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Carbon Nanotube Based Multifunctional Ambipolar
Transistors for AC Applications

Zhenxing Wang, Zhiyong Zhang,* Hua Zhong, Tian Pei, Shibo Liang, Leijing Yang,

Sheng Wang, and Lian-Mao Peng*

Field-effect transistors (FETs) fabricated on large diameter carbon nanotubes
(CNTs) present typical ambipolar transfer characteristics owing to the small
band-gap of CNTs. Depending on the DC biasing condition, the ambipolar
FET can work in three different regions, and then can be used as the core to
realize multifunctional AC circuits. The CNT FET based circuits can work as a
high-efficiency ambipolar frequency doubler in the ambipolar transfer region,
and also can function as in-phase amplifier and inverted amplifier in the
linear transfer region. Due to current saturation of the CNT FET, an AC ampli-
fier with a voltage gain of 2 is realized when the device works in the linear
transfer region. Achieving an actual amplification and frequency doubling
functions indicates that complicated radio frequency circuits or systems can
be constructed based on just one kind of device: ambipolar CNT FETs.

1. Introduction

Recently, tremendous progress has been achieved on carbon
based nanoelectronics, including carbon nanotubes (CNTs)
and graphene.l'3l Provided with ultrahigh carrier mobility
and saturation velocity as well as ultrathin body, both of CNTs
and graphene have been appealing for high frequency elec-
tronics,B1% especially for the applications of ambipolar elec-
tronics, which takes advantages of the unique characteristic of
carbon based transistor comparing with conventional devices.
Utilizing ambipolar transport characteristic, some kinds of
AC integrated circuits, including frequency doublers, mixers,
phase detectors, and digital modulators, have been realized
based on graphene field-effect transistors (FETs).I"'"1¢] Besides
graphene, CNTs with small band-gap (SBG) also present ambi-
polar transfer properties and can be used to build ambipolar
frequency doubler with better performance potentially owing
to its higher mobility and smaller dimension.'”l However, the
operating principle of the ambipolar electronics determines
that the FET has to work at the small transconductance region
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which is centered at the zero transcon-
ductance point (ZTP, also known as Dirac
point in graphene). Moreover, the FET
with small transconductance even near
zero presents a considerably low voltage
gain far below 1, ie., a serious signal
attenuation.'1216771  Therefore, voltage
amplifiers are necessary to cascade to
the ambipolar circuits (such as frequency
doubler or mixer) so as to make sure the
amplitude of the output signal is large
enough for the next level circuit in prac-
tical applications. In other words, both of
the ambipolar transistors for constructing
signal processing circuits and the linear
transistors for constructing voltage ampli-
fiers are indispensable blocks in RF
ICs for actual applications. To avoid the
increase of fabricating process and cost,
a preferred choice is to realize the amplifier on the same type
of devices for constructing the frequency transforming circuits.
Although graphene transistors have demonstrated multifunc-
tionality under triple modes, the actual amplifying function has
still not been realized.®! It is well known that voltage amplifier
is difficult to achieve on graphene FETs, in which the current
saturation cannot be realized easily and requires a complicated
process, such as embedded back-gate and ultrathin high-x
dielectric, to make the gapless single layer graphene behave
saturation property at room temperature.'¥! Compared with
graphene FETs, CNT FETs, including SBG CNT FETs, easily
present current saturation in output characteristics.'”) Mean-
while, SBG CNTs with large diameter are promising mate-
rials for radio frequency applications owing to their ultrahigh
mobility which mainly comes from the fact that the substrate
scattering is highly suppressed owing to the cylinder struc-
ture, superior to graphene, which suffers strong substrate scat-
tering.[171920] Thus, multifunctional FETs can be fabricated on
SBG CNTs to construct radio frequency integrated circuits, in
which AC gain amplifiers can be realized on FET via biasing
the device to the linear region, and ambipolar frequency trans-
forming circuits can be realized on the same FET via biasing it
in the ambipolar region centered at ZTP. Although in previous
work, we only focused on the ambipolar CNT FET functional-
ized as a frequency doubler, the current saturation properties
were negleted. Therefore, these devices were not designed or
biased to realize amplification.

