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ABSTRACT: With the development of imaging and measurement
technologies, scanning near-field optical microscopy (SNOM) has
achieved high signal-to-noise ratio. The resolution of a fibre probe-
based SNOM system is capable of reaching 10 nm. However,
SNOM applications are presently constrained to the measurement
of near-field optical information to relatively straightforward
structures, including quantum dots, carbon nanotubes, graphene,
and so forth. The geometry of conventional fibre probes, with tips
at an angle of 30°-60°, presents a challenge for accurately
imaging complex surface structures. This paper proposes a
carbon nanotube composite fibre probe (CNT-FP) with a large
aspect ratio. The key point is that a carbon nanotube bundle is
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composited at the tip of conventional surface plasmon polaritons fibre probes (SPPs-FP), which are the fibre probes coated
with gold film to excite the SPPs. The coupling, propagation, and focusing effects of SPPs on the carbon nanotube bundle
are verified. CNT-FPs have been fabricated and applied to measure a grating with the depth of 400 nm and the width of
400 nm. The experimental results show that the measurement accuracy and imaging quality of CNT-FP are nearly one
order of magnitude higher than that of conventional SPPs-FP, as evidenced by evaluation criteria such as line roughness
and volatility index. Moreover, it achieves an optical resolution of 72.1 nm in the measurements of a nano structure with

large aspect ratio. It provides an effective solution of measuring structures with larger aspect ratios.

KEYWORDS: carbon nanotubes, fibre optic probes, surface plasmon polaritons, nano-focusing, large aspect ratio

1 Introduction

In recent years, with the introduction of the concept of surface
plasmon polaritons (SPPs) [1, 2], scanning near-field optical
microscopy (SNOM) and its probes have achieved significant
improvement. By exciting SPPs in different ways, such as coating
metallic film [3, 4], small hole diffraction [5-7], grating-coupling
excitation [8, 9], and fibre-nanowire-coupling excitation [10, 11],
we can compress and focus the optical field to the nanoscale, which
greatly improves the signal strength and resolution [12]. However,
SNOM applications are presently constrained to the measurement
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of near-field optical information to relatively straightforward
structures with nearly zero aspect ratio, including quantum dots
[13], carbon nanotubes [14, 15], graphene [16-18], and so forth.
Normally, the near-field optical signal is only excited if the tip of the
probe enters the near-field range above the sample, typically within
50 nm. When the measured structure has a large drop (more than
tens of nanometres) in the vertical direction or has a large aspect
ratio [19-21], compared to samples exhibiting near-zero aspect
ratios, such as carbon nanotubes and quantum dots, structures with
considerable aspect ratios are designated as large depth-to-width
structures, conventional surface plasmon polaritons fibre probes
(SPPs-FP) are unable to enter the near-field range above the sample
due to the limitations of the geometries. Therefore, it is not feasible
to collect near-field optical signals for each point, which in turn
affects the accuracy of near-field optical imaging. In atomic force
microscopy (AFM) applications, the use of a carbon nanotube
compound at the tip of the AFM probe [22-24] allows for more
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accurate measurement of the topography of structures with large
aspect ratios, such as deep grooves or holes. This technique enables
deeper penetration into the bottom of the structure, thereby
facilitating the restoration of the topography of the sample under
test with greater precision. Analogously, for SNOM applications,
one-dimensional nanomaterial extending from the tip of the probe
can be used to conduct the SPPs to the tip of the one-dimensional
nanomaterial [25], forming a focused light field deep into the depth
of the structure with a larger aspect ratio, and achieving a more
accurate imaging of the near-field optical signals. We have noted
that attempts have been made to achieve more accurate near-field
optical measurements using metallic nanowires, such as Ag
nanowires [11, 26, 27]. Nevertheless, Ag nanowires are susceptible
to oxidation in air, necessitating their utilization in a vacuum or
inert gas environment. As a one-dimensional nanomaterial with
extremely excellent electrical conductivity [28—-30], metallic single-
walled carbon nanotubes (m-SWCNT) (30, 31] can be used as an
excellent carrier for the propagation of SPPs, and its ultra-high
hardness and good flexibility can effectively improve the resistance
to abrasion and extend the operation life of the probe. Compared to
silver nanowires, m-SWCNTs are more chemically stable in air to
be preserved for long periods of time [32]. In this paper, we use m-
SWCNT which have excellent SPPs conductivity and more stable
chemistry in the air to fabricate composite probes, so it enables
higher quality scanning imaging of samples with large aspect ratios.

