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Revealing the Mechanism Underlying 3D-AFM Imaging of
Suspended Structures by Experiments and Simulations

Mohammad Shahidul Alam, Marcos Penedo,* Takashi Sumikama,* Keisuke Miyazawa,
Kaori Hirahara, and Takeshi Fukuma*

. . . . 1. Introduction
The invention of 3D atomic force microscopy (3D-AFM) has enabled

visualizing subnanoscale 3D hydration structures. Meanwhile, its applications ~ Atomic force microscopy (AFM) was orig-
to imaging flexible molecular chains have started to be experimentally inally developed for visualizing 2D sur-

1 .. . . face structures by strongly fixing the
explored. However, the validity and principle of such imaging have yet to be

. ) . L ) ] sample to the substrate. A sharp tip af-
clarified by comparing experiments and simulations or cross-observations fixed to a cantilever scans the sample

with an alternative technique. Such studies are impeded by the lack of an in the XY directions, thereby producing
appropriate model. Here, this difficulty is overcome by fabricating 3D carbon a high-resolution 2D topographical im-
nanotube (CNT) structures flexible enough for 3D-AFM, large enough for age of the specimen. Despite its remark-

; : 0 0 g able capability to generate surface im-
scanning electron microscopy (SEM), and simple enough for simulations.

ages with sub-nanometer resolution,!!!
the methodology falls short in furnish-
ing crucial 3D information regarding the

SEM and 3D-AFM observations of the same model provide unambiguous
evidence to support the possibility of imaging overlapped nanostructures,

such as suspended CNT and underlying platinum (Pt) nanodots. Langevin sample. Moreover, there was a belief
dynamics simulations of such 3D-AFM imaging clarify the imaging that AFM could obtain high-resolution
mechanism, where the flexible CNT is laterally displaced to allow the AFM images only when the sample was an-

chored firmly to a substrate. Although
there is a technique that can success-
fully reconstruct the 3D surface topog-

probe access to the underlying structures. These results consistently show
that 3D-AFM images are affected by the friction between the CNT and AFM

nanoprobe, yet it can be significantly suppressed by oscillating the cantilever. raphy of intricate structures from 2D
This study reinforces the theoretical basis of 3D-AFM for imaging various 3D images ! this method lacks vertical ex-
self-organizing systems in diverse fields, from life sciences to interface tension, making it excel at v1suahzn}g de-
sciences tailed 3D surface profiles but unsuitable

for imaging the internal structures of 3D
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objects. These drawbacks are overcome with the development of
3D-AFM.B#]

In 3D-AFM, the tip scans through a multidimensional space,
recording forces in both vertical and lateral directions to produce
a 3D force map of the sample. It captures time-average density
distributions of the surrounding water and surface structures, of-
fering valuable insights into their spatial arrangement. This pow-
erful technique has been employed widely to obtain atomically re-
solved images of solid-liquid interfaces on various surfaces,!>>~12]
revealing the distinguished molecular structure of liquid in con-
trast to its arrangement in the bulk region, known as hydration
structure. Such imaging is enabled by the self-organization ca-
pability of the hydration structure, wherein a tip disturbs the
organization during scanning, yet upon removal, the original
structure seamlessly recovers due to its self-organization ability.
It also visualizes the interfacial hydration structure formed on
soft biomolecules such as lipid membranes,[**!*] proteins,!** or
DNA.[*>16] The ability of 3D-AFM to visualize and analyze such
fine details has contributed significantly to our understanding of
interfacial phenomena and the behavior of liquids at the molec-
ular level. Moreover, the imaging mechanism of hydration struc-
ture measurement is well established through the development
of the theoretical model and detailed comparison of experimental
results with molecular dynamics simulations.[>817-23]

3D-AFM measurements of hydration structures paved the
way for exploring structures bestowed with self-organizing ca-
pabilities. Thus, researchers from different fields employed
this remarkable technique to observe flexible surface struc-
tures. Asakawa et al. first visualized the thermally fluctuating
lipid headgroups at the lipid-water interface with subnanome-
ter resolution.['®! Later, Suzuki et al. observed hemicylindrical
adsorption structures of surfactants on a graphite surface with
nanoscale resolution.[?*] Recently, Penedo et al. reported the 3D
intracellular imaging of living cells by the nanoendoscopy-AFM
technique.?>! This approach introduces a sharp AFM nanoprobe
inside the living cells and visualizes suspended actin fibers.!*!
Furthermore, the 3D configuration of flexible surface structures,
including polymers!'?% and surfactants(?’?¢] has also been re-
ported. Despite the availability of results related to measuring
flexible structures by 3D-AFM, the imaging mechanism is not
well established. Fundamentally, the imaging mechanisms of hy-
dration structures and flexible structures are different. In hy-
dration structure measurements, the water moves much faster
than the tip. So, we can assume the system is always equili-
brated. Thus, its mechanism has been extensively studied based
on statistical mechanics theory.?>2! This theory is not necessar-
ily applicable to the measurements of flexible surface structures,
where the tip velocity can be comparable to or faster than the
movement of target objects.?”! Therefore, there is a strong de-
mand for clarifying the imaging mechanism of flexible structures
by 3D-AFM.

