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Single-walled carbon nanotubes for high-performance
electronics

Qing Cao™ and Shu-jen Han

Single-walled carbon nanotubes (SWNT) could replace silicon in high-performance electronics with their
exceptional electrical properties and intrinsic ultra-thin body. During the past five years, the major focus
of this field is gradually shifting from proof-of-concept prototyping in academia to technology
development in industry with emphasis on manufacturability and integration issues. This article reviews
recent advances, starting with experimental and modeling works that evaluate the potential of
adopting SWNTs in ultimately scaled transistors. Techniques to separate nanotubes according to their
electronic types and assemble them into aligned arrays are then discussed, followed by a description of
the engineering aspects in their implementation in integrated circuits and systems. A concluding
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1 Introduction

Carbon nanotubes are seamless cylinders created via rolling up
graphene sheets to certain direction. The research on nano-
tubes has been widely spread since early 1990s, derived from
their exceptional electrical, mechanical, chemical, and thermal
properties associated with their unique quasi one-dimensional
structure, nanometer geometry, and atomically monolayered
surface.’™ The commercial applications of carbon nanotubes
began to grow substantially from 2006.> Most successful
examples include utilizing carbon nanotubes as reinforcement
fibers in composite materials, nanotube films as transparent
conductive coatings, and nanotube enhanced electrodes for
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discussion provides some perspectives on future challenges and research opportunities.

lithium ion batteries.®® However, perhaps the potentially most
lucrative application for nanotubes is to replace the role of
silicon in transistors. For example, single-walled carbon nano-
tube (SWNTs) thin films could replace poly-silicon or amor-
phous-silicon in low-cost thin-film transistors and bring added
values including high mobility, optical transparency, and
compatibility with low-temperature processing.”*> A bigger
challenge will be replacing the single-crystalline silicon in high-
performance microelectronics, a market worth nearly 300
billion U.S. dollars in 2012 according to the World Semi-
conductor Trade Statistics Report.*™**

The linear scaling of transistors is the basis driving the on-
going information revolution by providing devices with faster
speed, lower energy consumption, and lower cost in an almost
constant pace.'® However, the linear scaling of conventional
field-effect transistors (FETs) has become more and more
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difficult in the past decade as the size of FETs is approaching
the physics limit.*”*® The industry has witnessed the introduc-
tion of many new materials and components into the device
structure, e.g. high k gate dielectrics and metal gates, stressors
to strain silicon, and novel low-k interlayer dielectrics. And
finally, the core part of microelectronics, single-crystalline
silicon, is under challenge. SWNT, in our point of view, is one of
the most promising materials to replace silicon in high-
performance FETs at the end of scaling roadmap, with its
quasi-ballistic transport, intrinsic ultra-thin body, and nearly
transparent electrical contacts to metal electrodes.

In this review, we first benchmark the performance of SWNT
FETs with that of state-of-the-art silicon devices based on both
experiments down to the sub-10 nm regime and simulations up
to the very large scale integrated (VLSI) chip level, showing the
advantage of nanotube technology. Then recent progresses on
addressing the manufacturability issues of SWNT electronics
are described with focus on separation and assembly. Finally,
the higher level implantation of nanotube FETs in integrated
chips is presented, followed by perspectives on the future of this
technology.

2 Performance benchmark of SWNT devices
with silicon technologies

First of all, the performance of SWNT devices needs to be
benchmarked with existing silicon technologies, and such
comparison tells whether there is enough benefit for the
industry to move into this new channel material. SWNTs have
demonstrated superior electrical properties compared to
silicon, especially in terms of mobility, based on studies mainly
performed on transistors at least ten times larger than the
current silicon FETs.>" However, from a technology point of
view, it is more important to show that SWNT devices still
exhibit significantly better performance at the target device
critical dimension on the order of ~10 nm. Moreover, we need
to figure out how much this advantage at transistor level can be
translated into an improved microprocessor performance in
energy-delay space.