2 Results and discussion

In this paper, we demonstrate a carbon nanotube composite fibre
probe (CNT-FP) with large aspect ratio for near-field optical
microscopy applications, as shown in Fig. 1(a), which composites a
metallic single-walled carbon nanotube bundle (m-SWCNTB)
consisting of multiple m-SWCNTs at the tip of a conventional SPPs-
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FP to enable near-field optical measurements of complex surface
structures with larger aspect ratios. We used a finite difference time
domain (FDTD) approach to analytically validate the feasibility of
CNT-FP for excitation, propagation, and focusing of SPPs. As
shown in Fig. 1(b), under the incident light in transverse magnetic
(TM,) mode, the SPPs were effectively excited on the surface of the
gold film [33, 34] at the tip of the probe and coupled to the m-
SWCNTB, which propagated on the surface of the m-SWCNTB to
the tip to achieve the compressive focusing of the optical field.
Subsequently, we applied the dielectrophoresis method [35, 36] to
assemble m-SWCNT into the fibre probe tip to fabricate the CNT-
FP, and the scanning electron microscopy (SEM) characterization
image is given in Fig. 1(c).

As a proof of concept, we set up a near-field optical
measurement system and perform near-field optical testing of the
light transmittance of a rectangular grating with a depth of 400 nm,
a width of 400 nm using a conventional SPPs-FP and a CNT-FP,
respectively. Finally, the quality of the near field optical image that
measured by the CNT-FP, with the resolution of 72.1 nm, is more
than 7 times better than conventional SPPs-FP.

Validation of optical field focusing effect at the tip of CNT-FP.
In contrast to AFM probe composite carbon nanotubes, which are
employed as CNT-FPs for near-field optical measurements, the
formation of a focused light field necessitates the propagation of tip-
excited SPPs to the m-SWCNTB tip. Therefore, we need to verify
the coupling, propagation, and focusing effects of SPPs on the m-
SWCNTB of the CNT-FP. We coupled the 633 nm wavelength
laser into the CNT-FP, as shown in Fig. 2(a), and the scattered light
field of the tip was observed with the side of an optical microscopy
to verify the effect of m-SWCNTB at the tip of CNT-FP on the
relaying of SPPs.

When SPPs are coupled from the gold film to the m-SWCNTB,

-
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Figure1 Nano-focusing concepts of CNT-FP. (a) One-dimensional nanomaterial at the tip of the CNT-FP is a carbon nanotube bundle composed of multiple metallic

carbon nanotubes, and the SPPs excited at the tip of the probe are coupled to the carbon nanotube bundle, shown in (i), and propagate to the tip to form a focused light
field. (ii) The electric field distribution in the cross-section of SPPs as they propagate across the carbon nanotubes bundle. (iii) The focusing of the optical field at the tip of
the carbon nanotube bundle. (iv) The distribution of electric field strength on the surface (depicted by the yellow line in the figure) in the direction of the carbon nanotube
bundle axis as SPPs propagate along the carbon nanotube bundle. (b) Focusing simulation results of the propagation of SPPs in the tip region of the CNT-FP. (c) SEM
characterisation of the CNT-FP, the scale of the small image is 150 nm.
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(a)

(b)

Scattering field
component

Figure2 Propagation and focusing verification of SPPs on the surface of the CNT-FP. (a) Scattered field at the tip of the CNT-FP, (b) SEM side-view characterization of
the probe, (c) schematic of the scattered field distribution at the tip of the CNT-FP, the direction of the scattered field in the SPPs mode is perpendicular to the
propagation interface. The scattered field is mainly distributed in the radial direction at the bond between the m-SWCNTB and the tip of the probe and distributed in the
axial direction at the m-SWCNTB tip. (d) and (e) The observation of the scattered field at the tip of the probe through the polarizer in the axial direction and
perpendicular to the axial direction. (f) and (g) The observation image through the polarizer of each other respectively, the grey dashed line in the vertical figure is the
contour line of the tip of probe and the m-SWCNTB. The scattered field is mainly distributed along the vertical axis at the combination of the m-SWCNTB and the tip of
the probe, and the scattered field is mainly distributed in the axial direction at the tip of the m-SWCNTB.

