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In this paper, we report the high-performance radio-frequency transistors based on the single-walled
semiconducting carbon nanotubes with a refined average diameter of ~1.6nm. These diameter-
separated carbon nanotube transistors show excellent transconductance of 55 uS/um and desirable
drain current saturation with an output resistance of ~100 KQ um. An exceptional radio-frequency
performance is also achieved with current gain and power gain cut-off frequencies of 23 GHz and 20
GHz (extrinsic) and 65 GHz and 35 GHz (intrinsic), respectively. These radio-frequency metrics are
among the highest reported for the carbon nanotube thin-film transistors. This study provides demon-
stration of radio frequency transistors based on carbon nanotubes with tailored diameter distributions,
which will guide the future application of carbon nanotubes in radio-frequency electronics.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953074]

Carbon nanotubes, with their unique properties of nano-
scale size, high carrier mobility, small intrinsic capacitance,
and small intrinsic gate delay,'™ are considered to be excel-
lent channel materials for radio frequency (RF) electron-
ics."” 1 The large-scale nanotube films, achieved by
dispersing pre-separated high-purity semiconducting nano-
tube solution, provide the advantages of high semiconducting
purity, high density, and scalability, which benefit the nano-
tube RF electronics. Previously, the RF transistors based on
98% purity semiconducting carbon nanotubes demonstrate
extrinsic current gain cut-off frequency (f;) and power gain
cut-off frequency (fmayx) of 12 GHz and 8 GHz, respectively.'?
The RF performance of the nanotube transistors based on
99% purity semiconducting carbon nanotubes shows a similar
RF performance to the 98% purity semiconducting carbon
nanotubes.'® In order to improve the RF performance of the
nanotube thin-film transistors, further engineering of the
nanotube parameters is required. Diameter is a critical param-
eter for carbon nanotubes, as the bandgap of a semiconduct-
ing single-walled carbon nanotube (s-SWCNT) is inversely
proportional to its diameter.'” The device parameters of
carbon nanotube transistors (e.g., current saturation, carrier
mobility, contact resistance, and tube-tube junction resistance)
have shown diameter-dependent behavior.>>182 Ag a result,
there is a strong motivation to investigate the RF transistors
based on the diameter-separated, semiconducting SWCNTS.

In this work, we utilize a self-aligned T-shaped gate
structure as the device platform for semiconducting SWCNTs
with a refined average diameter of ~1.6 nm. We characterize
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both the direct current (DC) and RF performance of these tran-
sistors. These transistors show excellent transconductance of
55 uS/pm, desirable output resistance of ~100 KQ um, f; and
finax Of 23 GHz and 20 GHz (extrinsic) and 65 GHz and 35 GHz
(intrinsic), respectively, elucidating the significance of diameter
refinement, which provides an effective way to improve the
performance of the carbon nanotube RF transistors.

The diameter-refined SWCNTs were isolated using den-
sity gradient ultracentrifugation (DGU)*"*® with a semicon-
ducting purity in excess of 99% and an average diameter of
~1.6nm,? and then used to fabricate the RF transistors with
the self-aligned T-shaped gate structures. Fig. 1(a) shows the
optical absorbance spectrum of the carbon nanotube solution
with a refined average diameter of ~1.6 nm. The narrow peak
at ~1100nm corresponds to carbon nanotubes with ~1.6 nm
diameter, which is larger than the average diameters of carbon
nanotubes in our previous work (~1.4 nm).'"? In the wave-
length regime of 600-800nm, there is only a small peak at
~770 nm that corresponds to the minority species of semicon-
ducting carbon nanotubes with ~1.2nm diameter, and no
other peak corresponding to the metallic nanotubes can be
found. The absorbance spectrum thus demonstrates the high
degree of diameter and semiconducting refinement of the
SWCNTs. The diameter-separated carbon nanotubes were
then deposited onto poly-L-lysine-functionalized quartz sub-
strates for device fabrication. In detail, the quartz substrates
were first incubated in poly-L-lysine solution for 5 min,
washed with de-ionized (DI) water, and blown dry with N,.
Then, the diameter-separated carbon nanotube solution was
dropped using a pipette onto the quartz substrates, left on the
quartz substrates for 10-20 min, rinsed with DI water, and
blown dry with N,. Fig. 1(b) shows a scanning electron micro-
scope (SEM) image of a typical carbon nanotube film on a
quartz substrate. The nanotube’s density is ~10 tubes/um?.

Published by AIP Publishing.
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FIG. 1. Characterization of semiconducting single-walled carbon nanotubes
with a refined average diameter of ~1.6nm. (a) Optical absorbance spec-
trum of the diameter-separated SWCNTs. (b) SEM image of a typical depos-
ited film from the diameter-separated SWCNT solution.

