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Crinkling Ultralong Carbon Nanotubes into Serpentines
by a Controlled Landing Process

By Yagang Yao, Xiaochuan Dai, Chaoqun Feng, Jin Zhang,* Xuelei Liang,
Li Ding, Wonmook Choi, Jae-Young Choi,* Jong Min Kim, and Zhongfan Liu*

Arrays of carbon nanotubes (CNTs) with identical chirality have
significant applications in nanodevices.'”! At present, however,
neither the chirality-selective growth of CNTs nor post-treatment
to separate CNTs with specific chirality is mature enough to
achieve uniform chirality.*'® Instead, only a narrow distribution
of diameter and chirality is achieved. Growth of serpentine CNTs,
that is, CNTs with periodic parallel segments of identical chirality
and periodic curves between those segments along one ultralong
CNT, is thought to be a direct way to form such arrays. Several
research groups have made great efforts to synthesize serpentine
CNTs, 7" however, there is currently little understanding of the
detailed growth mechanism and how the growth parameters
influence the geometry of the serpentine CNTs, for example, the
amplitudes and periods of the serpentine curves. In the work
reported here, we have developed a rational method to crinkle
ultralong CNTs into serpentine geometries controllably. Based on
this method, the yield of serpentine CNTs exceeds 96%, with the
amplitudes and density over 100um and 2CNTspm™}
respectively. Several experimental parameters have also been
investigated and the growth mechanism has been further
clarified in the meantime. Moreover, the serpentine CNTs are
able to be introduced into ultrahigh-current CNT-based devices.
Without losing the high on/off ratio that a single CNT exhibits,
the current can be easily scaled up if more parallel segments are
fabricated into the devices. This growth method of serpentine
CNTs smoothes the approach to single-chirality CNT arrays as
well as desirable devices based on them and will broaden CNT
application to various nanodevices.

Until now, a “falling spaghetti” mechanism has been used to
tentatively explain the formation of serpentine CN'Ts on quartz or
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sapphire.l'”) According to this mechanism, the CNTs are first
catalytically synthesized while floating upon the substrate and
then absorbed onto the surface in a zigzag pattern from base to
tip. As shown in Figure 1a, two forces, the lattice-alignment force
(Fy) and the shear friction force (F,), compete to determine the
geometry of the serpentine CNTs. When the CNT lands,
the anisotropic quartz surface will preferentially absorb the
CNT along its lattice direction, because of the absorption energy
difference, which results in a lattice-alignment force F,. On the
other hand, the shear friction force F, between the flowing gas
and the floating portion of the CNT tends to drag it straight
forward. The fluctuation of the relative strength of these two
forces causes the serpentine geometry of the CNTs.

--.» contact point i,
.

Figure 1. The growth mechanism of serpentine CNTs. a) Competition
between the lattice-alignment force F, and the shear-friction force F, at the
contact point. b) Side elevation of the floating part of an ultralong CNT. The
thermal buoyancy force F, works against gravity to keep the CNT from
falling and is crucial in controlled-landing growth.
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ADVANCED
MATERIALS

By carefully looking into this mechanism and the nature of the
forces, we realized that F, works only on a small portion of CNT,
that near to the substrate. This portion should satisfy two
conditions: it must be in the force range of the lattice (on the order
of nanometers) and not aligned along the lattice already. Imagine
the situation that the floating straight CNT is forced to land on the
substrate instantly; it is impossible for F, to curl up the CNT.
Therefore, it is important to control the landing process in a
gradual and slow manner to allow the competition between the
lattice-alignment force and the shearfriction force to act
successively on every portion of the CNT during the landing
process. To do so, the force keeping CNTs floating, acting against
gravity, was analyzed. As shown in Figure 1D, it originates from an
upward gas flow due to the heating of the substrate. This thermal

(a) (b)

buoyancy force F"*?" can be modulated by changing the
temperature of the hot zone of the furnace. Because the
gas-directed growth model®” can be realized at 975 °C but not
at 775 °C, it is reasonable to assume that F, is sufficient to support
CNTs at 975°C but not at 775°C. Therefore, we designed a
gradual cooling step from 975°C to 775°C at ultralow speed
(4-20°C min ) after switching off the carbon source!"”! in order
to slow down the landing process to allow the CNTs to curl into
serpentines. (The reason for arranging the slowly cooling step
after growth is explained in the Supporting Information).