All the previous reports(11132428] gyogest that there is a good
possibility of observing the flexible structures by 3D-AFM, but it
is not fully convincing due to a poor understanding of the imag-
ing mechanism. The challenge lies also in our inability to con-
firm or cross-validate the obtained results by other techniques,
as other methods lack the capability to produce an image of
molecular-scale 3D structures in liquid as 3D-AFM. Moreover,
the limited understanding of the target structure forces us to rely
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on speculation based on the appearance of the structure in the
3D-AFM results. Therefore, it would be ideal to prepare a slightly
larger and well-defined 3D model structure that can be observed
using other techniques. This would enable a thorough compari-
son of the results with AFM images and help to interpret the re-
sults more precisely, as there would be an accurate understand-
ing of the target sample. In addition, a deep understanding of
the model structure enables us to conduct accurate simulations
to understand the imaging mechanism of flexible structures.

The flexible structures, being suspended rather than firmly at-
tached to a solid substrate, require being careful during imaging
to minimize disturbance. This involves reducing the force, fric-
tion, or adhesion exerted by the scanning tip. However, there are
currently no studies addressing this aspect, highlighting the need
to optimize the ideal conditions for accurate measurements.

In this study, we demonstrate that 3D-AFM can visualize the
3D configuration of vertically overlapped nanoscale structures by
imaging a suspended carbon nanotube (CNT) fiber with under-
lying nanodots, and investigate the mechanism and optimal con-
ditions for such imaging through a combined experimental and
computational approach. The fabrication of the 3D CNT model
structure was performed by focused ion beam-scanning electron
microscopy (FIB-SEM) combined with a nanomanipulation tool.
To optimize the conditions for imaging flexible structures, we
conducted 3D-AFM measurements of the fabricated model struc-
ture in different AFM operational modes (static and dynamicl®?}).
In addition, we performed the Langevin dynamics simulation
of a CNT fiber with an AFM nanoprobe to understand the 3D-
AFM imaging mechanism of flexible structure. Furthermore, to
provide direct unambiguous evidence supporting the capability
of 3D-AFM to visualize vertically overlapped 3D nanostructures,
we measured the model CNT structure with the underlying plat-
inum (Pt) nanodots, providing a method to tridimensionally re-
construct the structure of interest from the collected 3D data.

2. Results and Discussion
2.1. Fabrication Method of 3D CNT Model Structure

In this study, we first established a method to microfabricate 3D
CNT model structures by FIB-SEM-based tools. For a precise ma-
nipulation of the CNTs during the construction of the 3D struc-
ture, we used a nanomanipulator integrated within our SEM.
Figure 1a—f schematically exhibits the fabrication process, and
Figure 1g-1 shows their corresponding SEM images.

First, multi-walled CNTs with a diameter of a few tens of
nanometers were attached to the edge of a silicon (Si) cartridge
as shown in Figure 1a. Details about the fabrication process of
Si cartridges with CNTs are discussed in the experimental sec-
tion. A tungsten (W) probe was inserted into the probe holder of
the nanomanipulator, positioned at a 45° angle from the surface
of the Si cartridge (Figure 1a). The W probe was carefully posi-
tioned at the same height as the CNT to facilitate afterward the
contact between them, as depicted in the SEM image of Figure 1g.
The CNT snapped into the W probe when they came into very
close proximity, because of the van der Waals force. To further
enhance the joint strength, the Electron Beam Deposition (EBD)
technique was employed to deposit carbon through a nearby
gas injecting system (GIS) as shown in Figure 1b. The SEM
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Figure 1. Fabrication method of the 3D CNT model structure. a—f) Schematic illustration of the fabrication process and g-I) their corresponding SEM