2.1 Experimental results on the scalability of SWNT FETs

As the size of FETs becomes smaller and smaller to provide
higher speed and/or lower power consumption, it becomes
necessary to scale down not only the gate dielectric thickness,
but also the semiconductor channel thickness to avoid the so-
called “short-channel” effects, where the drain field rather than
the gate field starts to control the electrostatics in the channel.>®
Therefore, devices with an ultrathin body, including FinFETs,
extremely-thin-silicon-on-insulator (ETSOI) devices, and nano-
wire FETs with gate-all-around geometry, rather than conven-
tional bulk planar devices, have to be adopted for 22 nm
technology node and beyond."” For a 5 nm node FET with a gate
length below 10 nm, the body thickness needs to be less than
2 nm, which is unrealistic for silicon technology as the mobility
will be reduced by several folds due to the enhanced surface
scattering, together with significant device variations, both
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caused by surface roughness.* However, SWNTs can potentially
overcome this limitation with their intrinsic ultrathin body and
atomically smooth surface. The smallest achievable gate pitch
of integrated FETs is collectively determined by device channel
length (L) and the contact length (Z.) as shown in Fig. 1a. We
start from discussing the scalability of L.;,. A nanotube FET with
9 nm L., is fabricated with a local bottom gate structure as
depicted in Fig. 1a inset.”” The high k gate dielectric, whose
equivalent oxide thickness (EOT) is only around 0.65 nm,
together with the ultrathin body of SWNT, allows exceptional
short channel control for such extremely scaled transistor. The
sub-threshold plot of transfer curves (Fig. 1b) demonstrates a
subthreshold swing (SS) as low as 94 mV dec ' It is very
encouraging as it indicates that the direct source drain
tunneling does not severely affect the power efficiency of SWNT
FETs even at sub-10 nm regime.* Current-voltage characteris-
tics plotted in Fig. 1c show clear device saturation behavior at a
supply voltage less than 0.4 V, which is lower than the 0.64 V
predicted by the International Technology Roadmap for Semi-
conductors (ITRS) for 5 nm node transistors.”* The current
saturation in these quasi-ballistic devices is mainly caused by
optical phonon scattering induced under high field.”® These
results demonstrate the power benefit of SWNT FETs compared
to silicon devices. At the same time, at this dimension the
width-normalized on-current of this sub-10 nm SWNT FET is
several times higher than that of most advanced silicon devices,
including nanowire devices and FinFETs, suggesting the
performance advantage of nanotube devices.”” This high on-
current is the result of both the quasi-ballistic transport of
electrons within the nanotube channel, and the near-trans-
parent electrical contacts between the SWNT and palladium
electrodes. The parasitic contact resistance (2R;) extracted
according to the standard transmission-line method (TLM) for
semiconducting SWNTs is as low as 9 kQ per tube, which is
fairly close to the quantum limit of Ry, = 6.5 kQ per tube.?®
Therefore, the width normalized 2R¢ is only ~12 Q pm, and is
almost 10 times smaller than that of the state-of-the-art silicon
technology.””

Another important aspect is the scalability of L. for SWNT
FETs. The L. scaling study for the most widely adopted Pd
contacts indicates that 2Rc increases significantly with the
reduction of L., leading to both lower low-field slopes as well as
smaller device saturation currents as shown in Fig. 1d.*® The
dependence of 2R on L. can be empirically described as 2R =
Rq + (pc/Lc/r), where p. is the specific contact resistivity and r is
SWNT radius, as plotted in Fig. le. The curve fitting result
suggests a lower limit for transfer length (L) of 200 nm. Such high
Ly value is unacceptable for a technology targeting at 5 nm tech-
nology node. This low carrier collection efficiency could be caused
by the weak coupling between deposited metals and nanotubes,
and/or bad physical contact caused by poor wetting of metals on
curvaceous nanotube surface for the conventional side-bonded
contacts (Fig. 1f), where nanotubes are embedded within metals
directly deposited on top and linked through weak bonding, e.g.
van der Waals interactions.”** One possible solution is to use
end-bonded contact geometry instead, where SWNTs end at
contacts by forming direct chemical bond with the metal
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Fig. 1

(a) Schematic illustration, top-view SEM, and side-view TEM of a sub-10 nm channel nanotube FET constructed on local bottom metal gate coated with high k

gate dielectric. L.: contact length; Leny: channel length; denr: nanotube diameter. (b) Subthreshold plot of transfer characteristics and (c) current-voltage characteristics
of the sub-10 nm channel nanotube FET. /4: drain current; Vi.: gate-to-source voltage; Vip: threshold voltage; Vys: drain-to-source bias. Reproduced with permission
from ref. 22. Copyright 2012, American Chemical Society. (d) Output characteristics of a set of devices with identical L., of 40 nm but varying L constructed on the same
SWNT. (e) 2Rc as a function of L. extracted from three different sets of devices with an empirical fitting. Reproduced with permission from ref. 26. Copyright 2010,
Nature Publishing Group. Schematic illustrations of (f) “side-bonded” and (g) “end-bonded” contacts between nanotube and metal electrodes. Reproduced with

permission from ref. 28. Copyright 2011, Nature Publishing Group.

(Fig. 1g).***> With a covalent bonding, both carbon pm and po
orbitals will contribute to electron transmission, leading to a
much higher transmission probability at the interface and
therefore a potential to more aggressively scale L.. Theoretical
calculation suggests that the contact resistance for a nanotube
could be as small as around 3 kQ for a point-like end-bonded
contact formed between a semiconducting nanotube and metal
carbide.*

