
The effect of source/drain extension asymmetry on the leakage current of
ohmicly-contacted carbon nanotube FETs

Khairul Alam and Roger Lake
LAboratory for Terascale and Terahertz Electronics

Department of Electrical Engineering
University of California, Riverside, CA 92521-0204

ABSTRACT

Geometry dependency of the leakage current is inves-
tigated by modeling the effects of source/drain extension
asymmetry on the leakage current of a 20 nm wrap-around
gated ohmicly contacted carbon nanotube field effect transis-
tor (CNTFET). Interband tunneling plays an important role
to control the leakage current in CNTFETs. Asymmetric
gate structure with gate close to the source blocks much of
interband tunneling. The interband component of the leak-
age current as a percentage of the OFF current reduces from
98.8% to 0.16%, the ON/OFF current ratio increases from
1.4 × 104 to 1.9 × 106, the gate capacitance increases from
0.2 aF to 0.41 aF, and the cut-off frequency decreases from
25 THz to 15 THz with symmetric to asymmetric gate struc-
ture.

Keywords: carbon nanotube (CNT), leakage current, asym-
metric gate structure, source/drain extension, coulomb
blockade

1 INTRODUCTION

Since its discovery in 1991 by the Japanese electron mi-
croscopist Sumio Iijima, carbon nanotube (CNT) has been
the promising candidate for future nanoelectronics. CNT
is essentially one monolayer thick graphene sheet rolled-up
into a cylinder. Electron confinement in the radial and cir-
cumferential directions makes CNT a one dimensional (1D)
nanowire. Better performance of CNT based devices over
the conventional MOSFETs has been projected at the scaling
limit [1]. CNTFETs with ohmic palladium contact to intrin-
sic p-type channel have been demonstrated [2–5]. Studies on
doping to CNT using potassium [6], modification of metal-
CNT work function using chemical means [7, 8], ambipolar
conduction in CNT [9–12], and geometry dependent perfor-
mance [13, 14] of CNTFETs have been investigated.

Also there has been progress in self-assembled function-
alized CNTFETs using biological molecule such as DNA.
Because of its low inherent conductance in biological envi-
ronment, DNA properties need to be modified by metalliza-
tion to facilitate electron transport. Metallization of DNA
with gold, silver, copper, palladium, and platinum has been
demonstrated [15]. Keren et. al have fabricated CNTFETs
by self-assembled DNA-templated gold wires and have mea-
sured their electrical characteristics [16].

CNTFETs show different scaling behavior than conven-
tional MOSFETs [12, 17, 18], and the OFF current increases
exponentially with the drain voltage. This leakage current
results from both the interband and intraband tunnelings.
The sources of leakage are strongly geometry dependent.
Although a self-aligned process has been demonstrated [5],
we have found this to not be the optimal geometry for min-
imizing leakage. In this work, we investigate the geometry
dependence of the leakage current by modeling the effect of
source/drain extension asymmetry on the leakage current of
CNTFETs with 20 nm wrap-around gates. The key idea is to
produce different electric field in the source and drain con-
tacts so that unwanted tunneling (interband tunneling) can be
suppressed to reduce the OFF current. Similar studies have
been done both theoretically [19] and experimentally [20],
but their theoretical model uses a semiclassical approach un-
der WKB approximation. Our simulation model solves the
full-band quantum transport equations self-consistently with
Poisson equation.

2 SIMULATION MODEL

Our simulation model is based on a self-consistent so-
lution of the non-equilibrium Green function (NEGF) equa-
tions and Poisson equation. The NEGF equations are solved
using the recursive Green function algorithm of [21], the
quantum Jacobian of [22], and the boundary self-energies
of [22]. A cross sectional view of the device used in our
simulation is shown in Fig. 1.

Figure 1: Device cross sectional view.

For this wrap-around structure, the potential V is inde-
pendent of φ and Poisson equation in cylindrical coordinates
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Spatial variation of permittivity is allowed in the radial direc-
tion only, and Eq. (1) is solved by standard Newton-Rapshon
method with appropriate boundary conditions. The charge
density in each atomic layer is calculated from the following
equation

ρL = (2q)
∫

dE

2π
Tr

(
fSAL

L,L + fD

[
AL,L − AL

L,L

])
. (2)

Here L is the atomic layer index, Tr is trace over the atomic
orbitals, fS and fD are the source and drain Fermi functions
and A’s are the spectral functions calculated from the follow-
ing equations

AL
L,L = GL,1Γ1,1G

†
L,1 (3)

AL,L = i
(
GL,L − G†

L,L

)
,

where Γ is the broadening function and GL,L is the diago-
nal block of the Green function calculated from the recursive
Green function algorithm [21]

GL,L = gL,L + gL,LtL,L−1GL−1,L−1tL−1,LgL,L. (4)

Here gL,L is the bare, right-connected Green function

gL,L = (E − DL − tL,L+1gL+1,L+1tL+1,L)−1
, (5)

where DL is given by

DL = HL − UL. (6)

Here UL is the appropriately shifted potential energy at the
Lth atomic layer, HL is the layer Hamiltonian, and t’s are
the layer to layer coupling matrices. The Hamiltonian ma-
trix and the coupling matrices are formed using π-bond of
carbon atoms under tight binding approximation. Once the
self-consistency between the potential and the charge density
is achieved, the current is calculated from

I =
2q

h

∫
dE T (fS − fD) , (7)

where transmission is

T = Tr
(
Γ1,1

[
A1,1 − G1,1Γ1,1G

†
1,1

])
. (8)

3 RESULTS AND DISCUSSIONS

For simulation we use a (13,0) zigzag CNT with diam-
eter ∼ 1 nm and band gap of 0.76 eV. Fig. 2(a) shows the
leakage current as a function of CNT length for 3 different

geometries.
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Figure 2: (a) IOFF vs CNT length. (b) Current density vs
energy for 3 devices with CNT length of 40 nm. (c) Current
density plots in the S structure for 2 different values of CNT
length.

