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ABSTRACT 
Scaling of silicon field-effect transistors has fueled the exponential development of microelectronics in the past 60 years, but is now 
close to its physical limits with the critical dimensions of state-of-the-art silicon devices approaching the sub-10 nm regime. Carbon 
nanotubes have been suggested to hold great promise of replacing the central role of silicon in the next-generation logic switches 
with their unique geometrical and electrical properties. In this article, I firstly examine the scaling advantages of carbon nanotubes 
compared to silicon from technology-development perspective, and then review the latest progress on addressing the manufacturability 
issues for scaled carbon-nanotube transistors, from materials to device-integration levels. Finally, the possible pathways for nanotube 
transistors to transition into commercial applications are discussed.   
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1 Introduction 
Since 1960s, Moore’s law, which predicts that the number of 
transistors on general-purpose microprocessors doubles 
approximately every two years, has powered the development of 
computer and communication technologies that have transformed 
all aspects of our modern life. The exponential reduction of 
transistor size, as dictated by Moore’s law, constantly makes our 
computer chips and information-processing machines cheaper, 
faster, and more energy efficient. The progress so far has been 
astonishing: the central-processing units (CPUs) of smartphones 
we are using today have over 100,000 times the processing 
power of the Apollo computer that landed man on the moon 
50 years ago, together with more than 10 times reduction in 
power consumption. The most recent progress under Moore’s 
law laid the foundation of today’s breakthroughs in artificial 
intelligence and blockchains, by giving computers the capability 
to practically process massive amount of data with reasonable 
throughput and cost.  

Despite its tremendous success, Moore’s law based on the 
scaling of silicon metal-oxide-semiconductor field-effect 
transistors (MOSFETs) is approaching its physical limits as 
evident from the slowing-down progress by the semiconductor 
industry in the past decade. First, although the number of 
transistors in our microprocessors still managed to stay on the 
exponential growth curve, the clock frequency and the chip 
single-thread performance have both stagnated since early 
2000s (Fig. 1(a)). Second, the individual-transistor dimensions 
have been shrinking at an increasingly slower rate, with only 
about 10% reduction in the contacted-gate pitch (the smallest 
possible distance between gates of adjacent transistors on chip) 
going from 10 to 5 nm technology node (Fig. 1(b)). However, 
in the meantime, the demand on the continuous progress in 
computational power is surging with emerging applications.  

 
Figure 1  (a) Trend of different aspects of microprocessors including the 
transistor count (black), single-thread performance (blue), clock frequency 
(red), and total power consumption (green) over the last 48 years (source: 
Karl Rupp, 48 years of microprocessor trend data). (b) Scaling trend of the 
contacted-gate pitch of logic transistors from 180 to 5 nm technology 
node (source: Wikichip). 

For example, further development of artificial intelligence 
requires more powerful and energy-efficient computers to train 
and execute more and more complex deep-neural-network 
models, which are composed of millions of nodes and billions 
of parameters, for more accurate and cognitive learning   
and inference tasks both on cloud and edge [1]. The business 
applications of blockchains require exponentially higher hash rate 
of the hardware to accommodate the skyrocketing difficulty 
associated with the expansion of the network size [2]. The 
virtual-reality and augmented-reality applications require higher 
computing power under much lower power consumption on 
mobile devices to improve the portability and user experience. 
Although improvements on the software and architecture levels 
can meet some of these challenges [3], transistor technologies 
enabling smaller footprint and better performance on device 
level (a strategy called more-Moore) is still more desirable. 

When scaling becomes more and more difficult, materials 
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innovations are playing an increasingly important role to sustain 
Moore’s law. We have already witnessed the replacement of 
aluminum with copper interconnect at 180 nm technology 
node, the replacement of SiO2 with organosilicate glass as 
interlayer dielectrics at 90 nm node, and most recently the 
replacement of SiO2 gate dielectric/polysilicon gate with HfSiON- 
La2O3 high-k gate dielectrics/metal gate at 45 nm node. The 
silicon channel becomes the next target. Among many potential 
material choices, including III-V semiconductors and various 
two-dimensional (2D) nanomaterials [4, 5], single-walled carbon 
nanotubes (SWNTs) are an especially attractive candidate 
with their unique combination of intrinsic nanometer size and 
exceptional electrical properties. In this review, I outline the case 
for replacing silicon with carbon nanotubes in the next-generation 
extremely scaled logic transistors from technology-development 
perspective, summarize recent progress made by researchers from 
both academia and industry to transform nanotube transistors 
into a practical technology, and discuss the most critical pro-
blems that remain to be overcome, followed by my perspective 
on the potential pathway for nanotube transistors to become a 
mainstream device technology.   

2  Scaling advantages of carbon nanotubes: 
What really matters? 
The structure of a SWNT can be visualized as a rolled-up single- 
layer graphene with about one-nanometer diameter, as first 
observed by high-resolution transmission-electron microscopy 
(TEM) in 1993 [6, 7]. The exceptional electrical properties 
of SWNTs were soon predicted in theory and verified in 
experiments [8–10]. The carrier mobility of carbon nanotubes 
is more than 30 times higher than that of silicon and allows 
ballistic carrier transport at room temperature over several 
microns [11], which led to the initial enthusiasm to apply 
nanotube transistors as the next switch beyond silicon MOSFETs 
in 2000s [12, 13]. However, impressive as these attributes are, 
they do not address what really matters for a scaled logic 
transistor. In this section, I will first discuss what the limiting 
factors for silicon transistors are and why the unique properties 
of nanotubes are suitable to overcome these hurdles, based on 
recent simulation and experimental results.  

2.1  Chip power and power density 

Under Moore’s law, with more and more transistors squeezed 
into the same chip area, the power consumption of each 
individual device has to be dramatically reduced to manage the 
chip power density. It used to be accomplished by following the 
Dennard scaling law. According to Dennard’s law, the device 
physical dimensions (both width W and length L) and its 
operating voltages, including both the drive voltage (VDD) 
and the threshold voltage (VT), should be reduced in tandem  
by the same factor α. As a result, the device on-state current  
(Ion) density remains the same, while the device power 
consumption (W∙Ion∙VDD) and the overall area (W∙L) are both 
reduced by the factor of α2, keeping the chip on-state power 
density (power consumption per area) as a constant [14]. However, 
this strategy has already reached its limit because MOSFETs, 
unlike a perfect switch, have a fundamental limitation on the 
abruptness of their turn-on characteristics, where the applied 
gate voltage (VGS) needs to be changed by at least 60 mV to 
cause a corresponding change of the source-drain current (IDS) 
by one decade at room temperature, as limited by thermionic 
emission. Therefore, the reduction of VT causes exponentially 
higher device off-state leakage current (Ioff), as schematically 
illustrated in Fig. 2(a). As a result, the chip passive power,  

 
Figure 2  (a) Schematic illustrating the impact of voltage scaling on Ioff and 
Ion. Transfer curves of MOSFETs with high (black dashed line) and low 
(solid blue line) VT are plotted in semi-logarithmic scale. Green dotted 
lines serve as visual guide to mark the commensurate shift of VDD and VT. 
Red dotted line marks the invariance of Ion density. (b) Scaling trend of the 
passive (black dots) and active (red squares) power densities of silicon logic 
transistors as a function of the device gate length [15]. (c) Schematic illustrating 
the maintenance of the device Ion and Ioff densities under the same VT, lower 
VDD, and higher vinj of the channel. Transfer curves of MOSFETs with high 
(solid blue line) and low (black dashed line) vinj are plotted in semi-logarithmic 
scale. Green dotted lines serve as visual guide to mark the shift of VDD. Red 
dotted lines mark the reduction of Ion density of a device with identical VT 
and vinj but lower VDD. (d) Theoretical vinj of carbon nanotubes as a function 
of the square-root of nanotube diameter (black), as benchmarked with 
that in silicon (green), GaAs (blue), and InAs (red) transistors [4, 19].  

the energy consumed by microprocessors even while doing 
nothing with transistors biased steadily into the off state with 
the applied VGS = 0 V, has been growing rapidly with the 
reduction of device size, and has already approached the active 
dynamic power in state-of-the-art silicon-transistor technologies 
(Fig. 2(b)). Continuing with this trend will soon increases the 
overall chip power consumption beyond the cooling capacity 
we can practically provide at chip or package level [15].   

If we choose to keep the VT constant but only reduce VDD in 
scaling, we can limit both the standby and dynamic power 
consumptions of silicon MOSFETs, but will sacrifice the Ion 
density which is proportional to the device switching speed. 
For nanoscale logic transistors, Ion density can be calculated as 
the product of the carrier concentration (Qinv) and the carrier 
velocity in the channel at the top of the barrier near the source 
(so-called injection velocity vinj). The carrier concentration 
Qinv is further proportional to the gate-oxide capacitance per 
unit area (Cox) and the difference between VDD and VT as Qinv = 
Cox·(VDD − VT) [16, 17]. Therefore, maintaining the VT while 
decreasing VDD reduces their difference (VDD − VT), and thus the 
concentration of free carrier. If the vinj of the semiconductor 
channel remains the same, the reduced carrier concentration 
will then inevitably lead to lower Ion density. So in this case, 
our computers will run slower than the previous model, which 
is also unacceptable [18].  

Therefore, to overcome such power-dissipation bottleneck, 
which has become one of the most critical show stoppers for 
more-Moore scaling of conventional silicon MOSFETs, an 
effective approaches is to increase the vinj of the semiconductor 
channel, which will counterbalance the reduction of Qinv caused 
by the decrease of (VDD ‒ VT) so that we can not only constrain  
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the power consumption but also maintain the Ion density  
for better performance, as illustrated in Fig. 2(c). It can be 
successfully accomplished by replacing the silicon channel 
with carbon nanotubes, since the unique band structure of 
nanotubes and their low carrier effective mass lead to several 
times higher theoretical vinj, as benchmarked against in devices 
based on either silicon or III-V semiconductors (Fig. 2(d)) [19]. 
In addition to theoretical predictions, vinj was recently extracted 
in experiment from nanotube transistors with 10–15 nm gate 
length (Lg) to be in the range of 3×107 – 4×107 cm/s [19, 20], 
which is more than triple that in silicon MOSFETs and 
compares favorably against InGaAs and InAs high-electron- 
mobility transistors (HEMTs). These results are critical because 
they suggest that, with carbon nanotubes as the semiconductor 
channel of MOSFETs, we can maintain the current VT at 
0.3 V while reducing the VDD drastically from 0.9 to 0.5 V to 
significantly decrease the device power consumption but still 
delivering the same or even better performance compared to 
their silicon-based competitors; and this unique capability of 
carbon nanotube transistor resulting from SWNT’s intrinsically 
higher vinj is essential to support further scaling of logic 
transistors toward higher integration density. 

