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Abstract—To make an exact research into the performance
of conventional MOS-like carbon nanotube field-effect transis-
tors (C-CNFETs) with realistic contacts, we studied the effect of
Schottky contacts on the performance of C-CNFETs following
a detailed analysis of contacting circumstances of C-CNFETs in
circuit applications. As the research results show, conventional
C-CNFETs suffer from weak subthreshold and OFF-state per-
formances due to the band-to-band tunneling of holes even with
Schottky contacts taken into account. Consequently, device struc-
tures based on three novel strategies, viz., an electrostatic doping
strategy, a dual-gate-material strategy, and a staircase doping
strategy, have been proposed. In addition, the simulation results
reveal that these three device structures can improve the device
performance of C-CNFETs in the form of steeper subthreshold
characteristic, low enough potential OFF-state current, or (and)
monotonic transfer characteristic. At the same time, it should be
noted that the performances of these three strategies sensitively
depend on the choice of tuning voltage, work function of gate
material, or doping concentration of lightly doped source/drain
leads, which should be paid with much attention in application.

Index Terms—Ambipolar conductance, carbon nanotube field-
effect transistors (CNFETs), dual-gate material, electrostatic dop-
ing, Schottky contact, staircase doping.

I. INTRODUCTION

IN RECENT years, much attention has been directed to car-
bon nanotube field-effect transistors (CNFETs) as building

blocks of nanoelectronic systems. Such interest is justified by
the promise of intrinsic performance comparable to silicon-
based MOSFET technology [1] and better scaling perspectives
[2]. According to the source/drain lead material, the contact
between source/drain leads and carbon nanotube (CNT) chan-
nel can be of ohmic [3] or Schottky type [4], corresponding
to conventional MOS-like CNFETs (C-CNFETs) and Schottky
barrier CNFETs (SB-CNFETs). As a general classification,
however, it does not satisfy all the realistic circumstances
in application. For example, both source and drain leads of
C-CNFETs would unavoidably be connected to metal electrodes
if just one C-CNFET is assembled on an individual nanotube.
Therefore, the potential Schottky contacts, which would impact
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device performance at a certain extent, should be taken into
account in the theoretical performance analysis of C-CNFETs,
although little work has been done up to the present. Fol-
lowing a detailed analysis of the contacting circumstances of
C-CNFETs in realistic application, a numerical study of the
effect of Schottky contacts on the performance of C-CNFETs
is carried out base on nonequilibrium Green’s function (NEGF)
method in this paper. Then, several related factors are studied.

On the other hand, the potential band-to-band tunneling
(BTBT) would contribute to the performance deterioration in
conventional C-CNFETs. Generally speaking, the Schottky bar-
riers in SB-CNFETs contribute to the ambipolar behavior and
limit the performance of these devices [4], [5]. Many researches
have been focused on eliminating the ambipolar behavior of
SB-CNFETs [6], [7]. As for C-CNFETs, the BTBT, although
would be made use of to obtain an inverse subthreshold swing
smaller than the physical limitation for conventional thermal
emission device [8], would contribute to deteriorated OFF-state
performance, flattened subthreshold transfer characteristic, and
even ambipolar conductance [9]. A linear doping strategy was
proposed by Hassaninia et al. [10] to reduce the ambipolar con-
ductance of C-CNFETs. But as the simulation results showed,
the obtained performance improvement, even at severe cost of
device area, was quite limited. At the same time, the present
technology is not yet at this stage to obtain such a linear doping
profile. As for C-CNFETs with source/drain leads directly con-
nected to the metal electrodes, the existence of Schottky barrier
at the CNT–metal interface would weaken, but not eliminate,
the potential BTBT. Therefore, several device structures have
been proposed in this paper to improve device performance via
suppressing such BTBT as much as possible.

II. CONTACTING SITUATION ANALYSIS

When the first CNFET was presented in 1998 [11], [12], just
one CNFET was assembled on an individual nanotube, where
both source and drain leads were directly connected to the metal
electrodes. Such topological structure, called “assembling ap-
proach one” in this paper, dominates both theoretic and experi-
mental researches in the following years. However, with the fast
development of both carbon nanotube growing and CNFET as-
sembling techniques, the method of assembling several devices
on an individual nanotube, called “assembling approach two”
in this paper, has become an acceptable approach to improve
device performance as well as simplify circuit manufacture. For
example, [13] demonstrated one-, two-, and three-transistor cir-
cuits that exhibit a range of digital logic operations, such as an
inverter, a logic NOR, a static random-access memory cell, and
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Fig. 1. Two-dimensional sketches of C-CNFET structures with all kinds of
contacting circumstances.

an ac ring oscillator. A five-stage ring oscillator was assembled
on an individual carbon nanotube by Chen et al. [14]. In [15],
2-bit carbon nanotube ferroelectric field-effect memories were
assembled on an individual nanotube. The source/drain leads
would either be directly connected to the metal electrodes or
share the same CNT parts with another CNFET in this case.