The symmetric geometry (SYM) has the highest leakage
current for L < 50 nm. Fixing the drain extension to 4 nm
(D) results in the next highest leakage. Fixing the source ex-
tension to 4 nm (S) results in the lowest leakage. This config-
uration suppresses the interband tunneling component of the
leakage current due to reduced electric field near the drain
region. The physics is revealed in the plot of current density
versus energy shown in Fig. 2(b). All three structures have
the same intraband component but the interband component
of the leakage current is least for the S structure. Also the
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leakage current in structure S falls quickly with CNT length
and saturates at a critical value of L. Fig 2(c) reveals the
physics. Increasing L reduces the interband component of
the leakage current but does not affect the intraband compo-
nent of the leakage current. At large enough L, the intraband
component dominates and further reduction of the interband
component of the leakage current has no effect on the total.

µµ µµ

Figure 3: IDS vs VGS plots.

The IDS vs VGS plots for 3 different geometries with
50 nm CNT are shown in Fig. 3. The interband tunneling
current at negative voltages is minimum with the gate close
to the source (S). The turn-on current at positive voltages is
unaffected by the symmetry. Therefore, the ON/OFF current
ratio is maximum with the S structure. The components of
the OFF current and the ON/OFF current ratio for different
geometry with 50 nm CNT length are shown in Table 1.

Dev. IOFF (µA) Interband Intraband ON/OFF
SYM 2.5×10−4 2.4×10−4 3.0×10−6 1.4×104

D 9.0×10−5 8.7×10−5 2.9×10−6 3.5×104

S 2.3×10−6 3.6×10−9 2.3×10−6 1.9×106

Table 1: Statistics of the OFF current components and the
ON/OFF current ratio for 3 devices.

µµ µµ

Figure 4: I-V characteristics.

Fig. 4 shows the I-V characteristics for 3 different struc-
tures. Regarding Fig. 3 and Fig. 4 we calculate the fig-
ures of merit, switching time τs, cutoff frequency fT, and
small-signal gain Av for 3 different geometries. The gate
capacitance is calculated from Cg = 2πR

∫ Lg

0
dz δDr

δVg
where

R is the radius of the dielectric, and the integral is over Lg .
This expression includes the effect of the quantum capaci-
tance also. Details about the calculation for 30 nm long CNT
with 0.98 eV band gap has been discussed in our previous
work [23]. The figures of merit are listed in Table 2.

Dev. Cg (aF) τs (ps) fT (THz) ro (MΩ) Av

SYM 0.2 23.5 25 2.95 93
D 0.42 53 11 4.1 118
S 0.41 39 15 2.2 88

Table 2: Figures of merit for 3 devices.

The increased capacitance resulting from the closer prox-
imity of the gate to the source/drain increases the switching
time and reduces the cutoff frequency. The electric field
in the drain varies with geometry and changes the percent
modulation of the intraband tunnel barrier length. The mod-
ulation is maximal for the structure with the gate close to
the source. In this case the width of the triangular barrier
to intraband tunneling is modulated by the voltage at the
drain. For the D structure, the intraband tunnel barrier width
is essentially a square barrier the length of the CNT. This in-
creases ro in the D structure but decreases in the S structure
and hence change in Av. Even though the I-V characteristics
of these ohmicly contacted CNTFETs look like those of a
FET, the devices operate as voltage modulated tunnel barri-
ers in which the bulk CNT itself, not the contacts, act as the
tunnel barrier.

Considering the small gate capacitance and the resonant
tunneling characteristic of the interband leakage current, we
should also consider the effect of Coulomb blockade on the
interband tunneling. The single electron charging energy
is Ue = e2/2C. Considering Cg as C the single electron
charging energy with 0.41 aF (S structure) is 0.2 eV. This
energy is much greater than the broadening energy (in the
range of meV [24]) of the quantized states (Fig. 2). There-
fore, Coulomb blockade effects should, in principle, move
the turn-on of the IDS vs VGS curve of Fig. 3 due to inter-
band tunneling, back to the left by 0.2 V and make the FETs
effectively unipolar devices.

4 CONCLUSIONS

Geometry dependency of the leakage current for ohmicly
contacted CNTFETs is analyzed. The geometry with the
gate closer to the source provides the most blocking of the
interband component of the leakage current, and it gives the
highest ON/OF current ratio with inverse subthreshold (∼
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63 mV/dec) close to the ideal value of 60 mV/dec. The ca-
pacitance with asymmetric structure increases due to higher
electric field near the contact.
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