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Horizontally aligned single-walled carbon nanotubes (SWNTs) were fabri-
cated on patterned SiOo/Si substrates with groove-and-terrace structures,
which were obtained using electron-beam lithography and reactive ion etch-
ing. Scanning electron microscopy observation revealed that SWNTs were
aligned in the direction parallel to the groove-and-terrace structures and were
preferentially grown along the edges of terraces. Using aligned SWNTs as
multichannels, carbon nanotube field-effect transistors (CNTFETSs) were fab-
ricated on the patterned SiOo/Si substrates. This method will be promising to
control the direction of SWNTs on SiOo/Si substrates for fabrication of high-
performance CNTFETs with high current outputs.
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INTRODUCTION

Since single-walled carbon nanotubes (SWNTs)
have unique mechanical, chemical, and electrical
properties, they are one of the most promising
materials for fabrication of nanoscale devices such
as field-effect transistors (FETs) and single-electron
transistors.™® In particular, carbon nanotube FETSs
(CNTFETSs) are one of the promising candidates for
application as highly integrated CNT-based circuits
and highly sensitive label-free sensors,”'* because
they have excellent transport properties with high
mobility. Thus, CNTFETs with high performance
are necessary to realize such devices.

Well-aligned, very dense SWNT arrays are
expected to be used as channels for high-performance
CNTFETs with high current outputs. In recent
years, SWNTs with high density have been aligned
in a specific crystallographic direction on sapphire
or single-crystal quartz substrates.'®!” Further-
more, it has been demonstrated that aligned
SWNTs on sapphire or single-crystal quartz
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substrates can be transferred to flexible
substrates.'®! In previous reports, using conven-
tional photolithography and the metal lift-off pro-
cess, catalyst particles could be precisely positioned
on SiOy/Si substrates and SWNTs grown from the
catalyst particles.?®?! In general, however, the
growth direction of SWNTs on SiOy/Si substrates is
difficult to control since SiO, is an amorphous
material. Control of the SWNT growth direction on
Si0o/Si substrates is still demanded for the fabri-
cation of nanodevices using conventional silicon
processes.

In this work, we synthesized horizontally aligned
SWNTs on patterned SiOo/Si substrates with
groove-and-terrace structures using electron-beam
(EB) lithography and reactive ion etching (RIE), and
then fabricated CNTFETs on the substrates.
We demonstrated performance improvement of
CNTFETS on the patterned SiO5/Si substrates.

EXPERIMENTAL PROCEDURES

The fabrication process of the patterned SiOs/Si
substrates with groove-and-terrace structures was
as follows: A p*-type Si wafer with a thermally
oxidized SiOy (300 nm) layer was used as a



Improvement in Performance of Carbon Nanotube Field-Effect Transistors 377

on Patterned SiOo/Si Substrates

Si substrate

Grooves

Terraces

Fig. 1. Fabrication process of the patterned SiO,/Si substrates with groove-and-terrace structures: (a) formation of SiO, film on Si substrate,
(b) RIE technique using CF, gas after developing the EB resist and (c) groove-and-terrace structures. (d) Cross-sectional SEM image on the

SiO./Si patterned substrates with groove-and-terrace structures.

substrate, as shown in Fig. 1a. After coating the
SiO, layer with EB resist (ZEP520A), lines were
patterned using EB lithography, as shown in
Fig. 1b. The SiO, layer was etched by the RIE
technique using CF, gas after developing the EB
resist, as shown in Fig. 1c. Figure 1d shows a cross-
sectional scanning electron microscopy (SEM)
image of typical patterned substrates with groove-
and-terrace structures. The height of the terraces
was controlled by the etching time in the RIE pro-
cess. Subsequently, a 0.5-nm-thick Co catalyst was
patterned on the substrates using conventional
photolithography. Then, SWNTs were synthesized
by thermal chemical vapor deposition at 900°C for
10 min, using CoH;OH as a source gas.?%?!

RESULTS AND DISCUSSION

Figure 2a, b shows SEM images of the SWNTs on
the patterned and planar SiO./Si substrates,
respectively. As shown in the SEM image, the
SWNTs started to grow from the patterned catalyst
area. The height and width of the terraces in Fig. 2a
were estimated to be approximately 40 nm and
100 nm, respectively. As shown in Fig. 2b, on the
flat substrate, SWNTs were meandering in random
directions, which is due to the amorphous nature of
the SiOs film. In contrast, the SEM observation in

Fig. 2a reveals that the SWNTs were aligned par-
allel to the groove-and-terrace structures. It is noted
that the SWNT growth direction was not affected by
the direction of gas flow during SWNT synthesis.
Figure 3a and b show typical Raman spectra of the
SWNTs at low- and high-frequency regions,
respectively, which were synthesized on the pat-
terned SiO/Si substrates. Radial breathing modes®?
that are specific to SWNT's were clearly observed, as
shown in Fig. 3a. In addition, a strong G-band peak
was observed, and the D-band peak, which is
related to structural disorder, was quite weak, as
shown in Fig. 3b. These results indicate that high-
purity high-quality SWNTs were formed on the
patterned SiO./Si substrates. Therefore, these
results indicate that the patterned substrates are
useful to control the growth direction of SWNTs.
Some SWNTs on the patterned substrates were
grown astride a few groove-and-terrace structures;
the other SWNTs were oriented in a straight line
along one groove-and-terrace structure. In addition,
patterned SiOy/Si substrates with a terrace height
of 60 nm were also fabricated, and then SWNTs
were synthesized on the substrates. SWNTs were
aligned in the direction parallel to the groove-and-
terrace structures. It was found that there was little
difference in the alignment of SWNT growth
between the terraces with heights of 40 nm and
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Fig. 2. SEM images of SWNTSs on (a) SiO./Si patterned substrate with groove-and-terrace structures and (b) flat substrate.
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Fig. 3. Raman spectra of SWNTs synthesized on patterned SiO,/Si substrates: (a) low-frequency region and (b) high-frequency region.

