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he application of single-walled car-

bon nanotubes in advanced electro-

nics has been heavily exploited for
over a decade. This interest stems from the
fact that carbon nanotubes offer a combi-
nation of small size, high mobility, ballistic
transport, large current density, and low
intrinsic capacitance. > They have been
used extensively to demonstrate various
kinds of integrated circuits such as logic
gates, ring oscillators, and decoders.® "'
However, due to the coexistence of both
metallic and semiconducting nanotubes,
the on/off ratio is typically very small for
the as-made transistors using a large num-
ber of nanotubes,'~'* and various techni-
ques including electrical breakdown,'”
stripe patterning,'" or using presorted semi-
conducting nanotubes'®~'® are necessary
in order to boost the on/off ratio of transis-
tors significantly. Therefore, for the carbon
nanotubes, instead of digital circuit applica-
tions, a more realistic application is the
high-performance analog or radio fre-
quency (RF) devices, where manufacturing
tolerances are relaxed and the performance
metrics required are more suited to the
materials and device properties of nano-
tubes, especially since the transistors do
not need to be fully turned off.

Previously, many groups have investigated
the potential of using carbon nanotubes for
RF applications and have demonstrated the
operation of those transistors in the giga-
hertz frequency range.'” % However, in
those reports, mainly chemical vapor deposi-
tion (CVD)-grown nanotubes, which consist of
mixed metallic and semiconducting nano-
tubes, are used. The existence of the metallic
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ABSTRACT This paper reports the radio frequency (RF) and linearity performance of transistors
using high-purity semiconducting carbon nanotubes. High-density, uniform semiconducting
nanotube networks are deposited at wafer scale using our APTES-assisted nanotube deposition
technique, and RF transistors with channel lengths down to 500 nm are fabricated. We report on
transistors exhibiting a cutoff frequency (f,) of 5 GHz and with maximum oscillation frequency ()
of 1.5 GHz. Besides the cutoff frequency, the other important figure of merit for the RF transistors is
the device linearity. For the first time, we report carbon nanotube RF transistor linearity metrics up
to 1 GHz. Without the use of active probes to provide the high impedance termination, the
measurement bandwidth is therefore not limited, and the linearity measurements can be conducted
at the frequencies where the transistors are intended to be operating. We conclude that
semiconducting nanotube-based transistors are potentially promising building blocks for highly
linear RF electronics and circuit applications.
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nanotubes causes leakage current in the off-
state and results in low on/off ratios. Although
for analog/RF application, the on/off ratio is
not as crucial as for digital applications, low
on/off ratio can still result in low efficiency for
applications such as power amplifiers and
degrade the transconductance (g,,) and cut-
off frequency (f;) of the RF transistors.
Recent reports have shown that the semi-
conducting nanotubes can be separated
from the metallic nanotubes using density

gradient ultracentrifugation, resulting in na-
notube solution with up to 99% semicon-
ducting nanotube purity.?*?> By using such
prepurified semiconducting nanotubes, the
RF performance is expected to be further
improved. With semicondcuting nanotubes
assembled by dielectrophoresis,?® RF transis-
tors with an impressive cutoff frequency of
80 GHz have been demontrated by Happy
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and co-workers.?! Despite the significant progress,
there is still room for further improvement in terms
of scalability. We have previously reported an amino-
propyltriethoxysilane (APTES)-assisted separated na-
notube deposition technique that is capable of
depositing high-density and uniform semiconducting
nanotube thin films at complete wafer scale.'”'® In this
regard, it would be interesting to investigate the
performance of nanotube RF transistors fabricated
using such scalable platforms. In this work, we have
demonstrated that such RF transistors can be fabri-
cated at complete wafer scale, and electrical character-
ization reveals that such devices also exhibit large
transconductance, current drive, and gigahertz
operation.

