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ue to their unique properties includ-

ing small size, high mobility, ballistic

conductance, large current density,
resistance against electromigration, and
low capacitance,'? single-walled carbon
nanotubes are considered as promising
candidates for next generation digital and
analog electronics. It has been demon-
strated that nanotubes can be used in
integrated logic circuits such as inverters,
ring oscillators, decoders, and thin-film
macroscale electronics such as AMOLED
displays.*~'> On the other hand, carbon
nanotubes have attracted significant re-
search efforts as a material for future analog
radio frequency (RF) electronics."* 23 A
combination of very high carrier mobility
and current density with extremely small
size and intrinsic capacitance makes nano-
tubes a highly promising material for ultra-
fast transistors. Most previous effort on CNT
RF electronics focused on nanotubes pre-
pared using chemical vapor deposition
(CvD),"” which involves high-temperature
processing, usually provides around one-
third metallic nanotubes and two-thirds
semiconducting nanotubes, and is often
limited to sample size. In contrast, separated
carbon nanotubes can provide high-purity
semiconducting nanotubes up to 95, 98,
and 99% and can be dispersed at room
temperature at wafer scale.***> However,
there has been rather limited study on RF
electronics using separated carbon nano-
tubes, and two notable examples are RF
transistors based on separated nanotubes
using dielectrophoresis'® and our own
work using separated CNT networks with
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ABSTRACT (Carbon nanotube RF transis-
tors are predicted to offer good performance
and high linearity when operated in the

ballistic transport and quantum capacitance
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regime; however, realization of such transis-

o

tors has been very challenging. In this paper,

we introduce a self-aligned fabrication meth-
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od for carbon nanotube RF transistors, which incorporate a T-shaped (mushroom-shaped)

aluminum gate, with oxidized aluminum as the gate dielectric. In this way, the channel length

can be scaled down to 140 nm, which enables quasi-ballistic transport, and the gate dielectric

is reduced to 2—3 nm aluminum oxide, leading to quasi-quantum capacitance operation. A

current-gain cutoff frequency (f,) up to 23 GHz and a maximum oscillation frequency (f,,) of

10 GHz are demonstrated. Furthermore, the linearity properties of nanotube transistors are

characterized by using the 1 dB compression point measurement with positive power gain for

the first time, to our knowledge. Our work reveals the importance and potential of separated

semiconducting nanotubes for various RF applications.

KEYWORDS: carbon nanotubes - semiconducting - quasi-ballistic - quantum
capacitance - self-aligned fabrication - T-shaped gate - radio frequency transistor -

linearity

oxidized aluminum as the back gate.®®
We note that there has been no report of
self-aligned RF transistors based on sepa-
rated semiconducting nanotubes, even
though self-aligned fabrication schemes
have been recognized as an important
way to scale down channel length and
reduce parasitic capacitance for radio fre-
quency transistors.?®~ 22 In addition, RF tran-
sistors with high linearity are highly desired
to reduce signal distortion, and carbon
nanotube RF transistors are predicted to
offer good performance and high linearity
when operated in the ballistic transport and
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Figure 1. Fabrication of self-aligned T-gate transistors based on a uniform-separated nanotube thin film on Si/SiO,
substrates. (a) SEM image of a separated nanotube film. (b) Photograph of a 4 in. Si/SiO, wafer with fabricated separated
nanotube devices. (c) Zoomed-in optical image of an RF transistor with 50 um channel width. (d) Schematic diagram of the
self-aligned T-gate transistor with separated nanotubes as the channel. (e) SEM image of the channel region of a transistor.
(f) Perspective-view SEM image of a T-shaped gate structure.

quantum capacitance regime; however, realization of
such transistors has proven to be very challenging.