images.
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Figure 2. 3D-AFM measurements of the suspended CNT fiber. a) Schematic of the 3D-AFM measurement, where AFM nanoprobe measured the CNT
fiber by measuring F-z curves within a designated area. SEM image of b) the 3D CNT model structure and c) the carbon EBD nanoprobe used for the
3D-AFM measurement. d) 2D height image simultaneously obtained with 3D force mapping of the CNT model structure. 2D and 1D data derived from
the 3D data obtained by the 3D-AFM measurements of the suspended CNT fiber in the different AFM operational modes: €) the static mode, f) the
first resonance in dynamic mode, g) the second resonance in dynamic mode. All these experiments were performed in the same region indicated by
the white square in (d). i) Contact point maps (see Figure S1, Supporting Information for more details). ii) xy cross sections were taken at the vertical
position denoted by the horizontal dotted lines in (iii). iii) AB cross sections were obtained perpendicular to the CNT, indicated by line AB in (ii). iv) CD
cross sections were obtained along the CNT, indicated by the line CD in (ii). v) F-z curves were measured at the position indicated by the vertical dotted

line in (iii).

image in Figure 1h illustrates the CNT strongly joined with the
W probe following carbon deposition. Afterward, the CNT was
gently lifted by the W probe, eventually being detached from the
Si cartridge (schematic representation in Figure 1c). The SEM
image of Figure 1i depicts the successful pulling of CNT, lying
attached to the W probe. In this case, the diameter of the CNT
was ~30 nm. During this process, it is important to pay attention
to the pulling direction to avoid any midsection fractures in the
CNT.

Subsequently, two rectangular platinum (Pt) pillars were fabri-
cated by the EBD technique on the 30 nm gold-coated Si substrate
as illustrated in Figure 1d,j. These pillars were positioned 2 um
apart from each other. The length and thickness of each pillar
were 1 and 0.5 pm, respectively. After fabricating Pt pillars, the
next step involved carefully positioning the CNT on top of these
pillars. With the help of a nanomanipulator, we precisely handle
the W probe to establish contact between the CNT and Pt pillars.
Right after, we deposited carbon on both contact points to enforce

Small Methods 2024, 2400287

the junction bonding as shown in Figure le. Once the CNT was
strongly attached, the W probe was carefully withdrawn, allowing
the CNT to remain on the pillars, as illustrated in Figure 1f. The
SEM image in Figure 1k showcases the 3D CNT model structure
on a gold-coated Si substrate, after withdrawing the W probe. The
joint between the CNT and Pt pillars should be strong enough to
prevent any movement of CNT during the detachment of the W
probe. The side view of the structure in Figure 11 confirms that
the CNT was suspended above the ground.

2.2. 3D-AFM Measurement of Suspended CNT Fiber

Figure 2a depicts the schematic illustration of the 3D-AFM mea-
surement technique. The 3D CNT model structure shown in
Figure 2b was immersed in water for the measurement. We per-
formed the experiment in liquid because 3D self-organizing sys-
tems are abundant in the liquid environment. A long carbon
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nanoprobe fabricated by the EBD technique on a commercially
available silicon cantilever (OPUS 240AC, spring constant: k =
3 N m™!), was used to perform the 3D-AFM measurement of
the CNT model by acquiring force versus distance (F-z) curves
at different positions in the desired area (as schematically shown
in Figure 2a). An example of such a nanoprobe is displayed in
Figure 2c, where the length is 2.5 um, a base diameter below
130 nm and a tip radius ~15 nm. Details about the nanoprobe
fabrication process are described in the experimental section.
The length of the nanoprobe was sufficient to traverse the CNT
and reach the substrate.

Two distinct methods were applied for the 3D-AFM mea-
surements with the aim of optimizing ideal conditions for 3D
imaging of suspended structures. These are known as static
and dynamic modes. In the static mode, the nanoprobe de-
scends vertically until it reaches the predefined force set point
before retracting. Figure 2e presents the 3D-AFM results of sus-
pended CNT fiber obtained in static mode. On the other hand,
in the dynamic mode, the nanoprobe descends vertically while
simultaneously oscillating the cantilever with a certain ampli-
tude at its resonance frequency. The tip retracts when the can-
tilever’s oscillation amplitude decreases to a certain setpoint.
Figure 2f,g depicts the 3D-AFM results of suspended CNT fiber
acquired in the dynamic mode by oscillating the cantilever at its
first (Figure 2f) and second (Figure 2g) resonance frequencies,
respectively.

