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ABSTRACT RF CNTFETs are one of the most promising devices for surpassing incumbent RF-CMOS
technology in the near future. Experimental proof of concept that outperformed Si CMOS at the 130 nm
technology has already been achieved with a vast potential for improvements. This review compiles and
compares the different CNT integration technologies, the achieved RF results as well as demonstrated RF
circuits. Moreover, it suggests approaches to enhance the RF performance of CNTFETs further to allow
more profound CNTFET based systems e.g., on flexible substrates, highly dense 3D stacks, heterogeneously
combined with incumbent technologies or an all-CNT system on a chip.

INDEX TERMS Carbon nanotubes, CNTFET, radio frequency, cut-off frequency, maximum oscillation
frequencies, linearity, RF circuits, compact modelling.

I. INTRODUCTION
Among the many emerging technologies being investigated
for extending the life of CMOS technology, single-walled car-
bon nanotube (CNT) field-effect transistors (FETs) have be-
come one of the frontrunners. This is attributed to the superior
material properties of CNTs. E.g., compared to graphene, the
reasonable bandgap of CNTs enables the realization of tran-
sistors having much lower leakage current and much higher
radio-frequency (RF) power gain. CNTs exhibit a much higher
carrier mobility than 2D transition metal dichalcogenide ma-
terials (such as MoS2), thus allowing to build transistors
with much higher operating frequencies and current drive

capability. Compared to incumbent bulk material (such as sil-
icon and In(Ga)As), the saturation velocity is at least a factor
two higher and scattering is exclusively limited to ±180°,
resulting in a higher current carrying capability (e.g., [1],
[2]), temperature stability and electrothermal ruggedness [3]
as well as in lower power dissipation and thermal noise [4].
Furthermore, CNTs enable to easily build chemical, biolog-
ical and irradiation (e.g., THz) sensors with superior detec-
tivity (e.g., [5], [6]). Metallic CNTs allow realizing intercon-
nects [7], [8], and the low-mass and high mechanical stabil-
ity of CNTs enables micro-electromechanical devices with
much higher frequency than with incumbent materials [9].
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FIGURE 1. Progression of CNTFET technology achieved by Carbonics Inc. in
terms of extrinsic transit frequency is closing the gap with the incumbent
FET technologies [12].

The combination of all these features offered by the same
material induces the vision of an all-CNT system-on-a-chip
(SOC), powered possibly by on-chip CNT or graphene based
supercapacitors.

Many of the functionalities listed above have already been
demonstrated stand-alone, but not necessarily with the re-
quired performance, making the all-CNT SOC rather a long-
term vision. So far, the major focus of CNTFET related re-
search has been on applications for chemical sensors and
digital electronics (e.g., [10], [11]). Since channel formation
can be a cold process and due to the thermal ruggedness
of CNTs, stacking CNTFET layers is considered as a major
advantage over conventional materials. Thus, increasing the
packing density has driven the effort of building CNTFET
based microprocessors [11]. Other features of the all-CNT
SOC, such as integrated circuits (ICs) with CNTFETs for RF
applications have not been realized so far due to the lack of a
suitable back-end-of-line (BEOL) for RF passives. However,
experimental results of the latest 110 nm CNTFETs from
Carbonics Inc. achieve, averaged over 107 devices, extrinsic
unity current gain cut-off frequencies of about 80 GHz (cf.
Fig. 1) and slightly over 100 GHz for “hero” devices [12].
These results are now in the same range as the 90 GHz for
130 nm CMOS, despite the just 50 CNTs per μm channel
width and an average current of about 5 μA per tube. Both
values are still far below the theoretically achievable density
of about 600 CNTs per μm (at 1.5 nm diameter) and the
already measured drain current of more than 20 μA per tube
[1], [13], [14]. Considering this recent progress, one can now
safely expect the HF (high-frequency) performance of CNT-
FETs to significantly exceed that of RF-CMOS (for a given
lithography node) in near future, making a near-term entry in
the low-GHz RF market more probable than the realization of
competitive large-scale digital circuits.

This paper provides an overview on the present status of
CNTFETs for RF applications. Starting in Section II, the
process technology for building multi-tube RF CNTFETs is
described, followed by selected electrical results. Existing
modeling approaches and tools are discussed in Section IV.

Section V gives an overview on RF circuits built so far,
ending with a simulation based performance comparison to
130 nm RF-CMOS using the same RF passives. Finally, future
development and obstacles to be overcome are discussed.