In this paper, we report self-aligned T-gate fabrica-
tion and linearity performance of radio frequency
transistors based on high-purity 98% semiconducting
carbon nanotubes. The channel length can be scaled
down to 140 nm, which enables quasi-ballistic trans-
port, and the gate dielectric is reduced to 2—3 nm
aluminum oxide, leading to quasi-quantum capaci-
tance operation. Measurements revealed highly linear
I—Vgs curves and g, with very small variation for the
transistors under active operation. We demonstrated
that RF transistors consisted of separated semicon-
ducting nanotube networks of current-gain cutoff
frequency (f;) up to 23 GHz and maximum oscillation
frequency (fnax) of 10 GHz. Furthermore, we studied
the device linearity for our self-aligned T-gate nano-
tube transistor as an important figure of merit. To the
best of our knowledge, the 1 dB compression point
measurement with positive power gain was performed
for nanotube devices for the first time. Our results
show that semiconducting nanotube transistors have
great potential for high-frequency applications. The
self-aligned T-gate fabrication has also been recently
applied to graphene transistors by us.?®

RESULTS AND DISCUSSION

Figure 1a shows a field emission scanned
electron microscope (FESEM) image of a typical high-
density and uniform-separated 98% semiconducting
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nanotube thin film (IsoNanotube-S from Nanolntegris,
Inc.). Highly resistive silicon wafer (p > 5 kQ-cm) with
300 nm SiO, was used as the substrate in order to
reduce parasitic capacitance. We obtained a uniform
thin film of separated nanotubes over a full wafer by
using the solution-based deposition method with ami-
nopropyltriethoxysilane (APTES) functionalization as
reported in our previous work.'®'" This highly scalable
deposition method enables further wafer-scale fabri-
cation of nanotube radio frequency transistors. Here,
ground-signal-ground (GSG) coplanar waveguide
structure was used to probe separated nanotube RF
transistors, as shown in Figure 1b. The zoom-in optical
microscope image of a separated nanotube RF transis-
tor is presented in Figure 1c. Figure 1d exhibits the
schematic image of separated nanotube transistors
fabricated with T-shaped gate design. The carbon
nanotube network shown in Figure 1d is based on
the SEM image in Figure 1a. Details about the device
fabrication process can be found in the Methods
section. The SEM image of a representative separated
nanotube RF transistor with 50 um channel width is
shown in Figure 1e. Figure 1f presents the perspective-
view SEM image of a complete T-shaped structure.
This self-aligned fabrication process provides a well-
aligned separation with a small air gap between
gate and source/drain electrodes, which significantly
reduces parasitic fringe capacitance. The channel
length of a nanotube transistor is then set by the foot
of the T-gate structure. In this report, we obtained
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Figure 2. DC characteristics of self-aligned nanotube transistors. (a) Transfer characteristics (Ips—Vgs) with a nanotube device
of back-gate and top-gate control. (b) Transfer characteristics (Ips—Vgs) of the nanotube transistor with various Vps. (c) Output
(Ios—Vps) characteristics of the nanotube transistor with various Vgs. (d) Characteristic g,,,—Vgs measurement at various Vps.
(e) Characteristics of g,,,—Vgs measured with devices of channel length ranging from 140 to 300 nm. (f) Characteristics of
gm—Vss measured with devices of channel length ranging from 400 to 600 nm. (g) Conductance versus Vgs under Vps=0.2 V of

single nanotube self-aligned T-gate device.

channel lengths from 600 down to 140 nm. The
separation between source and drain electrodes is
created by the T-gate cap, which can be controlled to
be longer than the T-gate foot by 40 nm or so. The self-
aligned source/drain deposition usually leads to a
small ungated nanotube section ~10—20 nm for each
side of source and drain. Combination of uniform high-
density semiconducting nanotube films and T-gate
self-aligned fabrication technique provides a platform
for scalable and reliable fabrication of nanotube RF
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transistors, which pave the way for further study on the
DC and RF performance of these devices.

First, we characterized the DC performance of self-
aligned T-gate separated nanotube RF transistors.
Figure 2a illustrates the transfer characteristics
(Ips—Vgs curves) of back-gated modulation (black
trace) and top-gated modulation (red trace) for a
separated nanotube transistor with channel width
W = 50 um. The transistor had a channel length of
4 um before the self-aligned source/drain deposition.