2.2 Performance projection of VLSI chips incorporating
SWNT FETs

Despite several material challenges that remain to be solved
before the adoption of SWNT as the post-Si technology, which
will be discussed in detail in the following sections, the fact that
SWNT transistors with scaled L., show significant performance
advantages over Si counterparts stimulates high interests in
projecting chip-level performance gains by replacing Si with
SWNT. Several simulation works using physics-based compact
models project that carbon nanotube technology will out-
performance other emerging technologies near the end of
scaling roadmap. In 2009, Stanford and IBM developed a
ballistic transport based analytical model capturing both
quantum capacitance and source exhaustion effects, and
implemented the model in a circuit performance optimizer.****
Their study projects that for the same VLSI circuit, which is a 4
core processor composed of 1.5 million logic gates in this
particular case, chips constructed with SWNT FETs exhibits five
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times higher speed compared to the one built by IBM's partial
depleted silicon-on-insulator technology at 11 nm technology
node. A more recent simulation study includes other emerging
technologies that also show potential to replace Si, such as ITI-
V-on-insulator (IIIV-OI) FETs and tunneling FETs (TFETs), along
with SWNT FETs.** All the models used in this work are based
on the best device performances experimentally demonstrated.
As shown in Fig. 2, unlike IIIV-OI devices which only show
marginal, i.e. ~25%, improvement over Si technology at chip

—=—32nm Si

—o— 11nm ITRS
-=¢-11nm TFET
== 11nm IlIV-Ol
=== 11nm CNFET

Energy per switch (J)

Delay (sec)

Fig. 2 Energy-delay simulation comparisons between carbon nanotube tech-
nology (CNFET) and other emerging technologies such as IlIV-Ol and TFET as well
as projected ITRS performance target for Si technology (ITRS) at 11 nm node and
current Si technology at 32 nm node. Reproduced with permission from ref. 36.
Copyright 2011, IEEE.
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level even in the best case scenario, SWNT technology outper-
forms ITRS target by 2-3 times at 11 nm node. Although TFETs
might show certain advantages in the area of ultralow power,
slow speed electronics, SWNT devices obviously represent the
most promising next-generation technology for high perfor-
mance computing based on this simulation.

3 Manufacturability of SWNT
nanoelectronics as a technology

After both experiments and simulations verify the performance
advantages of devices based on SWNTs over silicon FETs, the
manufacturability issues originated from the nature of SWNT
material need to be addressed in order to realize the SWNT
nanoelectronics as a practical technology. Here we mainly focus
on the two most challenging aspects: separation of nanotubes
based on their electronic types and their assembly into ordered
arrays.

3.1 Benchmark solution-processed nanotubes with
nanotubes synthesized by chemical vapor deposition

Most studies on nanotube electrical properties have been per-
formed on individual SWNTs synthesized by chemical vapor
deposition (CVD) method. CVD nanotubes are very suitable for
this purpose as they can span over 100 pm and have high
structural integrity.”” However, nanotube arrays synthesized by
CVD are difficult to be implemented into a practical technology.
First of all, the nanotube density, measured as the number of
nanotubes per unit width perpendicular to the nanotube align-
ment direction, is difficult to be controlled precisely over large
area. The variability of nanotube pitch separation will lead to
unacceptable device variations for a VLSI circuit. Secondly, the
nanotube density for arrays synthesized by CVD method is
generally around 10 tubes per um.*® Multiple growth and/or
transfer printing schemes might help to increase the density up
to 50 tubes per um, which is still too low for SWNT FETs to
outperform their silicon-based counterparts.***' Finally, the as-
synthesized SWNT array is a mixture of metallic and semicon-
ducting nanotubes. Despite recent progresses,*** methods to
effectively remove all metallic tubes without affecting neigh-
boring semiconducting ones are still lacking, especially at tight
nanotube pitch separation. And even if this post-synthesis sepa-
ration can be achieved, it will make the pitch nonuniformity even
worse for CVD SWNT arrays.** On the other hand, solution pro-
cessed nanotubes offer many processing advantages to overcome
these manufacturability issues. High purity semiconducting
nanotubes can be readily obtained via several separation
schemes in solution and then assembled into high density arrays
with predefined pitch (details will be discussed in this section).
However, it is noted that solution nanotubes generally have a
much higher degree of structural imperfection, likely induced by
harsh chemistry and strong mechanical sonication involved
during suspension and purification processes, as evident from
their higher disorder D band to tangential G band ratio in Raman
spectra (Fig. 3a).*” The impact of these defects on their electrical
properties needs to be clarified.
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Standard TLM method has been utilized to extract the 2R¢
and intrinsic field-effect mobility (ugg) of CVD and solution-
processed SWNTs (Fig. 3b-e).*>*® In both cases, averaging is
performed over many nanotubes to generate a number that can
describe the collective property of an assembled nanotube
array. On one hand, it is obvious that solution processed
nanotubes demonstrate much lower pgg, i.e. ~300 cm> V!5,
compared to that of CVD tubes, i.e. ~5700 cm® V™' s™'. This
difference indicates that those structural defects could act as
effective scattering centers and adversely affect the electron
transport along the nanotube.*”*®* However, for ultra-scaled
ballistic nanotube FETS, the ugg number is of less importance as
the channel resistance could be much smaller than parasitic
2Rc with sub-10 nm L.;,. On the other hand, the averaged 2R for
both kinds of SWNTs having the same Pd metal contacts are all
in the range of 30-50 kQ per tube. It indicates that these defects
do not influence the quality of electrical contacts between
SWNT and metals. Such results are further confirmed by plot-
ting the statistical properties extracted from each nanotube via
the Y-function method (YFM) in Fig. 3f and g, which gives very
close average numbers.* In addition, we can see that 2Rc of
nanotubes varies significantly from 10-90 kQ per tube, with
many of them close to the quantum limit while a group of them
in the significantly higher 60~90 kQ range. This variation is
likely correlated with the diameter distribution of SWNTs, since
Pd forms more resistive Schottky contacts with small diameter
nanotubes.*” This 2R¢ distribution plotted in Fig. 3f also indi-
cates the device variation expected for ultimately scaled nano-
tube FETs, and suggests that the diameter distribution of
deposited nanotubes has to be narrowed to reduce device vari-
ation.” Since solution-processed nanotubes and CVD tubes
have identical ultrathin body and forms contacts with similar
quality, they are expected to offer the same performance in
ultra-scaled quasi-ballistic nanotube FETs, where 2R domi-
nates total resistance. This conclusion is supported by
measuring a FET with 15 nm L., based on a solution-processed
nanotube.” This device demonstrates a saturation on-current
and channel resistance in linear regime comparable with that of
best devices built on CVD tubes with identical L., and under the
same overdrive voltage as shown in Fig. 3h.