Figure 2d presents a 2D height image simultaneously obtained
with 3D force mapping of the CNT model structure. We selected
a small region, highlighted by a white square in Figure 2d, for
the measurement of the CNT in different modes for compari-
son. The illustrations in Figure 2e-g-i depict the surface topog-
raphy of the CNT obtained through contact point (CP) mapping
in various modes of 3D-AFM. (see Figure S1 (Supporting Infor-
mation) for details about the method of CP mapping). Although
there is no significant difference in the CP mapping between
static and the first resonance in dynamic modes, a notable reduc-
tion in the apparent width is observed at the second resonance
in dynamic mode (Figure 2e—g-i). The xy cross sections shown in
Figure 2e—g-ii are taken at the vertical tip position denoted by the
horizontal dotted lines in Figure 2e—g-iii.

The differences in various modes of 3D-AFM operation for
measuring the suspended CNT fiber are clear in the AB and CD
cross sections (Figure 2e—g-iii,iv). These cross sections were ob-
tained in two orientations: perpendicular to the CNT (AB) and
along its length (CD) (Figure 2e—g-ii). During the 3D-AFM imag-
ing, when the tip attempted to reach the substrate by surpassing
the CNT, the remarkable flexibility of CNT led to a gentle lateral
displacement after a repulsive interaction with the tip to a cer-
tain point, allowing the tip to reach the substrate. Once the tip
retracts, CNT promptly returns to its initial position. The intense
red contrast indicates the position of CNT as the tip required
higher forces to overcome the CNT. The contrast observed be-
neath the CNT arises from lateral friction occurring between the
CNT and nanoprobe walls as it progresses toward the substrate.
It is clearly visible that lateral friction in the static mode is much
higher than in both dynamic modes (Figure 2e—g-iii,iv). More-
over, the second resonance in dynamic mode shows a further re-
duction in friction compared to the first resonance in dynamic
mode (Figure 2g-iii,iv).
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This characteristic is also evident in F-z curves (Figure 2e-g-v)
derived from the AB cross sections at a specific position indicated
by the vertical dotted line in Figure 2e-g-ii. After the tip con-
tacts the CNT and continues traveling down toward the surface,
the vertical force exerted by the cantilever experiences a gradual
rise until the CNT is laterally displaced. This results in a notice-
able force drop, a clear signature that the nanoprobe overcame
the CNT obstacle. This critical event can be observed in the form
of a force peak in the approach curve depicted in Figure 2e—g-v.
Then, the cantilever’s vertical force exhibits an extended plateau
and concludes with a sharp monotonous increase, indicating the
tip reached the gold substrate. Subsequently, the tip retracts by a
few micrometers, far from the CNT. In the static mode, the pres-
ence of a large force offset and minor peaks within the plateau
region indicate higher friction between the CNT and nanoprobe
walls, which are significantly reduced in both dynamic modes.

Notably, 20 nm,, , oscillation amplitude was used for exciting
the cantilever at the first resonance in dynamic mode which led to
lower friction between the CNT and nanoprobe walls compared
to the static mode. To understand the potential correlation be-
tween oscillation amplitude and friction, we performed the 3D-
AFM measurements of the CNT structure by varying the oscilla-
tion amplitude at the first resonance in dynamic mode as shown
in Figure S2 (Supporting Information), and found that the am-
plitude over ~9 nm,,, is sufficient for reducing the friction.

These results highlight the impact of oscillating the can-
tilever in dynamic mode, revealing a significant reduction in
the nanoprobe’s adhesion to the suspended CNT structure.
The continuous vibration plays a pivotal role in hindering sta-
ble and strong adhesion between the tip and CNT, hence pro-
ducing lower friction in dynamic mode, facilitating the 3D re-
construction of flexible structures while minimizing potential
damage.

2.3. Langevin Dynamics Simulations

To understand the imaging mechanism of a flexible structure
with 3D-AFM, we performed the Langevin dynamics simula-
tions for a single CNT fiber and a nanoprobe employing a poly-
mer model, as shown in Figure 3. Moreover, in 3D-AFM mea-
surements of the CNT model structure (Figure 2), we interpret
that CNT undergoes lateral displacement to facilitate the AFM
nanoprobe to reach the substrate. Additionally, we found that
the friction between CNT and nanoprobe walls significantly de-
creased when oscillating the cantilever in dynamic mode. The
Langevin dynamics simulation can validate and help to gain
deeper insights into these dynamic scenarios. The simulation
shown in Figure 3, oscillated the nanoprobe at the same ampli-
tude and frequency as the first resonance in dynamic mode of the
experiment, replicating the conditions illustrated in Figure 2f.

