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Introduction

Nanoscale thermocapillary flow as a recording
medium for infrared absorption spectra of
individual carbon nanotubes

Kai Watanabe, @ Shigeo Maruyama ) < and Keigo Otsuka () *2

Thermally induced deformations of polymer thin films are fundamental to high-resolution thermal litho-
graphy and thermal property characterization. Among various heating methods, laser-induced thermoca-
pillary flows convert nanoscale localized heating into surface deformation, providing a non-contact strat-
egy for the selective removal of metallic carbon nanotubes (CNTSs). Although chirality-dependent optical
responses can be exploited for bandgap-selective removal of CNTSs, detailed optical spectra of CNTs sup-
ported on substrates remain difficult to obtain because of their extremely small volumes and pronounced
environmental influences, including doping and dielectric screening. Here, we utilize laser-induced nano-
scale thermocapillary flows as a photothermal probe to visualize the near-infrared absorption response of
an individual CNT on a substrate. The CNT is irradiated with a wavelength-tunable near-infrared laser
(1100-1500 nm), and the wavelength dependence of the resulting trench depth in the polymer film is
analysed to extract the optical response recorded in the thin film. The measured trench profile exhibits an
unexpected reduction in the photothermal response above 1400 nm. We demonstrate that this behaviour
does not directly represent the intrinsic absorption spectrum of the CNT. Thermofluidic simulations that
incorporate the temperature dependence of polymer viscosity reveal a nonlinear amplification of trench
formation under pulsed heating. After accounting for these nonlinear effects, spectral features corres-
ponding to the exciton state and phonon sidebands are reconstructed. These findings establish thermo-
capillary deformations as a quantitative nanoscale photothermal spectroscopy method and provide a
framework for evaluating environment-dependent optical spectra, with implications for chirality-selective
CNT processing as well as high-resolution and rapid thermal patterning.

addition, the highly localized deformation of thin films has

been employed for nanoscale fabrications® and device

Thermally induced deformations of polymer thin films have
become a key microfabrication approach for high-resolution
thermal lithography and nanoscale patterning.' When sub-
jected to heating, polymer films exhibit several coupled
responses, including thermal expansion, viscous flow, and
material removal. The resulting deformation is strongly gov-
erned by the material properties and spatial temperature gradi-
ents. Such thermally driven deformations have been applied to
visualize laser-induced localized heating, enabling the
measurement of thermal properties of substrates,” thin films,’
and graphene.* This approach can be extended to one-dimen-
sional nanomaterials such as carbon nanotubes (CNTs). In
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processing.®”

Among various deformation mechanisms, thermocapillary
flows arising from temperature-dependent surface tension gra-
dients have attracted considerable interest as an effective
means of converting the localized heating into nanoscale
surface topography. This mechanism has been applied to
selective removal of metallic (m-) CNTs based on differences in
their electrical conductivity®® and optical absorption."® In
these methods, mid-infrared laser irradiation preferentially
heats m-CNTs beneath an organic thin film, creating steep
local temperature gradients that induce Marangoni convection.
The resulting nanoscale trenches function as self-aligned
masks for subsequent plasma etching, enabling metallicity-
selective purification of CNT arrays directly on insulating
substrates.

Beyond the Drude-like absorption in the mid-infrared
region,'" CNTs exhibit a variety of optical features, including

subband excitonic resonances, non-resonant continuum
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absorption, and phonon sidebands, which depend on their
chirality.’*™** Utilizing these spectral characteristics would
enable extension of the method to diameter-selective purifi-
cation. However, achieving bandgap-level selectivity requires a
quantitative understanding of the optical absorption spectrum
of an individual CNT under identical environmental con-
ditions. Although absorption spectra have been reported for
various chiral species of CNTs,">"” their optical response is
highly sensitive to external factors such as doping,'®
strain,'®*> bundling,** and dielectric screening.>>>' In par-
ticular, excitonic resonances are strongly influenced by the sur-
rounding environment. Redshifts have been observed in
solvents,**** under controlled atmosphere,***> and on
substrates.”®*® For CNTs on substrates, substrate-induced
dielectric screening,*® strain,'® and unintentional doping are
considered to induce both red shifts and attenuations of optical
transition peaks. These effects highlight the importance of per-
forming measurements under realistic processing conditions.
Although spectroscopy of individual CNTs has been demon-
strated using photocurrent®” and Rayleigh scattering,*® the ther-
mocapillary-flow-induced film deformation provides an alterna-
tive means to directly record the photothermal absorption
under the same conditions used for device processing.

