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Vertically aligned carbon nanotubes (VACNTSs) exhibit outstanding mechanical strength,
chemical stability, and electrical characteristics; however, their constrained mechanical
elasticity and chemical responsiveness spurred research on atomic decoration techniques for
enhancing their mechanochemical attributes. Nevertheless, achieving uniform atomic
decoration on the VACNT surface is difficult because of the high density and large aspect ratio
of VACNT. Herein, a strategy to design and apply nanopatterned VACNTs (nVACNTSs) based
on a nanotransfer printing process is proposed to improve atomic penetrability. Nanopatterns
inherent to nVACNTs facilitate atomic penetration, allowing for the more consistent and higher
quality deposition of functional materials such as zinc oxide and alumina by atomic layer
deposition. Furthermore, physical vapor deposition provides an improved coating of metal
catalyst such as gold. The uniform deposition of ceramic layers on the entire surface of
nVACNTs strengthen its mechanical resilience, owing to the diminished van der Waals forces
of CNTs. Surface-decorated nVACNTSs display an increased sensitivity to NO> gas, which is
attributed to the enhanced quality of the reactive catalyst deposition and augmented
permeability. This strategy achieves a larger decorated area while increasing a catalytically
active reaction area. The obtained results promise that the enhanced nVACNTSs will expand the

industrial applications of carbon nanotubes.

1. Introduction
Vertically aligned carbon nanotubes (VACNTSs) are used in various applications, such as

physical/chemical/biological ~ sensors,!'”>)  field emission devices!®”), transistors®,

10,11]

adhesivel!%!] and energy storage systems,!!>"13] owing to their outstanding mechanical
gy ge Sy g g

properties, including a high tensile strength and elastic modulus,!'é! an excellent chemical

(177 and desirable electrical characteristics, such as a high electrical conductance ['81 and

stability,
high specific surface area with porous structure!'”l. Although the excellent alignment of

VACNTS have contributed to their reliable performances in various applications,?%-22] their
3
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abundant van der Waals forces and low mechanical resilience limit the deformation recovery
of VACNTSs upon the application of external forces.!?*! Furthermore, their inherent chemical
inertness resulting from a high crystallinity and purity has prompted efforts to impart
functionality using various atomic decoration processes.[**?°1 Consequently, various coating
methods have been applied to enhance the functionality of VACNTSs. However, it is well known
that conventional liquid-based functionalization methods, such as spin coating, dip coating, and
spray coating, are not suitable for preparing uniform coatings due to aggregation between the
CNTs. This aggregation takes place because of the surface tension of the liquid, the low surface
energy of the VACNTS, and the strong resistance of the VACNT nanostructures to liquids.[2%27]
Therefore, atomic decoration methods, such as atomic layer deposition (ALD)?%71 and
electron-beam (E-beam) deposition**-4% have been developed to functionalize VACNTS.

Recently, efforts have been made to enhance the mechanical elasticity and durability of the
VACNT by applying ceramic thin films including zinc oxide (ZnO),!*!! alumina (Al,O3),41-43
and titanium dioxide (TiO2)***] via ALD. However, despite the application of the ALD
process, the high density and aspect ratio of the VACNT result in low atomic penetration,
ultimately preventing the formation of a uniform coating from the VACNT base to its tip

4246] Accordingly, the ceramic coatings tend to agglomerate on top of the VACNTS rather

apex.|
than generating uniform coatings on the individual CNT strands.!*>#”] Equivalent limitations
are observed in gas sensor applications utilizing VACNT. In VACNT-based gas sensors,
sensitivity to detect harmful gases is enhanced by coating a reaction catalyst. Nevertheless, the
reduced penetrability owing to the high VACNT density leads to degradation of the catalyst
coating and a reduced reactivity. Moreover, the low atomic permeability of the VACNT
structure hinders the deep penetration of gases, further limiting the potential detection
capabilities of such systems.

To improve the atomic penetrability of the VACNT structure, ongoing efforts are focused on

enhancing the uniformity of the atomic decoration. For example, microscale pattern modulation
4
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has been applied to VACNTS to increase their penetrability.**->% The use of micropatterned
VACNTs was found to result in a marginal enhancement in the gas permeability, thereby
facilitating the penetration of ceramic atoms via the ALD approach. The micropatterns thereby
allowed the uniform deposition of ceramic atoms around these pattern holes.[*¥ However,
despite such advances, the atomic penetrability remained constrained in terms of the single
CNT strands. The limitations of VACNTSs with these micropatterns are also evident in gas
sensor applications due to their partial restriction of enhanced atomic penetration. Although
micropatterning can enhance the sensitivity of VACNT-based gas sensors by improving the
catalytic coating and gas permeability, it can be argued that these improvements at the