2.2  Short-channel effects 

Another critical limiting factor for MOSFET scaling is the 
so-called short-channel effects. For transistors, the abruptness of 
the subthreshold transition, which is quantitatively characterized 
by a parameter called the subthreshold swing (SS) as defined 
by the relationship: SS = dVGS/dlog10IDS, is limited by not only  
the thermionic emission over the barrier in the off-state but 
also the effectiveness of the electrostatic coupling between the 
gate and the channel. More specifically, because the applied 
source–drain bias creates depletion regions penetrating the 
device channel underneath the gate stack, the gate electrode 
partially loses the electrostatic control over the channel. As a 
result, a larger gate bias will be required to shift the channel 
potential and the resultant carrier concentration by the same 
amount compared to an ideal MOSFET. Such undermined 
electrostatic coupling therefore leads to the deviation of the 
device SS from the 60 mV/dec thermodynamic limit. In 
addition, the device VT becomes dependent on drain bias 
applied, exhibiting so-called drain-induced-barrier-lowering 
(DIBL) effect. Since the relative portion of these depletion 
regions extending from the source and drain into the channel 
increases with the reduction of the device Lg, their impact is 
more severe in scaled transistors. In nanometer-size devices, 
these short-channel effects can lead to substantially larger SS, 
and thus drastically increased Ioff or device passive power 
consumption, compared to long-channel transistors in older 
technology nodes (Fig. 3(a)), and severe DIBL contributing to 
the device VT variation. 

One way to mitigate the short-channel effects is to reduce 
the silicon-channel thickness (tSi) together with the Lg. If the tSi 
is considerably smaller than the source/drain junction depth, 
the extension of the formed depletion regions around source 
and drain electrodes into the device channel will be greatly 
suppressed [21]. Moreover, the shape of the channel can be 
modified so that the gate control can be exerted from multiple 
directions in a three-dimensional (3D) multigate configuration 
to better compete with the variation in the electric field along 
the channel direction arising from the source-drain bias [22]. 
Quantitatively, a parameter called the natural length (λ) is 
used to represent the extension of the electric field lines from  

the source and drain into the channel as λ = Si
ox Si

ox

ε t t
Nε

, 

 

 

 
Figure 3  (a) Schematic illustrating the impact of larger SS caused by the 
short-channel effects on device Ioff. (b) The change of the bandgap (ΔEg, 
black, left axis) and mobility (red, square, right axis) as a function of the 
silicon-body thickness [23, 26]. (c) Scaling characteristics of the SS for 
nanotube FETs (black solid line), silicon planar-gate FETs (red dotted line), 
and silicon multigate FETs (blue dashed line) [19, 30]. (d) Logarithmic 
plots of experimentally measured transfer curves for nanotube transistors 
with Lg of 10 nm (black solid line) and 5 nm (red dotted line), respectively. 
Applied VDS is –0.1 V. Inset: cross-sectional TEM micrograph showing the 
5 nm-Lg nanotube FET with Pd contacts. (e) Transfer characteristics and the 
schematic diagram (inset) of the 5 nm-Lg nanotube FET with graphene 
contacts. Applied VDS is –0.1 V. Reproduced with permission from Ref. [32], 
© American Association for the Advancement of Science 2017. (f) Transfer 
curves of gate-all-around nanotube transistors. Applied VDS is –0.5 V. 
Inset: cross-sectional schematic and TEM image showing the device gate stack. 
Dashed red line serves as a visual guide to extract the SS. Reproduced 
with permission from Ref. [36], © American Chemical Society 2013. 

where εox and εSi are the dielectric constants of the gate oxide 
and the silicon channel, respectively, tox is the gate-oxide 
thickness, and N is the effective gate number correlating with 
the gate configuration (1 for planar gate, 2 for double gate,    
3 for trigate, and 4 for gate-all-around). Generally, the Lg needs to 
be at least six times longer than λ to ensure that the short- 
channel effects will not significantly degrade the device operations. 
Therefore, in order to suppress the short-channel effects, the 
tSi, i.e. the fin width in state-of-the-art silicon fin field-effect 
transistors (finFETs), at 7/5 nm technology nodes has been 
limited to merely 5–7 nm for Lg down to 16 nm. Further 
reducing the Lg below 10 nm requires the tSi to become less 
than 5 nm, which creates two fundamental problems. The first 
is the quantum confinement, which splits both the conduction 
and valence bands of silicon into sub-bands and thus widens the 
effective bandgap Eg. And this effect becomes very pronounced 
when tSi is below 5 nm (Fig. 3(b)) [23, 24]. Since VT is closely 
correlated with Eg, a small fluctuation of the device fin width 
in this regime caused by the process variability, for example 
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the line-edge roughness in the lithography process [25], will 
create substantial VT variations, which is a big problem for 
integrated circuits where we want billions of transistors to 
turn on and off at the same voltage. The second problem is that 
the greater confinement of electrons within thinner silicon films 
leads to enhanced phonon scattering and surface roughness 
scattering. As a result, the effective carrier mobility drops 
substantially in such ultrathin silicon films with tSi < 5 nm 
(Fig. 3(b)) [26–28], which will degrade the device performance 
by reducing the vinj. Therefore, although 10 nm-Lg silicon 
transistors with tSi ≤ 5 nm have been demonstrated in 
experiment showing adequate short-channel control [29], it is 
not clear that they can deliver the required performance and 
uniformity for commercial applications.  

Carbon nanotubes, as a quasi-one-dimensional (1D) nano-
material with diameters, i.e. their intrinsic semiconductor-body 
thickness, down to around one-nanometer range, offer the 
possibility to achieve superior electrostatic control by the gate 
electric field even for devices with extremely scaled Lg, without 
sacrificing their electrical properties. Simulation indicates that 
the SS of nanotube transistors remains at the 60 mV/dec limit 
and the DIBL is kept below 50 mV/V, with gate-all-around 
device structure and 2 nm tox, down to Lg below 5 nm, which 
are significantly better compared to either planar or nonplanar 
(trigate finFET) silicon devices (Fig. 3(c)) [19, 30]. In addition to 
simulation, nanotube transistors’ immunity to the short-channel 
effects has been extensively verified in recent experiments 
[31–33]. At 10 nm Lg, the nanotube transistors with conventional 
metal contacts and planar gate exhibited SS down to 70 mV/dec 
[31, 32], which is much lower than the 90–120 mV/dec SS 
of highest-performing 10 nm-Lg silicon counterparts (Fig. 3(d)) 
[29, 34, 35]. Although the SS for nanotube transistors degraded 
to ~ 110 mV/dec in experiment when the Lg was further reduced 
to 5 nm [32], it can be potentially improved by three strategies. 
The first is to reduce the thickness of the source/drain metal 
contacts. Thinner contacts will minimize their screening against 
the gate electric field, and thus allow the segments of nanotubes 
beneath the contact being depleted by the gate electric field to 
increase the effective Lg in the device off-state. For example, 
by adopting single-layer graphene as the contact, the SS down 
to 73 mV/dec has been demonstrated for 5 nm-Lg nanotube 
transistors (Fig. 3(e)) [32]. However, to make this strategy most 
effective, there must be substantial overlaps between the gate 
and the source-drain contacts, which will cause large parasitic 
capacitance to degrade the device switching speed. Another 
option is to adopt the gate-all-around structure, where the gate 
completely surrounds the nanotube channel from all directions for 
maximum electrostatic control, as in the theoretical simulation 
studies [19]. Such gate-all-around nanotube transistors have 
been demonstrated in experiment with the high-k gate 
dielectric deposited by atomic-layer deposition (ALD) on a 
suspended nanotube channel (Fig. 3(f)) [36]. Since the nanotube 
surface is inert to ALD precursors, a monolayer of NO2 was 
physically adsorbed on the nanotube surface first, which was 
subsequently converted to an AlOxNy adhesion layer upon 
reaction with the trimethylaluminum precursors [37]. ALD TaN 
was then deposited as the gate metal. However, it has not been 
proven in experiment whether the improved electrostatics of 
the gate-all-around device architecture would indeed lead to 
better SS scaling behavior for nanotube devices, since the smallest 
Lg experimentally demonstrated for these gate-all-around 
nanotube transistors was above 20 nm, as limited by the added 
device structural complexity. And even for these relatively long- 
channel transistors, the measured SS was over 85 mV/dec, far 
from the 60 mV/dec limit as largely hindered by the presence of 
traps at the nanotube-AlOxNy interface. Further engineering 

optimizations of the direct ALD growth of high-quality gate 
dielectrics on nanotubes might help to address this problem in 
the future, and reveal the intrinsic Lg-scaling limit of nanotube 
transistors with wrapped gate [38, 39]. The last option is to 
adopt nanotubes with smaller diameters, which can suppress 
both the direct source-drain tunneling and the band-to-band 
tunneling across the nanotube channel with their larger Eg 
and lower tunneling probability according to simulation [40]. 
However, smaller nanotube diameters will also lead to smaller 
Ion with the lower vinj (Fig. 2(d)) and the larger parasitic resistance 
at the nanotube-metal contacts. It is likely that an optimized 
diameter needs to be selected in future nanotube transistor 
technologies based on whether the devices are tuned toward 
high-performance, where high Ion is more important, or 
low-power applications, where small SS to reduce Ioff and VDD 
is more critical. There is no experimental data on the DIBL 
reduction effect of short-channel nanotube transistors, as it is 
hard to be extract accurately due to the presence of hysteresis 
in nanotube transfer characteristics [41].  

2.3  Scaling of contact length 

Transistor scaling requires the proportional miniaturization of 
both the semiconductor channel and the metallic source-drain 
contacts. Reduction of the device channel length decreases the 
channel resistance up to its ballistic limit. However, the contact 
resistance, on the contrary, increases rapidly with the reduction of 
the device contact length (Lc, the length of the metal contact 
typically in overlap with the underneath semiconductor). As 
shown in Fig. 4(a), for silicon, with the standard nickel-silicide 
contacts (Pt is incorporated to improve the thermal stability), 
the extracted overall contact resistance (2Rc) increases rapidly 
from below 100 Ω∙μm to above 500 Ω∙μm when the Lc is 
reduced to 25 nm [42]. And the situation is even worse for III-V 
semiconductors [43]. Such scaling effect of the Lc on 2Rc can be 
adequately described by the classical transmission-line model, 
where the resistance of the semiconductor corresponds to the 
series resistance of the transmission line, the interface resistance 
represents the parallel shunt-line resistance, and the contact 
metal, whose resistance is neglected here, forms the return 
lead (Fig. 4(b)). By solving the transmission-line equations as 
a superposition of forward and reflected-back waves, the contact  
resistance, as the input resistance across the two ports of the  

transmission line, can be calculated as s c s
c c

c
cothR ρ RR L

W ρ
æ ö÷ç= ÷ç ÷çè ø

, 

where Rs is the sheet resistance of the semiconductor, ρc is the 
contact interface resistivity, and W is the contact width [44, 45]. 
This universal correlation between Lc, which occupies a 
substantial portion of the overall device footprint, and 2Rc 
has become a significant hurdle for scaling, as it indicates that 
the reduction of Lc into the 10-nanometer scale inevitably leads 
to drastically higher parasitic resistance and therefore a 
commensurate drop in device performance. 

