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ABSTRACT

Single-walled carbon nanotubes (SWNTs) have been regarded as one of the most promising candidates to supplement or even
replace silicon in the post-Moore era. The requirement is to prepare the horizontally aligned SWNTs arrays (HASAs) with multiple
indicators, including high density, high semiconducting purity, and wafer-scale uniformity. However, after all the fevered works
being done in controlled synthesis, we still have a long way to go before realizing the application of SWNTSs in highly performed
electronic devices. The methods of batch production and high-throughput characterization techniques of the HASAs are the two
main challenges. In this outlook, we first summarized the progresses in synthesis of HASAs with either high density or high
semiconducting purity. Then the methods adopted in characterizing SWNTs and HASAs were discussed according to the
different principles of characterization techniques. Afterwards, the development of carbon nanotube based electronic devices,
specifically, the field effect transistors (FETs), was reviewed from three perspectives. The problems involved in electronic
applications bring forward the higher request to the HASAs itself. Therefore, in the end of this outlook, we prospected the future
of the synthesis and corresponding characterization of HASAs, and tried to provide our ideas about how to pave the way to the
batch production of HASAs for carbon based electronic devices.
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1 Introduction

The increasing demand in improving the performance and energy
efficiency of electronic devices and their scaling up has heightened
the research heat for next-generation electronic systems based on
new materials. Carbon nanotubes (CNTs) have been considered
as one of the most promising materials because of their excellent
electronic properties. As a one-dimensional nanomaterial, the
carrier mobility of single-walled CNTs (SWNTs) can be as high as
100,000 cm?*Vs. The CNT-based field effect transistors (FETSs)
show ideal ballistic transport characteristics [1, 2]. Compared with
silicon-based metal-oxide-semiconductor (MOS) transistors, the
current tolerance density, switching speed, switching ratio, and
mobility of CNT-based FETs can be improved by several orders of
magnitude. However, to achieve the cutting-edge applications, the
controlled synthesis of SWNTs is still challenging.

Compared to other types of SWNTs, the horizontally aligned
SWNT arrays (HASAs) are of particular interest, especially
because of its suitability for the integrated circuits (ICs) with high
performance. There are mainly two synthetic routes of HASAs,
one is direct growth, and the other is post-treatment. Each has its
advantages and disadvantages. It is too early to judge which
method can finally pave the way to the batch production of
HASASs for electronics. In this outlook, we mainly focused on the
first one—the direct growth methods. It is generally accepted that

chemical vapor deposition (CVD) is the most promising way of
controlled synthesis of SWNTs. To assemble SWNTs into
horizontal arrays during growth, different external forces have
been exerted, such as electric field, gas flow, atomic step, and
crystal lattice [3-6]. Among these mechanisms of aligning, HASAs
grown on single crystal substrate tend to have a higher alignment,
and the controllability of their structures and properties.

To be applied in cutting-edge fields such as carbon-based
electronics, the HASAs are required with multiple indicators,
including perfect alignment, high density, high semiconducting
purity, and a wafer-scale uniformity [7]. Past few decades have
witnessed inspiring progresses in controlled synthesis of HASAs
with one or two excellent indicators that mentioned above.
Nevertheless, many challenges arise when we try to combine these
progresses and achieve batch production of HASAs for carbon-
based electronics. Of particular interest and complexity are the
synchronous realization of the multiple indicators and the more
efficient characterization of HASAs. In this outlook, we first
reviewed the recent progresses and challenges in the synthesis and
characterization of HASAs. Then we also explored the
development of CNT-based field-effect transistors (CNT-FETs),
which is one of the most important applications of HASAs.
Finally, we tried to prospect the future opportunities and
challenges of HASAs from a unified perspective, trying to find a
possible way paving to its industrialization.
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2 Synthesis of HASAs

Since the discovery of SWNT, a considerable amount of
researches pertaining to SWNT growth mechanisms have been
conducted. The process of growing SWNT's involves the activation
of catalyst, the nucleation, growth, and termination of SWNT. The
catalyst activation is a precondition for nucleation of SWNT, and
the active phase is dependent on the reactive atmosphere. The
growing atmosphere usually contains necessary carbon sources
(such as C,H,, CH,, C,H;OH, etc.), reductive gases (such as H,),
and inert gases (such as Ar or N,) [8]. After catalyst activation, the
SWNT nucleation starts from nucleating a cap on the catalyst
surface by the assembly of excess carbon atoms. In a typical
vapor-liquid-solid (VLS) model, dissociated carbon atoms
dissolve into the liquid catalyst nanoparticle continuously. When
supersaturated, the graphitic carbon precipitates as “cap
precursor”, and subsequently converts into a solid phase SWNT
through constructing the sidewall between the cap and catalyst
particle [9,10]. Apart from VLS mechanism, there is also a
vapor-solid (VS) model. The carbon atoms do not dissolve into,
but rest on and bond with the surface of non-metallic catalyst
nanoparticles, then transform into an SWNT cap [11-13].
According to extensive transmission electron microscopy (TEM)
characterization, the SWNT nucleation can be classified into
tangential and perpendicular modes, depending on whether the
diameter of the nucleated SWNTs is similar to or smaller than that
of the connected catalyst particles [14-16]. After nucleating a
stable SWNT cap, subsequent incorporation of new carbon atoms
into the cap rim leads to the elongation of the SWNT. The
termination occurs until the catalyst is deactivated by several
complicated factors, such as Ostwald ripening [17], or an excessive
carbon supply [15]. With the careful control of each step, SWNTs
with controlled structures and properties can be synthesized to
satisfy various requirements of applications.
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2.1 High density of HASAs

For preparing HASAs, one of the most important indicators is the
density of nanotubes aligned in the arrays. In order to be as high
as possible, two main designing philosophies have been adopted.
One is to manipulate the catalysts, which govern the growth of
SWNTs directly. The other is to manipulate the as-grown SWNTs,
which is to assemble random distributed SWNTs into organized
arrays on target substrates.

2.1.1 Manipulate the catalysts

To obtain higher density of HASAS, it is intuitive that managing to
increase the number of catalysts before each growth begins would
be helpful. As shown in Fig. 1(a), after one optimized growth,
segments of the as-grown SWNTs were selectively exposed to an
oxygen plasma, creating lines of bare quartz for the following
deposition of fresh catalysts to initiate a second CVD growth. The
density of HASAs in this sequential approach was estimated to be
20-30 tubes/pm. But the improvement of density was limited,
only increased by 2-3 times [18]. In fact, simply increasing the
number of catalyst nanoparticles seems not enough.

To pursue a higher density of HASAs, managing to increase the
number of active nanoparticles is necessary. A multicycle CVD
method was schematized in Fig. 1(b). By stopping the carbon
feedstock intermittently for a short period between each growth
cycle, the catalysts had more chance to be reactivated to nucleate
new SWNTs, so as to restart the growth step [19]. With the
increased percentage of activated catalyst particles, the density of
HASAs was about 20-40 tubes/um on quartz. However, the
repeating cycle was limited to four times at most, otherwise the
density would decline due to the competition between the
growing and etching reactions during this process. Similar
principle has been proposed in the “periodic” method. By
periodically switching the carbon feedstock on and off, a wider
diameter range of catalysts was allowed to bring about the
nucleation of SWNTs [20]. Besides, a method of patterning
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Figure1 Synthesis of HASAs with high density by (a)-(c) manipulating the catalyst nanoparticles and (d)-(f) manipulating the SWNTs. (a) Schematic illustration of

increasing the number of catalyst nanoparticles by sequential approach. Reproduced

with permission from Ref. [18], © WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim 2010. (b) Schematic illustration of increasing the number of active catalyst nanoparticles by three-cycle CVD growth. Reproduced with permission from
Ref. [19], © American Chemical Society 2011. (c) Schematic illustration of increasing the number of active catalyst nanoparticles in situ by Trojan method. Reproduced
with permission from Ref. [22], © Springer Nature Limited 2015. (d) Schematic illustration of Langmuir-Schaefer method. Reproduced with permission from Ref.

