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Selective removal of metallic single-walled carbon
nanotubes in full length by organic film-assisted
electrical breakdown

Keigo Otsuka, Taiki Inoue, Shohei Chiashi* and Shigeo Maruyama*

An organic film-assisted electrical breakdown technique is proposed to selectively remove
metallic (m-) single-walled carbon nanotubes (SWNTSs) in full length toward creation of pure
semiconducting SWNT arrays which are available for the large-scale fabrication of field effect
transistors (FETs). The electrical breakdown of horizontally-aligned SWNT arrays embedded in
organic films resulted in a maximum removal length of 16.4 um. The removal of SWNTs was
confirmed using scanning electron microscopy and Raman mapping measurements. The on/off
ratios of FETs were improved up to ca. 10,000, similar to that achieved for in-air breakdown.
The experimental results indicate that both exothermic oxidation and heat accumulation of the

organic films induce the long-length removal of m-SWNTs.

1 Introduction

High-density arrays of semiconducting (s-) single-walled carbon
nanotubes (SWNTs) have potential for use in the channels of
field-effect transistors (FETs) toward the realization of high-
performance logic circuits.!?> Although further increase in the
SWNT density is required, the horizontal growth of SWNTs with
a high degree of alignment has been realized on crystal
substrates.’® However, the as-grown SWNT array is a mixture
of s- and metallic (m-) SWNTs, which is a major obstacle for
FET fabrication using SWNTs, where pure s-SWNT arrays are
required. Despite intensive effort, the selective growth of s-
SWNTs on substrates’-'? has not yet attained the required purity
(m-SWNTs < 0.0001%!"). Post-growth separation by wet
chemical methods!>!# has provided ca. 99% purity of s-SWNT
and dense, aligned arrays can be assembled after the
separation.'*!® However, fabrication of high on/off ratio devices
with sub-micrometer channel length requires the higher purity,
and the degree of alignment is needed to be improved. Post-
growth removal of m-SWNTs from substrates>!7-2! has also been
studied extensively. Electrical breakdown®!” is one of the
methods by which m-SWNTs are selectively cut with Joule
heating, while the s-SWNTs are preserved through control of the
gate voltage. Although electrical breakdown easily yields high
on/off ratios for SWNT-FETs by exploiting the difference in the
electric transport properties of m- and s-SWNTs, it has a large
drawback in scalability. Basically individual FETs must be
treated separately because only the hottest short parts (ca. 100
nm) of m-SWNTs are removed by oxidation, while most parts of
the m-SWNTs remain after the process, as shown schematically
in Figs. 1(a) and 1(b). If the full-length of m-SWNTs that bridge
two electrodes could be completely removed, then this provides
us an alternative way for fabricating large numbers of FETs
without one-by-one treatments. Firstly, temporal electrodes with
large widths and a large distance are fabricated on a SWNT
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arrays only for a m-SWNT removing step, followed by
performing a selective removal technique. After that, the
remaining pure s-SWNT arrays between the temporal electrodes
would be available for further fabrication of a large number of
FETs by simply placing electrodes and etching unwanted parts
of s-SWNTs. The thermocapillary-induced full length removal
technique?! recently proposed by Jin et al. is quite promising,
even though the lateral spatial resolution is intrinsically limited
by the capillary length scale.

In this work, an organic film-assisted electrical breakdown
method was developed to create pure s-SWNT arrays which can
be used for a number of FET channels. Electrical breakdown was
performed on SWNT arrays covered in organic films to
accomplish the full-length removal of m-SWNTs (up to 16.4 um).
This method yielded a high on/off ratio (ca. 10,000) of an FET,
which indicates high removal selectivity between s- and m-
SWNTs, and also showed fine spatial resolution (ca. 55 nm) in
the same way as in-air breakdown.

