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ABSTRACT: In this paper, we report record radio
frequency (RF) performance of carbon nanotube transistors
based on combined use of a self-aligned T-shape gate
structure, and well-aligned, high-semiconducting-purity,
high-density polyfluorene-sorted semiconducting carbon
nanotubes, which were deposited using dose-controlled,
floating evaporative self-assembly method. These transistors
show outstanding direct current (DC) performance with on-
current density of 350 μA/μm, transconductance as high as
310 μS/μm, and superior current saturation with normal-
ized output resistance greater than 100 kΩ·μm. These
transistors create a record as carbon nanotube RF transistors that demonstrate both the current-gain cutoff frequency ( f t)
and the maximum oscillation frequency ( fmax) greater than 70 GHz. Furthermore, these transistors exhibit good linearity
performance with 1 dB gain compression point (P1dB) of 14 dBm and input third-order intercept point (IIP3) of 22 dBm.
Our study advances state-of-the-art of carbon nanotube RF electronics, which have the potential to be made flexible and
may find broad applications for signal amplification, wireless communication, and wearable/flexible electronics.

KEYWORDS: carbon nanotubes, aligned, polyfluorene-sorted, radio frequency, self-aligned T-shape gate, record RF performance,
70 GHz, linearity

Carbon nanotubes (CNTs) have been a star in the
research field for more than two decades. Their
prominent characteristics, for example, small size,

ballistic transportation, high carrier mobility, and small intrinsic
capacitance,1−5 have been revealed, leading to explosive
explorations of utilizing CNTs for next-generation electronics.
In terms of digital electronics, researchers have devoted their
efforts to replacing silicon with CNTs for sub-10 nm
electronics.6,7 Logic components for integrated digital systems,
such as inverters, NAND gates, NOR gates, flip−flops,
multiplexers, memories, and computers have been demon-
strated.8−13 In regard to macroelectronics, researchers have
devoted their efforts to integrating CNT thin-film transistors
(TFTs) with sensors, displays, etc., to achieve large-area and

low-cost electronics with added or improved functionalities
(e.g., flexibility, stretchability, and lightweight).14−21 Moreover,
printing technologies have been incorporated into CNT
electronics, which bring a number of benefits to both the
CNT and the printed electronics research areas.22−25 In
addition to digital and macroelectronics, CNTs are especially
suitable for radio frequency (RF) electronics because of their
high mobility and small intrinsic capacitance and have been
extensively investigated as the channel materials for RF
transistors since the demonstration of CNT RF transistors in

Received: April 8, 2016
Accepted: June 14, 2016

A
rtic

le
www.acsnano.org

© XXXX American Chemical Society A DOI: 10.1021/acsnano.6b02395
ACS Nano XXXX, XXX, XXX−XXX

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.6b02395


2004,26−36 and CNT-based high-performance RF circuits have
been demonstrated.37−39

CNTs can exist as either aligned arrays or networks as the
channel materials for RF transistors. In terms of aligned arrays,
there are two major approaches to get aligned CNTs. One
approach is to directly synthesize aligned CNTs via chemical
vapor deposition (CVD).35,40−43 Aligned CNTs with a density
as high as 130 nanotubes/μm have been achieved.35 However,
the semiconducting purity of CVD-aligned CNTs with high
density is usually ∼60%. Such a semiconducting purity would
lead to degraded current saturation of RF transistors, which
deteriorates the RF performance, especially the power gain
frequency response. Semiconducting purity of CVD-aligned
CNTs can be improved as high as ∼95%.40,42 However, the
reported work usually had rather low nanotube density, leading
to degraded on-current density and transconductance. More-
over, even the ∼95% semiconducting purity is still far from the
ideal to achieve good current saturation. RF transistors based
on CVD-aligned CNTs have been reported by several research
groups and show maximum oscillation frequency ( fmax) below
15 GHz, which is usually much lower than their current-gain
cutoff frequency ( f t) due to the nonideal current satura-
tion.31,33−35 The other approach to achieve aligned CNTs is to
carry out postsynthesis sorting and assembly. RF transistors
based on dielectrophoresis (DEP)-aligned CNTs have been
reported with this approach.27,32 With semiconducting purity of
∼99.6%, the RF performance (especially the fmax) of these
DEP-aligned nanotube transistors improves in comparison with
the transistors based on CVD-aligned CNTs.32 Unfortunately,
there still exist residual metallic CNTs due to the limitation of
sorting methods and organizational disorder due to the
limitation of assembly methods. As a result, the RF perform-
ance of these aligned CNT transistors still shows a big
difference between f t and fmax, and the fmax, which is of key
importance for practical applications, so far has not exceeded 30
GHz.32 In terms of CNT networks, they are usually achieved by
dispersing presorted CNT solutions onto target substrates. The
presorted CNT solutions usually have a higher semiconducting