In this work, we demonstrate a multifunctional SBG CNT
FET for radio frequency applications. The device presents typical
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Figure 1. Geometry and DC characteristics of a small band gap CNT FET. a) Schematic diagram showing the geometry of the self-aligned top gated
CNT device. b) SEM image showing the top view of a real device, in which colors indicate the different layers. The channel length is about 2 um, and
the scale bar is 5 um. c) DC transfer characteristic and gate voltage dependent transconductance. Depending on the gate voltage, the transfer curve
may be divided into 3 regions, corresponding to different working modes. d) Output characteristics of the device at the n-branch. V,, varies from -0.5

to 1V with a step of 0.3 V from bottom to top.

ambipolar transfer characteristics owing to the small band gap,
and then is used to as a frequency doubler, in-phase amplifier,
and inverted amplifier. The transition between different modes
may be made easier via changing simply the DC bias voltage level.
Particularly, the amplifier can attain an AC voltage gain of greater
than 2, which means that an actual voltage amplification (gain>1)
is realized in the multifunctional carbon-based nanodevices.

2. Results and Discussion

2.1. Ambipolar Transfer Property of CNT FETs

Figure 1a shows the geometry of a CNT FET which adopts a
well developed self-aligned gate structure,?!J and its SEM image
is shown in Figure 1b. The channel length is about 2 um, and
the diameter of the CNT is about 5 nm, as measured through
atomic force microscopy. Since the band-gap is inversely pro-
portional to the diameter in semiconducting CNTs, diameter of
about 5 nm will lead to a band-gap of approximately 140 meV,
which is small enough to present obviously ambipolar transfer
characteristic especially modulated by high-efficiency top gate
at room temperature.??) Transfer (I3—Vy) curves of the SBG
CNT FET were measured under biasing Vg of 2 V as shown
in Figure 1c, which clearly indicates typical ambipolar transfer
characteristics, and then the gate voltage dependent transcon-
ductance was derived via the differential of the transfer curve.
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The gate voltage of minimum current point (or ZTP) Vyz1p is
about —0.4 V, which is the transition point between n-branch and
p-branch. At the region with V,, smaller than Vi z1p, the cur-
rent increases with decreasing Vi, and FET is at the p-branch.
While at the region with V, larger than Vgzrp, the current
increases with increasing Vgs, and FET is at the n-branch. It is
obvious that the FET based on individual CNT presents large
transconductance both in n-region and p-region, i.e., the max-
imum transconductance reached as high as about 9 and 14 uS
in the p- and n-regions, respectively. It should be noted that the
output curve (I Vy) shows current saturation at high bias, as
shown in Figure 1d. The current saturation indicates that the
device presents large AC output resistance and then can be
used to construct a voltage amplifier with high gain.
Depending on the conductance type, the transfer curve of the
CNT FET is divided into three regions, i.e., Regions I, II, and
III from left to right. Region II is ambipolar, centered at the
minimum transconductance point, while the curves in Regions
[ and III are monotonic, with negative and positive maximum
absolute transconductance points, respectively. The CNT FET
can be used to realize different functions when biased at dif-
ferent regions, and can be referred as a multifunctional device.

2.2. Working Principle of the Multifunctional Circuit

The working principle of the CNT FET based multifunc-
tional circuit are demonstrated in Figure 2, in which the gate
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V4 dq_L It may be concluded from Equation (5) that a perfect fre-
Ro:, quency doubling function can be realized if the device works
< in Region II.
INPUT V o FET oS If the input sinusoidal signal is biased to Region I or III, I~
9 ==y ,|': 74 Vs obeys a linear relation,
3 =
-% Ids = f(Vgs) =D +gm( gs Vgs,DC) s (6)
< — where g, is the transconductance of the transistor, i.e., the
vg,DC slope of linear region, and is negative in Region I and positive
I: 11 (110D 1 — Vds in Region III. For a sinusoidal input wave at the input port,
VR L N N the output signal can be deducted by substituting Equation (6)
ds 1 111 from Equation (3) to yield
p n
> Vout = Vaa — DRy — gm Ry Asin wt 7
Vgs OUTPUT ¢ = Vad Ro — gmRo )

Figure 2. Operation principle of the multifunctional CNT FET based AC
circuit. When applying a biased sinusoidal signal at the gate electrode as
input, different output signals are obtained depending on the DC biasing
condition on the gate electrode. The device performs as an in-phase
amplifier in Region |, a frequency doubler in Region I, and an inverted
amplifier in Region I11.