[27], © Springer Nature Limited 2013. (¢) Schematic illustration of stacked multiple transfer process. Reproduced with permission from Ref. [29], © Tsinghua

University Press and Springer-Verlag Berlin Heidelberg 2010. (f) Schematic illustration of soft-lock drawing method. Reproduced with permission from Ref. [30], ©

Guo, Y. F. etal. 2022.
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catalysts was used to avoid the merging of unreacted nanoparticles
on substrate. With the improved number of active catalyst
nanoparticles, the density of HASAs can be 50 tubes/um [21].
Nevertheless, the density of HASAs obtained in the above-
mentioned methods was still well below par. Because the number
of nanoparticles that can be reactivated was limited, and might not
be as active as fresh ones.

To maximize the catalyst utilization, a better solution would be
to increase the number of active nanoparticles in situ. As shown in
Fig. 1(c), the Trojan catalyst has been designed intelligently. The
catalysts first dissolved and stored into the substrate during
annealing, and then gradually released under H, reduction during
growth. The reduced interaction between active catalysts led to less
deactivation, thus increased the utilizing efficiency of catalysts
obviously. The as-grown HASAs showed an ultra-high density of
130 tubes/um [22]. Based on such an idea, Trojan-Mo catalyst
[23] and magnesium-assisted catalyst anchoring strategy [24] have
been proposed to further increase the local highest density and the
distributing uniformity of HASAs, respectively. Besides, other
ways of loading fresh catalysts continuously were also proved to be
effective, such as from the growth atmosphere. For example,
loading titanocene dichloride on spatially confined quartz
substrate by floating catalyst CVD (FCCVD) [25] and multi-cycle
loading fresh Cu on substrate through condensation of Cu vapor
[26] can both grow HASAs with the density of 60-70 tubes/pm.

To sum up, the idea of manipulating catalysts to achieve high-
density HASAs has undergone a transformation from simply
increasing the number of catalyst nanoparticles, to increasing the
active catalyst nanoparticles. And further, it is realized that
increasing the number of active catalyst nanoparticles in situ
should be much more promising, so as to meet the high-density
requirement of applications.

2.1.2 Manipulate the SWNTs

Apart from manipulating catalyst nanoparticles before or during
growing process, manipulating the as-grown SWNTs after growth
has also been widely studied to increase the density of HASAs. For
example, the large-area aligned SWNT's with an ultra-high density
of more than 500 tubes/um were assembled using the
Langmuir-Schaefer method (Fig. 1(d)). The dispersed CNTs were
first floated on the two-dimensional air/water interface during
evaporation of the volatile organic solvent, then assembled into
well-ordered arrays under a uniaxial compressive force applied by
mobile barrier bars [27]. Besides liquid phase assembly, a stacked
multiple transfer method has been developed. Gold films
containing the aligned CNTs could be transferred layer-by-layer
repeatedly, then etched away at the same time, so as to collapse the
CNTs onto substrate (Fig. 1(e)). Repeating this process up to four
times increased the density of HASAs to 55 tubes/um [28,29].
However, the relatively poor alignment and unwanted waviness of
HASAs caused by any perturbation during such complex process
might result in poor performance of CNT-based transistors. In
order to simplify the manipulation, a soft-lock drawing method
has been recently proposed to align random SWNT networks into
high-density HASAs under the drawing force of the “soft” wetted
nylon membrane (Fig. 1(f)). Such a method was free of any
surfactant, non-destructive, and quite facile, opening up a new
path for preparing HASAs with high density [30].

In a word, manipulating the SWNTs after growth tends to
achieve a higher density of HASAs with large-area uniformity.
However, compared with the substrate-oriented direct growth, the
problems still remain in relatively poorer alignment of arrays,
unavoidable contamination, degradation of quality, complex
procedures of post-processing, and increased costs. These
potential drawbacks might lead to scale-up problem during the
application of these HASAs.
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2.2 High semiconducting selectivity of HASAs

Obtaining SWNTs with specific conductivity, especially
semiconducting, is another prerequisite for the cutting-edge
applications. A great number of strategies have been proposed to
attain this goal, which can be roughly divided into four specific
implementation perspectives: design of the post-processing, the
growth atmosphere, the catalysts, and a more fundamental
guideline, the control of thermodynamics and kinetics.

2.2.1 The design of post-processing

A variety of post-processing methods have been developed to
obtain SWNTs with uniform and specific electronic structure,
such as the density gradient ultracentrifugation (DGU) [31], gel
chromatography (GC) [32], aqueous two phases extraction
(ATPE) [33], selective dispersion (SD) [34,35], and so on.
However, the high separation purity in these methods is often
counteracted by the high technical threshold, the complexity of
separating process and surfactants design, and the degraded
quality of SWNTs. Therefore, these methods were not quite
suitable for enriching specific SWNTs in HASAs. Alternatively,
methods focused on post-processing the as-grown HASAs on the
substrate have been proposed. As shown in Fig. 2(a), based on the
different interactions of semiconducting and metallic SWNTs with
different functional groups, a “Scotch tapes” strategy was created.
By simply pressing and peeling off the polydimethylsiloxane thin
film-supported tape either terminated with 3-aminopropyl-
triethoxysilane (A-scotch tape) or triethoxyphenylsilane (P-scotch
tape), the semiconducting or metallic SWNTs could be removed
selectively, leaving approximately 90% metallic SWNTs or 85%
semiconducting SWNTs on the substrate, respectively [36].
Likewise, metallic SWNTs could be “washed off” by a sodium
dodecyl sulfate (SDS) aqueous solution, mainly leaving the
semiconducting ones with the purity of 90% on the surface [37].
However, further improvement of the purity of SWNTs with
specific conductivity without any contamination remains difficult
in these separation techniques.

