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C
arbon nanotubes have attracted ex-
tensive attention in advanced elec-
tronics over a decade due to unique

characteristics of high mobility, large trans-
conductance, small dimension, and low
capacitance.1�16 Among these applications,
analog electronics are of great importance
and only require high transconductance but
not high on/off ratio for RF transistors.9�16

Meanwhile, through significant research
efforts, excellent radio frequency (RF) per-
formance has beendemonstrated in previous
publications using nanotube networks/arrays
from preseparated high-purity semiconduct-
ing nanotube solution and as-grown parallel
nanotube arrays synthesized by chemical
vapor deposition (CVD).11,12,15,16 Kocabas
et al. made radio frequency transistors
based on CVD synthesized aligned nano-
tube arrays and reported an extrinsic cur-
rent-gain cutoff frequency of 5 GHz.17

Nougaret et al. also achieved an on-chip
performance of 15 GHz current-gain cutoff
frequency by using dielectrophoresis to
assemble separated high-purity semiconduct-
ingnanotubes.13 Recently, anextrinsic current-
gain cutoff frequency of 7 GHz has been
reported for dielectrophoresis-assembled se-
paratedhigh-purity semiconductingnanotube

array transistors with channel lengths scaled
down to 100 nm.16 Those transistors based on
separatedsemiconductingnanotubes showed
intrinsic current-gain cutoff frequencies
around 8013 and 153 GHz16 after de-
embedding. It was also discussed that good
alignment of nanotubes is important for RF
transistor performance.16 The above-men-
tioned work has shown the great potential
of nanotube-based transistors for future
high-frequency applications. However, the
integration of large-area aligned nanotube
arrays based on preseparated semiconduct-
ing nanotube solution through the dielec-
trophoresis (DEP) method still remains an
obstacle for scalable fabrication of nano-
tube-based electronics.12,16 Therefore, to ad-
vance the development of nanotube analog
circuits, scalable assembling of nanotubes
and fabrication of high performance transis-
tors is required.
We note that there are two ways to

assemble large-scale nanotube material.
One is the wafer-scale dispersion of high-
purity preseparated semiconducting nano-
tube solution using the method of surface
functionalization.15,18,19 This dispersion
method is a scalable room-temperature pro-
cessing procedure and the high-purity of

* Address correspondence to
chongwuz@usc.edu.

Received for review February 20, 2013
and accepted April 16, 2013.

Published online
10.1021/nn400847r

ABSTRACT In this paper, we applied self-aligned T-gate design

to aligned carbon nanotube array transistors and achieved an

extrinsic current-gain cutoff frequency (ft) of 25 GHz, which is the

best on-chip performance for nanotube radio frequency (RF)

transistors reported to date. Meanwhile, an intrinsic current-gain

cutoff frequency up to 102 GHz is obtained, comparable to the best

value reported for nanotube RF transistors. Armed with the excellent extrinsic RF performance, we performed both single-tone and two-tone

measurements for aligned nanotube transistors at a frequency up to 8 GHz. Furthermore, we utilized T-gate aligned nanotube transistors to construct

mixing and frequency doubling analog circuits operated in gigahertz frequency regime. Our results confirm the great potential of nanotube-based circuit

applications and indicate that nanotube transistors are promising building blocks in high-frequency electronics.
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semiconducting nanotubes brings benefits to transis-
tor performance. We have reported decent RF per-
formance with nanotube networks prepared using
this method.15 However, this assembly method
provides nanotube networks instead of aligned
nanotube arrays. Another solution to achieve scal-
able assembling of nanotubes is chemical vapor
deposition.20�24 In this method, large-area horizon-
tally aligned single-wall carbon nanotubes (SWCNTs)
can be obtained on certain crystalline substrates like
quartz or sapphire. In this way, this kind of parallel
nanotube provides a great platform for wafer-scale
fabrication of RF transistors and circuits. In addition,
aligned geometry of as-grown nanotubes allows the
gate to control each nanotubewithout any screening.
In contrast, nanotube networks prepared using solu-
tion-processed separated nanotubes usually have
nanotubes stacked on top of each other (Figure S1),
and the gate electric field for some nanotubes can be
screened by other nanotubes nearby or on top,
therefore, leading to weakened gate control. Further-
more, while aligned nanotubes provide direct con-
duction paths between source and drain, nanotube
networks may have tube-to-tube junctions in the
channel, which may lead to reduced conductance. It
is therefore very important to further explore the
potential of aligned CVD nanotubes for RF transistors
and circuits.
Our group has recently developed a self-aligned