To begin with, the idea of slow cooling was validated by
performing the experiment with the directions of the crystal
lattice (vector r) and the gas flow (vector u) being orthogonal, that
is, the angle 6 is 90° (see sketch in Fig. 2a). The product was

(c)

50 pm

Figure 2. Serpentine CNTs with their parallel segments orthogonal to airflow. Before being annealed, the quartz substrates are patterned with markers by
photolithography and wet etching to help us locate serpentine CNTs on them. a) Schematic diagram of serpentine CNTs. b) Typical SEM image of a
serpentine CNT formed by slow cooling (60 min) from 975 °C to 775 °C. c) A panorama view of serpentine CNTs prepared by slow cooling (30 min) from
975 °C to 775 °C. This image was taken less than 100 wm away from the catalyst region. d—h) SEM images showing results of experiments with different
cooling durations of 10, 20, 30, 40, and 50 min, respectively, from 975 °C to 775 °C. i-l) SEM images showing results of another set of experiments with
cooling durations of 20, 25, 30, and 60 min, respectively, from 975 °C to 775 °C.
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examined by scanning electron microscopy  (a)
(SEM, Hitachi S4800 field emission, operated
at 1kV) and typical images are shown in
Figure 2b and Figure S1 of the Supporting
Information. In the serpentine CNT shown in
Figure 2b, the length of the parallel segments
is measured to be tens of micrometers, and the
distance between them is about 0.5 wm, giving
an ultrahigh ratio of the length of parallel
segments to the distance between them of
around 30-80. The increased density of
parallel CNT segments is expected to boost
the extreme current and improve the efficiency
of ultrahigh-current CNT-based devices.l***~2°!
Furthermore, in the panorama SEM image
shown in Figure 2c, it is clear that nearly all
CNTs are contorted into the lattice direction.
This evidence supports our prediction that
slow cooling leads to an enhanced effect of F,.

Sets of experiments with different cooling
speed were performed to fully explore how the
landing speed works on the geometry of
serpentine CNTs. After the carbon source
was turned off, a duration of cooling from
975 °C to 775 °C of 10, 20, 30, 40, or 50 min
(Fig. 2d-h) was used. In these images, the
length of parallel segments increases and the
diameter of curvature decreases as the cooling
duration increases. Moreover, more turns are observed at the end
of each CNT, suggesting that the role of F, is enhanced when F,, is
reduced, since F, is proportional to the length of the floating
portion of CNT. Note that, to make the experimental series
comparable, all experiments were performed continuously on the
same batch of annealed quartz substrates within 12h and
repeated twice. Using another batch of annealed substrates, the
same tendency was observed, as shown in Figure 2i-1.

Similar experiments were also performed with r parallel to u
(Fig. 3a) in an attempt to broaden the application of the
landing-controlled method. In Figure S2, it is clear that a CNT
with longer parallel segments was obtained with slow cooling,
and two portions of this CNT are displayed in Figure 3b. On the
other hand, without slow cooling (after the growth stage, the
furnace was unpacked to expose the sample chamber to air
atmosphere to be cooled down), the number of turns within a
CNTand the length of parallel segments are quite small, as shown
in Figure 3c. The significant difference between Figure 3b and 3¢
suggests that slow cooling is favorable for F, to influence the
formation of serpentine CNTs.

In addition to the cooling speed, the directions of gas flow, and
the lattice orientation, other factors that could influence F, and F,
might also play a role in determining the geometry of serpentine
CNTs, which we will address here. We found that, in order to form
serpentine CNTs, the quartz substrate needs rigorous annealing.
Once the crystal lattice is not formed faultlessly, the absence of F,
renders the substrate incapable of embedding the CNTs in the
lattice, in which case we observed only sinuous CNTs without
parallel segments along the crystal lattice (see Supporting
Information), due to fluctuations of temperature or gas flow.
Additional evidence was found on an isotropic surface such as a
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Figure 3. Effects of flow direction and flux on serpentine shape. a—c) The angle 6 between rand u
is about 0°. a) Sketch of serpentine CNTs. b) Two local SEM images of a serpentine CNT obtained
by slow cooling (30 min) from 975 °C to 775 °C after growth. The complete SEM image of the
whole serpentine CNT is provided in the Supporting Information. ¢) SEM image of another
serpentine CNT gained through natural cooling after growth. d) SEM image of CNTs obtained
with a different gas flux during slow cooling. The substrate was cooled from 975 °C to 775 °C in
60 min after growth, under an airflow of 300 sccm. 6=90°.
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SiO,/Si substrate (see Supporting Information). Without F,, the
most reasonable motivation for rotation of the CNTs would be air
fluctuation.”®!

