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ABSTRACT: While various electronic components based on
carbon nanotubes (CNTs) have already been demonstrated,
the realization of miniature electromagnetic coils based on
CNTs remains a challenge. Coils made of single-wall CNTs
with accessible ends for contacting have been recently
demonstrated but were found unsuitable to act as electro-
magnetic coils because of electrical shorting between their
turns. Coils made of a few-wall CNT could in principle allow

an insulated flow of current and thus be potential candidates for realizing CNT-based electromagnetic coils. However, no such
CNT structure has been produced so far. Here, we demonstrate the formation of few-wall CNT coils and characterize their
structural, optical, vibrational, and electrical properties using experimental and computational tools. The coils are made of
CNTs with 2, 3, or 4 walls. They have accessible ends for electrical contacts and low defect densities. The coil diameters are on
the order of one micron, like those of single-wall CNT coils, despite the higher rigidity of few-wall CNTs. Coils with as many as
163 turns were found, with their turns organized in a rippled raft configuration. These coils are promising candidates for a
variety of miniature devices based on electromagnetic coils, such as electromagnets, inductors, transformers, and motors. Being
chirally and enantiomerically pure few-wall CNT bundles, they are also ideal for fundamental studies of interwall coupling and

superconductivity in CNTs.

KEYWORDS: carbon nanotubes, multiwall carbon nanotubes, coil, self-organization, transmission electron microscope, Raman,

molecular dynamics

Carbon nanotubes (CNTs) have attracted tremendous
scientific and technological attention because of their
extraordinary electrical, mechanical, and other properties,
which make them attractive building blocks for nano-
technology.! Various nanoelectronic components made of
CNTs have been proposed and demonstrated, including
transistors,2 diodes,3 capacitors,4 and entire nanocomputer
prototypes.” Induction coils are basic components in electronic
circuits, as well as in many macroscopic electrical and
electromechanical devices. However, a micrometer-scale coiled
CNT structure that can act as an inductive coil has yet to be
produced. Such a structure could potentially be the basis for a
series of miniature devices including electromagnets, inductors,
dynamos, transformers, and motors.

The spontaneous coiling of flexible rods is a widespread
phenomenon found in both macro and micro scales, such as
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cooked spaghetti,® viscous jets of honey or silicones,”’

supercoiled DNA,' and CNTs."'™"* Various coiled CNT
structures have been demonstrated, but a CNT coil suitable for
the production of micrometer-scale electromagnetic coils has
yet to be shown. For instance, previously reported helical
CNTs were based on periodic pentagon-heptagon defects.'*
Such defects are known to scatter electrons and thus alter the
electronic properties of the CNTs.”"> In addition, such coils
are usually not compact but rather have a high ratio of
interturn pitch to diameter, forming long and narrow
solenoids. Other coiled CNTs “CNT rings” were formed by
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Figure 1. Structure of FWCNT coils. (a—f) Coil 1. (g—1) Coil 2. (a,g) SEM images. (b,h) AFM images. The lighter regions in b,h indicate twisted
regions, reaching heights of 90 and 120 nm, respectively. The diagonal stripe in ¢, g, and i is due to lithography of the protection layer for lamella
cutting. (c,i) Optical microscope images. (d,e k1) TEM images of the two sides of the cross-sectional lamella, showing 114 turns in Coil 1 and 163
turns in Coil 2. The locations from which the lamellae were taken are marked by the green lines in b and h. (fj) Magnifications of d k, respectively,
which appear to show two types of FWCNTs in each coil: (f) Two four-wall CNTs with diameters 3.3 and 3.0 nm (standard deviations: ~0.17
nm). The turns are organized in a rippled two-layer raft configuration. The structure contains a “stacking fault” (marked by a white arrow at the top
of subfigure f), possibly due to the mismatch in CNT diameters. The assignment of several turns to the 3.3 or 3.0 nm CNT is uncertain. (j) A
TWCNT and a four-wall CNT. f and j are magnifications of the orange and blue rectangles in d and k, respectively.

