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High-density horizontally aligned growth of carbon nanotubes
with Co nanoparticles deposited by arc-discharge plasma method
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High-density horizontally aligned single-walled carbon nanotubes are grown on a quartz substrate
using Co nanoparticles deposited by arc-discharge plasma method. The Co nanoparticles with a
density as high as 6.0⫻ 1010 cm−2 are formed by a single pulse of arc discharge at room
temperature. The density of the aligned nanotubes is ⬃8 m−1 in average. Multichannel nanotube
field-effect transistors with a high-k top-gate structure are fabricated with aligned nanotubes. The
devices show high-performance, normally on, and n-type conduction property without any doping
process. A high on current of 1.3 mA and a large transconductance of 0.23 mS for a channel width
of 100 m are obtained. The normally on and n-type property is attributed to fixed positive charges
in the HfO2 gate insulator and at the interfaces. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2969290兴
Semiconducting single-walled carbon nanotubes
共SWNTs兲 have attracted much attention because of their potentials for nanotransistor applications with advantages such
as high speed operation and high current density. Recently,
high-frequency operation with a cutoff frequency of 30 GHz
has been demonstrated in carbon nanotube field-effect transistors 共CNFETs兲.1 However, the demonstrated operating frequency is still much lower than the terahertz-range expected
from the intrinsic carrier velocity of SWNTs.2,3 This is
mostly because of the small current driving capability of
CNFETs against the parasitic capacitances attributed to the
electrodes and the wirings.
The high-density alignment of SWNT channels is the
most efficient approach to increase current driving capability
of CNFETs. So far, horizontally aligned SWNTs can be
grown by fast heating,4 electric-field assisted growth,5 and
growth on crystalline oxide substrates.6–9 Among these, the
alignment technique with crystalline oxide substrates such as
sapphire and quartz has advantages for high-density packing
of SWNTs without bundling and for large-scale production.
Ismach et al.6 and Han et al.7 independently reported the
aligned growth of SWNTs guided by atomic steps of sapphire substrate. Almost at the same time, Ago et al. also
reported aligned growth of SWNTs along atomic arrays of Al
on A-plane and R-plane sapphire substrates.8 The denser
aligned SWNTs with better degree of alignment were grown
on ST-cut quartz substrate with ferritine as the catalyst by
Kocabas et al.9 Although the aligned-growth techniques have
been advancing, the density is still not enough for the highspeed device applications.
The preparation of high-density and nanosized catalyst
particles is one of the key points for high-density growth of
SWNTs. For device application, solution techniques such as
dip coating10 are not suitable at the points of controllability
and uniformity. The electron-beam 共EB兲 evaporation and
subsequent segregation in high temperature are often used
for the preparation of catalysts pattern on a substrate. The
controllability of the density and size of the produced para兲
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ticles is poor because of the large migration rate of the metal
on the surface of oxide substrates.
In this study, we introduce arc-discharge plasma 共ADP兲
for the high-density deposition of catalytic nanoparticle. We
grow horizontally aligned SWNTs on ST-cut quartz substrate
by alcohol catalytic chemical vapor deposition 共ACCVD兲.11
We also fabricate high-performance n-type multichannel CNFETs with a high-k top-gate structure. The origin of n-type
conduction property is discussed.
ST-cut quartz substrate was used to grow horizontally
aligned SWNTs. The substrate was annealed at 900 ° C for
8 h in air.9 After the photoresist patterning of catalysts on the
substrate, Co nanoparticles were deposited by ADP, which is
a kind of vacuum evaporation technique that evaporates the
cathode material by arc discharge in vacuum.12 As shown in
Fig. 1, the ADP gun consists of a cathode rod made of the
evaporating material and an anode electrode in a coaxial arrangement. Triggered-pulse ADP was used in this study. The
film thickness can be controlled by a number of pulse discharges. The controllability and reproducibility of the thickness of very thin film are superior to the EB evaporation
method. By a single pulse discharge, high-density Co particles were obtained at room temperature, as shown in Fig.
2共a兲. The mean thickness of Co film deposited for a single
pulse discharge was 0.2 nm, which was estimated from the
thickness of a thick film deposited for discharges of 50
pulses. The density of the nanoparticles is 6.0⫻ 1010 cm−2.
The height distribution is shown in Fig. 2共b兲. The average
and standard deviation are 1.06 and 0.41 nm, respectively.
The density of the Co nanoparticles was much higher than

