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Abstract

Carbon nanotubes (CNTs), tubular structures consisting of rolled-up graphene, are
promising materials for electronic devices at nanometer and molecular regimes.
Fundamentally, electronic properties of CNTs and their junctions are dependent on
global and local chiralities, as defined by quantum boundary conditions along
circumferential and longitudinal directions. Accordingly, a CNT can behave as a metal,
semiconductor, or a quantum dot for building an electronic device. Over the last three
decades, great progress has been made in CNT electronics, from building blocks such
as resistors and transistors to complex functional devices such as logic and
communication devices, thin film and flexible electronics, sensors and intelligent
systems, mainly through control over the global chirality distribution of CNTs. In this
review article, we summarize approaches to control global and local CNT chiralities by
growth and transformation strategies. We then present a perspective regarding new
opportunities and challenges for chirality engineering towards raising the performance
limit of conventional electronic devices, and development of unconventional CNT
quantum electronics. We expect that chirality engineered CNTs will play a key role in
ultimately miniaturized transistors, coherent quantum information devices and quantum

SENsors.



Introduction

As size scaling of Si CMOS approaching the physical limit, great efforts have been
devoted to extending the scaling by finding alternative channel materials, integrating
more functions, and developing novel electronic devices based on new principles'~.
Carbon nanotubes (CNTs) can be visualized through seamlessly rolling up a graphene
lattice along a vector, defined as the chirality, into a tubular structure with a diameter
of about one nanometer. Electrical properties of CNTs are fundamentally determined
by their chiralities, depending on which the CNTs may become metallic or
semiconducting®. Electrons in nanotubes are ballistically transported over micrometre
length due to greatly reduced electron scattering associated with the absence of surface
dangling bonds and a quasi-one-dimensional system. The CNTs are chemically stable
in air, mechanically flexible, yet tough, due to the strong carbon-carbon covalent
bonding. Unique physical properties have made CNTs important candidates for various
electronic applications, as a metallic conductor for transparent conducting films (TCFs),

and as a semiconductor for efficient nanotransistors and sensors.

Since the pioneering reports on CNT field effect transistors (FETs) 25 years ago*°, there
have been dramatic progress in CNT electronic devices, due to improvements in growth
and processing for highly pure semiconducting nanotubes, and optimization of device
configuration and fabrication techniques. Ballistic CNT transistors® have been scaled
down to 5 nm in gate length’ and 40 nm in footprint®, with superior performance
compared to silicon counterparts. CNT computers and modern processors have been
demonstrated®!®. And CNT transistors operated at near-terahertz frequencies'' have
been reported, showing the potential applications in the 6 generation communications.
CNTs are promising for flexible and wearable electronic devices because of their high
flexibility and strength. By introducing carbon welded joints on the isolated carbon
nanotube films, Jiang et al. reported on CNT TCFs with a low sheet resistance close to
that of indium tin oxide (ITO)!2. Sun et al. reported on CNT integrated circuits
fabricated on flexible substrates'>. Zhong et al. optimized the device structure and
fabrication process, and prepared integrated circuits based on carbon nanotube films
with the oscillation frequency of up to 5.54 GHz'. In addition, by coupling electron
transport with influences from the environment, ultrahigh sensitivity of CNT based
electrochemical and electromechanical systems has been demonstrated for the detection

of gas molecules'®, mass!®, force!”, motion'8, charge!®, and so on.



The progress in CNT electronics has been supported by improvements in fabrication of
CNTs with desired electrical properties via either direct growth or post-growth
separations. Catalysts with stable structure at high temperatures during chemical vapor
deposition (CVD) were designed for growing CNTs enriched in semiconducting,
metallic, and even specific chiralities?’?%. Semiconducting CNTs with the purity higher
than 99.99 % were successfully separated, enabling the assembled CNT films to be
applied as high-performance transistors®’, radio frequency transistors'' and processors'’.
In this review, distribution of chiralities at macro-scale is defined as “global” chirality.
Continued optimization of the global chirality uniformity would be the key for large-

scale CNT electronics.

In addition to global chirality, we would like to present the concept of “local” chirality
at different segments within an individual CNT. Precise control of the individual and
local chiralities for getting a well-defined atomic structure, electronic properties, and
junction interfaces, will be indispensable for addressing the electronics with ultimate
performance, and would enable unconventional electronics within the quantum regime.
In following sections, the concept of global and local chiralities, and their relations with
CNT electrical properties will be discussed. The progress of various approaches to
engineer CNTs’ global and local chirality will be summarized. Then, the progress in
CNT electronic devices will be summarized taking transistor-based logic and
communication electronics, thin film based-flexible and soft electronics, and sensor-
based intelligent systems as examples. After a perspective with an emphasis on new
opportunities of local chirality engineering and novel CNT molecular junction devices,

challenges in growth, fabrication, characterization, and theory will be discussed.
Main text

1, Chirality and electrical properties of CNTs
1-1 Global chirality of the 1D nanotubes

Electronic band structure of a CNT could be formed by cutting the two-dimensional
reciprocal space of graphene along discrete K-lines, as imposed by periodic boundary
conditions along the chiral vector. A nanotube will be a metal or a semiconductor
depending on whether the K-line crosses the featured Dirac point or not (Fig. 1a-b).?
Statistically, 1/3 of the nanotubes should be metallic and the remaining 2/3 are

semiconducting. For the semiconducting nanotubes, the bandgap (E,) is inversely
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proportional to the diameter (d): E; ~ 2):%~0.89V/ d(nm), where acc is the length

of the carbon-carbon bonds, and y is the nearest-neighbour overlap energy?>-?%?°.

Near the Fermi level, where electrons for electronic transport are involved, the Fermi
velocity could be defined from the band structure as: v = h™1ds/8k. Due to the linear

dispersion relationship of the Dirac electrons, CNTs have a large Fermi velocity ~8x

10° m/s*, resulting in a high mobility. An important concept in the nanoelectronics is

quantum conductance. For the metallic CNTs, there are two sub-bands crossing the

2e?

_h =~

Fermi level, resulting in a theoretical conductance of 4Gy, where G, =

0

7.75 X 107°S is the conductance quantum’’. Experimentally, ballistic transport

through metallic nanotubes and semiconducting nanotube channels at ON state has been

achieved®3!32,

1-2 Local chirality of the nanotube junctions

In the classical model of a CNT, a periodic boundary condition is applied to the
longitudinal direction and electron momentum is continuous in the dispersion relation
of the band structure. However, to fabricate nanoscale electronic devices, it is necessary
to limit the length of the nanotube and to contact it with an electrode. Such a junction

is an indispensable part of a device and essentially defines the function.