the angular and material mutations, in addition to the presence of
defects at the junction, result in the scattering of some SPPs to the
far field. This phenomenon can be observed through optical
microscopy, as evidenced by the light spot on the left side in close
proximity to the conical tip depicted in Fig. 2(b). SPPs propagate to
the tip of the m-SWCNTB, thereby forming a focused light field
that can be observed in the scattered field (Fig. 2(a), the light spot
on the right side). In Fig. 2(a), two scattered light sources can be
seen in the axial direction of the CNT-FP tip, and the distance
between the two scattered light sources is consistent with the length
of the m-SWCNTB in Fig. 2(b). It shows that SPPs successfully
coupled to the m-SWCNTB and propagated to the m-SWCNTB
tip. According to the propagation and electric field distribution
characteristics of radially SPPs on the tapered tip and on the surface
of cylindrical m-SWCNTB, the distribution characteristics of the
optical field at the tip of carbon nanotubes can be investigated by
the technique of far-field polarization analysis, i.e. the intensity
distributions of the scattered or transmitted optical field at the tip of
the probe are analyzed in far-field using a polarizer to demonstrate
the nano-focusing of the SPPs modes at the tip of the probe.
Figure 2(c) illustrates, with radially polarized light incidence, SPPs
are excited at the tapered probe and propagate along the m-
SWCNTB to the tip for focusing, and the components of its
scattered field in different directions are constantly changing. The
polarization component of the scattered light field is mainly
distributed in the radial direction of m-SWCNTB during the
propagation of the SPPs. As the SPPs propagate to the tip of the m-
SWCNTB to produce a focused light field, the polarized
component of the scattered light field is mainly distributed in the
axial direction. Therefore, we analyzed the scattered light field at the
side of the probe through polarizers as shown in Figs. 2(d) and 2(e),
which are perpendicular and parallel, respectively, to the axis of the
m-SWCNTB. In Figs. 2(f) and 2(g), it can be seen that the intensity
of the scattered field perpendicular to the axial direction of the m-
SWCNTB is greater than that in the axial direction at the point
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where the m-SWCNTB is bonded to the probe tip. The intensity of
the scattered field in the axial direction at the tip of the m-
SWCNTB is much larger than that in the perpendicular axial
direction, which in turn proves that the SPPs have good
propagation and focusing effects on the m-SWCNTB.

CNT-FP/SPPs-FP  comparison for nearfield optical
measurement. To verify the advantages of CNT-FP over
conventional SPPs-FP in measuring the larger aspect ratio structure
experiments, we set up a near-field optical measurement system
and perform near-field optical testing of the light transmittance of a
rectangular grating with the depth of 400 nm and the width of
400 nm using a conventional SPPs-FP and a CNT-FP, respectively.

As shown in Figs. 3(a) and 3(b), due to the geometrical limitation
of the conventional SPPs-FP, the sidewalls of the probe will
interfere with the structure to be measured during the
measurement of the larger aspect ratio structure, thus affecting the
movement stability of the probe and resulting in imaging distortion.
In addition, the collection of near-field optical information
necessitates that the distance between the tip of the probe and the
sample be within the near-field range, is typically less than 20 nm.
The tip does not enter the near-field range above the bottom
surface of the sample, and the focused light field cannot interact
with the bottom surface, thus failing to detect the bottom surface
near-field optical information. That is why the vast majority of
existing near-field optical measurement samples is comprised of
quantum dots, nanowires, graphene, and other structures with a
height approaching zero.

However, CNT-FP can be used to penetrate deep into the
bottom of the larger aspect ratio structures with m-SWCNTB
composited at the tip, the focused light field formed at the tip of the
m-SWCNTB excites the near-field optical information at the base
of the structure into the far-field for collection, enabling more
precise measurements of near-field optical information. In order to
verify the measurement capability of CNT-FP for measuring
samples with larger aspect ratios, we chose a grating with a depth of

Nano Research, 2025, 18, 94907254
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Figure3 CNT-FP testing. (a) and (b) The detailed plot comparison between a conventional SPPs-FP and a CNT-FP in the measurement of a grating with the aspect
ratio. CNT-FP can penetrate deeper into the grating for more accurate scanning imaging than conventional SPPs-FP, which have geometric limitations that make it
difficult to penetrate deeper into the grating. (c) SEM characterisation of the grating (covered with a layer of 20 nm Cr for conductivity). (d) and (e) The results of near-
field optical tests of conventional SPPs-FP and CNT-FP, respectively. (f) and (g) The intensity distributions of the light field at the top, bottom, and side edge in the same
direction as the grating and at four lines perpendicular to the direction of the grating selected in (c) and (d), respectively. (h) and (i) The comparison of roughness and
waviness of the two probes at different positions along the grating direction, respectively.