3.2 Separation of nanotubes according to electronic types in
solution

Graphene is a semi-metal with its conduction and valence
bands touching each other at six points in the first Brillouin
zone. However, rolling up graphene into SWNTs creates addi-
tional quantum confinement, and therefore SWNTs can be
either metallic or semiconducting depending on their chirality
and diameter." As-synthesized SWNTs are typically a mixture of
~66% semiconducting nanotubes and ~33% metallic ones. It is
a great challenge to either exclusively synthesize one type or
effectively separate them due to their structural similarity.
Currently, the most promising approach is to firstly suspend
SWNTs in solution via non-covalently wrapping them with
surfactants, and then separate metallic and semiconducting
ones based on the differences in linear charge density and/or
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Fig. 3

(a) Raman spectrum of solution processed nanotubes, compared to CVD tubes (inset), showing the intensity of tangential G band and defect-induced D band.

(b) Average 2Rc and (c) sheet conductance of aligned arrays of CVD nanotubes (SEM image shown as inset) extracted based on TLM as a function of V. Reproduced
with permission from ref. 46. Copyright 2010, American Chemical Society. (d) Average 2Rc and (e) conductivity (1/ps) of solution processed nanotubes (false-colored
SEM image of a device shown as inset) extracted based on TLM as a function of gate over drive voltage (Vo). Histograms of (f) 2Rc and (g) ure of solution-processed
nanotubes extracted via YFM. Reproduced with permission from ref. 45. Copyright 2012, American Chemical Society. (h) Current-voltage characteristics for a device
with L, of 15 nm constructed on a solution-processed nanotube with device SEM image shown as inset. Reproduced with permission from ref. 51. Copyright 2013,

American Chemical Society.

packing density of formed SWNT/surfactant complexes.> For
example, density gradient ultracentrifugation can effectively
separate nanotubes based on their electronic types and diam-
eter, utilizing their contrast in packing density for the
complexes formed between different SWNTs and surfactants
(Fig. 4a).**** Here the choice of appropriate surfactant is very
important. Under similar mechanism, specific deoxy-
ribonucleic acid (DNA) oligomers, selected from a DNA pool as
large as 10°° in size, have the capability to enrich even a single
species of SWNT as shown in Fig. 4b.*>*® Such separation
scheme can be performed repeatedly and/or orthogonally for
better purity and/or additional diameter as well as length sort-
ing.>” It can also be combined with nanotube suspension and
purification steps to simplify the overall process and improve
the yield and throughput.®®

For practical applications, such separation methods must
also be scalable and affordable, which will allow the production
of enough materials to support the whole industry. Chroma-
tography is a particular promising method to meet these
requirements, with its much higher throughput and easier
scale-up compared to ultracentrifugation and much lower cost
compared to DNA based separation schemes.>* In one
example, purified nanotube/sodium dodecyl sulfate (SDS)
aqueous solution is loaded into a column for size exclusion
chromatography.®* The red-band, which corresponds to
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enriched semiconducting nanotubes, moves more slowly than
the dark-blue metallic band, because semiconducting nano-
tube/SDS complexes have higher packing density and therefore
are retained for longer time (Fig. 4c). This process is compatible
with a wide range of SWNT length and diameter present in as-
synthesized material, and can be performed iteratively for better
purity and narrower diameter distribution. Absorbance spectra
provide a quick and simple method to evaluate the effectiveness
of the separation as plotted in Fig. 4d. Virtually no absorption
associated with metallic nanotubes is observable, indicating the
high purity of semiconducting nanotubes in obtained solution.
To accurately and quantitatively assess the purity, direct elec-
trical characterizations are also performed. Fig. 4e shows
subthreshold transfer characteristics of one chiplet with ~150
single-tube devices, where no metallic nanotube is identified.
Measurement performed on a total of 941 devices gives a purity
0f 99.5 £ 0.2% for semiconducting nanotube solution cultivated
after two separation iterations.® Further enhancement of
semiconducting nanotube purity to a target of above 99.99%
with a narrow diameter distribution is possible with more
refined engineering control of the separation processes.
Currently, the biggest challenge is not necessarily the separa-
tion techniques themselves, but the lack of reliable and high
throughput analytical techniques to detect the exact amount of
residual metallic tube impurities and provide guidance for the
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(a) Optical image and associated absorbance spectra for nanotubes enriched by diameter and electronic types, via ultracentrifugation. The second- and third-

