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Supplementary Text S1.
1. Mechanism for nucleation and growth of general CNTs
1.1 Nucleation and growth of CNTs

1.1.1 The nucleation process of CNTs

For the metal nanoparticles catalyzed CNT growth, the nucleation is the first key
step. Take the nucleation and growth of SWCNTs at 900 K employing a
Feso cluster as catalyst as an example,! as seen in Figure S1, we can divide the
nucleation of SWCNTs into three different stages. The first one is the carbon
atom dissolution stage, during which there are many carbon atoms dissolved in
the Feso cluster. With more and more carbon atoms being dissolved into the
catalyst, the carbon concentration keeps increasing till a highly-supersaturated

state is obtained. This is the second stage, during which some of the carbon atoms



precipitated on the surface of cluster can still dissolve back into it. After that, the
precipitated carbon atoms start to nucleate into carbon strings only when the
maximum carbon concentration has been obtained, during which time there is a
decrease of the carbon concentration inside the cluster. The carbon polygons (or
carbon strings) will not dissolve back into the clusters and begin to nucleate into
larger graphitic islands as they are more stable than the isolated carbon atoms.
When the temperature is sufficiently high, the kinetic energy of carbon islands
can be large enough to overcome the attraction from the cluster surface and make
the islands lift off from the surface. After that, the carbon concentration in the
cluster will keep constant, remaining a supersaturated state. This is the third stage,
during which the precipitation rate of carbon atoms is the same with their
dissolving-back rate into the cluster. The diameter of the graphite cap keeps
increasing with the carbon atoms joining at its open end, until it is as large as that
of the cluster. Besides, the length of the SWCNT remains increasing as more and
more carbon atoms precipitated onto its open end. Some exposed areas are found
to be indispensable to retain the continued growth of the cap structure into a
SWCNT.? It should be pointed out that the cap diameters are not necessarily the
same with that of clusters due to the fact that the practically employed catalyst

clusters are not ideally spherical.
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Figure S1. (a) The time dependence of the dissolved carbon content during the
nucleation process of a SWCNT. (b) Snapshots during a SWCNT growth at 900
K. (a-b) Reprinted with permission from ref 1. Copyright 2004 American

Chemical Society.

1.1.2 The cap formation of CNTs

The cap structure formation is a very important step in the nucleation process. It
is found that there are several different possible routes about how the graphitic
islands on the cluster surface form SWCNT caps.' Although there are usually
several graphite islands on the cluster surfaces, generally, only larger cap
structures can be found to lift off from the cluster surface while smaller ones
cannot be lifted off because of the high curvature energy.? Balbuena et al. found

that, in order for the easy lifting off of the cap structures, the carbon-metal



adhesion should be weak enough to make the curvature energy of the cap
structures was smaller than that of SWCNTSs with the same diameters.* Besides,
neither theoretical or experimental observations have been obtained that two or
more SWCNTs could coexist on one cluster surface.® Morokuma et al. found that
there were three sequential and repetitive stages for the SWCNT cap nucleation
and annealing processes.® The metal particle was found to be a key factor in
preventing the growing cap structure from forming a closed fullerene cage and

keeping the carbon edge active for the continued growth of SWCNTSs.°

1.1.3 The carbon addition and extension of CNTs

The continuous carbon addition is crucial for the continuous growth of CNTSs.
During this process, it is critical to maintain a stable carbon addition. It was found
that carbon atoms and short chains (e.g., C2, Cz, and C4) were assembled into the
cap structure through surface or sub-surface diffusion on the cluster (Figure S2a
and b).” Only pentagons and hexagons (which are short-lived and infrequent) are
consisted in the newly formed rings. Morokuma et al. observed rapid carbon
atom insertion into CNT-Fe interface and short bridging C- and C»-extensions of
CNT were given that an abundant supply of carbon atoms was provided (Figure
S2c¢).® The rapid formation of 5-, 6-, 7- and even 8-membered carbon rings
contributed the continued CNT growth. Ding et al. found that there was a
significant barrier for incorporating C atoms into the CNT wall (which is ca.
~2 eV for catalysts such as Fe, Co, Ni, etc.).® Therefore, the incorporation is the

threshold step for the CNT growth in most cases.



Figure S2. (a) Snapshots of 10 trajectories after 20 ps carbon supply simulations
at T=1500 K. (b) Snapshots of 10 trajectories after additional 160 ps carbon-
diffusion simulations at T=1500 K. Pink spheres highlight newly formed
polygonal carbon rings. (c) Schematic depiction of growth process: (1)
incorporation of the incident C into the C-Fe boundary of the CNT-Fe cluster; (2)
the six-member ring formation, and (3) the five-member ring formation. (a-b)
Reprinted with permission from ref 7. Copyright 2009 Elsevier. (c) Reprinted

with permission from ref 8. Copyright 2008 American Chemical Society.

1.2 Factors affecting the nucleation and growth of CNTs

1.2.1 Effect of metal cluster size on nucleation and growth of CNTs

It is widely known that the diameters and other structures of CNTs can be tuned
via controlling the catalyst sizes.!! Generally, the smaller the catalyst sizes are,
the smaller the CNT diameters are. Ding et al. studied how the catalyst particle
sizes affected the formation and structures of CNTs.° Figure S3a shows that the

Fei1o cluster-catalyzed SWCNTSs had the worst structures as there were still many



dangling bonds on them. Compared with Feio cluster, the Feis cluster-catalyzed
SWCNTs had better structures although some dangling bonds still existed. The
Feio and Fess clusters were not large enough to completely cover the open ends
of SWCNTSs, resulting in their relatively poor structures. The inserted carbon
atoms could not be able to uniformly added to the CNT-cluster interface, thus
producing the poor structures of CNTs. The structures of SWCNTSs catalyzed by
clusters with 20—-100 Fe atoms were much better than those grown on smaller Fe
clusters. The relationship between SWCNT diameters and cluster diameters is

shown in Figure S3b.