In this study, we reinterpret trench formation induced by
thermocapillary flows not merely as a fabrication technique,
but as a spectroscopic tool for visualizing the optical absorp-
tion of nanomaterials. By irradiating an individual CNT sup-
ported on a substrate with wavelength-tunable near-infrared
light and examining the wavelength dependence of the result-
ing trench depth, we quantitatively evaluate the optical absorp-
tion. In addition, by incorporating the temperature depen-
dence of polymer viscosity into thermofluidic simulations, we
elucidate the nonlinear amplification mechanism of trench
formation under pulsed heating. After correcting for this non-
linear contribution, the intrinsic absorption spectrum is
reconstructed based on an established excitonic framework.
This methodology enables quantitative photothermal spec-
troscopy of heterogeneous low-dimensional materials without
elaborate fabrication processes and establishes a basis for
advancing high-resolution thermal lithography based on loca-
lized photothermal conversion.

Results and discussion

Quantitative evaluation of trench morphology formed via
thermocapillary flows

The selective removal of metallic CNTs is a critical require-
ment for the application of semiconducting CNTs in electronic
devices. To avoid degradation of device performance, this
process must proceed without introducing structural defects
or damage to semiconducting CNTs. Du et al. reported the
selective removal of metallic CNTs through nanoscale defor-
mation of an organic thin film covering CNT arrays, followed
by etching of the locally exposed CNTs.'® The observed defor-
mation of the viscous organic film was attributed to thermally
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driven flows induced by laser heating of CNTs. When a CNT
embedded beneath an organic thin film on a substrate is
heated, heat diffuses toward the film surface, establishing a
temperature profile with a maximum directly above the CNT
(Fig. 1a). The resulting temperature gradient induces a spatial
variation in surface tension, which drives thermocapillary flows
at the film surface. Consequently, the thin film undergoes loca-
lized deformation above the CNT, forming a trench structure. In
this study, we first perform a quantitative assessment of the
morphology of trenches formed by thermocapillary flows.

To investigate trench formation induced by laser heating of
an individual CNT in detail, we prepared arrays of aligned and
spatially isolated CNTs. This configuration minimizes thermal
interaction between neighbouring CNTs and allows the trench
formation process to be attributed to a single CNT. CNTs were
synthesized using alcohol catalytic chemical vapor deposition
with an iron catalyst deposited on a single-crystalline quartz
substrate (Fig. 1b). A thin organic layer was subsequently de-
posited by spin coating a 1 wt% poly(methyl methacrylate)
(PMMA) solution in anisole. The PMMA film thickness was
measured by atomic force microscopy (AFM) to be 24 nm
(Fig. S1). The same samples were later used for absorption
spectroscopy measurements based on laser-induced trench
formation.

