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The high-frequency capabilities of p-i-n and n-i-n doped-contact carbon nanotube field-effect transistors
(CNFETs) are compared via simulations using a self-consistent, energy-dependent effective-mass Schrö-
dinger-Poisson solver. Band-to-band tunneling, which is a characteristic feature of p-i-n CNFETs, can also
occur in n-i-n CNFETs, and it is shown here that it reduces the unity-current-gain frequency fT in the latter
devices. Generally, however, fT is higher in n-i-n CNFETs. For both types of device, fT increases with the
chiral index of zig-zag tubes, but for different reasons.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Aggressively scaled transistors, such as nanowire FETs [1] and
n-i-n doped-contact CNFETs [2], suffer from a large subthreshold
current at high drain–source voltages due to direct source–drain
tunneling, and to band-to-band tunneling (BTBT). The latter trans-
port mechanism causes a charge pile-up in the channel and pre-
vents the gate from effectively moving the bands to turn off the
device. In order to avoid this undesirable power consumption,
the p-i-n CNFET has been proposed [3]. This device has excited
interest in the digital community because its mode of operation,
BTBT, offers the possibility of inverse subthreshold slopes below
the thermionic-emission limit of 60 mV/decade. In contrast to
the possible achievement of low OFF currents, attainment of high
ON currents may be a challenge because of the restrictive nature
of the tunneling transport mechanism. Nevertheless, high ON/
OFF current ratios have been predicted, and the suitability of these
devices to low-power applications has been suggested [4,5]. These
attributes depend on the suppression of direct source–drain tun-
neling, either by keeping the channel length above about 15 nm,
or by limiting the drain–source bias. The desirable properties of
tunnel MOSFETs have led them to be investigated in other semi-
conductor-material systems [6].
ll rights reserved.
Here, we explore the capability of p-i-n CNFETs for high-fre-
quency performance. A comparison with n-i-n CNFETs, for which
we include the BTBT effect, is also given. An energy-dependent effec-
tive-mass (EEM) model, rather than a constant-effective-mass
(CEM) model, is applied to our Schrödinger-Poisson solver [7] to
achieve more accurate simulation results for devices in which high
electric fields are expected to be present. This situation is likely to
arise in the drain region of the device at high drain–source bias
and, if not correctly treated, could lead to an underestimate of the
signal delay time in this region [8], and to a corresponding overesti-
mate of fT [9]. We also explore the effect of chirality, thereby extend-
ing the work on n-i-n CNFETs that has been presented recently [10].
2. Method

2.1. Energy-dependent effective-mass model (EEM)

Flietner’s energy-dependent effective-mass formulation [11] is
extended to apply to energies within the bands of a carbon nano-
tube, rather than merely to energies within the bandgap. We write:

m�ðEÞ ¼ mb

2Db
ðjE� E0j þ DbÞ; ð1Þ

where E0 is the mid-gap energy level, Db is one-half of the bandgap
for sub-band b, and mb is a constant, parabolic-band, effective-mass
for sub-band b.
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Fig. 1. Dependence of maximum, band structure limited velocity on chirality for
zig-zag nanotubes, i.e. of chirality (n,0). The top trace is for n = 3i + 1, and the
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In our scattering-matrix solution to compute transmission prob-
ability [12], the boundary conditions for the derivative of the wave-
function need to include m�ðEÞ to satisfy current conservation:

1
m�i ðEÞ

@wi

@x

����
x¼xij

¼ 1
m�j ðEÞ

@wj

@x

����
x¼xij

; ð2Þ

where xij is the position of the interface between piece-wise rectan-
gular layers i and j. The wavevector in the nanotube is given by:

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðEÞðjE� E0j � DbÞ

p
=�h: ð3Þ

The charge densities can by expressed as:

Qðz; EÞ ¼ q
X

b

Db½GS;bðz; EÞðu� fSÞ þ GD;bðz; EÞðu� fDÞ�; ð4Þ

where Db is the degeneracy of sub-band b, GC;b is the local density of
states arising from coupling to contact C [8], and fC is the Fermi
function at contact C. The parameter u is used to differentiate be-
tween electrons and holes:

uðz; EÞ ¼
0; E > E0ðelectronÞ;
1; E < E0ðholeÞ:

�

bottom trace is for n = 3i + 2.
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Fig. 2. Energy dependence of vband , as computed from a tight-binding calculation
(dotted line), and Hamiltonians using either an energy-dependent effective-mass
(solid line), or a constant effective-mass (dashed line). Results are for the first sub-
band of a (22,0) tube.
2.2. Maximum band velocity vmax for zig-zag CNTs

In view of the importance of the band-limited velocity in deter-
mining the upper-bound to fT in FETs [9], we examine here the
maximum band velocity vmax in zig-zag CNTs:

vmax ¼
1
�h

dE
dk

� �����
max;b

: ð5Þ

The E–k relationship in sub-band b of a zig-zag tube of chiral index
(n,0) can be expressed from Tight-binding theory [13]:

E ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4 cos

3ak
2

� �
cos

pp
n

� �
þ 4cos2 pp

n

� �s
; ð6Þ

where k is the longitudinal wavevector, a = 0.142 nm is the carbon–
carbon bond length, p is an integer from 1 to 2n indicating the dif-
ferent bands, and c is the overlap parameter.