postsynthesis sonication or were buried inside catalyst and did not have free and accessible ends for electrical
contaminations, comprised multiple CNTs in the same colil, contacts.'*~*
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Micrometer-scale defect-free single-wall CNT (SWCNT)
coils were recently demonstrated by our groups.'' They were
suggested to be formed by a nanometric variant of the coiling
flexible rod mechanism,”” nicknamed the “falling spaghetti”
mechanism. This mechanism was also used to explain the
formation of various other CNT geometries, including loops
and serpentines.'®™*° According to it, the CNT first grows
suspended above the substrate, then falls onto it. The final
geometry is dictated by the CNT’s stiffness and the local
interplay between the downward and the forward components
of its falling velocity. The downward component stems from
van der Waals (vdW) attraction to the substrate and to
previous loops (turns) of the coiled CNT. The forward
component stems from the aerodynamic drag force applied by
the gas flow. When the downward component dominates, the
CNT self-organizes into a coil, similarly to the coiling of honey
on a toast or shampoo on a hand.

Those previously reported coils comprised individual
SWCNTs and were defect-free.!' Yet, when tested as
electromagnetic coils, they short-circuited due to current
flowing between adjacent turns of the coils. This was explained
by the perfectly matching chiralities between different turns of
the coil (all made of the same nanotube), which pose no
barrier for tunneling, in terms of conservation of crystal
momentum. In contrast, few-wall CNTs [FWCNTs; e.g.,
double-wall CNT (DWCNT), triple-wall CNT (TWCNT), or
four-wall CNT] are composed of coaxial CNT walls with
different chiralities; therefore, in theory, tunneling between
their walls is forbidden in terms of conservation of crystal
momentum.”"** Having a sufficiently small interwall tunneling
could make FWCNTs sheathed conductors that are suitable
for the creation of electromagnetic coils. In practice, the
interwall tunneling can be allowed by disorder causing
momentum relaxation,”> which is consistent with experimental
observations.””** In addition to conservation of crystal
momentum, which may or may not effectively prevent
interwall tunneling depending on the degree of disorder in
the system, having a few walls instead of a single wall could
enable additional sheathing mechanisms, such as depletion of
charge carriers in the outer walls by %ating,zs’26 or chemical
functionalization of the outer wall””** In light of these
considerations, FWCNT coils are promising candidates for
electromagnetic coils where current flows along the inner
wall(s) while the outer wall(s) acts as an insulating layer to
prevent shorting between adjacent turns. For this purpose,
FWCNT coils would need to have free ends for contacting and
a low density of defects. However, FWCNT coils with such
characteristics have not been produced yet. Moreover, the fact
that SWCNT's were shown to spontaneously self-organize into
defect-free coils does not necessarily imply that FWCNTs
should do the same because the latter are significantly thicker
and hence mechanically stiffer than the former.””*" For the
same reason, neither is it obvious that, if they form, such
FWCNT coils could have diameters in the same micrometer
scale as the SWCNT coils. Therefore, demonstrating the
formation of FWCNT coils is an important and nontrivial
endeavor for both fundamental and practical purposes.

Besides their practical significance as potential candidates for
electromagnetic coils, FWCNT coils could also be an attractive
system for various fundamental studies, owing to their chiral
and enantiomeric purity. A coil made of an individual FWCNT
constitutes a homogeneous bundle of CNTs having precisely
the same diameters and chiralities (including handedness).
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Naturally, this refers to walls of different CNT segments in the
bundle, while the different walls composing the few-wall CNT
have different diameters and chiralities by definition. Apart
from a report on a few small DWCNT bundles that appeared
to show identical chiralities from their electron diffraction,’’
virtually all bundles of FWCNTSs contain a mixture of radii,
chiralities, and handednesses, which adds complexity to studies
of interwall****™% and intertube® interactions, transport,”’38
and superconductivity.39 For example, superconductivity was
observed in bundles of DWCNTSs, where a broadened
superconducting transition was attributed to the mixed
chirality in the bundles.”” Using chirally pure bundles could,
in future studies, lead to a much sharper superconducting
transition, while the coil configuration could lead to the
observation of persistent current through the coil. All of this
makes FWCNT coils a potentially ideal system to study
superconductivity as well as interwall and intertube coupling in
CNTs.