purity compared with CVD-synthesized CNTs. One method to
achieve presorted CNT solutions with high semiconducting
purity is through density gradient ultracentrifugation
(DGU).44,45 Several research groups have reported RF
performance of CNT transistors based on DGU-sorted high-
semiconducting-purity CNT networks.28−30 However, due to
the still less-than-ideal semiconducting purity and the existence
of tube−tube junctions, the RF performance of these transistors
is worse than that of the transistors based on CVD-aligned
nanotubes. Another method to achieve high-semiconducting-
purity presorted CNT solutions is through polymer separa-
tion.46,47 The semiconducting purity of presorted CNT
solutions based on polyfluorene separation can exceed 99.9%,
which is a remarkable improvement compared with other
separation methods.48 RF transistors based on polyfluorene-
sorted CNT networks have successfully advanced the RF
performance of the network-based nanotube RF transistors to
the level of the best aligned-nanotube-based RF transistors.36

Based on the extraordinary performance of the RF transistors
using polyfluorene-sorted CNT networks, it is foreseen that the
RF performance of transistors based on aligned polyfluorene-
sorted CNTs should be even better. With the ultrahigh
semiconducting purity and the removal of tube−tube junctions,
excellent transconductance and current saturation, both of
which are particularly important for RF transistors, can be
expected. Recently, a method named dose-controlled, floating
evaporative self-assembly (DFES) has been developed by Joo,
Brady et al. to achieve aligned polyfluorene-sorted CNTs over
large areas, which provides an excellent platform for CNT RF
electronics.49−51

In this paper, we report record RF performance of CNT
transistors based on combined use of a self-aligned T-shape
gate structure, and well-aligned, high-semiconducting-purity,
high-density polyfluorene-sorted semiconducting carbon nano-
tubes. These transistors show excellent direct current (DC)
performance, with on-current density of 350 μA/μm, trans-
conductance as high as 310 μS/μm, and superior current
saturation with normalized output resistance greater than 100

Figure 1. Characterization of the self-aligned T-shape gate transistors based on aligned polyfluorene-sorted CNTs. (a) SEM image of an
aligned polyfluorene-sorted CNT film on a quartz substrate. The inset shows another aligned polyfluorene-sorted CNT film prepared by the
same method on a Si/SiO2 substrate to demonstrate the packing density. The packing density is ∼40 nanotubes/μm. (b) Schematic of the self-
aligned T-shape gate transistor structure. (c) SEM image of an as-fabricated self-aligned T-shape gate transistor. (d) Zoomed-in SEM image of
a channel region. The T-shape gate, self-aligned source and drain, and aligned polyfluorene-sorted CNTs underneath are clearly
demonstrated.
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kΩ·μm. (The normalized output resistance is defined as the
change in the drain-to-source voltage over the change in the
drain-to-source current multiplied by the channel width in the
current saturation region, and reflects the quality of current
saturation. A better current saturation will yield a larger
normalized output resistance.) In regard to the RF perform-
ance, these transistors create a record as CNT transistors that
exhibit both f t and fmax greater than 40 GHz (before de-
embedding) and 70 GHz (after de-embedding). In addition,
these transistors based on aligned polyfluorene-sorted CNTs
demonstrate good linearity behavior with 1 dB gain
compression point (P1dB) of 14 dBm, and input third-order
intercept point (IIP3) of 22 dBm. Our study advances state-of-
the-art of CNT RF electronics and further accelerates the
applications of CNT RF transistors in complex circuits and
systems.