Moreover, it is also important to point out that other
than f,, another even more important figure of merit for
RF transistors is the device linearity. It is crucial to not
only amplifying signals at high frequency but also
amplifying signals linearly in order to maintain the
fidelity of the signals. Linearity is also an extremely
important property in signal-rich environments due to
interference and intermodulation from other commu-
nication bands and channels. Transistors based on
one-dimensional (1D) materials have recently been
predicted to offer much better linearity characteristics
than traditional bulk devices, which is fundamentally
due to the combination of the unique 1D transport
properties and the 1D density of states of carriers in the
transistor channel.?” To test the linearity of the nano-
tube transistor, there have been few studies where a
common source configuration nanotube transistor
loaded with a high impedance resistor on the drain,
terminated with a high impedance active probe, has
been driven with two low-frequency tones to charac-
terize the circuit's harmonic distortion.”® However,
since the active probes are used in the study to provide
the high impedance termination required for the low
current drive nanotube devices, the operational band-
width is small, limited to order of kilohertz, and the
measured nonlinearity metrics are not valid for the
frequencies under which the nanotube transistors are
intended to be implemented and operated at (ie.,
gigahertz frequency).

In this paper, we have, to the best of our knowledge,
for the first time, characterized the key device linearity
metrics with standard 50 € terminations and con-
ducted the two-tone test of the nanotube RF devices
at gigahertz frequency, which is the intended operat-
ing frequency of the transistor. We performed non-
linearity measurements using both single-tone and
two-tone, where major device linearity figures of mer-
its such as the —1 dB gain compression point (P1dB)
and input/output third-order intercept points (IIP3/
OIP3 or ITOI/OTOI) were extracted. Our work shows
that, in line with theoretical predictions, the semi-
conducting nanotube-based transistors are promising
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building blocks for future highly linear RF electronics
and circuits.

RESULTS AND DISCUSSION

Figure 1a illustrates the fabrication process and
shows the schematic of the completed separated
nanotube RF transistor. Details about the device fabri-
cation process can be found in the Methods section.
The RF transistors are fabricated on a highly resistive
silicon wafer (p > 5 kQ - cm) with 200 nm SiO, to ensure
minimum parasitics from the substrates. Aluminum
back-gates with a thermally oxidized Al,O3 gate di-
electric are used as the gate stacking instead of the
traditional top-gate structure with a high-« dielectric
such as Al,O; and HfO, deposited by atomic layer
deposition (ALD). The advantage is that the thermal
oxidization of Al to form Al,Os is a self-limiting process,
resulting in a high-quality, ultrathin gate dielectric,
which leads to better gate strength and larger trans-
conductance. In contrast, it is very difficult to obtain
a leakage-free Al,O3 dielectric with such small thick-
ness using ALD. As a next step, high density and
uniform separated 95% semiconducting nanotubes
(IsoNanotubes-S from Nanolntegris, Inc.) with an aver-
age length of 1 um are deposited using the APTES-
assisted separated nanotube deposition technique as
discussed in our previous publications.'”'® For the
source/drain metal contacts, palladium is used due to
its large work function, which offers Schottky-barrier-
free contacts to the nanotubes for hole injection.®

The above-described APTES-assisted separated na-
notube deposition method and the RF transistor fab-
rication process is scalable and can thus be performed
at wafer scale. A 3 in. wafer with the RF transistors is
shown in Figure 1b. The optical microscope image of
the separated nanotube RF transistor is shown in
Figure 1c, where the device is configured into the
ground—signal—ground (GSG) coplanar waveguide
structure so that we can perform microwave measure-
ments. The device contains a pair of nanotube chan-
nels with a channel width of 500 um and a channel
length of 500 nm. Figure 1d is a zoom-in optical
microscope image, where we can clearly identify two
pairs of channels, the Ti/Au pads, Al back-gate and Ti/
Pd source/drain extensions. The SEM image of the
device channel region after nanotube deposition is
shown in Figure 1e. The strip in the center corresponds
to the aluminum back-gate, and the top and bottom
metal electrodes are the Ti/Pd source/drain extensions.
The channel length is 500 nm, and one can find that the
channel is covered by a high-density semiconducting
nanotube network.

We have first characterized the DC performance of
the separated nanotube RF transistors, and the results
are summarized in Figure 2. Figure 2a is the transfer
characteristics (Ips—Vgs curves) measured at various
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Figure 1. Scalable fabrication of the aluminum back-gated separated nanotube RF transistors. (a) Schematic showing the
APTES-assisted separated nanotube deposition process for the separated nanotube RF transistor fabrication. (b) Wafer of the
separated nanotube RF transistors. (c) Optical microscope image of the nanotube RF transistor. (d) Zoom-in optical
microscope image showing two pairs of channels, the aluminum back-gate, and Pd S/D extensions of the nanotube RF
transistor. (e) SEM image showing the channel of the device with a channel length of 500 nm.