II. DEVICE TECHNOLOGY
Over a decade ago, the theoretical and experimental single
nanotube device work had laid the foundation that CNT-
FET technology would possess remarkable electrical trans-
port properties. However, realizing this in practical multitube
devices for RF applications would require material advances
largely related to overcoming the engineering challenges of i)
obtaining high purity semiconducting CNTs and eliminating
their metallic counterparts and other impurities (high output
conductance), ii) assembling those CNTs into dense aligned
arrays (high currents), and iii) achieving low contact resis-
tance [15]. An important figure of merit for evaluating the RF
device performance is the extrinsic unity current gain cut-off
frequency fT, which is approximately given by [15]

fT = fT,intrinsic

⎛
⎝ 1

1 + Cw
Cgg1

d

⎞
⎠ (1)

where fT,intrinsic is the transit frequency without any parasitic
capacitances, Cgg,1 is the gate capacitance of an individual
CNT, d is the average pitch between nanotubes, and Cw is the
parasitic capacitance per gate width. Recently, huge progress
has been made overcoming the above mentioned challenges
allowing the underlying intrinsic CNT properties to materially
manifest more. This has pushed fT results for CNTFETs to
within par with incumbent RF-CMOS technologies as shown
in Fig. 1.

Presently, there are two main approaches towards devel-
oping wafer-scale CNTFET technology. The first approach is
to use post-processed CNTs. In this method, CNTs obtained
from bulk growth are then separated in solutions according to
their electronic type. The separating techniques employed are
density gradient ultracentrifugation, dielectrophoresis sepa-
ration, polymer wrapping, gel-chromatography, and others
[16]. While all approaches enrich the semiconducting content
only polymer wrapping and gel chromatography possess the
potential to separate CNT material on a large scale. This
solution based CNT processing generated enthusiasm about
high purity semiconducting CNTs above 99.9%. However, the
post-processed CNTs normally possess an enhanced level of
structural defects induced from the purification and dispersion
processes [17]. Moreover, their surface and potentially
interior as well is wrapped with surfactant or polymer which
can be challenging to remove. These issues have inspired an
alternative CNT synthesis and integration approach, which
is to directly grow CNTs on a Silicon (Si) substrate by a
catalytic Chemical Vapor Deposition (CVD) method. CVD
grown CNTs have been shown to exhibit superior material
quality for single tube devices. They can carry higher current
and deliver higher gain (gm) [18], [19]. Also, CVD growth
allows control to synthesize CNT in-situ by controlling
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the catalyst deposition sites [13], [20]. In addition, the as
demonstrated CVD approach is fundamentally and practically
suitable for commercial-grade manufacturing of 4′′ and even
larger wafers. Aligned nanotubes are realized via directed
gas flow [21]–[25], applied electric fields [26], [27] and
interactions with the substrate. In particular, CVD fabricated
CNT arrays on single-crystal substrates like quartz or sapphire
[28]–[38] were considered as ideal type of CNT materials
for RF FETs because of high-quality (high density, alignment
and clean surface). Typically, carbon nanotubes with length
of over 100 μm, linear density of 10–100 tubes/μm and
alignment angle less than 0.01° could be achieved.

The main challenge of the CVD growth method to date is
the yield of semiconducting CNTs and the high thermal load
on the substrate during synthesis. The high amount of metallic
CNTs mainly reduces the on/off ratio and the output resistance
and thus the power gain for a given frequency of operation.
Many attempts to selectively remove the metallic nanotubes
from the semiconducting ones have been developed. Various
gas-phase or plasma-etching approaches [39], [40], selective
electrical breakdown of metallic CNTs [41], microwave/laser
radiation based approaches [42]–[44] or nanoscale thermo-
capillary flows [45]–[49] have been exploited to enhance the
semiconducting CNT content.

Although the on/off ratio could be improved to 104, these
selective etching approaches induce other effects, such as
mobility degradation, breakdown residuals in the channel re-
sulting in enhanced parasitic capacitances, device to device
variation and additional processing effort.

Regarding semiconducting type-enhanced CVD growth,
progress has been made through cloning of semiconducting
CNTs [50], [51], integration of molecular seeds [52]–[54],
specific catalyst configurations [55] and engineered catalyst
particles. For the latter approach the catalyst particles have
been externally synthesized and subsequently deposited on the
substrate. Thereby, the size of the particles and the spacing be-
tween them are very well controlled. So far, from those meth-
ods only catalytic CVD reached a sufficient practical level in
terms of type purity as well technological applicability for
RF applications. Nevertheless, there are still huge challenges
accompanied by high processing temperatures, which restrict
integration scenarios to simple substrates without already inte-
grated structures and electronics. To circumvent this drawback
transfer processes, even combined with intermediate metallic
removal steps [56], are preferable. Also the carrier mobility of
CNTs on quartz is several times lower than on silicon dioxide.
This necessitates the substrate transfer process of the aligned
arrays any way.

The other widely-used method for producing RF CNTFETs
is the ‘preparation from solution’ [57]. To achieve semicon-
ducting purities of above 99.9%, a simple and highly scalable
polymer-based solution sorting method is often used. When
CNTs are dispersed with a conjugated polymer, the semi-
conducting CNTs will be solubilized and the semiconducting
CNTs selectively stabilized within the CNT dispersion while
the metallic tubes bundle and precipitate from the solution

FIGURE 2. Aligned CNT arrays prepared by (a) directed CVD growth [25]
(b) FESA using Carbonics Zebra technology [12] (c) DLSA method [77],
[80]. Reproduced with permission from [12], [25], [71], [77], [80].

[58]. These solubilized CNTs can then be deposited into dense
aligned arrays using various deposition techniques.