Considering both of these two assembling approaches, we
can divide the contacting circumstances of C-CNFETs into
four categories, as shown in Fig. 1. Fig. 1(a) represents the
situation where both source and drain leads of the consid-
ered C-CNFET are connected to another two C-CNFETs
in assembling approach two. Fig. 1(b) represents the situ-
ation where both source and drain leads of the considered
C-CNFET are connected to metal electrodes in assembling
approach one or assembling approach two. Fig. 1(c) [Fig. 1(d)]
represents the situation where the drain (source) lead of the
considered C-CNFET is connected to another C-CNFET while
source (drain) lead contacts with the metal electrode in as-
sembling approach two. What should be noted is that the
aforementioned metal electrode in assembling approach two
could be power supply electrode or output electrode and so on.

Coaxial geometry, which is realizable in realistic application
[16], is adopted in this paper. The middle part of CNT is
left intrinsic and serves as the conducting channel, as “i”
labeled rectangle shows. By controlling the electrostatics of the
nanotube environment with molecules [17] or metal ions [18],
both sides of the intrinsic CNT are highly doped and serve as
source or drain lead, respectively. The doping concentration in
source/drain leads is denoted with ρ. A coaxial gate is placed
around the intrinsic part of the nanotube and separated by an
oxide with thickness of 2 nm.

For convenience of introduction, the device structures that
Fig. 1(a)–(d) shows are denoted with P-C-CNFETs, SD-C-
CNFETs, S-C-CNFETs, and D-C-CNFETs, respectively.

III. MODELING METHOD

Due to the wave-particle dualism, the charges in CNFETs are
governed by both Schrodinger and Poisson equations. Quantum
phenomena play an important role in device performance and
could no longer be ignored [19], [20], particularly in the nanore-
gion. In this paper, the NEGF method is used to develop the
CNFET model to take the quantum phenomena, such as carrier
tunneling and quantum capacitance, into account.

Fig. 2. Transfer characteristics of C-CNFETs with different kinds of contact-
ing circumstances, where V d = 0.6 V, length of source/drain leads Lsd =
40 nm, length of channel Lg = 20 nm, oxide thickness tox = 2 nm, oxide
dielectric constant ε = 16, tight-binding parameter of CNT–metal contact
α = 0.7, CNT chirality of (13, 0), and SB = 0.5 × Egh1.

The NEGF formalism [21], [22], which solves Schrodinger
and Poisson equations iteratively, provides a sound basis for
quantum device simulation. In this approach, the device is
described by a Hamiltonian HC using a simple π-orbital
nearest-neighbor tight-binding model without consideration of
the exchange-correlation effect. For convenience of calculation,
self-energy matrixes ΣS and ΣD, which provide the appropriate
quantum boundary conditions, are introduced to describe the
effect of source/drain leads.

The metal–CNT contact could be of side-contact type or
end-contact type, whereas the latter provides a tighter coupling
between metal and CNT. Therefore, the end-contact model is
adopted in this paper, as shown in Fig. 1. The detailed intro-
duction of the phenomenological treatment of such metal–CNT
end-contact could be found in [21].

Much work has been done on CNFET modeling based on
the NEGF method, and several CNFET simulators have been
set up. The two most famous and authentic ones are “moscnt”
(set up by the Guo Jing Research Group of Purdue University)
[21] and “NANOTCAD” (set up by the Gianluca Fiori Research
Group of Pisa University) [23]. Large quantities of comparison
studies show that both “NANOTCAD” and “moscnt,” which
are open source, can exactly describe the carriers transporting in
CNFETs [24]. To ensure the validity of our simulation results,
all the research work is carried out based on modification of
“moscnt” in this paper.

IV. EFFECT OF SCHOTTKY CONTACTS

The Schottky barrier, existing at the CNT–metal interface,
would have a certain effect on device performance. Therefore,
the transfer characteristics of C-CNFETs with all the four kinds
of contacting circumstances are modeled as shown in Fig. 2.
The device parameters listed in the capture of Fig. 2 are adopted
in this paper, excepting special statement.