drain voltages (Vps) for one channel of the nanotube RF
transistor with W = 500 um and L = 500 nm. From the
curves, one can find that the on-state current of the
device (lyn) measured at Vps = —1Vand Vgs=—2 Vs
9.06 mA, which corresponds to an on-state current
density (lon/W) of 18.12 uA/um. The off-state current
(lof) measured at Vps=—1Vand Vgs=2Vis 1.93 mA, so
that we can calculate the on/off ratio of the device to
be 4.69. The device cannot be completely depleted
due to the 500 nm channel length used. As reported in
our previous publication, for devices using 95% semi-
conducting nanotubes, the on/off ratio is heavily de-
pendent on the device channel length."””'® As the
channel length decreases, the on/off ratio decreases,
and the on/off ratio is always below 10 when a channel
length of less than 4 um is used. Using either longer
channel length (>10 um) or separated nanotube solu-
tion with even higher purity (e.g., 99%) of semicon-
ducting nanotubes would lead to a significant
improvement in on/off ratio but also with a signifi-
cantly reduced transconductance.'® In principle, by
using semiconducting nanotubes with higher purity,
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the device transconductance and thus RF performance
should be improved, considering that the nanotubes
are still exactly the same as the lower purity sample in
terms of length, diameter, and band gap. However, for
the nanotube samples we used in this study, higher-
purity semiconducting nanotubes (98 and 99%) tend
to have shorter length compared with lower purity
ones (95%). Therefore, although the transistors using
98% semiconducting nanotubes exhibit much better
on/off ratio, the on-current density and transconduc-
tance are, in fact, lower than the transistors using 95%
semiconducting nanotubes by a factor of 3—7.'® This
trade-off between on/off ratio and transconductance
can be attributed to more tube-to-tube junctions
resulting from shorter nanotubes. On the basis of the
discussion above, our choice of using 95% semicon-
ducting nanotubes is justified because transconduc-
tance is the most crucial parameters for the RF device
instead of the on/off ratio.

Figure 2b shows the g,,—Vgs curve derived from
the Ips— Vs characteristics. The maximum gy, is mea-
sured to be 2.81 mS when Vs is around 0 V, and the
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Figure 2. DC characteristics of the separated nanotube RF
transistors. (a) Transfer characteristics (Ips—Vgs) of the
separated nanotube RF transistor (L = 0.5 um, W = 500 x«m)
measured at various Vps. (b) gm—Vgs characteristics mea-
sured at Vps = —1 V. (c) Output (Ips—Vps) characteristics
measured at various Vgs from —2 to 2 V.

corresponding g./W is 6.28 uS/um. Figure 2c is the
output characteristics (Ips—Vps curves) of the device
measured under different gate biases. We can see that
the Ips—Vps curves appear to be linear at low drain
biases, indicating that ohmic contacts instead of
Schottky contacts are formed between the metal
electrodes and the nanotubes. Under higher biases,
the current begins to saturate, and the saturation
behavior is superimposed on the metallic behavior of
the nanotube RF transistor. This leads to improved R,
which is useful in order to obtain a voltage gain.

We have further characterized the RF performance
of the separated nanotube transistor using vector net-
work analyzer (VNA), and the measurement setup is
shown in Figure 3a. The sources are grounded, and the
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DC biases are supplied to the gate and drain terminal
through the bias-T. For the RF measurement, the gate is
biased at Vs =0V and the drainis biased at Vps=—1V,
as this is the bias condition that gives the maximum g,
as confirmed by the DC measurement. The measured S
parameters from 50 MHz to 5 GHz are plotted in
Figure 3b. From the S parameters, we can further derive
the hy;, which corresponds to the current gain, and the
maximum available gain (G, using the following
equations®?

—252
hy = (M
g (1 —S19)(1 + S22) + 51252
Gmax = ezl forK <1 or
12
S
Gmax = SA(K*VKZ*-I) forK > 1 (2)
12

where K is the stability factor that can be calculated
using the following equation

_ 1+ 51152 —512521\2 — |511|2 — |522|2

K
2|512521]

(3)

The derived h,, (red trace) and G,,,. (green trace) are
plotted as a function of frequency in Figure 3c. From
the figure, one can find that, at 1 GHz, the current gain
h; drops to 0 dB. So the as-measured (i.e., extrinsic)
cutoff frequency (f;_extrinsic) Of the separated nanotube
RF transistor is 1 GHz. From the G,,.x curve, we can also
find that the unity power gain frequency f,ax is 1.5 GHz.