1.2.2 Effect of temperature on the nucleation and growth of CNTs

Temperature affects the activity of metal catalysts and thus is an important
factor affecting the nucleation and growth of CNTs.> 1 12 Generally, graphene
sheets form at temperature < 600 K, while SWCNTs grow at 800~1400 K but
soot-like structures are generated when temperature is higher than 1600 K. As
shown in Figure S3c and d, when the temperature is low, there will be no
sufficient kinetic energy to overcome the C-metal adhesion to make the graphitic
islands lifted off from the catalyst clusters, resulting in the formation of graphene
sheets on the catalyst surfaces. When the temperatures ranges from 800~1400 K,
there is sufficiently high kinetic energy to overcome the above mentioned
adhesions to lift the graphitic islands off to form carbon caps which eventually

grow into SWCNTSs. However, when the temperature is higher than 1600 K, soot-



like amorphous structures will form due to the appearance of many defects in the

growing CNTSs.

1.2.3 Effect of carbon-metal adhesion on the nucleation and growth of CNTs

It is widely known that the catalyst metal particles have several important
functions such as feedstock decomposition, facilitating the nucleation of CNTs,
healing defects during CNT growth, and dissolving carbon source species. In
addition, another crucial role of the catalyst metal particles is to maintain the
open ends of growing SWCNTs.2* 1 As shown in Figure S3e, it is found that
only when the CNT-metal adhesion is comparable to the CNT cap formation
energy, can the open ends of CNTs be maintained. For a weak CNT-metal
adhesion intensity, the growth of CNTs becomes discontinuous due to the
existence of dangling bonds on the open ends. The instability of dangling bonds
also accounts for the fact that SWCNTSs generally have one open end attached to
the catalyst particle and one free-standing closed end.'®” The most-often used
catalysts such as Fe, Co, and Ni, are found to have higher adhesion than Cu, Pd,
and Au and are more efficient for catalyzing CNT growth. However, the CNT-
metal adhesion should not be too strong, otherwise it will lead to the diameter
increase of CNTs and the formation of discontinuous CNT structures. Figure
S3f summarizes three different scenarios that depend on the different CNT-metal
adhesion intensity. Morokuma et al. discovered that the growth velocity of CNTs

grown on the Niss particles was 69% higher than those grown on Fess particles



due to the relatively weak Ni-C interaction.'® Duan et al. found that the bonding

of zigzag CNTSs to metal clusters was higher than that of armchair CNTs.*°
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Figure S3. (a) Dependence of the SWCNT structure and diameter on cluster size.
The five panels (from left to right) show typical structures that were obtained

from clusters containing 10, 15, 20, 30, 50, and 100 Fe atoms, respectively. (b)



Dependence of the SWCNT diameter, Drube, On the Fen cluster diameter, Dciuster,
for 10<N<200. The solid line is a guide for the eyes. (c) Graphene (600 K),
SWCNT (800-1400 K) and soot (1600 K) structures obtained between 600 and
1600 K. (d) Detailed vapor liquid solid model of SWCNT growth at different
temperatures. (¢) MD simulations of SWCNT growth with different
carbon—metal interaction strengths. (f) Three possible SWCNT growth scenarios
from a catalyst particle: 1 (1—2—3), the nanotube forms a closed cap; II (1—4),
the nanotube elongates without a change in diameter; and III (1—5—6), the
nanotube elongates and the diameter approaches that of the catalyst particle. (g)
Typical SWCNT nucleation and growth as revealed by molecular dynamics
simulations. (a-b) Reprinted with permission from ref 10. Copyright 2004 AIP
Publishing. (c-d) Reprinted with permission from ref 1. Copyright 2004
American Chemical Society. (e-f) Reprinted with permission from ref 20.
Copyright 2008 American Chemical Society. (g) Reprinted with permission from

ref 21. Copyright 2006 IOP Publishing Limited.

1.2.4 Effect of carbon concentration and distribution on the nucleation and growth

of CNTs

It is found that a highly supersaturated carbon concentration is required to
nucleate the formation of the initial small carbon islands precipitated on catalyst
surface.?* A lower yet supersaturated carbon concentration is necessary to make
the sizes of the carbon island increase, resulting in the decrease of carbon

concentration (Figure S3g). Moreover, in addition to the carbon concentration



and distribution, the carbon atom position in the carbon source molecular also
effects the SWCNT formation. Maruyama et al. traced the position of carbon
atoms during the SWCNT formation employing isotopically labeled
ethanol, e.g.,*?CH3s—3CH,—OH.?? It was found that the carbon away from the
hydroxyl group was more preferential than other carbon atoms to be incorporated
into the SWCNT structure. Many factors such as the growth temperature,
secondary catalyst metal species and the substrates could significantly affect this

preference.

1.3 Screw-like dislocation theory of CNT growth

CNTs can be viewed as a kind of crystals that have a screw dislocation along
their axis (Figure S4a-d).?® According to this screw-like dislocation theory, any
chiral SWCNT can be viewed as a basic zigzag one, but with a “defect”-through
the center-hollow screw dislocation. The SWCNT growth is driven by a free
energy decrease AG(N) = —Ap-N with a number N of added C-atoms (Ap is the
chemical potential drop between the dissolved C atoms in the catalyst and their
bound state in the CNT lattice). For achiral SWCNTs (zigzag SWCNTS), it
requires a high amount of energy to add a new carbon atom to the completely
closed CNT end-edges (Figure S4e). With the carbon atom number increasing,
the energy for adding each atom gradually decreases. For adding the last carbon
atom to form a complete new tubal end-edge, the corresponding energy is the
lowest. However, for the next new CNT end-edge, the energy for adding the first

carbon atom will then be much higher than that for adding the last carbon atom.



However, for the chiral CNTSs, the case is different. The energy for adding the
first atom to a new tubal end-edge in chiral CNTs is much lower than that in
achiral CNTs because of the screw dislocation of chiral CNTs, which makes the
growth of chiral CNTs much easier than that of achiral CNTs. Many reports have
shown that for CNTs synthesized with different methods, those with larger chiral
angles have higher abundance (Figure S4f).?42” That is to say, the larger the
chiral angles, the easier the CNT growth is. Maruyama et al. reported the first
experimental measurements of growth rates of individual SWCNTSs through in
situ Raman spectroscopy and correlated them with their chiral angles.?® They
found that the growth rates were directly proportional to the chiral angles (Figure
S4q).