#91 To overcome these

microscale fail to exploit the complete reactivity of the VACNTs.
limitations, various research groups have attempted to develop nanopatterned VACNTs.
Therefore, numerous researchers have endeavored to nanopatterned VACNT as a solution to
these limitations. In this context, the chemical vapor deposition (CVD) process for the
fabrication of high-purity VACNTSs involves the distribution of Al2O3 and iron (Fe)-based seeds
in the form of nanopatterns and in the absence of adhesives, such as organic materials.[>!->?]
However, the process constraints for VACNTs fabrication based on the CVD process hinders
the applicability of the transfer, lithography, and imprinting methods that require the use of
adhesives or polymers, thereby rendering the nanopatterning of VACNTSs particularly
challenging. Although previous research on the nanopatterning of VACNTs has been reported,
the range of nanopattern geometries has been primarily limited to basic patterns such as line
and pillar, and the precision of these nanopatterns at the nanoscale has been relatively
insufficient. For example, the nanoscale line shapes of VACNTSs were unintentionally curved
rather than straight, and the circular patterned VACNTs exhibited non-uniform diameters and

heights. Additionally, atypical and randomly oriented nanoscale VACNTs have also been

reported as nanopatterned VACNTSs.[5354]
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Thus, with the above considerations in mind, this research proposes highly uniform and precise
nanopatterned VACNTs (nVACNTSs) that are prepared using a seed nanostructuring approach,
wherein the nanotransfer printing (nTP) technique is employed to achieve an enhanced atomic
penetrability and improve the quality of atomic decoration. The proposed method, which is
aimed at fabricating a nanopatterned VACNT seed layer without the use of adhesives, has the
potential to increase the VACNT purity by reducing in-process contamination. Using this
method, the fabrication of nVACNTs with diverse nanopatterns is realized, and two
applications of the prepared nVACNTs are proposed. To observe the enhanced atomic
decoration uniformity from the base to the tip apex, ALD is employed to achieve coating with
ZnO and Al;O3. The atomic decoration uniformity of the resulting VACNTs is then analyzed
by comparing the atomic penetration ratios of the micropatterned VACNTSs and the nVACNTs
in both the horizontal and vertical directions. A more uniform ALD coating would be expected
to facilitate the application of nVACNTSs in various mechanical applications that require
improved resilience. Additionally, the potential of the nVACNTs to enhance the atomic
decoration rates of physical vapor deposition techniques, such as E-beam deposition, is also
verified. Furthermore, the NO> gas-sensing capability of the nVACNTs is found to be much

greater than that of non-patterned VACNT.

2. Results and Discussion

In this study, we fabricated nanopatterned VACNTs (nVACNTSs) and developed two different
applications as illustrated in Figure 1. For facile fabrication of nVACNTSs, we proposed
transfer-based fabrication strategy to prepare the nanopatterned seed layer for VACNT growth,
as shown in Figure 1a. The process initiates from depositing a gold (Au) film on a polyurethane
acrylate (PUA) mold bearing nanopatterns that were generated using a nanoimprinting process
(Figure Sla-c). Subsequently, the Au nanopatterns were transferred to a silicon (Si) wafer via

oxygen (O2) plasma treatment (Figure S1d). In this study, various nanopatterns were applied,
6
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with the objective being the fabrication of VACNTSs characterized by diverse nanopatterns,
including line (width: 400 nm, pitch: 600 nm), square dots (width: 800 nm, pitch: 1000 nm),
cross dots (width: 350 nm, pitch: 1600 nm), and cross holes (width: 350 nm, pitch: 1600 nm).
Then, ~10 nm of Al,Os layer and ~ 1 nm of Fe layer were sequentially deposited via E-beam
deposition (Figure S1f-g), followed by a lift-off process removing the Au pattern (Figure S1h).
The remained Al,O3/Fe nanopatterns served as the catalyst for the growth of VACNTs. We
used thermal CVD to synthesize the multi-walled CNTs with diameters of 5-10 nm (Figure S1i),
as detailed in Figure S1. Depending on the 2D shape of the transferred seed pattern, VACNTs
can form 3D architectures with nanoscale vertical channels which facilitates the gas flow. More
specifically, as shown in Figure 1b, ALD was employed to achieve a uniform atomic decoration
of the entire VACNT strands owing to the enhanced atomic penetrability within nVACNTs.
We coated ultrathin ceramic films on surfaces of the individual CNT fibers which can reduce
their van der Waals forces (Pvaw) and enhance the mechanical resilience (Precovery), therefore
achieving a fully recoverable ultralight nanofoam, as depicted in Figure lc-d. In addition, we
deposited Au catalyst on the nVACNTSs using E-beam deposition, as shown in Figure le,
realizing a NO> gas sensor with an enlarged chemically-active surface area, as depicted in
Figure 1f. To achieve superior performances on both applications, the uniform atomic
decoration and improved gas permeability enabled by the nanoscale vertical flow channels were
essential. Detailed information about the experimental procedures is explained in the Methods

section.
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E Lateral etching of PUA nanopatterns i
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Au nanopattern transfer Al,O4/Fe evaporation Au nanopattern lift off nVACNTs growth by CVD
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A
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NO, 10 ppm 20 ppm 30 ppm 40 ppm |

Edge-decorated structure to impart a catalytic effect Gas sensor with enhanced sensitivity

Figure 1. Schematic representation of the nVACNTS fabrication process and its applications.
(a) Nanostructuring strategy schematic of nVACNT. Nanopattern imprinting process using
PUA polymer is conducted for n'VACNT seed nanopatterning. O; plasma is treated for etching
PUA mold to enhance transfer quality. After plasma treatment, Au nanopatterns are transferred
to the silicon (Si) wafer. Al,O3; and Fe are evaporated on Au nanopatterns transferred Si wafer.
Then, the Au nanopattern is etched using the Au etchant and ultrasonication. n\VACNT is grown
by the CVD method. (b) Structural representation of the nVACNTSs. (¢) Schematic illustration
of the atomic layer deposition (ALD) on nVACNTSs (Blue color: ALD treated areas of
functional materials (e.g., ZnO or Al,O3), violet and green color: ALD gas molecules). The
atomic decoration causes a higher mechanical resilience (Precovery) and a lower van der Waals
forces (Pvpw). (d) The mechanical recovery of the VACNTS is enhanced by decoration with
inorganic materials such as ZnO. (e) Schematic representation of the atomic decoration of the

VACNTs by E-beam deposition (Gold color: metal (eg. Au) catalyst particles for gas sensors,
8
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pink color: harmful target gas molecules). (f) Application of the Au catalyst-decorated
VACNTs as a NO; gas sensor. Upon varying the concentration of NO, the resistance changes

(black line: nVACNTSs with catalyst, green line: VACNTS).