The extrinsic cutoff frequency of the transistor is
largely affected by the parasitic capacitance, and if we
perform short-open-load-through (SOLT) de-embed-
ding, we can rule out the effect from the parasitic
capacitance and deduce the intrinsic cutoff frequency
(f_intrinsic) Of the separated nanotube RF transistor. In
particular, considering the small size of the nanotubes
in the channel in comparison with the GSG pads
incorporated for probing measurement, the parasitic
capacitance could strongly degrade the corresponding
AC performance. On the basis of the SOLT de-embed-
ding scheme discussed in the Supporting Information
(Figure S1), we have deduced the intrinsic h,; of the
separated nanotube RF transistor plotted as the blue
trace in Figure 3c. From the figure, the intrinsic cutoff
frequency is derived to be 5 GHz. The frequency
response of the separated nanotube RF transistor is
significantly better than the transistor using CVD-
grown aligned carbon nanotubes with exactly the
same device geometry as shown in the Supporting
Information (Figure S2). The improvement can be
attributed to the improved g, as a result of the high-
purity semiconducting nanotubes used.

The gate bias dependence of the cutoff frequency is
illustrated in Figure 3d, and more information can be
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Figure 3. RF characteristics of the separated nanotube RF transistors. (a) Schematic showing the RF measurement setup. (b)
As-measured S parameters for the separated nanotube RF transistor (dual channel with L = 0.5 um, W =500 um) from 50 MHz
to 5 GHz. The transistor is biased at Vs = 0 V and Vps = —1 V for maximum g,.,. (c) Extrinsic and intrinsic current gain h,,, and
maximum available gain G, derived from the measured S parameters from 50 MHz to 5 GHz. (d) Transconductance and

intrinsic cutoff frequency as a function of Vgs.

found in the Supporting Information (Figure S3). As the
gate voltage varies from —0.4 to 0.2 V, the measured
cutoff frequency of the device also varies and peaks at
Vs = 0 V. The variation of f; follows the variation of g,
since f is proportional to g,. The shift of around 0.24 V
between the g, and f; curves can be attributed to the
device hysteresis as shown in the Supporting Informa-
tion (Figure S4). Furthermore, owing to the uniformity
of the separated nanotube thin film deposited using
APTES, the transistors also behave uniformly. For the
six transistors for which we characterized the RF per-
formance, the deduced intrinsic f; values under the
optimal bias conditions only vary from 3.05 to 4.98
GHz, and the average performance from those transis-
tors is 3.86 GHz.

Besides the cutoff frequency, linearity is another
important figure of merit for RF transistors. We have
performed both single-tone and two-tone measure-
ments using the test bench setup illustrated in Figure 4a.
Since our separated nanotube RF transistors provide
high current drive, on the order of 10—20 mA, we do
not need to resort to high-impedance probes or
terminations as opposed to the previous report.?®
Consequently, the measurement bandwidth is not
limited. For the measurement, two tones at adjacent
frequencies are applied to the gate of the nanotube RF
transistors through a power combiner. The two tones

WANG ET AL.

are applied all the way up to the extrinsic f; limit of the
nanotube RF transistors, as reported below, and not
just in the kilohertz and sub-kilohertz range in the
previous report.>® Besides, despite the high current
drive and g,,, of our separated nanotube RF transistors,
we decided not to focus on the gain from the device, as
we chose to incorporate standard 50 Q terminations
(for both the spectrum analyzer and the load) in order
to observe the high-frequency behavior of the device.
Nevertheless, it is worth noting that the absence of
gain may affect the linearity measurement in the circuit
level since the output signal level is limited. Possible
solutions to this issue include increasing the nanotube
density in order to improve g,,/W or further enlarging
the device channel width. In order to achieve gain from
the transistors directly driving 50 Q loads, gm X Rout
should be greater than 1, where the total impedance
seen at the output node (R, equals the output
resistance of the transistor (r,) in parallel with the input
impedance of the measurement instrument (50 Q) and
the 50 Q load resistor. Assuming r, is much larger than
50 Q, Roy: is therefore approximately 25 Q, which
means that the device transconductance needs to be
larger than 40 mS so that g,,, x 25 > 1. We are currently
working on the above proposed solutions to further
increase the transconductance in order to obtain gain
from the transistors.
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Figure 4. Linearity characteristics of the separated nanotube RF transistors. (a) Schematic showing the two-tone measure-
ment setup to capture the nonlinearity of the separated nanotube RF transistors. (b) Single-tone harmonic distortion
characterization results showing the output spectrum of the device with various input power levels from —10 to 12 dBm. (c)
Output power of the fundamental as a function of input power to extract the 1 dB gain compression point (P1dB). (d) Two-
tone intermodulation characterization results showing the output spectrum with various input power levels from 6 to 16
dBm. (e) Output power of the fundamental and third-order intermodulation as a function of the input power to extract the IIP3