As a direct experimental confirmation of screw-like dislocation theory,
Purcell et al. directly observed the growth of individual SWCNTs from their
nucleation stage and found that the SWCNTSs often rotated axially during their
growth process (Figure S4h-j).?° It is found that the CNT rotated ~180 times in
a 11 minutes growth process. The CNT rotation goes with a ration speed of 24
steps/rotation, which is half the number of atoms on the circumferences of
common SWCNTSs. Besides, Wei et al. found that most of the centimeters long
CNTs exhibited a preference of large chiral angles.*® Ding et al. also found that
the growth of DWCNTSs followed the dislocation-based theory.®! It is believed
that that the C-C bond rotation in a sp? carbon network is a crucial step of such a

transformation.3?3* In addition to CNTs, Morin et al. showed that the growth of



other nanotubes, such as zinc oxide nanotubes, was also driven by such axial
screw dislocations.®®

Although the screw-dislocation theory fits well with many experimental
observations, it should be noted that the precondition for the validity of the screw
dislocation theory is that, the threshold step of CNT growth is the direct incorporation
of carbon atoms into a CNT wall.® For the incorporation of carbon atoms into the CNT
walls, there is a significant barrier (~2 eV for common catalysts, e.g., Fe, Co, and Ni),
which is obviously higher than the barriers of carbon diffusion on metal surfaces
(<1.0 eV)!™ 329 and that of the carbon feedstock decomposition (<1.5 eV).3" 40-42
Therefore, it is found that the incorporation of carbon atoms into a SWCNT wall is the

threshold step in most experiments.
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Figure S4. (a-f) An axial screw dislocation in the CNT. An achiral zigzag (n, 0)
CNT can be viewed as a perfect crystal, and transformed into a chiral one by
cutting, shifting by a Burgers vector b (red arrows in b—d), and resealing a CNT-
cylinder (b). The chiral (n, 1) in (c) and (n, 2) in (d) tubes contain the axial screw
dislocations with a single and double value of b, accordingly; the corresponding
kinks at the open CNT-end are marked in red. (e) Free energy profile during the

growth of a chiral or achiral CNT. (f) The distribution of CNT product as a



function of chiral angle. Experimental data of CoMoCat,?®> 26 HiPco,? arc
discharge,?* and ACCVD,?* 2> 27 are extracted from literature. 0 is the chiral
angle of CNTSs. (g) The linear growth rates (blue triangles) along with assigned
(n, m) chiral indices are plotted against the chiral angle. (h) Schematic illustration
showing a SWCNT rotating during growth. (i) Sequence of FEM patterns from
a growing CNT that follows a single revolution as the CNT lengthens (in the
order of 1 to 8). (j) Frame by frame measurement of the rotation angle of the
pattern showing that it proceeded step by step. The number of the steps for the
five cycles are (25, 25, 21, 21, 25) varying because rotations over one or less
frames are difficult to tabulate. (a-f) Reprinted with permission from ref 23.
Copyright 2009 National Academy of Sciences. (g) Reprinted with permission
from ref 28. Copyright 2012 Nature Publishing Group. (h-j) Reprinted with

permission from ref 29. Copyright 2009 American Chemical Society.

1.4 Non-metal catalyzed growth of CNTs

Although the transition metal nanoparticles are efficient catalysts for CNT
growth, the existence of metal nanoparticles also brings many restrictions to the
application of HACNTSs, especially in the field of micro/nano-electronics.
Besides, the removal of metal residues is another problematic issue. On many
occasions, it is very difficult to completely remove the metal residues. In order
to avoid the problems caused by the metal catalysts, non-metal catalyzed growth
of CNTs were proposed. In this section, we give a brief introduction of the non-

metal catalyzed CVD growth of HACNT.



1.4.1 Growth mechanism of CNTs using non-metal catalysts

It has been widely believed that the CNT grown from non-metal catalyst such as
SiO2 nanoparticle followed by a vapor-solid (VS) mechanism, which was
different from metallic catalysts.*® ** Similarly, Cheng et al. proposed a vapor—
solid—solid (VSS) mechanism to interpret the non-metal catalyzed growth of
CNTs from SiOx.*® During the CNT growing process, the active catalysts were
found to be the amorphous solid SiOx nanoparticles. In addition to the effect of
catalyst sizes, oxygen was also found to be a crucial factor affecting the CNT
growth in the VSS mechanism, which was confirmed by the in situ TEM
observations. Homma et al. found that the solid nanoparticles could become the
carbon coated nanoparticles during the CNT growth.*® During the growth of
CNTs, graphene islands with pentagon rings were formed on the carbon saturated
catalyst surfaces as the nucleuses of CNTs.*” Chen et al. found that there was
only low energy barriers towards the incorporation of C atoms or C dimers

during the CNT growth based on non-metal catalysts.*®

1.4.2 Controlled growth of non-metal catalyzed CNTs and the factors affecting
their growth

The reports of non-metal catalyzed growth of CNTs were as early as in 2002, when
Avouris et al. reported the hexagonal silicon carbide catalyzed growth of SWCNTSs at
1500 <C (Figure S5a-d).*® It should be noted that the growth velocity of non-metal
catalyzed CNTs is very low. Cheng et al. found that the growth speed of

SiO2 nanoparticles catalyzed SWCNTs was only 8.3 nm/s, 300~600 times lower than



the metal catalyzed CNT growth.>® Such a slow growth velocity makes the length-
controlled CNT growth, especially the short CNTs with length of hundreds of
nanometers, possible and feasible. Generally, the synthesis of non-metal catalyzed
CNTs is simple, especially compared with the metal catalyzed synthesis of CNTs. For
example, Cheng et al. obtained high-quality dense and uniform SWCNTs using a 30-
nm-thick SiO> sputtered Si/SiO, wafer as substrate and methane as a carbon source
(Figure S5e and f).%! By scratching a clean Si/SiO, wafer using another wafer with a
sharp tip to get desired patterns (Figure S5g and h), SWCNTs would grow in the
scratched zones. Huang et al. demonstrated that SiO2 nanoparticles could be produced
by simply scratching the quartz or silicon wafer using a SiO2 layer and confirmed these
nanoparticles were active for growing SWCNTSs (Figure S5i-1).%2 In addition to the SiO;
nanoparticles, a series of other oxides such as Al,Oz, TiO2, Cr.03, ZnO and ZrO; and
even rare earth oxides were also found to be active for synthesizing SWCNTs (Figure
S5m and n).5®* Homma et al. found that the pretreatment of the SiO; in H: at high
temperature (> 950 °C) was critical for the effective growth of SWCNTSs.*’ It was found
that by annealing the SiO» substrates at high temperature in Hz atmosphere, many
defects were generated on their surfaces, which provided many nucleation sites for the
SWCNT growth. In addition to the oxide nanoparticles as the catalyst, fullerene could
also be used as the non-metal catalyst. Zhang et al. reported the structure-controlled
synthesis of SWCNTSs using Cgo caps as catalysts.>* The cap structures and sizes could
be tuned by varying the thermal oxidation temperature. Zhou et al. used CsoH10 to grow