2 Experimental section

Aligned arrays of SWNTs were grown by the alcohol catalytic
chemical vapor deposition method?' on r-cut crystal quartz
substrates.?3>* The SWNTs were then transferred onto highly p-
doped Si substrates with 100-nm-thick SiO: layer.>> Source and
drain electrodes were photolithographically defined to conduct
currents through SWNTs using sputtering of 5 nm Ti and 50 nm
Pd layers, which resulted in back-gated FET structures. FETs
with channel widths of 20 um and various channel lengths (2 to
30 um) were fabricated. Only FETs with relatively low on/off
ratios (less than 10) were used, which contained at least one m-
SWNT bridging the source/drain electrodes.
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Fig. 1. Schematic illustrations of (a,b) electrical breakdown in air and (a,c,d)
electrical breakdown in organic films, respectively. Electrical breakdown in
air on (a) an SWNT array with mixtures of s- and m-SWNTs results in (b)
partial cutting of the m-SWNTs. In contrast, (c) electrical breakdown in
organic films results in the (d) removal of m-SWNTs with longer length. The
remaining s-SWNT arrays between the temporal electrodes can be used for
further fabrication of a large number of FETs.

Schematic illustrations of organic film-assisted electrical
breakdown are shown in Figs. 1(a), 1(c), and 1(d). For organic
film-assisted electrical breakdown, SWNT arrays were coated
with ca. 50-nm-thick organic films using thermal evaporation or
spin-coating [Fig. 1(c)]. Two types of organic material were
utilized; a,a,0’-tris(4-hydroxyphenyl)-1-ethyl-4-
isopropylbenzene (TCI), hereafter referred to as molecular glass,
and the poly(methyl methacrylate) (PMMA; Sigma-Aldrich,
MW = ~996,000). The molecular glass is a small-molecule
organic material that forms an amorphous thin film. The
molecular glass was originally employed to reproduce the
thermocapillary-induced process proposed by Jin et al.?!
Through such experiments, a simpler technique with fine
resolution was achieved using the organic films to enhance
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SWNT oxidation. In a typical experiment, the drain voltage (Vp)
was gradually increased from 0 V at a rate of ca. 0.67 V/min until
the drain current (Ip) became sufficiently small, while a positive
gate voltage (VG =+10 V) was applied. This led to selective Joule
heating in the m-SWNTs, which resulted in the breakdown of m-
SWNTs. Finally, the organic films were removed by immersion
of the substrates in acetone to leave pure s-SWNT arrays [Fig.
1(d)].
Electrical the transfer characteristics
measurement of the FETs were performed under ambient

conditions using a semiconductor parameter analyzer (Agilent

breakdown and

4156C). The SWNTs were characterized using scanning electron
microscopy (SEM; Hitachi S-4800), atomic force microscopy
(AFM; SII SPI3800N), and Raman mapping measurement
(Renishaw inVia Raman microscope).

3 Result and discussion

Figures 2(a) and 2(b) show SEM images of a part of an SWNT
array before and after electrical breakdown in a molecular glass
film, respectively. Figure 2(c) shows the drain current transition
during the breakdown process. Partial current drops correspond
to the breakdown of SWNTs, and the number of drops is almost
the same as the number of broken SWNTSs observed with SEM.
Among 29 SWNTs connected to both electrodes, 12 SWNTs
were fully or partially removed, and this ratio (ca. 41 %) is
similar to the typical ratio of m-SWNTs in as-grown SWNTs (ca.
33 %). The transfer characteristics of the FET before and after
the breakdown process [Fig. 2(d)] show an increase in the on/off
ratio from ca. 2 to 10,000 and a decrease in the on-current by
around 90%, which indicates selective removal of the m-SWNTs
was achieved. Although the removal lengths ranged from 1.4 to
16.4 pum, the entire length of the SWNT indicated by the red
arrow in Figs. 2(a) and 2(b) was removed. The removal length is
over 100 times larger than that observed for conventional in-air
breakdown (ca. 100 nm).

