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High frequency capabilities of carbon nanotube field-effect transistors �CNTFETs� are investigated.
Structures with a large number of single-walled carbon nanotubes were fabricated using
dielecrophoresis to increase the density of nanotubes in the device channel. The authors obtained an
intrinsic current gain cutoff frequency of 30 GHz establishing state-of-the-art high frequency �hf�
potentialities of CNTFETs. The device also showed a maximum stable gain above 10 dB at 20 GHz.
Finally, the parameters of an equivalent circuit model of multitube CNTFET at 20 GHz are
determined, which open the route to the modeling of nanotubes-based hf electronics.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2743402�

The intrinsic electrical properties of carbon nanotubes
�CNTs� are among the best of all the semiconductors,
and carbon nanotube field-effect transistors �CNTFETs�
are known to be very promising for high frequency
electronics.1–4 Recent works4–9 have demonstrated high fre-
quency functionalities of CNTFETs up to tens of gigahertz.
While most of the studies so far used indirect methods �such
as mixing4� to assess the high frequency �hf� properties of
the devices, only a few studies used direct measurement
techniques3,6–8,10 and were able to demonstrate current or
maximum stable gain �MSG� up to 10 GHz. In these studies
several routes for continuous improvement of the high fre-
quency performances were envisaged. They include optimiz-
ing the device geometry, using multichannel configurations
or increasing the number of gate fingers. Nevertheless, the
measured performances remain far from the predicted intrin-
sic capabilities of CNTs, in particular, in terms of cutoff
frequency.2,11

An interesting figure of merit to compare and optimize
the high frequency potentialities of a transistor is the gate
delay defined as CV / I.12 This expression illustrates the key
elements to improve the performances: increasing the drive
current �at a given drain-source bias� and decreasing the ca-
pacitance. In the case of nanodevices the current per channel
�defined by the quantum conductance 2e2 /h, taking into ac-
count the spin� does not exceed a few tens of microamperes.
This intrinsic limitation together with parasitic capacitances
even of a few femtofarads decreases the intrinsic cutoff fre-
quency by decades and is the main bottleneck in terms of
speed. These parasitic capacitances originate from pads,
gate-to-source and gate-to-drain overlaps, and electrodes
fringing. The negative contribution of these parasitic capaci-
tances can be lowered principally by improving the device
geometry. Increasing the current through the device may be
possible using two approaches: increasing the number of
gate fingers3,13 or increasing the density of nanotubes for a

given device geometry which may prove a better compro-
mise. Using multigate fingers definitely results in a higher
drive current which improves the measurement’s accuracy by
allowing more convenient impedance with respect to con-
ventional 50 � equipment. However, most of the parasitic
capacitances increase at the same time which may limit the
ultimate performance obtained by this approach. Conversely,
increasing the nanotube density in a given geometry can also
strongly improve the drive current while keeping the para-
sitic capacitances to an almost unaffected level. This latter
approach is the one explored in this work. To prove the de-
pendence of nanotube density on hf performance, we have
fabricated p-type CNTFETs with a high density of nanotubes
per gate finger using the dielectophoresis technique for CNTs
deposition.14,15

The cross section of the device under consideration is
presented in Fig. 1. It is a metallic �Al� back-gate-oxide
�Al2O3, about 2 nm� CNTFET with a two-gate-finger topol-
ogy. The unitary gate finger width is 10 �m, the source to
drain spacing is 300 nm, and the gate overlaps the source
and drain regions by 50 nm. Pd is used to contact nanotubes
as it is known to favor hole injection.

The process flow is similar to the one described in Ref. 6
except for the nanotubes deposition technique. Before the
deposition of nanotubes, the metallic gate fingers, the gate
oxide, and the access electrodes are fabricated. Then, the
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FIG. 1. �Color online� Cross-sectional representation of the CNTFET.
Aluminum is used as a back gate, and a thin �about 2 nm� Al2O3 layer gate
insulator is obtained by plasma.
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nanotubes are deposited and the final step consists in con-
necting the nanotubes to source and drain electrodes by
metal �Pd� deposition. In our previous work, nanotubes were
deposited at the wafer scale using a selective deposition tech-
nique based on surface chemistry.16–18 This yielded a nano-
tube density of �10 NTs/�m of gate width. In the present
study, we use the dielectrophoresis �DEP� approach. Nano-
tubes from Nanoledge were first purified and dispersed at
low concentration in N-methyl-pyrrolidone using moderate
sonication. These results in a highly stable dispersion com-
prising mostly individual nanotubes. A droplet of this disper-
sion is deposited on the wafer where the gate fingers, pads,
and access electrodes have already been patterned. An ac
electric field is applied between the access electrodes of the
future source contacts separated by 8.5 �m. This electric
field drives the deposition of the nanotubes. An important
aspect of this technique is that not only the deposition can be
made very dense but it also results in nanotubes preferen-
tially oriented along the field lines. Figure 2�a� shows a scan-
ning electron microscopy �SEM� image of the active area
after the DEP process. It is clear that the method results in a
highly dense, mostly oriented and two dimensional nanotube
film. The very thin thickness of this film �a couple of nm
corresponding to a monolayer mainly� is important since
thick films would result in limited coupling to the gate due to
the intertube screening. It is also clear from this figure that a
large number of nanotubes are deposited outside the active
area. This is due to the presence of the gate and drain access
electrodes which are at a floating potential during the depo-
sition. These undesirable CNTs are destroyed by plasma oxi-
dation through a mask. Figure 2�b� shows the final active
region after the source and drain electrodes have been
patterned.