SWCNTSs.>® The dehydrogenated CsoHi0 molecules facilitate chirality-selective growth



of SWCNTSs. This cap engineering using opened fullerenes shows great potential for

the structure-controlled synthesis of SWCNTSs.
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Figure S5. (a-c) STM images of two SiC samples after a 1650 <C annealing in
vacuum. Scale bars: 250 nm. (d) Atomic resolution STM image of a single carbon
nanotube. (e) Typical SEM and (f) AFM images of the as-grown SWCNTs on
Si/SiO2 substrate covered with a 30-nm-thick sputtering deposited SiO- film. (g)
SEM image of the SWCNTs grown on a cross patterned Si/SiO2 wafer. (h)
Enlarged SEM images of the blue square area in image a, showing that SWCNTSs
are grown at the scratched positions, while no SWCNTs are found in the

unscratched areas. (i-1) SEM images of SWCNTs from the scratched substrates



by diamond blade after CVD at 900 <C for 10 min: (i-j) Si wafer with 1 pn
SiO- layer at different positions; (k-1) quartz plate with different magnifications.
(m) Schematic illustration of selective growth of semiconducting SWCNTSs by
TiO2 nanoparticles; (n) AFM images of the SWCNT arrays using TiO>
nanoparticles as catalysts. (a-d) Reprinted with permission from ref 49.
Copyright 2002 American Chemical Society. (e-h) Reprinted with permission
from ref 51. Copyright 2009 American Chemical Society. (i-1) Reprinted with
permission from ref 52. Copyright 2009 American Chemical Society. (m-n)
Reprinted with permission from ref 53. Copyright 2015 American Chemical

Society.

Supplementary Text S2

2. Manipulation of CNTs

2.1 AFM-based manipulation of individual CNTs

AFM is a powerful tool to manipulation CNTs with relatively high resolution. AFM
tips have two kinds of movements: vertical movements and lateral movements, which
produces vertical forces and lateral forces accordingly.®® Both vertical and lateral
movements can be realized with piezoelectric elements. The working modes of AFM
tips can be divided into three types: contact mode, tapping mode and non-contact mode.
The contact mode can be used for manipulation while the tapping and non-contact mode

can attain higher imaging resolution.®” The imaging and manipulation of CNTs can be



performed within the same experiment.®® Moreover, CNTs can be imaged and
manipulated under ambient conditions, while the manipulation in SEM and TEM must
be performed with high or ultrahigh vacuum. AFM can be used to manipulate the
alignment, shape and position of individual CNTs dispersed on a substrate.>5! For
instance one can bend, straighten, translate, rotate, and sometimes cut CNTs (Figure
S6a-e). Such manipulations are feasible due to the interaction between nanotubes and
the substrate, which can stabilize highly strained nanotubes configurations.®? Besides,
AFM was also used to study the controlled rolling of CNTs on graphite surface to
investigate their nanoscale movement.®® Tapping mode of AFM can also be employed
to investigate the radial deformability of a CNT.®* An AFM operating in air was
employed to exert a load to a CNT and to directly determine the resulting deflection
(Figure S6f-g).°° In addition, AFM manipulation also facilitates the electrical
measurement of individual CNTs. As shown in Figure S6h-m, by AFM tip
manipulating the CNTSs dispersed on a substrate with metal electrodes, the CNTs can
be placed such that they can bridge the two electrodes and their I-V characteristics can

be evaluated.®!
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Figure S6. (a-e) Manipulation of a 0.9 um long and 80 A high CNT at a vertical load of
20 nN. (f) AFM image of a CNT rope adhered to a polished alumina ultrafiltration
membrane, with a portion bridging a pore of the membrane. (g) Schematic of the
measurement: the AFM was used to apply a load to the nanobeam and to determine
directly the resulting deflection. (h-m) AFM manipulation of a CNT such that electrical
transport through it could be studied. (a-e) Reprinted with permission from ref 62.
Copyright 1998 American Chemical Society. (f-g) Reprinted with permission from ref
65. Copyright 1999 American Physical Society. (h-m) Reprinted with permission from

ref 61. Copyright 1999 Elsevier.

2.2 TEM-based manipulation of individual CNTs



During the past years, nanomanipulator systems have been developed for the
characterization and manipulation of CNTs with nanometer-scale resolution as well as
multiple degrees of freedom with both position and orientation control, independently
actuated multiprobes, and a real-time observation system.>” ¢ A nanomanipulator
installed in a TEM could perform 3-D nanomanipulation of individual CNTSs. Zettl et
al. reported an in situ method for controlling the shape and morphology of CNTs in
TEM.®" The shaping process involves the electrically driven vaporization of successive
layers of the MWCNTSs, with outer layers being removed in turn near the end of the
CNT, leaving the core CNT walls intact and protruding from the bulk of the CNT. Ren
et al. reported the atomic scale imaging of the breakdown of single CNTs in a TEM
equipped with a nanomanipulator.®® Peng et al. developed a method to shape CNTs into
desired morphology while maintaining its electrical and mechanical properties (Figure
S7a-d).%° The CNTSs can be cut, manipulated, and even soldered via a nanomanipulator
fixed in TEM (Figure S7e-h).”® The solder of CNTs was realized through the deposition
of amorphous carbon accumulated at the CNT junction.”t All CNT structures,
including simple tube-tube connections, crossed junctions, T-junctions, zigzag
structures, and even CNT networks could be constructed with a high degree of control,
and their electrical and mechanical properties could be measured in situ inside the TEM.
Similar experiment was also employed to detect the mechanical properties of WS;
nanotubes’? and the electrical properties of Boron Nitride nanotubes’ in TEM. Besides,

in situ TEM positive field evaporation experiments were conducted for grinding



CNTs.” They also used a CNT nanoknife adhere to a metal tip to precisely cut and to

sharpen CNTs.”