Under the guiding principle of the difference in the electronic
structures between semiconducting and metallic SWNTs, the
methods of preferentially destructing the slightly more reactive
metallic SWNTs have been developed. For instance, selective
oxidation could be induced by a current to electrically break down
the metallic SWNTs [38]. Figure 2(b) showed an organic film-
assisted electrical breakdown method: The HASAs were coated
with organic films when applying voltage. The removal of full-
length metallic SWNTs was promoted due to the propagation of
exothermic oxidation of the organic film [39]. Alternatively, the
selective oxidation of metallic SWNT's could also be conducted in
a gas reaction. For example, exposing the SWNTs to CH, plasma
[40] or light illumination [41] enhanced the semiconducting
purity. However, the diameter of SWNT governs the chemical
activity in these methods. The semiconducting SWNTs with
relatively small diameters were also indiscriminately destructed. In
order to avoid measurable destruction of semiconducting SWNTs,
a method utilizing the nanoscale thermocapillary flow followed by
etching has been proposed. As shown in Fig.2(c), an ultrathin
layer of thermocapillary resist was first deposited on HASAs on
the substrate that patterned with metal and dielectric layers. When
applying a suitable voltage, due to the unipolar p-type behavior of
semiconducting SWNTSs, the Joule heating would only occur in
the metallic SWNTs region, which raised the temperature locally.
Thus, trenches centered on the metallic SWNT's were produced.
In the following ion etching, the exposed metallic SWNTs could
be eliminated, leaving purified semiconducting HASAs on the
substrate [42]. To simplify the tedious procedures of making
electrodes and gating structures in the above method, the
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electrical breakdown method. Reproduced with permission from Ref. [39], © The Royal Society of Chemistry 2014. (c) Schematic illustration of inducing
thermocapillary flow followed by etching. Reproduced with permission from Ref. [42], © Springer Nature Limited 2013. (d) Schematic illustration of the water etching
method and the three important etching rules. Reproduced with permission from Ref. [51], © American Chemical Society 2012. (e) Schematic illustration of ultraviolet
beam illumination method. Reproduced with permission from Ref. [53], © American Chemical Society 2009. (f) Schematic illustration of electro-renucleation
approach. Reproduced with permission from Ref. [54], © Wang, J. T. et al. 2018. (g) Schematic illustration of a bimetallic CuRu catalyst. Reproduced with permission
from Ref. [55], © American Chemical Society 2015. (h) Schematic illustration of a CeO, supported Fe catalyst. Reproduced with permission from Ref. [56], ©
American Chemical Society 2014. (i) Schematic illustration of an oxygen-deficient TiO, catalyst. Reproduced with permission from Ref. [58], © American Chemical
Society 2014. (j) Growth of SWNTs with selective chirality by controlling the thermodynamic and kinetic. Reproduced with permission from Ref. [61], © Macmillan
Publishers Limited, part of Springer Nature 2017. (k) Mechanism of growing (1, n — 1) and (n, n — 2) SWNTs at near equilibrium conditions. Reproduced with
permission from Ref. [62], © Elsevier Inc. 2019. (1) Schematic illustration of the rate-selected growth of semiconducting CNTs. Reproduced with permission from Ref.

[63], © Zhu, Z. X. et al. 2019.

microwave radiation can be implemented to initiate the
thermocapillary flows. The purity of semiconducting SWNTSs can
be as high as 99.9925% [43]. Nevertheless, extending the above-
mentioned methods to process the highly dense HASAs was
problematic, because the density of SWNTs would be limited by
the trench widths. Besides, the contaminations or damages to the
residual SWNTSs were inevitable during the complex purification
process. Therefore, many in situ methods of selectively enriching
semiconducting SWNT's have been deeply explored.

2.2.2  The design of growth atmosphere

Direct growing HASAs by CVD involved at least a suitable growth
atmosphere and active catalysts, which are also the two
breakthrough points of enhancing the percentage of
semiconducting SWNTs during growth. In the growth
atmosphere, the carbon feedstock can be carefully selected to
facilitate the prioritized growth of semiconducting SWNTs, such
as using isopropyl alcohol [44], ethanol-methanol mixture [45,
46], ethanol-methane mixture [47], and so on. One designing idea
in common in these methods is relying on the preferential etching
effect of metallic SWNTs by etchants produced by specific carbon
feedstock during growth, such as radicals, H,O, etc. [48,49]. Such
etching agents could also be introduced directly into growth
atmosphere with subtle control of their amounts to enrich
semiconducting SWNTs. H,O, as an appropriate etchant, was

used to treat SWNT's after growth. Typically, in the temperature
range of 700-750 °C, introducing water vapor with a
concentration of 2000-6000 ppm for 20-30 min was sufficient to
eliminate most metallic SWNTSs [50]. In Fig. 2(d), three important
rules governed in water etching method of achieving a high
semiconducting selectivity of SWNTs were summarized: First, a
suitable H,O concentration is required to ensure a proper etching
rate of metallic SWNTSs over semiconducting ones. Second, the
H,O vapor concentration needs to be lower than a critical value to
maintain the growth of SWNTs. Third, a low carbon feeding rate
is also necessary to ensure a lower growth rate than the etching
rate of metallic SWNTs [51]. In addition to introduce special
carbon sources or specific etchants, enriching semiconducting
SWNTs during growth could be realized by utilizing external field
as well. Similar to exposing SWNTs to CH, plasma after growth, a
plasma enhanced CVD was demonstrated to preferentially grow
semiconducting CNTs with a high purity of approximately 90%
[52]. Likewise, the light-radiation induced selectivity could also be
conducted in situ by introducing ultraviolet (UV) beam from a
hole on the top of the furnace into the CVD system during growth
(Fig. 2(e)). In a free radical reaction, the metallic SWNT caps were
easily destroyed in the beginning of SWNT growth, leaving
semiconducting HASAs with a high percentage of 95% [53].
Although the semiconducting purity of the as-grown SWNTs
can be 90%-97%, most of the above-mentioned approaches were
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resorted to the preferential etching principle of the more reactive
metallic SWNTSs, which was inevitably at the cost of the decreased
density of HASAs. Therefore, designing a method based on a
concept much closer to the intrinsic difference between metallic
and semiconducting SWNTs is necessitated. As shown in Fig. 2(f),
an electro-renucleation (ERN) approach has recently been
proposed. After random nucleation of SWNTs, an electric field
was first exerted to positively charge the Fe particles and most of
the metallic SWNTs, while the semiconducting SWNTs would
remain almost neutral because of their bandgaps. Then the
polarity of the electric field was reversed, and the catalysts were
negatively charged. Because the electronic density of states (DOS)
of semiconducting SWNTs were larger, the re-nucleation barrier
was much lower for metallic SWNTs to twist into semiconducting
ones. Due to this intrinsic electronic structure difference in
semiconducting and metallic SWNTSs, a 99.99% percentage of
semiconducting SWNTs was obtained, which provided a new
perspective of designing the growth atmosphere of HASAs [54].

2.2.3 The design of catalyst

Another essential factor involved in selective synthesis of
semiconducting SWNTs is catalyst nanoparticles. Special
component and structure of catalysts have been widely designed
to enrich semiconducting SWNTs during growth. For instance, as
shown in Fig.2(g), using bimetallic catalyst, such as CuRu, the
semiconducting selectivity of 91% was achieved with ethanol as
carbon source. The predominance of semiconducting SWNTs was
attributed to the synergistic effect of Cu and Ru on decomposing
ethanol. During growth, the carbon source C,4, was generated on
Cu catalyst through C-C bond breakage, while the etchant O,
was produced on Ru catalyst by breaking C-O bonds. With
appropriate ratio of Cu and Ru, the metallic SWNT caps were
destructed and the selectivity of semiconducting SWNTSs increased
[55]. Apart from generating oxygen by carbon source, the lattice
oxygen released from reducible oxide support could also be used
to enrich semiconducting SWNTs. As shown in Fig. 2(h), owing
to the close contact of Fe with CeO, support, the lattice oxygen
released steadily by CeO, in reducing atmosphere during growth
would eliminate metallic SWNTs effectively, leaving
semiconducting SWNTs with a percentage of 97% [56]. Other
reducible oxide was also used to serve as oxygen-releasing support
to enrich semiconducting SWNTs, such as ZrO, [57]. However,
still based on the selective etching effect, the density of HASAs in
the above-mentioned approaches seemed quite unsatisfactory.
Therefore, designing special catalysts to grow metallic or
semiconducting SWNTs differentially based on their intrinsic
differences would be much more desirable. As shown in Fig. 2(i),
an oxygen deficient TiO, nanoparticle was prepared to grow
semiconducting HASAs selectively with purity of 95%. The high
selectivity was ascribed to the difference in the formation energy of
semiconducting and metallic SWNTs on the oxygen deficient
TiO, nanoparticles, which was lower for the former one [58].
Likewise, SiO, nanoparticles with controlled diameter and oxygen
content were also carefully prepared to enhance the
semiconducting purity of SWNTs to 91% [59]. Apart from the
catalyst components, the structure of catalyst has also been
specially designed to realize a high semiconducting selectivity,
such as an acorn-like structure of Co catalyst with partial carbon-
coating. The inner Co nanoparticle served as active catalytic phase,
while the outer carbon layer functioned as a preventing layer to
inhibit the aggregation of Co catalysts. This special structure
ensured a perpendicular growth mode of SWNTs and a high
semiconducting selectivity of > 95% [60].