T-shape gate fabrication approach for high-perfor-
mance RF transistors and has successfully applied it

to both graphene and solution-processed separated
high-purity nanotube networks.15,25 With this design,
the parasitic effects including fringe gate capacitance,
access resistance, and gate charging resistance can
be significantly reduced. Furthermore, the channel
length was scaled down to 140 nm and gate dielectric
was reduced to 2�3 nm Al2O3, which led to the quasi-
ballistic and quasi-quantum capacitance operation for
nanotubes.15 In this work, we have further applied the
self-aligned T-gate RF transistor design to CVD-synthe-
sized aligned nanotube arrays, so that we can combine
the advantages of having aligned nanotubes and the
reduced parasitic provided by the self-aligned T-gate
approach. An extrinsic current-gain cutoff frequency
up to 25 GHz before any de-embedding procedure
is achieved for T-gate aligned nanotube transistors,
which is the highest extrinsic cutoff frequency re-
ported to date for nanotube transistors. After de-
embedding, the intrinsic cutoff frequency further
goes up to 100 GHz regime, which is among the best
value reported for nanotube-based radio frequency
transistors. Armed with the excellent on-chip perfor-
mance, we further analyzed the linearity properties
and carried out am extensive analog circuit study
including mixing and frequency doubling circuits.
In this work, we demonstrated the self-aligned nano-
tube transistor-based analog circuits operated in
gigahertz regime for the first time to the best of
our knowledge. Our results reveal that nanotubes
are very promising building blocks in the future high-
frequency field.

Figure 1. (a) SEM image of aligned carbon nanotubes on a quartz substrate (density: 5 SWNTs/μm). (b) Schematic of a self-
aligned T-gate aligned nanotube RF transistor. (c) Top-view SEM image of a T-shape gate transistor (T-gate cap, 150 nm;
base,∼100 nm). (d) Optical image of a T-gate aligned nanotube RF transistor with a channel width of 80 μm. Inset is a zoom-in
image of the active transistor region. (e) Transfer characteristics of T-gate aligned nanotube RF transistor. (f) Scaled
transconductance (gm/W) vs gate voltage (Vgs) curve for aligned nanotube RF transistor.
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RESULTS AND DISCUSSION

Figure 1a shows a field emission scanned electron
microscope (FESEM) image of aligned nanotube arrays
on a quartz substrate with a density of 5 SWNTs/μm
grown by CVD method. This CVD approach can pro-
duce aligned SWCNTs over complete wafers for wafer-
scale fabrication, as we reported previously.22 As we
discussed in a previous report, self-aligned T-gate
technology has been proven to be a good platform
for carbon nanotube radio frequency device appli-
cations.15 Details of the fabrication process can be
found in the Methods section. Figure 1b exhibits the
device schematic of a T-shaped gate aligned nanotube
device. In Figure 1c, a top-view of the gate structure is
presented with a cap size of 150 nm. The channel
length of the gate structure in Figure 1c is estimated to
be around 100 nmaccording to the inspection of cross-
section from well-established recipe. The “ungated”
region is estimated to be around 5�10 nm at each side
of the gate structure. The length of the self-aligned Pd
film region is about 4 μm extended from the first layer
of source and drain patterned by photolithography.
Due to the self-oxidization of the aluminum film of gate
electrode, a thin layer of the Al2O3 dielectric (∼3 nm)
forms at the interface between the nanotube arrays
and the gate metal. Based on our previous work, there
is no leakage current observed at a bias as high as 3 V.25