For a better understanding of the effect of Schottky bar-
rier, we make a detailed comparison study into the transfer
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Fig. 3. First-level subbands of P-C-CNFETs (circle marked gray lines),
D-C-CNFETs (black dash-dotted lines), and S-C-CNFETs (black solid lines)
with V d = 0.6 V, V g = −0.3 V, and the corresponding effective resistance
models (inset).

characteristic of D-C-CNFETs, as shown by the gray solid line
in Fig. 2.

At first, several parameters are defined as follows:

1) V g_D: The corresponding value of gate voltage (V g)
with valence top (Ev) of the channel being flush with
conductance bottom (Ec) of the drain lead.

2) V g_S: The corresponding value of V g with Ev of the
channel being flush with Ec of the source lead.

3) V g_SB: The corresponding value of V g with Ec of the
channel being flush with the top of the Schottky barrier.

4) SB: The Schottky barrier height at intrinsic CNT–metal
interface under zero bias condition.

5) Egh1: Half of the bandgap of CNT.

It is obvious that V g_S < V g_D with positive drain voltage
(V d) applied on the drain lead. The value of V g_SB highly
depends on the work function of the metal electrode, the
chirality of CNT, and the doping concentration of source/drain
leads, and is bigger than that of V g_D in this paper.

When V g < V g_S, Ev in the channel is pulled up over Ec in
the source lead. Holes in the source (drain) lead transport into
the drain (source) lead via channel by means of BTBT. The
resulting tunneling current dominates the whole drain current
(Id). The energy levels that correspond to BTBT are basically
higher than the Schottky barrier at the drain–metal interface in
this case, just as the black dash-dotted line in Fig. 3 shows.
As a result, the existence of Schottky barrier has almost no
impact on the carrier transport, and the transfer characteristic of
D-C-CNFETs resembles that of P-C-CNFETs, just as region 1
of solid lines in Fig. 2 shows.

When V g_S < V g < V g_D, Ev of channel lies between Ec
of source lead and that of drain lead. As a result the transporting
carriers are mainly composed of thermal emission electrons
with BTBT from source (drain) lead to drain (source) lead
suppressed. However, parts of holes in drain lead could still
tunnel into channel via BTBT and then pileup there due to the
band barrier of source lead. The holes pileup in channel would
contribute to the increase of quantum capacitance and thus
the weakened control ability of gate voltage on channel con-
ductibility. Therefore, the subthreshold property of the device

accordingly deteriorates, as region 2 in Fig. 2 shows. Due to
the existence of Schottky barrier shown by the ellipse in Fig. 3,
carrier distribution in drain lead and thus the carrier transporting
would be affected by the Schottky contacts. However, as the
region 2 of solid lines in Fig. 2 show that the effect of Schottky
barrier on the transport characteristics is not evident at all
with V g varying within range of [V g_S, V g_D]. This can
mainly be owed to the following two reasons. On one hand, the
small CNT diameter would contribute to a relative small screen
length at drain–metal interface [25]. Both relative small screen
length and effective carrier mass [26] in CNT would contribute
to small enough effect of Schottky barrier on the transport
characteristic with respect to the expression of probability that
carriers tunneling through triangular barrier. On the other hand,
the quantum capacitance value keep invariable with charge
concentration in channel varying within certain range due to
the quasi-quantification of quantum capacitance [27].

When V g_D < V g < V g_SB, Ev of the channel is pushed
down below Ec of drain lead, and the BTBT of holes at the
drain–metal interface, more or less related to the Schottky
barrier, is eliminated completely. The whole drain current,
mainly composed of electron thermal emission current, only
depends on the barrier height of the channel and is independent
of Schottky barrier at the drain–metal interface. As a result, the
transporting characteristic of D-C-CNFETs resembles that of
P-C-CNFETs, as shown in region 3 of Fig. 2.

When V g > V g_SB, the value of the thermal emission
current depends on the Schottky barrier height but no longer
on the band profile of channel. Meanwhile, electrons on energy
levels higher than the Ec of the channel but lower than the
Schottky barrier height would tunnel into channel and form the
tunneling current. Therefore, as region 4 in Fig. 2 shows, Id is
dependent not only on V g but also on the Schottky barrier, and
the effect of the Schottky barrier enlarges with the increase of
V g. The resulting reduction of ON-state current (ION) would
have a negative influence on the switching speed of the device
with respect to the expression of gate delay τ = CgVDD/Id,
where Cg is the effective gate capacitance, and VDD is the
supply voltage. The bias range of V g > V g_SB is defined as
“acting region” in this paper accordingly.