In conventional semiconductor devices, the basic junction is a p-n junction which is the
basic structure of the diodes, light-emitting diodes (LED), photovoltaic (PV) cells and
photodetectors. In addition, through combining p-n junctions, transistors could be
fabricated to construct logic circuits and the processor of a computer. In CNT
electronics, since it is challenging to control doping in the graphitic lattice, instead of
conventional p-n junctions, a Schottky junction at the metal-semiconductor interface is
the basic junction. Band alignment and the resultant Schottky barrier at the contact not
only determines the contact resistance, but also the type of charge carriers in the
nanotube channel to be n- or p- type for fabricating complementary metal-oxide

semiconductor (CMOS) transistors>>>*,

As the length of a nanotube transistor is scaled down to a few nanometres, in addition
to the periodic boundary condition along the circumferential direction, the finite length
also imposes quantum confinement effects®”. Essentially, due to the confinement, the

nanotube becomes a quantum dot with the discrete energy levels of which the spacing



is inversely proportional to the junction length: AE = hvg /4Lyr = 1meV /Ly (um)
(Fig. 1¢). Importantly, as the length of the CNT quantum dot is reduced to ~10 nm, the
energy level spacings become very large, ~ 0.1 eV, so that CNT quantum dot based

quantum electronic devices are expected to function at room temperature™.

With CNT junctions and quantum dots as building blocks, CNT-based molecular
electronic devices have been envisioned theoretically. For example, when a short
metallic (5,5) CNT segment is confined between two semiconducting (6,4) CNT
segments, instead of a continuous conduction band, isolated localized levels with o-
function-like density of states (DOS) peaks appear in the (5,5) slices, with the energies
of the discrete states closely dependent on number of the (5,5) units*®. On the other
hand, with a semiconducting (6,4) segment connected between two metallic (5,5)
nanotubes, the device functions as a resonant-tunnelling transistor with the tunnelling

current modulated by a gate electrode’’.

1-3 Characterization of CNT chiralities

Global chirality distribution can be measured by using optical spectroscopy*’. In
contrast, local chirality of individual CNTs requires high spatial resolution at atomic
level. Scanning tunnelling microscopy (STM) has been a powerful tool for determining
both the atomic structure and the electronic properties of CNTs, including chirality and

van Hove singularities*'. In addition, distribution of local states of CNT intramolecular

junctions has been resolved at atomic resolution*?,

Transmission electron microscopy (TEM) has been at the forefront of CNTs
characterization ever since their initial discovery*’. The most intuitive way to determine
the chirality of a CNT is to image it with sufficient resolution and identify positions of
each atom. Such observation was reported 13 years after the tubular structures of CNTs
were first identified***. Another option is to operate a microscope in a scanning (STEM)
mode, in which a focused probe scans over the sample and forms an image by collecting
the detector signal serially, at each probe position. Following the development of
aberration-corrected microscopes with high resolution even at a low accelerating
voltage, the first STEM images showing single-walled CNT lattice were published in
201047, An alternative to imaging in real space is to acquire electron diffraction in the
reciprocal space to characterize CNT chirality. This was employed from CNT first

observation®, to prove their helical structure. Over the years, the methods for



determining the chirality of a CNT from its diffraction pattern have been significantly
refined*®. In addition, electron energy-loss spectroscopy (EELS), which measures the
energy loss resulting from inelastic interactions, provides rich information about the

electronic structure, such as chirality-related van Hove singularities (VHS)®.

2, Global chirality engineering

Fundamentally, performance of CNT electronic devices depends on quality of the CNT
materials, such as purity, wall-number, and diameter, length, defects, and crystallinity,
and ultimately the chirality. Ideally, for the large-scale CMOS integrated circuits, it is
desired to use well aligned, pure, and densely packed semiconducting single-walled
CNTs as the channels®*>!. On the other hand, for applications in TCFs, purely metallic
arm-chair type CNTs are desired, with a suitable density to tune the optical
transmittance and the conductivity®?. For large-scale electronic applications, it is crucial
to control the statistical distribution of the CNT chiralities (Fig. 2a), which is defined
as the global chirality engineering (Fig. 2b-c) in this review, including organic

53 «

synthesis>, “cloning”>*>>

, epitaxial growth??2*3657  and post-growth separation®®*'.

The complementary approach of local chirality engineering (Fig. 2d) on the individual

nanotubes and segments within nanotubes will be discussed in the next section.

2-1 Chirality-controlled growth

CNTs are typically grown through a CVD process, during which hydrocarbon
precursors are decomposed, dissolved, and precipitated under guidance of a growth
seed. A lot of research has been devoted to design of the growth seeds, including carbon
hemispheres (half-fullerenes), nanotube segments and catalysts with stable structures

at high temperatures (Fig. 2b).

Conceptually, a CNT is a hollow cylinder with a cap at each end, which has the same
structure as a half-fullerene. It would be desirable to grow the tube part from a half-
fullerene molecule which could be synthesized through an organic reaction, at least in
principle®>®2. Itami group demonstrated synthesis of cycloparaphenylenes (CPPs),
acene-inserted CPPs, and cyclacenes as the shortest segments and single-unit building
blocks of armchair, chiral, and zigzag CNTs, respectively®®. By using CPPs as growth
seeds®, CNTs with a similar diameter were grown®®. Fasel and colleagues used (6,6)
CNT end caps as seeds to grow (6,6) nanotubes®?. The precursor of the open-cap

molecule (Co¢Hss) was designed and synthesized by a multistep organic synthesis



process®. Via a cyclodehydrogenation (CDH) process, the precursor was transformed
into a short nanotube with a carbon belt connected to the cap. And a nanotube was then
continuously grown through epitaxial elongation from the surface-catalyzed

decomposition of carbon feedstock gas.

Tour, Smalley, and co-workers proposed and tested the fascinating concept of CNT
cloning by activating a metal nanoparticle attached to its tip.®*%® Yao et al. realized the
extension of a CNT by using an open-ended CNT as the growth seed.>* Liu et al.
demonstrated the cloning of CNTs from CNT seeds with predefined chirality, including
(7,6), (6,5), and (7,7) types.* After a vapour-phase epitaxy (VPE) process, both
semiconducting and metallic SWCNTs were significantly elongated to lengths up to
tens of micrometres. By optimizing pre-treatment and growth conditions, up to 9 % of
the nanotube seeds were elongated successfully, and the yield was improved to 40 %

by using quartz as growth substrate®’.