Here, we demonstrate the formation of FWCNT coils and
experimentally characterize them structurally, spectroscopi-
cally, and electrically, accompanied by fully atomistic molecular
dynamics (MD) simulations of their formation mechanism.
These CNT coils are found to be composed of DWCNTs,
TWCNTs, and four-wall CNTs. The coils measure 2—4 pym in
diameter, up to 120 nm in height, and comprise up to 163
turns. Raman spectroscopy found low defect densities, and
fully atomistic molecular dynamics simulations support a
coiling flexible rod'" mechanism of formation of the FWCNT
coils. The fact that these FWCNT coils have accessible ends
for contacting enabled us to measure their electrical transport
properties and to observe both metallic and semiconducting
behaviors. Our results suggest that FWCNT coils are chirally
and enantiomerically pure FWCNT bundles and are thus
promising candidates for the future production of micrometer-
size electromagnetic coils (beyond the scope of the present
report), as well as for further fundamental studies of interwall
and intertube interactions and superconductivity in CNTs.

We synthesized the FWCNTSs by adapting a CVD (chemical
vapor deposition) protocol that is known to yield mainly
TWCNTs.2* We grew the CNTs on Si/SiO, substrates using a
catalyst of an FeCly drop or stripes of evaporated Fe (see the
Methods section). The CNTSs’ self-organization on the silicon
wafers facilitates their integration into devices by traditional
lithographic methods, as we demonstrate later on. After
synthesis, we imaged the samples using a SEM (scanning
electron microscope) and found tens of coils per sample
(Figure la,g), as well as other CNT geometries, including
straight segments, serpentines, and loops (Supporting Figure
Sla). The coil diameters were typically 2—4 um, although
diameters as small as 1 gm and as large as 13 pum were also
observed (all much smaller than the persistence length, which
is hundreds of micrometers; see the Supporting Information
for the calculation*®). The uncoiled CNT segments connected
to the coil are called “tails” (or “free ends,” seen in the top-
right and bottom of Figure la and in Supporting Figure S3a).
The number of FWCNT coils characterized using each
experimental method is provided in the Supporting Informa-
tion.

AFM (atomic force microscope) imaging enables a rough
estimation of the number of turns in a coil (Figure 1bh). By
comparing the tail heights (typically 2—S5 nm) to the coil
heights (bundle heights, up to 120 nm, Figure 1h) and widths
(tens of nanometers, Figure la,g), we could roughly estimate

DOI: 10.1021/acs.nanolett.9b03977
Nano Lett. 2020, 20, 953-962


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b03977

Nano Letters

that the coils have several tens of turns per coil. Some of our
coils comprise enough turns to be observable even in a regular
optical microscope, although the tails are imperceptible
(Figure lc,i; The diagonal stripe in Figure lcgi is of
lithography). The AFM images also show that some parts of
the coil are significantly taller than the rest of the coil (bright
regions in Figure 1h). These regions are identified as twisted
regions, where the coil’s cross section twists on the substrate.'!
Similar twisting is seen in many of our coils (Figures 1ab,gh
and 2b,c and Supporting Figures S2a,b, S3c,d and SSc,d) and
in other coiled CNTs,"' ™" and is further discussed in the
Supporting Information.

Figure 2. Top-view TEM imaging of a FWCNT coil (Coil 3). (a)
SEM image of a coil after it was transferred onto a TEM grid window.
(b) Medium-magnification and (c) high-magnification TEM image of
the tail and the coil, showing fringes. The fringes at the bottom of ¢
can be interpreted as a periodicity of a hexagonal packing of
DWCNTs. Inset: illustration of the cross section of a hexagonal
packing of DWCNTs and its periodicity. (d) Magnification of the tail.

In order to count precisely the number of turns in each coil
and the number of walls in each CNT, as well as to study the
coils” structure in more detail, we imaged 10 coils using either
top-view TEM (transmission electron microscope; five coils)
or cross-sectional-view TEM (five coils). Eight coils were
composed of FWCNTs, and the other two were composed of
SWCNTs.

Imaging coils using cross-sectional TEM is enabled by
cutting each coil into a thin lamella using a focused ion beam
(FIB). Figure 1d,e k] shows TEM images of the cross sections
of the coils in Figure 1b,h. These cross sections of Coils 1 and
2 comprise 114 and 163 turns, respectively, organized in a
rippled two-layer configuration reminiscent of a hexagonal
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packing. The vertical raft structure appears folded and rippled,
with a width of two CNTs. Overall, there is a strong agreement
between our SEM, AFM, cross-sectional TEM, and top-view
TEM ima%es. There is also an agreement with other coiled
SWCNTs,'' DWCNTs,'* and TWCNTs,"? apart for the raft
structures. Therefore, we infer that the basic structural features
of the lamellae, including the raft structure and its partial
collapse onto the substrate, were also present in the pristine
coils before the process.