Comparing the two solid lines in Fig. 2, we will find that
the effect of Schottky barrier in the drain–metal interface could
be equal to an effective resistance Rd, as the inset in Fig. 3
shows. In addition, the value of Rd varies with the increase of
V g and, as will be shown later, is related to device parame-
ters, such as work function of metal electrode, CNT chirality,
doping concentration of source/drain leads, and so on. As for
D-C-CNFETs with device parameters listed in the capture of
Fig. 2, the value of Rd is relatively small, particularly when V g
varies out of the “acting region.”

The transfer characteristic of S-C-CNFETs is shown as the
black dash-dotted line in Fig. 2 and mainly differs from that of
D-C-CNFETs in two aspects. First, the Schottky barrier at the
source–metal interface would have certain impacts on BTBT
from drain (source) via channel into source (drain) lead. The
resulting Id reduction, although not obvious enough due to the
facts introduced above, would reduce the P-type conductance
of the device at a certain extent. Second, the Ec of the channel
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is more likely to be pushed down below the Schottky barrier
in S-C-CNFETs than in D-C-CNFETs due to the fact that
the value of V g_SB in S-C-CNFETs is smaller than that in
D-C-CNFETs. The acting region in S-C-CNFETs is conse-
quently wider than that in D-C-CNFETs, and the value of Rs
is bigger than that of Rd with the gate bias condition applied.
The corresponding differences between the effective resistance
models of S-C-CNFETs and D-C-CNFETs are as follows:
1) An effective resistance Rd is connected in series to the drain
lead in D-C-CNFETs, whereas an effective resistance Rs is
connected in series to the source lead in S-C-CNFETs. 2) The
value of Rs is relatively bigger than that of Rd and can no longer
be neglected, particularly when V g > V g_SB or V g < V g_S.

The effect of Schottky contacts in SD-C-CNFETs is a com-
bination of that in S-C-CNFETs and D-C-CNFETs, just as the
gray dash-dotted line in Fig. 2 shows. The effective resistance
is accordingly the sum of Rs and Rd.

V. RELATED FACTORS

As introduced above, the effect of Schottky contacts can be
viewed as an effective resistance that connected in series to the
device, and the simulation indicates that such effect is relatively
small when the device parameters listed in capture of Fig. 2 are
adopted. However, the effect of Schottky barrier highly depends
on device parameters such as work function of metal electrode
and device scale, which would be discussed below by taking
SD-C-CNFETs for example.

A. Choice of Metal Material

The value of SB is assumed to be 0.5 × Egh1 above. As
a matter of fact, the Schottky barrier height increases with
the increase of SB, and the resulting reduction of electron
thermal emission and tunneling would contribute to an obvious
decrease of V g_SB and an increase of Rd value when V g >
V g_SB, just as the ellipse in Fig. 4 shows. Furthermore, with
the increase of SB value, more and more holes would be
prevented from BTBT from source (drain) to drain (source)
leads via channel, which would lead to the reduction of P-type
conductance, as shown by the arrow in Fig. 4. It is clear that the
increase of SB value would result in the deterioration of ION

and thus the switching performance, although a slight reduction
of ambipolar conductance would be obtained. Therefore, much
attention should be paid to the choice contacting material of the
metal electrode to ensure a small enough SB value.

B. Device Scale

Scaling has been one of the most valid approaches to improve
device performance in the past several decades. However, we
will come to the scaling limitation sooner or later due to the
more and more serious short channel effects [28] and reliability
problems, such as gate oxide breakdown. Overscaling would
contribute to the serious performance degeneration or even
destruction of the device. Much work has been done on the
scaling property of SB-CNFETs or C-CNFETs with ohmic
contact [29]–[32], but seldom on C-CNFETs with Schottky
contacts. To emphasize the effect of Schottky barrier on the

Fig. 4. Effect of the SB value on the transfer characteristic of SD-C-CNFETs.

Fig. 5. (a) Effect of Lsd value on the scaling property of SD-C-CNFETs,
where Lsd = 40 nm (black solid line), 20 nm (gray solid line), 15 nm
(black dash-dotted line), 10 nm (gray dash-dotted line), and Lg = 20 nm.
(b) Corresponding first-level subbands of SD-C-CNFETs with different length
of source/drain leads and V g = −0.3 V.