2.3 SEM-based manipulation of individual CNTs

Compared with TEM, SEM has a much larger operation space for the characterization,
measurement and manipulation of CNTs although the resolution of SEM is relatively
low. The SEM-based nanomanipulators have more DOFs than that based on TEMs and
can conduct a series of functions to characterize and manipulate CNTs.”® Figure S7i
shows a SEM-based nanomanipulator reported by Ruoff et al.”® Using this
nanomanipulator, the tensile strengths of individual MWCNTSs were measure within a
SEM (Figure S7j-k).”” Later, using the same nanomanipulator, they studied the sliding
behavior between nested shells of MWCNTS.” Peng et al. conducted a series of
nanomanipulation using a four nanoprobe system inside an SEM.”® They even
developed a “nanoknife” using this system to precisely cut and to sharpen CNTs,”
measured the tensile strength® and the natural frequencies of single MWCNTSs us.8% 82
In addition to the above manipulations, they also realized the contact between CNTSs,
either sitting on an substrate or suspended, and metal tips for the measurement of I-V
characteristics.2® They found that the in situ mechanical, electrical and
electromechanical measurements of CNTs could be performed at the same time by
using such a nanomanipulator system (Figure S71-0).34 Lim et al. also developed a
SEM-based nanomanipulation system for individual CNTs.8® In addition to the above

two kinds of nanomanipulator systems, there are still other types of piezo-driven



nanomanipulator systems inside SEM.&8° All these nanomanipulations in SEM greatly

facilitates the characterization and manipulation of CNTSs.
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Figure S7 (a-d) A series of TEM images showing the bending process of a typical
freestanding CNT via the lateral movement of the W tip (from left to right in the images).
(e-h) TEM images showing the fabrication of a simple CNT network consisting of three
ruptured CNTSs. (i) Schematics of a nanomanipulator inside SEM."® (j) SEM image of
two AFM tips holdinga MWCNT, which was attached at both ends on the AFM silicon

tip surface by electron beam deposition of carbonaceous materials. (k) High-resolution



SEM image of the indicated region in (j), showing the MWCNT between the AFM tips.
(I-o0) SEM images showing the process of picking up a thin CNT from a SiO/Si
substrate using a tungsten probe. (a-d) Reprinted with permission from ref 69.
Copyright 2006 Wiley-VCH. (e-h) Reprinted with permission from ref 70. Copyright
2005 Wiley-VCH. (i-k) Reprinted with permission from ref 77. Copyright 2000
American Association for the Advancement of Science. (I-0) Reprinted with permission

from ref 84. Copyright 2010 Elsevier.

Supplementary Text S3

3. Application of individual HACNTS

3.1 Diodes

A diode is a two-terminal p-n junction device used for rectification, which is different
from FETs which are three-terminals. In addition to being a rectifier, they should also
be infrared light emitting diodes. Semiconducting CNTSs are direct band-gap materials
and thus are useful for the diodes fabrication. CNT diodes can be fabricated either by
using asymmetric gating® ! or by asymmetric contacts.®> % Lee et al. demonstrated
that individual SWCNTs can form ideal p-n junction diodes (Figure S8a).** In 2004,
Heller et al. reported the fabrication of a SWCNT p-n junction diode device, which
fabricated on a CNT via electrostatic doping utilizing a pair of split electrodes (Figure
S8b-d).%° The device could either be an ambipolar FET or be a diode, depending on
how the two gates were biased. Both forward conduction and rectification appeared on

the current-voltage characteristics of the diode. In 2008, Peng et al. reported the



fabrication of an ambipolar FET and a barrier-free bipolar diode utilizing a doping-free
CNT-CMOS inverter.?? This CNT device can function as different devices such as high-
performance ambipolar FET, CMOS inverter, n-FET, p-FET, and barrier-free bipolar
diode (Figure S8e-g). In the same year, Liu et al. presented a controllable approach for
fabricating an air-stable SWCNT diode with the AFM manipulation technique (Figure
S8h and i).% Air-stable SWCNT diodes with rectification ratios of up to 10* were
generated with this approach. In 2010, Rogers et al. reported the fabrication of Schottky
diodes based on SWCNT arrays.®* It is shown that the existence of metallic SWCNTSs
in the diodes made the rectification ratio (defined as the maximum/minimum current
ratio) to be low. In 2011, Peng et al. carried out the electroluminescence (EL)
measurements on a two-terminal CNT-based light-emitting diode (LED).*® This two-
terminal device is composed of an asymmetrically contacted semiconducting SWCNT
(Figure S8j-m). On the one end the SWCNT is contacted with Sc and on the other end
with Pd. At large forward bias, with the Sc contact being grounded, electrons are
injected barrier-free into the SWCNT conduction band from the Sc contact and holes
be injected into the valence band from the Pd electrode. The injected electrons and holes
recombine radiatively in the SWCNT channel yielding a narrowly peaked emission
peak at 30 meV. In 2012, Peng et al. fabricated CNT-based diodes with different
channel length between L=0.6pm to 3.5 um on the same CNT and investigated their
electric and photovoltaic characteristics (Figure S8n-r).% It is found that although the
open voltage of the diode increases rapidly for channel length L less than 1.0 pum, it

saturates for longer channel devices. On the other hand, the short circuit current of the



diode exhibits a clear peak at intermediate channel length of about 1.5 um. The optimal
channel length for a CNT diode in photovoltaic application is thus determined to be
about 1.5 um. Besides the HACNTs, they also fabricated diodes based on random
networks of SWCNTs.%” Although sub-10 nm channel length CNT transistors have
been demonstrated with superb performance,® the scaling of CNT p-n diodes or
photodiodes is held back on a scale of micrometers.®® %% % In 2014, Peng et al.
demonstrated that CNT diodes fabricated via a dopant-free technique showed good
rectifying characteristics and photovoltaic response even when the channel length is
scaled to sub-50 nm (Figure S8s-v).1%° By making a trade-off between performance and
size, a small diameter CNT-based diode with both channel length and contact width
around 100 nm shows a photovoltage of 0.24 V and a fill factor of up to 60%. The
transferred charges induced potential barrier at the contact in long channel diodes and