Trenches were formed by scanning a laser beam perpen-
dicular to the CNT axis at a speed of 1 um h™". A nanosecond
pulsed supercontinuum laser (SuperK COMPACT, NKT
Photonics), covering a spectral range of 400-2400 nm, was
employed, and the desired wavelength range was selected
using a bandpass filter with a bandwidth of 50 nm (Fig. S2b).
To promote thermocapillary flows, the sample was mounted
on a heater maintained at 100 °C during irradiation. Fig. 1c
presents an AFM image of a representative trench formed on
the thin-film surface together with the corresponding cross-
sectional profile at its deepest point. The trench was formed
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Fig. 1 (a) Schematic of a sample consisting of horizontally aligned
CNTs covered with an organic thin film. (b) SEM image of as-grown
SWCNT arrays. (c) AFM image and cross-sectional profile around a
trench formed through laser-induced thermocapillary flow.
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directly above the CNT, with a depth of several nanometres
and a width of approximately 100 nm. The trench depth was
smaller than the PMMA film thickness, indicating that the
CNT remains fully covered and is not exposed to air. The
trench depth was defined as the difference between the
average film height away from the trench and the minimum
height at the trench bottom (inset of Fig. 1c). Repeated AFM
measurements after laser irradiation confirmed that the
trench morphology did not change, demonstrating that the
deformation is irreversible at room temperature. This irreversi-
bility indicates that trench formation arises from localized
thermocapillary flows driven by the temperature gradient gen-
erated through laser heating of the CNT.

Because deformation of the polymer thin film is irrevers-
ible, the resulting trench geometry preserves the time-inte-
grated heat generation within the CNT arising from optical
absorption of the incident laser. As schematically shown in
Fig. 2a, trenches formed at different positions along an iso-
lated CNT while varying the laser wavelength encode the wave-
length dependence of optical absorption in their morphology.
In this framework, the trench geometry serves as a measurable
proxy for the optical absorption strength of the CNT. Fig. 2d
presents a series of AFM images of trenches produced above a
single CNT on a quartz substrate under different irradiation
wavelengths. The corresponding trench depth profiles along
the CNT axis are shown in Fig. 2e. The trench depth exhibits a
spatial distribution along the tube axis, and the width and
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magnitude of this distribution varies with irradiation con-
ditions. These variations originate from the Gaussian-like
intensity profile of the laser beam, thermal conduction along
the CNT axis, and a mechanical drift of the sample stage on
the order of 1 pm. To reduce the influence of these factors, we
define the trench area as the integral of trench depth along the
CNT axis. The trench area at each wavelength (Fig. 2f) reflects
not only the wavelength-dependent optical absorption of the
CNT but also the transmission characteristics of the objective
lens in the optical system, which cause the incident laser
power to vary with the centre wavelength (Fig. 2b).

Since the trench area is sensitive to the laser power under
each irradiation condition, a quantitative comparison across
wavelengths requires calibration to remove the wavelength
dependence of the optical system. To examine the effect of
input laser power on trench formation, we performed simu-
lations based on the model proposed by Song et al*° In this
model, heat generated within the CNT spreads through the
thin film via thermal conduction, leading to a spatial tempera-
ture rise at the film surface, ATy face(x). The surface tension y
is assumed to vary linearly with temperature as y = y, —
Y1ATsurface(X), where y, is the surface tension at T = T, and y;
is the temperature coefficient. This temperature-dependent
surface tension produces a gradient along the film surface,
driving thermocapillary flows. The resulting film deformation
is described by the Navier-Stokes equations, assuming con-
stant viscosity and density and neglecting inertial and body-
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(a) Schematic illustration of spectroscopy based on trench formation. (b) Wavelength dependence of the laser power exposed to the sample.

Power sensor was placed next to the objective. (c) Simulated dependence of trench depth on normalized input power under assumption of constant
viscosity of the polymer film. (d) AFM images of trenches formed at different exposure wavelengths. (e) Trench depth profiles traced along the CNT

axis. (f) Wavelength dependence of the trench area.
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force terms (see Methods in the SI). In addition, we consider
two-dimensional thermocapillary flows in a plane perpendicu-
lar to the CNT axis, since the laser beam diameter is much
larger than the film thickness and the intensity gradient along
the CNT axis can be regarded as negligible. Under this approxi-
mation, the trench depth directly above the CNT was adopted
as the metric. The simulation results indicate a linear relation-
ship between trench depth and input power delivered to the
CNT assuming constant viscosity of the polymer film (Fig. 2c).
Therefore, because the maximum laser power incident on the
sample varies with wavelength in our optical setup (Fig. 2b),
we calibrated the measured trench area using the laser power
at 1200 nm. This procedure yields a quantity proportional to
the optical absorption under the assumption of linear
response.