FIG. 1. 共Color online兲 共a兲 Schematic and 共b兲 photograph of ADP gun used
for deposition of Co nanoparticles.
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FIG. 2. 共Color online兲 共a兲 AFM image and 共b兲 height distribution of Co
particles deposited by ADP. The line crossing on the lower left in 共a兲 is the
residual photoresist at the edge of photolithographic pattern. 共c兲 and 共d兲 are
those of Co particles deposited by EB evaporation after annealed at 800 ° C.

that obtained by the EB evaporation and subsequent segregation at high temperature. As shown in Figs. 2共c兲 and 2共d兲,
although Co particles with a height of 1 – 2 nm were produced from 0.5-nm-thick Co film deposited by EB evaporation method by annealing at 800 ° C, the density of Co particles was suppressed in the order of 2 ⫻ 109 cm−2. This is
because most of Co metal migrates with high migration rate
on the quartz surface and forms large particles with a height
more than 5 nm, as shown in Fig. 2共d兲. In the case of the
ADP, the incident metal atoms with relatively high energy of
a few tens of eV have strong adhesion to the substrate and
form high-density nuclei, and then the nanoparticles are produced on the substrate.
SWNTs were grown by ACCVD with ethanol of
150 SCCM 共SCCM denotes standard cubic centimeter per
minute at STP兲 at 5 Torr and 800 ° C for 60 min. To suppress
cohesion of Co nanoparticles at the high temperature, the
temperature of the furnace was raised in oxidization atmosphere by feeding ambient air. As shown in Fig. 3, highdensity and horizontally aligned SWNTs were obtained. The
density is ⬃8 m−1 in average and partially more than
10 m−1. Even though we did not employ any reduction processes before feeding ethanol gas, such high-density SWNTs
were grown from the Co particles. The Co particles seem to
be reduced by the ethanol or the decomposed species such as
hydrogen and C2H2.13 We examined the intentional reduction
of the oxidized Co with hydrogen to activate the catalysts
more efficiently. However, the density of aligned SWNTs
was decreased, and the degree of alignment became worse

FIG. 3. SEM images of SWNTs grown on quartz substrate.

FIG. 4. 共Color online兲 ID and gm as a function of VGS at VDS = 5 V. The inset
shows a schematic of fabricated multichannel CNFET with high-k top-gate
structure.

with reduction time, even in short time of ⬃5 s. This is
probably due to the cohesion of Co nanoparticles. Because of
such uncontrollability originating from high migration rate of
the reduced metal Co on a quartz substrate, the present procedure to deposit nanoparticles at room temperature using
ADP and to raise temperature in oxidizing atmosphere is
effective to prepare catalysts suitable for the growth of highdensity aligned SWNTs. As shown in Fig. 3共b兲, the degree of
the alignment is relatively low as compared to previous
report.9 We speculate that this is due to the surface roughness
of the quartz substrate used in this study.
Multichannel CNFETs with high-k top-gate structure
were fabricated using the aligned SWNTs. The schematic
device structure is shown in the inset of Fig. 4. After the
growth of SWNTs, the source and drain electrodes of Au
共100 nm兲 were formed. The 30-nm-thick HfO2 gate insulator
was deposited by atomic-layer deposition 共ALD兲 at 250 ° C.
Finally, the top-gate electrode of Au/ Ti 共250/ 50 nm兲 was
formed. The channel length 共Lch兲 and width 共Wch兲 were 2 and
100 m, respectively. In the present devices, the average
density of SWNTs was relatively low as ⬃3 m−1.14
The drain current 共ID兲 and transconductance 共gm兲 are
shown in Fig. 4 as a function of gate-source voltage 共VGS兲 at
the drain-source voltage 共VDS兲 of 5 V. The transfer characteristics show normally on and n-type conduction with a
threshold voltage 共Vth兲 of −1.6 V. The maximum ID and gm
are 1.3 mA and 0.23 mS, respectively. The ID and gm normalized by Wch are 13 mA/ mm and 2.3 mS/ mm, respectively, which are the highest values for n-type multichannel
CNFETs to our knowledge. Much higher values can be obtained for single-channel n-type devices if they are normalized by the diameter of SWNT.15 Even though such gm normalized by the diameter of SWNT implies the intrinsic
potential of CNFETs, the gm per unit Wch should be considered as a figure of merit from a viewpoint of high-speed
operation of FETs, since the operation speed of the device is
generally limited by parasitic capacitances of electrodes and
wirings. In the present devices, there is still room to improve
device performance by increasing the density of SWNTs and
reducing the Lch. The on/off ratio is 1.8. The off current is
due to metallic SWNTs.
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FIG. 5. 共Color online兲 共a兲 Bird’s eye-view illustration and energy-band diagram at source contact.