the effect of self-adjusting charge distribution has been revealed.
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Figure S8. (a) The inset shows the split gate device where VG1 and VG2 are biased
with opposite polarities (VG1=—VG2=+10 V) to form an ideal p-n junction diode along
a SWCNT. (b) Schematic cross section of SWCNT p-np-n junction diode. (c) SEM of
a SWCNT over a lumlum split gate. (d) I-VI-V characteristics of a single SWCNT
when electrostatically doped to form a p-n junction, n-p junction, or p channel FET.
(e-g) CNT CMOS inverter-based bipolar diode. (h) Schematic illustration of fabricating
the SWCNT diode with AFM manipulation. (i) ld¢s—Vas curves of the SWCNT shown
in Figure 57h before and after manipulation at V¢=—10 V. (j) Schematic diagram
illustrating the structure of an asymmetrically contacted CNT device. (k)
Experimental I-V characteristics of the CNT diode (device 1 with a channel length ~1
um) showing a typical rectifying behavior of a diode. (1) Band diagrams which

correspond to the two representative points A and B of (k). (m) EL spectrum of the
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diode when operated at large forward bias with a large diode current | = 7.5 pA. (n-p)
Optical microscope image of seven devices with different channel length. (q) Energy
band diagram depicting the build-in electric field in short (panel A), immediate (panel
B), and long (panel C) channel BFBDs. (r) Current voltage characteristics of four CNT
diodes with a diameter of 3.1 nm and channel length L = 0.6 um (dark), 1.5 um (red),
2.5 um (green), and 3.5 um (blue). (s) Schematic device structure of a SWCNT
photodiode with asymmetric contacts. (t) False-colored scanning electron microscope
image showing a 100 nm pitch CNT diode with L = L¢ = 50 nm. The scale bar is 200
nm. (u) Experimental and fitted 1-V rectifying characteristics of the 100 nm pitch diode
in the dark and (v) I-V characteristic under illumination at room temperature with a
light intensity of 25 KW/cm2. (a) Reprinted with permission from ref 91. Copyright
2005 Elsevier. (b-d) Reprinted with permission from ref 90. Copyright 2004 Elsevier.
(e-g) Reprinted with permission from ref 92. Copyright 2008 Wiley-VCH. (h-i)
Reprinted with permission from ref 93. Copyright 2008 American Chemical Society.
(j-m) Reprinted with permission from ref 95. Copyright 2011 American Chemical
Society. (n-r) Reprinted with permission from ref 96. Copyright 2012 American
Chemical Society. (s-v) Reprinted with permission from ref 100. Copyright 2014

American Chemical Society.

3.2 Memory devices

During the past years, some groups have demonstrated the effective fabrication of CNT-
based memories, which are based on the hysteresis in the lss—Vg curve.?®t1%2 In 2000,

Lieber first proposed the concept for fabricating memories employing CNTs as both



molecular wires and molecular device elements for writing and reading information
(Figure S9a-f).1% They used a suspended and crossed CNT to fabricate the device
element with electrostatically switchable ON/OFF states, which were used to fabricate
logic function tables and nonvolatile random-access memories at an integration level
reaching 102 elements/cm?. Fuhrer et al. fabricated a nonvolatile charge-storage
memory element operating at room temperature using a high-mobility (9000 cm?/V s)
semiconducting SWCNT transistor (Figure S9g-i).1®* Charges were stored by
application of a few volts across the silicon dioxide dielectric between CNT and silicon
substrate, and detected by threshold shift of the CNT FET. The high mobility of the
CNT transistor allows the observation of discrete configurations of charge
corresponding to rearrangement of a single or few electrons. Kern et al. fabricated
molecular memory devices with semiconducting SWCNTs forming a 150 nm long
channel (Figure S9j and k).12 By sweeping gate voltages in the range of 3 V, data can
be stored with a stability of> 12 days at room temperature. Liu et al. proposed the
fabrication of an electrical switch device with an on/off ratio of 10° using two crossed
CNTs as the electrodes and Ag-tetracyanoquinodimethane as the electrical bistable

medium (Figure S9I-n).1%4
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Figure S9. (a) Three-dimensional view of a suspended crossbar array showing four
junctions with two elements in the ON (contact) state and two elements in the OFF
(separated) state. (b) Top view of annbymdevice array. (c) Plots of
energy, E 1 =E vaw + E eias, for a single 20-nm device as a function of separation at the
cross point. (d) Calculated structures of the 20-nm (10, 10) SWCNT device element in
the OFF (top) and ON (bottom) states. (e and f) Plots of the bistability range for the
crossed nanotube elements as a function of device size. (g) AFM (intermittent-contact
mode) topograph of the nanotube device used in this study. Scale bar: 1 micron. (h)
Drain current as a function of gate voltage at room temperature and a source-drain bias

of 500 mV. (i) Four read/write cycles of the nanotube memory at room temperature. (j-



k) Memory effects observed at room temperature in an individual SWCNT with a
diameter of ~2 nm. (I-n) Schematics for the fabrication process of the
CNT/AgTCNQ/CNT structure. (a-f) Reprinted with permission from ref 103.
Copyright 2000 American Associate for the Advancement of Science. (g-i) Reprinted
with permission from ref 101. Copyright 2002 American Chemical Society. (j-n)

Reprinted with permission from ref 104. Copyright 2008 Elsevier.