order semiconducting and first order metallic optical transitions are labeled as S22, $S33, and M11, respectively. Reproduced with permission from ref. 53. Copyright
2006 Nature Publishing Group. (b) Atomic structure and associated absorbance spectra for 12 different species of nanotubes separated via DNA warping and ion-
exchange chromatography. Inset: schematic showing the specific binding of DNA motif around the circumference of SWNT. Reproduced with permission from ref. 55.
Copyright 2009, Nature Publishing Group. (c) Optical images showing the separation of nanotubes based on size-exclusion chromatography, where metallic
(M-SWCNT) and semiconducting (S-SWCNT) nanotubes separate into different bands after loading. (d) Absorption spectra of unsorted (black), metallic enriched (blue),
and semiconducting enriched (red) nanotube solutions. Blue and red dashed lines serve as visual guide to mark the position of M11 and S22, respectively. (e) A
collection of subthreshold plots of transistors fabricated on enriched semiconducting nanotubes. Reproduced with permission from ref. 61. Copyright 2013, American

Chemical Society.

improvement of separation processes. Certain combinations of
high sensitivity optical techniques, e.g. fluorescence and
Raman, and direct electrical characterizations could offer a
solution for detecting metallic nanotube purity at desired ppm-
ppb level.

3.3 Assembly of nanotubes into arrays

For high-performance electronic applications, these separated
high purity semiconducting nanotubes have to be assembled
into aligned arrays to minimize resistance associated with
tunneling through nanotube junctions, and provide necessary
device uniformity for building large-scale integrated circuits.
The nanotube density needs to be above 200 tubes per um so
that SWNT arrays can offer sufficient on-current density to
outperform silicon technologies. In addition, the assembly
technique must be compatible with large scale manufacturing.
Taken together, a suitable method must have the capability to
assemble these ~1 nm diameter tubes in to arrays with less
than 5 nm pitch separation uniformly over 300-450 mm
diameter wafers, representing one of the biggest challenges in
the field of nanomaterial patterning and assembly.

This journal is © The Royal Society of Chemistry 2013

There are two major strategies for SWNT assembly with
controlled pitch separation. The first one is the “top-down” or
placement approach, where the substrate is firstly patterned
into array structures via top-down lithography, and then SWNTs
are deterministically placed into pre-patterned areas utilizing
the chemical recognition between functionalized surface and
SWNT/surfactant complexes, as illustrated in Fig. 5a.°>°° In this
specific example, the substrate is patterned into ~100 nm wide
HfO, trenches with SiO, barrier. The HfO, surface is selectively
functionalized with 4-(N-hydroxycarboxamido)-1-methylpyr-
idinium iodide (NMPI) self-assembled monolayer. The positive
charges on NMPI molecules attract the negative charges on
SWNT/SDS complexes, which specifically place SWNTs on HfO,
surface as shown in Fig. 5b.°¢ If the trench width is smaller than
the tube length, SWNTs can be partially aligned due to the
spatial confinement. Nanotube density of 5 tubes per um, or a
pitch scaling of 200 nm, has been successfully demonstrated.
The electrical property of each nanotube placed inside the
trench is characterized in a FET structure with the test pattern
illustrated in Fig. 5c. Subthreshold plots of transfer curves for
devices on a chiplet are depicted in Fig. 5d, showing a device
yield above 90%. Further scaling down the pitch separation to
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(a) Schematic showing the assembly of nanotubes based on selective interaction between SWNT/SDS complexes and pre-patterned NMPI self-assembled

monolayer. (b) SEM image showing the placement of nanotubes inside 70 nm wide HfO, trench with 200 nm pitch. (c) SEM image showing the device array structure
with nanotubes inside the channel highlighted. (d) Subthreshold plot of transfer characteristics for a collection of transistors constructed on pre-placed nanotubes.
Inset: reproduced with permission from ref. 66. Copyright 2012, Nature Publishing Group.

5 nm requires the adoption of novel patterning techniques, e.g.
directed self-assembly of di-block copolymers, whose reliability
and scalability for real manufacturing at this scale are still
unclear.”” Other challenges in addition to the patterning reso-
lution for this approach are the formation of defects including a
single tube placed across several trenches and multiple nano-
tubes placed inside one trench, and the extreme requirement on
surface cleanness for the chemistry to work.