Dip-coating, incubation [59], spin-coating [60] or printing
like techniques [61] are simple approaches to form randomly
oriented CNT layers, inducing performance degradation
though due to CNT-CNT junctions and crossings caused
by random CNT orientation in the channel. Aligned CNT
arrays from ‘solution’ on a substrate have been realized
by Langmuir-Blodgett/Langmuir-Schaefer [62], [63], dielec-
trophoresis [61], [64]–[69] or evaporating-droplet [62], [70]–
[73], approaches. Y. Joo et al. have demonstrated a self-
assembly process called FESA (floating evaporative self-
assembly) [74] resulting in the ZEBRA process developed
at Carbonics. There, the high-purity CNTs are dispersed in a
chloroform solvent and dropwise applied on a water surface as
shown in Fig. 2(b). [12], [75]. As a vertically oriented wafer
is slowly extracted from a water bath, a series of stick-slip
events at the water/chloroform-wafer interface cause CNTs to
deposit on wafer in a monolayer of dense (40–60 CNT/μm)
and horizontally aligned (with the water surface) CNTs.

An innovation of the ZEBRA process was it produced
a nearly continuous region of aligned CNTs within the
deposition area without the limitation of periodic low-density,
non-aligned CNT bands [12]. The Langmuir-Blodgett
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FIGURE 3. (a) sketch of a T-shape top gate on 4′ ′ wafer and (b)
corresponding SEM image, (c) SEM image [12] in false colors depicting a
multifinger buried gate CNTFET on an 8" wafer. Reproduced with
permission from [61].

technique yields linearly aligned tubes with 30–50 tubes/μm,
whereas a very high density of about 500 tubes/μm is
achieved by dielectrophoresis, which suffers though from
weak gate modulation and reduced current density owing to
thick multi-layer CNT films and serious tube-tube screening
effects. Although this ‘solution’ approach is still not perfect,
it has become the mainstream method [76] for aligned CNT
arrays featuring high purity and density. In 2020, a group from
Bejing University developed a multiple-dispersion & sorting
process and a dimension limited self-alignment (DLSA) pro-
cedure [77] to prepare 4-inch wafer-scale well-aligned CNT
arrays with a density of approximately 120–140 CNT/μm at
a very high semiconducting purity of over 99.99%.

After CNT deposition, the surfactants or polymers have to
be removed from the CNTs in order to achieve low-ohmic
CNT-to-metal contacts, avoid hysteresis and maintain a high
conductivity under bias conditions. While ionic surfactants are
usually cleaned by a combination of a water, acid and thermal
treatment [68], the polymer removal is more complex. To
disperse the CNT typically PFO-based copolymers are used
with the PFO monomer unit dispersing the CNTs and a second
monomer unit to facilitate the polymer removal [78]. Thus, the
cleaning procedure is adapted to the copolymer. The copoly-
mer PFO-BPy features the best selective dispersing properties
and is widely used but is rather difficult to remove. Joo et al.
[79] have described a method to initially collapse the polymer
and subsequently remove it from the CNTs.

Two RF CNTFET architectures have been reported in the
literature, namely a top gate and a buried gate approach.
While the best RF results until now were demonstrated with
self-aligned T-shaped top gate devices, a buried gate device
geometry has several advantages. According to Mothes et al.
the parasitic capacitances are reduced and a higher control of

the CNT-metal heterojunction is obtained [81], [82]. More-
over, it allows an unrestricted alignment of the gate electrode
within the channel, enabling symmetrical and asymmetrical
source-/drain- to gate spacers down to 0 nm, with the option
to optimize the device for high linearity and breakdown volt-
age. Furthermore, access to the CNT top region is enabled,
allowing for subsequent electrostatic doping approaches or
sensor functionality. However, the alignment with respect to
the source and drain electrodes is technologically challenging.
Following this approach RF CNTFETs have been fabricated
on 8′′ wafer [61].

In contrast, following the self-aligned T-gate approach
guarantees an excellent alignment because the top of the T-
gate is used as a shadow mask for the source-drain contact
metal. However, this approach too has its drawbacks since
it constrains the T-gate top dimension to be the same as the
channel spacing. Using the precision alignment of the ebeam
lithography tool, these dimensions can be decoupled by ap-
plying the source-drain pattern first, to minimize the channel
length, and the T-gate last to maximize its T-shape gate-head
dimension. This approach is depicted in Fig. 3(a–b). More-
over, the bulky gate design results in a reduced gate resistance
at the expense of somewhat higher parasitic capacitance. The
gate resistance can be further reduced by a multi gate-finger
design [61].