Interestingly, two types of turns of FWCNTSs were observed
for each of the two coils: Coil 1 appears to comprise two four-
wall CNTs with two different diameters (3.3 and 3.0 nm)
coiled together (Figure 1f), and Coil 2 comprised a four-wall
CNT and a TWCNT coiled together (Figure 1j). Turns of the
two CNTs were observed side-by-side throughout the cross
sections of these coils (see also Supporting Figure S4). The
existence of two CNTs per coil in Coils 1 and 2 possibly
facilitated these high-aspect-ratio, two-CNT-thick, ribbon-like
structures, which were not reported in other coiled CNT
structures.''

To study the morphology of the coils and their tails in a
nondestructive way and to corroborate the cross-sectional
TEM results, we imaged them by top-view TEM (Figure 2 and
Supporting Figure SS). To this end, we successfully transferred
complete coils onto TEM grids, using a polymer.41 This
demonstrates that the coils can be transferred to a substrate
transparent to electrons and light, with no evident damage,
which could be useful for future applications. Fringes in the
TEM images of Coil 3 indicate that it has an ordered structure
(Figure 2b,c). The fringe pattern can be interpreted as
resulting from a periodicity of a hexagonally packed bundle of
DWCNTs (inset in Figure 2c).'>'® This is supported by the
partial hexagonal packing seen in the cross-sectional lamellae
(Figure 1fj) and in other coiled CNTs." ™" Indeed, the tail
itself is identified as an individual DWCNT (Figure 2d). The
fringe patterns in the coils appear only in certain regions,
suggesting that the coils twist into and out of the TEM zone
axis (Figure 2b,c and Supporting Figure S5c,d), as discussed
earlier and in the Supporting Information."'~"?

We used confocal resonant Raman spectroscopy with
multiple excitation wavelengths to study the structure of the
CNTs in our coils and assess their density of defects. Figure
3a,befij show SEM images and lateral mappings of the
Raman G mode intensity of Coils 4—6, respectively. The
existence of one and two maxima (lobes) in the Raman
intensity maps stems from the polarization of the exciting laser
(parallel to the figure’s horizontal axis) and the shapes of the
coils (see Supporting Information for further details)."”

The radial breathing mode (RBM) region of the Raman
spectra is shown in Figure 3c,gk. Multiple excitation
wavelengths are needed to probe the different walls of a
FWCNT. Under excitation energies from 1.58 to 2.54 eV, two
RBMs were detected in both Coils 4 and S, and three RBMs
were detected in Coil 6. These RBM frequencies correspond to
wall diameters of 0.9@1.6, 1.0@1.7, and 1.8@2.5@3.1 nm, in
Coils 4—6, respectively (denoted as inner-wall@outer-wall; see
the Methods section for the calculation).”** The G mode of a
particular wall is not always accompanied by that wall’'s RBM,
due to the narrower excitation energy window of the latter
mode.*" Regarding the G mode, splitting of its G* component
(longitudinal phonon for semiconducting walls) is seen
(Figure 3dhl). This splitting is attributed to interwall
interactions within one FWCNT, where the G* mode of the

DOI: 10.1021/acs.nanolett.9b03977
Nano Lett. 2020, 20, 953-962


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03977/suppl_file/nl9b03977_si_007.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b03977

Nano Letters

~[RBMoyter mrrr e + +
2 c outer RBMinner d Ginner outer|
L
2
2
{1:_; 2.3 eY
—_— ; 1.6 eV~ ;

150 2Q0 2$O 3()0 . 1390 15|00 1790
—~|RBM + +
-e g outer h Ginner Gouter
S inner

1582111593

= -1 4
'g cm cm
9o 1.9 eV
£l 2.3eV

15")0 2(}0 2‘.}0 390 i 13p0 15'00 1790
Sk 4RBM;=123 cm 1

= - + +

@ ng5=;gzcr%n1 Ginner Gouter
2
‘®
C
L
£

100 150 200 250
Raman shift (cm™)