RESULTS AND DISCUSSION
Aligned polyfluorene-sorted CNTs on quartz substrates,
achieved by DFES (Methods section), were used as the
channel material for RF transistors. Figure 1a shows a scanning
electron microscope (SEM) image of an aligned polyfluorene-
sorted CNT film on a quartz substrate. Aligned polyfluorene-
sorted CNTs with high density can be clearly seen from the
SEM image. However, it is difficult to find out the exact packing
density on quartz substrates due to the charging effects. We
prepared another aligned polyfluorene-sorted CNT film on a
Si/SiO2 substrate with the same method to determine the
packing density. The SEM image of the aligned polyfluorene
CNTs on the Si/SiO2 substrate is shown in the inset of Figure
1a. The packing density of the aligned polyfluorene-sorted
CNTs is ∼40 nanotubes/μm. We then fabricated RF transistors
based on the aligned CNT film with a self-aligned T-shape gate
structure. Figure 1b delineates a schematic of the self-aligned T-
shape gate structure. The device structure has been widely used

in III−V and Si devices and applied to carbon nanotube
research field in our previously reported work.30,31,36,52 The
self-aligned T-shape gate structure has the advantages of
reducing parasitic capacitance, decreasing gate resistance,
scaling down channel length, and offering optimized gate
control. Figure 1c presents a SEM image of an as-fabricated
self-aligned T-shape gate transistor. The details of the device
fabrication process can be found in the Methods section. Figure
1d shows a zoomed-in SEM image of a channel region. The T-
shape gate, self-aligned source and drain, and aligned
polyfluorene-sorted CNTs underneath are clearly demonstra-
ted. The channel length (L) of the RF transistors is ∼100 nm,
and the ungated region on each side of the T-shape gate is
∼10−20 nm. In addition to devices on rigid substrates, the T-
shape gate RF transistors have great potential to be made on
flexible substrates,9,21 which brings promising applications such
as wearable/flexible electronics for our devices.
DC performance of the as-fabricated RF transistors based on

the aligned polyfluorene-sorted CNTs are characterized. Figure
2a presents the transfer characteristics of a representative
transistor with a channel width (W) of 10 μm at a drain-to-
source bias (VDS) of −1.5 V. The transfer curve shows a p-type
transistor behavior with hysteresis of ∼1 V. The on-current
density is ∼350 μA/μm measured at a gate-to-source bias (VGS)
of −2 V, which corresponds to ∼9 μA/nanotube. This on-
current density is the highest among all CNT RF transistors
reported so far.31,32,35,36 The off-current density is ∼4 μA/μm
measured at VGS = 0.82 V, which corresponds to 0.1 μA/
nanotube. The on/off ratio is ∼90, which improves significantly
compared with that of the transistors based on CVD-aligned
CNTs.31,33−35 As discussed above, CVD-aligned CNTs are a
mixture of metallic and semiconducting CNTs, while the
aligned polyfluorene-sorted CNTs by the DFES method are of
ultrahigh semiconducting purity, which leads to the improved
on/off ratio. However, the on/off ratio is much lower than the

Figure 2. DC and RF characterizations of the self-aligned T-shape gate transistors based on aligned polyfluorene-sorted CNTs. (a) Transfer
characteristic (IDS−VGS curve) of a representative CNT transistor at VDS = −1.5 V. The channel width (W) is 10 μm. (b) Transconductance
(gm−VGS curve) of the same transistor in panel a. (c) Output characteristics (IDS−VDS curves) of the same transistor in panel a at various VGS
from 0 to −2 V with a step of −0.2 V. (d) Extrinsic and intrinsic current−gain frequency response. (e) Extrinsic and intrinsic power gain
frequency response. (f) Statistics of the extrinsic RF performance of 23 aligned polyfluorene-sorted CNT transistors.
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values of the field-effect transistors (FETs) based on nanotubes
prepared with the same DFES method in literature.49 We
noticed that the values of the on/off ratio in literature were
achieved from FETs with smaller source-to-drain biases and
longer channel lengths. We measured the transfer curves of
another representative nanotube RF transistor and extracted
the corresponding on/off ratio under various VDS from −0.1 to
−1.6 V with a step of −0.3 V (Supporting Information, Figure
S1). The on/off ratio decreases from ∼2000 to ∼50 with the
increase of VDS from −0.1 to −1.6 V, suggesting that the low
on/off ratio for the T-gate RF transistors measured at VDS =
−1.5 V might be caused by the drain-induced barrier lowering