From Eqs. (5) and (6), vmax in the first sub-band, and the energy
Ea at which it is achieved, can be expressed as [14]:

For ð3iþ 1; 0Þ tube; vmax ¼
3a
2�h

c;

Ea ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 cos2 2iþ 1

3iþ 1
p

� �
� 1

s
;

for ð3iþ 2; 0Þ tube; vmax ¼ �
3a
�h

c cos
2iþ 1
3iþ 2

p
� �

;

Ea ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4 cos2 2iþ 1

3iþ 2
p

� �s
;

where i is an integer. vmax in the first band for zig-zag nanotubes
(n,0) is drawn in Fig. 1. It can be seen that vmax = 9.1 � 105 m s�1

for tubes of chirality (3i + 1,0), and that the maximum value in-
creases towards this peak for (3i + 2,0) tubes. It has been shown re-
cently that the reason why zig-zag tubes in these two categories
exhibit different properties has its origin in the zone-folding
scheme used to calculate the band structure of nanotubes from that
of graphene [15].

3. Results and discussion

Simulation results are presented for coaxial, doped-contact
CNFETs made from (22,0) nanotubes. In all cases, the gate length
is 16 nm (to avoid direct source–drain tunneling [5]), the gate
thickness is 1 nm, the oxide thickness is 3.2 nm, the oxide relative
permittivity is 3.9, and the source and drain lengths are 50 nm. The
source and drain contact doping densities are 0.5 nm�1 for both the
n- and p-type regions of the n-i-n and p-i-n CNFETs that are to be
compared. These specifications are similar to those for devices
used in a study of switching performance [5], with the notable
exception of the relative permittivity of the gate dielectric. We
use 3.9, as opposed to the value of 16 used in [5], as this reduces
the intrinsic capacitances, thereby improving fT [9].

Fig. 2 compares the band-determined velocity dispersion rela-
tionship from the two effective-mass models with that calculated
from a Tight-binding, nearest-neighbor calculation using
c = 2.8 eV. It can be seen that an energy-dependent effective-mass
approach is necessary if the velocity is to be correctly modeled at
energies above about 0.1 eV. As VDS is increased, electrons will at-
tain and exceed this energy on entering the drain. Thus, use of the
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constant-effective-mass model will overestimate the velocity in
this region, leading to an underestimate of the signal delay time
in the drain [8], and, consequently, to an over-optimistic value of
fT . This fact is demonstrated in Fig. 3. The effect is more severe in
the p-i-n case because of the opening-up of another high-energy
current path at large VDS, as illustrated by the lower arrow in
Fig. 4a. Specifically, at high bias, tunneling of electrons into the
drain at energies close to that of the conduction-band edge in
the drain is facilitated. This phenomena can also be viewed as tun-
neling of holes into the i-region. The holes enter this region at high-
energy, so their velocity is overestimated by the constant-effec-
tive-mass model.

BTBT can also occur at high bias in n-i-n structures, as illus-
trated in Fig. 4b. The onset of this current at VDS ¼ 0:4 V is respon-
sible for the rise in current shown in Fig. 5. However, in this case,
the holes injected into the i-region cause a charge build-up that,
evidently, more severely affects fT than does the increase in cur-
rent, leading to a reduction in fTð¼ MI

2pMQÞ. This is clear from Fig. 6,
and is also shown in Fig. 3.

The ambipolar nature of conduction in p-i-n CNFETs is well
known [4], and its effect on the gate characteristic is illustrated
in Fig. 7. Contrarily, the n-i-n device shows the more usual posi-
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Fig. 3. Drain bias dependence of the ratio of fT for the EEM case to that for the CEM
case. The effect of including BTBT in the n-i-n device is also shown. VGS = 0.4 V.
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tive-slope relationship. The ambipolarity necessitates the re-defi-
nition of fT as fT ¼ 1

2p

�� MI
MQ

��� for the p-i-n case, with the result that fT
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Fig. 5. Drain characteristics at VGS = 0.4 V.
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Fig. 6. Comparison of the drain bias dependence of fT at VGS = 0.4 V.
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drops dramatically around the point of the current minimum (see
Fig. 8), which occurs in this case at VGS ¼ VDS=2 ¼ 0:2 V. The differ-
ent energy paths for the majority carriers (electrons at VGS > 0:2 V,
and holes at VGS < 0:2 V), are evident in the diagrams of Figs. 9 and
10, respectively.

We now turn to the chirality-dependence of the maximum
band-determined velocity vmax. The results are shown in Fig. 1,
and the effect on fT is shown in Fig. 11. For both the n-i-n and
p-i-n devices the ‘‘oscillation” in vmax is manifest in fT , but is
superimposed on a steadily increasing value of fT with chirality.
In n-i-n devices, the increasing trend is due to a reduction of
the source/intrinsic barrier height with the lower bandgap that
is associated with an increase in chirality [9]. In the p-i-n case,
the lower bandgap leads to a thinner barrier for BTBT (see
Fig. 12). In each case there is an increase in transconductance
with chirality. There is no associated or comparable increase in
intrinsic and extrinsic capacitance, so the net effect is that fT

tracks the changes in vmax.
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4. Conclusion

From this simulation study of doped-contact CNFETs it can be
concluded that:

� Use of an energy-dependent effective-mass model gives less
optimistic (more realistic) predictions for fT in both p-i-n and
n-i-n CNFETs than does the usual, constant-effective-mass
model.

� The high-frequency performance of both n-i-n and p-i-n CNFETs
employing zig-zag tubes improves with chirality.

� Operation of n-i-n CNFETs at high drain bias may lead to reduced
high-frequency performance due to charge build-up in the
device as a result of BTBT.
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