The gate capacitance of this T-gate structure is esti-
mated to be around 1 � 10�9 F/m.15 An optical image
of the aligned nanotube RF transistor with an 80 μm

channel width fabricated on quartz substrate is shown
in Figure 1d.
Electrical measurements were carried out with the

devices exposed to ambient air. TheDCperformance of
the aligned nanotube RF transistor is characterized in
Figure 1e,f. Figure 1e illustrates the transfer character-
istics (IDS�VGS curve) of an aligned nanotube T-gate
device with a channel width of 80 μm and channel
length of 100 nm. The top-gate characteristics were
measured with VGS swept from �1.5 to 1.5 V at drain
bias VDS of �0.8 V. More information can be found in
the Supporting Information (Figure S2). The on/off ratio
of this device is around 2 due to the coexistence of
metallic and semiconducting nanotubes.24,26 In spite
of the relative low on/off ratio, the aligned nanotube
transistor here shows high conductance (180 μA/μm),
which is about six times higher than that of a transistor
based on separated nanotube networks (30 μA/μm)
with similar geometry and nanotube density.15 Possi-
ble reasons for this difference in conductance may
include different nanotube quality, as CVD-synthesized
nanotubes are known to have high quality and nearly
defect-free structures, and the possible presence of
residual surfactants for solution-processed separated
nanotubes. In addition, alignment of nanotube arrays
can also help to improve conductance because of the
lack of nanotube-to-nanotube junctions. Figure 1f pre-
sents the transconductance versus gate bias voltage
(gm�VGS) curve with a peak transconductance up
to 60 μS/μm. According to the information shown in

Figure 2. RF performance of a self-aligned T-gate aligned nanotube transistor. (a) Current gain (H21) before (black curve) and
after (red curve) the de-embedding procedure. (b) Extrinsic power gain (MAG) curve. (c,d) Extrinsic (c) and intrinsic (d) cutoff
frequency vs channel length from previous publications and our work.
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Figure 1f, the peak transconductance of this aligned
nanotube transistor is about two times higher than
that of the separated nanotube transistor publis-
hed previously with a similar device structure and
geometry.15 As a result, aligned nanotube transistors
with good DC performance in terms of high conduc-
tivity and transconductance enable us to further ex-
plore high-frequency applications. We note that
this particular device shows relative small hysteresis,
as shown in Figure 1e,f. This hysteresis may lead
some variation in the RF measurement, such as varia-
tion in the gate voltage corresponding to the highest
transconductance.
We further characterized the high-frequency perfor-

mance of T-gate aligned carbon nanotube transistors
in Figure 2. We measured the S-parameters of the
transistor discussed in Figure 1 by using a vector
network analyzer (VNA) with frequency ranging from
0.05 to 20 GHz. The probe tips were calibrated by using
the off-wafer short-open-load-through (SOLT) stan-
dard procedure. The high-frequency performance
of this device was derived from the as-measured
S-parameters at VTG = �0.7 V and VDS = �0.8 V, where
the optimal transconductance occurs. Figure 2a pre-
sents the current-gain (H21) of the aligned nanotube RF
transistor before and after de-embedding procedure.
As shown in Figure 2a, the current�gain curves in-
dicate an extrinsic cutoff frequency of 25 GHz and
intrinsic cutoff frequency of 102 GHz. The extrinsic
frequency performance of this aligned nanotube tran-
sistor in this work is one of the best reported to date for
nanotube-based transistors. Figure 2b illustrates the
power-gain curve of the aligned nanotube transistor
and it shows an extrinsic unity power-gain frequency
fmax of about 9 GHz. For comparison, recently pub-
lished extrinsic and intrinsic radio frequency perfor-
mances of nanotube-based RF transistors are shown in
Figure 2c and d, respectively. Based on the data shown
in Figure 2c, our work presents the highest extrinsic
current-gain cutoff frequency (25 GHz). Furthermore,
the intrinsic nanotube RF performance achieved in this
work (102 GHz) is among the best performance for
nanotube transistors, as illustrated in Figure 2d.
Compared with previous reports,15 the improve-
ment of the cutoff frequency in our work results
from the scaling of the channel length, excellent
alignment, and good quality of nanotube arrays. We
have made about 20 transistors with gate length
around 100 to 140 nm, and they all show consistent
values of ft and fmax. These provide us the founda-
tion to realize radio frequency circuits operated in
gigahertz regime.
We analyzed the linearity performance of aligned