During CVD process, nucleation and growth of a CNT is largely determined by the
growth seeds, where the most active catalysts such as iron, cobalt and nickel are in a
eutectic, near-liquid phase. In recent years, catalysts with better structural stability and
therefore having stable growth interface with CNTs have been intensively investigated
for chirality-controlled growth. Bachilo et al. found that (6,5) and (7,5) tubes were
predominant, comprising more than 50% of the semiconducting SWCNT grown from
the silica-supported Co-Mo catalyst (CoMo CAT) ?°. It was proposed that Mo oxides
could stabilize the Co catalyst against aggregation at high temperature for growing
CNTs. Yang et al. reported that a single dominating chirality was obtained for CNTs
grown from a solid alloy catalyst?>. Because of the high stability of tungsten-based
bimetallic alloy nanocrystals, SWCNTs of a single chirality, (12,6), were produced with
an abundance higher than 92 %. Zhang et al. designed Mo2C and WC catalysts with
four-fold and six-fold symmetries?*. Combining the thermodynamically stable,
symmetric interface and the kinetic effects, (2m,m) type CNTs, such as (12,6) and (8,4),

were selectively grown to form horizontal arrays.

2-2 Chirality-resolved separation
In addition to control during CNT growth, progress has been made to separate
nanotubes by post-synthesis separation®’-’%"!, Various approaches have been developed

such as polymer wrapping’?, DNA recognition®’3, density gradient ultracentrifugation



(DGU)®® and gel chromatography®®. Different approaches share the similar general
principles of surfactant-assisted dispersion and selective sorting based on molecular
interactions (Fig. 2c, €). Compared with direct growth approach, it is easier to scale up
the production by separation, however, impurity and structural damage could also be

introduced during the processing.

Polymer wrapping has shown selectivity to the diameter and chirality of SWCNTs, so
that certain types of SWCNTSs could be dispersed and separated using simple sonication
and centrifuge equipments’?. The interaction between the polymer and the CNTs is
strongly dependent on the symmetry matching of the backbone structure and electronic
interaction (m-bonds), and therefore is sensitive to the slight change of the polymer
structure’?. Nish et al. compared the photoluminescence excitation maps of polymer-
SWCNTs with a common part of the repeat unit of poly(9,9-dioctylfluorenyl-2,7-diyl)
referred as PFO. Among the four types of polymers, PFO and poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-2,10,3-thiadiazole)], referred as PFO-BT,
showed the best separation effects for (8,6) and (10,5) SWCNTs, respectively. Through
optimizing the parameters, such as types of polymers, solvent, and temperature, Bao
group reported the selectively dispersed s-SWCNTs with high selectivity (>99.7%),
high concentration (>0.1 mg/mL), and high yield (>20%)’*7. By using high speed
shear force instead of sonication to disperse polymer wrapped SWCNTs, Graf et al.
realized selective dispersion of nearly pure (6,5) SWCNTs, of which average tube
length was as long as 1.82 um, resulting an ensemble photoluminescence quantum yield
(PLQY) of 2.3%°. By using the semiconducting nanotubes separated from conjugated
polymer-wrapping method as the channel, Brady et al. fabricated CNT array transistors
with current density as high as 900 uA/um, which exceeded that of Si and GaAs FETs"’.
Shi et al. obtained semiconducting nanotubes with the purity as high as 99.99% through
polymer wrapping method and reported the aligned CNT array based radio frequency

transistors with the operating frequencies up to THz range'!.

Single-stranded DNA (ssDNA) could bind to CNTs through =n-stacking, resulting in
helical wrapping to assist the dispersion of individual nanotubes’®. In addition,
wrapping of the ssDNA on CNTs was found to be sequence-dependent, so that
electrostatics of DNA-CNT hybrid depends on the diameter and electronic properties,
therefore CNTs with different electrical properties could be separated by anion

exchange chromatography’®. By improving the ion-exchange chromatography, Zheng
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et al. reported separation of single chirality, such as (6,4), (9,1) and (6,5) from
CoMoCAT tubes®. By choosing suitable DNA sequences, up to 12 types of chiralities
of semiconducting SWCNTs have been separated from HiPco nanotubes’. In addition
to semiconducting nanotubes, Tu et al. realized selective recognition and separation of
armchair metallic nanotubes with the chiral indices of (6,6) and (7,7)"*. The interaction
with DNA sequences has been used to assemble the SWCNTSs for high performance
FETs, with a pitch as small as 10.4 nanometres, an angular deviation smaller than 2°

and a yield higher than 95 %%,

In density gradient ultracentrifugation (DGU), CNTs were dispersed in a solution with
selective amphiphilic surfactants and then injected into a fluid medium in a centrifuge
tube. Nanotubes with different densities were separated into different layers when a
density gradient was generated by a high centripetal force. Initially, separation
regarding the diameter, electronic type and bandgap of the CNTs was demonstrated™®.
By developing and improving an orthogonal iterative DGU method, separation of a
nearly single-chirality semiconducting (6,5) type from the HiPco SWCNTs with a
narrow diameter distribution of 0.01 nm for 99% of the separated nanotubes was

achieved®'.

In gel chromatography, selective interaction of CNTs with gel columns was utilized, so
that nanotubes with stronger interaction were retained and nanotubes with weaker
interaction were passed through®!. Liu et al. developed a single-surfactant multicolumn
gel chromatography method and separated up to 13 different chiralities®. Large-scale
and industrial-level separation was demonstrated to reach a high concentration of ~1
mg/mL32. Tulevski et al. used electrical testing method to characterize ~4000 field-
effect transistors with the separated CNTs as the channels®>. After multiple iterations,
99.9% of the transistors demonstrated semiconducting behaviour. Cao et al. used gel
chromatography to separated semiconducting nanotubes with a purity of 99%, and

fabricated transistors with the channel consisting of the aligned nanotube arrays®.

For large-scale applications, both purity and production yield are important. Generally,
however, there is a trade-off (Fig. 2e). While in principle, because of the one-to-one
relationship between the molecular seeds and the extended nanotubes, it is expected
that complete control of the chirality could be reached by the organic synthesis and

clone approach, in practice the yield is rather low. On the other hand, near industrial
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scale separation of the semiconducting CNTs with high purity has been realized and

enabled progresses in nanotube transistors and microprocessors.

3, Local chirality engineering

In addition to global chirality engineering targeting CNT usage in electronic devices
based on their assembly, precise control of the local chirality is required for the
electronic devices based on individual CNTs and their junctions. Strategies to control
the local chirality include chirality changes during growth and mechanical

transformation of local structures (Fig. 2d).

3-1 Chirality changes by modulated growth

Just like for any other materials, defects are inevitable during growth of CNTs, leading
to random appearance of chirality junctions, as revealed by STM**, TEM*, and Raman
spectral imaging®>®. In addition to the random and spontaneous appearance, some
efforts have been made to modulate the growth of CNT by changing growth temperature
or applying electrical fields. Yao et al. discovered that by increasing or decreasing
growth temperature, diameters of CNTs could be reduced or enlarged, accordingly®’.
By changing the temperature periodically, the chirality of nanotubes was perturbed
multiple times, finally leading to the theoretically predicted energetically-preferred
near-zigzag chirality®. Wang et al. discovered that during growth process, CNTs and
catalysts had been charged spontaneously®®. They developed an electro-renucleation
approach to switch the direction of an electric field during synthesis.”’ Due to the
different DOS of metallic and semiconducting nanotubes, there was a lower barrier for
the metallic nanotubes to renucleate. A metal-to-semiconductor transition was realized
to grow aligned semiconducting SWCNTs with residual metallic tubes of less than

0.1 %.