The schematic of the simulation model, including the speci-
fications of the nanoprobe, is presented in Figure 3a. The shape
of the nanoprobe attempts to replicate the tip used in the experi-
ments. The 2D xz cross section generated from the simulation is
shown in Figure 3b, where red contrast highlights the position of
the CNT. This simulated cross section closely resembles the cor-
responding experimental cross section AFM image illustrated in
Figure 2f-ii.
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Figure 3. Langevin dynamics simulation of the suspended CNT fiber. a) Simulation model with detailed Information about the nanoprobe. b) xz cross
section of the 3D-AFM image at the center of CNT, in the dynamic mode. c) F-z curve obtained at the position indicated by the vertical dotted line in (b).
d) Enlarged view of the F-z curve at the region highlighted by the black square in (c), segmented into four sections to understand the interaction between
CNT and nanoprobe during imaging. e,f) Front and side views of the snapshots of the simulation model at each of the four sections. i) Nanoprobe
approach toward the CNT. ii) Nanoprobe contact with CNT. iii) CNT undergoes bending due to nanoprobe indentation. iv) CNT was laterally displaced
and allowed the nanoprobe to reach the substrate.
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Figure 4. 3D-AFM measurement of the overlapped nanostructures. a) SEM image of the 3D structure with the suspended CNT and Pt nanodots beneath
it. b) 3D-AFM map of overlapping nanoscale structures (0.5 x 0.5 x 2.2 um?) obtained at the area highlighted by the yellow box in (a). ) F-z curve derived
from the measured 3D force map. d) Force gradient versus distance curve obtained by differentiating the curve shown in (c). The region below —8 mN m~!
(highlighted by blue color) was extracted and shown in (b) to visualize the CNT.

To elucidate the interaction characteristics as the nanoprobe
attempts to pass through the CNT, a single F-z curve (Figure 3c)
is obtained at the position of the CNT, indicated by the vertical
dotted line in the simulated xz cross section (Figure 3b). A signif-
icant force peak is observed in the approach curve, aligning well
with the peak seen in the experimental curve (Figure 2-v) which
arises from the interaction between the nanoprobe and CNT. A
magnified region around the force peak in the approach curve is
presented in Figure 3d, where we categorize this region into four
sections indicated by arrows (1)—(4) to provide a more detailed
explanation of the interaction between the nanoprobe and CNT.
The corresponding snapshots during the four sections from front
and side views are presented in Figure 3e,f, respectively.

In the initial phase (i), the nanoprobe is far from the CNT.
Thus, there is no observable cantilever deflection or vertical force
(arrow (1) in Figure 3d). As the nanoprobe vertically moves
down, it establishes contact with the CNT (arrow 2), as shown
in Figure 3e,f-ii. From here, the cantilever’s vertical force rapidly
increases as the nanoprobe continues to descend, as indicated
by arrow (3) in Figure 3d. This sudden increase in force results
in the bending of the suspended and adequately flexible CNT, as
seen in the snapshot in Figure 3e, f-ii. After certain repulsive in-
teractions, the CNT undergoes lateral displacement, as evident
in Figure 3e,f-iv. This displacement, in turn, leads to a sharp de-
crease in the vertical force exerted by the cantilever (arrow 4 in
Figure 3d) and allows the nanoprobe to reach the beneath. This
validates the explanation provided in Figure 2. As the nanoprobe
passes through the CNT fiber, the force reduces significantly (ar-
row (4) in Figure 3d) which is consistent with the experimental
observation (Figure 2f-iv). Moreover, the continuous vibration of
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the nanoprobe, as seen in Movie S1 (Supporting Information),
likely hinders the establishment of the strong adhesion to the
CNT fiber. The CNT returns to its previous position after the
nanoprobe retraction, as shown in Movie S1 (Supporting Infor-
mation).

2.4. Demonstration of 3D Imaging of Overlapped Structures

AFM was initially developed to visualize and study the 2D sur-
face structures of a sample. Technological development further
extended the AFM capabilities to provide sample information in
three dimensions. To demonstrate that 3D-AFM can simultane-
ously visualize vertically overlapped 3D nanoscale structures, we
fabricated a 3D structure with a suspended CNT fiber and un-
derlying Pt nanodots as displayed in Figure 4a. In contrast to the
3D model structure shown in Figure 1, this arrangement features
several Pt dots fabricated beneath the CNT to introduce specific
target structures. The fabrication process is similar to the steps
discussed in Section 2.1. First, a Si substrate with 30 nm gold-
coated was used to fabricate two rectangular Pt pillars by EBD
technique. Then, Pt dots were fabricated by the same EBD tech-
nique and strategically positioned between the two rectangular
Pt pillars (the SEM image can be found in Figure S3, Supporting
Information). These Pt dots measure less than 100 nm in length
and have a diameter of ~50 nm. It is important to minimize the
sample drift as much as possible before the fabrication of Pt dots
to precisely position them. Lastly, CNT was picked from the Si
cartridge with the W probe and placed carefully on top of the Pt
pillars (Figure S3, Supporting Information).