nanotube transistors using a single-tone (1 dB com-
pression point) and two-tone test (third-order inter-
cept point). The schematic of the measurement set
up is illustrated in Figure 3a. The device used in the

circuit configuration has a unity power-gain frequency
of 9 GHz. We first applied a single-tone signal with
frequency range from 1 to 8 GHz to the gate of the
aligned nanotube transistor and measured the output
signal power level with a spectrum analyzer. Figure 3b
shows the plots of extracted output power of funda-
mental as a function of input power at various frequen-
cies. Based on the curves shown in Figure 3b, we obtain
the 1 dB compression point for this nanotube device to
be around 10 dBm for different frequencies. Details can
be found in the Supporting Information (Figure S3).
These P1dB values indicate that this nanotube tran-
sistor can operate linearly with an input power up to
10 dBm, which is consistent with the discussion about
the linearity performance of carbon nanotube tran-
sistors reported recently.14,15 Furthermore, it can be
noticed that the power gain does not degrade much
even when frequency goes up to relatively high

Figure 3. Linearity performance of a self-aligned T-gate
aligned nanotube transistor. (a) Schematic of single/two
tone test for an aligned nanotube transistor. (b) Output
power of the fundamental vs input power. (c) Output power
of the fundamental and third-order intermodulation as a
function of the input power measured in the frequency
region of 5 GHz.
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frequencies (8 GHz). In the two-tone measurement,
we applied two-tone signals with adjacent frequen-
cies to the gate of the aligned nanotube transistor
through a power combiner as shown in Figure 3a. We
conducted the two-tone test at 5 and 5.3 GHz. In
Figure 3c, the power level of the fundamentals
and third-order intermodulation (2f2�f1 or 2f1�f2)
are extracted as a function of input power. As shown
in Figure 3c, the power of fundamentals and third-
order intermodulation follow the slope of 10 and
30 dB/decade, consistent with theoretical rate. We
obtained IIP3 of 22.3 dBm and OIP3 of 2.7 dBm at
the third-order intercept point for the two-tone
test at 5 and 5.3 GHz. IIP3 and OIP3 are important
figures of merit capturing the linearity of the mixer.
Our results compare favorably with previous publi-
cations.14 For example, here we achieved the P1dB
of 10 dBm at a frequency of 8 GHz, while previous
work only studied the frequency range from 10 to
500 MHz.14,15

