of the QTF prong, whose eigenfre-
quency is decreased by the mass and rotational inertia of the
tungsten needle. In the second mode, the first mode of the
tungsten needle is coupled with the fundamental mode of the
QTF prong, in which the free end is weakly constrained. The
third mode is considered to be the coupled oscillation of the
second modes of the QTF prong and tungsten needle. Although
the tip apex oscillates laterally in the second mode, the deflec-
tion of the QTF prong is small, and the gradient of the QTF
prong at the end of the electrode is almost 0. Thus, the piezo-
electric sensitivity of the second mode is low. In contrast, in the
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third mode, the QTF prong deforms, and the gradient of the
QTF prong at the end of the electrode is large. Thus, the
piezoelectric sensitivity of the third mode is high.

The third mode is more suitable for lateral force detection
because the sensitivity of the third mode is expected to be much
higher than that of the second mode. In dynamic LFM, the tip
oscillation angle should be parallel to the surface to suppress
the crosstalk of the vertical force components. However, as the
probe length is increased, #; approaches 0° and
SIPY decreases. That is, there is a trade-off between the
piezoelectric sensitivity and the crosstalk of the vertical force
component in the third mode. We chose a probe length of 1.6—
1.7 mm for the vertical and lateral force detection to obtain
SIEP™Y with the same magnitude as Sgh°c”. The crosstalk of the
vertical force component in the third mode is less than 2

percent.

3 Experiments

3.1 Tip length dependencies on eigenfrequencies and
sensitivities

In this section, the eigenfrequencies and piezoelectric sensi-
tivities of several qPlus sensors with various probe lengths were
experimentally obtained and compared with the theoretical
values. Experimentally, the piezoelectric signal of a qPlus sensor
is measured with a current-to-voltage conversion amplifier. The
voltage sensitivity of the qPlus sensor is given by S, = V,/A,
where Vj is the maximum voltage output of the amplifier in one
oscillation cycle. In this study, we use a differential current
preamplifier,* whose output signal is twice as large as a single
transimpedance system. The frequency response of this differ-
ential amplifier has not been thoroughly examined. However,
assuming that it is similar to that of a single transimpedance
amplifier, the gain of the amplifier is inversely proportional to
the frequency ffor frequencies higher than the corner frequency
fe = 1/(2mRC), where R is the resistance of the feedback resistor
and C is its parasitic capacitance.*® In this study, the corner
frequency is given by f. ~ 40 Hz for R = 20 GQ and C ~ 0.2 pF.
The gain of the amplifier G is assumed to be inversely propor-
tional to the frequency fin the frequency range of the first three
eigenfrequencies of the sensor (10-200 kHz), G = V/I = Gylf,
where G, is a constant of proportionality. Sinusoidally varying
charge Q = Q, exp(2mift) corresponds to a current I = Q =
27ifQ, exp(2mift). Thus, we obtain S, = Vy/A = 2mQGo/A =
2mGoSq. That means the voltage sensitivity of the qPlus sensor
S, in this experimental system should be linear with the calcu-
lated charge sensitivity S.

The gPlus sensors were made for measuring their eigen-
frequencies and piezoelectric sensitivities experimentally. One
prong and the base of the QTF (STATEK Co., TFW 1165, the
geometry and physical parameters corresponding to the values
listed in Table 1) were glued to an alumina substrate. A tungsten
wire (Nilaco Co., diameter: 0.10 mm) was electrochemically
etched in potassium hydroxide (1.2 mol L) and was cut to
various probe lengths (I = 1.53 mm, 1.60 mm, 1.61 mm, 1.68
mm, 1.69 mm, and 1.75 mm), and then was glued to the end of
the free QTF prong by using epoxy glue (EPO-TEK H70E, Epoxy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Technology, Inc). The thermal oscillation of the qPlus sensor
can be used to calibrate its sensitivity."** The thermal noise
spectra of the qPlus sensors were recorded by using a spectrum
analyzer (Agilent Technologies Inc., N9000A) under ambient
conditions at T = 25 °C (spectra are not shown).

Fig. 8a-c show the first three eigenfrequencies of the qPlus
sensors, which correspond to the peak frequencies of the
thermal spectra. The calculated eigenfrequencies are also
shown in these figures for comparison (solid lines, the same
data shown in Fig. 3). The eigenfrequencies experimentally
obtained from the thermal spectra are in excellent agreement
with the theoretical values (the deviation is less than 2 percent).
The thermal peaks of the second mode of three sensors (I = 1.53
mm, 1.60 mm, and 1.61 mm) were not detected, which would be
due to the low piezoelectric sensitivity of the second mode. This
result corresponds well to the theoretical prediction described
in Section. 2.4.