(DIBL) effect. Fortunately, the on/off ratio has no direct
relation with the frequency response for RF transistors. The
transconductance of the polyfluorene-sorted CNT RF tran-
sistors in Figure 2a is extracted and plotted in Figure 2b. We
can observe that the peak transconductance is ∼310 μS/μm for
the forward sweep and ∼210 μS/μm for the backward sweep.
The transconductance of the aligned polyfluorene-sorted CNT
RF transistors is also the best among all CNT transistors
reported so far. It improves by a factor of ∼6 compared with
the previously reported best transconductance for aligned CNT
RF transistors31−33 and by a factor of ∼8 compared with the
best transconductance for RF transistors based on CNT
networks.36 Current saturation is another important aspect for
RF transistors. The output characteristics of the same transistor
in Figure 2a are shown in Figure 2c. We can observe that drain
current (ID) starts to saturate when VDS goes beyond −1.3 V
under various gate biases from 0 to −2 V. The normalized
output resistance is extremely large, as one can observe that the
output curves are essentially flat when VDS goes beyond −1.4 V
for various VGS (−0.8 − −2 V). The normalized output
resistance is conservatively estimated to be greater than 100
kΩ·μm, which is greatly improved in comparison with
transistors based on CVD-aligned CNTs31,33−35 and compara-
ble to the best value reported for transistors based on CNT
networks.36 On the basis of the excellent transconductance and
current saturation, we expect to achieve record RF performance
for our transistors based on aligned polyfluorene-sorted CNTs.
The RF performance of the self-aligned T-shape gate

transistors based on aligned polyfluorene-sorted CNTs are
then characterized. Vector network analyzer (N5242A PNA-X)
and microprobes, with ground−signal−ground (GSG) struc-
ture and a pitch of 150 μm, were utilized to measure the S-
parameters. Before the measurement, we calibrated the entire
setup with short-open-load-through (SOLT) standards. S-
parameters were then measured for the RF transistors from 50
MHz to 30 GHz, and the corresponding current-gain (h21) and
the unilateral power gain (U) were extracted. We also measured
on-chip open and short structures for the de-embedding
process. We note that there exist two de-embedding structures
for CNT RF transistors in literature.27−32,34−36 One de-
embedding structure would remove only the parasitics from
the bonding pads without removing the capacitances associated
with the gate. This de-embedding structure would reveal the
performance of RF transistors achievable for practical
applications (e.g., the RF transistors can be integrated into
RF circuits and systems without the bonding pads) and is
therefore widely used in semiconductor research.29,30,34−36 For
clarity, we name this de-embedding structure as the device de-
embedding structure (DDS), and the schematic of this
structure is shown in the Supporting Information Figure S2.
The other de-embedding structure would remove both the
parasitics from the bonding pads and the fringe capacitances
associated with the gate and reveal the intrinsic performance
upper-limit of material properties.27,28,31,32 However, the de-
embedded performance using this de-embedding structure is
not achievable in practical applications, because the fringe
capacitances of the gate are part of the RF transistors and
cannot be eliminated. For clarity, we name this de-embedding
structure as the intrinsic de-embedding structure (IDS), and
the schematic of this structure is shown in the Supporting
Information Figure S3. In this work, we de-embed the
measured S-parameters with both DDS and IDS. Figure 2d,e
shows the current-gain and power gain frequency response of a

Figure 3. Comparison of the RF performance between different
carbon nanotube transistors. (a) Comparison of the extrinsic
frequency response between this work, other work based on
aligned CNTs, and other work based on CNT networks. (b)
Comparison of the intrinsic frequency response with the device de-
embedding structure (DDS, Supporting Information Figure S2)
between this work and other work. (c) Comparison of the intrinsic
frequency response with the intrinsic de-embedding structure (IDS,
Supporting Information, Figure S3) between this work and other
work.
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representative aligned polyfluorene-sorted CNT RF transistor
with a channel width of 2 × 10 μm. The transistor was biased at
VDS = −1.5 V and VGS = −1.2 V. The extrinsic f t and fmax are
∼40 and ∼40 GHz, respectively. The intrinsic f t and fmax with
DDS are ∼80 and ∼70 GHz, respectively, and the intrinsic f t
and fmax with IDS are ∼100 and ∼70 GHz, respectively. We
note that the intrinsic unilateral power gain did not
demonstrate the theoretical slope of −20 dB/dec even at the
highest measuring frequency of 30 GHz. The range of the
intrinsic fmax is estimated between 60−100 GHz via curve-
fitting with two different slopes (the theoretical slope of −20
dB/dec and the exhibited slope of approximately −10 dB/dec),
and the use of 70 GHz is a conservative estimation of the
intrinsic fmax. In order to demonstrate the uniformity of our
aligned polyfluorene-sorted CNT RF transistors, we carried out
a statistical study of 23 devices. Figure 2f presents the statistics
of the extrinsic performance of the 23 devices. The extrinsic f t is
32.5 ± 6.9 GHz, and the extrinsic fmax is 35.3 ± 7.7 GHz. The
standard deviations of both f t and fmax are ∼20% of their
average values, which may be caused by the variations of
nanotubes across the substrates, the variations of the self-
aligned T-shape gate fabrication process, and the variations of
contact resistance.53 In addition, one can observe that the
extrinsic fmax is consistently larger than the extrinsic f t, which is
preferable for practical applications and further confirms that
our transistors have good current saturation.