1300 1500 1700

Figure 3. Raman spectroscopy of FWCNT coils. (a—d) Coil 4. (e—h)
Coil S. (i-1) Coil 6. (ae,i) SEM images. (b,fj) G mode mapping
(step size: 300 nm). (c,gk) RBM regions of the Raman spectra,
indicating: two walls with diameters 0.9@1.6 nm (subfigure c, Coil 4),
two walls with diameters 1.0@1.7 nm (subfigure g, Coil 5), and three
walls with diameters 1.8@2.5@3.1 nm (subfigure k, Coil 6). (dh1) G
and D mode regions of the Raman spectra showing splitting of the G*
modes of the inner and outer walls, as well as low defect (D) peaks.

inner (outer) wall shifts to a smaller (higher) fre%uency
relative to the position in an isolated single-wall CNT.*>*>*¢
This indicates that the Raman signals belong to the walls of a
FWCNT, rather than to separate SWCNTSs.*>* Overall, we
imaged 14 coils by Raman spectroscopy, for 7 of which we
could detect a G* mode splitting.

On the basis of the intensity ratio of the G* peaks of the
coils and their tails (G*,;/G",,;), we estimate the number of
turns in Coils 4—6 to be at least 17, 60, and 26, respectively.
The combination of the shape of the G mode, the energy of
the RBM, and the resonance energy of the wall suggests that all
the walls shown in Figure 3 are semiconducting.*” Never-
theless, we were also able to detect metallic walls by Raman
spectroscopy (Supporting Figure S6).

The Raman spectra of the coils were compared to those of
the tails (Supporting Figure S7). Crystal disorder was assessed
using the disorder-induced D mode around 1350 cm™.** The
D/G intensity ratio in the tails was very small (<0.01),
reflecting excellent crystallinity and negligible defect densities.
This was measured for both straight and curved tail segments.
The D/G intensity ratios in the coils were sometimes below
0.01 but reached up to 0.10 (Figure 3d,h,l and Supporting
Table 1; under 1.9 eV, Coil 6 had a D/G ratio of 0.20).
Although this was higher than in the tails, it remains a very
small D/G ratio for CNTs. Generally, the appearance of the D
mode is related to disorder in the sample (e.g, structural
defects, broken translational symmetry, kinks, and so on).42’47
To better understand the origin of the slight increase in D
mode intensity, we first consider the coils of SWCNTs. They
had a negligibly small D mode'' and so did SWCNT
serpentines at both originally curved and manually strained
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1‘egions.48’49 Individual SWCNTs (or bundles of aligned,
identical CNTs) have stringent conditions for the activation of
the D mode, because they conserve rotational in addition to
linear momentum.’® In contrast, SWCNT bundles that are
composed of different CNTs have higher D modes than
individual CNTs.*> The FWCNT coils presented here often
contain more than one FWCNT, which affects the translational
symmetry and offers more partners for the elastic, defect-
related scattering necessary for the activation of the D mode.
In addition, the coils are often twisted, which lifts the
rotational symmetry.”’ While we cannot rule out the formation
of structural defects within the coils, no defects were found in
the SWCNT coils, the overall curvature in our coils is low, and
our MD simulations predicted no formation of defects even in
highly curved regions. We suggest that a small increase in D
mode intensity upon coil formation is an intrinsic fingerprint of
combining several FWCNT segments in a twisted manner.

Another interesting phenomenon in the spectra is a red shift
in the G" mode frequency of Coils 5 and 6 (4.5 and 8 cm™,
respectively), with respect to their tails (Supporting Figure S7).
This shift could result from strain in the coils, possibly due to
twisting and intertube interactions. Such a shift was seen in
SWCNT serpentines (where it was suggested to stem from
interaction with the substrate)*® but not in SWCNT coils,"’
possibly because of differences in the exact packing of the coils
and the lower stiffness of SWCNTs. Overall, our Raman results
demonstrate that chirally pure FWCNT coils are an important
model system for further studies on bundling effects in
FWCNTs, which could be otherwise obfuscated by the
heterogeneous chiralities in regular bundles.