Fig. 8d shows the piezoelectric sensitivities of the first three
eigenmodes of the gPlus sensors derived from the thermal
noise spectra using the calculated effective spring constants.
The sensitivities of the vertical oscillation of the first mode
SEP, of all tested sensors were 83 & 4 uV pm ™. This result is 28
percent lower than previously reported by Huber and Giessibl
(115 uv pm~1).* This is probably due to the different resistance
values of the feedback resistor used in the preamplifier and the
different QTFs used for qPlus sensors in this study. The sensi-
tivities of the lateral oscillation of the second mode Sg3 for
three sensors (I = 1.53 mm, 1.60 mm, and 1.61 mm) were too
low to be detected. Though it increased as the probe length
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increased, it was still much lower than Sffffv. The sensitivity of
the lateral oscillation of the third mode s‘v‘i’;l?l decreased as the

probe length increases. It is higher than Sy3P, for three sensors (I

=1.53 mm, 1.60 mm, and 1.61 mm) and lower than S{{%, for two
sensors (I = 1.68 mm and 1.75 mm). For the sensor with the
probe length of 1.69 mm, Sti", and St have similar values.
This length-dependent sensitivity for the first three eigenmodes
was similar to the theoretically obtained charge sensitivity
S3e°Y. Thus, we experimentally and theoretically confirmed
that the piezoelectric sensitivity depends on the probe length,
which changes the shape of the eigenmode.

3.2 Confirmation of lateral force detection

Finally, we confirmed that the lateral force can be detected
using the third mode of a gPlus sensor with a long probe.
Previous LFM studies have indicated that the main chain
orientation of polymer crystals causes friction anisotropy.**** In
conventional LFM experiments, the tip is in contact with the
sample surface, and the lateral force (friction force) is detected
via the torsional deflection of the cantilever. Friction anisotropy
caused by atomic- or molecular-scale surface structures was also
detected by dynamic LFM without static contact, where the tip-
sample distance was regulated by tunneling current* or
amplitude modulation of lateral tip oscillation.*® Therefore,
friction anisotropy detection in our experimental setup will
reveal the capability of detecting lateral (in-plane) tip-sample
interactions. In this experiment, we used
poly(vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)), which
is a copolymer of vinylidenefluoride (VDF) and trifluoroethylene

= Theory
= Experiment

14 15 16 17 18 19 20
Probe length / [mm]

T 140 . SiY
a 120 " Z Exp
= 100 . " SE‘“
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(a)—(c) Experimentally obtained first (a), second (c), and third (c) eigenfrequencies of the gPlus sensors with various probe lengths (1.53

mm, 1.60 mm, 1.61 mm, 1.68 mm, 1.69 mm, and 1.75 mm). The calculated eigenfrequencies (already shown in Fig. 3) are also shown for
comparison (solid lines). Experimentally obtained eigenfrequencies are in good agreement with the theory. (d) Piezoelectric voltage sensitivities,

Exp

Sv = Vo/A, derived from the thermal spectrum of the gPlus sensors. The sensitivity of the vertical oscillation of the first mode, S¢’F, (red points). The

Exp

sensitivity of the lateral oscillation of the second mode, S;’7) (blue points). The sensitivity of the lateral oscillation of the third mode, S\Exfl (green

points).
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(TrFE). Friction anisotropy on a well-crystalized P(VDF-TrFE)
thin film was detected by lateral-modulation LFM (LM-LFM).**

P(VDF-TrFE) with a VDF/TrFE molar content ratio of 75:25
was provided by Daikin Industries Ltd and used as received. The
melting point (T,,) and the ferroelectric-to-paraelectric phase
transition temperature during the heating process (T, _neat) Of
the copolymer with this content ratio are 147 °C and 123 °C,
respectively.*> A P(VDF-TTFE) film was obtained by spin-coating
2 wt% P(VDF-TrFE)-methylethylketone solution on freshly
cleaved, highly oriented pyrolytic graphite. The film was
annealed for 2 h to improve its crystallinity at 145 °C and cooled
naturally to room temperature under ambient conditions. After
crystallization, the film surface was investigated by bimodal
AFM using a gPlus sensor. The P(VDF-TrFE) crystal shows
highly regulated molecular orientation above T, pes (para-
electric phase), whose friction force was detected uniformly
inside each crystal.** The sample temperature during the AFM
measurement was kept at 125 °C to clarify the friction difference
between differently oriented crystals. The sample was heated by
using a ceramic heater equipped on a sample holder with
a direct current to avoid the noise increase in the signal of the
gPlus sensor.

