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Abstract

Due to the capability of ballistic transport, carbon
nanotube field-effect transistors (CNTFETs) have been
studied in recent years as a potential alternative to CMOS
devices. CNTFETs can be fabricated with Ohmic or
Schottky type contacts. We focus here on Schottky bar-
rier CNTFETs which operate by modulating the transmis-
sion coefficient of Schottky barriers at the contact between
the metal and the carbon nanotube (CNT). The ambipolar
behavior of Schottky barrier CNTFETs limits the perfor-
mance of these devices. We show that a double gate design
can suppress the ambipolar behavior of Schottky barrier
CNTFETs considerably. In this structure for an n-type de-
vice the first gate which is near the source controls elec-
tron injection and the second gate which is near the drain
suppresses hole injection. The voltage of the second gate
can be set to a constant voltage or to the drain voltage.
We investigated the effect of the second gate voltage on
the performance of the device and finally discuss the ad-
vantages and disadvantages of these designs.

1. Introduction

Carbon nanotubes (CNTs) have emerged as promising
candidates for nanoscale field effect transistors. While
early devices have shown poor device characteristics, im-
provements were achieved by using doped CNTs [1] or
high-κ materials [2]. The contact between metal and
CNT can be of Ohmic [3] or Schottky type [4, 5]. Schottky
contact CNTFETs operate by modulating the transmission
coefficient of the Schottky barriers at the contact between
the metal and the CNT [1, 5], but the ambipolar behavior
of Schottky barrier CNTFETs limits the performance of
these devices [6, 7].

Two important figures of merit of transistors are
the Ion/Ioff ratio and the subthreshold slope. By using
thin high-κ materials as gate dielectric the subthreshold

slope of CNTFETs can be improved [8], but due to their
ambipolar behavior the Ion/Ioff ratio is limited. In this
work we propose a double gate structure for CNTFETs.
Using this structure the carrier injection at the source and
drain contacts can be separately controlled. We show
that for an n-type device electron injection at the source
contact can be controlled via the first gate while the detri-
mental hole injection at the drain contact can be reduced
by the second gate. Thus, the ambipolar behavior of
CNTFETs can be completely avoided.

2. Approach

Assuming ballistic transport, we calculate the drain
current using the Landauer-Büttiker formula [9]

Id =
4q

h

∫

[fs(E) − fd(E)]TC(E)dE , (1)

where fs,d are equilibrium Fermi functions at the source
and drain contacts and TC(E) is the transmission coeffi-
cient through the device. The factor 4 in (1) stems from
the twofold band and twofold spin degeneracy [1]. In
this work we focus on ambipolar devices, where the metal
Fermi level is located in the middle of the CNT band gap
at each contact.

We evaluate TC(E) using the WKB approximation [8,
10, 11]

ln TC(E) = −2

∫

k(x)dx, (2)

and an idealized band structure [8, 10–12]

k =
Eg√
3aγ0

√

1 −
(

E + qV (x)

Eg/2

)2

dx, (3)

The symbol a = 0.246 nm denotes the lattice constant, Eg

is the band gap energy set here to 0.6 eV corresponding to
a CNT of a diameter of 1.4 nm, γ0 = 2.5 eV is the transfer
integral, and V (x) is the electrostatic potential along the
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Figure 1. Comparison between the simulation and ex-

perimental results for an axial CNT.

CNT. The integration in (2) is performed only within the
classical turning points.

For electrostatic analysis the Smart-Analysis-Package
(SAP) [13] was used. Since we focus on the subthreshold
behavior of CNTFETs, we neglect charge on the CNT,
which is considered to be a good approximation for the
off-state regime [1, 6–8].

As seen in Fig. 1 our approach is in good agreement
with experimental results for an axial CNT [14], more
details can be found in [15]. Note that these calcula-
tions were performed for axial CNTs, which explains the
low Ion/Ioff ratio and also the ambipolar behavior. In the
following we will focus on lateral CNTs.

3. Results and Discussion

We investigated a double gate structure as sketched
in Fig. 2 and a single gate structure. In the latter case the
gate is extended from source to drain, like in conventional
FETs. We used the same geometric dimensions for sim-
ulations as indicated in Fig. 2, except the CNT diameter
was set to 1.4 nm.

As seen in Fig. 2 high-κ and low-κ materials were
used above and below the CNT. Like light refraction at the
boundary of two media having different relative dielectric
constants, the direction of the electric field will change. If
the relative dielectric constant of the top material is higher
than the bottom one, the direction of the electric field near
the CNT is directed along the CNT axis, suppressing the
Schottky contact. As a result the control of the gate over
the Schottky barrier is increased, leading to a higher sub-
threshold slope [8]. In this work we use the relative di-
electric constants of the high-κ and low-κ materials of
11 and 3.9 respectively.