The formation mechanism of the coils was studied using
fully atomistic molecular dynamics (MD) simulations. One of
the aims of these simulations was to test whether the coils
could form by the coiling flexible rod mechanism, similarly to
the defect-free SWCNT coils,'" despite the higher stiffness of
FWCNTs (Supporting Figure $12).>”*° The coiling of an
individual DWCNT was modeled at temperatures of 10 and
1270 K using 600000 atoms over 20000000 time steps
(Figure 4a and Supporting Movies S1,2,4,5). It showed that
once the first turn of the coil is formed, the rest of the
DWCNT immediately continues to coil by attaching to the
previous turns. Specifically, despite the elastic energy cost of
bending the DWCNT, the attractive vdW force between CNT-
turns renders the formation of additional turns (i.e., further
coiling) much more favorable energetically (Figure 4b). For
this reason, the coiled configuration is even more energetically
favorable than the straight one (Supporting Figure S12). While
both the coiling of a SWCNT'' and of a DWCNT are
favorable energetically, the coiling of a DWCNT is slower, as
the energy gain per length of CNT is smaller and the inertia is
higher (Supporting Figure S9). Analysis of stress distribution
during coil formation reveals that, while the suspended bent
CNT segment near the coil exhibits a relatively high stress, this
stress quickly decreases after the segment deposits on the coil
(Supporting Movies S3 and S6). One exception is regions
where the coil twists, since torsion introduces additional stress.
Regarding a pentagon—heptagon defect, which generally can
occur due to bending strain, its formation rate is negligible
under the maximal bending strain in the coiled structure, under
the conditions found in our simulations.’’ In addition, we
performed reactive simulations of these hi§hly curved loops
using the AIREBO reactive force field>” and found no
formation of defects (Supporting Figure S13). Detailed
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Figure 4. Molecular dynamics (MD) simulation of the formation of a
DWCNT coil. (a) Representative MD snapshot of the coil formation
(see the Supporting Movies). (b) Evolution of the different energy
components during coil formation. The results are for a temperature
of 10 K (qualitatively similar results for 1270 K are presented in
Supporting Figure S10).

discussion, results, and methods are presented in the
Supporting Information.

On the basis of these simulations, we can conclude that the
FWCNT coils are formed according to a variant of the general
coiling flexible rod mechanism”’ termed the falling spaghetti
mechanism:' "' A CNT grows in the flying mode, suspended
above the substrate and then falls onto the substrate and coils,
as described in the introduction. This conclusion is supported
by the similarities with the defect-free SWCNT coils (grown in
the same CVD system and having comparable results of SEM,
AFM, TEM, Raman spectroscopy, and MD simulations).'"""”
Importantly, the CNT does coil desgite the higher stiffness of
FWCNTs (Supporting Figure $12).””*° Notably, some of the
coils presented here comprise turns of more than one CNT
(Figure 1 and Supporting Figures S3fh, S5, and S14). We
suggest that they were formed according to the same
mechanism, some by coiling of a bundle of several CNTs,
and some by sequential coiling of several CNTs, one after the
other (see the relevant discussion in the Supporting
Information). The high-aspect-ratio, raft configuration of the
coils further supports this mechanism, suggesting that the
CNT falls and piles up preferentially on the upper part of the
coil. This phenomenon has been studied in the macroscopic
coiling of flexible rods and viscous jets, such as when pouring
honey on a toast or shampoo on a hand.”

The electrical properties of the coils and their tails were
studied in a field-effect transistor setup. Source and drain
electrodes were evaporated onto the outer wall of the CNTs.
We found coils showing p-type semiconducting (Coil 7, Figure
Sa,b) and metallic (Coil 8, Figure Sc,d) behaviors. On the basis
of its response to gating, Coil 7 is likely composed of a
semiconducting outer wall(s).”>*® It seems to have short-
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Figure S. Electrical properties of FWCNT coils. (a,b) Coil 7 (three
turns of a TWCNT). (c,d) Coil 8 (an estimated 13 turns of a CNT
with a diameter of 3.5 nm and an estimated 1—6 walls; see the
Supporting Information). (a—d) Current (I) vs source—drain voltage
(Vgp), at various gate voltages (Vg, in the legends, in volts), for: (a,c)
the tails and (b,d) the coils. The insets in a,b,d show the average
differential conductance (dI/dVyp) vs Ve (in a and c, averaged over all
Vsp» and in b, averaged over positive Vgp values). The inset in ¢ shows
the result of the transmission-line measurements: two probe
resistance (R) vs tail segment length (L). Solid lines are linear fits.
See Supporting Figures S15 and S16 for additional details.

circuited, as is apparent when comparing its resistance (Figure
Sa) to the resistance of its tail (Figure Sb), while Coil 8
showed a higher resistivity than its tail (Figure Sc,d), which
could be attributed to partial short-circuiting or to defects in
the CNT. More details are provided in the Supporting
Information.