scaling property of SD-C-CNFETs, the value of Lsd decreases
from 40 to 10 nm via 20 and 15 nm, whereas the other
device parameters just keep the same. The simulated transfer
characteristics are shown as black solid, gray solid, black dash-
dotted, and gray dash-dotted lines in Fig. 5(a), respectively.
Due to the difference of doping concentration, depletion regions
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exist around source/drain–metal/channel contacts. The length
of such depletion regions is related to not only CNT electrical
property but also doping concentration and is about 13 nm in
this case, as shown by the double arrow in Fig. 5(b). There-
fore, the depletion region around metal–source/drain interface
overlaps with that around the source/drain–channel interface
when Lsd is scaled down below 26 nm. Moreover, the resulting
ascension of energy band in the source lead would contribute
to the decrease of V g_S, just as the left part of the black
dash-dotted line in Fig. 5(a) shows. Of course, the ascension of
energy band in the drain lead would reduce BTBT through the
channel–drain interface and thus the hole pileup in the channel.
But as the simulation results show, such effect is not obvious at
all. This is because BTBT through the channel–drain interface
takes place mainly at energy levels close to Ev of the channel
due to their relative small barrier width.

With the further decrease of Lsd, a larger reduction of Id
would be obtained when V g < V g_S. However, the energy
barriers formed by the energy band of the source/drain leads
would become thin enough. In addition, the holes in metal
electrodes tunnel into channel and form the tunneling current,
just as the arrow in Fig. 5(b) shows. This would result in
the deterioration of OFF-state performance shown by the “1”
labeled ellipse. Therefore, much attention should be paid to the
limitation of device scaling as for C-CNFETs with Schottky
contacts.

VI. PERFORMANCE OPTIMIZATION

Ballistic transport is assumed in this paper. In this case, car-
rier pileup in the channel would contribute to the deterioration
of subthreshold performance of the device when Ev of the
channel lies between Ec of the source lead and that of the drain
lead. Previous research work pointed out, however, that the
high-energy optical phonon scattering would play an important
role in carrier transporting under this bias condition [33]. In
this case, another transport channel is possible via phonon-
scattering-induced virtual state. When Ev the of channel lies
between Ec of source lead and that of drain lead, for BTBT
to occur, only the phonon virtual state needs to align with the
empty conductance states in source, and the drain bias is large
enough to allow the quantized valence stage to be filled by
the drain. Moreover, the resulting phonon-assisted tunneling
current would contribute to the deterioration of subthreshold
and OFF-state performance of the device [34]. With the further
decrease of V g, Ev of the channel would be pushed down
below Ec of not only drain lead but also source lead. Carriers
in the drain lead would band-to-band tunnel directly into the
source lead, and the resulting tunneling current would lead to
the opposite transporting polarity of the device, which is the
same for both ballistic and dissipative transport.

The precondition for both carrier pileup in ballistic transport
and phonon-assisted tunneling in dissipative transport is BTBT
of carriers at the channel–drain (for N-type device, and source
for P-type device) interface. Of course, the BTBT from drain to
source would contribute to more severe ambipolar conductance.
Therefore, it is safe for us to conclude that the BTBT of holes
at the channel–drain/source interfaces would lead to its substan-

Fig. 6. (a) Two-dimensional sketch of C-CNFET structure based on elec-
trostatic doping strategy. (b) Comparison between the transfer characteristics
of conventional C-CNFETs and those of MGC-CNFETs with all kinds of
contacting situations, where the length of G1, G2, G3, and source/drain leads
in MGC-CNFETs are all 15 nm, whereas Lg = 45 nm and Lsd = 15 nm in
conventional C-CNFETs.

tially deteriorated subthreshold and OFF-state performance and
failure to support a large enough ON–OFF current ratio, even
with Schottky contacts and phonon-assisted tunneling taken
into account. To improve the performance of C-CNFETs via
suppressing the BTBT at the channel–drain/source interfaces,
several device structures are proposed in this section.

A. Electrostatic Doping-Based Structure

The 2-D schematic view of the device structure based on
electrostatic doping strategy is shown in Fig. 6(a). It dif-
fers from a conventional C-CNFET structure mainly on gate
electrodes. There is only one gate electrode in conventional
C-CNFETs, as shown in Fig. 1, whereas three metal electrodes
are deposited outside the intrinsic CNT, just as the “G1”, “G2,”
and “G3” labeled rectangles in Fig. 6(a) show. “G2” serves as
the gate electrode and is applied with gate voltage V g, whereas
“G1” and “G3” serve as tuning electrode and are applied with
tuning voltage Vf. It should be noted that what Fig. 6(a) shows is
just a schematic of the electrostatic doping-based device design.
The tuning electrodes could be realized by adopting bury-gate
[35] or multigate [36] techniques in practice.