A NTARKN TS
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The black curve presents the back-gate dependence
with Vg swept from —20 to 20 V at a drain bias of 1 V.
It exhibits a good on/off ratio over 10, which is decent
for high-purity separated nanotube transistors.'® After
the self-aligned source/drain deposition, the effective
channel length scaled down to 140 nm, and the top-
gate transfer characteristics were measured with Vig
swept from —1.5 to 1 V at a drain bias of 0.2 V. As
we discussed in our previous publication, self-oxidized
aluminum oxide provides a high-quality dielectric
without leakage current within the voltage we used.
It is obvious that gate modulation of the nanotube
transistor improved significantly after the self-aligned
source/drain pattern. With the on-state current density
of 1.1 uA/um and the off-state current density of
0.14 uA/um, the on/off ratio of the top-gate I—V; curve
is around 7.9. The reduction in on/off ratio after self-
aligned source and drain deposition is related to the
channel length reduction from 4 um to 140 nm, as
metal tubes can bridge the source and drain directly
when the channel length gets reduced. We note that
this on/off of 7.9 was achieved for a channel of 140 nm
by using 98% semiconducting nanotube solution,
and it compares favorably with an on/off ratio of
4.7 we reported before for a channel of 500 nm using
95% semiconducting nanotube solution.?® In addition,
while semiconducting nanotubes contribute to trans-
conductance for the nanotube transistor, metallic
nanotubes do not contribute to transconductance
and yet contribute to gate-channel capacitance. As
a result, using semiconducting nanotubes of higher
purity (such as 98% used here) should be beneficial for
the transistor frequency performance.

More DC analysis of the self-aligned T-gate sepa-
rated nanotube RF device is presented in Figure 2,
including transfer characteristics (Ips—Vgs curves)
at various drain bias (Figure 2b) and output character-
istics (lps—Vps curves) with different gate bias
(Figure 2c). One can note that the /ps—Vgs curves
shown in Figure 2b are very linear for gate voltage
between —0.5 and —1.2 V, corresponding to active
transistor operation. The on-current of the nanotube
transistor reaches 36 uA/um at Vps = —1.5 V. Saturation
of drain current is observed under high bias (Figure 2c),
which is crucial to obtain voltage gain. Besides,
the gm—Vgs curves derived from Ips—Vgs curves are
plotted in Figure 2d. We note that the transconduc-
tance remains rather flat for Vg between —0.5 and
—1.2 V, indicating the potential for high linearity
operation. By tuning the T-gate fabrication recipe, we
scaled transistor channel length from 600 down to
140 nm. Figure 2ef presents the g,,—Vgs curves of
devices at Vps = 0.2 V with channel length ranging from
140 to 300 nm and from 400 to 600 nm, respectively.
It illustrates that transconductance increases with re-
duced channel lengths. As presented in Figure 2d,e,
self-aligned T-gate separated nanotube transistors of
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140 nm channel length show good linearity, supported
by the flat gate dependence curves. As a good com-
parison, significant work in nanotube RF transistors has
been achieved by Rogers's group,’”>° while a carbon
nanotube RF transistor made by Rogers's group has a
channel of 700 nm and HfO, gate dielectric of 50 nm,*°
and the device showed variation of g,,, from 2.5 mS at
Ves = —0.8 V to a peak value of 5 mS at Vs = —0.2 V,
and then a lower value of 3 mS at Vg = 02 V.3
In contrast, our transistors exhibited very uniform g,
and very high linearity, as shown in Figure 2b,d. We
attribute the linearity of our devices to quasi-ballistic
transport as a result of short channel length (140 nmin
Figure 2b,d) and quasi-quantum capacitance opera-
tion due to the ultrathin gate dielectric (2—3 nm Al,Os)
we used. It was predicted before that the nanotube
transistor operated in the ballistic transport and quan-
tum capacitance regime can offer high linearity.*’
Previously, extensive study was carried out by Dai
et al. on nanotube ballistic transport, which revealed
amean free path of ~100 nm.>? The self-aligned T-gate
design eliminates misalignment and thus enabled us
to fabricate nanotube transistors with channel length
down to 140 nm, which is comparable to the mean free
path and therefore results in quasi-ballistic transport.
As further evidence, we fabricated a self-aligned
T-gate transistor with a single nanotube, and
the conductance is measured to be 0.13 x (4e%/h) at
Vps = 0.2 V and Vgs = —1V, as shown in Figure 1g.
Transmission coefficient of 0.13 is an underestimate of
the real value as the transistor has metal—nanotube
contact resistance and access resistance due to un-
gated nanotubes in series with the active channel
resistance. We nevertheless note that the transmission
coefficient of 0.13 is comparable to some of the devices
reported.3? Regarding quantum capacitance opera-
tion, we can calculate gate capacitance C, of the
carbon nanotube with the following equation:*

