
P H Y S I C A L R E V I E W L E T T E R S week ending
4 JUNE 2004VOLUME 92, NUMBER 22
Multimode Transport in Schottky-Barrier Carbon-Nanotube Field-Effect Transistors
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We present a detailed study on the impact of multimode transport in carbon nanotube field-effect
transistors. Under certain field conditions electrical characteristics of tube devices are a result of the
contributions of more than one one-dimensional subband. Through potassium doping of the nanotube
the impact of the different bands is made visible. We discuss the importance of scattering for a stepwise
change of current as a function of gate voltage and explain the implications of our observations for the
performance of nanotube transistors.
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and Vgs, respectively) usually exceed half a volt, and it is Id�Vgs� saturates for certain Vgs ranges.
Since it was first shown that single wall carbon nano-
tubes (CNs) can operate in a conventional field-effect
transistor (FET) mode [1,2], the electrical characteristics
of CNFETs have been significantly improved particularly
by increasing the gate field impact [3–5]. One goal of
these studies is to evaluate the potential of ultimately
scaled nanotube devices for future electronic applica-
tions. This effort is accompanied by the development of
suitable models to predict the electrical characteristics of
nanotube transistors [6–8]. Models describing the experi-
mental observations best include Schottky barriers (SBs)
at the metal contact-nanotube interface [9,10] and assume
ballistic transport conditions inside the tube. In fact,
recent experiments indicate that transport in semicon-
ducting nanotubes is ballistic over distances of at least
a couple of hundred nanometers at room temperature
[11–13]. In addition, it is typically assumed that only
one one-dimensional (1D) mode in the nanotube is in-
volved in current transport. In this Letter we discuss to
what extent the last assumption is justified and how the
number of modes—1D subbands—involved impacts the
device characteristics.

Nanotube band structures have been studied exten-
sively in the past through theory and experiment.
Scanning tunneling spectroscopy [14,15] and absorption
spectroscopy [16] have been used to map the density of
states in various nanotube samples. Most of the insights
gained are related to the lowest conduction/valence band
and correspondingly to the energy gap in the case of
semiconducting nanotubes. Tight binding (TB) calcula-
tions are in reasonable agreement with such experiments.
From TB one may also infer that higher subbands are
separated by several hundred meV from the lowest 1D
bands with the exact value depending on the tube chir-
ality [17]. For tubes produced by laser ablation [18] as
those used in this Letter with a diameter of tch � 1:4 nm,
the separation between the lowest conduction band and
the next 1D subband is expected to be around �270 meV
from spectrofluorimetric measurements[17]. On the other
hand, in a CNFET the applied drain or gate voltages (Vds
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important to investigate whether higher modes are in-
volved in the CNFET transport properties under particu-
lar voltage conditions.

One may argue that higher bands should result in
certain features in the electrical characteristics of
CNFETs. For example, the drain current Id as a function
of Vgs may be expected to increase stepwise due to the
quantized conductance contributions G � 4 e2=h of indi-
vidual 1D modes [19]. We will show here that the absence
of any particular structure in the electrical characteristics
of CNFETs is no proof of pure one-mode transport and
that particular care has to be taken when CNFET data are
analyzed within a one-band model.

CNFETs were fabricated on a silicon substrate that acts
as a common gate. A thin layer of silicon dioxide tox �
5 nm isolates the conducting silicon from the semicon-
ducting tube channel. The source/drain separation is
around L � 300 nm. Contacts are made of titanium.
Tubes are spun on the substrate prior to source/drain
definition. Details of the sample fabrication can be found
elsewhere [20]. All measurements were performed at
room temperature in a vacuum chamber.