Another strategy is “bottom-up” or self-assembly approach.
With their high aspect ratio, SWNTs are liquid-crystal like
molecules and will favor lateral alignment, especially with the
existence of attractive intermolecular -7 interactions among
nanotubes.®®®® This intrinsic property of nanotubes can be
utilized to enable SWNTs to self-assemble into regular aligned
array structures.”””* In one example, SWNTs are dispersed on
the water surface in random orientation.” Applied mechanical
force reduces the distance between nanotubes and therefore
induces the transition of SWNTs into a sematic phase
composed of aligned nanotube arrays. Such arrays can be
subsequently transferred to the device substrate using a hori-
zontal dipping method (the Langmuir-Schaefer deposition)
with the whole process illustrated in Fig. 6a. Scanning electron
microscopy (SEM) image shows the alignment of SWNTs over
large area (Fig. 6b). The most attractive feature of this approach
is revealed via top-view and cross-section transmission electron
microscopy (TEM) images shown in Fig. 6¢. These self-assem-
bled SWNT arrays have an almost full surface coverage with a
regular double layered structure. The pitch separation is only
~2 nm and is apparently limited only by the SWNT diameter
plus van der Waals separation between the nanotubes, showing
the strength of bottom-up approach to realize patterning reso-
lution almost impossible to achieve with top-down schemes.
The degree of alignment over large area is further confirmed
with polarized Raman spectra (Fig. 6d), showing that most
nanotubes are aligned within 17° with one another over the
whole substrate. Misalignment defects are mainly caused by
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impurity particles present in the arrays and the looping of
nanotubes during assembly, which could be minimized by
adopting cleaner materials and more controlled experimental
environments as well as further optimization of the assembly
procedures.

The impact of nanotube density on device performance can
be evaluated in a quantitative fashion. On one hand, higher
nanotube density will increase the gate capacitance per unit
area (C;), and therefore lead to better device performance in
terms of device on state resistance (Roy) under a certain bias
condition. At lower limit of nanotube density, increase of C; is
almost proportional with the increase of nanotube density.
However, such improvement becomes smaller with further
scaling down nanotube pitch separation and will finally satu-
rate due to the screening and shielding among neighboring
nanotubes.””® Assuming that the charge distributes evenly
around the surface of nanotubes, C; for a nanotube array can be

calculated as
| - o sinh (2'rctox//10)

R

-1

G = +Co 'y A,

2708, T

where 4, is the nanotube pitch separation, R is the average tube
radius (~0.7 nm), &, is the vacuum permittivity, ¢, is the relative
dielectric constant of gate dielectric, ¢. is the thickness of gate
dielectric, and Cy, is the quantum capacitance of the nanotube
(~0.4 nF m "), as shown in Fig. 6d.” After /1, becomes equal or
less than ¢y, higher nanotube density will not improve device
performance if we only consider device channel resistance. On
the other hand, higher nanotube density will always propor-
tionally reduce parasitic 2R per unit device width by increasing
the number of transport pathways. And this effect will be more
dominant for short channel FETs where 2Rc is much higher
than channel resistance. To illustrate this point, the calculated
Ron for devices built on 10 nm SiO, gate dielectric with different

This journal is © The Royal Society of Chemistry 2013
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(a) Schematic showing the assembly of nanotube arrays based on Langmuir-Schaefer method. (b) SEM and (c) top-view TEM images showing the assembled

full-coverage semiconducting nanotube arrays. Inset: high-resolution cross-section TEM image showing that the nanotube pitch is self-limited by nanotube diameter
plus van der Waals separation. Scale bar: 5 nm. (d) Polarized Raman spectra of silicon and tangential G band of nanotube arrays for various angles «, 0° (black), 20° (red),
40° (green), 60° (blue), 80° (cyan), and 90° (magenta) from top to bottom, between the polarization direction of the incident 532 nm wavelength laser and the
nanotube overall alignment direction. Inset: angular dependence of the Raman intensity for G band. The red solid line represents a fitting to cos® « form. (e) G as a
function of nanotube density for various to. (f) Ron calculated as a function of L., for isolated individual nanotube (blue dotted lines), full surface coverage array (red),
and nanotube array with 8 nm pitch separation (black). (g) Subthreshold plot of transfer characteristics of transistors constructed on purely semiconducting nanotube
arrays (red) and array with metallic tube impurity (black). Inset: SEM image showing the device channel. Scale bar: 100 nm. Reproduced with permission from ref. 74.

Copyright 2013, Nature Publishing Group.

A, are plotted in Fig. 6e, based on average 2R¢ and ugg values for
solution-processed SWNTs.*® In long channel regime where
channel resistance dominates, an increase of tube density by 4
times only leads to marginal improvement of device perfor-
mance. However, in short channel region where 2R dominates,
higher nanotube density leads to proportionally lower resis-
tance, and a full coverage aligned array of SWNTs assembled via
above mentioned Langmuir-Schaefer method can deliver a
performance comparable to that of single tube devices in ultra-
scaled FETs. Experimental result indicates that for an FET with
a L., of 120 nm built on such full-coverage array, a drive current
density above 100 pA pm™' can be achieved, bringing the
performance of nanotube array FETSs to within a factor of ten of
the drive currents of state-of-the-art silicon devices at the 22 nm