It was found that the bond between the PUA mold and the Au nanopattern (Pmoiqd) was weakened
following O: plasma etching of the mold, and activated hydroxyl groups were generated on the

e.[3356 Surface treatment therefore enables covalent bonding between the Au

mold surfac
nanopatterns and the target substrate (Psubswate) under the appropriate conditions, and prior
research®->°! has documented that a reduction in Pmoid and an enhancement of Psubstrate facilitate
Au nanopattern transfer.5>% To ensure stable transfer of the nanopattern, the condition
presented in Eq. (1) must be met:

Psubstrate = Pmota > 0 (1)
A schematic representation of the PUA mold etching process is shown in Figure S2, and the
effectiveness of this process was evaluated using scanning electron microscopy (SEM). As
shown in Figure 2a-i, the Au nanopatterns on the PUA mold measured 610 nm prior to the
transfer process. This figure also shows the result of the Au layer transfer to the Si wafer via
the heat press method. In the absence of O; plasma treatment, the PUA mold did not undergo
etching and form the hydroxyl group on the surface, thereby rendering it impossible to transfer
the Au nanopattern onto the wafer without an adhesive due to low adhesion between the Au
nanopatterns and the Si wafer surface. Thus, Figure 2a-ii shows that the transfer of Au
nanopatterns to the Si wafer was not successful.
To overcome this poor transfer characteristics, O2 plasma treatment was conducted for 20 min,
leading to a reduction in the width of the PUA nanopatterns from 610 to 533 nm. This treatment
resulted in a reduction in Pmoa owing to side etching and an increase in Psubstrate through the

generation of hydroxyl groups on the Au nanopattern, which assisted the covalent bonding on

the Si surface during the thermal pressing process; this enabled the complete transfer of uniform
9
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Au nanopatterns onto the Si wafers. As shown in Figure 2b-i, the Au nanopatterns remained
intact even after the PUA nanopatterns were subjected to a side etching. The etching of the PUA
mold through O plasma reduces the bonding force between the nanopatterns and the PUA mold,
thus facilitating the transfer process. As a result, the Au nanopattern morphology being
successfully transferred onto the wafer. In addition, Figure 2b-ii shows photographic images of
the Si wafers exhibiting successfully transferred Au nanopatterns. Figures S3 and S4 show the
etching and transfer results, which varied depending on the duration of the O> plasma treatment.
More specifically, following treatment for 10 min, the PUA mold underwent etching to a width
of 587 nm, indicating that a longer etching time was required to ensure successful transfer onto
the wafer. Furthermore, upon increasing the treatment time to 30 min and beyond, the PUA
mold was over-etched to a width of 262 nm, resulting in excessive transfer of both the intended
Au nanopatterns and the undesired Au pattern region onto the Si wafer. These results therefore
confirm that O> plasma treatment weakens the adhesion between Au and PUA, allowing transfer
to low-adhesion surfaces without the requirement for additional adhesives. By employing the
inverse image of the transfer process as the seed layer pattern, nVACNTs with diverse
nanopatterns were fabricated (i.e., lines, square dots, cross-dots, and cross-holes), as shown in
the SEM images presented in Figure 2c. As shown in Table S1, each nanopattern has the
following dimensions: the line widths and pitch are 400 nm and 600 nm each. Concerning
square dots, they comprise squares measuring 800 nm in length, with a 1000 nm in pitch. The
cross-dot pattern is designed by two vertically intersecting lines, each with a width of 350 nm,
and a pitch of 1600 nm (a length of 600 nm from the center of the pattern to its edge). Further,
cross hole patterns represent the inverse phase of the cross-dot configuration. In addition, the
inset shows an image of the transferred mold, demonstrating the successful transfer of complex-
shaped nanopatterns such as cross dot and cross hole patterns, in addition to simple nanoscale
lines and squares. Moreover, it was found that VACNT growth conformed to the shape of the

nanopatterned seed. As can be seen from the cross-sectional morphology of the fabricated
10
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nVACNT (Figure 2d), the VACNTSs grew vertically along the nanopattern in a uniform manner
to give a superior nanopatterning quality. Figure S5 shows the SEM images of the PUA mold
with Au-deposited nanopatterns, the etched and remaining Al,Os/Fe nanopattern reverse phase,
and the grown nVACNTSs, while Figure S6 confirms that these nVACNTSs can be uniformly
fabricated over a large area. Additionally, the nVACNT quality was confirmed by observing
the G- (1580 cm™!) and D-bands (1360 cm™!) using Raman spectroscopy (Figure S7).