Carbon nanotubes, again with their intrinsic quasi-one- 
dimensional shape, offer a potential solution to this problem. 
Instead of depositing metals on top of the nanotubes to form 
the similar overlapping contact structure as in silicon or III-V 
transistors where the metal–nanotube interface are bonded 
through relatively weak van der Waals interactions (Fig. 4(c)), 
the quasi-zero-dimensional open ends of the nanotubes can 
be directly welded to the metal contacts where the carbon 
atoms of the nanotubes bond directly to the metal atoms of the 
contacts through strong covalent carbide bonds (Fig. 4(d)) [46]. 
In this so-called “end-bonded” contact scheme, most carriers 
from the nanotube channel are collected into the metal contacts 
with high transmission probability through this strongly coupled 
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Figure 4  (a) The scaling of the contact resistance 2Rc versus the contact 
length for 3 nm-thick NiPtSi contact to heavily boron-doped silicon 
(black solid) and tungsten contact to InGaAs (blue dashed) [42, 43]. 
(b) Schematic of the transmission-line model for distributed planar metal– 
semiconductor contacts. (c) and (d) Schematics of the side-bonded (c) and 
end-bonded (d) contacts to carbon nanotubes. (e) False-colored SEM image 
showing the test structure composed of a set of quasi-ballistic transistors 
with varying Lc fabricated on the same nanotube to extract the Lc-scaling 
characteristics. (f) Cross-sectional TEM showing the sub-10 nm length 
end-bonded contacts to nanotubes. (g) Current–voltage characteristics 
of end-contacted nanotube transistors with their Lc varied from 59 nm 
(black), 36 nm (red), to sub-9 nm (blue). Reproduced with permission 
from Ref. [46], © American Association for the Advancement of Science 
2015. (h) Plots of 2Rc as a function of Lc extracted from sets of nanotube 
transistors adopting either Pd side-bonded contacts (black) or Mo end- 
boned contacts (blue). Each set of devices with varied Lc was fabricated on 
the same nanotube. The lowest 2Rc for each Lc extracted from a large 
group of nanotube transistors is plotted together to illustrate the best-case 
Lc-scaling characteristics for Pd side contacts (blue triangles). (i) Cross- 
sectional TEM image showing the 10 nm-length Pd side-bonded contact 
to nanotubes. Reproduced with permission from Ref. [50], © American 
Chemical Society 2019. (j) Comparison of the cumulative distribution 
function (CDF) plots of 2Rc for 10 nm-length Pd side-bonded contacts 
(black squares) and Mo end-bonded contacts (red circles) to semiconducting 
nanotubes. 

quasi-zero-dimensional interface without changing their transport 
directions, and therefore the contact resistance is both low, 
because of high transmission probability resulting from strong 

carbon-metal coupling, and independent of the contact length, 
because of the quasi-zero-dimensional nanotube-metal interface. 
In experiment, the end-bonded contacts can be formed by 
reacting carbide-forming metals deposited on top of the nanotube, 
such as molybdenum and nickel, with the underneath carbon 
nanotube through solid-state chemical reactions upon annealing 
[46, 47]. Their Lc-scaling behavior was evaluated in experiment 
by constructing a series of devices with identical ~ 20 nm Lg but 
various Lc on the same nanotube to avoid the dependence of 
2Rc on the semiconducting nanotube diameter and bandgap 
(Fig. 4(e)). Since the ~ 20 nm device Lg is much smaller than 
the carrier mean free path of nanotubes, the channel is quasi- 
ballistic. Therefore, the measured overall nanotube-transistor 
resistance can be approximated as the nanotube contact resistance 
2Rc plus the ballistic resistance of the nanotube channel (~ 6.5 kΩ 
per tube). Based on these test structures, we found that, with 
end-bonded contacts, even under smallest Lc below 10 nm 
(Fig. 4(f)), the output resistances of these quasi-ballistic nanotube 
transistors were indeed independent of Lc with uncompromised 
device performance (Fig. 4(g)), confirming a constant 2Rc 
regardless the contact length. Such immunity to the Lc-scaling 
effects, enabled by the unique end-bonded contact scheme, 
represents another critical scaling advantage of carbon nanotubes 
as a low-dimensional nanomaterial compared to bulk silicon. 

Despite their better scalability, for technology development, 
it is necessary to quantitatively compare the performance of 
such end-bonded contacts with the conventional sided-bonded 
contacts to semiconducting nanotubes. For side-bonded Pd 
contacts to nanotubes, the Lc scaling experiments performed 
using the same test structures, where multiple quasi-ballistic 
transistors with varied Lc were constructed on the same nanotube, 
suggested a scaling trend similar to that of silicon devices. The 
extracted 2Rc could be pretty low down to ~ 6 kΩ per tube at 
long contacts, but it rises rapidly with the reduction of the 
device Lc (Fig. 4(h)) [32, 48, 49]. In contrary, the end-bonded 
contacts can achieve the Lc-independent 2Rc around 36 kΩ per 
tube [46]. Although quantitatively they are inferior to side- 
bonded contacts at long Lc, end-bonded contacts can provide 
at least two to three times lower 2Rc when the Lc gets into the 
sub-10 nm regime. However, it is still premature to decide that 
end-bonded contacts would be preferred for scaled nanotube 
transistors. In a recent survey, the parasitic contact resistances 
were extracted from a large number of transistors fabricated 
on nanotubes with varied diameters for side-bonded Pd 
contacts [50]. It found that the 2Rc for Pd side contacts could 
exhibit a much weaker dependence on Lc in the best-case 
scenario, with merely 13 kΩ per tube for 10 nm Lc on some 
“hero” devices (Fig. 4(i)). These results give hope to rely on 
the low-temperature-deposited side contacts to achieve even 
smaller parasitic resistance in scaled nanotube transistors. 
However, we cannot make any definitive conclusion as the results 
are obscured by the large variability observed for both contact 
schemes. Figure 4(j) compares the cumulative 2Rc distributions 
for both 10 nm-Lc side-bonded Pd contacts and end-bonded 
Mo contacts to semiconducting nanotubes. They all exhibit a 
large variation with greater than 10× spread. The underlying 
mechanisms causing this large variability are not clear yet, but 
the random defects associated with either the nanofabrication 
process or the nanotube material itself are likely the dominant 
contributors [50]. Reducing such variability, in my opinion, is 
currently the most critical challenge to improve contact 
properties in nanotube transistors.  

2.4 Extremely scaled nanotube transistors and their 

benchmark with silicon-based competitors 

To experimentally verify the above-mentioned scaling advantages 
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of carbon nanotubes, i.e. the high intrinsic vinj as well as the 
immunities to both short-channel and Lc-scaling effects, it requires 
the fabrication of nanotube transistors with both sub-10 nm 
Lg and Lc, as well as the benchmark of their performance against 
state-of-the-art silicon-based competitors. This target has been 
accomplished by our team in 2017 [33]. As shown in the 
schematic (Fig. 5(a)) and the cross-sectional TEM micrograph 
(Fig. 5(b)), the device incorporated a semiconducting nanotube 
as the channel with 10-nm wide end-bonded source-drain 
contacts composed of Co-Mo alloy. Cobalt acted as a catalyst 
to drastically reduce the carbide-formation temperature from 
800 oC as required for pure molybdenum contacts down to 650 oC, 
which is critical to minimize the distortion of the device 
dimensions caused by the high-temperature annealing process 
for these nanoscale transistors. 5 nm Al2O3 deposited by 
ALD was employed as the high-k gate dielectric and spacers 
separating the 10 nm-wide Pd metal gate with the Co-Mo 
source-drain contacts. The overall device footprint, including 
the source-drain contacts, the gate, and the spacers, spanned 
only 40 nm. It corresponds to a 30 nm contacted-gate pitch in 
integrated circuits, which is two times smaller, or in another word 
at least two technology nodes ahead (based on the conventional 
shrink factor of 0.7 in Moore’s law), than state-of-the-art 5 nm- 
node silicon transistors [51].  

Their electrical performance was then firstly benchmarked 
with some of the most advanced silicon MOSFETs, including high- 
performance finFETs and gate-all-around nanowire transistors at 
10 nm node as well as fully depleted silicon-on-insulator (FDSOI)  

 
Figure 5  (a) and (b) Schematic exploded view (a) and cross-sectional TEM 
micrograph (b) showing the structure of the extremely scaled nanotube 
transistor with 10 nm-Lc end-bonded contacts, 10 nm Lg, and 5 nm spacer 
width (Wsp) to afford overall 40 nm device footprint. Scale bar in (b): 50 nm. 
(c) Comparing the transfer characteristics of pitch-normalized 40-nm 
footprint nanotube transistors biased under −0.5 V VDS (black solid line 
for 2-nm and dashed line for 5-nm nanotube pitch, respectively) against 
the 10-nm-node Si finFET biased under −0.75 V VDS (red dotted line), the 
14-nm-node FDSOI FET biased under −0.8 V VDS (green dotted line), 
and the 10-nm-node Si nanowire FET with gate-all-around configuration 
biased under −1 V VDS (blue dotted line). Reproduced with permission from 
Ref. [33], © Cao, Q. et al. 2017. (d) Benchmarking the pitch-normalized Ion of 
40 nm-footprint nanotube transistor with that of best-reported sub-10 nm 
Lg silicon MOSFETs under identical VDD of 0.5 V and Ioff of 2 μA/μm.  

