
652 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 6, NO. 6, NOVEMBER 2007

Role of Doping in Carbon Nanotube Transistors With
Source/Drain Underlaps

Khairul Alam, Member, IEEE, and Roger Lake, Senior Member, IEEE

Abstract—The effects of doping on the performance of coaxially
gated carbon nanotube (CNT) field-effect transistors for both zero
Schottky-barrier (SB) and doped carbon nanotube contacts are
theoretically investigated. For ultrascaled CNTFETs in which the
source/drain metal contacts lie 50 nm apart, there is no MOSFET-
like contact CNTFET (C-CNTFET) with an acceptable on/off cur-
rent ratio using a CNT of diameter 1.5 nm and a source/drain
voltage 0.4 V. For CNTFETs with source/drain metal contacts
either 50 nm or 100 nm apart, there is an optimal doping concen-
tration of 10 3 dopants per atom. The maximum on/off current
ratios for the 50 nm CNT/5 nm gate and the 100 nm CNT/10 nm
gate SB-CNTFETs are 5 104 and 6 105, respectively. Perfor-
mance metrics of delay time, cutoff frequency, and LC frequency
are presented and compared.

Index Terms—Doped carbon nanotube, doped source/drain con-
tact, field effect transistor, source/drain underlap, zero Schottky
barrier contact.

I. INTRODUCTION

UNDERSTANDING of electrostatics [1]–[4], transport
mechanisms [5]–[8], scaling behavior [9]–[14], and per-

formance [15]–[22] of carbon nanotube field-effect transistors
(CNTFETs) has been rapid. Notable breakthroughs are the dis-
covery of zero-Schottky-barrier contacts [23]–[28], integration
of logic gates, a static RAM, a ring oscillator [29], [30], and the
large scale integration of CNTs with Si [31].

Performance improvement especially in the on state of
CNTFETs by chemically doping the nanotube to n-type has
been demonstrated experimentally [32], [33]. Doping of both
single-wall and multiwall nanotubes by either electron donors
or electron acceptors has been reviewed [34]. As-grown p-type
nanotube devices have been converted to n-type devices by
controlled doping [35], [36]. The application of doped nan-
otubes as single-electron transistors has been discussed [37].
Theoretical studies on CNTFETs with doped nanotube contacts
(C-CNTFETs) have been performed using single band [38] and
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full band calculations [39], [40]. Recently different issues in
modeling C-CNTFETs have been discussed [41].

Originally motivated by bioassembly of CNTFETs, we
studied CNTFETs with ultrashort metal gates and source/drain
underlaps to understand the transport physics and performance
[5], [6], [42]. The effects of dielectric constant and thickness and
geometry were investigated [14], [22]. It soon became apparent
that these designs had excellent performance metrics and that
their applicability went beyond the concerns of bioassembly.
We have found, as a rule of thumb, that the device with the least
capacitance ‘wins’ in terms of speed performance [14], [22].
As with any rule of thumb, there are exceptions such as the
asymmetric device with its figures of merit shown in Table III
of [6], but the rule generally points one in the right direction.
For the case of CNTFETs, we have found the capacitance to
be dominated by the fringing fields directly from metal gate to
metal source/drain, the equivalent of the overlap capacitance
in traditional Si FETs. The underlaps reduce this capacitance.
The underlaps reduce the electric field in the drain and thus
reduce the interband tunneling in the drain which is the cause
of the ambipolar leakage current and reduced on/off current
ratios. The underlaps reduce the gate to drain capacitance and
thus the effect of the drain potential on the potential under the
gate. Therefore, the underlaps improve both dc and ac device
performance. We are not the first to discover the advantages of
underlaps. Similar device geometries with doped source/drain
and undoped underlaps have been previously considered for
silicon FinFETs [43], [44]. An underlap value of 10 nm has
been reported to reduce short-channel effects and to obtain
optimal performance [45], [46]. Recently Stanford and IBM
groups have studied CNTFETs with source/drain underlap
geometry to minimize parasitic capacitance [25], [47].

In our previous studies, the CNTs were undoped. In this work,
we investigate the effects of doping on the same model device
geometry. The n-type doped carbon nanotube transistors have
been studied experimentally by Javey et al.. [33] and Radosavl-
jevic et al. [32] for CNTs with diameters 1.4 to 1.6 nm that we
study here. Both the groups reported high on current and larger
transconductance values with doped carbon nanotubes. Javey et
al. observe an optimal doping level in terms of on/off current
ratio. The off current increases significantly at doping levels
higher than the optimal value and the on/off current ratio de-
grades.