© 2024 The Author(s). Small Methods published by Wiley-VCH GmbH
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3D-AFM measurement was conducted in dynamic mode
within the region highlighted by the yellow box in Figure 4a.
The carbon tip used for this measurement is shown in Figure S3
(Supporting Information). The F-z curves acquired by the mea-
surement were processed to construct the 3D map of suspended
CNT with Pt nanodots. First, decimation was applied to reduce
the number of z pixels. Then, the unnecessary upper part of the
3D data was cut, and background subtraction was performed with
linear fitting. After average filters were applied, the F-z curve is
shown in Figure 4c, where the strong force peak appeared due
to the CNT. At this point, the simple threshold filter is not ap-
plicable for extracting the CNT fiber components because there
are many cases where the background friction forces exceed the
threshold. As a result, we performed differentiation of the force
curves and extracted the force gradient distribution (highlighted
by blue color in Figure 4d) to visualize the CNT (see Figures S4
and S5, Supporting Information for more details on the data pro-
cessing and 3D visualization method). The resulting 3D map of
the measured volume is presented in Figure 4b, revealing the
presence of suspended CNT and Pt nanodots beneath it. The
above demonstration provides unambiguous evidence support-
ing the capability of 3D-AFM to visualize vertically overlapped
3D nanostructures.

3. Conclusion

In this study, we have demonstrated that 3D-AFM can visu-
alize the 3D configuration of vertically overlapped nanoscale
structures by imaging a suspended CNT fiber with underlying
nanodots and have investigated the mechanism and optimal
conditions for such imaging through a combined experimental
and computational approach. We have fabricated the 3D model
nanostructure featuring suspended CNT on Pt pillars (Figure 1).
We designed this model structure large enough to be imaged by
SEM while small enough to be observed by 3D-AFM in differ-
ent operational modes. The 3D-AFM results revealed that the
dynamic mode significantly reduces the friction between the
AFM nanoprobe, and CNT fiber compared to the static mode
(Figure 2). In addition, this friction was further reduced at the
second resonance in dynamic mode compared to the first one.
This finding will greatly contribute in reducing the disturbance
of self-organizing systems while measuring with the 3D-AFM
technique.

The Langevin dynamics simulation revealed how the flexi-
ble suspended CNT undergoes lateral displacement after repul-
sive interactions (Figure 3), enhancing our understanding of the
imaging mechanism of flexible structures. The simulation fur-
ther revealed that the continuous vibration of the cantilever in
dynamic mode hinders the establishment of stable and robust
adhesion between the CNT and nanoprobe. Consequently, this
phenomenon results in reduced friction during dynamic mode
operations, thereby facilitating the 3D imaging of flexible struc-
tures while concurrently minimizing potential damage.

Furthermore, we demonstrated the capability of 3D-AFM to si-
multaneously observe vertically overlapped nanoscale structures
by imaging a suspended CNT fiber with Pt nanodots beneath it
(Figure 4). This demonstration not only contributes to a deeper
understanding of the mechanism behind the simultaneous imag-
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ing of overlapped structures but also instills confidence in the
effectiveness of this advanced technique.

Until now, this method has primarily been confined to mea-
suring hydration structures. However, here we have successfully
introduced unambiguous evidence to support the feasibility of
extending this methodology to the observation of larger-scale
flexible 3D structures. In addition, we have provided a detailed
comparison between experimental and simulated results, eluci-
dating the theoretical basis for it. As a result, this work would
significantly broaden the application scope of 3D-AFM, extend-
ing beyond hydration structure measurement to a broad range
of 3D self-organizing systems. In particular, since many of the
micro/nanostructures in biology are self-organized by individual
biomolecules, the advancements made in this study may poten-
tially lead to more detailed and accurate AFM analysis of various
3D biological systems such as cells, organelles, chromosomes,
and vesicles.

4. Experimental Section

AFM Nanoprobe Fabrication: The carbon nanoprobes were fabricated
on OPUS 240AC cantilever (240 um length, 3 N m~ spring constant) by
the EBD technique in a Helios G4 CX dual beam system (FEI, Thermo
Fisher Scientific, USA), as described previously.[?] The carbon gas source
was injected from a nearby GIS that used naphthalene (C;oHjg) as a gas
precursor. Then, the deposition was achieved by using an electron beam to
dissociate the gas within the area of the scanned beam. The electron beam
acceleration voltage was set at 15 kV, the current at 0.17 nA, and the work-
ing distance at 4.1 mm. First, the silicon tip of the cantilever was trimmed
a bit with FIB to make the fabrication area flat. Then, a few nm thick car-
bon film was deposited to increase the adhesion of the nanoprobe with
the trimmed surface of the tip. Finally, a 2 um long nanoprobe (120 nm in
diameter) was fabricated by depositing carbon for ~4 min. The cantilever
was tilted by 10° for the fabrication to the center axis to compensate for
the mounting angle of the AFM cantilever holder.