3-2 Chirality transformation by manipulation

Theoretically, two CNTs with different chiral indices could be related by a dislocation
in the graphitic lattice. By plastic deformation, the chirality of a nanotube could be
transformed to form a CNT molecular junction. In pioneering works of Yakobson and
colleagues, theory of the plastic deformation of CNTs has been studied’'*°. By rotating
carbon-carbon bonds, dislocation cores of 5-7 ring pairs could be nucleated and slipped
to change the chirality continuously. In addition to the dislocation slip mechanism, Ding

et al. proposed the dislocation climb mechanism, where dislocations moved vertically
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along the tube axis by removing C» dimers®®. It was predicted that during dislocation
slipping, (0,1) type dislocations are energetically preferred so that an armchair type (n,n)
nanotube will ultimately transformed into a zigzag (n,0) nanotube®. The predicted
existence of a possible transformation pattern inspired the explorations for controllable

chirality transformations.

Experimentally, Huang et al. applied tension and high temperature from Joule heating
by using in situ TEM probing method and observed the surprising superplastic
deformation with a tensile strain of 280% and 15-fold reduction in diameter, in contrast
to the maximum tensile strain of less than 15% at room temperature’’. The formation,
reconstruction, and healing processes of the defects under the electron beam irradiation
and high temperature have been understood in the framework of the dislocation
theories”®®*. Cheng et al. further demonstrated that it is possible to shrink the
diameters of individual CNTs continuously, uniformly, and flawlessly by electron

irradiation at a high temperature!'®.

Recently, Tang et al. fabricated suspended CNT transistors and simultaneously
monitored the chirality transitions and changes of electronic properties during the in
situt TEM manipulation and measurements'®"!%2. With measured electronic transport
properties as feedback control signal, controlled metal-to-semiconductor transition has
been realized. By tracking the chirality changes in 29 consecutive transitions, a
transformation pattern towards larger chiral angle was discovered (Fig. 2f). CNT
transistors with the channel length as short as ~2.8 nm have been created, and quantum

interference has been observed at room temperature.

In contrast to the intensive research in the global chirality engineering and relatively
mature techniques, the local chirality engineering approach has just emerged and been
addressed just in few experimental reports. Because of the potential to control the
chirality with atomic precision and the new opportunities of quantum devices enabled
by the nanotube molecular junctions, it is expected that the local chirality engineering

should become an active research field.

4, Progress of CNT electronic devices
Fundamentally, all CNT electronic devices are based on the chirality, and are built on
the building blocks of resistors, transistors, and sensors (Fig. 3a-b). While the ultimate

device performance is determined by the chirality and intrinsic properties of CNTs
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which is the focus of the current review, the achievable device performance is strongly
dependent on the processing and fabrication procedures. It is crucial to optimize the
device geometry and configurations, including the position, length, alignment, density
of the nanotubes, the interfaces between the nanotubes and the contact electrodes, oxide
dielectric layer and the substrates. Key processing techniques have been developed,
including assembly, deposition, printing, transfer and so on, which have been

previously reviewed in details'®-?".

As shown in Fig. 3, there is a wide range of CNT electronic devices, which can be
mainly categorized into two groups. The first is the “pure” electronic devices that
depend on the electron transport, such as nanotransistors (Fig. 3c), microprocessors (Fig.
3d), and amplifiers (Fig. 3e). The other large group is the “functional” devices that
couple electronic transport with mechanical, optical, and chemical properties, to form
optoelectronic, electro-mechanical and electro-chemical devices, such as transparent
electrodes for OLEDs (Fig. 3f), flexible transistors on plastic substrates (Fig. 3g),
electronic skins based on flexible pressure sensors (Fig. 3h), and so on, for broad
applications ranging from displays, communications, computing, Internet of things and

intelligent systems.

4-1 Logic and communication electronics

Modern information society is built on the “chips”, consisting of billions of transistors.
Semiconducting CNTs have been considered as ideal FET channels because of the
nanometer thickness for effective gate control, near ballistic 1D electron transport with
a large Fermi velocity for the high current, and small size associated with the small
intrinsic capacitance. Modelling at Very-Large-Scale Integrated (VLSI) circuit-level
devices revealed that CNT FETs offer 9x energy-delay product (EDP) benefit compared
to Si/SiGe FinFET!'%,

Transport in CNT FETs is governed by the metal-semiconductor contacts at the source
and drain. Depending on the work function, a Schottky junction or near Ohmic contact
could be established. Javey et al. used Pd as the electrode material and realized Ohmic
contacted p-type ballistic CNT transistors®*2. Zhang et al. found that Sc could form
Ohmic contact to n-type CNT FETs and fabricated dope-free CMOS!?. Franklin et al.
investigated the scaling properties of the contact resistance with the gate length scaled

down to ~15 nm without incurring short-channel effects!!%!!2, Cao et al. fabricated end-
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bonded contacts by reaction between CNT and the Mo metal to form a carbide interface,
and realized size-independent low contact resistance to demonstrate high-performance
CNT FETs with sub-10 nm contact length!''3. Qiu et al. fabricated CNT FETs with the
gate length as short as 5 nm (Fig. 3c). By using graphene as the contact, a small
subthreshold slope of ~73 meV/dec was demonstrated’. Around the same period, Cao
et al. fabricated CNT FETs with a footprint of 40 nm and demonstrated a higher current
compared to Si counterparts®, demonstrating the potential applications for the ultra-

scaled nanotransistors.

For the large-scale applications of CNT FETs in digital electronics, it is necessary to
fabricate a device with densely packed, aligned, impurity-free semiconducting CNT
arrays. In 2013, Cao et al. reported the full surface coverage of aligned 99% pure
semiconducting SWCNT arrays with a high packing density of 500 tubes/pum using the
Langmuir—Schaefer method®. The current density was more than 120 pA/um while

keeping the on/off ratio at ~1x10°. By improving the alignment and removing the

impurities during the assembling process via a floating evaporative self-assembly
(FESA), Brady et al. fabricated aligned CNT FETs arrays with the channel length of
about 100 nm. The conductance reached 1.7 mS/um and the saturated on-state current
density reached 900 pA/um, exceeding those numbers for Si FETs. With a packing
density of 47 CNTs/um, the conductance per CNT reached 0.46 Go or 35 puS,
approaching ballistic transport’’. High-performance CNT FETs, logic circuits and
integrated circuits were fabricated using aligned, high-density semiconducting CNT
arrays, with a stage delay of 12.4 ps and the highest maximum oscillating frequency
114

of >8 GHz for the five-stage ring oscillators

built from 14,000 CMOS CNT FETs have been reported (Fig. 3d), based on the

. Moreover, modern microprocessors

fabrication procedure compatible with the current semiconductor industry!°.

