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Abstract

We describe the gate coupling of a rooted grown suspended carbon nanotube (CNT) between two microsized catalytic contact

electrodes using a direct parallel growth technique. All-shell Multiwalled carbon nanotubes (MWNTs) were bonded to contact

electrodes because MWNTs were grown from the electrodes. The response characteristics of the devices with the gate voltage show

typical p-type field effect transistor function at a high-temperature regime and asymmetric Coulomb blockage behavior in low

temperatures. Results of the observation suggest that our unique structure, i.e., catalytic ferromagnetic electrode/all-shell bonded

MWNT/ferromagnetic electrode, made by direct parallel growth may be a promising key element for nanoelectronics and nano-

electro-mechanical-systems (NEMS).

� 2004 Elsevier B.V. All rights reserved.
Multiwalled carbon nanotubes (MWNTs) are among

the key materials for nanoelectronics and nanoelectro-

mechanical-systems (NEMS). Now, MWNTs are easily

obtained in most laboratories, having many types of

properties, for which reason they should be studied

systematically and utilized more actively. From a prac-

tical viewpoint, the concentric multi-shell structure of

MWNTs has an intrinsic obstacle useful for its electrical
properties. Several research groups have studied the ef-

fect of the shell structure in MWNTs on the carrier flow

between drain and source electrodes. Based on a low-

temperature study of MWNTs by Bachtold et al. [1], it

was concluded that in MWNTs side-bonded to metal

electrodes, only the outermost shell effectively contrib-

utes to electrical transport in a low-bias region. In a high

bias regime, the IBM group showed the electronic
character and interaction of different shells in MWNTs,
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indicating the contribution of inner shells by controlled

breakdown method [2,3].

Now, it is generally thought that the coupling or in-

terlayer charge transport between the outer shell and an

adjacent inner shell is expected to be thermally activated

[4]. Recently, a study by the Riken group [5] showed the

fact that multiple intertube tunnel junctions formed

underneath the electrodes dominated intertube charge
transport in an MWNT system. On the other hand,

Kanda et al. [6] reported that the contact barrier at M

(metal on tube)-MWNT-M critically depends on the

electrode material rather than on the detailed shell

structures of MWNTs, based on the assumption that

MWNTs might have much adsorbed oxygen when they

are in a vacuum chamber for the deposition of electrode

materials, because no passivation occurred to cause ex-
posure to air. Hence, hard oxidizing electrodes such as

Pt do not form a barrier, i.e., oxide, at the interface

while Ti could be oxidized easily. Anyway, each of the

shells in a MWNT possesses metallic or semiconducting
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properties according to its chirality, in principle, and

furthermore, each shell also interacts with adjacent

shells.

In the case of suspended nanotubes, last year the Dai

and colleagues [7] showed very high-gain ambipolar
transistor function for a suspended carbon nanotube

(CNT) bridge which formed by the thermal chemical

vapor deposition (CVD) method using Mo electrodes,

with basement of poly-Si at very high temperature. On

the other hand, Nygard and Cobden [8] presented a

suspended CNT technique which uses a self-aligned

oxide etch to suspend individual SWNT between me-

tallic electrodes and observed the effect of a quantum
island, i.e., single electron tunneling, in suspended

CNTs.

In this work, we have studied the gate function of the

suspended all-shell MWNTs bonded to electrodes. As

reported in our previous works [9,10], we introduced a

method to form suspended MWNTs, which were

bridged between the pre-patterned catalytic contact

electrodes and furthermore, can be measured electrically
without any post-processing after synthesis of MWNTs.

A Nb or SiO2 layer on top of the catalytic metal was

deposited to control the parallel growth of CNT be-

tween two ferromagnetic catalytic electrodes and to

passivate ferromagnetic contact metals (Ni, Co, etc.)

after the growth. As a result, CNTs by low-temperature

rapid thermal CVD process are found to grow from one

catalytic ferromagnetic electrode to another electrode
without additional post-lithographic processes. In our

experiment, the layer structure was prepared by stacking

Nab-catalyst (Co)–SiO2 on a heavily-doped Si substrate.