Infrared trench spectroscopy of individual CNTs

Before conducting detailed spectroscopy on a CNT with a
specific chirality, we first applied the trench-based method to
multiple CNTs to evaluate whether variations in optical
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absorption could be observed among different nanotubes. The
irradiation wavelengths were varied from 1200 to 1450 nm in
50 nm increments, and multiple trenches were formed above
each CNT (Fig. S3). The trench areas, calibrated by the incident
laser power, are presented in Fig. 3a. The number of trenches
observed, and their calibrated areas differ among CNTs, with
three to six trenches typically formed along a single CNT.
These variations are attributed to chirality-dependent optical
absorption characteristics. Notably, the trench areas show a
consistent reduction near 1400 nm. This behaviour may indi-
cate that the CNTs examined here possess relatively small dia-
meters, resulting in comparatively weak optical absorption in
this spectral region.

To extend trench formation over a broader wavelength
range and under increased irradiation conditions, we prepared
sufficiently long CNTs (Fig. 3b) and selected a CNT expected to
exhibit broad near-infrared absorption based on the chirality
assignment by Raman spectroscopy. The CNT highlighted by
the red frame exhibited a radial breathing mode (RBM) peak
and was tentatively assigned as a semiconducting (23,7) CNT
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(a) Trench area spectroscopy of multiple CNTs. (b, c) SEM image (b) of the CNT and the corresponding Raman spectrum (c) acquired from

the same CNT. (d) Absorption spectrum of the (23,7) CNT empirically estimated based on a complex susceptibility model.*® (e) AFM images of
trenches formed on the CNT. The image is a composite of multiple images. (f) Wavelength dependence of the trench area after calibration by laser
power (black dots) and the fitted curve (red). (g) Reconstructed absorption spectrum (blue dashed line) and the trench responsivity-weighted spec-

trum (red curve).
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with a diameter of 2.16 nm (Fig. 3c, see Methods in the SI).
The absorption spectrum of the (23,7) CNT was empirically
estimated using a complex susceptibility model*® (Fig. 3d). In
this model, the complex susceptibility is represented as a sum
of Lorentzian functions corresponding to excitonic transitions
(Si) and phonon sidebands (P;) originating from longitudinal
optical phonons, together with a background contribution. As
parameter constraints, fitting data for the complex suscepti-
bility of a (10,3) CNT were used, and the energy separation
between P; and the corresponding S;; was fixed to be 0.2 eV.
The S; values were estimated by extrapolating photo-
luminescence excitation spectra of air-suspended CNTs
wrapped with molecules from the air,** yielding S;; and S,,
transition energies of 0.521 eV (2379.4 nm) and 0.937 eV
(1323.3 nm), respectively (Fig. S5). Because the CNT in the
present experiment is supported on a substrate, an overall red-
shift due to dielectric screening is anticipated. Nevertheless,
the model is employed here for a qualitative comparison of
spectral features rather than for a precise quantitative
prediction.

Trench spectroscopy measurements were then performed
by varying the irradiation wavelengths from 1100 to 1500 nm
in 50 nm steps. The laser beam was scanned perpendicular to
the CNT axis at a speed of 1 pm h™". To enhance thermocapil-
lary flows, the sample was mounted on a heater maintained at
100 °C during irradiation. The CNT position was identified
using metal alignment markers patterned on the substrate.
Fig. 3e shows AFM images of trenches formed under different
wavelength conditions. As described previously, the trench
areas were calibrated by the incident laser power (Fig. 3f). The
calibrated trench area increased from 1100 to 1300 nm, fol-
lowed by a pronounced decrease, and no trench formation was
observed at 1450 and 1500 nm. The experimental data were
fitted with two Lorentzian functions, yielding peak energies of
1.089 eV (1138.5 nm) and 0.960 eV (1291 nm).