The gPlus sensor used in this study was made in the same
way described in Section 3.1. The probe length [ and the etched
part length /. were 1.61 mm and 0.17 mm, respectively. The first
three eigenfrequencies confirmed by mechanically forced exci-
tation at 25 °C were 11.6 kHz (f;), 32.9 kHz (f,), and 142.8 kHz
(f3)- They are in good agreement with eigenfrequencies calcu-
lated from the theory described in Section 2, of 11.7 kHz, 32.4
kHz, and 143.2 kHz. The calculated tip oscillation angles were
41.7°,10.8°, and 6.3° for f, f>, and f3, respectively. The first and
third modes were used to detect vertical and lateral forces in the
bimodal AFM experiment. The thermal spectra and transfer
functions around f; and f; of the sensor were measured to
analyze the sensor characteristics (data shown in Fig. S2t). The
voltage sensitivities, Sy 1, and S, 3, obtained from the thermal
noise spectra were 84.4 uV pm ' and 110 pV pm™*, respectively.
There is no “forest of peaks” in the amplitude components of
the transfer functions (Fig. S2c and df), which can cause
instrumental artifacts in the detected signals.

The details of the bimodal AFM setup were already described
elsewhere.”® The experiments are carried out by using a system
based on a commercial AFM (JEOL, JSPM-5200) with a home-
built AFM head made for a gPlus sensor.”” Fig. 9 shows
a block diagram of the bimodal AFM. The first and third
eigenmodes of the sensor were simultaneously excited by using
a lead zirconate titanate (PZT) piezoelectric actuator. The
frequency shift of the first eigenmode Af; was detected by using
a commercial FM demodulator (Kyoto Instruments, KI-2001)
with some modifications. The oscillation amplitude of the
first mode A; was kept constant with an automatic gain
controller, and the energy dissipation in the first mode E; was
measured via the driving amplitude. The third eigenmode was
excited at a constant frequency equal to f; with a constant
driving amplitude. The amplitude and phase of the third
eigenmode, A; and ¢, were detected by using a lock-in amplifier
(NF Electronic Instruments, LI 5640). Such bimodal AFM
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I3

Az, o3 —>» E3

Fig. 9 Block diagram of the bimodal AFM setup. The sensor is
simultaneously mechanically excited at f; and fz. The first mode is
operated by frequency modulation. The frequency shift of the first
mode Af; is detected by an FM demodulator and used for z-feedback.
The amplitude of the first mode A; is kept constant, and the energy
dissipation in the first mode E; is obtained from the driving amplitude.
The third mode is excited at a constant frequency equal to f3, with
a constant driving amplitude. The amplitude and phase of the third
mode (Az and ¢3) are detected by a lock-in amplifier. The energy
dissipation in the third mode Ex is derived from Az and ¢s.

Oscillator

operation is called frequency modulation-amplitude modula-
tion, “FM-AM”. Topographic images were obtained by scanning
the tip on the surface while Af; was kept constant. E;, 43, and ¢;
images were obtained simultaneously with the topographic
image. The energy dissipation in the third mode E; was calcu-
lated from A; and ¢; (details shown in ESI S41). AFM images
were processed by using WSxM software.*®

The bimodal AFM images obtained on the P(VDF-TrFE) film
at a sample temperature of 125 °C are shown in Fig. 10. The
probe oscillated laterally in the y direction at f; as indicated by
the arrow in Fig. 10a. In the topographic image shown in
Fig. 10b, randomly oriented rodlike grains are recognized. This
feature indicates that they were the edge-on lamellae of P(VDF-
TrFE).** In the edge-on lamellae, the molecular chains align
parallel to the film surface and perpendicular to the lamellar
plane, the direction of the short axis of the grains, with folds as
illustrated in Fig. 10a. Fig. 10c and d show E; and E; images
simultaneously obtained with the topographic image shown in
Fig. 10b. E; did not depend on the direction of the grains. In
contrast, E; changed depending on the grain directions. Fig. 10e
shows the line profile of E; on the black lines in Fig. 10d.
Fig. 10d and e show that E; increased between the grains, which
is because of the topographic effects, that the tip strongly
interacts with the surface at the grain edge where the topo-
graphic slope is large, and that the tip interacts with two grains
when the tip is between the grains. Next, we discuss E; in the
grains considering the relationship between the tip oscillation
direction and the molecular orientation in the grains. The short
axis of the grains 1-4 indicated in the topographic image
(Fig. 10Db) tilted 66°, 84°, —12°, and —81° from the +y direction,
respectively. The gray-colored zones in the line profiles
(Fig. 10e) correspond to the numbered grains. Fig. 10e shows