Nano Res. 2023, 16(11): 1251612530

2.24 The control of thermodynamics and kinetics

Growth parameters, such as the atmosphere, catalysts, etc., interact
with each other and work together to determine the structure of
SWNTs. Thus, a guideline of controlling SWNTs structure has
been advanced based on the nucleation thermodynamics and
growth kinetics of SWNTs. As shown in Fig. 2(j), by controlling
the symmetry of the metal carbide catalyst, the SWNTs with
symmetry matched with that of the solid catalyst template showed
lower formation energies, thus favored to nucleate preferentially.
Besides, those SWNTs with the most kinks at the SWNT-catalyst
interface had the highest growth rate. Consequently, the (21, n)
SWNTs were enriched via selective nucleation of the SWNTs
symmetrically matched with the catalyst surface, such as (12, 6)
SWNT on Mo,C and (8, 4) SWNT on WC [61]. Furthermore,
under near-equilibrium conditions, to stabilize the (1, n) caps
during the nucleation stage, it is energetically preferable for the
mutation of (n, n) to (n, n — 1) SWNTs by adding an adjacent
pentagon-heptagon  (5|7) pair (Fig.2(k)). Therefore, the
semiconducting families of (1, n — 1) SWNTs exhibited a higher
population by carefully designing the solid catalyst and tuning the
growth conditions [62]. Apart from thermodynamics, a
spontaneous purification of semiconducting SWNTs based on a
rate-selected strategy has recently been developed (Fig. 2(1)). Due
to the interlock relation between the SWNT bandgap structure
and the adsorption energy of C,, the semiconducting SWNTs
exhibited a growth rate approximately 10 times faster than their
metallic counterparts (~ 80 and ~ 7 pm/s, respectively). Therefore,
at a length of 154 mm during a natural growth, almost all the
metallic SWNTs decayed, resulting in a 99.9999% purity of
semiconducting SWNTs [63].

To sum up, from post-processing of the as-grown HASAs, to in
situ enriching semiconducting SWNTs by the design of growth
atmosphere and catalyst nanoparticles, the principle of selectively
growing SWNTs with controlled structure has been continuously
constructed and improved. However, for all the fevered works
being done, we still have a way to go before preparing HASAs
with high density, high structural consistency, and wafer-scale
uniformity simultaneously, which will necessitate further

breakthroughs in synthetic methods.

3 Characterization of HASAs

After years of iteration, significant progress has been made in
synthesis of HASAs with high density and high semiconducting
selectivity. As with most nanomaterials, the development of
HASAs synthesis is inseparable from effective characterization.
According to the characterizing principles, the characterization
techniques for SWNTs and HASAs can be roughly divided into
three categories: optical imaging/spectroscopy, scanning probe
microscopy (SPM), and electron microscopy. On a micro level, we
normally pay attention to the morphology and structure of an
individual SWNT. With the development of HASAs synthesis,
macro properties, such as density, alignment, and CNT pitch in
HASAs have become attractive. In this section, we compared and
discussed the characterization methods of HASAs from two
dimensions: techniques (optical imaging/spectroscopy, scanning
probe microscopy, and electron microscopy) and scale (micro
scale and macro scale).

3.1 Optical imaging/spectroscopy

On the micro level, the characterization of morphology of SWNTs
comes first. Due to the simple structure of equipment and the ease
of operation, the optical imaging has been widely used in
morphological characterization of various materials. However, the
resolution of optical microscope is limited by the diffraction limit.
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Even though the high efficiency, traditional optical imaging fails in between the position of RBM peak and the diameter of SWNT. By
the characterization of nano-scale SWNTs. To make SWNTs considering the Kataura plot (Fig. 3(d)), the chirality of SWNTs
observable in optical imaging, a variety of coating processes have can be distinguished [69]. The D peak at ~ 1350 cm™ is related to
been developed [64-66]. Figure 3(a) showed the method of the disordering in SWNT lattice. In general, the more impurities
depositing seeded electroless Au nanoparticles onto SWNTs. The and defects, the stronger the D peak. One can use the value of
morphology of SWNTs was successfully visualized, which was Ip/I; to evaluate the defect density of the as-prepared SWNTs.

ascribed to the coupled surface plasmon resonance absorption of Besides, the Rayleigh scattering spectra were also used to identify
the Au nanoparticles [66]. However, the coating processes were the excitation states in both semiconducting and metallic SWNTs
complex and mostly detrimental to subsequent characterization [70]. Even a true-color image of SWNTs with diverse chiral
and device performance. To develop nondestructive methods of indices can be acquired by the Rayleigh scattering microscope by
imaging SWNTs optically, a vapor-condensation-assisted immersing SWNTs in H,O to enhance the Rayleigh scattering
technique was proposed. Water vapor was blown to the sample [71]. In addition, the spectrofluorimetric measurement was also

during optical characterization. As the vapor condensed at used to characterize the structure of SWNTs. The density of
SWNTs preferentially, the morphology of SWNTs can be electronic states of a single CNT was showed schematically in Fig.
identified by H,O droplets [67]. Another more efficient method 3(e), where the values of E;; and E,, varied with the tube structure.

was polarization-based microscopy. Because of the strong Combing the fluorometric results with resonance Raman data, the
depolarization effect of SWNTs, the optical contrast can be greatly diameter and chirality of SWNT can be identified rapidly [72].
enhanced by polarization manipulation (Fig. 3(b)) [68]. However, the spectrum was susceptible to the interaction between