(G) electrode serves as the input port, and the drain (D) elec-
trode serves as the output port, with the source (S) electrode is
grounded. When a sinusoidal signal is applied at the input port,
the gate voltage can be written as

Ves = Vgpc + Asinot, (1)

where V, pc is the DC biased at the gate and determines the
working region of the FET. The output signal detected by an
oscilloscope (OS) is a dropped voltage based on the applied
voltage Vy4 via an external load resistor Ry, and is given by

Vis = Vaa — lus Ro, (2)

where the drain-source current I;; through the FET is con-
trolled by the gate voltage V,, such that Iy = f (V), as shown
in Figure 1c. Hence, the relation between output Vy and input
Vs 1S

gs

Vds = Vdd - f(Vgs)RO (3)

Utilizing the different I3~V relations at different gate
regions, we can obtain different functional circuits. If the input
signal is biased to the minimum transconductance point, the
device alternately works in the p- and n-regions, i.e., region II.
When the device works in the p-region, a complete period will
appear in the output signal, whereas in the n-region, there is
another complete period in the output, and finally frequency
doubling is realized.'?l This can also be expressed assuming a
parabolic relation for the I4—Vy, curve in Region II, i.e.,

los = f (Vgs) = B+ C (Vs — Vgsnc)? “)

with B and C being two constant coefficients. For a sinusoidal
input wave at the input port, the output signal can be deduced
by substituting Equation (4) into Equation (3) to obtain

1 1
Vis = Via — BRy — EROCA2 + EROCA2 cos 2wt. (5)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

It can be seen from Equation (7) that a linear voltage ampli-
fying function can be realized when the transistor operates in
Region I or III, and the voltage gain is given by

9 Vout
9 Vin

Equation (8) gives the voltage gain of an ideal transistor in
which the output resistance of the FET is infinitely great. How-
ever, the output resistance, R, is a finite value in practical

FETs, and real voltage gain, A,, of the circuit is given by!2’!

A =

= —gmRo. ®)

A, = —gm Rout Ro (9)
Rout + Ro

The input biased in Region [, i.e., g, < 0, the gain is positive
and the device works as an in-phase amplifier, although there
exists a little phase difference between the input and output
due to the delay in the device. On the contrary, if the input is
biased in Region III, we have a positive transconductance and
the gain is negative, thus the device is turned into an inverted
amplifier, via simply altering the bias condition. The conclu-
sions above can also be reached using the projection method
via the transfer curve, as shown in Figure 2.1217]

2.3. The Frequency Doubling Function

The AC multifunctions are then demonstrated based on the
ambipolar transistor, and the AC test setup is according to the
circuit diagram in Figure 2. At first, the CNT FET was biased
in Region II, and the ambipolar frequency-doubling function
was measured. The gate of the CNT FET was biased with a
DC voltage V,pc = -0.4V, i.e., at the minimum transconduct-
ance point. During the frequency doubling measurements, we
adopted a series resistor (R, = 400 kQ) as the load and applied
Vaa = 3 V at the drain electrode. When an input sinusoidal
signal with frequency of 1 kHz was applied at the gate elec-
trode, the sinusoidal output signal with a frequency of 2 kHz
was measured, as shown in Figure 3a. Therefore, frequency
doubling was achieved with a gain of almost 120 mV/800 mV =
0.15, which is larger than that of the graphene frequency dou-
bler.'11216] The output power spectrum, as shown in Figure 3b,
was obtained through Fourier transforming the time domain
output signal in Figure 3a. This power spectrum shows that
most of the output RF power (about 90%) is concentrated at the
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Figure 3. Frequency doubler characteristics of the circuit shown in
Figure 1. a) Input and output waveforms for biasing at Region Il, where
the DC bias (V) is —0.4 V. The input signal frequency is 1 kHz, and the
circuit works as a frequency doubler. b) Power spectrum obtained via fast
Fourier transforming (FFT) of the output time domain signal in (a).

100 10M

doubled fundamental frequency of 2 kHz. This high frequency
doubling conversion efficiency comes from the almost perfect
ambipolar characteristic of the CNT-FET based on SBG.

2.4. The AC Amplifying Function

AC voltage amplifying is an indispensable function in analog
applications,['®23 and can also be obtained from the CNT FET
biased in Region I or III. The circuit functions as an in-phase
amplifier as shown in Figure 4a, when the CNT FET is biased at
Vgpc=-1.2V, i.e,, the device works in Region I. If an input sinu-
soidal signal with frequency of 1 kHz and peak-to-peak voltage
(Vinpp) of 200 mV was applied on the gate electrode, the output
signal is the in-phase sinusoidal wave with the same frequency
and peak-to-peak voltages of 130 mV as shown in Figure 4a. The
in-phase amplifier is with a voltage gain of about 0.65, which is
smaller than unity; therefore, a real amplifying function is still
not obtained. When the CNT FET is biased at Vpc = 0.1 V and
Vaqa = 12V, the transistor works in Region III and the circuit in
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Figure 4. Amplifier characteristics of the circuit shown in Figure 1.
a) Input and output waveforms for biasing in Region I, where the DC bias
(Vgs) is =1.2 V. The input signal frequency is 1 kHz, and the circuit works
as an in-phase amplifier. b) Input and output signal for biasing in Region
I, where the DC bias (V) is 0.1 V. The input signal frequency is 1 kHz,

and the circuit works as an inverted amplifier.