Another important application for CNT transistors is high-frequency electronics for
wireless communications. One of the crucial devices is radio frequency (RF) transistors
operating at high frequency ranges for the analogue components such as low-noise and
linear amplifiers. There are two important benchmarks for the RF transistors: the
current-gain cutoff frequency (f7) and the power-gain cutoft frequency (fi..x), defined
as the frequencies at which the current and the power gain become unity, respectively.
The ultimate frequency of the CNT RF transistors has been predicted to scale to THz

range, owing to the near ballistic transport, high Fermi velocity, high mobility, and

14



small intrinsic capacitance of the nanotube channels''*>"!"”, with the fr scaling as 130
GHz/L (gate length in pum) in the ballistic limit'!'®, and as 80 GHz/L for the ideal
transistor structure, respectively!'>. CNT for high-performance RF FETs should be
aligned arrays with high density, high carrier mobility, high semiconducting purity, and

low contact resistance''s.

In 2008, Chaste et al. reported the microwave range operation of top-gated SWCNT
transistors with individual nanotubes as the channels. The transconductance was
measured to be ~20 pS within the frequency up to 1.6 GHz!"®. Steiner et al. reported
SWCNT array transistors through the aligned assembly of separated, semiconducting
carbon nanotubes. At a gate length of 100 nm, the intrinsic current and power gain cut-

120 Cao et al. introduced a self-

off frequencies were 153 GHz and 30 GHz, respectively
aligned T-shape gate and assembled well-aligned, high-semiconducting-purity, high-
density polyfluorene-sorted semiconducting SWCNTs in a RF transistor. Both current-
gain cutoff frequency and maximum oscillation frequency greater than 70 GHz were
demonstrated. Recently Peng group realized self-assembly of high semiconducting
purity, high density, highly aligned SWCNTs by double-dispersion sorting and binary
liquid interface-confined self-assembly (BLIS)!'. With a semiconducting purity up to
99.99%, a packing density of 120 CNTs/um, and a gate length of 50 nm, the on-state
current was 1.92 mA pm™' and the peak transconductance reached 1.40 mS pm ' at a
bias of —0.9 V, leading to a high AC performance of a RF transistor. Current-gain and

power-gain cutoff frequencies up to 540 and 306 GHz were demonstrated, reaching the

near THz range (Fig. 3e).

4-2 Thin film and flexible electronics

CNTs networks are mechanically tough, thermally, and electrically conductive, and
chemically stable. Therefore, macroscopic CNT thin films are considered as ideal
building blocks for the fabrication of flexible electronic devices such as TCFs and thin

film transistors (TFTs).

TCFs are critical for various optoelectronic and display devices, such as photovoltaic
cells, light-emitting diodes (LEDs), liquid crystal displays (LCDs), and touch screens
for wearable electronics. There is usually a tradeoff between the conductivity and
transmittance of thin films. Since SWCNTs are composed of a single graphitic layer

and are highly conductive, they are considered ideal for fabricating TCFs with a high
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optical transmittance and a low sheet resistance®. Theoretically, densely aligned
isolated armchair SWCNTs are ideal to construct TCFs with a high optical
transmittance and a low sheet resistance. Progress has been made by controlling the

bundle size'?, diameter'?! and doping of SWCNTs.

Metallic SWCNTs have much smaller resistance compared to their semiconducting
counterparts. Hou et al. synthesized TCFs consisting of enriched metallic SWCNTs
(~88%) by controlling the tube diameter and in situ selective oxidation'??. For the HNO;
doped SWCNT film, a low sheet resistance of 160 Q sq! was measured at 90%
transmittance (550 nm). To decrease the contact resistance between crossed SWCNTs,
Jiang et al. prepared a network of isolated SWCNTs, in which crossed SWCNTSs are
welded together by graphitic carbon. It was demonstrated that the carbon-welded joints
convert the Schottky contacts between metallic and semiconducting SWCNTs into
near-Ohmic ones, which significantly improves the conductivity of the transparent
SWCNT network!2. As a result, an ultra-low sheet resistance of 41 Q sq™! was achieved
at 90% transmittance (550 nm) for the undoped SWCNT films, with uniform and bright

luminance from an organic LED demonstrated (Fig. 3f).

TFTs are important for the flat panel displays in smartphones, computers, and TVs. It
is desirable to directly grow semiconductor-rich SWCNT networks for the TFTs
applications to avoid the damage during the post-growth processing. Yu et al. directly
prepared semiconducting SWCNT films using an oxygen-assisted floating catalyst
chemical vapor deposition (FCCVD) method, based on the principle that metallic
SWCNTs are chemically more reactive than their semiconducting counterparts'?®. The
content of semiconducting SWCNTs was estimated to be around 90%, and the
fabricated TFTs showed on-off ratios up to ~100. Since the conductivity of the CNT
network is determined by the percolation, it is possible to get a macroscopic
semiconducting network with a density lower than the percolation threshold. Flexible
integrated circuits including a 21-stage ring oscillator and master-slave delay flip-flops
were demonstrated'?. Chen et al. fabricated all-carbon nanotube TFTs!?* (Fig. 3g) which
simultaneously possess a high carrier mobility of 33 cm®* V! s7! and a high current
on/off ratio of >10°, paving the way for low-cost, scalable fabrication of flexible and

transparent CNT-based integrated circuits.
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4-3 Sensors and intelligent systems

Sensors that detect, measure, and convert a physical or chemical quantity into a signal
are crucial in the information driven smart society. CNTs combine several unique
properties that make them suitable for the applications in sensors, including the high
carrier mobility, high current density, superior mechanical robustness, and chemical
stability. Along with the CNT “pure” electronic device discussed in the last two sections,
there has been a great progress in CNT “functional” sensors, from an individual sensor

to intelligent sensing systems and complex neurological systems.

CNT chemical sensors have been developed for detecting broad ranges of analytes

125

relevant to energy, environment, food, health, and security, including H>'*, carbon

monoxide'?®, formaldehyde'?’, ethylene'?®, biogenic amines'?®, proteins!*,

3 and toxic chemicals'**. CNTs have several

antibodies'’!, glucose!*, explosives, '
advantages for the applications in chemical sensors. Firstly, all the atoms of the single-
walled CNTs are at the surface and exposed to the environment. Secondly, the diameter
of the nanotubes is comparable with the molecules and the electrostatic screening length
in the solutions. Therefore, high sensitivity is expected for the CNT sensors. Because
of the high sensitivity, inevitable effects, such as O»/H>O doping and gradual
contamination should be taken into accounts for practical implementation'®>. There are
mainly two kinds of CNT chemical sensors. CNT chemiresistors are cheap, and suitable
for low-cost applications!?®13*136_On the other hand, transistors typically have higher
sensitivity. Different principles have been proposed for sensing mechanisms of the CNT

electrochemical sensors, including the electrostatic gating and modulation of the

Schottky barriers!®’.