For convenience of introduction, C-CNFETs based on such
electrostatic doping strategy are denoted with “MGC-CNFETs”
in general, and “P-MGC-CNFETs,” “D-MGC-CNFETs,”
“S-MGC-CNFETs,” and “SD-MGC-CNFETs” correspond to
the four different contacting situations.
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Appenzeller et al. have also adopted such electrostatic dop-
ing strategy to obtain unipolar CNFETs in [35]. However,
there are at least three differences between [35] and our work
in this paper. First, the objects of these two works are quite
different. The strategy adopted in [35] is mainly used to
eliminate the ambipolar conductance in SB-CNFETs, whereas
that in this paper is mainly used to reduce the ambipolar
conductance in C-CNFETs. Second, the working mechanisms
of these two strategies are quite different. The reduction of
ambipolar conductance in [35] resulted from the broadened
Schottky barrier that would contribute to the prevention of
electrons or holes from transporting into the channel, whereas
that in this paper is mainly owed to the elimination of BTBT at
the source/drain–channel contacts. Third, the criterion for the
choice of tuning voltage value is not the same. The Vf value
in [35] could be either positive or negative, corresponding to
N(P)-type or P(N)-type conductance, whereas that in this paper
is just positive as for N-I-N doping profile. The proper value of
Vf depends more highly on the drain–source bias condition in
the structure proposed in this paper than that in [35].

Due to the existence of tuning electrode, there exists an
additional band bending within the channel. With a proper Vf
value adopted, this additional step in the potential profile would
eliminate the BTBT of holes that exists in conventional
C-CNFETs. As a result, MGC-CNFETs operate as
enhancement-mode transistors with improved device
performance. Comparing the circle-marked lines with the
other lines in Fig. 7(b), we would find that the performance
of MGC-CNFETs overtakes that of conventional C-CNFETs
in many aspects. First, MGC-CNFETs support a larger
available ON–OFF current ratio. With the advancement of
technology scaling, the ultimately scaled CNFETs would
suffer from severe OFF-state performance: both theoretical
and experimental results reveal that the scaled device shows
an increasing leakage current with increasing bias as well as
a substantially larger inverse subthreshold swing [3]. As for
low-frequent applications, where the whole power is dominated
mainly by static power, it is very useful to reduce the system
power by increasing the available ON–OFF current ratio of the
device.

Second, MGC-CNFETs show a smaller average subthreshold
swing. Increasing the ON–OFF current ratio via broadening the
varying range of V g would reduce the leakage power by a
certain extent but at the cost of severe dynamic power owing
to the increased supply voltage VDD by Pdyn = CLVDDf0→1,
where CL and f0→1 stand for the intrinsic output capaci-
tance and the switching frequency of the considered gate.
Therefore, it is not desirable to decrease the leakage current
via increasing the value of VDD. Fortunately, the suppressed
BTBT in MGC-CNFETs would result in a decrease of av-
erage subthreshold swing, as shown in Fig. 6(b), where the
average subthreshold swing of conventional C-CNFETs is
about 97.3 mV/dec, whereas that of MGC-CNFETs is just
about 73.1 mV/dec with Vth = 0.4 V and initiative voltage
V0 assumed to be 0 V. The decreased average subthreshold
swing would mainly contribute to two advantages. On one
hand, it would reduce the power of either static- or dynamic-
power-dominated applications. When the same V0 is chosen,

Fig. 7. Output characteristics of SD-C-CNFETs (black lines) and SD-MGC-
CNFETs (black lines) with V g of −0.1 V (main) and 0.8 V (inset), respectively.

0 V, for instance, a much smaller OFF-state current could be
obtained for MGC-CNFETs. The output characteristic curves
in Fig. 7 show that the ON-state currents of C-CNFETs and
MGC-CNFETs are almost the same, and the mean OFF-state
current of C-CNFETs with V d varying within [0, 1 V] is
about 2.9 × 10−9 A, whereas that of MGC-CNFETs is just
1.2 × 10−11. When the same ON–OFF current ratio is cho-
sen, the subthreshold range of MGC-CNFETs (about 0.24 V)
is about 0.16 V smaller than that of C-CNFETs (about 0.4 V)
with the OFF-state chosen, as the double arrow in Fig. 6(b)
shows. Provided two-thirds of VDD is needed to obtain a high
ON-state current, the VDD value of C-CNFETs is about 1.2 V,
whereas that of MGC-CNFETs is just 0.72 V. As a result, about
64% of dynamic power would be saved. On the other hand, the
decreased average subthreshold swing would result in a smaller
supply voltage VDD and thus a much higher switching speed
with respect to the expression of gate delay τ = CgVDD/Id,
which in turn would contribute to a smaller dynamic power.