Prior to any particular treatment electrical character-
istics show a typical p-type behavior [21]. This means that
substantial currents in the on state of the transistor are
obtained only for sufficiently negative gate voltages Vgs.
Through potassium doping of the entire tube n-type char-
acteristics can be obtained [22]. The inset of Fig. 1 shows
representative transfer characteristics Id�Vgs� of a potas-
sium doped nanotube for drain voltages between �0:1
and �0:5 V. The threshold voltage Vth, the gate voltage
for which the device starts to turn on, is approximately
�0:8 V. Increasing the amount of potassium deposited in
vacuum on the nanotube results in a continuous shift of
Vth towards more negative values up to a maximum of
Vth � �1:5 V. At this high doping level CNFET charac-
teristics consistently develop an unusual steplike change
of current as a function of gate voltage as shown in Fig. 1.
Instead of a monotonic current increase up to a maximum
value that is given by the details of the contact resistance,
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FIG. 2. Band bending situation in a CNFET for Vds � 0:1 V.
Here �EC1�C2 � 0:3 eV, and ls � 1=30L has been assumed.
Curves (i)–(iii) indicate the situation for the first
and second subband (black and gray) for three different Vgs.
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FIG. 1. Current as a function of Vgs at T � 300 K for a
heavily K-doped CNFET. The onset of higher bands is marked
by arrows. The inset shows transfer characteristics for the same
tube FET after light K doping.
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We argue that this unusual behavior is a result of the
stepwise increase of current carrying 1D modes in the
tube when Vgs is increased (made more positive for an
n-type FET). However, current saturation does not occur
below the quantum limit (I �G � 4 e2=h) if transport in
the channels is ballistic. This means that the superposi-
tion of contributions from bands without scattering results
in a smooth increase in current. To explain the observed
steplike behavior we have to assume that scattering inside
the nanotube results in a saturation of the current carry-
ing capability of every 1D band. In our case a sufficiently
high doping level ensures a small enough transmission
through the nanotube channel. This means that the con-
tributions from different 1D bands can be made visible
through the introduction of scattering sites. Within this
context it also becomes clear why Antonov and Johnson
[23] observed steps in their measurements only in the
presence of an impurity and why the same steps are not
present for most CNFETs.

We will now discuss the details of the picture we
propose and describe how we have modeled the situation
in a diffusive Schottky barrier CNFET. Figure 2 illus-
trates the situation in a SB transistor under certain drain
and gate voltage conditions if scattering is enabled. We
have employed the nonequilibrium Green function for-
malism [24] to calculate the charge in and the current
through the nanotube channel. A self-consistent solution
is achieved by iteratively solving the modified Poisson
equation together with the equations for the Green func-
tion. Scattering is introduced according to Ref. [25] by
attaching independent Buettiker probes to each site of the
underlying finite difference grid. One probe is attached to
every grid point sharing a common Fermi level. This
Fermi level represents the quasi-Fermi level inside
the channel at this particular position and is determined
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self-consistently by making the total current contribution
of the probes zero at every grid point. Thus, intrasubband
as well as intersubband scattering is taken into account.
The coupling strength between probe and channel is
described by a parameter � that can be varied between
one and zero. � is a means to define the scattering
probability inside the tube channel and can be directly
related to a characteristic scattering length ls [25]. As
illustrated by Fig. 2, the higher the Vgs the thinner the
Schottky barrier at the source and drain contacts and the
lower the bands in the bulk portion (the middle part) of
the nanotube. Scattering results in a continuous voltage
drop (a slight tilt of the bands towards the lower right)
inside the tube. Moreover, our simulations do not indicate
that the band movement stops with increasing Vgs as
typically observed for a conventional metal-oxide-semi-
conductor field-effect transistor (MOSFET). This obser-
vation is consistent with the notion that the gate voltage
for CNFETs operating near the quantum capacitance
limit controls the potential rather than the charge and is,
in particular, a consequence of the 1D density of states in
a tube. It is this fact that enables the second band (gray) to
bend down sufficiently to allow current injection into it.

Next we discuss the details of the gate impact on the
current through a CNFET and relate the band bending
situations (i)–(iii) in Fig. 2 to characteristic aspects of the
Id�Vgs� curve. Figure 3(b) shows the calculated current
through a nanotube FETas a function of Vgs. At (i), Vgs �
Vth, the device starts to turn on since the Fermi level in
source EFs coincides approximately with the first conduc-
tion band EC1 inside the bulk portion of the nanotube. A
substantial tunneling current can be injected into the
device similar to the ballistic case discussed elsewhere
[7]. Upon increasing Vgs the current increases by improv-
ing the coupling between the electron reservoirs in source
and drain through thinning of the Schottky barriers. At
226802-2



0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

I d
 
[µ

A
]

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6
Vgs  [V]

Vds = 0.1V

Vds = 0.2V

1.0

0.8

0.6

0.4

0.2

0.0

I d
 
[µ

A
]

1.41.21.00.80.60.40.20.0
Vgs  [V]

Vds = 0.1V

Vds = 0.3V

i)

ii)

iii)

iv)

a)

b)