III. ELECTRICAL RESULTS
Over the past decade, performance of multitube CNTFETs
built with both CVD grown and solution-processed CNTs
have improved significantly. Before 2009, several preliminary
works [19], [83]–[89] on RF performance of FETs based on
film-like CNTs were published, representing the beginning of
CNT based RF electronics. However, all of the intrinsic results
were below 30 GHz mainly due to low purity. The extrinsic fT
of these CNTFETs have been increased from a few hundred
MHz up to recently 100 GHz [83]–[87], [90]. In 2011, RF
Nano Co. demonstrated a 4′′ wafer CNTFET process with
extrinsic values of fT and maximum oscillation frequencies
fmax around 10 GHz [13], [20], [89]. The CNT material used
for that 4′′ process was grown in-place directly on the sub-
strate using CVD. The device had a source-drain distance of
800 nm, with a CNT density about 6∼7 CNTs/μm and no par-
ticular enhancement of semiconducting to metallic CNT ratio
(i.e., only about 2/3 semiconducting CNTs). Even without
the benefit of selectivity, the results demonstrate the quality
of the tubes achievable from CVD growth and the reliability
and repeatability of the CVD process itself. Following this ap-
proach Y. Che et al. demonstrated in 2013 a CNTFETs with an
extrinsic fT of 25 GHz and a 100 nm channel length [91]. For
solution integrated CNTs with 300 nm gate length, fT = 9 GHz
along with fmax of 3 GHz was achieved in 2009 by enhanc-
ing semiconducting purity [88]. In 2012, IBM fabricated RF
CNTFETs by dielectrophoresis-assembled CNTs with 100 nm
Lg and pushed extrinsic fT to 7 GHz and the extrinsic fmax

up to 15 GHz [92]. After 2012, the USC group published a
series of works [91], [93]–[97] on RF CNTFETs fabricated
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by solution-based networks and solution-based aligned CNT
arrays, all with a T-shaped gate structure for gate resistance
reduction. Especially in 2016, Cao et al. from USC fabricated
RF CNTFETs based on polyfluorene sorted aligned CNT ar-
rays prepared by a dose-controlled, floating evaporative self-
assembly approach. Process optimization yielded a current
density of 350 μA/μm and a transconductance of 310 μS/μm
along with extrinsic fT and fmax of 70 GHz [95]. In 2019,
the PKU group published results [90] based on a solution-
derived randomly oriented CNT films with a transconduc-
tance up to 380 μS/μm. Due to the high density combined
with successful channel length reduction, the extrinsic fmax

exceeded 100 GHz for 30 nm gate length devices, representing
the best extrinsic (only pad de-embedded) performance to
date.

Recently, Carbonics demonstrated device performance in
key metrics that are beginning to challenge incumbent tech-
nologies such as GaAs pHEMTs and RF-CMOS [12]. Their
breakthrough performance was attributable to using densely
aligned (40–60 CNT/μm), high purity (>99.9% semiconduct-
ing) CNT arrays and various process related improvements.
When averaged over the top fifteen 100 nm gate-length T-gate
devices from one 4-inch single-crystal quartz wafer, the as-
measured performance was RF gm,avg = 330 μS/μm, extrinsic
fT,avg = 77 GHz and fmax,avg = 99 GHz with the champion
device having an extrinsic fT =106 GHz. This compares fa-
vorably to 130 nm RF-CMOS (Lg ≈ 100 nm) with an fT of
90 GHz [82] and is closing in on 100 nm gate-length GaAs
pHEMT technology with an fT of 130 GHz [83]. Fig. 4(a, b)
shows select device data while Fig. 4(c–f) depicts histograms
of aggregate data from 227 devices. It was also observed
that these CNT-FETs produced a higher fT/gm value which
suggests that as gm is further increased towards its potential
upper-bound (≈20 μS per CNT), or 3x in our case, one can
project a much higher fT upwards of 300 GHz for devices with
an Lg ≈ 100 nm.

Despite the potential intrinsic linearity, several early the-
oretical works [81], [99]–[101] analyzed realistic CNTFETs
and pointed out three strict conditions should be met for
high linearity: 1) ballistic single-subband transport, 2) ohmic
contacts and 3) quantum capacitance limited operation [102].
Since especially the latter regime is practically impossible to
achieve, investigations of realistic structures in [82], [103]
have shown CNTFETs to be significantly more linear than
modern microwave FETs depending on optimized design
rules [82], [103].

So far, two experimental works showed real linearity per-
formance for CNTFETs [12], [93]. Marsh et al. reported lin-
earity measurements using the standard two-tone technique in
combination with a triangle 1 kHz gate-voltage sweep for hys-
teresis mitigation. The respective champion devices showed
peak OIP3/Pdc of 15.7 dB and an OIP3/P1dB of 26.5 dB [12],
[104]. (OIP3 is the output 3rd intercept point and P1dB is
the one dB output gain compression point.) Generally, values
exceeding the 10 dB rule-of-thumb for these figures of merit
are considered very good and superior [12] to those of RF

FIGURE 4. (a) Average RF transconductance (orange line) and (b)
as-measured H21 and Umax data for a representative device. (c–f)
Aggregated device data in histogram form of 107 T-gate aligned CNTFETs
with Lg∼110 nm (orange bars) and 220 devices with Lg∼140 nm (grey
bars) [12].

CMOS and on par with a commercial GaAs pHEMTs (Qorvo
QPL6202Q).