However, the potential BTBT at the G2–G1/G3 interfaces
would contribute to the unideal OFF-state performance and
nonmonotonic behavior, as shown by the left part of the circle-
marked lines in Fig. 6(b).

B. Dual-Gate-Material-Based Structure

Although being of higher performance than conventional
C-CNFETs, the above-proposed MGC-CNFETs suffer from
some shortcomings. At first, to keep the ON-state perfor-
mance immune from tuning voltage, the value of Vf could not
be too small. A relative large Vf value, on the other hand,
however, would contribute to a relatively small band bend
in the channel and thus easier taking place of BTBT at the
channel–source/drain interfaces. As a result, the performance
improvement in this case is unapparent, as shown in Fig. 6(b),
and even with a proper Vf value hardly to be obtained in other
cases. Second, the existence of a tuning electrode requires an
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Fig. 8. (a) Two-dimensional sketch of C-CNFET structure based on dual-
gate-material strategy. (b) Comparison between the transfer characteristics
of conventional C-CNFETs and those of DGMC-CNFETs with all kinds of
contacting situations, where Φd = 0.8 V, and the lengths of M1, M2, M3, and
source/drain leads in DGMC-CNFETs are all 15 nm, whereas Lg = 45 nm and
Lsd = 15 nm in conventional C-CNFETs.

additional power rail and thus would increase the layout burden
in chip design.

To solve these problems, a C-CNFET structure based on a
dual-gate-material strategy, denoted with “DGMC-CNFETs,”
is proposed in this section. The 2-D schematic view of the
device structure is shown in Fig. 8(a). Being different from
that in MGC-CNFETs, only one gate electrode is deposited
outside the intrinsic CNT part, which is separated from the gate
electrode by an oxide with thickness of 2 nm. However, the
gate electrode is made up of three parts, as shown in Fig. 8(a),
where “M2” is of the work function of ΦM2, whereas “M1”
and “M3” are made from another kind of material with the
work function of ΦM1. Such dual-gate-material technology was
first proposed by Long in 1999 [37] and received substantial
development in the following ten years [38], [39]. To prevent
the BTBT from taking place, a certain difference between ΦM1

and ΦM2, denoted with Φd, must be ensured.
DGMC-CNFETs with four different contacting situations,

as shown in Fig. 1, are denoted with “P-DGMC-CNFETs,”
“D-DGMC-CNFETs,” “S-DGMC-CNFETs,” and “SD-DGMC-
CNFETs,” respectively.

Such dual-gate-material strategy was introduced into
CNFETs by Orouji et al. [40] for the first time. But there exist
mainly two differences between our proposed device design and
that in [40]. First, both sides of the gate electrode in DGMC-
CNFETs are made from another material, not just the near-
drain side, as that in [40]. Second, the purposes of these two
device structures are quite different. The device structure in [40]

was proposed to screen the drain potential variation to suppress
short-channel effects like the drain-induced barrier lowering
and the hot-carrier effects. With such device structure, a sig-
nificant increase of ON–OFF current ratio was obtained. Being
different from that in [40], the device structure in this section
is proposed to suppress BTBT through channel–source/drain
contacts. The simulation results show that our device design can
not only significantly increase the ON–OFF current ratio and/or
subthreshold performance but also eliminate the ambipolar
conductance in C-CNFETs.

Due to the work function difference between M1/M3 and
M2, there exists an additional band bending within the channel.
This additional step in the potential profile can also eliminate
the BTBT of holes, which exists in conventional C-CNFETs
when a small enough gate voltage is applied. Therefore, almost
the same subthreshold performance improvement as that in
MGC-CNFETs can be obtained, as shown in Fig. 8(b).

However, DGMC-CNFETs overtake MGC-CNFETs mainly
in two aspects. First, the additional step in the potential profile
that corresponds to M1 and M3 has little effect on the ON-state
performance, which is mainly determined by the total barrier
height rather than detailed structure of the barrier. Therefore,
no reduction of ION exists in DGMC-CNFETs no matter
what value of Φd is adopted. Second, not any BTBT at the
M1/M3–M2 interfaces would take place even with negative
enough gate voltage applied, and this would lead to a much
smaller available OFF-state current. For example, the minimal
value of Id is about 1 × 10−15 A, which is about three orders of
magnitude smaller than that of MGC-CNFETs. A high enough
ON–OFF current ratio is desired in static-dominated low power
systems.