Generally, F, is related to the geometry of the CNT and the
condition of gas flow by (detailed analysis is given in the
Supporting Information)

Fy, = ntld (1)

where 7 is the flow rate gradient on the surface of the CNT, I the
length of the floating part of the CNT, and d the tube diameter. All
of above factors have been investigated. First, we increased the
flow flux during slow cooling to 300sccm, three times the
standard condition, and found the length of parallel segments
greatly shortened, through comparing Figure 3d with Figure 21
(statistical data are provided in the Supporting Information).
Obviously, t increases when the flow flux increases. As a result,
the increased F, will make the landing CNT more likely to be
dragged back before it can form a straight segment as long as it
did."”) That is to say, the balance point between F, and F, moves
nearer to the center of mass of the whole serpentine CNT. Second,
during the landing process, | continuously decreased, leading to a
continuous decrease of F,, which will increase the ratio of the
length of parallel segments to the distances between them within
one serpentine CNT (see Supporting Information). A similar
phenomenon had been observed by other researchers.?”) Third,
among the CNTs with different diameters, the thicker CNTs
would gain shorter segments and larger radius of curvature due to
increased F, (see Supporting Information).’”'® The larger
stiffness of thicker CNTs might be another reason for the
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formation of larger radii of curvature. Anyway, the tensile stress
within the curved CNT was estimated to be 0.1-0.5 pN, about one
order of magnitude smaller than F,, thus unlikely to be a
significant factor determining the distance between parallel
segments when compared to F,,.

Based on the above evidence and analysis, it can be concluded
that slow cooling from 975 °C to 775 °C is crucial for a higher
percentage yield of serpentine CNTs and the formation of longer
and denser parallel segments within serpentine CNTs. Through
this landing-controlled method, improved parallel CNT segments
arrays with identical chirality were obtained, which laid a solid
basis for the manufacture of high-quality and efficient devices.

To prepare the electrical devices, the serpentine CNTs were
first transferred onto SiO,/Si substrates (Fig. 4a and its inset) by
the method invented by our group.”®??! The serpentine CNTs on
quartz were firstloaded onto a poly(methylmethacrylate) (PMMA)
mediator, then peeled off with the mediator from the quartz,
attached to the target substrate, and finally released from the
mediator. The source—drain current versus gate voltage (Igs—Vg)
curve of the serpentine CNT shown in Figure 4b indicates an on/
off ratio as high as 10°. Although it is common for an individual
CNT, such an on/off ratio could be obtained using our CNT arrays
too. In Figure 4c,d, the superposition of I4—V; and Ig—Vgs curves
of another transferred serpentine CNT also assures that all the
segments within the same serpentine CNT exhibit the same
properties. Besides, subthreshold swings?®®” measured at two
different locations (shown in Fig. 4e,f) of a newly transferred
serpentine CNT are constant, as shown in Figure 4g. This is more
evidence of the identical chirality of parallel segments. To further
substantiate that every segment within one serpentine CNT has
identical chirality, Raman spectra (Renishaw 1000, with an
excitation energy of 1.96 eV (632.8 nm) and a 1 wum excitation spot
size) along a serpentine CNT were recorded at nine different
locations, as displayed in Figure 4h. The constant wavenumber of
the radial breathing mode (RBM) and G-band also indicate that
serpentine CNTs exhibit the same chirality along their length. At
the same time, the absence of the D-band indicates the high
quality of our product (see the Supporting Information). Based on
the complete sameness of the segments from a serpentine CNT,
the performance of such CNT-based devices can be easily scaled
up by increasing the number of segments. Figure 4i presents the
I of serpentine CNT5 as a function of the number of segments
connected to the electrodes. The high linearity of the curves
demonstrates that the current is proportional to the number of
segments. From Figure 4c,d,g, and i, it can be deduced that,
without losing the high on/off ratio exhibited by a single CNT,
ultrahigh current devices up to milliampere or even higher can be
produced if more segments are introduced into the devices or the
distance between the electrodes is reduced.