Fig. 3 shows the current-voltage characteristics of the
single gate structure. For this structure the current is sym-
metric with respect to the gate voltage, in agreement with
experimental results [6, 8]. To understand this behavior
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Figure 2. Sketch of the the double gate structure.

the band edge profile for this single gate structure is shown
in Fig. 4. Positive gate voltages near the source increase
the tunneling current of electrons, which is desirable for
n-type devices. By decreasing the gate voltage the tun-
neling current of electrons decreases, but the thermionic
emission current of electrons does not vary. If the gate
voltage decreases further to negative values the thermionic
emission current of electrons also decreases. On the other
hand by applying positive voltages higher than the gate
voltage to the drain, the Schottky barrier near the drain
is suppressed and consequently hole injection at the drain
increases, an undesirable phenomenon for an n-type de-
vice. Especially in the off regime this would result in an
intolerably high off-current.

From the above discussion it seems reasonable to con-
trol the band edge profile near the source and the drain
contacts separately, leading to a double gate structure as
shown in Fig. 2. The first gate near the source controls
electron injection and the second gate near the drain sup-
presses hole injection at the drain contact. We considered
two possibilities for the second gate voltage:

a) Applying the same voltage as the drain voltage.

b) Applying a constant voltage equal or higher than the
maximum drain voltage.

If the same voltage as at the drain is applied to the sec-
ond gate, at any drain voltage the band edge profile near
the drain would be flat, see Fig. 6. In consequence the
tunneling current of holes is suppressed and there is just
some thermionic emission current of holes, resulting in an
off-current which is nearly independent of the drain volt-
age and equals to the thermionic emission current over the
Schottky barrier, see Fig. 5.

If an even lower off-current is required, then the second
gate can be biased at a fixed voltage which is higher than
the maximum drain voltage. This results in suppressing
the hole thermionic emission current, see Fig. 6. As seen
in Fig. 5 by using this design a very low off-current can
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Figure 3. Current-voltage characteristics of the single

gate structure.
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Figure 4. Band edge profile of the single gate structure.

be obtained, but due to the exponential relationship be-
tween thermionic emission current and the barrier height
the off-current increases exponentially as the drain volt-
age increases. When the drain voltage reaches the sec-
ond gate voltage the drain current reaches the limit of the
thermionic emission current of holes over the Schottky
barrier. If the drain voltage is more increased, the tun-
neling current of holes also appears. This means that for
having an off-current below the thermionic emission limit
it is necessary to apply a voltage higher than the maximum
drain voltage to the second gate.

In Fig. 5 for the case of VG2 = 0.8 V a change
in the subthreshold slope near zero gate voltage is seen.
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Figure 5. Current-voltage characteristics of the double

gate structure.

0 20 40 60 80 100 120 140
Position [nm]

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

E
ne

rg
y 

[e
V

]

E
C
 at V

G2
= V

D

E
V

 at V
G2

= V
D

E
C
 at V

G2
= 0.8 V

E
V

 at V
G2

= 0.8 V

V
D

= 0.6 V

V
G1

= 0 V

Figure 6. Band edge profile of the double gate structure.

This phenomenon results from suppressing the thermionic
emission current of electrons at the source contact. Since
the relationship between the thermionic emission current
and the barrier height is exponential, the subthreshold
slope in this regime is near its ideal value 70 mV/dec.
This behavior is not seen in other current voltage charac-
teristics since in other cases the hole current dominates
over the electron current in the off regime. Here, however,
the hole current is suppressed and the electron current is
the dominant part of the total current.

For a better comparison between these designs current-
voltage characteristics of the single gate and the double
gate structures are shown in Fig. 7. For the single gate
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Figure 7. Comparison between current-voltage charac-

teristics of different structures at Vd = 0.3 V.

structure the off-current is very high, but for the both dou-
ble gate structures an Ion/Ioff ratio higher than five orders
of magnitude can be obtained.

4. Conclusions

Our simulation results show that by using a double gate
structure the Ion/Ioff ratio of CNTFETs can be increased
considerably. The second gate voltage can be either set to
the drain voltage or to a constant voltage higher than the
maximum value of the drain voltage. The advantages of
connecting the drain voltage to the second gate are avoid-
ing parasitic capacitances between the second gate and
the drain, avoiding a separate voltage source for the sec-
ond gate, and also ease of fabrication. The disadvantage
of this method is that the minimum off-current is limited
to the thermionic emission current over the Schottky bar-
rier. By applying a constant voltage higher than the maxi-
mum value of the drain voltage to the second gate, a very
high Ion/Ioff ratio can be obtained. However, for both of
these methods the Ion/Ioff ratio is higher than five orders
of magnitude which is completely satisfactory for conven-
tional logic applications.
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