Sample Preparation: A Si cartridge equipped with CNTs was prepared
using the following method by partly referring to previous reports.[31:32]
First, Pt was coated on the Si cartridge with a thickness of 30 nm to make it
conductive using a dc sputter coater (KST-CSPS-KF1, K’s Tech). Next, CNT
powder (412988-2G, Sigma-Aldrich) was dissolved in ethanol (14713-95
Nacalai Tesque Inc.) to prepare a CNT suspension. Then, the suspension
underwent sonication using an ultrasonic homogenizer (UX-050, MITSUI,
equipped with a 3 mm diameter tip and 500 W maximum power capabil-
ity). After that, 250 pL of the CNT suspension was dropped onto aluminum
foil placed on a hot plate. The solution was heated at 400 °C for 30 min
to volatilize the ethanol. After 30 min, the Si cartridge was gently traced
over the aluminum foil; as a result, CNTs adhered at the edge of the Si car-
tridge. These are single and multi-walled CNTs with ~40 nm in diameter
and ~10 um in length.

The W probe used in the nanomanipulator (EasyLift) was purchased
from MicroSupport (102 466), Japan. Before the fabrication of the model
CNT structure, the Si substrate was coated with a 30 nm layer of gold by
using a dc sputter coater. Then the model CNT structure was fabricated as
described in Figure 1. The distance between the structure and the Si sub-
strate’s edge was calculated to ensure proper alignment of the tip position
during the AFM measurements. The acceleration voltage and working dis-
tance in the SEM were kept at 5 kV and 4.1 mm respectively. For the AFM
measurements, the CNT structure was put in a 35 mm plastic dish (TPP,
Techno Plastic Products AG, Trasadigen, Switzerland) and filled with 2 mL
of milli-Q water.

3D-AFM Measurements: The 3D-AFM measurements were performed
by JPK Nanowizard 4 BioAFM (Bruker Nano GmbH, Berlin, Germany).
The nanoprobe was aligned with the position of the CNT structure and
multiple F-z curves were measured. The 3D-AFM measurements were
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performed in two different manners, the static and dynamic modes. In the
static mode, the nanoprobe vertically goes down until it reaches the prede-
fined setpoint. Then, the nanoprobe retracts completely. This mode is also
known as QIl-mode in JPK system. In the dynamic mode, the nanoprobe
vertically goes down while simultaneously oscillating the cantilever at its
resonance frequency, with an oscillation amplitude of ~20 nm,, ;. The tip
retracts when the cantilever’s oscillation amplitude decreases to a certain
limit (known as AC-mode force mapping in JPK system). All the measure-
ments were carried out at room temperature (25 °C). Sensitivity and can-
tilever stiffness were calibrated by the thermal noise method implemented
in the JPK system. All AFM data were processed by custom-built LabVIEW
(National Instruments, USA) software.

Figure 2e shows the 3D-AFM results obtained in static mode where the
force setpoint was 40 nN. Figure 2f presents the 3D-AFM results obtained
in the dynamic mode where the cantilever oscillates at its first resonance
frequency with an oscillation amplitude of 20 nm,,. The excitation fre-
quency was 27.48 kHz, and the amplitude set point was 56%. Figure 2g
presents the 3D-AFM results obtained in the dynamic mode where the
cantilever oscillates at its second resonance frequency with the same os-
cillation amplitude. The excitation frequency was 163.41 kHz, and the am-
plitude setpoint was 75%. The measured volume in Figure 2e—g were 0.5
x 0.5 x 3 um3 with 32 x 32 x 3000 pixels. The vertical approaching and
retracting speed of the nanoprobe was 30 um s~'. All the measurements
in Figure 2e—g were done exactly in the same area of the CNT.

The 3D-AFM map displayed in Figure 4 was acquired in the first reso-
nance dynamic mode where the free oscillation amplitude was 20 nm_ .
The excitation frequency was 28.34 kHz and the amplitude setpoint was
47%. The measured volume was 0.5 x 0.5 x 3 um? with 64 x 64 x 3905
pixels. The vertical approaching and retracting speeds of the nanoprobe
were 30 and 50 um s~ respectively. Voxler 3 (Golden Software) was used
for the 3D visualization of the CNT with underlying Pt nanodots shown in
Figure 4b.