400 nm and a section of 400 nm as a sample, as shown in Fig. 3(c).
This sample is more than 100 times deeper in the vertical direction
than traditional low-dimensional samples such as nanowires and
graphene. To make the measurement effect of CNT-FP more
intuitive, we simultaneously compare the measurement effect with
that of conventional SPPs-FP. Figures 3(d) and 3(e) show the
results of grating measurements for a width of 400 nm, a depth of
400 nm, and a period of 800 nm using a conventional SPPs-FP and
a CNT-FP, respectively. It is evident that CNT-FP is a superior
alternative to conventional SPPs-FP for near-field optical imaging
of gratings with a large aspect ratio. Figures 3(f) and 3(g) show the
light intensity distributions on three straight lines at the top,
bottom, and side edge of the grating in the same direction as the
extended grating and on a straight line perpendicular to the
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direction of the grating, selected from Figs. 3(d) and 3(e),
respectively. As shown in the comparison diagram, the probe
moves irregularly in the longitudinal direction of the image due to
collision and interference between the probe side walls and the
structure being inspected, resulting in image falsification when
using the conventional SPPs-FP measurement. We use normalized
average roughness and waviness to describe the stability of the
measurements in the vertical direction.

As shown in Figs. 3(h) and 3(i), the imaging of line roughness of
the measured light intensity signals at the bottom, top, and side
edge of the grating for the conventional SPPs-FP are 11.84, 7.28,
and 5.36, respectively, and the waviness are 39.18, 12.45, and 16.25,
respectively. The imaging line roughness of the measured light
intensity signals of the CNT-FP at the bottom, top, and side edge of
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the grating are 1.63, 2.13, and 3.04, respectively, and the waviness
are 4.16, 3.09, and 3.11, respectively. From the above quantitative
results, it can be seen that the CNT-FP is superior to the
conventional SPPs-FP in terms of measurement stability and
imaging quality, especially when measuring the light intensity
information at the bottom of the grating, the normalized roughness
and the waviness measured by the CNT-FP are better than those of
the conventional SPPs-FP by factors of 7 and 9, respectively. In the
transverse direction for imaging of rectangular grating transmitted
light fields we used the variance of the normalized periodic
extremum to evaluate the stability of the two probes in imaging of
the grating transmitted light fields. The variances of the two
extrema values of the period in the transverse direction for a
conventional SPPs-FP are 1.46 x 10° and 6.17 x 10, respectively.
While the values for CNT-FP are 441 x 10° and 743 x 107,
respectively, which are much lower than the results measured by
the conventional SPPs-FP, so the imaging stability measured by the
CNT-FP is also better than that of the conventional SPPs-FP in the
transverse direction.

Comparing the measurement images of the two probes, we can
clearly see that, when measuring the bottom of the grating (light
intensity maximum), there is a plateau in the signal measured by
the CNT-FP, and we attribute this phenomenon to the near-field
optical signal at the bottom of the grating measured by the smooth
movement of the m-SWCNTB touching the bottom of the grating.
The tip of the conventional SPPs-FP cannot reach the bottom of the
grating structure, thus failing to obtain the near-field optical
information of the bottom of the grating, and cannot present the
platform-like light intensity signal. CNT-FP has better integrity for
the detection of near-field optical information about the surface
structure of samples when measuring samples with larger aspect
ratios.

In addition, we selected the area with the size of 1 um x 1 pm as
shown in Fig. 4(a) at the rectangular box in Fig. 3(e) to verify the
resolution of CNT-FP in measuring a large aspect ratio grating
structure. The information of light intensity distribution along line
1 in Fig. 4(a) is illustrated in Fig. 4(b), and the half-height width is
72.1 nm. This level of resolution is comparable to the diameter size
of the m-SWCNTB, as illustrated in Fig. 1(c). In contrast, the
resolution capability demonstrated by conventional SPPs-FP in

measurements of this grating sample with a large aspect ratio is
only half the grating period, which is 400 nm. Consequently, CNT-
FP offers superior resolution compared to conventional SPP-FP in
measurements of intricate structures with larger aspect ratios. In
order to verify the optical resolution of CNT-FP in measuring
conventional nanostructures, we selected multi-walled carbon
nanotubes as the sample. The measurement results are shown in
Fig. 4(c). From the figure, we can see the shadows that are formed
by the multi-walled bundles of carbon nanotubes in the
transmission measurements. We chose two narrow slit shadows to
determine the resolution limit of CNT-FP in the measurement of
conventional nanostructures, as shown in Fig. 4(d). By measuring
the half-height width of the peak light intensity, we can see that the
resolution of the CNT-FP in measuring conventional
nanostructures can break through 30 nm. And this resolution has
reached the limit of the resolution of the transmission of the SNOM
device used in this experiment.