The samples were examined by field emission scanning

electron microscope (Hitachi S4300). Fig. 1 shows the

typical SEM image of the laterally grown CNT bridges

between two catalytic pads. The CNTs grown under this

condition are very straight, with little bending across the
whole length. The diameter of these selectively grown

MWNTs is about 10–30 nm within the resolution limit

of the SEM image, and the number of walls are about 5

by HRTEM measurement. After optimizing junction,

we investigated the field and temperature effect of the
Fig. 1. A typical SEM image of the all-shell multiwalled carbon

nanotube (MWNT) rooted from ferromagnetic contact electrodes

(Co).
operating characteristics of 3 terminal devices with the

back gate electrode to check both the field effect tran-

sistor function and possible controllability of the

promising structure of integrated CNT logic gates. For

more than 30 devices measured in this work, 40% of the
tested devices showed a semiconducting behavior with

change of current under gate biasing, although the de-

gree of the gating effect is different depending on the

specific sample. The resistance of our suspended

MWNTs range from �200 kX to �20 MX. The elec-

trical characteristics, source-drain current (ID) versus

source-drain voltage (VSD), as a function of the gate

voltages VG for the typical 3-terminal CNT devices are
shown in Fig. 2a,b. As can be seen in Fig. 2a which was

collected under a vacuum of 10�6 Torr, the device ap-

proximates a voltage variable resistor reasonably good

for small values of both positive and negative VSD
of )400�+400 mV with a 2-terminal resistance of

R ¼ 10 MX at VG ¼ 0 V. The dynamic range of the

linear variable resistance region is relatively wider in our

devices compared to conventional metal-oxide-semi-
Fig. 2. (a) Current–voltage characteristics of the MWNT junctions and

(b) their transfer characteristics of all-shell MWNT rooted from Co

electrodes.
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conductor field-effect transistor (MOSFET). As is well

known already, the role of the VG is to change the value

of RCNT through Fermi level (EF) modulation, thus

changing the slope. Fig. 2a shows that positive gate bias

reduces the current, while negative VG increases the
current, thus the device behaves as a p-channel FET

similar to other systems such as an individual SWNT

[11,12].

The conductance (G) modulation of the directly

bridged CNW is about 3–4 orders of magnitude as

shown in the inset at a low VG regime, and G (i.e., 1=R)
shows linear increase as a function of jVG � VTj. In

general, complete saturation of the drain current for
values of VSD greater than the pinch-off voltage will only

be observed in FETs with very large channel lengths. As

the drain-to-source spacing of FET is reduced, like in

our case, to a scale of below 1 lm, the saturation

properties of the ID deteriorate normally. Other mech-

anisms can contribute to the degradation of the ID, but
they are beyond the scope of this work. Adapting the

procedure given by Martel and colleagues, the hole
density and mobility at room temperature for the p-type

FET with ferromagnetic catalytic electrodes can be de-

termined if we assume a homogeneous hole distribution

along the CNT and the total charge Q on the nanotube

as Q ¼ CVT, where C is the device capacitance. If we

model the nanotube as a metallic cylinder, the device

capacitance per unit length with respect to the back gate

is C=L � 2pee0= lnðL=dÞ, with d and L being the carbon
nanotube radius and length, and � and h the average

dielectric constant and the thickness of the device. Using

L ¼ 1000 nm, d ¼ 30 nm, h ¼ 1000 nm, and e � 2:5
provides a 1-dimensional hole density of p ¼ Q=eL �
4:7� 106 cm�1 from VT ¼ 6 V. Assuming diffusive

transport in our CNT at room temperature similar to

the SWNT bundles, we can estimate the hole mobility

from the transconductance, gm, of the CNT FET. As
previously described, since the carrier mobility is con-

stant in the linear regime of ID–VSD curve, we obtain

gm ¼ oID=oVG ¼ lhðC=LÞ2VSD ¼ 0:14 nA/V, 2.88 nA/V

at VSD ¼ 10 and 100 mV, respectively, corresponding to

a hole mobility of lh � 11 and 230 cm2/V s. Although

this mobility value is very low compared to that of the

SWNT–FET with Mo containing electrodes by Dai and

colleagues [7], the mobility as well as the transconduc-
tance indicates that the holes within nanotubes contain a

fewer number of scattering centers. On the other hand,

for temperature dependence of gm at VSD ¼ 100 mV, we

observed gm ¼ 2.88, 1.15, and 0.30 nA/V at 300, 250,

and 150 K, respectively, and this temperature depen-

dence should come from mobility. Here, if we assume

that the conductance of this junction is limited by

scattering within the MWNT, the mobility can be de-
rived by taking a linear approximation of GðVgÞ. The
mobility lh can be related to the 1-dimensional diffusion

coefficient D ¼ tFl; and D ¼ lEF=e where EF �0.5 eV is
the Fermi energy, tF � 106 m s�1 is the Fermi velocity,

and l the scattering mean free path. From this correla-

tion, we obtainedD � 0:15 m2 s�1 and l � 15 nm. Of

course, these values are the lower limits for l, D, and l,
as indicated by the Schonenberger group, because there
are other contributions such as contacts and impurities,

etc. [12,13].