This journal is © The Royal Society of Chemistry 2013

technology node (Fig. 6f).”*”” Respectable device on/off ratio
~1000 can also be maintained if the channel is composed of
purely semiconducting nanotubes. Although this result repre-
sents the best performance ever obtained from SWNT arrays, it
is still over 10 times lower than what is expected. TLM scaling
reveals that the performance is mainly limited by much higher
2R of each nanotube inside the array.” This degradation of
contacts due to high density nanotube packing is likely caused
by the synergic effects from poor adhesion of metals on a full
carbon surface and the limited contact area for each nanotube.
Surface functionalization of nanotubes in contact area to
improve adhesion, together with the adoption of more efficient
end-bonded contact geometry, could greatly reduce the para-
sitic resistance for SWNT array devices.
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4 Circuit level implementations

Both the device-level experimental demonstrations and the
circuit-level simulation results of SWNT technology show great
promise to replace Si technology. Meanwhile, great progress has
been made on addressing the manufacturability issues, paving
the road toward large-scale circuit integration. We will review
some recent circuit demonstrations as well as several
approaches for fabricating carbon nanotube VLSI that is

immune to material nonidealities.

4.1 Simple circuits showing complementary logic

The complementary logic capability in Si technology is one of
the key reasons that it dominates microelectronic industry -
both n-channel (NFET) and p-channel (PFET) devices can be
constructed using very similar process flows on the same
substrate and they show comparable performances. The
successful demonstration of reliable integration of SWNT
NFETs and PFETs becomes a crucial task to enable the future

technology development. There are several methods to make
SWNT NFETs. Perhaps the simplest method is to remove the
oxygen absorbed on the tube and near the nanotube-metal
interface. It has been shown that complementary logic gates
using up to six transistors can be built by converting PFET to
NFET using simple Joule heating under vacuum to cause oxygen
desorption.” Another approach based on trapped charge
induced electrical doping from naturally oxidized Al thin film
deposited over carbon nanotubes can produce air-stable
NFETs.” Slightly more complicated complementary circuits
including inverters and 2-stage inverter chains by co-integrating
NFETs (with Al layer) and PFETs (without Al layer) on the same
wafer has been demonstrated (Fig. 7a). However, the reliability
of such an approach (based on dielectric defects) is question-
able and may not be suitable for manufacturing. A potentially
more reliable and feasible strategy is to control the device
polarity via adjusting the band alignment at contacts.***" For
example, low work-function scandium (Sc) electrodes are used
as NFET contacts, and nearly symmetric NFET and PFET (with
high work-function Pd contacts) fabricated on a single CVD

% 3, cain-i2| bl OTPFET  NFET
DD = o~
2 Tetstage 2"stage 1 %103
El Voo Voo ,E_r =0
g 1 Bias 3 1 I16
—a— 1st stage INV IC out = Vpp =1V pr
0 —e—2nd stage INV ] 10 VES (V)
0 1 2 3in—
Vin (V) = — 0 - ]
Voo =3V, Vaias = -5V énd  Gnd -1 05 0 05
d Vin (V)
GID The Weave e -
SR 10" conventional
3| ’| Metallic
2.46| SWNT
\ time-averaged voltage immune
0 design
5[ [ e e ] 23 0 2 4
SR el
S ' | 'HR |
= 3}.1 NEFTF r“* } I(11] H']] [ :N' ------- ==
I ! L UM &) BRI AL Bl A
R \*
gil\s NI ‘.l ‘1 ; L" JU 0N ‘
TR (0ARaERRRARAR
rasil il JUJ!W;Rnﬂ
§ IS | } (THMHR
ol UL AEH TR

w@msfS
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(a) Voltage transfer characteristics of a 2-stage inverter chain where NFETs are realized via the adoption of an Al doping layer. Inset: circuit diagrams. Vi.: input

voltage; Vo, output voltage; Vpp: drive voltage; Vpias: bias voltage; GND: ground. Reproduced with permission from ref. 79. Copyright 2011, IEEE. (b) Voltage transfer
characteristics of a complementary inverter showing high voltage gains built from PFET (Pd contacts) and NFET (Sc contacts) with nearly symmetric performance, whose
transfer curves are plotted as inset, with Vps changes from 1 V to 0.1 V from top to bottom. Reproduced with permission from ref. 80. Copyright 2009, American
Chemical Society. (c) The digitized output from the SWNT sensor interface circuit showing clear responses to the capacitance change of the sensor. Inset: SEM images of
the full circuit composed of 44 nanotube FETs. Reproduced with permission from ref. 85. Copyright 2013, IEEE. (d) Schematic (upper frame) of the metallic-tube immune
FET construction based on the asymmetric correlation properties of long aligned SWNTs. SEM image (lower frame) showing that final device consists of several
independent transistors connected in series and multiple transistor chains connected in parallel. (e) Comparing transfer characteristics of SWNT FETs constructed based
on conventional (blue) or metallic-tube immune (red) designs. (f) Optical image showing high on/off ratio FETs constructed adopting metallic-tube immune design
methodology covering a 4" Si wafer. Reproduced with permission from ref. 87. Copyright 2009, IEEE.
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tube providing a respectable inverter voltage gain of over 160
(Fig. 7b).*® An important next step is to extend the development
of complementary SWNT technology from direct current logic
gates into alternating current circuits such as ring-oscillator in
order to perform full technology benchmarks with silicon
devices.