D
Cw = ———=
CQ +Cg
_ D
_ sin h(27tD)
C 1
{ Q +Znesoes % { 7RD H

Here, Cq is the quantum capacitance of nanotubes, D is
the density of nanotube, & is the dielectric constant, tis
the thickness of the dielectric layer, and R is the radius of
nanotube. With the device parameters, the electrostatic
gate capacitance C, for our T-gate nanotube transistor
is ~3.5 x 107'° F/m, which is close to the quantum
capacitance value of 4 x 107 '° F/m (calculation details
shown in Supporting Information). We stress that even
better linearity can be achieved by further reduction of
channel length to ensure complete ballistic transport
and by possibly replacing ultrathin Al,Os with other
ultrathin high « dielectric, such as HfO,.
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Figure 3. RF characteristics of a separated nanotube RF transistor on the Si/SiO, substrate (a—d) and a similar transistor on the
quartz substrate (e,f). (@) Smith chart of as-measured S-parameters of the separated nanotube RF transistor on Si/SiO,
(L =140 nm, W = 50 um). (b) As-measured S-parameters of the separated nanotube RF transistor. (c) Extrinsic and intrinsic
current-gain H,; and maximum available gain G,.x of the device on the Si/SiO, substrate derived from the measured
S-parameters from 50 MHz to 10 GHz. (d) Transconductance and intrinsic cutoff frequency versus gate bias. (e) Extrinsic and
intrinsic current-gain H,; and maximum available gain G, of the device on the quartz substrate derived from the measured
S-parameters from 50 MHz to 10 GHz. (f) Values f,,.x and f, of different T-gate transistors on the quartz substrate.

The high-frequency behavior of the self-aligned
T-gate separated nanotube RF transistors with
140 nm channel length was characterized by measur-
ing S-parameters directly with a vector network analy-
zer (VNA) over the frequency range from 0.05 to 10 GHz.
The calibration of the measurement to the probe
tips was performed by using off-wafer short-open-
load-through (SOLT) standard. Figure 3a,b illustrates
the as-measured S-parameters for the device structure
presented in Figure 1e. The gate electrode was biased
at Vgs = —1.1V, and the drain electrode was biased at
Vps = —1.5 V since this bias condition provides an
optimal g.,, confirmed by DC measurement. Figure 3c
presents both the extrinsic (before de-embedding)
and intrinsic (after de-embedding) current-gain (H,,)

and maximum available gain (MAG) frequency re-
sponse of the nanotube RF transistor. To exclude the
parasitic capacitance from the probing measurement,
a de-embedding procedure was used to eliminate the
effect of coplanar waveguide pads on the RF perfor-
mance by measuring the on-chip “open” and “short”
test structures. In this de-embedding method, the
open structure only consists of coplanar waveguide
pads outside the active area of nanotube transistor and
the short structure has additional metal film shorting
the gate—source and drain—source pads (Supporting
Information S3). As a result, the intrinsic device perfor-
mance after our de-embedding includes all of the
important device features such as T-shaped gate
and self-aligned source and drain electrode, which is