20 min
After transfer

20 pm | t=72.7 pm ——20umft=385ym  —— 20 um | t=46.2 ym

Figure 2. (a-i) Cross-sectional image of the Au-evaporated PUA mold without O> plasma
treatment. Also shown is the Si wafer after the transfer process. (a-ii) Photographic image of
the Si wafer after the transfer process (Inset image: Top view of Si wafer after nTP, scale bar:
1.5 pum). (b-i) Cross-sectional image of Au-evaporated PUA mold following O, plasma
treatment for 20 min (Inset image: Top view of Si wafer after nTP, scale bar: 1.5 um). After the
transfer process, the Au nanopattern can be observed on the Si wafer. (b-ii) Photographic image
of the Si wafer after the transfer process with O plasma treatment. (c) top view SEM images

of the nVACNTs (i: lines, ii: square dots, iii: cross dots, and iv: cross holes). Inset images shows

11
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nTP results for n"'VACNTSs fabrication (scale bar: 1.5 um). (d) Cross-sectional SEM images of

the nVACNTSs (i: lines, ii: square dots, iii: cross dots, and iv: cross holes).

The vertically aligned yet spirally shaped CNTs with outstanding mechanical properties allow
application of VACNTs as mechanical damping nanofoams with extreme energy dissipation
and elastic recovery characteristics, as shown in Figure S8. Highly porous, ultralight VACNTs
can achieve strength exceeding other established architected nanomaterials at similar low
densities, such as ceramic nanolattices/%' and other carbon-based foams[®?-%°], and recover more
than 97% compressive strain.6363 However, VACNTs require atomic surface decoration for
self-recovery after externally induced compression. When a VACNT foam is extremely
compressed more than ~10% of its original height, the vertically aligned individual CNT
bundles will largely bend and buckle making multiple contacts with each other. Although the
deformation of individual nanotubes may remain elastic under extreme deformation, the van
der Waals force at nanoscale is strong enough to hold their compressed state preventing the
elastic recovery. Therefore, a surface modification technique for surface energy reduction is
necessary to engineer a highly recoverable VACNT. Extreme recovery of entire VACNT forest
are enable only when all the CNTs can be uniformly coated by material with low intrinsic
adhesive force such as ceramics. (e.g. ZnO, Al,O3) ALD is the most effective process for
deposition of uniform layer on complex small structures, yet enabling the full penetration of
oxidants and precursors into the nano-scale open-foamed VACNTS remains a challenge.[*¢-¢7]
Ultimately, VACNT forests with modified surface properties for elastic recovery characteristic
and high energy dissipation is limited in the size less than one square millimeter.

In case of non-patterned VACNTSs, penetration of the precursors and oxidants into the structure
during the ALD process is hindered owing to the dense structure of the VACNT array, Figure
3a. In case of micropatterned VACNTSs (WVWACNTSs), introduction of micropatterns can improve

the penetration of gaseous chemicals providing vertical gas flow channels, as shown in Figure
12
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3b. However, the maximum penetration depth in lateral direction from the outside of vertical
channels to the micro-structured array is only few micrometers or less,[* therefore the
deposition is limited on those inside the array structures. In contrast, nVACNTSs can provide
sufficient penetration channels to every CNT fiber, thereby maximizing the uniformity of the
ALD coating, as depicted in Figure 3c. For verification, 100 cycles of ZnO ALD were carried
out to the ~150 um tall non-patterned, micropatterned, and nanopatterned VACNT forests. Both
the micropattern and nanopattern have cross-shaped vertical channels with different scale and
micropattern array has 10 times the size of the nanopattern array. The precursor and oxidant for
ZnO ALD were diethylzinc and deionized water, respectively. After cutting the VACNT chip
in half, the cross section of VACNT forest was observed by SEM, as shown in Figures 3d-3f.
In addition, relative amounts of Zn were visualized via energy dispersive spectroscopy (EDS)
for each case. In the case of the non-patterned VACNT, the amount of Zn decreases from top
to bottom which indicates that vertical penetration of the oxidant and precursor molecules was
insufficient. We derived the average Zn intensity according to the height via image processing
of Zn EDS mapping images, as shown in Figure 3g, and quantitatively the EDS intensity at the
bottom was reduced by 60% compared to the top surface. On the other hand, the ALD
uniformity in the vertical direction significantly increased by introducing VACNTSs with the
vertical channels in patterned VACNTs. In both cases of pVACNTs and nVACNTs, the

reduction in EDS the intensity along the vertical direction were remarkably small.

13
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VACNTSs with non-pattern VACNTSs with micropattern VACNTSs with nanopattern
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ALD uniformity in
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Figure 3. Enhancement of ALD uniformity by introduction of a nanopattern on VACNT and
its application as a nanofoam with elastic recovery characteristic and high energy dissipation.
Schematic illustration showing differences in deposition uniformity during the ALD process
for the (a) non-patterned VACNT, (b) uVACNT, and (c) nVACNT. Cross-sectional SEM
images and Zn EDS analysis results are shown for characterization of ZnO ALD uniformity in
vertical direction in the (d) non-patterned VACNT, (e) pVACNT, and (f) nVACNT. (g)
Relative Zn intensity according to the height, as derived by image processing of EDS mapping

images of Zn for various VACNTSs after ZnO ALD. Cross-sectional SEM images and Zn EDS
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analysis results are shown for characterization of ZnO ALD uniformity in horizontal direction
in the (h) non-patterned, (i) tWACNT, and (j) nVACNT. (k) Relative Zn intensity according to
the horizontal position, as derived by image processing. TEM images of individual CNTs from
the nVACNT structure (1) before and (m) after ZnO ALD. (n) Strain—stress curves recorded for
various VACNTs upon mechanical indentation to confirm enhanced penetration of gaseous

chemicals by introducing a nanopattern, and its application to elastically recoverable nanofoam.