4.2 Defect tolerant nanotube integrated circuits

Although some significant progress has been made recently for
separating and assembling high purity semiconducting
enriched SWNTs into arrays for device fabrication as discussed
in Section 3.2 and 3.3, post substrate processing and/or special
design methodologies might still be necessary to remove or
accommodate the metallic impurities for large-scale circuit
demonstrations. Aligned SWNT arrays with metallic tube
defects up to 33% provide a useful platform to develop such
methods.

Selective electrical burning of metallic tubes is a commonly
practiced approach in literatures to improve device on/off ratio
by simply applying a back-gate bias (to switch semiconducting
tubes off), and then performing breakdown by applying high
voltage across source/drain electrodes.®* This simple method
has been expanded to circuit level by patterning interdigitated
electrodes at minimum metal pitch.*® They serve as both elec-
trodes for electrical burning and electrodes for final device
contacts. This technique has been applied to build multi-gate
circuits such as XNOR,* and more recently, a capacitive sensor
interface circuit that comprise two 9-stage oscillators and a
D-latch, with 44 functional FETs each consisting of 100-200
SWNTs in the channel (Fig. 7¢).*® It should be noted that this
method requires the formation of metal contacts as the first
process step which is not usually compatible to typical device
fabrication flow, and the large device-to-device variation origi-
nated from the removal of randomly distributed metallic tubes
from an assembled array with fixed pitch separation may hinder
the adoption of this technique for VLSI circuits. Several circuit
design techniques such as device upsizing and aligned-active
layout have been proposed to reduce the performance impact
caused by such variations.*®

Rather than removing these metallic tube impurities, their
performance impact can be reduced by employing the asym-
metric correlation properties of aligned SWNTs.*” In this
method, multiple uncorrelated devices (perpendicular to SWNT
aligned direction) are connected in series, therefore, if any
device along the chain contains no metallic tubes, high on/off
ratio can be obtained. Connecting devices in series increases
the resistance, and reduces the device overall drive current. This
drive current penalty is compensated by further connecting
multiple device chains in parallel, along the direction of
nanotube alignment (Fig. 7d). This method is effective in
increasing the device on/off ratio even with the presence of
certain amount of metallic-tube impurities in the array as
illustrated in Fig. 7e, and allows for the fabricate of high yield
SWNT FETs in a VLSI compatible fashion on wafer scale
(Fig. 7f). However, this technique inevitability incurs significant
area penalty from using multiple transistors to construct a

This journal is © The Royal Society of Chemistry 2013

single device. Therefore, its adoption in practical applications
has to be adjusted according to the balance among the achieved
material defect density, the acceptable device yield, and the
required device performance target.

5 Summary and outlook

The discussion in previous sections highlights the recent
progresses on carbon nanotube-based high-performance
nanoelectronics development. Both experimental and simula-
tion results demonstrate the great performance and power
benefits when replacing silicon with SWNT for ultra-scaled
high-performance electronics at the end of scaling roadmap,
and warrant additional efforts in the development of the tech-
nology. Solving manufacturability issues becomes the central
task at this stage, and currently we can enrich semiconducting
SWNTs to a purity of 99.6% and assemble them into full-
coverage aligned arrays. Circuit level integration of SWNT FETs
has been demonstrated, with the adoption of special design
methodologies capable of tolerating the defects in assembled
SWNT arrays to certain degree. Applications of SWNT devices in
analog applications have also produced some success,
benefiting from the high mobility and linearity response of
SWNTs.?%° Remaining challenges include (1) developing high
quality contact for SWNTs with Ly < 10 nm for the reduction of
L, (2) improving device consistency by reducing traps at SWNT-
dielectric interface,”* (3) establishing integration schemes to
fabricate scaled SWNT FETs compatible with self-alignment
process and complementary circuit layout,* > (4) pushing the
semiconducting tube purity to “electronic grade”, and (5)
minimizing defects and bundle formation during SWNT
assembly procedures. In our opinion, the biggest obstacles
come from the requirement of extreme engineering control
rather than intrinsic limitations of the material or processes.

Although great promise has been demonstrated for SWNT
electronics, silicon technology is so entrenched for microelec-
tronic industry and it will be a formidable challenge for any new
technology, such as SWNT, TFET, or IIIV-OI, to replace it.
Extensive collaborations among academia, government, and
different sections of industry need to be established for over-
coming this challenge. New materials and device concepts from
academia are necessary to sustain the development of the
frontier of nanotube-based nanotechnologies. Health and safety
standards, together with improved material characterization
methods, need to be established by various government
agencies. The tool companies, foundries, and design companies
need to work together to tackle the implementation of SWNTs
in different sections of production. Although the challenge is
big, the reward will be high, and the success will revolutionize
the whole semiconductor industry as well as the field of nano-
technology for years to come.
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