The structure of SWNT is another focus during SWNTs and substrates, so a complex isolation process of
characterization, including the defect density, diameter, and detaching SWNTs from substrates was necessary in this approach.
chirality of SWNTSs. Raman spectroscopy is a powerful technique As discussed above, polarization-based optical imaging can greatly
in this respect. As shown in Fig. 3(c), the typical Raman spectra of enhance the contrast of SWNTSs. Based on polarization optical
an SWNT consisted of four characteristic features: radial breathing system, the metallic/semiconducting SWNTs can be recognized
mode (RBM)-mode, D-mode, G-mode, and 2D-mode (G’) [22]. from their color-resolved contrast in the optical image (Fig. 3(f))
The RBM features correspond to the coherent vibration of the [73]. Although the high-throughput feature of this method was
carbon atoms in the radial direction. There is a linear relationship quite charming, it required SWNTs with consistent diameter,
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Figure3 Characterization of HASAs by (a)-(i) optical imaging/spectroscopy, (j)-(0) scanning probe microscopy, and (p)—(t) electron microscopy. (a) Optical
imaging of ultralong SWNTs by depositing Au nanoparticles. Reproduced with permission from Ref. [66], © Elsevier Ltd. 2010. (b) Optical imaging of SWNTs by
polarization-based microscopy. Reproduced with permission from Ref. [68], © Springer Nature Limited 2013. (c) The typical Raman spectra of SWNTs. Reproduced
with permission from Ref. [22], © Springer Nature Limited 2015. (d) The intensity and frequency of the RBM peaks vs. calculated gap energies as a function of the
SWNTs diameter (later known as Kataura plot). Reproduced with permission from Ref. [69], © American Physical Society 2001. (e) Schematic of the density of
electronic states for a single nanotube structure. Reproduced with permission from Ref. [72], © American Association for the Advancement of Science 2002. (f) Raman
and optical imaging of a heterotube. Reproduced with permission from Ref. [73], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (g) Raman
spectroscopy mapping of HASAs relative density; histogram of HASAs density is included as an inset. Reproduced with permission from Ref. [74], © Jinkins, K. R. et
al. 2021. (h) Comparison between optical imaging, SEM, and AFM in determining the HASAs density. Reproduced with permission from Ref. [73], © WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim 2016. (i) Alignment measurement of HASAs by polarized Raman spectra. Inset shows the dependence of the Raman intensity
at 1594 cm™ on angle. The red solid line is a fitting to cos’(«). Reproduced with permission from Ref. [27], © Springer Nature Limited 2013. (j) AFM image of SWNT
grown on R-face sapphire substrate and the corresponding cross-sectional height profile (lower panel). Reproduced with permission from Ref. [6], © Elsevier B.V.
2005. (k) Atomic structure of an individual SWNT measured by STM. Calculated normalized conductance and measured I-V (inset) data (1) from a metallic SWNT
and (m) from a semiconducting SWNT. Reproduced with permission from Ref. [77], © Macmillan Magazines Ltd. 1998. (n) Typical AFM image of direct-grown
HASAs. Reproduced with permission from Ref. [23], © Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2015. (0) AFM image (inset) and
corresponding height profile of post-processed HASAs. Reproduced with permission from Ref. [76], © Liu, L. J. et al. 2020. (p) Typical TEM images of SWNTs and the
FFT patterns (insets). Reproduced with permission from Ref. [78], © American Chemical Society 2008. (q) Diameter and chirality assignment of SWNT by TEM
measurement and the corresponding ED pattern (inset). Reproduced with permission from Ref. [61], © Macmillan Publishers Limited, part of Springer Nature 2017.
(r) Direct identification of metallic and semiconducting SWNTs by voltage contrast SEM measurement. Reproduced with permission from Ref. [79], © American
Chemical Society 2012. (s) Density estimation of HASAs by SEM. (t) Density estimation and pitch uniformity measurement by TEM. Reproduced with permission
from Ref. [76], © Liu, L. ]. et al. 2020.
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which is still difficult to achieve by direct growth of SWNTs at
present.

On the macro level, the density, alignment, and pitch of
SWNTs in arrays are “the three musketeers”. In principle, the
Raman intensity of the G-band is directly related to the density of
HASAs. Therefore, the density distribution of HASAs can be
measured by Raman mapping as shown in Fig.3(g) [74].
Similarly, the optical reflection contrast is related to the absorption
of SWNTs, so the density can be sequentially deduced from the
integral optical absorption (Fig. 3(h)) [73]. However, both Raman
intensity and optical contrast are influenced by multiple factors,
including focusing, nature of substrates, impurities, and so on.
Unless these non-negligible factors are decoupled, practical
applications of these techniques remain challengeable.

Alignment is one of the most essential advantages of HASAs,
which can be characterized semi-quantitatively by polarized
Raman spectra [27,75,76]. Theoretically, CNTs with their tube
axes parallel to the polarization direction of the incident laser are
more likely to be excited. As shown in Fig. 3(i), the polarized
Raman spectra were measured through rotating the polarizer. The
alignment can be subsequently calculated from the maximum and
minimum Raman intensity. The uniform pitch of SWNTs is
necessary for electrical applications as well. However, as far as we
know, no effective solution to characterize the pitch based on
optical characterization has been demonstrated yet, probably due
to the diffraction limit.

3.2 Scanning probe microscopy

Scanning probe microscopy is a range of microscopy developed
for characterizing sample surface using a physical probe, including
atomic force microscopy (AFM), electrostatic force microscopy
(EFM), Kelvin probe force microscopy (KPFM), scanning
tunneling microscopy (STM), and so on. Multiple information
can be extracted from the interactions between the probe and
surface. In the respect of CNTs, AFM and STM are the two most
commonly used techniques.

On the micro level, the morphology of CNTs, substrates, and
catalysts can be intuitively characterized by AFM. As shown in
Fig. 3(j), the diameter of an SWNT and the angle between the
SWNT and the steps of substrate can be obtained from one AFM
image [6]. Furthermore, the diameter and distribution of catalysts,
which influenced the diameter and density of SWNTs, can be
distinguished by AFM as well. Therefore, AFM is a powerful
technique for revealing the mechanism of the growth and
alignment of HASAs.

As the first kind of SPM, STM senses the surface by an
extremely sharp conducting tip, which can distinguish features
smaller than 0.1 nm with a 0.01 nm depth resolution. With the
high resolution, the atomic structure and electronic properties of
SWNT can be obtained as shown in Figs. 3(k)-3(m). Specifically,
the SWNT in Fig. 3(1) was metallic as the normalized conductance
(VIDdI/dV  stayed constant. The SWNT in Fig. 3(m) was
semiconducting with a band gap of 750 mV, obtained from the
sharp increase of (V/I)dI/dV at —325 and +435 mV [77]. Although
STM is very powerful on the micro level due to the principle of
quantum tunneling, it requires conductive substrates and the
measurement is time-consuming,.

On the macro level, AFM is suitable for evaluating all the “three
musketeers” of HASAs. The density per micrometers can be
counted directly from an AFM image (Figs. 3(n) and 3(0)) [23].
Through appropriate data processing, statistical distribution of
alignment and pitch of SWNTs can also be obtained. However,
there remains two major problems in a wider range of
applications of AFM: (1) the lack of benchmarking guidelines. For
example, different researchers evaluated the density of HASAs
under various scale bars, which made it difficult to compare the
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results from different reports. (2) Measurement efficiency is quite
low. In order to obtain a high enough resolution of HASAs, the
scan range is normally smaller than 5 um. As the size of
synthesized HASAs has already reached centimeter scale, AFM
seems too cumbersome to reach a statistical significance.

3.3 Electron microscopy

Electron microscopy is a microscopic characterization method
that uses a beam of accelerated electrons as the source of
illumination. It mainly includes the transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). As
the wavelength of an electron can be 100,000 times shorter than
that of visible light, electron microscopes can reach atomic scale
resolution.

High-resolution TEM (HRTEM) is a powerful technique to
image the carbon atomic structure, thus the detailed structural
information of an SWNT can be obtained [61, 78]. As shown in
Figs. 3(p) and 3(q), the diameter and chirality of SWNT can be
obtained from the TEM images with the fast Fourier
transformation (FFT) patterns and the corresponding electron
diffraction (ED) patterns. For example, the SWNT in Fig. 3(q) can
be assigned to (8, 4) according to its ED pattern. Besides, one can
also analyze the relationship between SWNTs and catalysts from
TEM images, which are widely used in deducing the growth
mechanism and modulating the structure of catalysts [61].
However, like STM, the processes of sample preparation and
characterization are complex and time-consuming. Due to the
simple and fast operation, SEM is more commonly used to
characterize the morphology of SWNTs. More interestingly, as
shown in Fig. 3(r), by applying different voltages between the
upper and lower electrodes, SEM can also be used to distinguish
metallic and semiconducting SWNTs from their different
contrasts. Because of the good conductivity, metallic SWNTs
could conduct more electrons from electrodes to the positively
charged insulator surface, resulting in a higher voltage contrast in
SEM than their semiconducting counterparts. However, the
contrast is a relative measure, hence, the main challenge of this
technique is how to establish a standard to identify individual
SWNT quantitatively in practical applications [79].