When the experimentally obtained trench areas are com-
pared with the empirically estimated absorption shown in
Fig. 3g, two notable discrepancies appear: (i) the separation
between the two fitted peaks and (ii) the absence of conti-
nuum absorption above 1400 nm. If the observed peaks corres-
pond to an excitonic transition and its phonon sideband, the
extracted energy separation of 0.129 eV is considerably smaller
than the established value of 0.2 eV for the separation between
P; and S; transitions, which reflects the phonon energy
involved in exciton-phonon coupling. In addition, no trench
formation was detected at 1450 and 1500 nm, implying negli-
gible optical absorption in this region. However, typical
absorption spectra of CNTs exhibit a finite continuum absorp-
tion band** around 1500 nm between the S;; and S,, subband
transitions, as illustrated in Fig. 3d. If the trench area were
strictly proportional to the absorbed laser power, trench for-
mation should persist in wavelength regions where the CNT
exhibits finite absorption. The disappearance of trenches at
longer wavelengths therefore suggests that the relationship
between the absorbed power and trench area is not purely
linear. Instead, it may involve nonlinear thermocapillary

This journal is © The Royal Society of Chemistry 2026
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behaviour and the presence of a threshold power required for
trench formation.

Thermofluidic simulation incorporating temperature-
dependent viscosity

To clarify these discrepancies, we revisited the trench for-
mation model. In the conventional description, the viscosity u
of the organic thin film is assumed to be constant and inde-
pendent of temperature. Under this assumption, the trench
depth increases linearly with the input power (Fig. 2c). In the
present experiments, however, the sample was maintained at
100 °C, close to the glass transition temperature of PMMA, to
enhance thermocapillary flows. Under these conditions, the
additional local temperature rise induced by laser heating can
significantly reduce the film viscosity, thereby altering the flow
dynamics and trench formation process. To account for this
effect, we modelled the PMMA viscosity as a temperature-
dependent quantity p(Tsurtace), "> and investigated how locally
reduced viscosity under laser heating influences thermocapil-
lary flows and trench formation (Fig. 4a-f).

Even when the time-averaged input power is fixed, the
instantaneous viscosity of the film strongly depends on the
temporal profile of the laser. Therefore, we examined trench
formation under different duty ratios while maintaining a con-
stant pulse width (2 ns) and time-averaged input power
(Fig. 4a). The temperature distribution corresponding to a duty
ratio of 0.2% (repetition rate of 1 MHz) is shown in Fig. 4b
(top). Fig. 4c and d present the temporal evolution of the film
surface temperature Tyyrrace(X) and the temperature at the
film-substrate interface Thotom(0), respectively. When a point
heat source is applied for 2 ns, the generated heat initially
spreads laterally along the film bottom (Fig. 4d). At the film
surface, however, the temperature increase is delayed due to
finite thermal diffusion through the film thickness. As a
result, Tsurface(0) reaches its maximum at approximately 3 ns
and subsequently decays (Fig. 4c). The corresponding time-
dependent change in film viscosity is shown in Fig. 4b
(bottom). Owing to the transient rise in surface temperature,
the viscosity of PMMA decreases to approximately 20% of its
value at Tyrface(00). Incorporating this temperature-dependent
viscosity into the trench formation model enables analysis of
trench evolution under various irradiation conditions.