transistors at 14-nm node (Fig. 5(c)). Even with 2 times smaller 
Lg, the fabricated extremely scaled nanotube transistors still 
exhibited similarly abrupt SS, which verifies the suppression 
of the short-channel effects by the intrinsic ultrathin body of 
carbon nanotubes. The device on-state current density was 
compared after normalizing Ion of the nanotube transistor to 
nanotube pitch of 2 and 5 nm, respectively, both of which are 
achievable with the current nanotube assembly processes to be 
discussed in Section 3.2. Under a lower VDS of −0.5 V, the  
nanotube transistors achieved similar (5 nm pitch) or twice 
(2 nm pitch) as high Ion density at −0.5 V VGS with the same Ioff 
of 2 μA/μm, which verifies the capability of scaled nanotube 
transistors to deliver the same or even faster switching speed 
under lower power consumption as enabled by nanotube’s higher 
vinj and lower parasitic contact resistance. The Ion density of 
such 40 nm-footprint nanotube transistors (assuming 2 nm 
pitch) was further compared to those of the highest-performing 
silicon devices with 10 nm Lg under identical Ioff and 0.5 V VDD 
(Fig. 5(d)). We found that the nanotube transistors could deliver 
a pitch-normalized Ion density up to 900 μA/μm, while that of 
the best silicon-based competitors is more than four times lower 
at only about 200 μA/μm [29, 34, 35]. Finally, to benchmark 
our extremely scaled nanotube transistors with incumbent 
silicon transistor technologies on chip level, a device model was 
established based on these experimental results. For nanotube 
transistors with both their Lg and Lc scaled to around 10 nm to 
afford an overall contacted-gate pitch of 30 nm (Fig. 6(a)), which 
exhibit Ion ~ 740 μA/μm, Ioff ~ 2 μA/μm, and SS ~ 83 mV/dec 
as comparable to the values determined in experiment (Fig. 5(c)), 
they would enable more than two-fold faster logic transactions 
under less than half energy consumption in a microprocessor 
based on the International Business Machines (IBM) Power 
7 architecture, compared to what is possible with 7/5 nm 
technology-node silicon transistors (Fig. 6(b)) [52, 53]. All 
these benchmark results have confirmed that carbon nanotubes, 
when incorporated into technology-relevant, extremely scaled 
transistor form factor in experiment, will enable the more-Moore 
scaling of MOSFETs beyond the physical limits of silicon by 
addressing their most critical scaling challenges with nanotube’s 
intrinsic material properties, which therefore put carbon 
nanotube transistors at the forefront in the competition for the 
next switch in high-performance integrated logic circuits. 

3 Manufacturability challenges for carbon 
nanotube transistors 
The next step is to convert what we see in the chip simulation 
(Fig. 6(b)) into a nanotube CPU as a commercial product. 
However, despite the great promise of carbon nanotube transistor  

 
Figure 6  (a) Schematic of the ~ 30 nm contacted-gate-pitch nanotube 
transistor with 10 nm Lg, 12.5 nm Lc, and 2.5 nm Wsp built on closely 
packed parallel nanotube arrays as the channel. (b) Simulated energy 
versus performance for microprocessors built with the scaled nanotube 
transistors displayed in frame (a) (black), as well as 5-nm-node (blue) and 
7-nm-node (red) silicon MOSFETs.   
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technology as discussed in the previous section, it is a daunting 
challenge to manipulate these nanomaterials for the fabrication 
of nanotube transistors with yield and uniformity high enough 
toward very-large-scale-integrated circuits composed of tens 
of billions of devices, as what we can do with silicon. In this 
section, I will discuss the major manufacturability challenges 
for nanotube transistors, the latest progress to address these 
issues, and the remaining obstacles. 

3.1  Obtaining purity level high enough for logic device 

applications 

The first requirement is simply all the nanotubes in the fabricated 
transistors need to be semiconducting. The presence of any 
metallic nanotubes will short the source-drain electrodes and 
lead to unacceptably high Ioff. Semiconducting nanotubes can 
be selectively prepared by chemical-vapor deposition (CVD) 
through adjusting the catalysts and the growth conditions 
[54–56]. However, the achieved purity level by direct synthesis 
so far has been far away from what is required for logic electronic 
applications, where the metallic nanotube counts need to 
below at least 0.1–1 part-per-billion (ppb) to ensure a reasonable 
circuit yield, even with some levels of redundancies built into 
the circuit designs [57]. In comparison, the post-synthesis 
separation, which has made significant progress during the 
past decade, is more mature and promising toward the purity 
target. The enrichment of different electronic types of nanotubes 
can be realized based on three major different mechanisms.   
(1) Charger transfer between nanotubes and the dispersion 

surfactants: As-synthesized nanotubes can be non-covalently 
functionalized by some surfactants and become well-dispersed 
in aqueous or organic solvents. For certain types of surfactants, 
charge transfer could happen between the more electron-rich 
metallic nanotubes and the surfactant molecules. This selective 
charge-transfer reaction leads to lower linear-charge density 
and higher packing density, which further translate into higher 
buoyant density and viscous drag, of the formed metallic 
nanotube-surfactant complexes compared to their semicon-
ducting counterparts. These differences can be utilized for 
their separation into different bands after the density-gradient 
ultracentrifugation (Fig. 7(a)) [58–60] or column chromatography 
[61]. These processes represent the first successful approach to 
get bulk quantities of high-purity semiconducting nanotubes, 
but their major drawback is the relatively low throughput with 
the involvement of complex processing steps such as multiple 
extended ultracentrifugations. (2) Molecular recognition between 
nanotubes and semiflexible conjugated polymers: Some 
semiflexible conjugated polymers, such as aromatic polyfluorenes 
[62], polycarbazoles [63], polythiophenes [64], and even different 
strains of deoxyribonucleic acids (DNAs) [65], can wrap around 
nanotubes with nanotube discriminations by their diameters, 
chirality, and electronic types (Fig. 7(b)). Such selective dispersion 
of semiconducting nanotubes assisted by conjugated polymers 
has better manufacturing scalability and throughput, as it 
merely involves sonicating the nanotube powders in a solution 
of the conjugated polymers followed by a simple low-speed 
centrifugation step to remove the sediments. However, our  
understanding about the influence of polymer backbone 

 
Figure 7  (a) Schematic illustration of the density-gradient-ultracentrifugation method to separate nanotubes based on electronic types (ρ: buoyant 
density; Fcentrifugal: centrifugal force). Reproduced with permission from Ref. [136], © The Royal Society of Chemistry 2013. (b) Polymers that can 
selectively wrap around nanotubes with different electronic types and/or chirality, including DNA, 9,9-dioctylfluorenyl-2,7-diyl and bipyridine (PFO-BPy),
PCz, and region-regular poly(3-dodecylthiophene) (Rr-P3DDT). Reproduced with permission from Ref. [65], © Macmillan Publishers Limited 2009. 
(c) Schematic illustration of the differential charge-transfer redox reaction between O2/H2O couples and nanotubes with different electronic structures as 
explained by the Marcus–Gerischer theory. (d) Optical absorption spectra of unsorted (black), semiconducting-enriched (red), and metallic-enriched 
(black) nanotube aqueous suspensions. Blue and red dashed lines serve as visual guide to mark the positions of M11 and S22 transitions, respectively.
Reproduced with permission from Ref. [61], © American Chemical Society 2013. (e) A collection of subthreshold plots of transfer curves for transistors 
built with purified individual semiconducting nanotubes. Inset: SEM image of a device with a single nanotube spanning the source and drain electrodes. 
Applied VDS is –0.5 V. Reproduced with permission from Ref. [70], © American Chemical Society 2016. (e) A collection of subthreshold plots of transfer 
curves for transistors built with aligned arrays of purified semiconducting nanotubes. Inset: SEM image of a device with ~ 2,200 nanotubes spanning the 
source and drain electrodes.  Reproduced with permission from Ref. [73], © Lu, L. J. et al. 2020.  
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structures, the length of their alkyl side chains, and solvent 
properties on the selectivity of nanotube sorting is still very 
limited, and thus the rational design of the polymer structures 
for better sorting efficacy has not yet been realized [66, 67]. 
(3) Selective redox reactions: The sorting of nanotubes based 
on electronic types can also be accomplished based on the 
difference in their chemical reactivity in redox reactions [68, 69]. 
Since redox reactions involve the transfer of electrons, their 
reaction kinetics and equilibrium are sensitive to the different 
electronic structures of metallic versus semiconducting nanotubes. 
The heterogeneous oxidation of nanotubes suspended in water 
by the dissolved oxygen/water couple is a good example [70]. 
For this charge-transfer reaction to take place, there must be both 
available electrons on the nanotubes and available unoccupied 
states of the O2/H2O couple at the same energy level. Since the 
energy states of the O2/H2O couple can be precisely tuned by 
adjusting the pH following the Nernst equation, at optimized 
pH, this redox reaction only proceeds appreciably for metallic 
nanotubes but at a much slower rate for semiconducting 
nanotubes, where the overlap in energy states between nanotubes 
and the O2/H2O couple is drastically reduced or even eliminated 
due to the presence of the semiconducting nanotube bandgap 
(Fig. 7(c)). As a result, the metallic nanotubes are more easily 
oxidized to bear a positive surface charge, while the semicon-
ducting nanotubes retain their initial negative surface charge. 
Such surface-charge polarity difference therefor enables their 
effective separation using simple column chromatography. This 
method can prepare high-purity semiconducting nanotubes 
with high throughput, with its sorting mechanism quantitatively 
described by the classical Marcus–Gerischer model as guidance 
for rational process optimizations. 

Despite their different mechanisms, techniques based on 
either selective charge transfer, molecular recognition, or redox 
reactions can in fact all produce high-purity semiconducting 
nanotubes. However, a significant challenge is to accurately 
and quantitatively assess the purity level. Optical spectroscopy 
has been widely utilized for its simplicity [71]. The metallic 
and semiconducting nanotubes have different absorption 
peaks associated with the interband transitions between the 
van Hove singularities in their electronic-state densities. The 
suppression of the metallic nanotube peak intensity indicates 
the enrichment of semiconducting nanotubes and vice versa 
(Fig. 7(d)). However, this method only has the capability to 
quantify the semiconducting nanotube purity up to 99%, as 
metallic nanotubes with abundance less than 1% cannot be 
detected in the absorption spectra [61]. Electrical testing as 
the second option can quantify the purity of semiconducting 
nanotubes above 99% (Fig. 7(e)). However, the process is 
tedious. It involves the fabrication of hundreds of thousands of 
transistors each nominally incorporating one or two nanotubes 
as the channel, followed by the characterization of their transfer 
characteristics. The numbers of metallic and semiconducting 
devices are then counted and compared to determine the 
nanotube purity. The purity of semiconducting nanotubes 
sorted based on all three mechanisms has been quantified by 
this approach, and all of them can produce semiconducting 
nanotubes with purity approaching or above 99.99% [61, 70]. 
However, this method has poor scalability toward determining 
the portion of metallic nanotubes in the required part-per- 
million (ppm) or ppb level where millions or even billions of 
nanotube transistors will have to be fabricated and tested. 
One approach to increase the throughput is to have multiple 
nanotubes in the form of aligned arrays as the channel instead 
of individual nanotubes (Fig. 7(f)) [72, 73]. For example, 1,000 
transistors each incorporating ~ 2,200 nanotubes were fabricated  
to verify the purity of semiconducting nanotubes sorted via the 

selective dispersion by poly[9-(1-octylonoyl)-9H-carbazole-2,7- 
diyl] (PCz) molecules to give a record-high purity level above 
99.9999% [73]. However, the throughput is still low as the 
routine material metrology method in the future manufacturing 
process. In addition, the defects associated with either the 
nanotube assembly or the device fabrication process will 
compromise the results, leading to inaccurate estimation of 
the metallic nanotube abundance.  