The nanotube film shows a good uniformity and high density,
which can enable a large-scale fabrication of the RF transis-
tors, circuits, and systems.lo’l 1,30

We then fabricated the self-aligned T-shaped gate RF
transistors based on the diameter-separated carbon nano-
tubes. Fig. 2(a) shows a three-dimensional (3D) schematic of
the transistor structure with the T-shaped gate that is
designed to reduce the parasitic capacitance, decrease the
gate resistance, scale down the channel length, and increase
the gate control.'®'? The fabrication process started with
patterning large source and drain electrodes (1 nm titanium
and 50 nm gold, shown in yellow in Fig. 2(a)) on the quartz
substrates with the diameter-separated carbon nanotubes by
photolithography. Second, the active channel regions were
defined by photolithography, followed by etching of carbon
nanotubes outside the active channel regions. Third, bilayer
electron beam resists of different sensitivities (polymethyl
methacrylate (PMMA) with 950k molecular weight as the
bottom layer with lower sensitivity, and copolymer of methyl
methacrylate and methacrylic acid POMMA-MAA) as the top
layer with higher sensitivity) were used to fabricate the
T-shaped gate. The T-shaped gate pattern was formed by
exposing a high dose at the gate position center and a low
dose at the adjacent area in the same exposure run using an
electron beam. After the development of the exposed bilayer
resists, 140 nm aluminum was deposited by the thermal evap-
orator, and the subsequent lift-off process produced the
T-shaped gate structure between the source and drain electro-
des (shown in red in Fig. 2(a)). The T-shaped gate was then
oxidized in air at 120 °C, forming a thin layer of gate dielec-
tric (Al,O3) with the thickness of 2-4nm at the interface
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FIG. 2. Device structure of RF transistors based on the carbon nanotubes
with a refined average diameter of ~1.6 nm. (a) Schematic of the self-aligned
T-shaped gate structure. (b) SEM image of an as-fabricated self-aligned
T-shaped gate RF transistor. (c) Close-up SEM image of the T-shaped gate
in (b).

between the carbon nanotubes and the aluminum gate elec-
trode due to the diffusion of oxygen to the interface between
the carbon nanotubes and the aluminum gate electrode, which
has been demonstrated in our previous work.'®™'? In fact, all
other exposed area of the aluminum gate would be oxidized
to a thin layer of Al,O5; (24 nm). We note that this is differ-
ent from some previous work which used aluminum as con-
tacts for nanotubes,'®>" as they did not heat up their devices
in air at 120°C for oxidation. Finally, 10 nm palladium was
deposited as the self-aligned source and drain contacts (blue
in Fig. 2(a)) to shorten the original separation between the
large source and drain electrodes from ~8 um to ~160nm
with the T-shaped gate as the hard mask. The channel length
(L), which is defined by the T-shaped gate foot, is ~120 nm.
The un-gated region on each side, which is caused because of
the difference in length between the T-shaped gate cap and
the T-shaped gate foot, is ~20nm. Fig. 2(b) shows a top-
view SEM image of an as-fabricated self-aligned T-shaped
gate transistor, with a close-up image shown in Fig. 2(c).

The DC performance of the as-fabricated, diameter-
separated carbon nanotube RF transistors is first characterized.
Fig. 3(a) shows the transfer characteristics of a representative
transistor with a channel width (W) of 50 um at a drain-
to-source bias (Vpg) of —1.5V. The transfer curve exhibits a
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FIG. 3. DC performance of the transistors based on the carbon nanotubes
with a refined average diameter of ~1.6nm. (a) Transfer characteristics
(Ips—Vgs curve) of a representative diameter-separated carbon nanotube
transistor at Vpg=—1.5V. The channel width (W) is 50um. (b)
Transconductance (g,,—Vgs curve) of the same transistor in (a). (c) Output
characteristics (Ips—Vps curves) of the same carbon nanotube transistor in
(a) at various Vg from 0.5 to —1.5 V with a step of —0.2'V.

p-type transistor behavior with hysteresis of ~0.35V for data
points with current value of —15 yA/um, which is common for
the carbon nanotube transistors due to charge trapping.®> The
maximum on-current density is ~55 uA/um, which is ~1.5
times larger than previously reported for ultra-high purity
semiconducting carbon nanotube transistors (~35 uA/um),"!
and ~2 times larger than 98% purity semiconducting carbon
nanotube transistors (~25 pA/um) with the same device struc-
ture and similar channel length (~140 nm).'> We further ana-
lyzed the transconductance (g,,) of the same transistor by
taking the derivative of the transfer curve in Fig. 3(a), with the
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results being shown in Fig. 3(b). A peak g,,, of ~55 uS/um was
achieved at a gate-to-source bias (Vgg) of —1.1V, which is
comparable to the highest value previously reported for the
carbon nanotube RF transistors.'” In comparison, the transcon-
ductance was 40 uS/um for ultra-high purity semiconducting
carbon nanotube transistors'' and 20 uS/um for 98% purity
semiconducting carbon nanotube transistors with the same
device structure and similar channel length (~140 nm).12 The
improved electronic performance in terms of high on-current
density and large transconductance is favorable for the RF
performance of these diameter-separated carbon nanotube
transistors.