We first evaluated the dependence of trench depth on the
duty ratio of the absorbed power. Fig. 4e shows the time evol-
ution of trench depth for different duty ratios. The trench
depth obtained at a duty ratio of 0.2% is significantly greater
than that observed at a 2% duty ratio or under continuous-
wave (CW) heating. We further analysed the dependence of
trench formation rate on input power for pulsed and CW
irradiation. As shown in Fig. 4f, the trench formation rate
increases linearly with power under CW heating, whereas
under pulsed heating it exhibits a superlinear dependence on
power. This behaviour arises from the transient temperature
spike during each pulse, which markedly reduces the film vis-
cosity and thereby enhances thermocapillary flows in a non-
linear manner.
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temperature distribution in the thermofluidic simulation (top) and the temporal evolution of thin-film viscosity after irradiation with a 2 ns heat pulse
(bottom). (c) Temporal evolution of the temperature at the film surface and (d) at the film bottom. (e) Time evolution of trench depth for different
duty ratios. Data for the 2% duty ratio and CW conditions are scaled by a factor of three for clarity. (f) Simulated power dependence of the trench
formation rate. (g) Experimentally obtained power dependence of trench area. (h) Wavelength dependence of the irradiation power and trench

response rate.

Extraction of the intrinsic spectrum through nonlinear
correction

To determine whether the nonlinear behaviour predicted by
the simulations is also manifested experimentally, we con-
ducted power-dependent measurements of the trench area.
Trench formation was performed on a single CNT while
varying the laser power along the tube axis, with the
irradiation wavelength fixed at 1200 nm. The supercontinuum
laser used in this experiment had a pulse width of 2 ns and a
duty ratio of 0.004%. The measured power dependence of
trench depth is presented in Fig. 4g. No trench was detected
by AFM below an irradiation power of 300 pW. For higher
powers, trenches were clearly formed, and the trench depth
increased approximately linearly with power. These obser-
vations indicate the presence of a threshold absorbed power
required for trench formation. Above this threshold, the trench
area increases linearly with power. This threshold behavior is
considered to originate from the temperature-dependent vis-
cosity of the polymer film. Accordingly, the trench area 4 in
the present system does not exhibit a purely linear dependence

Nanoscale

on laser power. Instead, we approximate the behaviour as A «
P x S(P), where P denotes the laser power and S(P) represents a
sigmoid-like function describing the threshold response. As
shown in Fig. 2b, the maximum irradiation power P(1) incident
on the samples depends on the centre wavelength. Therefore,
the measured trench area reflects not only the intrinsic optical
absorption of the CNT but also the wavelength-dependent
responsivity of the trench formation process.

To obtain an intrinsic spectrum, it is thus necessary to
evaluate the wavelength dependence of the trench responsivity
associated with power attenuation in the optical system.
Fig. 4h shows the calculated trench responsivity corresponding
to the reduction in trench area at longer wavelengths. The
responsivity begins to decrease at approximately 1300 nm and
approaches zero at approximately 1550 nm, indicating a spec-
tral region where trench formation no longer occurs. These
results demonstrate that, in addition to power calibration, a
correction for responsivity is essential for accurate spectral
analysis. It is noteworthy that the trench depth profile along
the CNT in Fig. 2e reflects the spatial intensity distribution of
the laser at the sample surface. In several cases, the trench

This journal is © The Royal Society of Chemistry 2026
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depth profile along the tube axis was narrower than the inci-
dent beam profile, suggesting that the nonlinear threshold
response is embedded within an individual trench profile
(Fig. S4). This spatial confinement implies the possibility of
sub-diffraction-limited thermal patterning based on the
nonlinearity.

By correcting for the nonlinear response originating from
thermocapillary flows, the intrinsic optical absorption spec-
trum of the CNT can be estimated from the measured trench
areas. The trench area variation shown in Fig. 3f was reana-
lysed using an absorption model based on the complex suscep-
tibility of the CNT, multiplied by the calculated trench respon-
sivity. The model assumed two Lorentzian functions corres-
ponding to S,, and P,, separated by 0.2 eV, together with a fea-
tureless continuum band. As shown in Fig. 3g, the S,, absorp-
tion peak was found at 0.903 eV (1372 nm), while the
corresponding phonon sideband (P,,) appeared at 1.074 eV
(1154 nm). Compared with the S,, transition energy of 0.937
eV (1323.3 nm) estimated from the extrapolation of values
reported for air-suspended CNTs wrapped with molecules
from the air, the observed peak exhibits a redshift of approxi-
mately 34 meV. This shift is attributed to dielectric screening
effects induced by the quartz substrate. The magnitude of the
redshift is consistent with previously reported values*®*?° and
is therefore considered physically reasonable. The strain effect
induced by the quartz substrate is suggested to have been
relieved during the sample fabrication process.'® These results
demonstrate that incorporating trench responsivity into the
analysis enables extraction of intrinsic absorption features of
an individual CNT from the nonlinear thermocapillary
response.