To understand the physics of doping effects on the perfor-
mance of CNTFETs, especially on the off-state, and to design an
optimal device in terms of high on/off current ratio we consider
two types of contacts in this study. (i) Zero Schottky-barrier con-
tacts with lightly doped source/drain underlaps which we will
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designate as SB-CNTFETs and (ii) heavily doped CNT con-
tacts which we will designate as C-CNTFETs following Knoch
et al. [38]. With a 50 nm CNT and a 5 nm gate, the SB-CNT-
FETs have optimal on/off current ratios for a doping level of
10 dopants per atom. To obtain MOSFET-like contacts in a
50 nm CNT, we need a doping concentration value of 5 10
or higher dopants per atom. At these doping concentrations the
direct source to drain tunneling dominates the leakage current.
This reduces the on/off current ratio in C-CNTFETs by orders
of magnitude. We propose a 100 nm SB-CNTFET with a gate
length of 10 nm and an optimal doping level of 10 dopants
per atom as the optimal device. This device has an on/off current
ratio of 6 10 , an inverse subthreshold slope of 62 mV/dec, a
switching delay time of 32 fs, and has almost unipolar charac-
teristics over the entire range of gate bias used in this study.

II. MODEL

The simulations perform a self-consistent solution between
Poisson’s equation and the nonequilibrium Green’s function
(NEGF) equations. The NEGF/Poisson solver is discussed in
detail in [6]. A two-dimensional Poisson equation is solved
in the cylindrical coordinates for coaxially gated CNTFETs.
The permittivity varies only in the radial direction. For the
Schottky-barrier CNTFETs, Dirichlet boundary conditions are
used at the source, drain, and gate. Von Neumann boundary
conditions are used along the exposed surface of the dielectric.
There, the radial component of the electric field is set to zero. A
zero field boundary condition is applied at the source and drain
ends for the CNTFETs with doped reservoirs. There, the axial
component of the electric field is set to zero.

The CNT is modeled using a tight binding -bond model with
one orbital per carbon atom. The Hamiltonian matrix ele-
ments are taken from [48]. The recursive Green function algo-
rithm is used to solve the NEGF equations for the mean field
charge density and current. The surface Green’s function is cal-
culated using decimation method [42], [49], [50].

III. NUMERICAL RESULTS AND DISCUSSIONS

The device channel consists of a (19,0), zigzag CNT with a
bandgap of 0.53 eV and a diameter of 1.5 nm. The device
cross-sections are shown in Fig. 1. Fig. 1(a) is the cross section
of a SB-CNTFET and 1(b) is the cross section of a C-CNTFET.
The gate dielectric is a 2 nm thick SiO and the device has a gate
length of 5 nm. Our simulation device is coaxial in structure
with a partial gate. We use an extended domain scheme for the
Poisson solver with extension nm in the radial direc-
tion. For SB-CNTFETs, a 20 nm extension on either side of the
source and drain contacts is included in the simulation domain
of Poisson equation so that the fringing electric field between
the gate and source and the gate and drain metals is treated cor-
rectly. We use four different doping profiles; a step doping pro-
file and three different Gaussian distributions shown in Fig. 2.
A Gaussian dopant distribution has been used before to study
source/drain underlap FinFETs [44].

To see the effect of doping level on the source and drain
underlaps of SB-CNTFETs, we plot, in Fig. 3(a), the simu-
lated versus characteristics for five different uni-
form doping concentrations of 0, 5 10 , 1 10 , 5 10 ,

Fig. 1. Device cross-sections for the Schottky-barrier CNTFET (SB-CNTFET)
and the CNTFET with semi-infinite doped CNT contacts(C-CNTFET).

Fig. 2. Three different Gaussian and a step profiles for dopant distribution in
the channel. The df is the dopant per carbon atom. Its values for step profile are
mentioned in the text, and it is 10 dopant per carbon atom for SB-CNTFETs
and 5� 10 for the C-CNTFETs for all the Gaussian distributions.

and 1 10 dopants per carbon atom. The off-state perfor-
mance (leakage current) improves with doped source/drain un-
derlaps when the doping fraction increases from 5 10 to
10 . Further increasing the doping fraction increases the on
current, however, the off current also increases significantly and
on/off current ratio degrades.

To explain why the device performance, especially the sub-
threshold behavior, degrades with relatively high doping con-
centrations, we plot the conduction band profiles in Fig. 3(b).
At high doping, 5 10 to 1 10 , there is a significant re-
duction in the conduction band tunnel barrier length as well as
the barrier height. The leakage current is dominated by direct
source-to-drain (intraband) tunneling. This reduces the on/off
current ratio by orders of magnitude. For high doping concen-
trations, the electron current is the dominant component of the
leakage current over the entire range of gate bias considered in
these simulations.