Armed with the above-mentioned linearity, we
further applied aligned nanotube radio frequency
transistors for analog circuits. The first example is the
mixer. The aligned nanotube transistor-based mixer is
configured by mixing the LO (local oscillation) and
RF (radio frequency) signals at the gate (Figure 3a).
Figure 4a shows the output spectrum of themixer with
the transistor biased at VGS = 0 V and VDS =�0.6 V. The
RF input frequency fRF is 1 GHz of power�14 dBm and
the local oscillator frequency fLO is 1.2 GHz of power
�3.5 dBm.One can find the intermediate frequency (IF)
fIF at fLO � fRF = 200 MHz and fLO þ fRF = 2.2 GHz. The
conversion gain of this nanotube-transistor-based
mixer is about �24.5 dB with the IF output power of
�38.5 dBm as shown in Figure 4a. Figure 4b shows that
the conversion gain varied as the gate voltage swept
from�1 to 1 V. The first peak of the conversion gain at
VGS = �0.7 V may result from the maximum transcon-
ductance gm at this bias (Figure 1f). While the second
peak occurs nearby the minimum current point of the
IDS�VGS curve (Figure 1e), and it has been discussed
that the minimum current point is the optimal bias
point for the conversion gain of an ambipolar transis-
tor-based mixer previously.27 We further achieved
mixing for the frequency range from 1 to 8 GHz
(Supporting Information, Figure S4). Figure 4c presents
the conversion gain of the aligned nanotube RF tran-
sistor as a function of applied frequency. The result
illustrates that conversion gain does not decrease
much even when the frequency goes up to 8 GHz.
On the basis of the information above, carbon nano-
tube transistors show great potential for mixer
applications.
Other than amplifiers and mixers, aligned carbon

nanotube transistors can find applications in frequency
doubling circuits based on the ambipolar transport
property.28 Figure 5a shows the transfer characteristics

of an aligned carbon nanotube array transistor. We can
see that this nanotube transistor shows ambipolar
transport around the minimum current point (VMCP =
1.2 V). A frequency doubler based on nanotube RF
device can be achievedwith a circuit diagramas shown
in Figure 5b. For transistors with ambipolar transport,
the transfer characteristic (IDS�VGS) resembles a para-
bolic curve near the minimal current point, and there-
fore has a squared term in the Taylor series expansion
approximation. When the input gate voltage signal
in Figure 5b is a sinusoidal wave biased around the
minimal current point with frequency ω (VGS = VMCP þ
A sin ωt), the output signal would contain a term of
(sin ωt),2 which leads to an output at the double
frequency (2ω). A current source with Idd = 830 μA is
connected to the drain electrode of the carbon

Figure 4. Mixer application of self-aligned T-gate aligned
nanotube transistor. (a) Output spectrum for an aligned
nanotube mixer, which shows the first, second, and
third order mixing products with a high conversion
gain of�24.5 dB at LO power of�3.5 dBm. (b) Conversion
gain vs gate voltage for an aligned nanotube mixer.
(c) Conversion gain vs frequency for an aligned nanotube
mixer.
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nanotube transistor. In Figure 5c, we added a 10 kHz
input signal with a peak-to-peak a.c. voltage Vpp =
450 mV to a DC voltage Vg,DC = 0.2 V (black curve) and
Vg,DC = 1.2 V (red curve) to the gate of the nanotube
transistor, separately. The output waveforms from
different bias regions are illustrated in Figure 5c.
Based on Figure 5c, the red curve biased around the
minimum current point presents a sinusoidal wave
with a doubled frequency. In comparison, the black
curve biased in the linear amplification region shows a
sinusoidal wave with the same frequency as the input
signal. In Figure 5d, we also achieved the doubled
frequency output (red curve) with 50 kHz input
signal of Vpp = 500 mV biased at Vg,DC = 1.5 V. Then
we further characterized the frequency doubling
function of the aligned nanotube transistor up
to the gigahertz regime with the help of a spectrum
analyzer, as shown in the schematic diagram of
Figure 5e. The output spectra captured by the spec-
trum analyzer are presented in Figure 5f,g. In
Figure 5f, it can be noticed that the output spectrum
peak is at 200 MHz, corresponding to an input signal
with 100 MHz frequency, which shows excellent
frequency doubling function. As shown in Figure 5g,
even when the input frequency increases up to
500 MHz, the output spectrum still has a strong con-
centration at 1 GHz frequency. We also performed the
doubler measurement with an input frequency of
1 GHz, and the results show that the output power
concentrated mainly at the doubled frequency of

2 GHz (Supporting Information, Figure S5). Our results
clearly show that aligned carbon nanotube transistors
with the ambipolar transport property can serve as
a frequency doubler up to gigahertz regime in high-
frequency applications. Our frequency doubler per-
formance measured up to 1 GHz compares favorably
with previously reported results for carbon nano-
tubes. For instance, Wang et al. reported a frequency
doubler based on nanotube transistor operated in
the 1 kHz region.28 We attribute the good perfor-
mance of our transistors to the self-aligned T-gate
transistor design and the resulting high extrinsic
ft and fmax.