In summary, various approaches have been developed recently 
to enrich the semiconducting nanotubes to purity above 99.99%. 
Since they are based on different mechanisms, combining 
them orthogonally together is expected to achieve even higher 
purity, potentially close or even surpass the 0.1–1 ppb target. 
However, the lack of reliable and high-throughput approaches 
to quantitatively assess the purity of sorted nanotubes at these 
levels is a significant bottleneck, currently for the refinement 
of the sorting techniques and in the future for the material- 
quality control in the manufacturing process.  

3.2  Placement of purified nanotubes into high-density 

aligned arrays with uniform pitch 

After obtaining high-purity semiconducting nanotubes, which 
are typically suspended as random coils in solvents, the next 
step is to organize them into aligned arrays on solid substrates 
suitable for subsequent device fabrications. The generated 
nanotube arrays must have high density to score high device 
on-state current density and low width-normalized contact 
resistance, and at the same time exhibit uniform pitch with 
low defect density to ensure that roughly the same number 
of nanotubes will be incorporated into each transistor with 
the same channel width for the required device-performance 
uniformity. With these constrains, the approaches where well 
aligned arrays of nanotubes are directly grown on single- 
crystalline substrates by CVD followed by the selective removal 
of metallic nanotubes by chemical, optical, electrical, or thermal 
methods (assembly-first-separation-last) become less attractive 
[74–77]. Because unless 100% pure semiconducting nanotubes 
can be directly synthesized, which might be realized in the 
future but the current progress is still far from this target, the 
removal of metallic nanotubes post-synthesis from arrays will 
inevitably lead to the local change of nanotube density and cause 
performance variability for transistors incorporating them as  
the channel [78]. Therefore, here I mainly focus on the assembly 
of purified semiconducting nanotubes from solution into 
aligned arrays (separation-first-assembly-last), which is more 
technology-relevant in near term given current progress, and 
discuss three most promising strategies.  

(1) Templated assembly on chemically patterned substrates: 
In templating methods, the surface of the substrate can be 
modified chemically and/or geometrically to assist the selective 
placement of nanotubes on specific regions for the generation 
of partially aligned arrays with uniform pitch (Fig. 8(a)). For 
example, the surface of the silicon-wafer substrate can be 
firstly patterned using standard micro-fabrication techniques 
into narrow HfO2 trenches separated by SiO2 barriers. Due to 
their different isoelectric points (1.7–3.5 for SiO2 and 6–7 for 
HfO2), the HfO2 surface can be selectively functionalized with 
4-(N-hydroxycarboxamido)-1-methylpyridinium iodide (NMPI) 
self-assembled monolayer, based on the selective reaction 
between the hydroxamic-acid end groups of NMPI molecules 
and the protonated-HfO2 surface at nearly neutral pH. The 
positive charge on the opposite pyridinium-salt end group can 
then electrostatically bind with the negatively charged sul-
fonate groups of the sodium dodecyl sulfate (SDS) surfactants 
wrapping around the nanotubes in their aqueous suspension,  
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Figure 8 (a) Schematic showing the templated assembly of nanotubes wrapped by SDS on a chemically patterned substrate, where HfO2 trenches are 
selectively functionalized by NMPI. (b) SEM images showing the nanotube arrays assembled with 200 nm pitch on a selectively functionalized HfO2/SiO2

substrate (top), which are further integrated into device arrays with the nanotube placed within one 70 nm-wide trench as the channel for each transistor 
(bottom). Reproduced with permission from Ref. [79], © Macmillan Publishers Limited 2012. (c) Schematic showing the placement of nanotubes over 
wafer scale based on the templated assembly. (d) Schematic showing the Langmuir-Schaefer assembly of nanotubes. (e) SEM image showing the Langmuir 
film composed of high-density aligned arrays of nanotubes over large area. (f) Top-view TEM of the same nanotube array. Inset: high-resolution cross-sectional 
TEM showing the circumference of assembled nanotubes. Reproduced with permission from Ref. [84], © Macmillan Publishers Limited 2013. (g)–(i) SEM image 
(g) and current–voltage characteristics (h) of a 40 nm-footprint transistor (20 nm Lg) incorporating the nanotube arrays assembled by the Langmuir-Schaefer 
process as the device channel. Its transfer characteristics (i) measured under a low VDS of −0.5 V (black) are benchmarked with those of ultrathin-body silicon 
finFET (red, applied VDS = −1 V) and nanowire FET (blue, applied VDS = −1.2 V). Reproduced with permission from Ref. [33], © Cao, Q. et al. 2017. (j) Schematic 
illustration of the evaporation-driven assembly of nanotubes at the liquid-solid-air contact line. (k) SEM images showing the formed nanotube arrays at low 
(top frame) and high (bottom frame) magnifications. (l) Current–voltage characteristics of a 100 nm-Lg transistor incorporating such aligned arrays as the 
channel. Reproduced with permission from Ref. [73], © Liu, L. J. et al. 2020. (m) SEM micrographs highlighting the common defects observed in nanotube 
arrays assembled by the Langmuir-Schaefer process (top frame) and the dimension-limited self-alignment (DLSA) procedure (bottom frame), respectively.  
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and place the nanotube-surfactant complexes within the HfO2 
trenches [79]. For nanotubes suspended in organic solvents, 
11-(4 amino-phenoxy)-1-undecylhydroxamic acid (AMUHA) 
monolayer can be used instead of NMPI, where the amino end 
groups of AMUHA can be converted to diazonium salts in situ 
to bind with the nanotube-polymer complexes through the 
diazo-coupling reaction [80]. In both cases, if the trench width 
is much smaller than the tube length, placed nanotubes can be 
partially aligned due to the spatial confinement as revealed in 
the scanning-electron microscopy (SEM) micrographs of the 
trench arrays post-assembly (Fig. 8(b)) [79]. The shear force 
can be utilized to improve the degree of alignment [81]. The 
nanotubes deposited into each trench can be incorporated 
into transistors, giving an electrically verified placement yield 
above 90% across the wafer. The major benefit of the templating 
method is its high throughput and good scalability into wafer 
scale, as both the surface-functionalization and nanotube-assembly 
steps only involve simply submerging the fabricated wafer 
substrates into the appropriate solution or suspension (Fig. 8(c)). 
However, its capability to generate high-density nanotube 
arrays required for high-performance nanotube transistors has 
not been verified in experiment. It is expected to be quite 
challenging and expensive to pattern the surface structures 
with sub-10 nm pitch over the entire wafer. And even if it can be 
accomplished based on the state-of-the-art extreme ultraviolet 
(EUV) lithography or block-copolymer nanolithography, the 
shrinkage of the pitch inevitably reduces the barrier width 
for the spatial confinement, which will likely increase the 
nanotube crossing defect density. 

(2) Self-assembly by Langmuir−Blodgett/Langmuir−Schaefer 
techniques: Langmuir−Blodgett/Langmuir−Schaefer techniques 
are commonly used to fabricate closely packed superstructures 
of nanomaterials [82], and are also applicable toward the self- 
assembly of carbon nanotubes into highly anisotropic aligned 
arrays [83, 84]. The assembly process (Fig. 8(d)) is carried out in a 
water-filled trough equipped with a pair of mobile barriers 
and a pressure sensor, with ideally the whole setup placed 
inside a high-efficiency particulate air (HEPA) filtered glove 
box on top of an air-suspension table to minimize the impacts  
from particles and vibrations on the assembly quality [84]. Sorted 
semiconducting nanotubes suspended in organic solvent are 
then dispensed on top of the water surface. The key requirement 
here is that there is no non-volatile species within the suspension 
except the nanotube-polymer complexes, as any other non- 
volatile content will be incorporated as defects in the assembled 
nanotube arrays. As driven by the high surface tension of 
water, the suspension spreads to cover the whole air–water 
interface. The organic solvent will quickly evaporate, leaving 
behind the randomly orientated nanotubes floating on water 
surface. The mobile bars then laterally compress the nanotubes 
at a controlled speed. A typical assembly process involves 
multiple compression-release cycles. When compressed to high 
surface pressure, the nanotubes are forced to condense into a 
solid, cohesive film to minimize the inter-tube spacings. When 
released to low surface pressure, the nanotubes are allowed to re- 
orient themselves for the reduction of curving or looping defects. 
At the end of the compression-release cycles, the highest packing 
density will be achieved when the nanotubes are aligned one 
next to another in parallel with the mobile bars. The formed 
arrays can be transferred onto solid substrates by either vertical 
(Langmuir−Blodgett) or horizontal (Langmuir−Schaefer) dip- 
coating. The films are composed of high-density, well-aligned 
arrays of nanotubes over large area as shown in the SEM image 
(Fig. 8(e)). Higher-resolution TEM top-view and cross-sectional 
micrographs (Fig. 8(f)) further reveal that the nanotubes 
assembled are one next to another with the pitch about 2 nm 

as self-limited by the nanotube diameter plus their van der 
Waals separation. The nanotube arrays can be incorporated as 
the channel of scaled transistors to characterize their electrical 
properties (Fig. 8(g)) [33]. These nanotube-array devices exhibited 
excellent performance with on-state current density above   
1 mA/μm (Fig. 8(h)). Their transfer characteristics under the 
same gate-overdrive voltage (VOV, gate voltage applied above 
VT) were benchmarked with advanced silicon finFETs and 
nanowire transistors, illustrating the capability of nanotube 
arrays to deliver the same performance in term of Ion density 
under a much lower power consumption with more than halved 
VDS (Fig. 8(i)). Note here that these transistors adopted the 
end-bonded contact scheme to reduce the parasitic resistance, 
which otherwise would be pretty high in devices with Pd 
side-bonded contacts because of insufficient metal contact area 
for each individual nanotube inside such high-nanotube- 
density arrays [84, 85]. Compared to the templating method, 
the Langmuir−Blodgett/Langmuir−Schaefer techniques produce 
nanotube arrays with the ultimate density of uniform 2 nm 
nanotube pitch. However, the throughput is lower with the 
multiple isothermal compression-release cycles required, and 
their scalability toward the wafer-scale assembly could be 
limited.  