In the lower doping range, when the CNT doping of 5 10
is increased to 10 , there is small modulation of the tunnel
barrier width that increases the intraband tunneling component
of the leakage current. However, the interband tunneling com-
ponent of current is simultaneously reduced. The overall effect
is a reduction of the the minimum current and an increase in
the maximum on/off current ratio. This optimal doping level of
10 dopants per carbon atom, equivalent to 0.18 nm , is in
the range observed by the IBM experimental group [32], and
Bockrath et al. [36].

To describe why the interband tunneling component of the
leakage current is reduced when the doping is increased from
5 10 to 10 , we plot the conduction and valence bands and
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Fig. 3. (a) Simulated log I versus V plots for different doping concentra-
tions as shown. (b) Corresponding conduction band profiles in the off-state of
the SB-CNTFETs for the four different uniform doping concentrations in the
underlap region as well as the intrinsic CNT. The source-to-drain bias is 0.4 V.

the current distributions in Fig. 4. The gray bands in Fig. 4(a)
correspond to a doping of 5 10 , and the black bands cor-
respond to a doping of 10 . The Fermi level of the source
metal is at 0 eV and the Fermi level of the drain metal is at

0.4 eV. The dashed line is at 0.45 eV in both Fig. 4(a) and
(b) to serve as a reference. Near the Fermi level of the drain, the
increased doping increases the electric field of the drain. One
would expect this to result in increased interband tunneling and
an increased ambipolar leakage current. However, in this case,
with the metal drain fixed at 50 nm, the increased electric field
serves to increase the tunnel barrier distance between the metal
drain and the channel. At 0.45 eV, this distance is the distance
along the dashed line between the 50 nm point and where it in-
tersects the valence band. The distance to the valence band of
the more heavily doped device is larger. The same also holds
true on the source side. The doping increases the tunnel/thermal
barrier to the ambipolar hole current. The net effect is a reduc-
tion of the minimum off-current and an increase in the on/off
current ratio. We note for future reference that at 0-gate bias,
for the SB-CNTFET doped at 10 , 61% of the leakage current
is intraband tunneling current (electrons tunneling through the
barrier in the gate region) and 34% of the leakage is interband
tunneling current (holes tunneling from the drain into the va-
lence band).

We note that there is a smooth transition from SB-CNTFET
to C-CNTFET as the CNT doping is increased as shown in
Fig. 3(b). For lighter doping, the devices are SB-CNTFETs.
As the doping is increased, the screening increases, the bands
in the source and drain become flat, the Schottky barriers be-
come ohmic (very thin tunnel barriers), and the SB-CNTFETs
become C-CNTFETs as shown in the series of band diagrams in
Fig. 3(b). The appearance of the band diagram crosses over to

Fig. 4. (a) Conduction and valence bands of SB-CNTFET for two different
dopings, 10 and 5� 10 . (b) Corresponding plots of current density versus
energy. The dashed line, inserted as a reference on both plots, is at an energy of
�0.45 eV.

that of a C-CNTFET for the two highest doping levels, 5 10
and 1 10 .

We use these two doping levels to simulate the current and
band profile of a C-CNTFET as shown in Fig. 5. Fig. 5(a)
shows the simulated versus and 5(b) shows the
band profiles at zero gate bias for C-CNTFETs with 5 10
and 1 10 dopants per carbon atom. Lesser doping concen-
trations can not screen the potential profile to flat band for the
50 nm CNT length between the metal source and drain. The
high doping of the CNT results in a high off-current in exactly
the same way as for the highly doped SB-CNTFETs. For the
devices shown here with a 5 nm gate, the direct source-drain
tunneling (intraband tunneling) ruins the on/off current ratio.
One can reduce the interband tunneling by increasing the gate
length. That, however, increases the electric field in the drain
since the metal to metal source to drain length is fixed. The
increased field in the drain results in a thinner interband tunnel
barrier for the ambipolar current [6]. The net result is a reduc-
tion in the on/off current ratio. One can increase the intraband
tunnel barrier by choosing smaller diameter, larger bandgap
CNTs. However, the 1.5 nm diameter CNT is approximately
the smallest diameter for which one can obtain zero Schottky
barrier contacts which we consider to be an important ingre-
dient to good CNTFET performance. Therefore, within the
constraints of CNT diameters 1.5 nm and source/drain metal
contacts 50 nm apart, our simulations show that a C-CNTFET
structure with satisfactory on/off current ratio does not exist.