and OIP3.

For the linearity measurement, the device is char-
acterized for single-tone (second-order and third-order
harmonic distortion for 1 dB compression point) as well
as two-tone intermodulation distortion (third-order
intercept point analysis). Figure 4b shows the results
of the single-tone measurement, where the separated
nanotube RF transistor biased with Vs = 0V (for peak
gmand f7) and Vps = —1 Vis driven with a single tone of
varying power levels at 9 MHz. From the output
spectrum captured using the spectrum analyzer, one
can find the fundamental (w,), the second-order (2w),
and third-order (3wg) harmonic components. If we
extract the output power of the fundamental from
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Figure 4b and plot it as a function of input power, we
can obtain the compression point plot as shown in
Figure 4c. This figure indicates that the output power
increases linearly as the input power up to 12 dBm, and
no gain compression can be observed. This means that
the P1dB of the separated nanotube RF transistor is
above 12 dBm; that is, the device operates linearly up
to an input power of 12 dBm (~16 mW).

Figure 4d illustrates the intermodulation distortion
performance of our separated nanotube RF transistors
in accordance with the test-bench presented in
Figure 4a. We conducted the two-tone test with two
tones at 9 MHz (w;) and 11 MHz (w,) to ensure the
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third-order intermodulations (w4 + 2w, and 2w, + w-)
that fall close to the tones are observable and measur-
able accurately. On the basis of Figure 4d, the power
level of the fundamentals and third-order intermodu-
lations are extracted and are plotted as a functional of
input power (Figure 4e). In theory, as the input power
increases, the power of the third-order intermodula-
tions increases 3 times faster than the fundamental.
Therefore, we can perform extrapolation and find the
point where the power of the third-order intermodula-
tion is equal to the power of the fundamental. This is
the so-called third-order intercept point, and the cor-
responding input and output power levels are defined
as lIP3 and OIP3. From Figure 4e, the lIP3 is measured to
be 36.3 dBm (~4.3 W) and the OIP3 is measured to
be —3.3 dB (~0.5 mW) for the separated nanotube RF
transistors. We have also performed the intermodulation

METHODS

Separated Nanotube RF Transistor Fabrication. The substrate is
chosen to be a highly resistive silicon wafer (p > 5 kQ-cm) with
200 nm SiO; to ensure minimum parasitics from the substrates.
Titanium/gold (0.5/50 nm) probing pads are first patterned
using contact aligner and lift-off process. After that, aluminum
back-gates (40 nm) are patterned using e-beam writing, and the
sample is heated to 200 °C in oxygen to oxidize the surface of
the aluminum to form 2—3 nm Al,O3 as gate dielectric. The
sample is then immersed into diluted APTES solution (1% APTES
in isopropyl alcohol (IPA)) for 10 min to functionalize the
substrate with amine-terminated monolayer. After that, the
sample is rinsed with IPA, blown dry thoroughly, and then
immersed into the commercially available 0.01 mg/mL sepa-
rated nanotube solution with 95% semiconducting nanotubes
(Nanolntegris Inc.) for 30 min, after which high density and
uniform nanotube networks are formed on top of the sub-
strates. With the deposited semiconducting nanotube thin film
acting as the conduction channel, the palladium source/drain
extensions are patterned using e-beam writing to further shrink
the device channel length down to 500 nm. As a final step,
e-beam writing plus oxygen plasma is used to remove the
unwanted nanotubes outside the device channel region in
order to achieve accurate channel length and width and to
remove the possible leakage in the devices.
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