The lateral uniformity in ALD coating of the three different VACNT forests are shown in
Figures 3h—3j, and the relative EDS intensity of Zn according to the horizontal position was
derived by image processing of EDS mapping images for Zn in various VACNTs with ZnO
ALD, as presented in Figure 3k. While non-patterned VACNTs and nVACNTSs showed uniform
Zn coating in lateral direction, the horizontal Zn intensity of uVACNTs was highly non-uniform.
In terms of ZnO ALD quality along the horizontal axis, we indeed observe uniformity. However,
upon considering the entirety of the non-patterned VACNTSs area, we notice a significant
decrease in atomic penetrability towards the bottom surface. The non-patterned VACNT
exhibits a uniformly high ZnO coating ratio in the horizontal direction at the topmost region.
However, as one descends in the vertical direction, a uniformly low ZnO coating ratio is
observed due to the decreased atomic penetration. As the oxidant and precursor can flow
through the vertical channels, CNTs near the perimeter of micropatterns along vertical direction
are coated uniformly with ZnO. However, the reaction gas cannot sufficiently penetrate through
the micrometer-width CNT array in lateral direction. Therefore, we observed only 60% of EDS
intensity inside the micropattern compare to those near the perimeter. We compared our EDS
mapping results of Zn and C and confirmed high uniformity of C in lateral direction of
UWVACNTs, as presented in Figure S9, which correspond with atomic analysis results presented
for the various VACNTSs in Figure S10. Such result implies that the low Zn intensity detected

inside the pfVACNTSs is not caused by possible measurement obstruction but by the small
15



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

WILEY-VCH

amount of Zn deposition. In contrast, the introduction of a nanopattern significantly reduced
the required horizontal penetration depth. Although the EDS intensity for Zn was found to
decrease in the same manner toward the center of the pattern, the reduction was only about 10%.
It was confirmed that the ALD uniformity in the vertical direction was greatly improved by
vertical channels that facilitate penetration of gaseous chemicals. In addition, by reducing the
size of the pattern, it was possible to enhance the ALD uniformity in the lateral direction
significantly as well as the uniformity in the vertical direction further. To verify that this
advantage can be applied to other ALD processes, Al2O3 ALD was performed by changing the
precursor. It was confirmed that the distribution of relative Al intensity from EDS map in
nVACNT after ALbO3; ALD was similar to that for Zn in nVACNT with ZnO ALD, in both
vertical and horizontal directions, as shown in Figures S11a-d. Meanwhile, to verify the coating
uniformity at the nanoscale, the CNTs from the nVACNTSs both before and after ALD were
dispersed and observed at a high magnification. Figures 31 and 3m show the resulting
transmission electron microscopy (TEM) images of the nVACNT before and after ZnO ALD,
respectively, confirming the deposition of ZnO layer on the CNT surface.

Previously, it has been reported that ALD can be used to fine-tune the VDW forces and recovery
forces between CNT pairs in a VACNT pillar tens of micrometers wide, which could then
impart the VACNT micropillars with recovery characteristics during unloading through
separation of the contacted CNT pairs.[%®! To further verify the improvement in penetration of
gaseous chemicals resulting from the introduction of a nanopattern, the size of the VACNT
arrays, whose width and height were 25 um or less due to the limited penetration of gases, was
increased to a 1 cm X 1 cm scale with a height of ~100 um. Subsequently, mechanical
indentation by truncated cone tip made of titanium carbide was conducted on these VACNT
forests both before and after ZnO ALD, and their mechanical behaviors were compared, Figure
3n. In order to match the strain rate and maximum strain as much as possible to 0.01 s™' and

0.85, similar to the previous report,[® the tip speed and indentation depth was fixed at I um s
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!, and 85 pm, respectively. In the loading process, the nVACNT specimen without ALD
exhibited a relatively low stiffness of 0.428 MPa at the initial slope, compared to the non-
patterned VACNT without ALD that showed stiffness of 1.86 MPa. The low stiffness at initial
slope of nVACNT is due to its smaller cross-sectional area. After the initial region of linear

d,[036¢] by progressive buckling

slope, rise and fall of stress are repeated as previously reporte
of VACNTs. And then, densification of CNT occurs and the stress increase rapidly. The non-
patterned VACNT and the nVACNT were indented with maximum strains of 0.835 and 0.891,
respectively. In the unloading step, 65% and 33% of strain for non-patterned VACNT and
nVACNT was elastically recovered. As a result, non-patterned VACNT and the nVACNT
showed residual strain of 0.290 and 0.597, respectively. High residual strain above 0.25 in both
VACNTs resulted from the CNT pairs entangled with each other by densification do not fall
off again due to their high intrinsic adherence forces. After conducting ALD on non-patterned
VACNT and nVACNT, the effect of ALD on the mechanical behavior of VACNTSs differed
dramatically depending on whether the nanopattern exists or not. Following 120 cycles of ZnO
ALD, the stiffness at initial slope was significantly enhanced by 271% in the nVACNT
specimen compared to that of the non-patterned one, which was enhanced by less than 5%. This
was attributed to ALD taking place over the entire surface of the nVACNT, as opposed to only
top-dominant deposition in the non-patterned VACNTSs. Differences between non-patterned
VACNT and nVACNT in stiffness change before and after ALD implies that the low stress
inherent in nVACNT can be compensated by ALD, and that the increase in the number of ALD
cycles will allow the stiffness of nVACNT to surpass that of non-patterned VACNT. The non-
patterned VACNT and the nVACNT with ALD were indented with maximum strain of 0.836
and 0.893, respectively. In the unloading step, homogeneous ALD was found to be possible
upon the introduction of nanopattern. As shown in the unloading curve of Figure 3n, in the case
of non-patterned VACNTs, residual strain was slightly reduced from 0.290 to 0.205, showing