Computational Details to Simulate 3D-AFM Images of a CNT Fiber:  The
system was composed of a single CNT fiber and an AFM probe. A bead-
spring CNT modell33] was employed for the CNT fiber; that is, the total
energy representing the CNT fiber is the sum of bond energy, bending
energy, and the Lennard-Jones potential. The following parameters were
modified from the double wall CNT parameters in referencel?] to mimic
the thick CNT of 30 nm diameter in water. The equilibrium distance be-
tween beads (r, in referencel*?]) was changed to 30 nm. The spring con-
stant of the bending energy (kg in referencel®3l) was increased by a fac-
tor of ten (900,000 kcal mol~' rad~?) to account for thickness. Since ey
of the Lennard-Jones potential is considered to be decreased because of
the screening of water, three smaller values (10, 20, and 36 kT, where k
and T are the Boltzmann constant and the temperature, respectively) than
the original value in referencel*3] (72 kT) were tested to find an appro-
priate one (Figure S6, Supporting Information). The experimental results
were best reproduced when ¢ ; = 10 kT (20 kT may be a possible choice).
The number of beads in the CNT model was 50, and they were placed
aty =30 to 1,500 nm at each 30 nm. The particles at both ends of CNT
were harmonically fixed at the initial positions with a spring constant of
1072 kcal mol™" nm=2 to mimic the experimental setup.

A taper shape probe model was developed with a smooth to rough sur-
face. The cone angle of the model was 10 degrees: the radius of the probe
at the tip end was 15 nm at z = 0 nm and linearly increased up to 60 nm
at z = 514.35 nm. This shape is almost the same as that used in the ex-
periments. The smoothness (or roughness) was mimicked by the spacing
between beads in the probe: the surface is rough when the spacing is large
(see Figure S7, Supporting Information). Four spacing values of 6, 12, 18,
and 30 nm were examined to find an appropriate one to mimic the surface
roughness of the probe (Figure S7, Supporting Information). The spacing
of 12 nm was found to best reproduce the experimental results (6 nm may
be a possible choice). As an interaction between the CNT fiber and probe,
the shifted Lennard-Jones potentiall®4l (V1) was employed:

12 6
O-Lj O'LJ
Vi ()= ey { <’— ’shift> B <’— rshift> } 0
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where ry,i¢ is to describe the excluded volume of the probe while keep-
ing the attraction small between CNT and probe represented by o,
(2 nm, which is slightly larger than the original parameter in reference[”“
(1.97 nm)). Since rg,ig + oy is the sum of the CNT fiber and probe radii,
Iepife Was set to 73 nm.

The Langevin equation of motion was solved to evolve the time.[**] The
temperature was set to 300 K. The effective mass of beads (m) should in-
clude the hydrodynamic viscosity of CNT fiber in water, but this value is
currently unknown. As such, m of 0.2, 2, 20, 200 ng were examined and
found that m of 20 ng best reproduces experimental results. All the pa-
rameters that best reproduce the experiments were tabled (Table S1, Sup-
porting Information) and were used to simulate all the figures in the main
text. The time step was 10 ns for m = 0.2 and 2 ng and 100 ns for m = 20
and 200 ng.

The mechanism to move the probe was described in the previous
paperl®3l: the probe was moved by the following equation,

Zyjp = 2Zg — Vseant + A/2sinwt (2)

where z;, 2o, Vscan, £, A, and o are the z-coordinate of the tip, the initial
height of the tip, the vertical scanning velocity, time, the peak-to-peak am-
plitude of the oscillation, and the frequency of the oscillation, respectively.
Vscanr A, and @ were set to 30 pm s~1, 20 nm, and 25 kHz, respectively,
which were the same as those in the experiments. The geometry of the
beads in the probe was fixed in the simulation since the AFM probe with
a diameter of 120 nm was assumed to be much more rigid than CNT with
a 30 nm diameter.

When simulating a force-distance curve, the probe was initially located
above the center of the CNT fiber (x = 0). When simulating a sliced 3D-
AFM image at the center of CNT, the initial x position of the probe was
changed from —250to 250 nm by 5 nm to calculate 101 curves. To simulate
the force versus distance curves, the previously developed method where
the Jarzynski equality was solved was used.3¢] All the codes to simulate
force versus distance curves were developed. All snapshots and movies
were produced using the Visual Molecular Dynamics package.[*”]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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