SPPs propagation evolution. To further understand the
coupling, propagation and focusing process of SPPs on the CNT-
FP, we use a FDTD method to simulate the total process, and
intuitively display the focusing effect of the light field on the CNT-
FP tip. Firstly, as one-dimensional nanomaterials combined with
fibre probes, it needs to have high SPPs propagation efficiency. The
SPPs propagation characteristics on the surface of this one-
dimensional nanomaterial can be obtained from solving the set of
Maxwell’s equations and boundary conditions for the one-
dimensional nanomaterial-medium interface. In an infinite metallic
material-dielectric three-dimensional interface, as shown in
Fig. 4(a), the conditions for the propagation of SPPs on the surface
of metallic objects should satisfy the electromagnetic wave
boundary conditions. For the TM, mode, the electric field
components are equal on both sides of the metal-dielectric interface
in the direction of propagation, and the magnetic field components
are equal on both sides of the interface in the transverse direction.
Eventually we get the equation as follows

k, g

k &

(1)

where k; and k, denote the wave vector components perpendicular
to the direction normal to the interface between the metal and the

Intensity (a.u.)

(a) (b)
H 1
i 0
o= 1 (

: = d
(c) = - e !
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0

50 100 150 200 250 300 nm

Figure4 CNT-FP resolution evaluation. (a) Detail image of the rectangular box in Fig. 3(d). (b) The intensity distribution of the light field at line 1 in (a). (c) Near-field
optical imaging of multi-walled carbon nanotubes. (d) The intensity distribution of the light field at lines 1 and 2 in (c).
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medium, respectively. k; and k;, are positive real numbers, so the
condition for the above equation to be valid is that ¢, and &, have
opposite signs. Usually, the dielectric constant of the medium &, is >
0, so the condition for the propagation of SPPs must be met Re(e|)
< 0. In the visible light to near-infrared band, the dielectric
constants of metals and m-SWCNTs are usually less than zero.
Therefore, m-SWCNTs can be used as one-dimensional
nanomaterials for propagating SPPs in principle.

We bring in characteristic parameters such as the dielectric
constant of m-SWCNTSs and obtain the excitation, propagation,
coupling, and focusing of the SPPs with the incidence of radially
polarized light at a wavelength of 633 nm. Figure 5(a) shows the
SPPs propagate along the m-SWCNTB to form a focus at the tip.
Figure 5(b) shows the propagation of SPPs on the m-SWCNTB,
and Fig. 5(c) shows the intensity distribution of the focused light
field in the tip region of the m-SWCNTB, where the SPPs
propagate to the tip of the m-SWCNTB to form a focused light
field, which is shown in Fig. 5(d). The CNTB tip is positioned at a
distance of approximately 20 nm from the sample using CNT-FP.
At this proximity, the focused light field is enhanced between the
tip and the sample. Figures 5(e)—5(g) show the effect of local electric
field enhancement between the m-SWCNTB tip and the sample
surface when the CNT-FP is used to measure SiO,, Si, and Au
samples, respectively. The difference in the intensity of the local
enhanced electric field formed between the m-SWCNTB tip and
the different materials can be used for imaging surfaces composed
of different materials.

3 Conclusions

We proposed a CNT-FP to solve the difficulty of conventional SPPs-
FP for accurate and high-quality near-field optical measurement

(a)