60 nm. We suggest that such terrace height is suf-
ficient for alignment of SWNT growth because it is
much larger than the diameter of the SWNTs.

To investigate the exact position of the SWNTs on
the patterned SiO./Si substrates with groove-and-
terrace structures, a bird’s-eye-view SEM image
was taken, as shown in Fig. 4a. The SEM image
reveals that SWNT's were adhered to the edge of the
terraces, as shown in Fig. 4b. For this reason,
the growth direction of the SWNTs is parallel to the
groove-and-terrace structures. The reason why
SWNTs adhered to the edge of the terrace can be
understood by considering the Casimir-Polder
interaction between the SWNTs and the Si sub-
strate.?®?* The potential energy of a small portion of
SWNT located near an infinite flat substrate is
proportional to ~—1/d*, where d is the distance from

the substrate surface. The Casimir-Polder potential
can decrease as the SWNTs approach the patterned
substrates and be modulated by the substrate
pattern. In particular, the force lines of the Casimir-
Polder potential can be concentrated at the edges of
the terraces. As a result, the density of the force
lines at the edges of the terraces can become much
higher than that on the edges of the grooves.
Therefore, the SWNTs are preferentially grown
along the edge of the terraces.

Finally, CNTFETs were fabricated on the pat-
terned SiOy/Si substrates with groove-and-terrace
structures. The horizontally aligned SWNTs were
used as the channels of the CNTFETSs. The inset of
Fig. 5 shows an SEM image of a CNTFET fabricated
on the patterned SiOy/Si substrate. Ti/Pd was used
for source and drain electrodes. The distance



Improvement in Performance of Carbon Nanotube Field-Effect Transistors 379

on Patterned SiOy/Si Substrates

200 nm

(M, LAD) 2000001727

(b) SWNTs

Fig. 4. (a) SEM image of SWNTSs on the patterned SiO,/Si substrate with groove-and-terrace structures, and (b) schematic illustration of SWNTs

on the SiO,/Si patterned substrate with groove-and-terrace structures.
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Fig. 5. Transfer characteristics in CNTFETs fabricated on (a) pat-
terned and (b) flat SiO./Si substrates. The inset shows an SEM
image of the CNTFET fabricated on the patterned SiO,/Si substrate.

between the source and drain electrodes was esti-
mated to be approximately 3 um. The SEM image
reveals that several SWNTs bridged between the
source and drain electrodes. Figure 5a shows the
drain current in the CNTFET on the patterned
Si0./Si substrates with groove-and-terrace struc-
tures at room temperature as a function of back-
gate voltage. The back-gate voltage was swept from
—5V to 5 V. The source—drain current increased
with decreasing back-gate voltage in the positive
direction, indicating that the device had p-type
characteristics. A good pinch-off characteristic with
a threshold voltage of 0.5 V and an on/off ratio of 10*
were obtained. The transconductance was estimated
to be 1.7 uS. It is noted that no leakage current
between the source and back-gate electrodes was
measured. For comparison, transfer characteristics
of a CNTFET fabricated on a flat surface are shown
in Fig. 5b. The device was formed under the same
conditions as that on the patterned SiO./Si sub-
strates. Similar transfer characteristics to those in
the previous report were obtained.?’ These results

indicate that the CNTFET fabricated on the pat-
terned SiOo/Si substrates had five times higher
transconductance and four times larger on-current
than that built on the flat surface. For the CNTFET
on the flat surface, one SWNT was bridged between
the source and drain electrodes. In contrast, several
SWNTs were bridged between the source and drain
electrodes for the CNTFET on the patterned SiOy/Si
substrates. As a result, a higher-performing
CNTFET was obtained. We expect to synthesize
more aligned SWNTs with high density using the
described method, optimizing the formation condi-
tion of the patterned substrate and the growth
conditions of the SWNTs. Such CNTFETSs on pat-
terned SiOs/Si substrates will be useful for the for-
mation of highly integrated CNT-based circuits and
highly sensitive label-free sensors.

CONCLUSIONS

We synthesized horizontally aligned SWNTs on
patterned SiO./Si substrates with groove-and-
terrace structure using EB lithography and RIE.
SEM observation revealed that the SWNTs were
preferentially grown along the edges of terraces on
the patterned SiOy/Si substrates. This phenomenon
is interpreted based on the Casimir-Polder potential
between the SWNTs and the substrate. For this
reason, SWNTs were aligned parallel to the groove-
and-terrace structures. CNTFETs with multichan-
nels were fabricated on the patterned SiOy/Si sub-
strates. This method will be promising to control the
direction of SWNTs on SiOs/Si substrates for fabri-
cation of high-performance CNTFETs with high
current outputs.
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