Breakdown was performed on an SWNT array with close-
lying SWNTs [Fig. 2(e)] to estimate the spatial resolution of
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Fig. 2. SEM images of an SWNT array (a) before and (b) after breakdown in molecular glass films. Red arrows indicate an m-SWNT that was removed over
its full-length. (c) Drain current transition during the process, where the drain current dropped in accordance with the breakdown of SWNTs. (d) Transfer
characteristics of the FET shown in (a,b), which indicate the selective breakdown of m-SWNTs. (e,f) SEM images of an SWNT array that contains closely-
placed SWNTSs. Close-up images of the outlined regions are inset in (e,f). In those cases, the breakdown of m-SWNTs did not affect adjacent SWNTs.
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Fig. 3. Superimposed Raman mapping and SEM images of SWNTs (a) before
and (b) after the breakdown in a molecular glass film, respectively. Raman
mapping images with an excitation wavelength of 532 nm show the
integrated intensity of the G-band peaks ranging from 1500 to 1650 cm™. (c)
Raman spectra obtained from identical spots indicated in the SEM images.
Inset: RBM spectrum of the SWNTs, which indicates the presence of a
bundle of (9,3) and (14,7) SWNTs.

organic film-assisted breakdown. The SWNT array shown in Fig.

2(f) was obtained; in the regions outlined by red and yellow lines,
the distances between the removed m-SWNTs and the
neighboring SWNTSs were ca. 55 and 95 nm, respectively. The
breakdown of m-SWNTs did not affect the neighboring SWNTs,
which suggests that the spatial resolution of the breakdown is
better than ca. 55 nm in the case of well-aligned SWNTs.
Therefore, this method is potentially applicable to SWNT arrays
with densities greater than ca. 18 SWNTs/um. Considering the
thermocapillary-induced purification method yielded the
minimum spacing of ca. 250 nm between two parallel and
independent trenches?! and hence can be applied to SWNT arrays
with densities up to ca. 8 SWNTs/um, organic film-assisted
electrical breakdown method can be more suitable for the
fabrication of FETs with high current driving capability and
small gate width.

Raman mapping measurements were performed to confirm the
removal of SWNTSs, using an excitation laser wavelength of 532
nm. Figures 3(a) and 3(b) show superimposed SEM and G-band
mapping images of SWNTs before and after breakdown in a
molecular glass film. White lines in the images represent SWNTs
observed by SEM and green lines represent the areas from which
G-band peaks were obtained. Figure 3(c) shows the G-band and
radial breathing mode (RBM) Raman spectra measured at the
circled spots indicated in Figs. 3(a) and 3(b). The RBM peaks at
274 and 165 cm’! were assigned as (9,3) chirality (metallic) and
(14,7) chirality (semiconducting) under the excitation energy of
2.33 eV (532 nm),?¢ respectively. The Raman peaks obtained
from the m-SWNT disappeared after breakdown. In this case, the
s-SWNT was also removed unintentionally, because it happened
to lie very close to the m-SWNT. The disappearance of the white
lines from the SEM image and the green lines from the Raman
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Fig. 4. SEM images of an SWNT array (a) before and (b) after breakdown in
a molecular glass film and dissolution of the film, and (c) a corresponding
AFM image after these processes. (d-f) Equivalent images for breakdown in
a PMMA film. White dashed boxes in the AFM images indicate the removed
parts.

(nm)

mapping image are clearly consistent, which confirmed the long-
length removal of the SWNTSs. The Raman observations exclude
the possibility of remaining SWNTs which are invisible with
SEM due to residual organic materials surrounding the SWNTs
or isolation from electron sources (metal electrodes).?’