Medium &,

6.1

|0 -100

-70 70 -100 0
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imaging of samples with larger aspect ratios. We have verified the
feasibility of propagation and focusing of SPPs on the m-SWCNTB
of the CNT-FP tip. We prepared CNT-FPs and designed
experiments for far-field polarization analysis. Propagation and
focusing of the SPPs on the m-SWCNTB were verified by
observation of the scattered light field. We finally used CNT-FP for
near-field optical measurements of gratings with high aspect ratio
and compared the results to those of conventional SPPs-FPs. The
results of the measurements demonstrated that CNT-FP exhibited
superior stability and accuracy in near-field optical imaging of
larger aspect ratio gratings in comparison to conventional SPPs-FP.
The evaluation indexes of waviness and line roughness demonstrate
that CNT-FP exhibits a near-field optical imaging quality that is
nearly an order of magnitude higher than that of conventional SPPs-
FP. Furthermore, it has achieved a resolution of 72.1 nm measuring
grating with larger aspect ratio. This approach was not limited to m-
SWCNT, as well as materials such as Au nanowires and ZnO
nanowires, can be employed in the assembly of composite fibre
probes, which can then be utilized to achieve near-field optical
measurements of large aspect ratio structures. Moreover, the new
generation of microdevices and microsystems fabrication continues
to push the limits of performance at the cost of the complexity of
functionalized microstructures. For example, the angle of
inclination of smooth surfaces of devices increases dramatically, and
their functional structures evolve from single materials to
multilayers with increasing trench depths. This study employs a
combination of spectroscopic techniques that can be utilized for the
detection of prospective semiconductor devices with intricate
structures, as well as the characterization of complex biological
structures.

-70 70 -70 70
X (nm)

Figure5 FDTD simulation results of CNT-FP. (a) Schematic of SPPs propagation at the metallic material-dielectric interface. (b) Simulation of excitation and
propagation of SPPs at the tip of the CNT-FP. (c) Focusing process of SPPs propagation in m-SWCNTB. (d) Focusing effect of optical field at the tip of m-SWCNTB.

(e)-(g) Focusing effect of light field between CNT-FP and SiO,, Si, Au samples.
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4 Materials and methods

Preparation of fibre probes. A 633 nm laser light source was
chosen for the experiment, and to ensure that the optical fibre could
propagate the TM, mode light, we chosed a 780HP single mode
optical fibre as the material for preparing the optical fibre probe.
The optical fibre was immersed in 40% hydrofluoric acid for 2 h
and 55 min to obtain a tip with a radius of curvature of tens of
nanometres. An 80 nm thick gold film was then deposited
uniformly on the surface of the tip using magnetron ion sputtering
to obtain a fibre-optic probe that can be used for near-field optical
detection.

M-CNTs dispersant preparation. We used the 99% pure
metallic carbon nanotubes produced by Nanolntegris, with a single
diameter of 1.2-1.7 nm and a length of 300-5000 nm. The stock
solution was prepared at a concentration of 0.01 wt.%, which was
subsequently diluted 200-fold to yield a solution of 0.00005 wt.%
with anhydrous ethanol. The diluted metallic carbon nanotube
dispersion was subjected to ultrasound treatment for a period of
24 h, resulting in the formation of the m-CNT dispersion, which
was subsequently employed in the preparation of CNT-FPs.

Manufactured CNT-FP with dielectrophoresis method. As
shown in Figs. S1 and S2 in the Electronic Supplementary Material
(ESM), the function signal generator produces a sinusoidal AC
signal voltage with a frequency of 1 MHz and a voltage of 20 VPP,
and the positive and negative poles of the signal line are connected
to the fibre probe with gold-plated film and the electrode plate,
respectively, to generate an AC electric field between the tip of the
probe and the electrode plate. The free CNT in the CNT dispersion
moved towards the tip of the probe under the action of
dielectrophoretic force, and arranged in the direction of the electric
field line at the tip of the probe to form a SWCNTB.

Modified CNT-FP with focused ion beam (FIB). FIB was used
to modify the CNT bundle at the tip of the CNT-FP. Following the
assembly of the CNT-FP using dielectrophoresis, the length of the
SWCNTB at its front end was observed to range from a few
micrometres to a dozen micrometres. As shown in Fig. S3 in the
ESM, it was demonstrated that the CNT-FP of a specific length can
be selected for modification according to the structure of the
sample under test. The use of longer carbon nanotube bundles
would result in more pronounced tailing effects during the
measurement process. Therefore, it is recommended that shorter
carbon nanotube bundles be employed wherever possible to ensure
optimal imaging results in accordance with the aspect ratio and the
dimensions of the sample to be measured.

Measurement by SNOM. The experiments were performed in
tuning fork shear mode on a NSOM module (NT-MDT), which
integrated an inverted optical microscopy and a photomultiplier
tube for light intensity acquisition. The light source was a laser with
the wavelength of 633 nm coupled to the fibre tail through an
objective lens.

Electronic Supplementary Material: Supplementary material
(CNT-FP preparation technology and process) is available in the
online version of this article at https:/doi.org/10.26599/
NR.2025.94907254.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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