a slight increase of the proportion for elastic strain to the total strain from 65% to 75%. On the
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other hand, residual strain of nVACNTSs was extremely reduced from 0.598 to zero, showing a
fully elastic recovery after ALD. This is due to the fact that ALD is carried out throughout the
CNTs by the introduction of nanopatterns, which significantly reduces the adhesion force on
the surface of all CNT bundles, making them easy to separate from each other during the
unloading process even after if CNTs adhere to each other once by the buckling and
densification during the loading step. Ex-situ SEM images support the superb elastic recovery
of nVACNTs with ZnO ALD. Figure S12 shows the images after indentation of the non-
patterned VACNT and nVACNT with ZnO ALD. Even after ZnO ALD, non-patterned VACNT
shows insufficient recovery after indentation, as presented in Figure S12a and b. In contrast,
nVACNT shows complete recovery. As shown in Figure 12c¢ and d, "\VACNT with ALD shows
near-perfect recovery, except for the occurrence of an extremely small surface step, indicated
by yellow arrows in Figure S12c-f, resulted from miss-alignment between the indenter and the
surface of nVACNT. Meanwhile, from the perspective of energy dissipation, nVACNTSs with
ALD outperforms nonpatterned VACNTs. In the case of non-patterned VACNTSs, the energy
dissipation density in the indentation process before and after ALD is 230 kJ m™ and 235 kJ m"
3, respectively, which increases by only 2% after ALD. On the other hand, in the case of
nVACNTS, the energy dissipation density before and after ALD is 89.8 kJ m and 279 kJ m?3,
respectively, which increases by 210% after ALD. It is notable that energy dissipation density
of nVACNTs, which was 61% lower than non-patterned VACNTs before ALD, overwhelm
non-patterned VACNTs after ALD. These results show that introduction of nanopatterns can
be a solution for the limitation in the size of VACNTSs, which was pointed out as a challenge to
achieve homogeneous coating on VACNTSs through ALD, and thus expands the utilization of
VACNTs as a mechanical damping nanofoam with both elastic recovery characteristic and high

energy dissipation.
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It is therefore expected that penetration of gaseous chemicals can be enhanced in VACNT
forests through the introduction of nanopatterns. The developed nVACNT material was
subsequently employed as a NO» gas sensor to further investigate the effect of VACNT
nanopatterning on gas-sensing applications. The importance of sensing toxic or pollutant gases
(such as NO») for detecting and controlling pollution has increased in recent decades owing to
their adverse effects on the environment and human health. VACNTSs are considered promising
candidates for gas sensing because of their high surface area-to-volume ratio, high electron
mobility, high uniformity, good physicochemical stability, and high adsorption capability.[6®!
In addition, in recent decades, researchers have found that the sensing performance, including
the sensitivity, can be further improved by decorating the VACNTSs with various noble metal
catalysts (e.g., Au and Pt), which could promote the commercialization of VACNT-based gas
sensors.[”) However, as shown in Figure 4a-i, two significant challenges remain in the area of
catalyst-decorated VACNT-based gas sensors, which can ascribed to the high density of
VACNTs. More specifically, this high density hinders the penetration of the target gases into
the deeper VACNT region, thereby limiting the reactions of target gases to only the top surface
region. This results in a reduction in the active surface area of the VACNT and subsequently
decreases the sensitivity of the sensor. Secondly, the high VACNT density prevents the deep
penetration of noble metal atoms, limiting the catalytic effect. Typically, noble metal catalysts
are coated on VACNTs through a physical vapor deposition (PVD) process; thus, they are
decorated on only the top surface. It is therefore reasonable to expect that the developed atom-
penetrable nVACNT material will overcome the aforementioned limitations and further

enhance the sensing performances of VACNT-based gas sensors.
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Figure 4. Application of the nVACNT material as a high-performance NO: gas sensor.
Schematic illustration of the gas sensors based on (a-i) Au-decorated non-patterned VACNTSs
and (a-i1) Au-decorated nVACNTs and their corresponding sensing mechanisms. (b) Side-view
SEM and EDS images showing the Au-decorated non-patterned VACNT and nVACNT
materials. The yellow dots in the EDS images represent the Au atoms and indicate their
densities in the two materials. (¢) Relative EDS intensities for the Au-decorated non-patterned
VACNT and the nVACNT at different height locations along the VACNTSs. The intensity
corresponding to the yellow color (Au) was normalized based on the yellow dot intensity of the
top surface of each VACNT image. (d) Gas sensing results for the different gas sensors in the
presence of NO, gas at concentrations of 10, 20, 30, and 40 ppm, and (e) the corresponding
calculated sensitivity. (f) Gas cyclic test results for the sensor based on the Au-decorated

nVACNTSs under repeated exposure to NO> gas (30 ppm) and air (80% N2, 20% O»).