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The bimodal AFM results on the P(VDF-TrFE) film obtained at 125 °C under ambient conditions. (a) Schematic illustration of the P(VDF-
TrFE) edge-on lamellae and tip oscillation at fs. (b) Topography. (c) Energy dissipation in the first mode E;. (d) Energy dissipation in the third mode
Es. (e) Line profile of Ez on the black line in (d). The gray-colored zones in (e) correspond to the numbered grains indicated in (b). The probe length

(and the etched part length [ were 1.61 mm and 0.17 mm, respectively. f; = 11.6 kHz, Q; = 1600, k1, = 1.9 kN mt 6, =

417°, A, =118 pm, fs =

142.6 kHz, Qs = 550, k3, = 58.6 kN m~ 65 = 6.3°, and Azo = 386 pm. Q; and Qs are the quality factors of the first and third modes,
respectively. Az g is the free amplitude of the third mode. These images were taken at Af; = +3.5 Hz.

E%rainl(66°) ~ E%rain2(84°) ~ Egrain4(781°) > EgrainS(flzc’]‘ Thus, Es
decreased when the shorter axis of the grain was parallel to the
tip oscillation direction at f;. Namely, the dissipative tip-sample
interactions detected in the third mode decreased when the tip
oscillated parallel to the molecular chain orientation of P(VDF-
TrFE). The interaction stiffness in the third mode shows
a similar fashion corresponding to the molecular chain orien-
tation (shown in Fig. S41). In a previous LM-LFM study,* the
friction force on the P(VDF-TrFE) film was smaller when the
molecular chain orientation was parallel to the lateral modu-
lation direction. These results indicate that the friction anisot-
ropy on P(VDF-TrFE) was detected by this bimodal AFM and that
lateral force was detected by the third mode of the qPlus sensor
with a long probe.

We should note that E; gradually drifted in the slow scan
direction (y direction) because A; and ¢; drifted (shown in
Fig. S31). It is assumed that the sensor was being heated during
the imaging, which caused the shift of the eigenfrequencies and
the variation of the quality factors. It reproducibly occurs even
after heating 1 h before approaching and keeping under the
imaging conditions over 1 h. Thus, we compared E; at the same
y position in the above discussions.

4 Conclusions

In this paper, we showed a method to simultaneously detect
vertical and lateral force components by using a qPlus sensor
with a long probe. The dynamics of the gPlus sensor with a long
probe were theoretically studied by solving the equations of
motion of the coupled oscillation of a QTF prong and probe.
The eigenfrequencies, eigenmode shapes, tip oscillation angles,
effective spring constants, and piezoelectric sensitivities of the
first three eigenmodes were analyzed. The calculated first
eigenmode indicates that the probe barely deforms, which
supports previously reported theories with rigid probe
approximation.***® The probe length greatly influences the
second and third modes. In these modes, the probe deforms,
and the lateral tip oscillation is dominant, corresponding to
previous reports with FEM**** and vibrometer experiments.*
The calculated eigenfrequencies were in excellent agreement

© 2023 The Author(s). Published by the Royal Society of Chemistry

with the experimentally obtained values, which indicated the
validity of our mathematical method. The probe-length depen-
dence of the calculated piezoelectric sensitivities agreed with
that of the sensitivities derived from thermal spectra. It was
theoretically and experimentally revealed that the piezoelectric
sensitivity of the third mode is much greater than that of the
second mode due to the eigenmode shape. These calculation
results indicated that the eigenmodes of the qPlus sensor are
affected by not only the mass and rotational inertia of the probe
but also its stiffness and deformation. Eigenmode analysis
taking into consideration the probe deformation, as shown in
this study, is also important for the force sensor built from
multiple components except for qPlus sensors, such as length-
extension resonator sensors®’ and cantilevers with a carbon
nanotube probe.*®

Also, we experimentally revealed that the developed bimodal
AFM can detect lateral tip-sample interactions. The friction
anisotropy on P(VDF-TFE) was investigated in the third mode,
and the energy dissipation in the third mode corresponded well
to the molecular chain orientation in the lamellae grains. Since
the gPlus sensor can be applied to various liquid environments,
including lubricant oils,* this method would be useful for
studying various phenomena at solid/liquid interfaces, such as
lubrication.
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