In 2000, Kong et al. reported a chemical sensor based on an individual s-SWCNT
transistor'®. The bottom-gated FET device demonstrated dramatic increase or decrease
of electrical resistance in response to NO2 or NH3 gas traces (2 ppm-0.1%) at room
temperature. The electrical response was explained by a molecular gating effect. The
sensitivity of CNT network sensors is strongly dependent on the purity of
semiconducting nanotubes. In 2018, Xiao et al. reported the sub-ppm detection limit of
Ha, by using high semiconducting purity (>99.9%) solution-derived CNT films as the
transistor channel'*. By designing a specific receptor to functionalize CNT, the
selectivity of the targeted detections could be greatly enhanced. In the CNT biosensors,

DNA segments could be used to selectively match the targeted biomarkers. Liang et al.
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reported on the CNT FET-based biosensors using polymer-sorted high-purity
semiconducting CNT films as channel materials. The channel was covered by an
ultrathin Y203 high-k dielectric layer. With Au nanoparticles as linkers to the probe
DNA, a record detection limits as low as 60 aM and 6 particles/mL was demonstrated

for the target DNA complementary sequences'>’.

Integrated sensing systems that combined the sensing, memory, computing, and
communications are under development. Shulaker et al. reported such a system that
included four monolithically integrated vertical layers: a top layer of CNT FET gas
sensors; a layer of resistive random-access memory (RRAM) cells to store the data;
then a layer of CNT logic circuit as decoders for classification; and a Si FET logic layer
for computation'*’. By using the principal-component analysis, mixed gases could be
classified. In 2023, Fan et al. reported on the monolithic three-dimensional sensing
systems consisted of FET sensors and integrated circuits both based on network CNTs
at different layers'*!. The upper layer was CNT FET-based hydrogen sensors. The
bottom layer was CNT CMOS voltage-controlled oscillator (VCO) interfacing circuits.
The information of hydrogen concentration was transformed into the oscillating

frequency shift with a sensitivity of 2.75 MHz/ppm.

As mentioned in the previous section, the high carrier mobility combined with the high
flexibility of CNTs due to the high tensile strength and low bending stiffness makes
them specially promising for the soft, flexible, stretchable, and wearable
electronics'®!1%, For a human body, the skin is the largest organ that directly interacts
with the world with complex biological, mechanical, and thermal sensing functions'*.
For the soft robot, it is an important goal to mimic the skin’s sensory functions'**!44,
Nela et al. fabricated electronic skin consisted of 16x16 arrays of CNT TFTs as a
flexible pressure sensor(Fig. 3h)'4>. With a modest operating voltage of 3V, the CNT
based artificial skin demonstrated a spatial resolution of 4 mm and a response time of
30 ms which is faster than that of human skin. In addition to static sensors, Wan et al.
developed artificial neurological electronic skins based on CNT synaptic transistors!*®
to mimic the synaptic behaviors of human skins. Force input was sensed by flexible
ferroelectric nanogenerator acting as the peripheral nerves to generate potential pulses

that are transmitted to the gates of the CNT TFTs, leading to changes of the drain-source

current as the postsynaptic current signal. Various synaptic characteristics have been
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demonstrated including the long/short term plasticity, spike amplitude, width, and time

related plasticity.

5, Outlook of chirality-engineered CNT electronic devices

Progress in CNT electronics over the last 25 years was the result of improvements in
CNT materials and device configurations. Up to now, CNT electronics has been
utilizing the classical electronic properties, e.g., semiconducting, or metallic. However,
a CNT is not only a metal, or a semiconductor defined by the band structure, but also a
unique molecule with the properties distinctly dependent on the local chirality. There
are still numerous opportunities to design the molecular structure of CNTs for their
applications as quantum devices, for quantum computation, quantum communications
and quantum sensors. In this section, we will give a perspective for the CNT electronics
with ultimate performance with the complete control over the chirality and properties

of CNTs on the global and local levels.

5-1 Ultimate transistors

Future smart society depends on continued and disruptive innovations, such as virtual
reality and robotics, which call for more computing power. In this section, we describe
a future transistor for the ultimate scaling and performance, including the key

components of a transistor: channel, contact, gate, and dielectric layer (Fig. 4a).
Channel: single chirality semiconducting SWCNTs

Semiconducting CNTs have been considered as the ideal channel for nanotransistors.
The ultimate challenge is control of the chirality and impurity of the metallic nanotubes.
Though up to 99.99% pure semiconducting nanotubes could be separated, the purity is
still far behind the desired level of 99.999999%!°. In addition to the conductance type,
the uniformity of the devices depends on the distribution of the chiralities in the
semiconducting nanotubes. It is still the greatest challenge to improve the quality of
nanotube films to get higher purity of semiconducting nanotubes by global chirality
engineering. An alternative approach is the combination of bottom-up growth and top-

down transformation to control the chirality for each nanotube.
Contact: metallic nanotube junction

In addition to the channel, the contact is critical for scaling the transistor size to the

limit, because of the increased parasitic capacitance and resistance!!’, which will
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severely affect the operating frequencies of the RF transistors. Previous studies have
shown that the end-bonded contact could effectively reduce the contact resistance and
enhance the on-current''®. Furthermore, atomically thin graphene contact was critical

to improve the gate controllability for the CNT FETs scaled to 5-nm gate length’.

For CNTs, due to the 1D electrostatics and screening effects, the electric field

t'47. At molecular level, a

distribution is strongly affected by the thickness of the contac
metallic nanotube junction is potentially the ultimate solution for the contact to reduce
parasitic capacitance and to reach ballistic contact limit. The small thickness could
contribute to an effective gate control. The covalent bonding between the metallic
nanotube lead and the semiconducting channel guarantees effective electrical and
thermal conductivity. In addition, the small width of the nanotube reduces the parasitic
capacitance to enhance the operating frequency. Our recent work demonstrated that it

is possible to fabricate the metallic-semiconducting nanotube junctions as the ultimate

contact for the nanotube transistors'%2,
Gate and dielectric: van der Waals layers

Currently, state-of-the-art CNT transistors are top gated with a planar shaped metal
electrode separated with an oxide insulating layer’®. For Si transistors, the invention of
Fin-shaped gate has been one of the keys for improved electrostatic control and
continuing scaling. The ideal gate configuration would be the gate-all-around (GAA)
for effective gate modulation. Since CNTs have a round tubular cross-section, the GAA
FET is a natural selection, as modelled in a recent work'*, where it was predicted that
CNT FETs could be scaled down to 5 nm gate-length for a competitive performance

and power consumption.

