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We have fabricatedn-type carbon nanotube field effect transistors by choosing the contact metal.
Single-walled carbon nanotubes were grown directly on a SiO2/Si substrate by chemical vapor
deposition using patterned metal catalysts. Following the nanotube growth, Ca contacts with a small
work function were formed by evaporating and lifting off the metal. The devices showedn-type
transfer characteristics without any doping into the nanotube channel. In contrast, the devices with
Pd contacts showedp-type conduction. These results can be explained by taking into account the
work functions of the contact metals. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1865343g

Semiconducting single-walled carbon nanotubes
sSWNTsd are promising materials for nanoscale electron de-
vices, such as nanotube field-effect transistorssFETsd, for
ultrahigh-density integrated circuits and quantum-effect de-
vices for intelligent circuits, which are expected to bring a
great breakthrough in the present silicon technology.1,2 In
order to realize such highly functional nanotube circuits,
there are many issues to be addressed. One of the most im-
portant issues for nanotube FETs is to control the conduction
type of devices. For example, nanotube FETs usually show
p-type transfer characteristics,3,4 even thoughn-type devices
are indispensable for nanotube integrated circuits of low-
power dissipation similar to Si complementally metal-oxide-
semiconductor devices. Bockrathet al.5 proposed the doping
of potassium on the nanotube channel surface to fabricate
n-type nanotube FETs. Although the potassium doping on the
nanotube surface is a promising technique to change the con-
duction type of nanotube FETs fromp-channel ton-channel
characteristics, it is necessary to control the doping density.
In addition to that, the ionized impurities would have some
influences on the electron transport through the doped nano-
tube channel.

Recently, the operation mechanism of the nanotube FETs
has been explained by Schottky barrier modulation model, in
which the gating action is dominated by the Schottky barrier
formed at the contact between the nanotube and the source
metal.6–8 Javeyet al.9 reported that the contact resistance of
the electrode/nanotube contact can be reduced by using Pd as
the contact metal inp-type nanotube FETs, since Pd has a
large work function and hence the Schottky barrier height for
holes is low. Taking these reports into account, if we use
materials with a small work function as contact electrodes of
nanotube FETs, the Schottky barrier height for electrons
would be low. In this case, it is expected that electrons are
injected from the contact electrode into the nanotube and
n-type nanotube FETs will be realized without any doping
into the nanotube channel.

In this letter, we have fabricatedn-type nanotube FETs
by using Ca with a small work function as the contact elec-

trodes. The temperature dependence of the device character-
istics has been measured to investigate the interfacial elec-
tronic structure at the Ca/SWNT contact.

Figure 1 shows schematic band structures of the inter-
face at the source contact. If a metal with a work function
larger than that of the SWNT,,4.8 eV,10 is used as the
source electrodes, the Fermi energysEFd of the source elec-
trode will be located close to the valence-band edge of the
SWNT sEvd as shown in Fig. 1sad. In this case, the Schottky
barrier height for holes is low, and holes are easily injected
from the electrode into the SWNT. On the other hand, in the
case of a metal with a smaller work function than that of the
SWNT, theEF is located close to the conduction-band edge
of the SWNTsEcd as shown in Fig. 1sbd, and electrons will
be injected into the nanotube. We have chosen Ca as a con-
tact metal with small work function of 2.8 eV in order to
realizen-type devices.

Figure 2 shows a schematic device structure of the fab-
ricated nanotube FET with Ca contact electrodes. A heavily
dopedp+-Si wafer with thermally oxidized SiO2 s100 nmd
was used as the substrate. The SWNT was grown directly on
the Si substrate by utilizing the position controlled growth
technique.11,12 The metal catalysts consisting of a double
layer of Co s2 nmd on Pt s10 nmd were patterned on the
substrate using photolithography, electron-beam evaporation,
and lift-off process. A mixture of ethanols10 sccmd and ar-
gon s100 sccmd was used as a source gas for the alcohol
catalytic chemical vapor deposition.13 The total pressure in
the furnace was 1.3 Torr. The growth temperature and time
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FIG. 1. Schematic band structures of the interface at the source contact.sad
For contact metal with large work function, andsbd for contact metal with
small work function.
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were 800 °C and 1 h, respectively. The Au/Ti for the back
gate electrode was deposited on the back side of the sub-
strate. Cas3 nmd and subsequent Als500 nmd were depos-
ited by electron-beam evaporation for the source and drain
contact electrodes. The Al was used to prevent the oxidation
of the Ca thin film. The channel length is 3mm.