In principle, the density, alignment, and pitch of HASAs can all
be obtained from one SEM image. However, due to the discharge
effect, the obtained lateral diameter will be broadened inevitably
and the adjacent CNTs will become indistinguishable when the
line density exceeds certain threshold. While in Fig. 3(s), by
coating the SWNTs with an atomic layer deposition (ALD)-grown
HfO,, the contrast of SWNTs can be brighter, thus achieving
better resolution. In addition, the density of HASAs can also be
estimated roughly from TEM image, according to the spacings of
SWNTs (Fig. 3(t)) [76]. However, the reliability of concluding that
the entire HASAs have such a density counted from one TEM
image is strongly determined by the uniformity of HASAs, which
remains a big challenge in the respect of HASAs synthesis.

To sum wup, great progresses have been made in
characterization of SWNTs and HASAs, especially on microscale.
One can obtain comprehensive information of an SWNT by
making a reasonable selection from various techniques. However,
the characterization of HASAs remains multiple challenges, such
as the trade-off between the high throughput and high resolution,
the lack of measurement standard and effective data processing
method, and so on. Due to the rapid development of synthesis,
effective evaluation of large-sized HASAs is highly demanded,
which has become the road we must take before realizing the
batch production and broader application of HASAs.
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4 FElectronic application of HASAs

Due to the outstanding electronic properties, SWNTs have been
considered as one of the most promising materials for the next-
generation electronics, especially for the field-effect transistors [80,
81]. In this section, we take the CNT-FETs as a representative to
discuss the development of CNT-based electronic devices, and the
requirements of HASAs.

Because of the perfect one-dimensional structure, there is
almost no scattering during carrier transportation. Therefore,
SWNTs have ultrahigh carrier mobility and ultralong mean free
path, which ensures fast transient response and low power
consumption of CNT-FETs. In addition, the diameter of SWNT's
is about 1-2 nm, which may reduce short channel effects (SCEs)
of CNT-FETs. As shown in Fig. 4, from the first CNT-FETs, to the
5 nm CNT-FETs that reach the quantum limit, further to the
fabrication of three-dimensional (3D) ICs and wafer-scale
electronics based on CNTs, studies on CNT-FETs continue to
make breakthroughs. The study of CNT-FETs relied on the
development of HASAs, and in return set new guidelines for the
research of HASAs. The development of CNT-FET devices can be
viewed from three perspectives: prototypes fabrication, process
optimization, and performance exploration.

4.1 Prototypes of CNT-FET devices

As shown in Fig. 5(a), the first room-temperature CNT-FET was
demonstrated in 1998 [82, 83]. However, the performance was far
inferior to that of the silicon-based transistors of the same period.
The problem mainly caused by the high contact resistance of the
Pt electrode and the CNTs. The CNT-FET is basically operated as
a Schottky barrier transistor. In order to reflect the inherent
advantages of CNTs, contact electrode needs to be redesigned to
reduce or eliminate the Schottky barriers between the CNTs and
the metals. The work function of metal and wettability between
metal and CNTs are the key factors.

In 2003, the first ballistic CNT-FET was fabricated. A high-
work-function metal Pd was chosen as source-drain electrodes,
realizing an Ohmic contact with semiconducting p-type CNTs
[84]. As shown in Figs. 5(b) and 5(c), the “ON” state of
semiconducting CNTs behaved like ohmically contacted ballistic
metallic tubes, exhibiting room-temperature conductance near the
ballistic transport limit of 4e’/h. Furthermore, through in situ
modification of the electrode work function by hydrogen, the
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Schottky barrier of Pd and CNT contact was found to be zero or
slightly negative (Fig. 5(d)).

As for n-type CNT-FETs, using metals with low-work-function
is supposed to reduce the Schottky barriers. However, these metals
are normally reactive and easily oxidized, leading to the rise of
work function. Thus, besides work function and wettability,
stability in air also needs to be considered. Until 2007, the metal Sc
was used to afford ideal Ohmic contact with the conduction band
of SWNTs [85]. As shown in Fig. 5(e), the as-fabricated CNT-
FETs device was n-type, exhibiting “ON” state at large gate-source
voltage (V,, ~ 10 V) and a near ballistic “ON” state conductance
G,, = 049G, (G, = 4¢/h) at 250 K.

So far, by mainly solving the contact problem between the
electrode and CNTs, prototypes of both p-type and n-type CNT-
FETSs have been realized successively.

4.2 Optimization of CNT-FET devices

Beyond prototypes, researchers have made great efforts on
optimizing CNT-FET devices to improve their performance.
Device performance is evaluated by multiple indicators,
corresponding to three main research focuses: electrodes contact,
gate optimization, and integrated process.

CNTs have much higher carrier mobility than other
semiconducting materials. In order to take advantage of this
property, the first and the biggest challenge is how to obtain a
good contact between electrodes and CNTs. As mentioned above,
Ohmic contact has been achieved by choosing suitable metals.
However, the size of these prototypes was only limited in
microscale. When it comes to nanoscale, contact resistance rises
dramatically [86, 87]. The most direct solution to reduce contact
resistance is to use several parallel CNTs as a channel for each
FET, which sets a higher request to the density of HASAs.
According to the international roadmap for devices and systems
community by IEEE, the density needs to be 270-410 tubes/pm.
The current synthetic methods of HASAs are still far away from
this target. Another route is to reduce the contact resistance of an
individual CNT. In 2015, researchers proposed a solution by
forming chemical bonds between CNTs and electrode, named as
“end-bonded contacts”. Through annealing treatment, metal
electrodes reacted with CNTs and formed metal carbide (Fig. 5(f)).
Contact resistance was remarkably down to 25-35 kQ/tube.
Moreover, for end-bonded contacts, the resistance was
independent of contact size scaling from 300 to 20 nm as shown

5-nm CNT-FET Radiation-hardened
- Quantum limit - Repairable
3DIC

->2 million CNT-FETs

2013

o

Wafer scale CNT arrays
- Dimension-limited procedure
- 100-200 CNTs/pm

Better contact by SiC
- End-bonded scheme
- Size-independent contact resistance

Figure4 Development history of CNT-FET devices. The three perspectives: prototypes fabrication, process optimization, and performance exploration are shown in

orange, blue, and red fonts, respectively.
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Figure5 Electronic applications of HASAs focusing on FETs. (a)-(e) Prototypes of CNT-FET devices, (f)-(m) optimization of CNT-FET devices, and (n)-(q)
performance exploration of CNT-FET devices. (a) Schematic illustration of the first room-temperature CNT-FET and the corresponding two-prove I-Vy;,, curves for
various of the gate voltage (lower panel). Reproduced with permission from Ref. [82], © Macmillan Magazines Ltd. 1998. (b) AFM image of a representative ballistic p-
type CNT-FET device. (c) Low bias conductance G versus V for a 300-nm-long tube section on the same tube as for (b) at various temperatures. (d) Properties of the
metal/semiconducting SWNT contacts as influenced by in situ metal work-function modification. Reproduced with permission from Ref. [84], © Macmillan
Magazines Ltd. 2003. (e) Low bias conductance G versus Vy, for the first ballistic n-type back-gated CNT-FET device. Reproduced with permission from Ref. [85], ©
American Chemical Society 2007. (f) Schematic illustration of Mo end-contacted CNT-FET device. (g) Contact length scaling of Mo end-contacted CNT-FET device.
Reproduced with permission from Ref. [1], © American Association for the Advancement of Science 2015. (h) SEM image and schematic illustration of the back-gated
sub-10 nm CNT-FET device. Reproduced with permission from Ref. [92], © American Chemical Society 2012. (i) Schematic illustration of the gate-all-around CNT-
FET device. (j) TEM cross-sectional imaging of the gate-all-around CNT-FET device. Reproduced with permission from Ref. [93], © American Chemical Society 2013.
(k) CNT-FET subcomponents in a CNT computer. Reproduced with permission from Ref. [94], © Springer Nature Limited 2013. (1) False-colored SEM image of a
ring oscillator based on CNT-FETs. (m) The gate structure of the CNT-FET used for constructing the ring oscillators in (1). Reproduced with permission from Ref.
[76], © Liu, L. J. et al. 2020. (n) False-colored SEM image of a set of CNT-FETs on the same nanotube with channel length ranging from 15 nm to 1 pum. Reproduced
with permission from Ref. [95], © Springer Nature Limited 2010. (o) TEM image of a normal Pd-contacted CNT-FET with gate length of 5 nm. Reproduced with
permission from Ref. [96], © American Association for the Advancement of Science 2017. (p) Schematic illustration of a 3D integrated circuit, containing CNT-FET
computation units. Reproduced with permission from Ref. [98], © Macmillan Publishers Limited, part of Springer Nature 2017. (q) Schematic illustration of heating-
induced radiation repairing processes of ion gel CNT-FETs. Reproduced with permission from Ref. [99], © Zhu, M. G. et al. 2020.