Recent realization of 1D van der Waals heterostructures starting from SWCNTs!4%150

suggests the possibility of an ultimate architecture for GAA-CNT-FETs. These hetero-
nanotubes allow to combine materials with distinct electronic properties including the
semiconducting nanotube channel, dielectric layer and even metal electrode to form a
coaxial FET with each shell to guarantee the atomic level thickness. To reduce the
interface trap density in a FET, 1D vdW heterostructures of SWCNTSs and surrounding
boron nitride nanotubes (BNNTs) may offer the best interface quality, which can be
151

evidenced from the previous studies of two-dimensional semiconductor materials

Near-ideal subthreshold swing with negligible hysteresis may be obtained in such 1D
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GAA-CNT-FET. In addition, in principle, it is possible to use the recently discovered
van der Waals layered dielectric materials with high dielectric constant for more

1152

effective gate control ”~. A metallic-semiconducting-metallic CNT junction with the

van der Waals GAA configuration represents the scaling limit of a transistor.

5-2 Quantum transistors

With the length of CNT transistor further reduced, quantum confinement and tunnelling
will dominate the electron transport. It is predicted that the physical limit of
conventional CMOS FETs will be around 3 nm due to band-to-band tunnelling'>>.
While quantum effects are the obstacles for scaling conventional transistors, they can
be used to develop quantum transistors, including the single electron transistors (SETs)
based on quantum confinement and the tunnelling field-effect transistors (TFETs) based

on tunnelling effects.

The working principles of SETs and TFETs are closely related?*!'>*. The difference is
the coupling strength of the channel with the contact. In the strong coupling limit, in
the quantum regime, electrons travel through the channel in a coherent manner,
resulting in the interference of incoming, reflected, and transmitted waves. On the other
hand, in the weak coupling limit, electrons could tunnel in and out of the channel (island)
one-by-one due to the so-called Coulomb blockade. The featured energy levels are
closely related to the length of the CNT section. Most previous experiments have been
conducted at extremely low temperatures, due to the large length from ~100 nm to ~1
um®31155138 "In our recent work, CNT molecular junction transistors with the channel
length shorter than 10 nm have been fabricated, and quantum transport such as the
Fabry-Pérot oscillations have been observed at room temperature'%?, paving the way for

practical applications of CNT quantum transistors.

5-3 Quantum sensors

CNT thin film FETs have demonstrated ultra-high sensitivity as gas- and biosensors,
thanks to the improvements of the purity of semiconducting nanotubes!¥13%1%,
However, under practical conditions, man-made sensors including CNT sensors are still
far behind the performance of natural sensors, such as a dog’s nose. Currently, the
selectivity of CNT FETs depends on the extrinsic decorating metal particles or organic
functional groups. Another drawback is that in contrast to the fast response (within

several seconds) owing to full exposure of the nanotube surface to environments, the
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CNT FET sensors exhibit quite slow recovery (minutes). To further enhance the CNT
sensors performance, such as selectivity, response and recover time, quantum principles

will be helpful.

As mentioned in the previous section about the CNT quantum transistors operating at
room temperature, the most important applications of the quantum transistors will be
the quantum sensors (Fig. 4b). It is well known that SETs are extremely sensitive to the
local electrical fields and charges, with the sensitivity of a single charge'®.
Conventional SETs are fabricated as quantum dots within semiconductor interfaces
with the typical size of ~100 nm. With the proposed CNT molecular junction SETs, it
is expected that the operating temperature will increase dramatically and may even
approach room temperature. In combination with the extremely small size, it may be
not just a dream to use the CNT SETs to map the electromagnetic fields within the brain

at ambient conditions.

For the other type of CNT quantum transistors based on the gate modulated tunneling,
due to the coherent transport nature, it is expected that the CNT TFETs could be applied
as ultra-fast molecule sensors. The local potential could be affected by the absorption
of a molecule depending on the interaction of the orbitals. Accordingly, the phase of the
electron wave will be modulated, resulting in the shift of the resonance peaks. Real time
response to individual molecules could be used as a nanoscale mass spectrometer and

to count the molecules in a mixture.

6 Challenges and concluding remarks

We have summarised various progresses of CNT electronics along with improvements
in controlling the distribution of the CNT chirality and conductance-type. In addition
to global chirality engineering of the overall distribution, we have seen new
opportunities of local chirality engineering to fabricate CNT molecular junction devices
for the quantum transistors and sensors. However, there are many fundamental and
practical challenges with respect to the growth, fabrication, characterization, and theory,

towards the dream applications of CNT molecular electronics devices.

6-1 Complete chirality-controlled growth
There has been great progress in the global chirality engineering for getting
semiconducting, metallic, and even specific chirality enriched CNTs. Following the

laboratory successes, it remains a challenging task to realize chirality-controlled growth
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at a large scale. On the other hand, milligram scale separation of semiconducting,
metallic, or even single chirality nanotubes have been realized, showing the great
potential for industrial scale applications. In contrast to the progress in controlling the
chirality distribution, the control of the local chirality of individual CNTs remains
largely unexplored. Up to now, there have been only a few reports on the modulated
growth of CNT molecular junctions. And no control of the specific chirality for the

junctions has been reported.

Since the transport of the CNT SETs and TFETs is sensitive to the atomic structure of
the junctions, including the chirality, length, and the interface structures, direct
synthesis through the organic reactions is highly appealing because of the possibility of
atomically precise design at molecule level. To understand the growth mechanism,
especially the chirality transformation mechanism, it is highly desired to observe the
growth process of individual CNTs with atomic resolution. In addition, to grow the
chirality controlled CNTs and CNT junctions in a predicted manner, it may be necessary
to build machine learning model by collecting large amounts of data to relate growth

parameters with the resulted chirality and transitions.

6-2 Precise fabrication of molecular junction devices

Currently, CNT electronic devices are either based on individual nanotubes or thin films.
To make full use of the chirality-controlled CNT and CNT junctions, it is important to
control the position of the junctions and alignment of the devices with a nanometre
precision. In addition, it will be a great challenge to fabricate CNT junction devices
with the GA A configuration which includes the metallic nanotube junction as the source
and the drain, a coaxial shell of high-k dielectric layer and a metal gate electrode. The
possibility of growing h-BN and MoS; with high crystallinity on CNTs has been
demonstrated, however it remains to be explored to grow other van der Waals layered

materials.

A central task for CNT junction devices is formation of the chirality junction in a
controlled manner. Our recent work on in situ TEM probing has provided an
opportunity to investigate the chirality transformations under high temperature and
mechanical stress at the atomic resolution. This revealed a surprising trend for the chiral

102

angle to increase to the armchair type ™~. However, obviously, the in situ manipulation

method on individual nanotubes could not be the complete solution for practical
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applications. It would be great but not impossible challenge to transfer the in situ
fabrication procedure into a microfabrication foundry. And a machine learning model

to relate processing parameters to the chirality changes would be very useful.