3.3 Inverter

The inverter is a device that can change the direct current to the alternating current. In
2001, Zhou et al. reported the fabrication of PMOS and CMOS inverters using SWCNT
FETs (Figure S10a-e).!%® The PMOS and CMOS inverters were demonstrated
separately by using resistor as the load for a p-type CNT FET, and by connecting a p-
and n-type CNT transistor, both of the two types of inverters showed good transfer
performance at room temperature. In 2007, Peng et al. fabricated high performance
complementary inverters using SWCNT (Figure S10g-k).1%® The Al.Os; top-gate
dielectric was grown via first depositing an Al film followed by complete oxidation of
the film. It is shown that the quality of the Al>O3 film can be significantly improved by
annealing at 400 <C, and high-quality p- and n-type CNT FETs may be fabricated
utilizing either Pd (p-type) or Al (n-type) electrodes. High performance complementary
inverter was demonstrated by integrating the p- and n-type CNT FETs on the same CNT,
and a gain of about 3.5 was achieved. They also fabricated ballistic n-type CNT-based

FETSs by contacting semiconducting SWCNTSs using Sc (Figure S101 and m).1%
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Figure S10. (a) Schematic diagram of the carbon nanotube transistors used in this study.
(b) AFM image of a typical device. (c) 1-Vg curve for a p-type nanotube transistor. (d)
I-Vg curve for an n-type nanotube transistor. (e) Transfer characteristics of a CMOS
nanotube inverter constructed by connecting the p-type transistor with the n-type
transistor. (g-k) Fabrication process of top-gate CNTFETs. (g) SWCNT was first grown
on SiO2 substrate by CVD method, (h) an Al2Os gate insulator layer was then grown
on top of the SWCNT, (i) the source, drain, and gate electrodes were patterned by
electron beam lithography and lift-off. (j) SEM image showing a typical so fabricated
top-gate CNTFET. (k) Transfer characteristics of a complementary voltage inverter

fabricated using a single CNT, showing a gain of ~3.5. The upper right inset is a SEM



image of the inverter. (I-m) Back-gated (tox =500 nm) SWCNT complementary inverter.
(a-f) Reprinted with permission from ref 105. Copyright 2001 Elsevier. (g-k) Reprinted
with permission from ref 106. Copyright 2007 Elsevier. (I-m) Reprinted with

permission from ref 107. Copyright 2007 American Chemical Society.

3.4 Resonators

High quality resonating systems, providing high frequency resolution and long energy
storage time, are crucial in many fields of physics. In particular in the field of
NEMS, % recent research has led to the development of high frequency top-down
fabricated mechanical resonators with high-quality factors.!%2 However, when
mechanical resonators are miniaturized to make them lighter and to increase their
resonance frequency, the quality factor tends to decrease significantly from surface
effects.!® High Q values combined with high resonance frequencies are an important
prerequisite for applications such as single-atom mass sensing***!'® and fundamental
studies of the quantum limit of mechanical motion.*'® SWCNTs present a potentially
defect-free NEMS with extraordinary mechanical properties: in particular, the high
Young’s modulus (E = 1.2 TPa) in combination with a very low mass density (p = 1350
kg/m?3).114 117119 Dyring the past years, a lot of achievements have been obtained in
CNT resonators.10% 113, 114, 118-124 7ant et al. fabricated a frequency mixer using a
suspended CNT to measure its mechanical motion (Figure S11a-e).!® A single gate-
dependent resonance with Q-factors between 6 and 300 and frequencies ranging from
20 to 100 MHz was observed. The transversal vibration mode of suspended CNTs was

also observed at millikelvin temperatures.'??> Kouwenhoven et al. measured the



mechanical resonances of a suspended CNT via electrical mixing in the device (Figure
S11f-h).*2* A sequence of modes extending to 39 GHz was observed with a quality
factor of 35000 in the highest mode. This unprecedentedly high combination
corresponds to a thermal excited state probability below 108 and a relaxation time of
140 ns with microsecond relaxation times for lower modes. In order to achieve mass
measurement of biological molecules in viscous fluids using CNT resonators, Arie et
al. investigated the vibration of nanotube cantilevers in water using the optical detection
technique (Figure S11i-n).?® It was found that the nanotube lost its fundamental
oscillation once immersed in water, suggesting a great viscous resistance to the
nanotube vibration in water. The resonant frequency of the nanotube in water decreased
with lowering the water temperature, corresponding to the natural phenomenon by

which liquid viscosity tends to increase at lower temperatures.
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Figure S11. (a) Nanotube transistor morphology with a highly p-doped substrate as a
back-gate, a SiO> layer, and a CVD-grown SWCNT clamped by Au/Cr electrodes. (b)
Isotropic etching of the exposed SiO- layer with buffered HF in an etch mask defined
in PMMA. (c) Suspended SWCNT resonator with its clamping points defined by the
SiOz nanotube interfaces. (d) SEM image of a suspended nanotube fabricated with a
PMMA etch mask. (e) Schematic overview of the measurement setup. (f) Top:

schematic of the device and measurement circuit. Down: current through the device as



a function of dc voltage on all gates with Vsg = 2 mV. (g, h) Numerically differentiated
dl/df as a function of gate voltage and microwave frequency for the fundamental (g)
and ninth (h) modes. (i) Homemade inverted optical microscope to detect the vibration
of CNT cantilevers. (j) Representative scanning electron and (k, I) optical micrographs
of a CNT cantilever. Bar in (j) represents 10 um. (m-n) Molecular dynamics simulation
of the CNT vibration. (a-e) Reprinted with permission from ref 118. Copyright 2006
American Chemical Society. (f-h) Reprinted with permission from ref 121. Copyright
2011 American Chemical Society. (i-n) Reprinted with permission from ref 123.

Copyright 2010 American Chemical Society.

3.5 Mass sensor

CNTs show a lot advantages as ultra-sensitive mass sensors due to their high Young’s
modulus. In 2008, Bockrath et al. reported that the doubly-clamped suspended CNTs
could be used as an atomic-scale mass sensor.!** The inertial atom mass and the CNT
mass was determined by the shifts in the resonance frequency of the CNTSs. Zettl et al.
reported an atomic mass-scale nanomechanical mass sensor with a sensitivity of
1.3x107%5 kg Hz 2 (or 0.40 gold atoms Hz *?) at room temperature using a suspended
CNT (Figure S12a-d).!*® Different from traditional mass sensors, this CNT-based mass
sensor does not need the ionization of the testing sample and very sensitive to large
molecules. In 2013, Bachtold et al. reported the fabrication of a mass sensor with a
resolution of 1.7 yg using a 150 nm long CNT with vibration frequency of 2 GHz,
which can even detect the adsorption of naphthalene molecules and the measurement

of the binding energy of a xenon atom on the CNT surface  (Figure S12e-i)."*® These



ultrasensitive CNT-based mass sensor have wide applications in numerous fields such

as surface science, magnetometery and mass spectrometry, etc.

atched
trench —~.