As discussed in the introduction, FWCNT coils are
especially attractive for their potential applications as induction
coils. The short-circuiting between turns that is observed in the
FWCNT coils that we tested may be expected because
contacts were laid down onto the outer walls, which are
commensurate with one another, as in the case of SWCNT
coils. A possible future method to prevent short-circuiting,
which is possible in FWCNTSs and not in SWCNTs, is to inject
the current selectively into the inner wall of a FWCNT coil.
This could be done by exposing the inner wall using electrical
breakdown,”* chemical etching,55 or mechanical pulling.56
Provided a large enough interwall resistivity,”"”’ the outer
wall(s) would act as sheathing, while current would flow
through the inner wall. Moreover, other FWCNT coils that
have a semiconducting outer wall(s) and a metallic inner
wall(s) could possibly avoid short-circuiting, particularly when
tested at low temperatures.””*>*” Positively gating the p-type
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semiconducting outer wall(s), thereby depleting it from charge
carriers, could further turn it into sheathing. Previous works
suggested that near the source and drain electrodes, gating is
less effective, allowing current to pass from the electrodes,
through the outer wall, to the inner wall 252653 Generally,
~22% of DWCNTs are expected to have the M@S (ie.,
metallic inside semiconducting) electronic configuration and
~15% of TWCNTSs are expected to have the M@S@S
configuration.” Short-circuiting might further be avoided by
using a FWCNT with more walls for sheathing and by
selectively functionalizing the outer wall””*® If an outer
wall(s) can indeed provide sufficiently good insulation, the coil
could act as an electromagnetic coil. These experiments are
very interesting for future studies, but also laborious and
beyond the scope of the present report.

One can roughly estimate that a coil similar to the one
shown in Figure la, if effectively sheathed, would have an
inductance of up to 40 nH with an air core (see Supporting
Information for the calculations). For comparison, this
inductance would be 1 order of magnitude higher than that
of a 200 um size microfabricated solenoid (which is 2 orders of
magnitude larger in size than the FWCNT coils),”® and only 1
order of magnitude lower than the inductance of a millimeter-
scale microfabricated air-core inductor (which is 3 orders of
magnitude larger in size than the FWCNT coil).>” Supposing a
current-carrying capacity of 25 A, such a coil could induce a
magnetic flux density B of 1.3 mT at its core (i.e,, comparable
to that of a refrigerator magnet). The inductance and flux
density of a FWCNT could be significantly increased by
introducing a microfabricated ferromagnetic core inside the
coil. Therefore, sheathed FWCNT coils could be extremely
powerful miniature electromagnets and inductors.

In summary, we have demonstrated the formation of
micrometer-scale few-wall carbon nanotube (FWCNT) coils,
and characterized their structural and electrical properties
using optical microscopy, SEM, AFM, cross-sectional TEM,
top-view TEM, Raman spectroscopy, MD simulations, and
electrical transport measurements. We found compact coils
composed of DWCNTs, TWCNTs, and four-wall CNTs with
low defect densities. Some of them are composed of an
individual FWCNT, while the others are composed of thin
bundles of several FWCNTSs. We suggest that the FWCNT
coils self-organize on their growth substrate according to the
coiling flexible rod mechanism, similarly to defect-free
SWCNT coils and poured honey.”'""” These results general-
ize the coiling flexible rod mechanism to the stiffer FWCNTs
and CNT bundles, suggesting that the mechanism is applicable
to other flexible 1D nanomaterials. FWCNT coils are an
important addition to the known repertoire of available CNT
structures for nanoscience and nanotechnology. These
FWCNT coils have accessible tails, which enable electrical
contacts. When measured electrically, the coils showed either
metallic or semiconducting behavior. The coils tested probably
short-circuited, as may be expected when contacts are made to
their outer walls. Nevertheless, we believe that under the
conditions that we proposed (e.g, a semiconducting outer
wall(s) and a metallic inner wall(s), gating, and possibly low
temperatures or selectively contacting the inner wall),
FWCNT coils could avoid short-circuiting and lead to
FWCNT induction coils. Even if interwall tunneling were
not completely avoided but quantitatively reduced, this would
increase the effective number of turns made by the current
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around the coil and thus significantly increase its inductance
with respect to that of a fully short-circuited coil.