(3) Directed assembly at the liquid-solid-air contact line: The 
evaporation-driven assembly of nanotubes at the liquid-solid- 
air contact line has potential to achieve both high nanotube 
density and high-throughput, wafer-scale deposition at the same 
time. As illustrated schematically in Fig. 8(j) [73], in this process, 
the substrate is immersed into the nanotube suspension, and slowly 
pulled out vertically. The nanotubes, which are randomly 
oriented in the bulk of the suspension, will be pinned along 
the horizontal direction at the liquid–solid–air interface, and 
get deposited onto the wafer surface with the slow evaporation 
of solvent. Convection flow during evaporation then brings 
additional nanotubes to the moving contact line to form 
continuous arrays. The interface properties, the evaporation 
rate of solvent, the pulling rate of the substrate, the nanotube 
concentration in the suspension, and the nanotube-surface 
interactions are all critical parameters determining the nanotube 
density and array structures. This process has been drastically 
improved during the past decade. In the initial demonstration, 
bare SiO2/Si substrates were pulled out of the aqueous 
suspension of nanotubes to produce arrays with density limited 
to 10–20 nanotubes per micron [86]. Confining the nanotubes 
within a thin layer of fast-evaporating organic solvent floating 
on top of the water base helped to increase the density up to 
about 50–60 tubes/μm [87–89]. In the most recent design, 
high-purity semiconducting nanotubes were dispersed in 
trichloroethane and covered by an immiscible low-density 
top-layer organic solvent such as 2-butene-1,4-diol. This 
ultrathin top layer not only helps to limit nanotubes’ rotational 
degree of freedom for better alignment, but also can readily 
spread on the receiving substrate surface with its low surface 
tension to increase the evaporation and deposition rate, which 
further improved the assembled nanotube density up to 
100–200 nanotubes per micron (Fig. 8(k)) [73]. Transistors 
incorporating such nanotube arrays as the channel exhibited 
similar on-state current density compared to those based on 
the nanotube Langmuir films (Fig. 8(l)), while the process is 
more scalable with wafer-scale deposition already demonstrated 
in experiment. 

In summary, the assembly of the high-purity semiconducting 
nanotubes into well-ordered aligned arrays up to 200–500 
nanotubes per micron with uniform 2–5 nm pitch has been 
accomplished in experiment, and these formed semiconducting  
nanotube arrays can be utilized to fabricate transistors with Ion 
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density and transconductance comparable to, or even exceeding, 
those of current silicon transistors. However, for all these processes, 
the density of structural defects in the assembled nanotube arrays, 
caused by either nanotube looping or particulate impurities in 
the nanotube suspensions, still need to be reduced (Fig. 8(m)) 
[73, 84]. Replacing individual nanotubes with small-scale arrays 
as the initial building blocks, which are pre-assembled in 
suspension with the help of carefully designed DNA oligomers,  
might be helpful with their increased dimensions and structural 
rigidity [90–92]. Protocols to visualize and quantify the defect 
density with high throughput over wafer scale are required to 
assist further process optimizations. 

3.3  Constructing reliable and high-performance n- 

channel nanotube transistors 

With high-density semiconducting nanotube arrays becoming 
available, the next step is to integrate them into transistors and 
circuits. High-performance p-channel transistors are display 

in Figs. 8(h) and 8(l). For complementary logic circuits, 
n-channel transistors with reasonably matched performances 
are also required. The electron and hole mobilities in carbon 
nanotubes are comparable to each other, which is a significant 
advantage compared to III-V semiconductors [4]. However, with 
a work function of ~ 4.7 eV, as an intrinsic semiconductor with 
an average bandgap of 0.6 eV, nanotubes, when incorporated 
into transistors employing common air-stable high-work- 
function metals as contacts, typically exhibit p-channel operations. 
To realize n-channel nanotube transistors, a low-work-function 
contact has to be utilized to allow the injection of electrons with 
minimal barrier to the nanotube conduction band (Fig. 9(a)). 
Several rare-earth metals, including yttrium (Y), scandium (Sc), 
erbium (Er), and gadolinium (Gd), have been suggested 
as suitable low-work-function contacts to enable n-channel 
nanotube transistors with performance comparable to their 
p-channel counterparts (Fig. 9(b)) [93–97]. The major challenges 
for this approach are two-folds. First, most of these low-work- 
function metals are air-sensitive. Therefore, ultra-high-vacuum  

 
Figure 9  (a) Band-diagram illustration of n-channel nanotube transistors enabled by a low-work-function metal contact. (b) Transfer characteristics of 
individual nanotube transistors with Pd (black) and Er (red) contacts under low (0.1 V, dashed lines) and high (0.5 V solid lines) source-drain bias. 
Reproduced with permission from Ref. [94], © IEEE 2011. (c) Lc-scaling characteristics of the low-work-function Sc contact to nanotubes. Reproduced 
with permission from Ref. [32], © American Association for the Advancement of Science 2017. (d) Band-diagram illustration of n-channel nanotube 
transistors enabled by electrostatic doping, showing that the carrier type tunneling through the Schottky barrier at contacts converts from holes to 
electrons. Reproduced with permission from Ref. [101], © Macmillan Publishers Limited, part of Springer Nature 2018. (e) Cross-sectional TEM image 
showing the n-channel nanotube FET with the channel covered by the nonstoichiometric doping oxide of HfOx. (f) Transfer characteristics of n-channel 
nanotube transistors with nonstoichiometric HfOx encapsulation and Ti contacts (red) and p-channel nanotube transistors with Pd contacts (blue). 
Applied VDS is |2| V. Reproduced with permission from Ref. [102], © American Chemical Society 2018. (g) Schematic showing the n-channel nanotube 
transistor with dipoles formed across the interface between two oxides within its gate stack. (h) Normalized areal density of oxygen atoms in various 
oxides. Reproduced with permission from Ref. [106], © American Institute of Physics 2009. (i) Transfer curves of a p-channel nanotube transistor with 
Al2O3 gate oxide (black) and an n-channel nanotube transistor with Al2O3/HfO2 bilayer gate stack (red). Applied VDS is |0.5| V. Reproduced with 
permission from Ref. [36], © American Chemical Society 2013. 
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chambers are required for their deposition, and careful 
passivation of both the top surface and the sidewalls of the 
metal electrodes are required to ensure their stability when 
exposed to ambient environment, raising concerns over the 
device reliability, fabrication throughput, and device scalability 
[98, 99]. Second, similar as the side-bonded Pd contacts, the 
parasitic 2Rc of these low-work-function metal contacts to 
nanotubes also increases sharply with the reduction of Lc, and 
the trend could be even worse due to their poor wetting on the 
nanotube surface (Fig. 9(c)) [32]. The end-bonded n-contact 
scheme will be difficult to realize as low-work-function metals 
will prefer to reacting with the gate oxides under annealing, 
instead of with carbon nanotubes to form carbide bonds.  

Another approach is to electrostatically dope the nanotube 
channel by fixed charges in its vicinity. These fixed charges 
help to greatly bend down the energy bands. As a result, the 
Schottky barrier width for electrons to tunnel from high-work- 
function contacts into the conduction band of nanotubes is 
dramatically reduced under further applied positive gate voltage, 
which turns-on the device as an n-channel transistor (Fig. 9(d)). 
These fixed charges could be introduced by employing a thin 
layer of non-stoichiometric dielectrics, such as AlOx, SiNx and 
HfOx, as part of the device gate stack (Fig. 9(e)) [100–102]. Here, 
air-stable metals with intermediate work function, such as 
titanium (Ti), can be used as the source-drain contacts to afford 
n-channel nanotube transistors with performance comparable 
to their p-channel counterparts built with Pd contacts (Fig. 9(f)) 
[102]. The major benefit of this approach is the drastically 
improved device air stability and simplified fabrication process, 
and therefore it is widely used in the construction of large-scale 
complementary nanotube logic circuits [103, 104]. In addition, 
the end-bonded contact scheme with high-work-function, 
carbide-forming metals as contacts can also be potentially 
utilized here instead of side-bonded Ti contacts to address the 
Lc-scaling issue [47]. The major concern is that the intentional 
introduction of these fixed charges within gate dielectrics 
could adversely affect the transistor reliability by increasing 
the time-dependent device VT instability.  

A promising alternative option is to electrostatically dope the 
nanotubes using the dipoles formed at the interface between 
oxides with different oxygen areal density (Fig. 9(g)), instead 
of fixed charges caused by vacancies. When two oxides are in 
contact, oxygen ions tend to diffuse following the density 
gradient. Such movement creates a charge imbalance across 
the interface, and thus a dipole moment [105]. The formed 
dipole moments then electrostatically dope the nanotubes similar 
as fixed charges and thus facilitate the electron conduction. 
However, since this process is driven by structural stabilization of 
the interface, the formed stable Frenkel defects have much less 
impact on the device reliability compared to vacancies (a similar 
strategy has been widely used to tune the device VT for silicon 
transistors since 28 nm technology node) [106, 107]. In this 
approach, the gate stack is composed of two layers of stoichio-
metric oxides. The first layer is only a few atomic-layer thick, and 
is composed of oxides with low oxygen areal density (Fig. 9(h)). 
Another layer of oxide with higher oxygen density will then 
be formed on top as the bulk of the gate dielectric [106]. In 
experiment, because of these dipole moments, nanotube 
transistors employing the Al2O3/HfO2 bilayer gate dielectric 
behaved as n-channel transistors, while those with only Al2O3 
gate dielectric exhibited normal p-channel operations, both 
with high-work-function Pd as the source-drain contacts 
(Fig. 9(i)). In addition to realize reliable n-channel nanotube 
transistors, this approach can also be applied to dope the 
spacer—or source/drain extension—regions of self-aligned 
nanotube transistors. 

In summary, various approaches have been established to 
fabricate n-channel nanotube transistors with performance com-
mensurable with their p-channel counterparts. Complementary- 
type nanotube circuits have been demonstrated, from high- 
performance ring oscillators with gigahertz oscillating frequency 
to fully functional microprocessors comprising more than 
14,000 nanotube transistors [73, 99, 103]. However, the device 
reliability could be a concern due to the adoption of either 
the reactive low-work-function metal contacts or the off- 
stoichiometric gate dielectrics with high fixed-charge density, 
and research to evaluate the nanotube transistor reliability is 
still very limited [108]. 