Figure 3sad shows the drain currentsIDd as a function of
the gate-source voltagesVGSd of the fabricated nanotube FET
with Ca contact electrodes. Here, the drain-source voltage
sVDSd was 0.1 V. TheID increased with increasingVGS, and
hencen-type transfer characteristics were obtained. We have
also fabricated the devices with Pd contact electrodes for
comparison. The device hadp-type transfer characteristics as
shown in Fig. 3sbd. These results show that, by changing the
material used as the contact electrodes, the conduction type
of nanotube FETs can be controlled without any doping into
the nanotube. The drain current of then-type FET was
smaller than that of thep-type FET. This is probably because
there exists a barrier at the Ca/SWNT interface larger than
that for holes at the Pd/SWNT interface as it will be de-
scribed later.

In order to investigate the interface between the SWNT
channel and the Ca contact electrode, the temperature depen-
dence of theID of the n-type nanotube FET was measured.

Figure 4 shows theID in log scale as a function of 1000/T at
VGS=6, 9, and 12 V andVDS=0.1 V. TheID increased with
increasing temperature above,200 K. This suggests the ex-
istence of a potential barrier against electrons at the contact
between the SWNT and the Ca electrode.

The barrier height was estimated from the slope of the
Arrhenius plot as a function ofVGS as shown in Fig. 5. In the
regime of VGS.10 V, the barrier height was a small con-
stant value of,25 meV. In the regime ofVGS,10 V near
the threshold voltage, on the other hand, the measured barrier
height increased with decreasingVGS. These behaviors of the
barrier height can be understood if we take into account that
the thermally assisted tunneling process of electrons domi-
nates the current through the Schottky barrier formed at con-
tact of the nanotube FET.6 At VGS.10 V, where the device
was biased enough at the on state, the thickness of the
Schottky barrier decreases, and electrons are injected from
the Ca electrode into the SWNT by the thermally assisted
tunneling process, in which thermally excited electrons tun-
nel through the thin Schottky barrier. Then, the measured
barrier height corresponds to an effective barrier height for
the thermally assisted tunneling of electrons as reported by
Martel et al.6 On the other hand, atVGS,10 V near the
threshold voltage, the thickness of the Schottky barrier in-
creases, and hence the tunneling current component is sup-
pressed. Therefore, the measured barrier height approaches
the true Schottky barrier height with decreasingVGS. The
obtained results strongly suggest the existence of the
Schottky barrier at the Ca/SWNT contact. The Schottky bar-
rier height for electrons is estimated from Fig. 5 to be about
200 meV if we assume that the potential barrier is thick
enough to suppress the tunneling current component atVGS
near the threshold voltage.

Now, we discuss the band structure of the Ca/SWNT
interface of the fabricatedn-type nanotube FETs. Since the
work function of Ca, ,2.8 eV, is smaller than that of
SWNTs, it is expected thatEF of the Ca electrodes is posi-

FIG. 2. Schematic device structure of fabricatedn-type carbon nanotube
FET.

FIG. 3. ID-VGS characteristics of fabricated nanotube FETs withsad Al/Ca
and sbd Pd contact electrodes.

FIG. 4. Temperature dependence ofID of the nanotube FET with Ca contact
electrodes atVDS=0.1 V.

FIG. 5. VGS dependence of barrier height obtained by slope of Arrhenius
plot.
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tioned aboveEc of the SWNT if we assume the Mott–
Schottky model. If this is the case, there is no barrier against
electrons. However, the obtained results suggest the exis-
tence of a Schottky barrier at the Ca/SWNT contact as de-
scribed above. A possible explanation for the reason why the
Schottky barrier is formed at the Ca/SWNT contact is that a
dipole layer formed at the Ca/SWNT interface causes an
abrupt potential drop at the interface as reported for organic/
metal interfaces.14

The interfacial property is dominated not only by the
work function of the metal but also by the interfacial dipole
as described above. The control of the interface dipole is
essential to solve remaining issues such as the unbalance in
the current drivability between the presentn- and p-type
FETs, and as the adjustment of the threshold voltage. By
decreasing the charge density of the dipole at the Ca/SWNT
interface, the Schottky barrier height for electrons would be
lowered, and then the current in then-type FET would be
increased. For the threshold voltage adjustment, it is impor-
tant to control energy level alignment at the electrode/SWNT
interface.

In conclusion, we have fabricatedn-type carbon nano-
tube FETs by using Ca contact electrodes without any doping
into the nanotube channel. The idea to put the Fermi energy
of the contact electrodes close to the conduction-band edge
of the SWNT channel by using contact metal with a small
work function was confirmed. The temperature dependence
of the drain current suggested the existence of the Schottky
barrier at the Ca/SWNT interface even though the work
function of Ca was much smaller than that of SWNTs, prob-

ably due to the dipole layer formation at the Ca/SWNT in-
terface.
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