The effect of doping level was experimentally investigated by
Javey et al. [33]. For highly doped CNTs, they found that both
the on-current and the minimum leakage current increase. How-
ever, the increase in minimum leakage current is much higher
and the on/off current ratio is reduced by 2 orders of magnitude
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Fig. 5. The simulated (a) log I versus V plots together with the (b) con-
duction band profiles in the off-state of the C-CNTFETs for two different values
of uniform doping concentrations. The source-to-drain bias is 0.4 V.

compared to the moderately doped CNTFETs. This is consis-
tent with our simulation study.

Next, we numerically calculate the performance metrics,
namely, the gate capacitance , the transconductance , the
kinetic inductance , the intrinsic switching delay time ,
the intrinsic cutoff frequency , and the LC frequency with
a doped carbon nanotube for both the SB- and C-CNTFETs.
The gate capacitance is calculated from the electric flux density
vector normal to the gate metal surface

(1)

The first integral is over the length of the gate along the bottom
of the gate metal. The second integral is over the two sides of the
gate metal. Eq. (1) gives the total gate capacitance,

which includes the effect of the quantum capacitance and
the fringing fields directly from the gate metal to source metal
and gate metal to drain metal. The channel kinetic inductance is
calculated from [51]

(2)

where is the electron velocity in the channel and is the
CNT length. The electron velocity in the channel is calculated
from

(3)

where is the electron concentration and is the cross-sec-
tional area. The magnetic inductance is ignored because the ki-
netic inductance is several orders of magnitude larger than the
magnetic inductance [52].

Fig. 6 shows the gate capacitance, the kinetic inductance,
and the transconductance for both the SB- and C-CNTFETs.

Fig. 6. (a) Gate capacitance, (b) kinetic channel inductance, and (c) transcon-
ductance versus gate bias for both the SB-CNTFET and the C-CNTFET.
The uniform doping concentration for the SB-CNTFET is 10 and that for
C-CNTFET is 5 � 10 dopant per carbon atom. The source-to-drain bias is
0.4 V.

Calculations are performed with a doping fraction of 10
dopant per carbon atom for SB-CNTFETs and 5 10 dopant
per carbon atom for C-CNTFETs. The gate capacitance for
SB-CNTFET in the on state V is 0.8 aF,
which is higher than the gate capacitance (0.5 aF) of an equiv-
alent intrinsic SB-CNTFET. The capacitance of C-CNTFET
is higher than the capacitance of SB-CNTFET due to higher
doping concentration value used in C-CNTFET. The kinetic
inductance is higher at relatively lower values of gate bias and
higher values of doping concentrations. For comparison, if
we choose the electron velocity equal to the Fermi velocity
then the estimated kinetic inductance for 5 nm gate length is

0.02 nH. The transconductance of the SB-CNTFET shows a
peak at a gate bias of about 0.3 V because at that gate bias there
exists a flat-band condition between the source and the channel
potential under the gate [22].

The intrinsic switching delay time, the intrinsic cutoff fre-
quency, and the LC frequency are shown in Fig. 7 for both the
SB-CNTFET and the C-CNTFET. The intrinsic switching delay
time is calculated from , the intrinsic cutoff
frequency is calculated using , and the LC
frequency from . The intrinsic switching
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Fig. 7. (a) Intrinsic switching delay time, (b) the intrinsic cutoff frequency,
and (c) the LC frequency versus gate bias for both the SB-CNTFET and the
C-CNTFET. The uniform doping concentration for the SB-CNTFET is 10
and that for C-CNTFET is 5 � 10 dopant per carbon atom. The source-to-
drain bias is 0.4 V.

delay time follows the capacitance curve and the intrinsic cutoff
frequency follows the transconductance curve. The delay time is
relatively small in the femtosecond range due to lower gate ca-
pacitance results from low-K gate dielectric SiO [14] and the
cutoff frequency is in the terahertz range. In the on-state, the in-
trinsic cutoff frequency of C-CNTFET is comparable to the LC
frequency. Calculations (not shown here) for SB-CNTFET with
a dopant concentration of 5 10 also show that the intrinsic
cutoff frequency is also comparable with the LC frequency.