3.4  Reducing device variability for integrated circuits 

Probably the biggest remaining challenge for the nanotube 
transistor technology is the large device variability. The random 
defects and the pitch variations in the nanotube-assembly 
processes (Fig. 8(m)), as well as the wide distribution of the 
parasitic 2Rc (Fig. 4(j)), could lead to large device Ion variability, 
which I have discussed in previous sections. Moreover, large 
variations are also observed for nanotube transistors in 
terms of both VT and SS. Transfer curves from a collection of 
nanotube transistors built on the same substrate, each with 
1–2 nanotubes as the channel, are plotted in Fig. 10(a) to illustrate 
the severity of the problem [33]: In addition to the spanning 
of the device Ion over two orders of magnitude, the VT varied 
over a range above 1 V, and the device SS changed from 60 up 
to 800 mV/dec. Having multiple nanotubes in parallel as the 
channel helps to narrow the Ion and VT distributions due to 
averaging effects [109], but it degrades the device SS which 
will be dominated by those nanotubes having weak response 
to the applied gate electric field. For example, by randomly 
selecting 25 single-nanotube measurements out of the 600 
displayed in Fig. 10(a) and adding their output currents as if 
they were all connected in parallel, the SS of the simulated 
nanotube-array transistors all become larger than 400 mV/dec 
(Fig. 10(b)), which agrees with what was observed in experiment 
for transistors based on high-density nanotube arrays assembled 
by the Langmuir-Schaefer method as the device channel 
(Fig. 10(c)). 

Therefore, to improve the uniformity and performance of 
nanotube-array transistors for integrated circuit applications, 
the variability has to be minimized on individual nanotube 
basis, and a critical question to ask first is where the variability 
of single-nanotube transistors as displayed in Fig. 10(a) comes 
from. The diameter distribution of the nanotubes accounts for 
only a very small portion of the observed variations, but the 
fixed charges randomly placed at the gate-oxide surface, as 
schematically illustrated in Fig. 10(d), could be a major 
contributor [110]. Since nanotubes are a quasi-one-dimensional 
nanomaterial where carriers cannot pass around local barriers 
as in devices based on conventional bulk semiconductors, 
even a single charge in their vicinity can dramatically affect 
the device operation, both shifting the VT by several hundred 
millivolts and drastically degrading the SS. A microscopic 
Monte-Carlo model was built to quantitatively evaluate the 
impact of such stray charges on the carrier transport through 
a ballistic nanotube channel [111]. With a surface-charge 
density of 5 × 1012 cm−2, which is comparable to the value reported 
for pristine SiO2/air interface as measured by electrostatic- 
force microscopy, this simple model can successfully describe 
the changes of both average VT (Fig. 10(e)) and VT variability 
(Fig. 10(f)) as a function of tox observed in experiment. The 
~ 50% smaller VT standard deviation obtained in simulation is 
largely because the nanotubes in simulation are fully passivated 
by SiO2, which more effectively screens these stray charges  
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with its higher dielectric constant of 3.9, while in experiment 
the nanotubes were exposed to air whose relative dielectric 
constant is around 1 instead. In addition to VT variability, the 
simulation further proved that these randomly placed fixed 
charges on the oxide surface are also an important factor 
responsible for the large SS variations (Fig. 10(g)). These results 
raised a critical question for technology development: Will 
nanotubes’ intrinsic susceptibility to stray charges make it 
impossible for us to control the VT and SS variability of 
nanotube transistors to the level required for very-large-scale 
integration? To answer this question, we ran a simulation to 
predict the VT and SS variations of hypothetical transistors 
composed of five nanotubes in parallel with 2 nm HfO2 as the 
gate dielectric. The fixed charge density on the gate-oxide surface 
is assumed to be 5 × 1011 cm−2, which is 10× smaller than what 
we currently have for unpassivated SiO2 surface but typical for 
the optimized HfO2–Si interface, and the nanotubes are fully 
passivated by HfO2. The reduction of the fixed-charge density, 
the increase of the gate capacitance, and the adoption of 
multiple nanotubes as channel effectively reduce the device VT 
variability with the range of VT shift staying below 75 mV even 
in extreme cases (Fig. 10(h)). It is sufficient to meet the current 
design rule where the maximum VT shift from the average is 
required to be smaller than 150 mV. The worst SS is lower than 
110 mV/dec with the average at about 90 mV/dec, still better 
compared to the best silicon transistors at 10 nm Lg. 

Guided by such mechanistic understanding of nanotube 
transistor variations, the passivation of the oxide surface by 
organic self-assembled monolayers to reduce the surface-charge 
density and the adoption of electrolyte gating to better screen  

these stray charges have both been demonstrated in experiment 
as effective approaches to reduce the variability of nanotube 
devices and improve their SS [73, 112]. But we are still far away 
from the target. For nantube transistors, the gate-all-around 
configuration, where the gate electrode will screen external 
charges, might be particularly attractive, not just for better 
electrostatic coupling but also for minimizing the device 
variability caused by the randomness of stray charges. In parallel, 
we will also need new approaches to conformlly deposit high- 
quality gate oxides on nanotubes with low density of traps at 
the nanotube–oxide interfaces [39]. 

3.5  Qualifying nanotubes in conventional semiconductor 

foundry 

Looking further down the road, even if we have all the 
processes to remove metallic nanotubes below ppb level, align 
nanotubes uniformly into aligned arrays on wafer scale, realize 
reliable p-channel and n-channel nanotube transistors with 
comparably high performance, and control the device variability 
to an acceptable level for integration, we will still face a critical 
challenge of transferring the manufacturing of the nanotube 
transistors and circuits to a commercial semiconductor foundry 
where chips based on silicon transistors will be fabricated in 
parallel: Considering the inertia around silicon and the cost of 
the leading-edge semiconductor fabs, nanotubes must make 
themselves compatible with the silicon foundry otherwise the 
risk would be too high for any commercial company to 
absorb. Semiconductor fabs have extremely stringent limits on 
chemical and particulate contaminations to ensure the device 
yield, which is critical to their commercial success [113, 114].  

 
Figure 10  (a) Transfer characteristics of 635 transistors each built on nominally a single nanotube as the channel. Applied VDS is −0.5 V. (b) Simulated 
transfer curves of nanotube-array transistors where the carrier transport through 25 nanotubes randomly selected out of the collection displayed in (a) are 
added as they are connected in parallel. The red dashed line serves as a visual guide to illustrate the minimal SS obtained as above 400 mV/dec. (c) Measured
transfer characteristics of a nanotube-array transistor with 50–100 nanotubes as the channel displayed in both linear (symbols, left axis) and logarithmic 
(lines, right axis) scales under low (−0.05 V) and high (−0.5 V) source-drain bias. The black dashed line serves as a visual guide to illustrate the SS
obtained at around 500 mV/dec. Reproduced with permission from Ref. [33], © Cao, Q. et al. 2017. (d) Schematic illustrating the randomness of stray 
charges at the oxide surface affecting the performance variability of nanotube transistors. (e) and (f) The change of the average VT (e) and the standard 
deviation of VT (σ(VT)) as a function of the SiO2 gate dielectric thickness (tox) for single-nanotube transistors as determined by experiment (black) and 
predicted in simulation (red) where only the contribution from the fixed random distribution of charges at the oxide surface is considered. Inset: device 
cross-sectional schematics for the devices in experiment versus in simulation. (g) The distribution of SS for nanotube transistors with tox = 2 nm as 
determined in experiment (black) and predicted in simulation (red). Reproduced with permission from Ref. [111], © American Physical Society 2015. (h) 
Simulated VT distribution for planar nanotube transistors with 5 nanotubes in parallel as the channel, and 2 nm HfO2 as the gate dielectric. The oxide 
surface-charge density is assumed to be 5 × 1011 cm−2. Inset: device cross-sectional schematic. 
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It therefore requires that the deposition of nanotube arrays 
cannot introduce virtually any particles or metal ions to the 
wafer surface, which will not only affect the yield and uniformity 
of nanotube transistors but also contaminate the processing 
tools. However, it is extremely difficult for carbon nanotubes: 
The growth of nanotubes involves the use the metal nano-
particles as the catalyst. The dispersion of nanotubes in solvents 
involves the high-power ultrasonication where the metal ions 
from the sonication tip could leach into the nanotube suspensions. 
The various chemicals used in the purification and dispersion 
of nanotubes, especially those organic surfactants, are not 
electronic grade and could contain various metal ions and 
organic/inorganic particles. It requires a lot of careful engineering 
work to firstly identify the sources of all these contaminations, 
and then remove them from the process flow of nanotube 
transistors. However, we currently lack appropriate venues to 
support associated research and development efforts: It is clear 
beyond the scope of conventional academic research, but without 
establishing the compatibility, nanotubes will not be welcome 
even at semi-production lines in industry research labs. 

Despite the difficulty, we have started to see some promising 
initial efforts. Shulaker group at Massachusetts Institute of 
Technology teamed up with Analog Devices and SkyWater 
Technology [115]. They have successfully qualified the deposition 
of nanotubes and the fabrication of nanotube transistors 
within existing silicon manufacturing facilities (Fig. 11(a)). 
Nanotube transistors with high yield and uniformity can be 
fabricated across 200 mm-diameter wafers (Fig. 11(b)). Under 
optimized conditions, none of the contaminations listed in  
Fig. 11(c) was identified by inductively coupled plasma mass 
spectrometry on the wafer surface after nanotube deposition. In 
the future, high throughput inline contamination measurement 
techniques, such as the energy dispersive X-ray spectroscopy, 
surface photo-voltage analysis, and total X-ray reflection 
fluorescence, need to be integrated with the processing of 
nanotubes, which requires close collaboration among research 
teams, semiconductor foundries, and tool companies. In addition, 
appropriate channels need to be established so that the best 
practices can be shared in the field but the trade secrets and 
intellectual properties of industry partners can also be adequately 
protected.  