in Fig.5(g), and remained unchanged even for contact length
below 10 nm. This method provided a new perspective to
optimize the contacts.

The second research focus is the gate optimization, which
determines the performance of switching. In 2002, the high-x
dielectrics, zirconium oxide, was designed as gate dielectrics
through atomic layer deposition. The high capacitance of ZrO,
dielectrics led to subthreshold swings (S) of ~ 60-80 mV per
decade for p-type FETs and S ~ 90-100 mV per decade for n-type
FETs [88]. The performance was further improved by using other
high-k materials as gate insulators, such as HfO, and La,O; films
[89, 90]. Besides, the design of gate structure is another strategy to
improve the efficiency of gate control. Basically, there are three
kinds of geometry structures: back gate, top gate, and gate-all-
around. From the fabricating point of view, back gate is the
simplest structure for CNT-FETs. In 2012, a back-gated sub-
10 nm CNT-FET was demonstrated to have a subthreshold swing

of S ~ 94 mV per decade [91]. However, the presence of charge
trapping in the vicinity of the nanotube channel caused hysteresis
and threshold voltage variation. By employing a top-coated and
hydrophobic monolayer to passivate bottom-gated devices (Fig.
5(h)), hysteresis and threshold voltage variation were reduced by
average values of 84% and 53% [92]. Theoretically, top-gated CNT-
FETSs have higher gate control capability, but the performance of
which is mainly limited by the deposition process as discussed
above. Among the three gates, a gate-all-around structure is
expected to be the most ideal geometry that maximizes the
electrostatic gate controllability in FETs, but to be the most
complex one for fabrication. As shown in Figs. 5(i) and 5(j) [93],
Franklin’s group reported CNT-FETs with self-aligned gates
scaled down to 20 nm in the ideal gate-all-around geometry. Both
p-type and n-type CNT-FETs were fabricated using Al,O; and
HfO, as dielectrics, respectively. This research provided an
outstanding prototype for the ideal gate geometry. However, due
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to the complexity of fabrication and the demanding for high
alignment of HASAs, this structure has been yet only presented on
an individual CNT.

The third research focus is the integrated process of CNT-FETs.
In 2013, a research group demonstrated a systematically integrated
process, which combined circuit design, growth, and transfer of
CNTs, removal of metallic CNTs by electrical breakdown and
device fabrication [94]. As shown in Fig. 5(k), the first CNT
computer was fabricated from 178 FETs, each of which was
composed of ~ 100-200 CNTs. Furthermore, the authors
demonstrated the ability of this CNT-computer to run programs
and a basic operating system that performed multitasking. In
2020, Peng’s group presented another integrated process after
years of researches [76]. The HASAs with high semiconducting-
purity and high-density were first prepared on a 4-inch silicon
wafer. Polymer residuals were removed by an yttrium oxide
coating and decoating (YOCD) technique. Integrated top-gate
FETs were then fabricated by a multiple process using electron-
beam lithography (EBL) and ALD. Finally, the ring oscillator
showing high performance was presented, as shown in Figs. 5(1)
and 5(m). These breakthroughs of IC technology based on CNT's
have shown great potential for future applications.

4.3 Performance exploration of CNT-FET devices

To explore the upper limit of CNT-FETs, researchers have made
great efforts on further performance exploration on CNT-FETs.
Scale reducing has been one of the most important strategies for
the development of traditional silicon-based electronics in the past
few decades. However, the problems of current leakage, energy
loss, and heat production limit the further reducing of device scale.
The one-dimensional nanoscale structure of CNTs makes it
natural for sub-10 nm technology nodes. The scale of an
individual FET consists of two critical lengths: the channel length
(Lg,) and the contact length (L) [95]. In 2010, Franklin and Chen
systematically studied the length scaling of CNT-FETs by
fabricating CNT-FETs with different Ly (3 um-15 nm) or L,
(300-20 nm). Results showed that Ly can be scaled down to
15 nm (Fig. 5(n)) without incurring short-channel effects. On the
other hand, contact resistance was proved to be related to L,
which means the performance cost of L. scaling needs to be
balanced for future fabrication of CNT-FETs. In 2012, they further
reduced the L. to 9 nm with Pd contacts and HfO, dielectric layer,
making the FETs show an impressively small inverse subthreshold
slope of ~ 94 mV per decade [91]. In 2017, top-gated CNT-FETs
with a gate length of 5 nm were successfully fabricated (Fig. 5(0))
[96]. Graphene contacts were further used, leading to a slightly
reduced on-state current but a substantially improved off-state
performance. The subthreshold wing was ~ 73 mV per decade. It
is worth noting that this 5 nm CNT-FET approached the
quantum limit of FETs by using only one electron per switching
operation.

Besides length scaling, 3D fabrication is another strategy to
improve the integration level. In principle, the fabricating process
of CNT-FETs is more suitable for 3D integration because of the
lower temperature and the avoidance of complex procedures such
as doping by ion implantation. In 2014, Shulaker et al. combined
silicon-based FETs and CNT-FETs, and first realized monolithic
3D integration of logic and memory in arbitrary vertical stacking
order [97]. Later in 2017, they further demonstrated a 3D chip
[98], containing resistive random-access memory (RRAM) arrays,
silicon and CNT-FET computation units, memory access
circuitry, and more than one million carbon-nanotube field-effect
transistors (CNFETs)-based gas sensors for inputs. All these were
fabricated on overlapping vertical layers (Fig. 5(p)). This complex
3D electronics could sense and classify ambient gases.
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Moreover, carbon-based electronics show potentials in some
unique scenarios. For example, devices that operate in outer space
and nuclear reactors require radiation-hardened transistors. The
channel and gate of a traditional silicon-based FET are easily
damaged by high-energy radiation. As shown in Fig.5(q), a
radiation-hardened FET has been reported, using semiconducting
CNTs as the channel, an ion gel as the gate, and polyimide as the
substrate [99]. CNTs have nanoscale cross-sections and low
atomic number, which make them naturally radiation resistant.
The as-prepared ICs showed a radiation tolerance up to 15 Mrad.
More interestingly, the radiation damage was proved to be
reparable through a simple annealing process at 100 °C. In
addition, attractive attempts have been made in the low-
temperature devices and flexible ICs [100-102]. The unique
applications of CNT-based electronics are worthy of further
exploration and research.