A. IMPACT OF DEVICE DESIGN ON RF-PERFORMANCE
Utilizing a 200 mm wafer compatible CNT integration ap-
proach via printing, Hartmann et al. at TU Chemnitz have
investigated the impact of symmetrical and asymmetrical
source/drain-to-gate spacer length on the HF properties of
CNTFETs [61]. For sake of reduced complexity, this study
was performed with relaxed device dimensions of 280 nm
channel length and unaligned CNTs. The polymer sorted
CNT raw material was purchased from Nano Integris with
a claimed purity of 99.9% semiconducting CNTs. In order
to reduce parasitic S/D to gate electrode capacitances [82]
(long spacer lengths) while maintaining an effective control
over the metal-CNT contact (short spacer lengths), two sets
of CNTFETs with varying spacer length were fabricated and
studied, both with a constant channel length of 280 nm. An
exemplary device is shown in Fig. 5. In the first step the
spacer was varied symmetrically resulting in different gate
lengths. To further reduce parasitic drain-gate capacitances
the source-gate spacer were shrunk while increasing the drain
spacer and maintaining a constant gate length.

Confirming theory [81], [82], the corresponding experi-
mental results indicate, that the best device RF performance
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FIGURE 5. gate spacer variation in CNTFETs with randomly oriented
CNTs (a) sketch of a asymmetric buried gate design, (b) AFM image of
the channel region featuring the unaligned CNTs, (c–d) gate length and
gate-source spacer dependence of fT and fmax. Reproduced with
permission from [61].

can be achieved by properly balancing the device electro-
statics. In particular, a spacer reduction between the gate
and source electrode results in an increased control over the
Schottky-like barrier between the metal and the CNT, with
an increased conductance and transconductance at the cost of
increased parasitic capacitances. Thus, according to equation
(1) there is an optimum for the device speed for a certain
spacer length. Highest values of fmax as well as fT of symmet-
rical device designs were reported at a 25 nm spacer length.
This is equivalent to an 82% coverage of the gate electrode
within the channel. Thereby, fmax and fT increased by 20%
and 35%, respectively, compared to a 50 nm long spacer.
Interestingly, they reported gm decreased for an underlap be-
tween the gate electrode and the source electrode. This was
attributed to the modulation of the heterojunction between the
CNTs and the source metal on the bottom side of the contact
where the CNTs are not covered by metal [105]. Increasing
the drain-gate spacer length results in lower drain-gate elec-
trode parasitic capacitances and thus increased device speed in
addition to an increased breakdown voltage. They could show
with respect to symmetrical structures an increase of 8% in
fT and 18% in fmax by shifting the gate- towards the source
electrode at a 0 nm source-gate spacer. Moreover, it is highly
promising to further investigate the linearity performance of
CNTFETs with different gate spacer configurations [61], [82].

IV. DEVICE SIMULATION AND COMPACT MODELS
A. DEVICE SIMULATION (TCAD)
For incumbent technologies, device simulation has become an
essential part of process development as it allows saving time
and cost by minimizing experiments and enabling device de-
sign. The latter is also very important for emerging technolo-
gies in addition to obtaining a physics-based understanding
of the fundamental device operation. For example, the bias
dependent charge and capacitance on a single tube cannot

FIGURE 6. (a) Transit frequency fT (at VDS = 1 V) of a single tube
transistor (100 nm gate length) for different gate arrangements (GAA:
gate all-around; tG: top gate; bG: buried gate). (b) fT versus tube
distance wcnt (normalized to tube diameter dcnt) from 3D calculations
[106].

be easily measured under transistor operating conditions, but
can be obtained from device simulation, and the adjustment
of device linearity in buried gate FETs by layout has been
discovered through device simulation [81], [82].

While commercial simulation tools rarely support non-
silicon-based emerging technologies, there is a plethora of
CNT(FET) simulators from academia. All of them combine
the solution of the Poisson equation with some carrier trans-
port formulation approach. Most of the early approaches were
based on either solving the ballistic Schrödinger equation or
on solving the Boltzmann transport equation (BTE) along
a 1D line representing the CNT (the so called line charge
model). With an optical phonon scattering mean free path
of ≈20 nm, ballistic transport is not a realistic assumption
for typical transistor operating voltages in circuits, unless the
channel length is very short, which is not the case for HF
CNTFETs due to the required output power and resulting
breakdown voltage requirements.

Optimizing a realistic 3D device structure requires many
simulation runs and therefore short simulation times. The
computational burden required to include scattering in the
Schrödinger equation or to solve the BTE is too high de-
spite all efforts to reduce the complexity. Hence, Mothes et
al. developed an augmented drift-diffusion (aDD) transport
approach in which CNTs are represented as cylinders and a
complete 3D structure including the electrostatic interactions
between adjacent CNTs can be investigated [106], [107]. The
aDD transport models have been calibrated on results from
the BTE with carrier scattering included as well as from mea-
surements. Recent 3D device design investigations [82], [106]
have shown that the best overall performance (e.g., speed,
linearity, gain) is obtained by FET structures with a local
buried gate (s. Fig. 6(a). Moreover, increasing the tube density
in a multi-tube FET with aligned CNTs will always improve fT
(s. Fig. 6(b) since the increase in transconductance is always
beneficial for charging the parasitic capacitances of an actual
3D structure.