C. Staircase Doping-Based Structure

Although a higher device performance can be obtained by
adopting the dual-gate-material strategy rather than the electro-
static doping strategy, the BTBT at source–M1 and drain–M3
interfaces would lead to the nonmonotonic behavior, as the
ellipse in Fig. 8(b) shows. As introduced in Section I, a lin-
ear doping strategy was proposed by Hassaninia et al. but
with unideal performance improvement obtained. To obtain an
ideal monotonic transfer characteristic, C-CNFETs based on
the staircase doping strategy, which are denoted with SDC-
CNFETs, are presented in this section. The 2-D schematic view
of the structure of SDC-CNFETs is shown in Fig. 9(a), where
“S-light,” “S-heavy,” “D-light,” and “D-heavy” denote lightly
doped source lead, heavily doped source lead, lightly doped
drain lead, and heavily doped drain lead, respectively. In addi-
tion, parameter “f” is introduced to represent the concentration
ratio of lightly doped source/drain leads to that of heavily doped
source/drain leads.

CNT doping, particularly staircase doping, is a relatively
hard work at present but not infeasible. As for a single CNT,
dopants are intercalated in between the individual tubes or
inside the tubes. The reaction of intercalation can be carried
out in the vapor or liquid phase, and electrochemically [41].
The staircase doping that was adopted in this paper is mainly
achieved via selective exposure of CNT parts to the doping
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Fig. 9. (a) Two-dimensional sketch of C-CNFET structure based on staircase
doping strategy. (b) Comparison between the transfer characteristics of con-
ventional C-CNFETs and SDC-CNFETs, where f = 0.01, and the lengths of
S-light, S-heavy, D-light, D-heavy, and channel in SDC-CNFETs are all 20 nm,
whereas Lg = 20 nm and Lsd = 40 nm in conventional C-CNFETs.

environment and proper controlling of both dopant concentra-
tion and the reaction time at each step. With the help of the
polymethylmethacrylate layer, the first staircase doping profile
on a single-wall CNT was carried out in 2000 in vacuum by
electrical heating of a potassium source while monitoring the
conductance of the sample [42]. Experimental results show
that a perfect steep band bending could be obtained. Another
technique of nonuniform doping has been reported by Avouris
in [6] and [43]. The negative electron beam resist hydrogen
silsesquioxane, which is resistant to the action of the solvents
used for doping, was used to mask the central part of the CNT,
leaving a 50-nm unmasked gap at each contact. The substrate
with CNFETs was then immersed in one-electron oxidant to
obtain such a staircase doping profile.

As we know, a depletion region would exist around the
channel–source/drain interfaces as a reaction to the carrier
concentration difference and build-in electric field, whereas the
width of the depletion region depended highly on the doping
concentration. The staircase doping strategy would broaden the
depletion regions in S-light and D-light and thus the barrier
width at A-B(B′) or B(B′)-C(C ′) interfaces, as shown by the
double arrow in Fig. 10. Consequently, the BTBT through these
interfaces would be reduced greatly, and an ideal monotonic
transfer characteristic would be obtained, as the circle marked
lines in Fig. 9(b) show. However, as we can notice, the band of
region S-light would result in a slight deterioration of ON-state
performance, as shown by the ellipse in Fig. 9(b). This can be
mitigated by increasing the doping concentration of S(D)-light
region but at the cost of OFF-state performance.

Fig. 10. First-level subbands of P-SDC-CNFETs with V g value of 0 V (black
lines) and 0.6 V (gray lines), respectively.

VII. CONCLUSION

In conclusion, we have studied the effect of Schottky contacts
on the performance of C-CNFETs following a detailed analysis
of contacting circumstances of C-CNFETs in realistic circuit
design. As the research results show, conventional C-CNFETs
suffer from weak subthreshold and OFF-state performance due
to the BTBT of holes even with Schottky contacts taken into
account. Three device structures have consequently been pro-
posed to improve the device performance of C-CNFETs. In
addition, the simulation results reveal that these three structures
can improve the device performance of C-CNFETs in differ-
ent aspects and should properly be adopted according to the
requirement of the application. For example, an electrostatic-
doping-strategy-based structure would contribute to a steeper
subthreshold characteristic, a dual-gate-material-strategy-based
structure would lead to a low enough potential OFF-state
current, and a staircase-doping-strategy-based structure would
result in a monotonic transfer characteristic. What should be
noted is that although ballistic transport is assumed in this
paper, the proposed three structures are also effective as for
dissipative transport due to the fact that the BTBT of carriers
at the channel–drain interface is effectively suppressed and
phonon-assisted tunneling would not take place again. At the
same time, it should be noted that the performances of these
three structures highly depend on the choice of tuning voltage,
work function of gate material, or doping concentration of
lightly doped source/drain leads, which should be paid with
much attention in application.
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