Conclusions

We developed a spectroscopic method based on laser-induced
nanoscale thermocapillary flows and demonstrated infrared
absorption measurements of an individual CNT. By interpret-
ing the trench formed on the surface of an organic thin film
as a thermal imprint of CNT optical absorption, we quantitat-
ively evaluated the wavelength dependence of light absorption.
Trench spectroscopy conducted over the 1100-1500 nm range
enabled the reconstruction of the excitonic transition (S,,) and
the associated phonon sideband (P,,) for an individual CNT.
Thermofluidic simulations incorporating the temperature
dependence of film viscosity revealed that pulsed laser
irradiation induces nonlinear amplification of the trench for-
mation rate. The nonlinearity-corrected trench spectroscopy
method established in this work provides a practical route
toward bandgap-level selectivity in CNT purification, enabling
diameter-selective purification under identical processing con-
ditions. Beyond CNTs, the insights into nanoscale thermoca-
pillary dynamics obtained here not only provide a quantitative
photothermal approach for characterizing heterogeneous low-
dimensional nanomaterials but also offer a basis for advan-
cing high-resolution thermal lithography.

This journal is © The Royal Society of Chemistry 2026
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Experimental section
Growth of horizontally aligned SWCNTs

Iron was employed as the catalyst for the growth of horizon-
tally aligned CNTSs. Catalyst lines were patterned on an ST-cut
single-crystalline a-quartz substrate (University Wafer, Inc.)
using photolithography. ST-cut quartz was employed because
it is a standard substrate for the growth of horizontally aligned
single-walled CNTs. A nominal 0.08 nm thick iron layer was de-
posited by thermal evaporation, leading to the formation of
catalyst nanoparticles. CNTs were synthesized by alcohol cata-
Iytic chemical vapor deposition (ACCVD). Prior to growth, the
iron catalyst was reduced in an Ar/H, atmosphere (40 kPa) at
800 °C for 10 min. CNT growth was subsequently conducted at
800 °C for 1 h under a total pressure of 660 Pa using C,H;OH
(5 sccm) as the carbon source and Ar/H, (50 sccm). Raman
spectroscopy and mapping measurements were performed
with a home-made system using an excitation wavelength of
532 nm.*

Thin-film deposition

A 1 wt% PMMA solution was prepared by diluting a 4 wt%
stock solution. PMMA powder was dissolved in anisole and
maintained at 80 °C overnight to ensure complete dissolution.
Additional anisole was then added to adjust the concentration
to 1 wt%. PMMA thin films were deposited by spin coating.
The solution was first spread at 100 rpm for 15 s, followed by
acceleration for 5 s and spinning at 4000 rpm for 60 s.

Optical setup and trench formation

Trench-based spectroscopy was carried out using a white laser
source (SuperK COMPACT, NKT Photonics). The irradiation
wavelength was selected with a tunable bandpass filtering
system composed of a long-pass filter (FELHV2, Thorlabs, Inc.)
and a short-pass filter (FESHV2, Thorlabs, Inc.), yielding a
bandwidth of 50 nm. The filtered laser beam was focused onto
the sample through a 50x objective lens. The laser polarization
was aligned parallel to the CNT axis using a polarizing beam
splitter to maximize absorption. The focal position was auto-
matically optimized by monitoring the reflected light from the
substrate surface in a confocal manner when the irradiation
wavelength was changed to minimize the fluctuations of laser
power density. The laser power was measured by power sensor
(S122C, Thorlabs, Inc.) placed next to the objective.
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