B. COMPACT MODELING
Circuit design requires a representation of the fabricated
devices in a computer-based design tool. The corresponding
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models are known as compact models. The vast majority of
publications in this area have focused on modeling the static
drain current, ID, for digital applications, assuming ohmic
source/drain contacts. The latter does not represent reality
since all fabricated CNTFETs have a heterojunction (often
called Schottky) barrier [105], [108] between source/drain and
the tube channel region. The often used capacitance-based
charge model [109] is only valid around equilibrium, but not
under non-linear circuit operating conditions. Evaluation of
digital ID models has uncovered discontinuities and severe
limitations of the usable operating region [110]. This, com-
bined with missing accurate charge descriptions, makes those
models unsuitable for HF circuit design [111]. For the latter,
a semi-physical and a modified virtual source MOSFET com-
pact model have recently been implemented in commercial
circuit simulators and demonstrated to be suitable [14], [112]
for describing experimental data and for circuit simulation.

Typically, physics-based models are preferred in the semi-
conductor industry as they enable device scaling (for circuit
optimization) as well as predictive and statistical modeling.
However, CNTFET device physics understanding has not yet
reached the state that fully allows physics-based models to be
formulated. For instance, the calculation of ID and the tube
charge require a closed-form solution of integrals (e.g., the
Landauer equation for ID) which so far has turned out to be
impossible without making too simplistic assumptions. The
availability of a device simulation tool including all known
relevant physical effects (especially the impact of the S/D
heterojunction barrier) and being applicable to realistic struc-
tures and transistor operating conditions has accelerated the
development of physics-based compact models. As long as
HF measurements on single-tube FETs are elusive, device
simulation will remain the main reference for model verifi-
cation.

For matching the 50 � impedance and delivering sufficient
amplifier output power in HF systems, FETs with up to thou-
sands of parallel tubes are required. As detailed investigations
have shown, the diameter variation of these tube due to pro-
cess tolerances within a range of 1.1 nm to 2.3 nm does not
change the shape of the bias dependent characteristics so that
one can assume the formulations derived for a single tube but
with properly adjusted model parameters. The electrostatic
screening effect due to the proximity of adjacent tubes can
be taken into account according to [106].

V. RF CIRCUITS
The demonstration of an emerging technology’s application
potential requires the design of integrated circuits (ICs) and
the comparison of their performance with that of incumbent
technologies. Especially for HF applications, building ICs is
difficult as this requires competitive passive devices (i.e., the
BEOL), the development of which is time consuming and
costly. Thus, so far only ring oscillators [113], [114] or simple
amplifiers have been built on-chip [12], [87], [89], [104],
[115]–[121] while HF specific circuits such as amplifiers, a

FIGURE 7. (a) Fastest discrete PCB based CNTFET amplifier module and
(b) S-parameters vs. frequency of the corresponding two-stage CNTFET
amplifier [89]. (c) CNTFET die mounted on alumina chip carrier and (d)
gain and return loss of the completed amplifier module from [104].
Reproduced with permission from [104].

mixer and a VCO have been realized in discrete form [122]–
[124]. For CVD processed FETs, metallic tubes have so far
limited the circuit performance.

After about a decade of CNTFET development, first RF cir-
cuits based on CNTFETs were realized. In 2006, a group from
Stanford University fabricated the first CNT-based amplifier
[121] with 11.5 dB gain but at a frequency of 175 kHz and
a unity voltage gain frequency of only 560 kHz due to the
relatively high impedance of the single CNT employed. Two
years later, Kocabas et al. demonstrated discrete RF amplifiers
[87] based on aligned CNT arrays working at 125 MHz with
1-14 dB gain. The radio system built with these amplifiers
could pick up a traffic report from a local radio station (1090
kHz) and has so far been the most complicated CNT-based
RF system. In 2011, Eron et al. built the first ever CNTFET
amplifier that operated at GHz (L-band) frequencies, employ-
ing multi-finger RF CNTFETs with 800 μm gate width in
order to improve power drive ability and achieved 11 dB at
1.3 GHz [89]. A two-stage version using CNTFETs from the
same wafer achieved 10 dB gain at 1.8 GHz (Fig. 7(a–b)),
which has been the best performance so far.