FIG. 3. Experimental (a) and theoretical (b) results on the Vgs

response of a highly doped SB CNFET for different Vds. (i)–
(iii) correlate to the band bending situations in Fig. 2.
(iv) corresponds to (ii) for a higher Vds.
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(ii) both barriers are transparent enough such that the
device resistance is dominated by scattering inside the
diffusive nanotube channel—a situation that does not
occur in an undoped ballistic SB CNFET. For a gate
voltage independent scattering rate, as assumed here,
and a constant drain voltage, increasing Vgs further
does not alter the channel resistance. This situation is
different from a two-dimensional (2D) system as a con-
ventional MOSFET where increasing the carrier concen-
tration inside the channel by means of Vgs typically
results in an increase of Id. The key factor here is the
1D character of the nanotube. In the case of a ballistic
channel, increasing the gate voltage increases the veloc-
ities vF�E� of carriers at the quasi-Fermi level inside the
tube. However, at the same time, the number of electrons
actually involved in current transport decreases due to
the energy dependence of the 1D density of states D1D�E�.
The product D1D�E� � vF�E� remains constant. Scattering
changes this picture only in so far that the current level
226802-3
for which saturation occurs is reduced. Finally, in
case (iii), when the second subband (gray) reaches EFs,
a new cycle starts, another channel for current transport
opens up and Id starts increasing again up to the next
plateau. Steps are equal only in height if scattering in
different 1D bands is identical. For larger Vgs (case iv)
current saturation occurs at a level that roughly scales
linearly with Vds and steps become less prominent.
Figure 3(a) shows experimental results for another highly
doped CNFET sample at two drain voltages. Note that Vth

for this n-type device is around �1:5 V due to the high
doping level, while in our simulation we did not try
to accommodate for a doping related Vth shift. The gen-
eral agreement between simulation and experiment is
apparent.

Having identified the basic physics behind the occur-
rence of the stepwise increase of Id as a function of Vgs we
can now use our measurement to extract information
about the nanotube band structure. The gate voltage dif-
ference �Vgs between (i) and (iii) is a measure of the
energy difference �ECn�Cn�1 between two 1D bands. For
a gate oxide thickness of 5 nm, we extract from our
simulation that �ECn�Cn�1 � 0:5�Vgs. Accordingly, we
conclude that in the case of Fig. 1 the energy separation
between the first and second, the second and third, and the
third and fourth 1D bands are approximately 275, 225,
and 300 meV, respectively. Similar results were obtained
for tubes treated the same way [see, e.g., Fig. 3(a)]. While
�EC1�C2 � 275 meV compares well with the expected
TB value of �270 meV for the types of tubes used here
[17], �EC2�C3 � 225 meV is significantly smaller than
anticipated. This shows that the nanotube band structure
E�k� has been substantially affected by the extensive
potassium doping as suggested by theory [26] and is, to
the best of our knowledge, the first experimental obser-
vation of this particular behavior.

Finally, we focus on the implications of our findings for
experiments on CNFETs that do not exhibit a stepwise
change in current due to the absence of scattering sites.
Figure 4 displays logId�Vgs� for the same CNFET for two
distinct doping levels at drain voltages of 0.1, 0.3, and
0.5 V, respectively. Curves for the lightly doped case
(gray) are offset by �Vth ��0:66 V to help the compari-
son. At around Vgs � �0:3 V for Vds � 0:1 V the onset of
a second subband can be deduced from the heavily doped
sample (black). Since the similarity between measure-
ments in the deep subthreshold regime (Vgs 	 �1 V) at
different K levels is apparent, it is reasonable to assume
that also in the lightly doped case (gray) more than one
subband is involved in current transport at high positive
gate voltages. Contributions from higher subbands, how-
ever, are invisible and become apparent only if scattering
inside the channel is strong enough to limit the current
carrying capability per subband substantially. The
nonexistence of any pronounced features in CNFET char-
acteristics is thus no proof of one-mode transport.
226802-3
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Recently, very high current levels have been reported
for CNFETs at substantial gate voltage overdrives Vgs �
Vth > 3:5 V [27]. Transistors consist of tubes with diam-
eters of around tch � 2:5 nm on a 10 nm gate oxide. From
our experimental and simulation results we conclude that
for the highest Vgs used in the experiments by Javey et al.
[27] at least three 1D modes are involved in current
transport when taking into account the expected mode
spacing for the type of tubes used. As stated above, the
absence of strong backscattering for small Vgs prevents
the simple observation of the multimode transport con-
ditions but does not prevent its impact on the electrical
characteristics. This is an important finding since it im-
plies that conductance values G > 4 e2=h should be ob-
servable in the linear regime of the CNFET output
characteristics. It is also of relevance for the extraction
of SB heights at the metal nanotube interfaces. A detailed
quantitative analysis of CNFET data should take more
than one 1D mode into account.

In summary, we have investigated the impact of multi-
mode transport in CNFETs on the electrical character-
istics of the same. While no stepwise change in current as
a function of Vgs may be observed due to a small or
vanishing scattering probability inside the tube, more
than one subband can be involved in current transport
for high Vgs. Experimentally, subbands have been made
visible through extensive doping with potassium. A
model has been presented to explain our results consis-
tently, and the implications of our findings for electrical
characteristics of CNFETs have been discussed.
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