4  Outlook 
Since their first report in 1998 [9], carbon nanotube transistors 
have been acclaimed as one of the most viable options to take 
torch from silicon-based MOSFETs as the “next switch” in 
extremely scaled, high-performance logic chips. After 20 years of 
sustained efforts by the globe scientific community, the scaling 
advantages of nanotubes, resulting from their intrinsically high 
carrier saturation velocity, nanometer thickness, and favorable 
contact-scaling characteristics, have all been well established 

in experiment [31, 32, 46, 50]. High-performance nanotube 
transistors with merely 40 nm overall footprint have been 
fabricated and they experimentally confirmed the attractive 
properties of nanotubes at extremely small device dimensions 
compared to what is possible with silicon [33]. 2–3 times 
better performance under 2–3 times lower energy consumption 
is expected by taking such devices as drop-in replacement of 
silicon MOSFETs in current microprocessors [53]. Regarding 
manufacturability, semiconducting nanotubes with purity above 
99.9999% have been prepared in bulk quantity, and they can 
be placed as parallel arrays with uniform 2–5 nm pitch [73, 84]. 
Both p- and n-channel nanotube transistors are fabricated in 
yield high enough for the realization of complex complementary- 
type large-scale integrated circuits [103]. Nanotubes have 
entered the door to some commercial semiconductor foundries 
[115]. The device variability remains a critical issue, but the 
key contributor has been identified with various options on the 
table to keep it under control [111]. It is clear that nanotube 
transistors have successfully evolved from toys in research labs 
to a serious device technology, and therefore they are attracting 
interest and investment from not only federal agencies but 
also the semiconductor industry as led by companies including 
IBM, Taiwan Semiconductor Manufacturing Company (TSMC), 
and Analog Devices, as well as many startups such as Nantero 
and Carbonics.  

Despite the impressive progress made by the whole com-
munity, it is still a grand challenge with many loose ends to 
tie up. Many are correlated with the metrology and quality 
control. For example, high-throughput and high-sensitivity 
techniques to detect metallic nanotubes and the structural 
defects in assembled nanotube arrays have yet to be developed. A 
combination of advanced optical spectroscopy, high-throughput 
electron microscopy, and machine-learning-assisted image 
analysis are likely required. Others are mainly about the device 
uniformity and reliability. The 2Rc, Ion, VT, and SS variations of 
nanotube transistors need to be dramatically reduced, possibility 
based on material-device-process co-optimizations. Existing 
works on nanotube device reliability are very limited [108], 
and it is expected to be a significant problem with current 
largely unoptimized nanotube–metal and nanotube–dielectric 
interfaces. Silicon-compatible processing protocols of carbon 
nanotubes need to be standardized. Many of these problems 
are beyond the capability of individual research groups and 
even single sectors of the semiconductor industry.  

Given these challenges, totally replacing silicon with carbon 
nanotubes in our logic chips may not happen immediately. 
However, nanotube transistors are indeed getting ready for 
some niche applications, where their unique properties have 
already given them significant advantages over most of     
the competitors while their remaining challenges can be 
accommodated. First, because nanotubes can be deposited at 
room temperature from their suspensions, and fabricated into 

 
Figure 11  (a) and (b) Nanotube-processing station (a) housed within a commercial silicon foundry to deposit nanotube random networks with good
uniformity over 200 mm-diameter wafers (b). (c) A partial list of potential contaminants that need to be removed from the nanotube suspensions.
Reproduced with permission from Ref. [115], © Bishop, M. D. et al. 2020.  
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high-performance transistors within a low thermal budget, 
nanotube transistors are especially suitable for the monolithic 
3D integration on top of silicon chips with nanotubes’ better 
electrical properties compared to competitors, such as low- 
temperature-deposited polycrystalline silicon and semiconductor 
metal oxides (Fig. 12(a)) [116–118]. These monolithic 3D- 
integrated circuits offer multiple advantages over the con-
ventional planar-2D architecture, which include increasing the 
communication bandwidth through high-density inter-layer 
vias, reducing the interconnect power dissipation through more 
efficient vertical routing, and achieving higher device integration 
density without further scaling down the size of individual 
transistors [119–121]. Here, for instance, the nanotube transistors 
may not be used for constructing digital circuits for computing 
but driving the resistive-random-access memory cells integrated 
together at the back-end-of-line stack (Fig. 12(b)) [116, 117]. 
Therefore, the device performance and uniformity requirements 

could be somewhat relaxed. Second, in addition to their low- 
temperature processing, nanotubes’ intrinsic ultrathin body 
and strong mechanical strength make them an ideal material 
candidate for building mechanically robust flexible electronics  
on plastic substrates. These flexible nanotube transistors can 
be integrated into complex digital circuits (Fig. 12(c)) and 
complementary-type ring oscillators with sub-10 nanosecond 
stage delay (Fig. 12(d)) [101, 122–124]. Their performances, 
even based on nanotube random networks, are substantially 
better compared to flexible electronic circuits built on con-
ventional materials such as amorphous silicon and organic 
semiconductors, and therefore they are particularly attractive 
for the emerging edge-computing and Internet-of-things (IoT) 
applications. Moreover, with the solution-based process, the 
deposition of nanotube films can be easily scaled up to cover 
large area. Therefore, in addition to high-performance electronics, 
carbon nanotubes are also attractive for flexible macroelectronics  

 
Figure 12 (a) Schematic illustration of a monolithic 3D-integrated chip with nanotube sensors and logic circuits fabricated on top of a silicon chip with
high-density interconnects for high bandwidth interlayer communications. Reproduced with permission from Ref. [116], © Macmillan Publishers Limited,
part of Springer Nature 2017. (b) False-colored SEM micrograph showing the nanotube select transistor integrated with two resistive random-access 
memory (RRAM) cells and a silicon pass transistor on different layers, which are connected through interlayer vias (ILVs). Reproduced with permission
from Ref. [117], © IEEE 2014. (c) Optical image of a medium-scale integrated circuit composed of 88 nanotube thin-film transistors on a flexible kapton 
substrate. (d) Oscillation frequency (fo) as a function of the applied drive voltage VDD for a five-stage ring oscillator based on flexible nanotube thin-film 
transistors. Inset: output waveform with the oscillation frequency of 17.6 MHz. Reproduced with permission from Ref. [101], © Macmillan Publishers 
Limited, part of Springer Nature 2018. (e) Optical image of an artificial “electronic skin” with carbon nanotube active matrix for pressure sensing and 
mapping over large area on curved surfaces. Reproduced with permission from Ref. [126], © American Chemical Society 2018. (f) Tilted-view SEM micrograph 
showing the nanotube RF transistor with semiconducting nanotube arrays as the channel and T-shaped metal gate to minimize parasitics. Reproduced 
with permission from Ref. [134], © Rutherglen, C. et al. 2019. (g) The improvement of the cutoff frequency for nanotube RF transistors (blue dots) over
the past decade, in comparison with the performance of silicon RF MOSFETs (red dashed line) and GaAs HEMTs (green dashed line). (h) The low-frequency
linearity ratio (OIP3/Pdc) of state-of-the-art nanotube RF transistors (blue dots) in comparison with that of commercial silicon RF MOSFETs (red squares) 
and GaAs HEMTs (green triangles). Reproduced with permission from Ref. [127], © Cao, Q. 2019. (i) Optical image of three individually diced nanotube RF 
transistors wire-bonded into dual in-line package to realize a radio together with some other passive components. Reproduced with permission from
Ref. [135], © The National Academy of Sciences of the USA 2008. 
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where the circuits need to spread cost-effectively over large 
area as interface with environment and even human body [125]. 
For example, nanotube films deposited from solution on large- 
area (5” square) plastic substrates can be used together with 
pressure-sensitive rubber to realize a type of flexible artificial 
“electronic skin” with high tactile spatial resolution and fast 
response to detect complex objects with excellent accuracy as 
future human–machine interface (Fig. 12(e)) [126]. Since those 
devices will likely be fabricated using dedicated large-area- 
applicable printing or shadow evaporation equipment, the process 
compatibility of carbon nanotubes with silicon will be of less  
a concern. In addition, the large device size helps to improve 
the device uniformity by averaging effect with each transistor 
employing thousands of nanotubes as the device channel. Finally, 
the exceptional electrical properties and the favorable scaling 
characteristics of carbon nanotubes, as well as their intrinsically 
linear amplification of input signals ensured by their 1D charge 
transport, make nanotube transistors especially suitable for radio- 
frequency (RF) applications, particularly in the high-frequency 
regime beyond the capability of conventional silicon-based RF 
devices [127, 128]. With the continuing efforts to improve the 
nanotube–metal contacts and increase the density of aligned 
semiconducting-enriched nanotube arrays as what I described 
in detail in previous sections, as well as the improvement of 
the gate electrode design to minimize the parasitic resistance 
and capacitance (Fig. 12(f)), the performance of nanotube 
RF transistors have been increasing steadily during the past 
decade [129–133]. Both their cut-off frequency (Fig. 12(g)) and 
the signal linearity in term of the output third-order intercept 
point (Fig. 12(h)) have surpassed those of silicon RF MOSFETs 
and approached the metrics of commercial GaAs HEMTs 
[134]. Compared to logic transistors, the performance of RF 
devices is relatively insensitive to Ioff, and therefore the requirement 
on the semiconducting nanotube purity is greatly relaxed. In 
addition, compared to logic circuits composed of billions of 
transistors, these RF devices in many applications are individually 
tested, diced, and packaged. Therefore, the current problems 
associated with the variability and yield of nanotube transistors 
can be tolerated. Figure 12(i) shows a system where three 
individually packaged nanotube RF transistors were used as RF 
amplifier, RF mixer, and audio amplifier to receive, demodulate, 
and amplify signals broadcasted by commercial radio stations 
[135]. I believe that the commercialization of carbon nanotube 
transistor technology will likely start from one of these niche 
applications. Only after it happens, people can then begin 
gathering experiences and know-how on the production of 
nanotube transistors on industry scale, and learn how to 
reduce the device variability and improve the device yield in 
a manufacturing setting, which will eventually pave the road 
toward the adoption of carbon nanotube transistors in the 
much more demanding high-performance logic chips.  

To summarize this review, carbon nanotube transistors have 
gone a long way toward commercialization. The long-term 
“Holy Grail” goal is to replace silicon in MOSFETs and help us 
sustaining Moore’s law beyond the physical limits of silicon. 
The recent progress has suggested that it is not only scien-
tifically attractive with the unique intrinsic properties of nanotubes 
but also technologically feasible. In the meantime, we expect 
to see sooner adoption of nanotube transistors in other niche 
applications in near term, which would be essential to build the 
critical mass around this technology toward commercialization. 
In recently years, we have witnessed the resurgence of interests 
in nanotubes from academia together with the increasing 
research and development activities around nanotubes from the 
semiconductor industry. For nanotube transistors to safely 
traverse the last miles in the valley of innovation death, and for 

the society to see the decade-long investment in this technology 
to finally pay off, a strong public-private partnership and 
collaborations across different sectors of the semiconductor 
industry are more important than ever. 
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