In 2019, based on CNTFETs with 140 nm gate length,
50 μm gate width and over 100 GHz extrinsic operating
frequency , Rutherglen et al. from Carbonics demonstrated
an L-band (1.2 GHz) amplifier [12], [104]. Their CNTFETs
were demonstrated within two simple amplifier circuits, each
having the quartz CNTFET die mounted into a hard alumina
chip carrier [104]. The CNTFET with chip carriers were then
mounted in the RF PCB circuit as shown in Fig. 7(c–d). The
use of a chip carrier enabled safe electrical bonding of the
CNTFETs prior to mounting into the amplifier circuits. RF
probe-compatible pads on the chip carriers allowed direct
measurement of the combined CNTFET with chip carriers’
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TABLE 1. Overview of Extrinsic fT and fmax Values of RF CNTFETs
Fabricated by Different CNT Integration Approaches and Source-Drain
Contact Lengths (CL)

TABLE 2. Carbonics CNT FET Amplifier Overview

S-parameters. This approach enabled accurate design of the
RF PCB circuit elements without having to separately model
or measure the chip carrier. Laser milling at UCLA was used
to form each chip carriers’ metal patterns as well as to exca-
vate backside pockets under their gate pads. These backside
pockets significantly reduced the parasitic gate capacitance to
improve gate matching and gain.

Table 2 and Fig. 7d show maximum gains ranging between
10–11.6 dB in a 50 � system. The amplifiers’ OIP3 and
P1dB ranged from −1.8 dBm to +0.4 dBm and 10–11 dB,
respectively, as shown below.

Moreover, frequency synthesizers were also realized utiliz-
ing the nonlinear bias dependence of the tube capacitance and
ambipolarity in narrow band gap CNTs. In 2009, a group from
Stanford University designed and simulated frequency dou-
blers and mixers [125]. Thanks to ballistic carrier transport, a
signal up to a terahertz (THz) could be doubled in frequency,
indicating the potential for THz circuit application. One year
later, a group from PKU fabricated a frequency doubler [35]
based on a single CNT that exhibited an operating frequency
of just 1 kHz. In 2014, the same group using aligned CNT
arrays by scalable fabrication [98] realized frequency doublers
and mixers with output signals up to 40 GHz, a conversion
gain of −66 dB limited by CNT purity in 2014, a LO power
of 18 dBm and Pout = −44 dBm at frequency of fRF + fLO

(40.4 GHz).
Due to the difficulties of fabricating integrated RF circuits,

a simulation based study was recently performed based on
the compact model CCAM [14] that was calibrated on the
measurements of [12]. Integrated HF CNTFET amplifiers
with feedback and matching assuming realistic quality fac-
tors were designed in [126] for comparison with 130 nm
RF-CMOS, assuming the same passives (i.e., BEOL), gate

FIGURE 8. Transconductance per gate width vs. gate length: comparison
of different FET technologies. Filled symbols represent measured data
and open symbols TCAD predictions. The lower dashed line corresponds
to RF-CMOS, the upper one to CNTFETs.

width and channel length. With the presently achievable low
tube density of 10/μm and drain saturation current of about
15 μA, a double-stage 2.4 GHz LNA achieves ≈10 dB gain,
2.2 dB minimum noise figure and ≈15 dBm OIP3 at a power
consumption of 30 mW. This performance already matches
that of RF-CMOS for the same process node.

VI. FUTURE DEVELOPMENT
Future CNTFET technology development will focus on three
general aspects which are supported by simulations and mod-
eling: (i) CNT layer morphology, (ii) device concept and
structure, and (iii) system integration.

A. CNT LAYER MORPHOLOGY
Given the fact that most recent CNTFET performance has
matched that of RF-CMOS at a similar channel length but
with still relatively low tube density (≈50 /μm) and drain
saturation current (≈5 μA/CNT), it becomes clear that with
increasing CNT density and current per CNT the technology
has the potential to significantly exceed RF-CMOS perfor-
mance already at the device level by realizing high purity and
high density aligned CNT layers. In addition, the fundamen-
tally higher transconductance (see Fig. 8) enables faster drive
capability in HF circuits.

However, several factors which would deteriorate the uni-
formity including the diameter-, chirality-, length distribution,
tube-to-tube pitch fluctuation and CNT orientation dispersal
need to be optimized.

Moreover, for the solution based CNT integration approach,
the induced polymer molecules and other impurities around
CNT and on the substrate need to be removed more efficiently.
A negative impact on the high-speed performance due to
charge traps induced hysteresis, an enhanced contact resis-
tance and a reduced CNT conductance have to be avoided.
Several approaches have demonstrated hysteresis free devices
by, e.g eliminating or avoiding resist residuals and properly
conditioning the substrate on which the CNTs are deposited
[127].

However, a general approach for realizing hysteresis free
CNTFETs with an in-depth and profound analysis of the var-
ious possible origins of the hysteresis has not been shown
yet. It is believed that a clean interface that is free of charge
traps is critical for eliminating the hysteresis. In the meantime,
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researchers have demonstrated that reducing the gate oxide
thickness of passivated CNTFETs can effectively reduce the
hysteresis [128].

B. DEVICE STRUCTURE
A low contact resistance is very important for high perfor-
mance transistors. A contact resistance less than 50 k� per
CNT channel with good uniformity across the whole wafer is
needed. A key point to be addressed is the overall current per
tube, which is still below theoretical predictions and limits the
overall device performance.