Such sheathed induction coils (even if only partially
sheathed) could be the basis for a variety of micrometer-
scale inductive devices, such as electromagnets, inductors,
transformers, and motors. Miniature electromagnets could be
particularly useful for on-chip nuclear magnetic resonance
(NMR) in microfluidic systems.”’ FWCNT coils are also
interesting from a fundamental point of view because they
consist of chirally and enantiomerically pure FWCNT bundles.
These clean bundles are, thus, an ideal system to investigate
intertube and interwall coupling effects in CN'Ts,*>** as well as
other interesting phenomena such as superconductivity in
CNTs.” Superconductivity was observed in bundles of
DWCNTs, where a broadened superconducting transition
was attributed to the mixed chirality in the bundles.”” Using
chirally pure bundles could lead to a much sharper super-
conducting transition. Moreover, the coil configuration of
these bundles could lead to the generation of a persistent
current. All of this makes chirally pure FWCNT coils with
accessible ends, first demonstrated here, a new and attractive
nanostructure for fundamental studies and potential applica-
tions.

B METHODS

See also the Supporting Information for additional details.

Synthesis of FWCNT Coils. A catalyst of ferric chloride
hexahydrate solution®* or stripes of evaporated Fe (ref 11)
were deposited on Si/SiO, substrates. A synthesis method
based on chemical vapor deposition was adjusted to produce
mostly TWCNTs with minimal SWCNTs (temperature: 1000
°C; gases: CH,/H, ratio of 1/5; flow rate: 54 cm?®/min at
ambient conditions; duration: 30—40 min).** For comparison,
our growth method differs from that of the SWCNT coils in ref
11 in that there, the catalyst was always stripes of evaporated
Fe, and the gases were 60:40:0.2 Ar:H,:C,H, at a total flow
rate of 70—2000 cm®/min. The same system was used.

Imaging. Standard photolithography, electron beam
lithography, and electron beam evaporation were used to
deposit alignment marks and electrical contacts. Optical
microscopy, SEM, AFM, and TEM were used to image the
coils. Cross-sectional TEM imaging was performed as in ref 11.
For top-view TEM imaging, complete coils were transferred
onto TEM grids by adapting the method in ref 41 for TEM
grids.

Raman Characterization. Raman spectra were acquired
with the Xplora and T64000 Horiba spectrometers, with 1.58,
1.72, 1.9, 2.2, 2.33, and 2.54 €V laser excitation sources. RBM
frequencies were used to estimate the diameters (d) of the
FWCNT walls using the following relation: d = 227/(@wggy —
Apw_sw)-"> Apy_gw reflects the difference between the RBM
shift of that wall in a FWCNT and in the corresponding
SWCNT*** and can vary from 2 to 20 cm™.%

Electrical Characterization. Field-effect transistors were
produced from the coils and measured in a method similar to
that of ref 11, and see the Supporting Information for more
details. A low-pass filter was used for Coil 8, and the filter’s
resistance (43.8 kQ) was excluded from the reported
resistances and differential conductances but not from the
reported voltages. Throughout the Communication, error
ranges denote standard deviations unless otherwise indicated.

Molecular Dynamics (MD). The simulations were carried
out using the CHARMM®® and AIREBO®? force fields, as
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implemented in the LAMMPS package.”* More details and
results are available in the Supporting Information.
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AFM, atomic force microscope
CNT, carbon nanotube

CVD, chemical vapor deposition
DWCNT, double-wall CNT

FIB, focused ion beam

FWCNT, few-wall CNT
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MWCNT, multiwall CNT

SEM, scanning electron microscope
SWCNT, single-wall CNT

TEM, transmission electron microscope
TWCNT, triple-wall CNT
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