Our aligned polyfluorene-sorted CNT RF transistors advance
the state-of-the-art of CNT RF transistors. In terms of the
extrinsic RF performance, our aligned polyfluorene-sorted
CNT transistors create a record as CNT RF transistors that
demonstrate both f t and fmax of ∼40 GHz. Figure 3a plots the
extrinsic f t and fmax for representative reported CNT RF
transistors (including transistors based on aligned CNTs and
CNT networks). We can observe that the extrinsic f t, the
extrinsic fmax and the geometric mean of f t and fmax for our
aligned polyfluorene-sorted CNT transistors are all ∼40 GHz
and outperform all the other CNT RF transistors. In terms of
the intrinsic RF performance, our transistors are also the best
among all CNT RF transistors. Figure 3b shows the
comparison of the intrinsic RF performance with DDS between
this work and other work. Our work is the best with the
geometric mean of f t and fmax of ∼70 GHz. In comparison, the
geometric mean of f t and fmax for other CNT RF transistors
does not exceed 30 GHz. Figure 3c presents the comparison of
the intrinsic RF performance with IDS between this work and
other work. The fmax and the geometric mean of f t and fmax for
our CNT transistors with IDS is remarkably higher than that of
the other CNT transistors. For practical applications, RF
transistors cannot operate beyond the frequency of fmax in order
to have a power gain greater than one. Our transistors have an
intrinsic fmax at least 2× larger compared with all the other
nanotube RF transistors and a smaller difference between the

Table 1. Comparison of RF Performance between CNTs, graphene, MoS2 and black phosphorus transistors
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intrinsic f t and fmax, both of which make our transistors more
favorable for practical applications. Moreover, we note that the
intrinsic performance of our aligned polyfluorene-sorted CNT
transistors with IDS is similar to that with DDS, further
confirming the advantages of our self-aligned T-shape gate
structure. Table 1 lists the detailed RF performance of all the
CNT transistors in comparison, and also includes RF
performance of representative graphene,54−56 MoS2,

57 and
black phosphorus transistors.58 One can observe that the RF
performance of our aligned polyfluorene-sorted CNT tran-
sistors is comparable to the best RF performances so far
reported for graphene RF transistors but with significantly
better current saturation, which is important for amplification
applications,54−56 and exceeds the RF performance of MoS2

57

and black phosphorus RF transistors.58

Linearity performance is also important for RF transistors.
P1dB and IIP3 are the two parameters to characterize the
linearity performance of RF transistors. Single-tone and two-
tone tests are often used to measure the two parameters. The
detailed setup for the single-tone and two-tone tests can be
found in our previous work.36 Figure 4a plots the results of the
single-tone test at different frequencies of 1, 4, 8, 12, and 16
GHz. With linear fitting at low input power levels, the P1dB for
the aligned polyfluorene-sorted CNT RF transistors is extracted
to be 13−14 dBm. One thing to note is that we partially de-
embedded out the losses from the wires and connectors of the
measurement system with the single-tone test of the on-chip
short structure (Supporting Information Figure S2). Details for
the de-embedding process of the single-tone test can be found
in the Supporting Information (Figure S4). We can observe
that there are power gains for the CNT transistors at various
measurement frequencies even without input and output
impedance matching. The power gain is ∼8 dB, corresponding

well with the power gain frequency response (Figure 2e).
Figure 4b shows the results of the two-tone test at frequency
ranges of 4 and 8 GHz. The IIP3 is 20.7 and 22 dBm for 4 and 8
GHz, respectively. The corresponding output third-order
intercept point (OIP3) for 4 and 8 GHz, respectively, is −9.2
and −7.3 dBm with losses from wires and connectors and 20.8
and 22.7 dBm, respectively, after partially de-embedding out
the losses from wires and connectors. The linearity perform-
ance of the aligned polyfluorene-sorted CNT transistors is
comparable to that of CVD-aligned CNT transistors31 and
improved compared with that of the transistors based on CNT
networks.30,36