The output characteristics of the same transistor are plot-
ted in Fig. 3(c). It can be observed that the drain current of the
carbon nanotube transistor begins to saturate when Vg
increases beyond —1.1 V. Saturation of the drain current is
important for the power gain performance of the RF transis-
tors. The output resistance (r,) of the diameter-separated car-
bon nanotube transistors can be extracted by using r, = AVpg/
Alpg x W, where Ipg is the drain-to-source current. When the
change in the drain-to-source current is zero, it yields an infi-
nite output resistance, and the adjacent positive value will be
used as the maximum output resistance. The output resistance
for the RF transistors based on the diameter-separated carbon
nanotubes is extracted to be ~2kQ with two data points of
VDS =—1.26V and VDS =—1.24V at VGS =—1.5 V, which
corresponds to ~100 KQ um. For RF electronics, an intrinsic
gain above 1 is required to achieve the function of amplifica-
tion and power gain. For this representative carbon nanotube
transistor with a transconductance of 55 uS/um and an output
resistance of 100 KQ pm, the gain is ~6, confirming that
these transistors are qualified for RF amplifier applications.
We note that a decrease in current magnitude can be observed
when Vg increased negatively from —1.3 V to —1.5V for the
Ips-Vps curves with high current magnitude under high nega-
tive Vg (from —1.5V to —0.7 V), while other Ipg-Vpg curves
with smaller current and Vg between —0.5V and 0.5V did
not show such decrease in current magnitude. We suggest that
this is due to the self-heating of carbon nanotubes under large
current flow.>* Other factors such as bias stress may deserve
further investigation.

We subsequently characterized the RF performance of
the self-aligned T-shaped gate transistors based on the carbon
nanotubes with a refined average diameter of ~1.6nm. The
ground-signal-ground (GSG) probes with a pitch of 150 um
and a vector network analyzer (VNA) were utilized for the
RF measurements. The entire setup was first calibrated with
short-open-load-through (SOLT) standards. We then meas-
ured the S-parameter in the frequency range from 50 MHz to
20 GHz. The on-chip open and short structures (see the sup-
plementary material®®) were also measured for de-embedding
purposes. Our de-embedding structures remove the parasitic
effects from the bonding pads and the fringe capacitances
associated with the gate, and provide the upper-limit of the
performance from the carbon nanotubes with a refined aver-
age diameter of ~1.6 nm. The current gain (/,;) and the max-
imum available power gain (MAG) of the carbon nanotube
transistors before and after de-embedding were extracted and
are shown in Figs. 4(a) and 4(b), respectively. The transistor
was biased at Vgg=—1.1V and Vpg=—1.5V, which were
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FIG. 4. RF performance of the transistors based on the carbon nanotubes
with a refined average diameter of ~1.6nm. (a) Extrinsic and intrinsic
current gain frequency responses. (b) Extrinsic and intrinsic power gain
frequency responses.

the conditions with the maximum transconductance and out-
put resistance values. The extrinsic f; and f;,,x were 23 and
20 GHz, respectively, and the intrinsic f; and f;,.x were 65 and
35 GHz, respectively. The RF performance, particularly for
the finax, Which is important for practical applications, is com-
parable to the highest RF performance previously reported
for carbon nanotube transistors.'""'*> In previous studies, the
best RF transistors based on carbon nanotube thin-films with
ultra-high semiconducting purity (99.99%) showed extrinsic
fi and finay of 22 and 19 GHz, respectively,'! but separation of
the 99.99% purity semiconducting carbon nanotubes has
an extremely low yield.* The best RF transistors based on
aligned carbon nanotubes showed extrinsic f; and f.x of
7 and 15 GHz, respectively.'® The extraordinary RF perform-
ance of the transistors based on the diameter-separated carbon
nanotubes illustrates the advantages of achieving further
diameter separation for carbon nanotube RF electronics,
which provides enhancements in both DC and RF device
parameters (see the supplementary material for a detailed
comparison®>).

In summary, we have fabricated the self-aligned T-shaped
gate RF transistors based on carbon nanotubes with a refined
average diameter of ~1.6nm. These carbon nanotube transis-
tors show excellent maximum transconductance of 55 uS/um
and superior drain current saturation with an output resistance
of 100KQ pm. Moreover, the RF measurements exhibit
exceptional high frequency performance with f; of 23 and
65 GHz before and after de-embedding, and f;,.x of 20 and
35 GHz before and after de-embedding. The RF performance

Appl. Phys. Lett. 108, 233105 (2016)

of these diameter-separated carbon nanotube RF transistors is
among the highest reported for the carbon nanotube transis-
tors, indicating the importance of diameter separation for car-
bon nanotube radio-frequency electronics. These results are
also particularly significant for guiding future studies of high-
performance carbon nanotube analog electronics.
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