As shown in Figure 4a-ii, the nanopatterning of VACNTSs not only results in an increased active

surface area, but it also enables deeper catalyst decoration. More specifically, as discussed in
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relation to Figure 3, gas molecules can freely penetrate the VACNTSs in both the vertical and
horizontal directions, allowing the entire surface area to interact uniformly with the target gas.
Furthermore, during the PVD process, the evaporated catalyst atoms are able to travel through
the nanosized holes, thereby enabling their deposition on the top and sidewalls of the
nanopatterned CNT bundles. It is noteworthy that owing to the line-of-sight nature of the PVD
process and the relatively large atom size, catalyst decoration inside the individual CNTs is not
possible. As shown in Figure 4b, an E-beam evaporator was used to coat the Au catalyst on
non-patterned CNTs, which resulted in the Au atoms being deposited on only the top surface.
However, when nVACNTSs were used, Au atoms were deposited in deeper regions. If the
amount of catalyst coating on the top surface is normalized as 1., «p = 1, it was found that the
catalyst amount gradually decreased as the depth increased for the nVACNT. In contrast, the
catalyst amount decreased to zero in the case of the non-patterned VACNTs, as shown in Figure
4c. The sparsely distributed yellow dots in the EDS image of the non-patterned VACNT
material indicate the relative absence of Au atoms, with an atomic percentage of Au close to
Zero.

As shown in Figure 4d, the gas-sensing performance of the VACNT material was investigated
for NO» gas at concentrations of 10, 20, 30, and 40 ppm. Initially, the catalytic effects of Au on
the sensing performance of the non-patterned VACNT material were assessed, revealing
sensitivities that were 2.39, 1.90, 1.84, and 1.93 times higher in the presence of the Au catalyst
at each gas concentration, respectively (Figure 4e). In addition, the nanopatterning effects of
the VACNTs were evaluated, giving sensitivities that were 8.00, 5.23, 4.43, and 4.23 times
higher than that of the Au-free VACNT system at each gas concentration, respectively. It was
found that the nVACNT loaded with the Au catalyst demonstrated a remarkable improvement
in sensitivity, with sensitivity that were 14.35, 8.19, 7.35, and 7.21 times higher than that of the
Au-free VACNT system at concentrations of 10, 20, 30, and 40 ppm, respectively. This

significant improvement in sensitivity can be attributed to the synergistic effects of the
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increased active surface area and the improved uniformity of the decorated catalysts in the
vertical direction. In conclusion, the nanopatterning of VACNTSs clearly facilitated atomic
penetration of the target gas and the catalyst, resulting in improved sensitivities with an

excellent cyclic stability as shown in Figure 4f.

3. Conclusion

This study introduced an nTP approach based on adhesion force modulation between the
nanoimprinted mold and the deposited target material, which enables the fabrication of
nVANCTs. The use of surface modification by utilizing O plasma and the lateral etching of
the nanopatterned substrate eased the transfer of nanopatterns. This advancement addresses
issues related to the downscaling of VACNTs patterns and CVD chamber contamination
associated with polymer melting and adhesive usage in conventional nTP processes. This
innovative technique can yield significant advantages, which include the enhancement of
atomic penetration properties within the realm of nanoscale VACNTSs patterning and atomic-
decorated applications. As enhanced atomic permeability in nVACNTSs maximized the effect
of ALD, the ZnO ALD improved the energy dissipation density of nVACNTS by 210%,
showing a significant difference from that of non-patterned VACNTs which was improved by
only 2%. Moreover, the substantial enhancement in mechanical properties achieved through
nVACNTs-based ALD processing can be attained on a 100 mm? scale in contrast to prior
studies in which the size of the VACNT array was limited to less than 1 mm?. In terms of gas-
sensing applications, the enhanced deposition area of the Au catalyst and gas permeability,
stemming from the improved atomic permeability of nVACNTs, led to a remarkable sensitivity
improvement of up to 14.35 times when compared with that of the nonpatterned VACNTs. This
marks a noteworthy advancement in the VACNTSs field of recoverable energy dissipation

nanofoam and sensitive gas sensor technologies.
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Although the nanopatterns were exclusively transferred onto a Si wafer in this study, they are
expected to be applied to various substrate materials, including glass and flexible substrates that
can withstand the elevated temperatures necessary for nVACNTSs synthesis. Moreover, the
ALD technique is not limited to ZnO; hence, it can be applied to a variety of materials on
nVACNTs, allowing for improved mechanical performance and the incorporation of desired
functionality. In the gas sensing aspect, although only Au decoration and NO- gas sensing were
demonstrated in this study to verify the synergistic effects of VACNT nanopatterning,
nVACNT with versatile catalysts can be effectively utilized for various toxic or explosive gas
sensing applications in subsequent research. Utilizing VACNTs with various precise
nanopatterns is anticipated to streamline the atomic decoration of diverse materials or catalysts,
meeting the specific requirements of multiple industries to achieve various functionalities.
Consequently, this advancement is poised to broaden and boost the practical industrial
application of nVACNTs.