CONCLUSION

In summary, we have made self-aligned T-shape gate RF
transistors based on aligned polyfluorene-sorted CNTs.
Excellent DC performance, with on-current density of 350
μA/μm, transconductance as high as 310 μS/μm, and superior
current saturation with normalized output resistance greater
than 100 kΩ·μm, is achieved for these aligned polyfluorene-
sorted CNT transistors. Besides, these aligned polyfluorene-
sorted transistors show record RF performance. Extrinsic f t and
fmax are ∼40 and ∼40 GHz, respectively. Intrinsic f t and fmax
with device de-embedding structure are ∼80 and ∼70 GHz,
respectively, and intrinsic f t and fmax with intrinsic de-
embedding structure are ∼100 and ∼70 GHz, respectively.
These aligned polyfluorene-sorted CNT transistors demon-
strate both f t and fmax greater than 70 GHz. In addition, these
RF transistors based on aligned polyfluorene-sorted CNTs
show ∼20% device-to-device variations. Moreover, these CNT
RF transistors also demonstrate good linearity performance,
which is important for their practical applications. Our study
pushes forward the frontiers of CNT RF electronics and is very

Figure 4. Linearity performance of the self-aligned T-shape gate transistors based on aligned polyfluorene-sorted CNTs. (a) Output power vs
input power curves for the single-tone test at frequencies of 1, 4, 8, 12, and 16 GHz. (b) Output power vs input power of the fundamental
term and the third-order term in the frequency range of 4 and 8 GHz for the two-tone test.
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meaningful and encouraging for the field of CNT RF
electronics. Moreover, the carbon nanotube devices, which
have the potential to be made flexible, may find broad
applications for signal amplification, wireless communication,
and wearable/flexible electronics.

METHODS
Preparation of Aligned CNT Films. Large-diameter semi-

conducting enriched CNTs are extracted from arc discharge carbon
nanotube powder (Aldrich, 750514) using the CNT dispersant
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-{2,2′-bipyridine})]
(American Dye source, ADS153UV) (PFO-BPy), which selectively
wraps purely semiconducting CNTs. After the initial semiconducting
sorting and polymer washing steps (details provided elsewhere49), the
PFO-BPy wrapped CNTs are dispersed in chloroform to a
concentration of 10 μg/mL. To perform DFES alignment, the CNT
ink is spread onto a water subphase using a syringe pump to supply
discrete approximately microliter doses. Simultaneously, a partially
submerged quartz substrate is pulled out of the aqueous subphase at
constant lift rate. Each dose of ink spreads on the water due to surface
tension effects and wets the surface of the receiving substrate creating a
thin film of ink along the width of the substrate−water meniscus. Each
respective dose results in an approximately 100 μm tall band of aligned
CNTs that spans the width of the substrate. Nearly full surface
coverage of aligned CNTs is achieved by tuning the lift and dose rate
such that sequential bands are placed directly next to one another with
minimal overlap.
CNT Film Surface Treatment. Following alignment, the CNT

films undergo surface treatments (unpublished data). In brief, the
samples are rinsed in a toluene bath at 60 °C for 1 h, then transferred
into an isopropyl bath for 30 s, followed by blow drying in an air
stream. Finally the films are annealed in a tube furnace in vacuum at a
base pressure of 4 × 10−6 Torr at a temperature of 400 °C for 1 h.
Fabrication of Self-Aligned T-Shape Gate RF Transistors

Based on Aligned Polyfluorene-Sorted CNTs. Aligned polyfluor-
ene-sorted CNTs on quartz substrates, achieved by dose-controlled,
floating evaporative self-assembly method (DFES), were used as the
channel material. Alignment markers were patterned followed by
identifying the aligned regions with SEM. The CNTs outside the
device channel regions were etched away by oxygen plasma. Source
and drain electrodes (1/50 nm thickness of titanium/gold) were then
patterned. Sequentially, an aluminum T-shape gate (∼140 nm
thickness) was patterned by electron beam lithography and oxidized
in air at 120 °C. Finally, 10 nm thickness of palladium was deposited as
the self-aligned source and drain contacts.
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