CONCLUSION

In summary, we constructed T-gate aligned nano-
tube array RF transistors with the extrinsic current-gain
cutoff frequency of 25 GHz as the best on-chip perfor-
mance for nanotube RF transistors reported to date.
Correspondingly, the intrinsic current-gain cutoff fre-
quency of 102 GHz was achieved after de-embedding,
which is among the highest value for nanotube-based
RF transistors. Furthermore, we studied the linearity
properties of aligned nanotube transistors through
single-tone (P1dB) and two-tone (IP3) measurements
with direct 50Ω termination up to 8 GHz. Armed with
the excellent extrinsic RF performance, we configured
nanotube-based circuits including a mixer and a fre-
quency doubler, operated in the gigahertz frequency
regime. Our work confirms the great potential of

Figure 5. Frequency doubler application of self-aligned T-gate aligned nanotube transistor. (a) IDS�VGS curve of an
ambipolar aligned nanotube transistor. (b) Circuit schematic of an aligned nanotube frequency doubler with measurement
setup using an oscilloscope. (c, d) Input and output waveforms of frequency doubler in linear amplification region and
doubler region with sinusoidal wave with input Vpp = 450 mV at frequency of 10 kHz (c) and input Vpp = 500 mV at a
frequency of 50 kHz (f). (e) Schematic of a frequency doubler with measurement setup using a spectrum analyzer. (f, g)
Output spectrumof a frequency doublerwith a 100MHz input signal with power level of 0 dBm (f) and a 500MHz input signal
with power level of 5 dBm (g).
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carbon nanotubes for radio frequency applications,
and the self-aligned T-gate RF transistor design may

become a building block for future nanotube-based RF
transistors and circuits.

METHODS
Large-scale aligned nanotube arrays were synthesized on

quartz substrates by using ethanol as carbon feedstock for CVD
nanotube synthesis. The quartz substrate with deposited Fe
catalyst film was loaded into the CVD furnace. During the
synthesis, 120 standard cubic centimeter (sccm) of hydrogen
(H2) was usedduring the rampingup step, and then60 sccmofAr
flow was added into the system through an ethanol bubbler
(kept at 0 �C) for growth conducted at 900 �C. An average density
of 5 tubes/μm was achieved using this CVD process. Then
ground�signal�ground (GSG) coplanar waveguide structures
were patterned directly on the quartz substrate for source and
drain electrodes (5/50 nm of Ti/Au) of nanotube RF transistors by
photolithography, followed by O2 plasma etching of nanotubes
outside the active channel region. Then the samplewas annealed
in H2 atmosphere at 300 �C for half an hour. By using bilayer
electron beam resists of different sensitivities (copolymer of
methyl methacrylate and methacrylic acid P(MMA-MAA) as top
layer, and polymethylmethacrylate (PMMA)with 950kmolecular
weight as bottom layer), a T-shaped sidewall profile of the bilayer
resist was achieved by exposing the center of the T-gate with
high dosage and the left/right sides of the T-gate with lower
dosage. Then the T-shapedgate (T-gate) stackwas producedby a
standard lift-offprocess after the depositionof 150 nmaluminum
film. By heating the sample to 150 �C in air for about 1 h, the
oxidation of aluminum T-gate in air formed a thin dielectric layer
(∼3 nm) at the interface between the nanotube array and the
gate electrode. Finally, 10 nm palladium was deposited to form
self-aligned source and drain with the T-gate as a shadow mask.
No annealing was performed on the devices after deposition of
the self-aligned Pd source and drain electrodes.
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