Here, we discuss the mechanism of organic film-assisted
electrical breakdown, which enables much longer SWNT length
removal than that in air. Figures 4(a-c) show SEM images of
SWNT arrays before and after electrical breakdown in a
molecular glass film and dissolution of the film with acetone, and
an AFM image of the arrays after these processes. Figures 4(d-f)
show corresponding SEM and AFM images for electrical
breakdown in a PMMA film, which also increased the removal
length of SWNTs. From SEM observations, SWNTs were
categorized into two parts after the breakdown process; the
SWNTs which disappeared (removed parts) and the SWNTs
which still remained on the substrates (unremoved parts).
Comparison of the heights of the removed parts in the white
dashed box of Fig. 4(c) and the unremoved parts along the same
SWNTs after breakdown in the molecular glass film indicated
that the removed parts were thicker (on average, ca. 2.2 nm) than
the unremoved parts (on average, ca. 0.7 nm). This implies that
molecular glass around the m-SWNTs is locally involved in
chemical reactions with SWNTs and consequently becomes
insoluble in acetone. The heat of oxidation from the surrounding
organic materials, in addition to that from the SWNT, could
induce axially-spread oxidation of the SWNT itself. In contrast,
the thickness of the parts where breakdown occurred in the
PMMA film are smaller (on average, ca. 0.75 nm) than that of
the unremoved parts (on average, ca. 1.5 nm) [Fig. 4(f)]. This
confirmed the removal of SWNTs, although there was still
undissolved soot from the SWNTs or PMMA. The oxidation of

Nanoscale, 2012, 00, 1-3 | 3



PMMA could also induce long-length breakdown because the
oxidation temperature of PMMA (ca. 304 °C) is lower than that
of the SWNTs (500-700 °C?8).

Another effect of the organic film is to prevent the SWNTs
from rapid cooling after breakdown, because they are locally
heated close to the SWNT temperatures by Joule heating of the
SWNTs. This was supported by faster ramp-up voltage
experiments in molecular glass films. When breakdown was
performed with an increased ramp rate of drain voltage (ca. 4
V/s) so that the film did not become sufficiently hot, the removal
length (100-300 nm) was almost the same as that for in-air
breakdown (data not shown). The function of the organic
materials as heat reservoirs is explained by their lower thermal
diffusivity (for example, PMMA; ca. 1.1x1077 m?/s) than air (ca.
2.2x10° m?/s) at room temperature.

Uniform power dissipation along the SWNTs is also important
for their full-length removal. When the SWNTs assigned as
semiconducting by RBM spectra were purposely broken with
negative gate voltages and high drain voltages, the removal
lengths tended to be smaller (<1.5 pm) than those of m-SWNTs
(data not shown). Asymmetric power dissipation along an s-
SWNT due to non-uniform electric field and charge density?®-3°
was thus the probable cause of shorter-length SWNT removal.
Kinks in the SWNTs that originated from growth or transfer
processes also generated non-uniform temperatures®' along the
SWNT, and therefore resulted in partial breakdown (data not
shown).

The maximum SWNT removal length and length consistency
can be significantly improved by the appropriate selection of film
materials in terms of their oxidation characteristics and thermal
properties, or by reducing non-uniformity of power dissipation
caused by kinks in the SWNTs. The amount of oxygen molecules
that permeate through the organic films is also an important
factor for oxidation reaction of the films and SWNTs; therefore,
the selection of film material and thickness should be considered.
Under optimized conditions, organic film-assisted breakdown
can yield arrays of pure s-SWNTs with larger areas, where a
great number of FETs with high on/off ratio can be fabricated by
simply placing electrodes without further purification processes.
Further multiple fabrication of FETs using the s-SWNT arrays
purified by organic film-assisted electrical breakdown is
currently underway. Device fabrication based on s-SWNT arrays
would enable SWNT-based large-scale integrated circuits or
other semiconducting devices to be obtained.

4 Conclusions

In summary, a new technique was developed for the selective
of long lengths of m-SWNTs using electrical
breakdown in two types of organic films. High removal
selectivity was supported by the transfer characteristics of FETs
and long-length removal of m-SWNTs in channel areas was
confirmed by multiple analyses. A maximum removal length of
16.4 pm and spatial resolution of ca. 55 nm were attained,
probably due to heat generation around the SWNTs by oxidation

removal
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of the organic film and/or heat accumulation effect of the organic
materials.
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