From the n-type and normally on conduction property,
we can speculate that the Schottky barrier formed at the interface between the SWNT and source contact is small for
electrons and that electrons are doped in the SWNT even
though any doping processes is not introduced in the present
device fabrication. The carrier type of the device changed
from p-type to n-type during the deposition of the gate insulator by ALD. This cannot be explained by desorption of
oxygen adsorbed in the vicinity of the contact interface16
alone, since the work function of the contact metal 共Au
= 5.2 eV兲 is larger than that of SWNTs 共NT = 4.8 eV兲. The
energy band alignment at the contact interface can be modified by the dipole which is formed by molecules adsorbed in
the vicinity of the metal/SWNT interface.16–18 For instance,
in CNFETs, oxygen molecules would induce the dipole layer
so as to induce an abrupt band bending at the interface, leading to an increase in the effective work function of metal.
This results in a reduction of the Schottky barrier height and
the contact resistance for p-type conduction. Such abrupt
band bending can also be introduced by fixed charges around
the interface, which changes the Schottky barrier thickness
similar to the depletion layer of doped semiconductors. To
decrease Schottky barrier thickness for electrons, positive
fixed charges should be introduced to overcome the difference of bear work functions of Au and SWNT in the present
device.
Such positive fixed charges can be introduced by the
HfO2 deposited by ALD as previous experimental
observations.19,20 As illustrated in Fig. 5共a兲, the electric force
lines diverging from the positive charges near the contact
electrodes are terminated at the source contact, forming high
field in the Schottky barrier. This results in an abrupt band
bending in the Schottky barrier and a reduction of the
Schottky barrier thickness for electrons, as shown in Fig.
5共b兲. In the case of such thin Schottky barrier, the Schottky
barrier lowering due to image force effect becomes significant, enhancing electron tunneling probability. The normally
on characteristics are one of the evidences of the existence of
the positive fixed charges around the SWNT channel. The
positive fixed charges act as a kind of electron dopant via
Coulomb force 共electrostatic doping兲, and the Fermi energy
共EF兲 of SWNT channel rise up into the conduction band at
zero VGS. Electrostatic doping may also be caused by the
work function difference between the SWNT and gate electrode 共Ti = 4.3 eV兲. However, the small difference in the
work functions cannot be a dominant factor in such deep
negative Vth as −1.6 V.
So far, chemical doping with K,21 annealing in
vacuum,22 contact with small work function metal such as Ca

共Ref. 17兲 and Sc 共Ref. 23兲 have been suggested for the realization of n-type CNFETs, but these devices are unstable in
air or affected by environmental condition. In the case of the
present device, on the other hand, the conduction property is
quite stable because the gate insulator acts as a passivation
film, and also the top gate metal screens the electric field
attributed to environmental molecules such as water.
In summary, it has been shown that the ADP was useful
to deposit high-density Co nanoparticles for the catalysts in
the growth of SWNTs. By suppressing the migration of the
nanoparticles during raising temperature in air, high-density
aligned SWNTs were grown by alcohol catalytic CVD. The
fabricated multichannel CNFETs with high-k top-gate structure showed normally on and n-type transfer characteristics
with a high on current of 13 mA/ mm and gm of 2.3 mS/ mm.
The normally on and n-type characteristics were attributed to
the positive fixed charges in the HfO2 film and/or at the
interfaces.
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