4. Methods

Fabrication: Si master molds with various nanopatterns were fabricated through krypton
fluoride lithography. The fabrication process began with photolithography, where a bottom
anti-reflective coating layer of 58 nm thickness and a photoresist layer of 1.0 um thickness were
sequentially deposited onto the substrate. Subsequently, the substrate underwent a soft bake
process at 100°C for 60 seconds followed by a post-exposure bake process at 110°C for 660
seconds. Afterward, the substrate was immersed in a developer solution for 60 seconds to
remove the exposed regions of the photoresist. Next, the etching process was carried out using
a mixture of gases, including Cl with a flow rate of 30 sccm and HBr with a flow rate of 180
sccm, under a pressure of 12 mTorr and a power of 300 W. This step selectively etches the
exposed areas of the Si substrate, resulting in the desired nanopatterned Si master mold.

Then, the master wafers comprising various nanopatterns were coated with a light-curable

polymer, namely RM-311 polyurethane acrylate (PUA) resin (Minuta Technology Co., Ltd.,
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Korea), to replicate the nanopatterns onto a silicon mold. After curing the nanopatterned PUA
substrate by exposure to ultraviolet (UV) light, it was separated from the master wafer.
Subsequently, a 30 nm-thick layer of Au was deposited onto the nanopatterned mold using an
E-beam evaporator (Daeki Hi-Tech Co., Ltd., Korea). The surface was then subjected to O>
plasma treatment to modify the surface energy and partially etch the nanopatterned PUA side
for facile transfer of the Au nanopatterns onto the Si wafer without the requirement of an
adhesive. These findings suggest that the increment of the Psubstrate-Pmota contributes to the
dependable transfer of nanopatterns. The Au nanopatterns were then transferred onto the wafer
via thermal pressing at 60 °C and 5 bar pressure. Subsequently, an Al,O3 layer (10 nm thick)
and a Fe layer (1 nm thick), which served as catalysts for VACNT growth, were deposited onto
the wafer using an E-beam evaporator. The Au nanopatterns were selectively removed through
Au etching using an Au etchant and ultrasonic wave treatment, leaving behind the nanopatterns.
The VACNTs were then grown via thermal CVD to fabricate nVACNTSs with the desired
nanopatterns. This was achieved using a customized CVD furnace with a carbon-assisted
VACNT growth protocol.’%’!] See Figure S13 and Table S2 for detailed description about
experimental setup and recipe of the VACNT synthesis, respectively. The ALD of ZnO and
ALOs was conducted using a customized thermal ALD reactor (ICOT Mini, ACOT).[”?) The
base pressure was below 30 mTorr, and the temperature of reaction chamber was set to 155 °C
for ZnO ALD and 150 °C for AlO3 ALD. Trimethylaluminum and diethylzinc were used as
precursors for the ZnO and Al,O3 ALD processes, respectively. Deionized water and nitrogen
were used as the oxidant and the carrier gas, respectively. One ALD cycle consisted of precursor
feeding for 0.5 s, flowing of N2 (3 sccm) for 25 s, vacuum pumping for 90 s, oxidant feeding
for 0.5 s, flowing of N> (3 scem) for 25 s, and vacuum pumping for 90 s.

Morphological and FElemental Analyses: The morphological characteristics of the
nanopatterned VACNTSs were analyzed using ultra-high-resolution SEM (UHR-SEM; Hitachi

High-Technologies Corp.). Cross-sectional examinations of the ALD-coated nanopatterned
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VACNTs were performed using UHR-SEM combined with EDS to verify the morphology and
composition. Moreover, UHR-SEM and EDS were employed to investigate the morphology
and penetration of the Au catalyst into the non-patterned and nanopatterned VACNTs following
E-beam deposition. TEM imaging was carried out using a Tecnai G2 F30 S-Twin instrument
(FEI). For TEM analysis, the samples were prepared by dispersing the as-grown or ALD-treated
VACNTs in isopropyl alcohol and dropping them onto lacey carbon-supported copper grids.
Furthermore, Raman spectroscopy (Horiba Jobin Yvon) was employed to detect and analyze
the characteristic graphitic and defect bands in the prepared VACNT specimens.

Mechanical Indentation: To prepare the samples for mechanical indentation, the VACNTSs were
grown to a height of 100£15 pm on a 1 cm X 1 cm wafer chip, and 120 cycles of ZnO ALD
were carried out as necessary. Mechanical indentation was performed using a tribometer (UMT
Tribolab, Bruker), with a truncated cone indenter tip made of titanium carbide having a diameter
of 450 um and an inclination angle of 45°. During indentation, the tip speed was set to 1 pm s
!, and a 1 s idle time was included between the loading and unloading phases.

Evaluation of the Gas Sensor Performance: The non-patterned VACNTs and nVACNTSs were
decorated with Au (10 nm) using an E-beam evaporator (Daeki HiTech Co., Ltd., Korea).
Subsequently, non-patterned VACNTSs, Au-decorated non-patterned VACNTs, bare nVACNT,
and Au-decorated nVACNTSs were applied as gas sensors. NO; sensing tests were conducted
using a customized gas chamber at 150 °C, and the gas content was controlled using a mass
flow controller. The NO; target gas was introduced into the gas chamber at the desired
concentrations (10, 20, 30, or 40 ppm) by controlling the flow rates of the NO,, O, and N>
components. It should be noted here that the ratio of O, to N> was maintained similar to that of
ambient air. During the gas sensing tests, the electrical resistance of the gas sensor was

measured using a source meter (2635 B; Keithley Instruments, USA).
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