While it is difficult to assess directly the nanotube den-
sity, we note that the prepared devices show drive currents in
the 15–30 mA range at Vds=1.5 V �see the typical Idstot

�Vds�
curves in the inset of Fig. 3, for example�, which is �10–20

times higher compared to our previous study at a comparable
geometry.6 The major part �90%–95%� of the dc is produced
by the large number of metallic nanotubes. Nevertheless, the
dielectrophoresis technique allows increasing also the semi-
conductor nanotubes. As shown in Fig. 3, the dc transcon-
ductance, close to −500 �S, is improved by a factor of 2.5
�at Vgs=−1.5 V� as compared with our previous work.6

On-wafer S-parameter measurements were carried out using
an Agilent PNA series network analyzer from
50 MHz to 20 GHz. The i.f. bandwidth is fixed at 10 Hz to
improve the sensitivity and accuracy of the measurements.
The current gain �H21�2 and MSG �S21/S12� were deduced
from measured S parameters and are shown in Fig. 4. The
current gain cutoff frequency �fT� of the total device H21�ext

�device with access� is close to 4 GHz �it should be noted
that fT�11 GHz when the coplanar pads are removed�. It is
almost four times greater than the previous result,6 using the
same structure. Moreover, using the deembedding procedure
described in Refs. 6 and 7, we removed by calculation the
access and parasitics using a dedicated “open” structure
�similar to the active structure but without nanotubes�. The
main parasitic capacitances are highlighted by the gate-to-
source and gate-to-drain overlap capacitances Cgsp and Cgdp
close to 10 fF. These capacitances are directly extracted from
the measured S parameters of the open structure. As shown
in Fig. 4, the intrinsic current gain �H21�int� cutoff frequency

FIG. 2. Scanning electron microscopy �SEM� images of the two-finger
back-gate CNTFET active region: �a� after the dielectrophoresis process and
�b� at the end of the process.

FIG. 3. Measured dc transconductance �gm� as a function of Vgs at
Vds=1 V in comparison with the previous work �see Ref. 6�. Inset: Idstot

as a
function of Vds, for Vgs from −1.5 to 0 V �step of 0.5 V�.

FIG. 4. �Color online� Current gain 10 log 10��H21�2� and MSG �in decibels�
extracted from the S parameters. The device is biased at Vds=1.5 V and
Vgs=−2 V. MSG=10 dB at 20 GHz. The dashed lines correspond to the
ideal slopes of −20 dB/decade for �H21� and −10 dB/decade for MSG.
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after such a deembedding procedure is of 30 GHz. This re-
sult shows the high frequency potentialities of CNTFETs in
the centimeter wave range and corresponds to the state of the
art. For the same bias point, the MSG is greater than 10 dB
at 20 GHz. It should be noted that the slopes of the current
gain and MSG are −20 and −10 dB/decade, respectively, in
the whole frequency range. It corresponds to the expected
ideal slopes and proves the quality of the deembedding
procedure.

From the S parameters, we also deduced the elements of
the equivalent circuit described in Fig. 5�a�. All values are
summarized in Table I. Figure 5�b� represents the evolution
of the ac transconductance and of the intrinsic gate-to-source
and gate-to-drain capacitances as a function of frequency.
The order of magnitude of these intrinsic capacitances is
close to 1 fF. In terms of accuracy, such a value is very
sensitive to the deembedding procedure �taking into account
the parasitic capacitances� and one should be cautious when
trying to relate them to a physical origin. Nevertheless, we

note that the intrinsic capacitances are extracted directly
from the intrinsic Y parameters �Y int=Ymeasured−Yopen� with-
out any added correction and are always positive even if they
are very small which proves the efficiency of the deembed-
ding technique. These intrinsic parameters remain constant
up to 20 GHz. The dynamic gm value is comparable to the
dc ones ��500 �S�, denoting the low values of source and
drain resistances, thanks to the high number of CNTs.

While these results present the state of the art in terms
of intrinsic fT and MSG, we were expecting higher perfor-
mance. Indeed, the high value of the conductance
�gd�15 mS� denotes the high density of deposited CNTs in
agreement with the SEM images. Although the high value of
the transconductance as compared with previous works, the
ratio gm/gd is very low close to 0.03. These relative values
of gd and gm indicate that a large part of the deposited nano-
tubes is metallic. More investigations and optimizations of
the nanotubes deposition technique particularly are still nec-
essary to reach transistors operating in microwave or even
millimeter-wave electronics. hile limiting the performances
of the present devices, this also indicates that highly im-
proved hf capabilities are in sight in the proposed geometry.
Using dispersions of nanotubes enriched in semiconducting
tubes19 should bring the fT towards the 100 GHz range.
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FIG. 5. �Color online� �a� Equivalent circuit for modeling CNTFET. Intrin-
sic components are displayed inside the dashed rectangle. �b� ac transcon-
ductance and intrinsic gate-to-source and gate-to-drain capacitances Cgs and
Cgd extracted from the deembedded S parameters. The device is biased at
Vds=1.5 V and Vgs=−2 V.

TABLE I. Elements of the equivalent circuit described in Fig. 5 and de-
duced from the S parameters.

Cgsp=9 fF Cgs=2 fF Rgd=10 k�

Cgdp=10 fF Cgd=0.3 fF gm=−0.52 mS
Cdsp=2.7 fF Rgs=1 k� gd=15.2 mS
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