In summary, we have shown a rational approach to crinkling
ultralong CNTs into serpentine geometries by controlling the
landing process. Utilizing this method, the length, density, and
number of parallel CNT segments of same serpentine CNT were
significantly increased. Ultrahigh-current devices with high on/
off ratio based on arrays of CNTs with the same chirality were
successfully built. The performance of these CNT-based devices
can be easily improved by increasing the number of segments
from one serpentine CNT. This controlled-landing growth of
serpentine CN'Ts provides access to arrays of CNTs with the same
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Figure 4. Transfer and electrical properties of serpentine CNTs. a) Typical
SEM and atomic force microscopy (AFM, inset) images of transferred
serpentine CNTs onto a silicon substrate with a 1 um thick oxidized layer.
b—i) All data were collected from transferred serpentine CNTs on a silicon
substrate with an oxidized layer T um (b) or 500 nm (c—i) thick. The devices
consisting of multiple sections of a single serpentine CNT were fabricated
by electron beam lithography (EBL) and liftoff of Pd. b) Typical I4-—V; curve
of a single serpentine CNT, whose SEM image is shown in the Supporting
Information. ¢,d) Typical l4s—Vj (c) and lgs—Vys (d) curves measured at two
different sites along another serpentine CNT. The distance between the
electrodes was kept constant and the number of segments bridged by
the electrodes was six in each case. Insets: SEM images around the
electrodes. e,f) SEM images around electrodes at two different sites
along a new serpentine CNT. The distance between the electrodes was
kept constant and the numbers of segments bridged by the electrodes
were 4 and 19. g) Typical l4s—V, curves measured using the sites shown
in (e) and (f). The subthreshold swings of the two curves in (g) are
1260 and 1310 mVdecade ', respectively. h) Typical Raman spectra col-
lected at 9 different sites along a different serpentine CNT. The SEM images
around the first 8 sites are provided in the Supporting Information, while
the last site was at another point on the same serpentine CNT for
comparison. i) lygs of 6 different serpentine CNTs as a function of
the number of CNTs bridged by the electrodes. The channel length
of the electrode is 2-4 pm and it is constant for the same serpentine
CNT.
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chirality and will broaden CNT application in various nanode-
vices.

Experimental

Annealing Processes: The quartz substrates were annealed in a muffle
furnace (Pyramid TXCS6-Il). In the annealing processes, the quartz
substrates were heated to 900 °C within 1h, then kept at 900 °C for 8 h and
finally cooled down to room temperature naturally or under temperature
programming.

Standard Growth Processes: Serpentine CNTs were synthesized using
methane as the carbon source and Fe as a catalyst on ST-cut annealed
quartz substrates. To start the growth, a catalyst solution (0.01wm) was
applied to one edge of a quartz substrate by microcontact printing. The
substrate with catalyst precursor was then placed in a horizontal 3.7cm
quartz tube furnace with the catalyst end facing the gas flow, then the
catalyst was heated at 700°C for 10min to oxidize the catalyst, the
temperature was increased to 975 °C in an Ar environment, the catalyst was
prereduced at 975 °C in H;, (200 sccm) for 10 min, and then a flow of CH,
(40 sccm) and H; (60 sccm) was introduced into the furnace at 975 °C for
30 min. Finally, the reactor was purged in a flow of Ar (40 sccm) and H,
(60 sccm) in a slow cooling step from 975 °C to 775 °Cwith variable time for
the formation of serpentine CNTs and then cooled down to room
temperature.

Characterization: Before annealing the quartz, we made the patterned
markers by photolithography and wet etching to locate serpentine CNTs on
them. That makes it convenient for us to recognize and address any
serpentine CNT on the surface. A scanning electron microscope (Hitachi
S4800 field emission, Japan), a micro-Raman spectrometer (Renishaw
1000) assembled with a confocal imaging microscope, with an excitation
energy of 1.96eV (632.8nm) and a 1um excitation spot size, and an
atomic force microscope (Veeco NanoScope Ill, Veeco Co., USA, operated
in tapping mode) were used to characterize the as-produced serpentine
CNTs.

Electrical Characterization: For the electrical characterization, serpen-
tine CNTs were transferred onto a silicon substrate with a 500 nm or 1 um
thick oxidized layer. The serpentine CNTs on quartz were first loaded onto a
PMMA mediator, then peeled off with the mediator from the quartz,
attached to the target substrate, and finally released from the mediator.
PMMA, due to its low viscosity and good wetting capability, can conform
well to the product on source substrates and hence keep the original shape
of serpentine CNTs as much as possible. Besides, the easily solubility of
PMMA in many organic solvents makes the target substrates very clean
after transfer. This enhances the quality of the devices built from these
transferred materials. The devices consisting of multiple sections of a
single serpentine CNT are fabricated by electron beam lithography and
liftoff of Pd.
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