In a word, from the fabrication of prototypes, to the
performance optimization and the exploration of CNT-FETs,
remarkable progresses have been made in the past decades.
However, CNT-FET research is still in the laboratory stage. In
order to pave the way to practical applications, several problems
need to be overcome, such as the improvement of contact
resistance and reliability, the development of manufacturing
compatible process, and more importantly, the further
improvements of HASAs itself. The optimizations of CNT-FET's
would benefit from, and in turn set higher requirements of the
synthesis and characterization of HASAs. It requires preparing
HASAs with wafer-scale uniformity, high density of 125 tubes/pm,
high semiconducting purity of 99.9999%, consistent SWNT pitch
and uniform diameter larger than 1.4 nm, as well as developing
reliable characterization techniques of these properties.

5 Outlook

Based on the current progresses in synthesis and characterization
of HASAs, the future lies in advancing the laboratory growth
towards the industrialization. Firstly, realizing batch preparation of
HASAs with all the required indicators, including a wafer-scale
uniformity, high density, high semiconducting purity, and
consistent pitch and diameter of SWNTs, is needed. Besides,
developing a standardized characterization platform with both
high throughput and high resolution is also highly required to
evaluate the as-prepared HASAs thoroughly.

In order to prepare HASAs with all the required indicators,
combining some of the effectual methods of synthesizing HASAs
discussed in the previous section can be a choice. In recent years,
diverse such combined methods to post-process SWNTs into
arrays with not only high density but also semiconducting
enrichment have been developed, such as the floating evaporation
self-assembly (FESA) method [103], the modified slow vacuum
filtration method [104], the liquid/liquid interface self-
organization method [74], the directional shrinking method [105],
the DNA brick crystal-based nanotrenches [106], and so on.
However, it seemed all these methods were problematic in some
way, such as the difficulty to scale up and the harsh conditions
required to arrange SWNTs into ordered structures. Nevertheless,
a recently proposed post-processing method was inspiring in
realizing wafer-scale HASAs with both high density and
semiconducting purity. Figures 6(a) and 6(b) schematically
demonstrated the multiple dispersion and sorting method
combined with a dimension-limited self-alignment (DLSA)
process. The prepared HASAs showed well alignment (within
alignment of 9 degrees), extremely high semiconducting purity
(> 99.9999%), and tunable density of 100 to 200 tubes/um on a
10-cm silicon wafer [76]. Nevertheless, when industrialization, the
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post processing

Figure 6 Outlooks for the synthesis and characterization of HASAs. (a) Schematic illustration of the multiple dispersion and sorting method to enrich
semiconducting CNTs. (b) Schematic illustration of a DLSA process to obtain high-density HASAs. Reproduced with permission from Ref. [76], © Liu, L. J. et al. 2020.
(c) The method of growing CNTs with the current highest semiconducting purity by the electro-renucleation approach. Reproduced with permission from Ref. [54], ©
Wang, J. T. et al. 2018. (d) The method of growing CNTs with the current highest density by the Trojan catalyst and its derived method. Reproduced with permission
from Ref. [23], © Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2015. (¢) Schematic illustration of TEM, representing techniques with high
resolution. (f) Schematic illustration of the polarization-based optical microscopy, representing techniques with high throughput. Reproduced with permission from

Ref. [68], © Springer Nature Limited 2013.

relatively complicated process of most post-processing methods
probably led to some potential problems of reproducibility,
excessive costs, and possible damage to HASAs.

Direct growing HASAs with high density, semiconducting
selectivity and wafer-scale uniformity simultaneously can be an
alternative choice. For now, in methods of direct growth, the
highest semiconducting purity of 99.9999% has been reported by
electro-renucleation approach (Fig.6(c)) [54], or spontaneous
purification approach when reaching the CNT length of more
than 154 mm [63]. The highest density of HASAs has been
realized by Trojan and its derived catalyst system, such as
160 tubes/pum with Trojan-Mo catalyst (Fig. 6(d)) [23]. Although
they both satisfied with one of the required indicators of HASAs
respectively, a direct growth method of not only growing HASAs
with all the required indicators, but also conducting in a facile way
that is compatible with industrialization has not yet been
established. With this goal in mind, we propose that the main
growing parameters in direct growth of HASAs, such as the
uniformity of substrate morphology, catalyst distribution, and gas
flow, should be handled as a whole and optimized synchronously.
Besides, integrating these separated processes in an assembly line
is also highly desired. Another problem which continues to hinder
the commercialization of CNT-based products and should never
be ignored any more is the lack of consistency in the growing
results. The growth of HASAs can be influenced by not only the
growth parameters, but also the experiment-to-experiment
variations, such as the growing carbon deposits on the reactor
wall, variable ambient lab conditions including moisture and
temperature, and so on. All of these unpredictable factors might
overwhelm every attempt to optimize the growth parameters
when trying to industrialize the preparation of HASAs. Therefore,

it is highly recommended to establish a standardized recipe of
preparing HASAs, from optimizing the growth parameters
synchronously, to building an automatic CVD system that sets in
a well-controlled lab environment.

Apart from synthesis, for the purpose of applying in high-end
fields, one last gap needs to be filled in is the thorough, precise,
and efficient evaluation of the as-prepared HASAs. Currently,
progresses in characterization methods of SWNTs are mainly
focused on being thorough and precise. In typical, techniques with
high resolution can be used to obtain the most refined structure of
SWNT, which provides valuable feedbacks in the stage of
laboratory research of HASAs. For example, Fig. 6(e)
schematically illustrated the structure of TEM, which is a
representative of these thorough and precise characterization
techniques. However, when towards industrialization, we will face
a difficult scenario in effective evaluation of HASAs with relative
macroscopic properties, such as the wafer-scale density, alignment,
purity, and pitch. Normally, these macroscopic properties were
estimated from a microscopic region, making them not reliable
enough for practical applications. To reflect the real properties of
HASASs, obtaining statistical data from the entire wafer can be
more scientific. Therefore, a high-throughput characterization
technique is highly demanded. In this case, the optical imaging
can be promising. Figure 6(f) demonstrated the experimental set-
up of the polarization-based optical microscopy. Not only the
complete structure of a single SWNT, but also the density and
semiconducting purity of HASAs can be roughly estimated by the
polarized optical imaging with a rather high efficiency [68]. The
further development of optical techniques should focus on the
improvement of the characterizing accuracy and precision. In
addition to the development of characterization techniques,
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developing more statistical methods for data analysis, such as the
artificial intelligence (AI) algorithm, is also desirable. In a word,
the future of characterization lies in developing new methods of
both characterization techniques and data analysis. And they
should be able to evaluate the macroscopic properties of HASAs
both thoroughly and efficiently.

Furthermore, as the technology matures, the process of
characterization and the method of data analysis should be
standardized as well Nowadays, the differentiation of
characterization methods adopted in different research groups
makes their data not that comparable with each other. By contrast,
in the field of making FETSs, the guidelines for reporting and
benchmarking key parameters and performance metrics of FET's
have recently been proposed [107]. This effort can strongly
improve the research efficiency in the future. In the respect of
characterization, we believe a similar guideline to standardize the
characterization process and data analysis is highly desirable as
well.

All in all, as the research of silicon-based electronic devices has
been struggling for years, the CNT's need to seize the opportunities
to cope with the challenges. In order to stand out among other
materials, great efforts should be made in the synthesis of HASAs
with multiple indicators to fulfill the requirements of high-end
applications, such as high density, high semiconducting purity,
high alignment, uniform pitch, and so on. Besides, developing a
thorough, precise, and high-throughput characterization platform
might be the key to the advent of the new era of CNT research. It
can be predicted that efficient characterization methods would
encourage further improvement of the controlled synthesis of
HASAs. In a word, developing a standardized recipe of synthesis
and characterization, as well as a statistical method of data analysis
would help to pave the way to the industrialization and the
corresponding high-end applications of HASAs in the near future.
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