We next observe the effects of doping profile. For this, we
consider three different Gaussian profiles shown in Fig. 2. The
profiles are normalized to their maximum values of 10 for
SB-CNTFET and 5 10 for C-CNTFET. Fig. 8(a) shows
the simulated versus characteristics of the SB-CNT-
FETs for the three different Gaussian doping profiles shown in
Fig. 2 together with the uniform doping concentration of 10 .
The current–voltage response does not change with Gaussian
doping in the on-state, however, we notice a slight change in the
subthreshold regime. This is due to a slight modulation of the
tunnel barrier length with different Gaussian doping as shown in
the band profiles in Fig. 8(b) at a gate bias of 0 V. The different

Fig. 8. The simulated (a) log I versus V plots together with the (b) con-
duction band profiles in the off-state for the SB-CNTFETs for three Gaussian
doping profiles and a step doping profile with the doping concentration of 10
dopant per carbon atom. Here V = 0:4 V.

Fig. 9. The simulated log I versus V plots for a 100 nm CNTFET with a
10 nm gate. The source-to-drain bias is 0.4 V and the SB-CNTFET has a step
doping profile with concentration value of 10 dopant per atom.

Gaussian doping profiles leave the on-state values of and
unchanged for both the SB-CNTFET and the C-CNTFET.

Finally, we consider a design to increase the on–off current
ratio. For the 50 nm SB-CNTFET doped at 10 dopants per
carbon atom, we have a good switching delay time and cutoff
frequency (see Fig. 7). However, the on/off current ratio of 5
10 for a 0.4 V swing from 0.1 to 0.3 V is adequate, but not
great. The device shows a minimum current of 1.4 10 A
and the ambipolar hole current begins to dominate at

V. Previously we studied 50 nm devices with undoped
CNTs for different asymmetric gate structures [6] and also with
different gate dielectrics [14]. The best on/off current ratio (ig-
noring possible single electron effects) was 6 10 and the min-
imum current was 3 10 A. To improve upon the 50 nm
CNT, 5 nm gate, 10 doped SB-CNTFET described above, we
consider the relative contribution to the leakage current from the
intraband and interband tunneling processes. As noted above,
direct source/drain tunneling through the gate barrier (intraband
tunneling) accounts for 61% of the leakage current. One can re-
duce this by increasing the gate length, but this will increase the
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TABLE I
FIGURES OF MERIT FOR 50 nm AND 100 nm DEVICES. THE DOPING CONCENTRATION VALUE HERE IS 10 DOPANT PER ATOM FOR BOTH THE DEVICES

AND THE PARAMETER VALUES ARE LISTED AT A GATE BIAS OF 0.3 V. THE OFF CURRENT IS CORRESPONDING TO THE GATE BIAS OF �0.1 V AND THE ON

CURRENT IS CORRESPONDING TO THE GATE BIAS OF 0.3 V

interband tunneling current unless the total CNT length is in-
creased. Therefore, to obtain a larger on/off current ratio with al-
most unipolar characteristics and a very low value of minimum
current, we consider a 100 nm CNT with a 10 nm gate and same
optimal doping concentration of 10 dopants per atom, and we
compare it with an equivalent undoped device.

The current–voltage characteristics are shown in Fig. 9. With
the same 0.4 V swing ( 0.1 to 0.3 V), the doped SB-CNTFET
has an on/off current ratio of 6 10 with an inverse sub-
threshold slope of 62 mV/dec. Furthermore, the SB-CNTFET
has almost unipolar characteristics for the bias range studied
here and it has higher on-current and very low value of minimum
current. An undoped version of this 100 nm SB-CNTFET has
an on/off current ratio of 10 with an inverse subthreshold slope
of 63 mV/dec. We have not optimized with respect to different
dielectrics, but we note that in the previous studies of these un-
derlapped geometries, the dielectric has little effect on the po-
tential profile and the dc device characteristics for a 2 nm thick
dielectric (see [14, Figs. 2, 3]).

The increased on–off current ratio does come at a price. Dou-
bling the CNT length increases the delay time and reduces the
cutoff frequencies. The parameter values for the best 50 nm and
the best 100 nm SB-CNTFETs are summarized in Table I.

IV. CONCLUSION

For ultrascaled CNTFETs in which the source/drain metal
contacts lie 50 nm apart, there is no MOSFET-like contact
CNTFET with an acceptable on–off current ratio using a CNT
of diameter 1.5 nm and a source/drain voltage 0.4 V. For
CNTFETs with source/drain metal contacts either 50 nm or
100 nm apart, there is an optimal doping concentration of 10
dopants per atom. The maximum on–off current ratios for
the 50 nm CNT/5 nm gate and the 100 nm CNT/10 nm gate
SB-CNTFETs are 5 10 and 6 10 , respectively. Changing
the doping profile from step to Gaussian makes essentially no
change in the figures of merit.
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