_ ACEIN \ N/
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important and meaningful for circuit application. This
kind of de-embedding procedure was applied to as-
measured S-parameters to obtain the “device” perfor-
mance. From Figure 3¢, one can find the current-gain
cutoff frequency (f,) to be about 1 GHz before de-
embedding and 22 GHz after de-embedding. The Gax
curve indicates 10 GHz of unity power gain frequency
fmax both before and after de-embedding. Figure 3d
presents the gate bias dependence of the intrinsic
cutoff frequency. The peak of cutoff frequency of
23 GHz occurs at the gate bias of —0.9 V. Since f;
is proportional to g, the variation of f; follows the
variation of g.,, while the small shift between g,,, and
f, may come from the hysteresis of the nanotube
transistor. The frequency response of this self-aligned
T-gate separated nanotube transistor is significantly
improved from our previous separated nanotube tran-
sistor of 5 GHz cutoff frequency,”® and we attribute the
improvement to the improved g,, and reduced para-
sitic capacitances with the self-aligned T-gate technol-
ogy. In addition, the unity power gain frequency fax
of 10 GHz reported in this paper is one of the best
performances for nanotube transistors reported to
the date.

To confirm the intrinsic frequency performance of
separated nanotube T-gate RF devices, we also per-
formed the fabrication on the quartz substrate to
exclude the effects of parasitic capacitances. The de-
vices on the quartz substrate exhibit DC characteristics
similar to that of devices on the silicon substrate. Both
extrinsic and intrinsic frequency responses of a T-gate
separated nanotube transistor with 30 um channel
width on the quartz substrate are illustrated in
Figure 3e. It shows an extrinsic current-gain cutoff
frequency of 12 GHz and power gain frequency of
8 GHz, which are comparable to the intrinsic perfor-
mance of T-gate separated nanotube devices on silicon
substrate discussed previously, proving the validity of
our de-embedding method. Importantly, the extrinsic
and intrinsic performances of T-gate devices on the
quartz substrate are approximately the same because
the insulating quartz substrate reduces the parasitic
capacitance significantly. Figure 4f is a plot of f; and
fmax from different T-gate transistors with a channel
length of ~140 nm on the quartz substrate, showing
high yield and uniformity with cutoff frequency ran-
ging from 4 to 12 GHz.

Linearity is a significant figure of merit for analog
and RF/microwave circuit and system designs. Carbon
nanotubes are anticipated to enable emerging designs
and systems requiring highly linear transistors. Here,
we also performed the linearity analysis for our self-
aligned T-gate separated nanotube transistors. As is
known, there are a few figures of merit capturing
nonlinearity, and a 1 dB compression point and the
intermodulation distortion are the most common
ones. Between the two metrics, the 1 dB compression
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point is a device performance metric, whereas the
intermodulation products are usually specified for
circuits and devices as parts of a system. Furthermore,
the intermodulation product metrics (third-order inter-
cept point IIP3) points are usually higher than the 1 dB
compression point by about 10 dB.

In order to characterize the nonlinearity metrics,
the device under test should have either voltage gain
or power gain. In previous publications, the linearity
performance of the carbon-based transistors was esti-
mated indirectly,?>2® through use of either the transis-
tor in a mixer or a resistively loaded transistor. In this
work, we present the 1 dB compression point measure-
ment of separated nanotube transistors with positive
power gain, to our knowledge, for the first time. This is
novel in the way of providing nonlinearity perfor-
mance information about the device directly, which
also has a positive power gain. Moreover, the device
was characterized in a large signal domain, within the
context it will be used to design the circuit with, which
is another novel part of the characterization work.