Figure 2 is expected to act as an inverted voltage amplifier. When
an input sinusoidal signal with frequency of 1 kHz and ampli-
tude of 100 mV was applied at the gate electrode, an output signal
is the antiphase sinusoidal wave with the same frequency and
amplitude of 200 mV, as shown in Figure 4b. It is a remarkable
fact that a voltage gain of about 200 mV/100 mV = 2 is obtained,
which means an actual amplification can be operated based on
CNT FET based devices. The actual voltage gain is achieved due
to the saturated output of the CNT FET, as shown in Figure 1d.
The saturated output characteristics indicate a large AC output
resistance, R, which is essentially a key parameter for an FET
to present voltage gain according to Equation (9). Although
multifunctional circuits have also been demonstrated based on
graphene FETS, an amplifier with an actual voltage gain has not
been realized because current saturation is difficult to obtain in
graphene FETs owing to its zero band-gap.'®2 Therefore, the
CNT-based multifunctional FET actually is, in this capacity, supe-
rior to the graphene-based multifunctional FET.¢l

In fact, although low, the gain of the CNT amplifier can
be further improved through certain strategies, including
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optimizing the bias conditions, improving the transcon-
ductance through adopting a finger structure or building
FETs based on CNTs arrays.#®?! In addition, although our
working frequency is on the kHz scale, the intrinsic frequency
response of CNT can also be further improved. Owing to ult-
rahigh carrier mobility and saturation velocity, the potential
work frequency of CNT FETs may reach up to THz regime.l!
Through some well-known methods to reduce the parasitic
effects of CNT FETs, for example adopting CNTs arrays to
reduce parasitic resistance,*® high work frequency up to tens
of GHz is expected in the CNT-based multifunctional ambi-
polar circuits.

The possibility of realizing multifunctionality on a single
FET would provide tremendous flexibility and enhanced func-
tionality for designing and building CNT FET-based RF cir-
cuits, for example, we can apply CNT FETs to realize frequency
shift keying (FSK).['®) And if we cascade a device working in fre-
quency doubler mode and a device working in amplifier mode,
we are able to achieve actual amplification after frequency dou-
bling, which is of more practical value than a single stage fre-
quency doubler with small output signal amplitude.

3. Conclusions

Top-gated FETs have been fabricated on large diameter CNTs,
which present typical ambipolar transfer characteristics.
Depending on the DC biasing conditions, the ambipolar FETs
can be used as the core to realize multifunctional AC circuits,
including a high-efficiency ambipolar frequency doubler in
the ambipolar transfer region, and an in-phase amplifier or
inverted amplifier in the linear transfer regions. Taking advan-
tages of the current saturation and large transconductance, an
AC amplifier with a voltage gain of 2 was realized on the single
CNT. The actual amplification (gain>1) and frequency doubling
functions realized indicates that complicated radio frequency
circuits or systems can be constructed based on this multifunc-
tional transistor component.

4. Experimental Section

CNTs were grown via catalytic chemical vapor deposition (CVD) method
on heavily doped silicon wafer, which was covered by a 500-nm-thick
SiO, insulating layer.?®! All device patterns were defined via electron
beam lithography (EBL, Raith Elphy Plus), and all the metal thin films
were accomplished via e-beam evaporation (Kurt |. Lesker AXXIS). The
source (S) and drain (D) electrodes consist of 30 nm Ti and 50 nm Au
metal stack. The gate (G) stack consists of an atomic layer deposition
(ALD, Cambridge Savannah) grown 12 nm HfO, and a 5/5 nm Ti/
Au metal thin film. The diameter of the CNTs was measured from the
line profile extracted from the atomic force microscope (AFM, Veeco
Nanoman) height image. The electric measurements were carried out
via a probe station in a vacuum chamber with 10~ Torr base pressure
(Lakeshore TTP-4). The DC measurements were based on Keithley
4200 semiconductor characterization system, and the AC measurement
facilities include an Agilent 33220A signal generator, and an Agilent
DSO7054A digital oscilloscope.
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