6-3 Atomic characterization of the transformation mechanism

To tackle the challenges in growth and device fabrication for the CNT molecular
junction devices, we have seen several advanced characterizations, especially the in situ
TEM. In addition, artificial intelligence (AI) will play critical roles to establish the
relations between the growth conditions and processing parameters with the atomic
structures, including the chirality and interfaces. However, there are still fundamental
limitations and practical challenges for the characterizations of the CNT junction-based

structures and devices.

Direct imaging either in TEM or STEM modes suffers from low contrast from the
substrate and thermal vibrations of suspended nanotubes. Electron diffraction is less
sensitive to the vibrations and is an important technique to determine the CNT chirality.
However, due to the reciprocal relationship between real space and diffraction space, it
is difficult to collect sharp diffraction patterns from small areas, such as the nanoscale
CNT junction devices. The last few years have seen development of several powerful
TEM techniques, made possible by new hardware and gains in computing power. One
example is 4D-STEM (Fig. 4c¢), in which a 2D image of the local reciprocal space is
recorded for each position of the electron beam'¢!. The data can be processed to

162 which significantly improved

reconstruct the phase of the object by ptychography
the contrast and resolution of DWCNT and SWCNT images'%*!%. In addition, STEM-

EELS could give mapping of the electronic states, including bandgap of the junctions.

Finally, the rise in computer power allows for Al being used more and more commonly
to automatically process the large amount of data that modern instruments can acquire,
which, in the case of CNTs, covers many different fields and techniques'®. Particularly
interesting for the current overview is the use of machine learning to determine the CNT

chirality from high resolution images, which can work even in the presence of defects'¢¢.

6-4 Concluding remarks
Chirality engineering is a new paradigm for carbon nanotube electronics. With
complete control of the chirality, performance of CNT electronic devices will approach

the theoretical limit. More importantly, a local chirality engineering-enabled CNT
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molecular junction device is a fundamental shift from the conventional electronic
devices that are based on the metallic or semiconducting properties of the nanotubes to
the unconventional quantum devices that are based on the quantum confinement and
tunnelling transport. Importantly, due to the extremely small size and large energy
spacings, the CNT junction devices are expected to be operational at room temperature
for the applications, such as brain mapping. There are great challenges for chirality-
controlled growth mechanisms and precise device fabrication. We envision that the
solutions for the challenges will include advanced in situ TEM characterizations and

Al After three decades, CNT electronics is ready for a leap into the quantum world.
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Key points box

39

The electrical properties of CNTs are determined by the chirality along
circumferential direction to be metallic or semiconducting, and by the
confinement imposed along longitudinal direction to be a quantum dot.

For the large-scale applications of CNT electronics, approaches have been
developed to control the global chirality distribution, including direct growth
for defect-free nanotubes and post-growth separation for industrial applications.
For fabricating CNT molecular junction-based electronic devices, modulated
growth and chirality transformation techniques have been explored, however
this development is still in its early stage.

The progress in controlling the global chirality distribution has led to
advancements in CNT electronics ranging from transistors, amplifiers,
microprocessors, to transparent electrodes, flexible transistors, and electronic
skins.

Complete control of chirality would enable the conventional CNT electronics to
approach the performance limit, and create new opportunities for the emerging

quantum devices.
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Figure 1. Chirality and the electronic properties of carbon nanotubes. (a) Lattice,
Brillouin zone and Dirac cone at one of the K points of 2D graphene. (b) Atomic
structure and dispersion relationship of a metallic (5,5) and a semiconducting (6,4)
carbon nanotube. (c) Atomic structure and discrete energy levels of a carbon nanotube

quantum dot confined within a nanotube junction.
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Figure 2. Global and local chirality engineering of carbon nanotubes. (a) Chirality
map and schematic distribution around the chirality marked in red. (b) Chirality-
controlled growth from solid catalyst, CNT segments and fullerene hemisphere seeds.
(c) Chirality separation by selective interaction and dispersion with polymer, DNA, and
gel. (d) Local chirality transformation during growth and post-growth process. (e) Plot
of the purity against the production scale for global chirality engineering including the
growth (pink) and separation (green) approaches. (f) An example of the local chirality
transformation following an increasing chiral angle trend to produce a ~2.8 nm long

CNT transistor, shown in the insert!?.
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Figure 3. Progresses of CNT electronic devices based on the chirality.
Fundamentally, the electronic properties of CNTs are determined by the chirality. In
addition, the functions of CNT electronic devices are also dependent on the physical
and chemical properties, such as the mechanical flexibility and optical transparency.
With the resistors (a) and transistors (b) as the building blocks, complex CNT electronic
devices have been developed, ranging from (c) extremely scaled field effect
nanotransistors with the gate length of 5 nm’, (d) modern microprocessors for
computers'®, (e) radio frequency amplifier for wireless communications!!, (f)
transparent electrodes for organic light-emitting diodes (OLEDs)!?, (g) flexible and
transparent transistors on polymer substrates'?, (h) pressure sensor based-electronic

skin'®,
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molecular junction transistors for room temperature quantum sensor of individual gas
molecules. (¢) Fabrication of CNT junction devices by focused electron beam and in

situ characterization by advanced 4D-STEM.
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Short summary

Chirality fundamentally determines the electrical properties of CNTs. Here we
summarize the approaches in controlling the global chirality distribution and local
chirality junctions. After reviewing the progress in CNT electronic devices, a

perspective on the CNT quantum devices is presented.

44



	Abstract
	Introduction
	Main text
	1, Chirality and electrical properties of CNTs
	1-1 Global chirality of the 1D nanotubes
	1-2 Local chirality of the nanotube junctions
	1-3 Characterization of CNT chiralities

	2, Global chirality engineering
	2-1 Chirality-controlled growth
	2-2 Chirality-resolved separation

	3, Local chirality engineering
	3-1 Chirality changes by modulated growth
	3-2 Chirality transformation by manipulation

	4, Progress of CNT electronic devices
	4-1 Logic and communication electronics
	4-2 Thin film and flexible electronics
	4-3 Sensors and intelligent systems

	5, Outlook of chirality-engineered CNT electronic devices
	5-1 Ultimate transistors
	5-2 Quantum transistors
	5-3 Quantum sensors

	6 Challenges and concluding remarks
	6-1 Complete chirality-controlled growth
	6-2 Precise fabrication of molecular junction devices
	6-3 Atomic characterization of the transformation mechanism
	6-4 Concluding remarks

	References
	Highlighted references
	Acknowledgements
	Competing interests
	Key points box
	Display items
	Short summary