In addition, due to the absence of dangling bonds on the
CNT surface combined with adsorbed polymer molecules a
high interface charge density (Nit) exists in gate stacks, often
resulting in severe hysteresis, reduced transconductance and
an ALD (atomic layer deposition) process dilemma. Park et
al. have suggested a profound approach to analyze charge
trap densities in CNTFETs, allowing to differentiate between
the impact of interface and surface traps [129]. A pulsed S-
parameter measurement set-up with a discussion of duty cycle
selection criteria has been described in [130] for obtaining the
actual high-frequency small-signal characteristics required for
device modeling and process development.

The T-shaped gate-head fabricated in [12], [91], [94] is
not wide enough to reduce the gate resistance effectively. An
improved gate stack for RF applications should be developed
aiming at reduced interface trap density and gate resistance.

Doping of the CNTFETs is another element needed for high
performance RF CNTFETs. Presently, electrostatic doping
appears to be the only viable option. Contact and channel
doping effects have to be separated and independently studied.
Several ALD methods have been investigated for CNT dop-
ing. These include reactive molecules [38]–[40], which form
a dipole layer at the interface between different high-k oxides
[80], [131] and generating static intra layer charges using
non-stoichiometric ALD [132]. While the last two approaches
are the most promising methods to get stable and controllable
doping profiles their possible impact onto device hysteresis
has to be investigated in more detail. Moreover, an effective
passivation technology is especially important for buried-gate
geometries. It further allows the reduction of CNT-bundle
induced enhanced off-currents [69].

Implementing future devices using a buried-gate structure
has multiple benefits. First, moving the CNT deposition step
from the beginning towards the end of the process-flow will
reduce the potential for contaminant accumulation during the
intermediate steps. This is particularly important for CNTs be-
cause normal O2 ashing of the surface is not possible without
destroying the CNTs themselves.

In addition, it allows tuning the HF device characteristics
(i.e., linearity vs. speed) towards the desired application just
by layout. Here, the actual device design with asymmetric gate
positions and gate spacers has to be explored in more detail,
especially its potential of high linearity.

On the digital side, CNTFETs with their single-atomic
channel, optimal channel control, superior temperature

stability [3], and well (i.e., Schottky barrier) defined channel
lengths are very attractive for extreme scaling and high pack-
ing density of digital circuitry possibly on the same chip.

However, corresponding milestones for CNT materials [77]
have been only proved on 4-inch wafers but have to be realized
in larger scale on 8-inch or even 12-inch wafers for industrial
applications.

C. SYSTEM INTEGRATION
To date, compared with RF CNTFET progress, RF system
design lags behind because of its complexity especially when
frequencies are rising. In order to push CNTFET technology
for RF applications, a system design including passives and
peripheral components requires accurate device models and
compatible processes. Solutions for these problems should
promote CNTFET technology and demonstrate its promising
features in future RF applications. As a path towards such
systems, competitive integrated CNTFET based RF circuits
have yet to be built.

A slightly different approach is the heterointegration of
CNT technology with incumbent high performance digi-
tal technologies to combine the advantages of the different
worlds. Especially the heterointegration with CMOS in a hy-
brid foundry environment is highly promising. For example,
the CMOS or other passive elements for mixed-signal ap-
plications can be completed on virgin wafers that are then
passivated and planarized all within a commercial foundry.
The wafers would then be processed in a CNT-approved en-
vironment for final CNT deposition and connection with the
underlying CMOS circuit through vias. This essentially makes
the CNT step a BEOL process.

In contrast to 3D bulk semiconductor technologies the
CNTFET technology allows a 3D integration with a high
vertical integration density enabling power efficient signal
transmission.

This technology is not restricted to rigid substrates. It pos-
sesses the potential to transfer the performance of rigid elec-
tronics to flexible substrates and flexible applications.

Furthermore, the functionality of RF CNT based circuits
can be augmented on chip by a large variety of CNT based
devices with different functionality, such as chemical and (i.e.,
THz [6]) sensors, super-capacitors, transmission lines and in-
ductors. This make CNTFET technology very appealing for
realizing high-complexity all-CNT systems on a single chip.

VII. SUMMARY
This review summarizes the different technological ap-
proaches and the electrical performance of CNTFETs for
analog RF applications. Currently, the CNT integration ap-
proaches from organic solution by FESA or DLSA feature
the best results in the context of CNT layer morphology
and the corresponding electrical performance data. However,
realizing highly semiconducting enriched dense CNT layers
by CVD in the future potentially alters this trend due to a
higher CNT quality. State of the art solution processed RF
CNTFETs fabricated by Carbonics Inc. have already achieved
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fT values over 100 GHz which is on par with Si-CMOS at the
130 nm technology node. These results were achieved with
a moderate CNT density and current per tube. A group from
Peking University has already demonstrated a more than two
times higher CNT density for DC CNTFETs. Moreover, a four
times higher current per CNT was similarly presented, which
together with a device geometry optimization promises a fur-
ther RF CNTFET performance improvement. Such devices
are up to now integrated only into discrete RF circuits. As
a next step their applicability in integrated RF circuits needs
to be demonstrated. This will promote CNTFET technology
to extend into flexible electronics and supports the emergence
of competitive RF CNTFET based electronics and potentially
an all-CNT SOC.
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