E _

suspended
nanotube

O e

= - - -
Nanite. [ =] ® 0
i % . w8
i 51 Au atoms n
sl -— E Q7
chutier o= z
4 20 =
g £
e i _ | 3
Qutz enystal g ~hE e 5 =
icchakiea | ; B8 S 1
[ 3 i 1~
\ = = bl a0
\ 3 £ b 4
» \ 2 s ‘ '
\e 3
A oty 0 6¢ 30
o ) “ Thess s 020 g o 1 |
L 0 w 40 ao ® 10 120
Time g
g i
R
vl it ' —— ( ) —
Snves gentah h;mh;? A?;fi ; - f:’ .\_-/,-‘; ik 0 \\\-_ g
a3 — — &5 —.-L - " N g o S 3
| TR L o LR VAW ~—— -
w LF f N> T 1 = -
L AR \ Cunset L Oxchomogs 40 T 250
e Ay (%) dewe D || peromgite it —
Fagml 7 N K ° | 2 0 1 4 £ e 100 12t
ey L - UV chambe —— Tme g
0 (m) o
1865
T
=)
2
\ 19
v{f—\\\\\\\\~ =
1865 n &
f (GHz) ( ) s 'M
- oW Uittt
() < '
1 tesszs 000000000 | L4

fo (GHz)
B3
/
l:-\
81, 0™
N ~ o
.
[
¢
;
i
§= =
l 3
(B8 uyp

1.80 : ; . 7! P e
-10 4] 10 ot 1 10 100

Figure S12. (a-c) Device morphology of suspended carbon nanotubes, single-electron
transistor characteristics, and high-frequency measurement setup. (d) Response of
nanomechanical resonance under mass loading and experimental setup. (¢) TEM

images of a nanomechanical mass spectrometer device constructed from a double-



walled carbon nanotube. (f) Physical layout of the entire nanomechanical mass
spectrometer apparatus. (g) Schematic of the mechanical resonance detection circuit.
(h) The nanotube's resonant frequency (left y-axis) and change in adsorbed mass
(right y-axis) versus time during evaporation of gold. (i) At the same time the QCM
records a constant evaporation rate as demonstrated by the constant slope of the
frequency shift (left y-axis) and change in mass (right y-axis). (j-k) Schematic (j) and
scanning electron microscope image (k) of the device. Scale bar, 300 nm. (I)
Mechanical resonance obtained by measuring the mixing current Inix as a function of
driving frequency fusing the FM mixing technique at 6 K. (m) Resonance
frequency fo as a function of the voltage applied on the side-gate electrode at 6 K. (n)
Resonance frequency as a function of time at 6 K before and after current annealing.
(a-1) Reprinted with permission from ref 115. Copyright 2008 Nature Publishing Group.

(j-n) Reprinted with permission from ref 130. Copyright 2012 Nature Publishing Group.

3.6 Chemical sensor

In 2000, Dai et al. fabricated chemical sensors based on individual SWCNTs (Figure
S13a-g).1% It was found that there was a dramatic decrease or increase in the electrical
resistance of a semiconducting SWCNTs when exposed to gaseous molecules such as
NO- or NHs, which served as the basis for CNT-based molecular chemical sensors with
a fast response and a high sensitivity. Through the heating to high temperature or low
recovery in ambient conditions, the sensor reversibility could be well obtained. In 2003,
Chopra et al. fabricated a CNT-based gas sensor to detect the presence of many gases

(for instance, NHs, CO, N2, He, Oz, and Ar) (Figure S13h-j).132 In comparison with



other sensors, this sensor can detect gases with low concentrations with a short response
time. This sensor showed high selectivity to different gases and could be used in a
remote sensing devices. Li et al. reported the fabrication of a gas sensor for the detection
of gas and organic vapor at room temperature using SWCNTs with a detection
resolution of sub ppm to hundreds of ppm with detection limits of 262 ppb for

nitrotoluene and 44 ppb for NO: in a linear response for concentrations for a time on

the order of seconds.'®?
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Figure S13. (a-c) Changes of electrical characteristics of a semiconducting SWCNT in
chemical environments. (d) Conductance (under V ¢ = +4 V, in an initial insulating state)
versus time in a 200-ppm NO- flow. (e) Data for a different semiconducting SWCNT

sample in 20- and 2-ppm NO> flows. (f) Conductance (V ¢ =0, in an initial conducting



state) versus time recorded with the same semiconducting SWCNT sample as in (A) in
a flow of Ar containing 1% NHs. (g) Data recorded with a different semiconducting
SWCNT sample in a 0.1% NHzs flow. (h) Schematic of front view of the resonator
circuit. (i) Top view of the resonator sample coated with CNTSs. (j) Resonant frequency
shifts (solid bars) and dielectric constants (open bars) of various polar and nonpolar
gases. (a-g) Reprinted with permission from ref 131. Copyright 2000 American
Association for the Advancement of Science. (h-j) Reprinted with permission from ref

132. Copyright 2003 Elsevier.

3.7 Actuators

The ultralow friction between MWCNT shells makes the shells can rotate freely with
respect to each other.**137 This superlubricious behavior of CNT shells renders them
a promising candidate for the smart NEMS devices such as rotators and actuators. Zettl
et al. fabricated a NEMS type actuators incorporated with a rotatable metal plate and a
MWCNT acting as the critical motion element (Figure S14).1% The total size of the
actuator was about 300 nm with all components integrated on a silicon chip. The
operation position and rate of the rotor was precisely controlled by a low voltage. It was
found that the rotor plate could repeatedly oscillated between positions 180 “apart and
rotations of 360 over a wide range of temperature, frequency, harsh chemical
environment and high vacuum without any fatigue or wear. This MWCNT-based
actuator has promising potentials to be used in a wide range of application, such as
switching devices, high-sensitivity mirrors, electromagnetic radiation transmitters,

microfluidics systems-based fluid motion detectors, etc.



Figure S14. Integrated synthetic NEMS actuator. (a) Conceptual drawing of
nanoactuator. (b) Scanning electron microscope (SEM) image of nanoactuator just
prior to HF etching. Scale bar, 300 nm. (c-f) Series of SEM images showing the actuator
rotor plate at different angular displacements. Scale bar, 300 nm. (a-f) Reprinted with

permission from ref 138. Copyright 2003 Nature Publishing Group.
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