Using the device structure, we repeated measure-

ments to examine the gating effect at low-temperature

regimes. At T ¼ 2 K we obtained current characteristics

as a function of drain-to-source bias and gate voltage. A

typical example of the current–voltage and the corre-

sponding differential conductance characteristics mea-
sured at T ¼ 2 K on a junction with an individual CNT

bridge. These measurements clearly demonstrate gap-

like features. The differential conductance dI/dV vs gate

voltage VG exhibits Coulomb blockade (CB) diamonds,

implying that quantum islands are formed in the CNT

junction at low-temperature regimes.

In order to examine more systematically the Coulomb

blockade structure in the junction, we constructed sur-
face and grayscale plots from I–VSD curves at different

VG bias values, as shown in Fig. 3a,b, respectively. The

rhombus shapes of the current suppressed regions and

the VG induced modulation are clearly visible, indicating

the existence of quantum islands. Assuming the gaps

due to the density of states and due to Coulomb

blockades both affect I–V characteristics, we can relate

the slope of the constant current curves to the ratio
Cg=Csource and Cg=Cdrain [14]. Using the slopes shown in

Fig. 3c measured at 2 K and DVG � 20 mV, we obtain

CG ¼ 29 aF, Cleft ¼ 23 aF and Cright ¼ 18 aF for the

capacitances between the dots and the left/right (source/

drain) electrode. So the total capacitance of the system

CR is 70 aF, which yields a charging energy U of

20 meV. Here, CR is the total capacitance corresponding

to the islands in the CNT junction.
On the other hand, we derived the coupling factor a

which measures the effectiveness of the coupling capac-

itance between the CNT bridge and the gate, i.e.

a ¼ Cg=CR ¼ Uc=DVg. Here, DVg is the single-electron

period in gate voltage. We found a � 0:41 for the direct,

lateral grown CNT junction with two catalytic ferro-

magnetic contact electrodes. This value is the highest

reported so far for a CNT junction with back gate
electrode.

Next, we estimated the geometrical capacitance and

compared that with the observed value. The estimated

total capacitance Cgeometry ¼ 2pLere0= ln½2L=d� is about

25 aF, corresponding to the bridge length and diameter

of a nanotube of about 1 lm and 20 nm. After we

compared this with the experimental value of 70 aF, we

noticed a difference factor of two. We interpreted this
to be an indication that the actual junction size was

shorter than the geometrical lengths confirmed in the

SEM measurements. A possible explanation for this



Fig. 3. (a) Gate voltage dependence of I–VSD curves at 2 K, (b) grayscale plots obtained from dI=dV � VSD � V g values over the full measured range

and (c) extended view of CB diamonds in a limited VG regime.

322 Y.-H. Lee et al. / Chemical Physics Letters 392 (2004) 319–323
shortening is the smearing of the contact electrodes onto

the CNT bridge during the period when CNT was

growing from the contact electrodes, which also func-

tioned as a catalytic material for growing CNTs in our

work. However, we cannot determine how long the
contact electrode and the CNT bridge are.

The presence of the staircase in the experimental IðV Þ
measurements can be explained by the orthodox theory.

The IðV Þ characteristics of nearly symmetrical junctions

feature a smooth curve with a Coulomb gap of around

zero bas of e=CR. In contrast, for strong asymmetric

junctions(Cleft � Cright and Rright � Rleft) in addition to

the Coulomb gap, the IðV Þ curve shows periodic oscil-
lations with a period DVstaircase ¼ e=Cright. This asym-

metricity reappears in Fig. 3c. That is, most of the

Coulomb diamonds are asymmetric and distorted as

shown in Fig. 3b over the entire measured range.

Considering the fact that the slopes of the diamonds

correspond to the source-gate capacitance ratio, we

found that the CNT bridge has asymmetric couplings to

the source and drain electronically. Assuming that our
CNT bridge was grown from one of the catalytic con-

tact metals and to opposite catalytic metal electrodes,

we understood the electronic asymmetricity of the

contacts.
In conclusion, FET and SET functions were observed

for parallel grown all-shell MWNT bonded to contact

electrodes. As compared to end-, top-, and side contacts,

asymmetry of the contact properties of our MWNTs is

very much higher. We assume that the asymmetry might
be related to growth of CNT from one side of the con-

tact electrode to the opposite side of the electrodes.

However, a more systematic study such as in situ TEM

on both junction areas will be required.
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