The self-aligned T-gate separated nanotube transis-
tors were used in constructing a class-A power
amplifier, and to capture the impedance as well as
nonlinearity information, their available power gain
contours and impedance were characterized in a
load/source pull system. The test setup is illustrated
in Figure 4a. The load and source tuners synthesized
a known/adjustable input and output impedance for
the device under test (DUT). The reflected power and
transmitted power were measured, corresponding to
each input/output impedance, in order to characterize
the available power gain corresponding to termination
impedances seen by the DUT. The available power
gain contours at 200 and 500 MHz were measured.
The contours were significant in choosing the source
impedance required in order to achieve the fixed
available power gain, and the load impedance was
conjugate matched on the output side. The available
power gain contours at 200 and 500 MHz are shown
in Figure 4b,c, respectively. As expected, as frequency
was increased, the radii of the contours corresponding
to a fixed available power gain decreased, reducing
the flexibility in choosing the impedance. The 1 dB
compression point was measured by fixing the source
impedance, corresponding to a particular available
power gain, and sweeping the power level from a
low starting input power to higher values. Two 1 dB
compression point plots, at 200 and 500 MHz input
frequency, are illustrated in Figure 4d,e, respectively.
The 200 MHz input frequency measurement is synthe-
sized to achieve an available power gain of 8 dB and
reveals a 1 dB output referred compression point of
11.6 dBm (Figure 4d). The 500 MHz input frequency
measurement is synthesized to achieve an available
power gain of 6 dB and reveals a 1 dB output referred
compression point of 11.9 dBm (Figure 4e).
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Figure 4. Linearity characteristics of T-gate self-aligned separated nanotube RF transistors. (a) Schematic of load and source
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tuner for 8 dB of power gain at 200 MHz (b) and 500 MHz (c); (d,e) 1 dB compression point plots at 200 MHz (d) and 500 MHz (e).

CONCLUSION

In conclusion, we applied the scalable self-aligned
T-shaped gate design to semiconducting nanotube RF
transistors. The nanotube transistors exhibit excellent
on-chip device performance with channel length scal-
ing down to 140 nm. With T-shaped gate structure, a
cutoff frequency up to 23 GHz and power gain fre-
quency of 10 GHz for separated nanotube transistors
are achieved. The T-shaped gate design enables high-
yield wafer-scale fabrication with controllable gate
length scaling. Furthermore, we also characterized
the linearity properties of nanotube transistors, with

METHODS

Fabrication Steps of Self-Aligned T-Gate Separated Nanotube RF
Transistors. Large-area uniform-separated 98% semiconducting
nanotube thin film was deposited on a highly resistive silicon
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the 1 dB compression point measurement, in source/
load pull setup, with positive power gain, to our knowl-
edge, for the first time. Meanwhile, we are still working
on the optimization of separated nanotube RF transis-
tor fabrication, including using higher purity presepa-
rated semiconducting nanotube solution, improving
the uniformity of nanotube film, further reducing
device dimension, and decreasing parasitic effects
such as access resistance from ungated section. Above
all, our work reveals that the semiconducting nanotube
RF transistor is an interesting and promising direction
in high-frequency device and circuit exploration.

wafer (p > 5 kQ-cm) and 300 nm SiO, was used for the solution-
based deposition method with aminopropyltriethoxysilane
(APTES) functionalization. Nanotube transistors with planar
waveguide pads over a 4 in. wafer were first fabricated by
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photolithography. The wafer was cut into small samples for gate
patterning due to the limitation of e-beam lithography equip-
ment. With bilayer electron beam resist of different sensitivity,
a step-shaped side wall profile of the bilayer resist was achieved
by exposing a high dose at the gate position center and a low
dose at the adjacent area. After the deposition of aluminum film, a
standard lift-off process produces the T-shaped gate (T-gate)
stack. By heating the sample to 150 °C in air for about 1 h, the
oxidation of the Al T-gate in air forms a thin dielectric layer at the
interface between nanotubes and the gate electrode. Finally,
palladium was deposited to create a self-aligned source and drain
electrode with the T-shaped gate working as a shadow mask.
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