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We report herein a simple and reliable approach to prepare densely packed, well-aligned individual
semiconducting single-walled carbon nanotube (s-SWNT) arrays using long-arc xenon-lamp (Xe-lamp)
irradiation. The densely packed, well-aligned individual SWNT arrays (the mean density was∼20 tubes/µm)
were first grown on a-plane sapphire using ethanol containing 3 wt % water as the carbon source. It is found
that water plays a key role in the improvement of the density and the alignment of the SWNT arrays. The
densely packed aligned SWNT arrays were then irradiated by a long-arc Xe lamp. Atomic force microscopy
manipulation, Raman spectroscopy, and electrical transport measurement revealed that the SWNTs with small
diameters (d < 1 nm) and the metallic SWNTs (m-SWNTs) in the arrays can be preferentially destroyed,
thus leaving s-SWNT arrays on the surface. In general, for the SWNTs with diameters in the region of 1.15-
1.55 nm, the percentage of s-SWNTs increased from ca. 50% to 95% after 60 min of irradiation. In situI-V
measurement indicated that, with longer irradiation time, the on/off ratios of the field effect transistors fabricated
by the as-grown SWNT arrays increased from below 10 to well above 2000. This change clearly indicated
that the m-SWNTs were destroyed faster than the s-SWNTs.

Introduction

Single-walled carbon nanotubes (SWNTs) have been regarded
as the best candidates for applications in nanoelectronic devices
due to their high mobilities (normally more than 10 times larger
than that of silicon), high current-carrying capacities (∼109 A
cm-2), and superb subthreshold characteristics in single-tube
transistors.1-4 Although these properties can be significant for
many applications in electronics, optics, sensing, and other
fields,5-11 there still remain a lot of challenges because many
applications have a low tolerance for the variations in carbon
nanotube diameter or electrical properties that are unavoidable
with the current manufacturing methods.

Generally, only semiconducting SWNTs (s-SWNTs) are
desired for the fabrication of high-performance field effect
transistors (FETs) since metallic SWNTs (m-SWNTs) will lead
to electrical shorts in these devices. Unfortunately, SWNTs
produced by the methods of chemical vapor deposition (CVD),
laser ablation, and arc discharge are mixtures of m- and
s-SWNTs, normally containing about 1/3 m-SWNTs. Even if
the selective synthesis of m-SWNTs or s-SWNTs is still in its
infancy, many efforts have been made to push forward. Several
approaches have been developed to obtain s-SWNTs, including
solution-phase separation, electrical breakdown of m-SWNTs,
and selective growth of certain types of nanotubes.

For the solution-phase separation, various approaches have
been used to sort out s-SWNTs, including the selective
separation of DNA-wrapped12-14 or cosurfactant-encapsulated
carbon nanotubes (CNTs)15 and the selective reaction/modifica-
tion with CNTs.16-18 However, all of these separation methods

involve complicated physical and/or chemical processes, which
inevitably bring contamination and degradation to the carbon
nanotubes. In the case of electrical breakdown, m-SWNTs in
FETs can be burned off due to the Joule heat generated by the
current passing through the metallic tubes while the s-SWNTs
are turned off by a positive gate voltage.19 Unfortunately, this
approach is ineffective and if the s-SWNTs are in contact with
the m-SWNTs, they will be destroyed as well. As for the
selective growth,20,21s-SWNTs can be produced with a percent-
age of nearly 90% by plasma-enhanced CVD, but the efficiency
still needs to be improved.

Recently, Dai’s group22 reported a gas-phase plasma hydro-
carbonation reaction to selectively etch metallic nanotubes,
retaining semiconducting nanotubes in a near-pristine form.
Within this process, nearly 100% semiconducting nanotubes
were obtained when pristine SWNTs with diameters smaller
than 1.8 nm were used. Another approach was reported by
Huang et al.;23 that is, using laser irradiation in air, m-SWNTs
with certain diameters in a carbon nanotube thin film can be
destroyed with an appropriate laser wavelength and intensity.
From the above investigations, it seems that the selective
harvesting of s-SWNTs can indeed occur. However, little is
known so far about the mechanism behind the selection.

To fabricate high-current and high-speed nanotube FETs,
densely aligned s-SWNT arrays on the surface are highly
desirable.7,24 Horizontally aligned SWNT arrays on the surface
have been achieved with the assistance of gas flow,25,26 an
external electric field,27,28 special substrates such as sapphire
and quartz,29-35 or postgrowth approaches, such as orientation-
ally selective laser ablation36 and assembly of SWNT arrays
from the solution phase.37-40

* To whom correspondence should be addressed. (J.Z.) Phone and fax:
86-10-6275-7157. E-mail: jinzhang@pku.edu.cn.

3849J. Phys. Chem. C2008,112,3849-3856

10.1021/jp710691j CCC: $40.75 © 2008 American Chemical Society
Published on Web 02/20/2008

D
ow

nl
oa

de
d 

vi
a 

PE
K

IN
G

 U
N

IV
 o

n 
Ju

ne
 3

0,
 2

02
0 

at
 0

5:
29

:5
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



In this work, we present a simple and reliable approach to
prepare densely packed, well-aligned individual s-SWNT arrays
using long-arc xenon-lamp (Xe-lamp) irradiation. First, we
synthesized well-aligned individual SWNT arrays without
curved or nonorientated tubes on a-plane sapphire using ethanol
containing 3 wt % water as the carbon source. The mean density
was ∼20 tubes/µm. The m-SWNTs in the as-grown SWNT
arrays on sapphire were preferentially destroyed by long-arc
Xe-lamp irradiation, leaving s-SWNT arrays on the surface, as
illustrated in Figure 1. Preferential destruction of the SWNTs
with diameters smaller than 1 nm was also observed. Both
resonant Raman spectra under 633 and 514 nm excitations and
electrical characteristics revealed that Xe-lamp irradiation could
effectively destroy m-SWNTs in the as-grown SWNT arrays.
In general, for the SWNTs with diameters in the region of 1.15-
1.55 nm, the percentage of s-SWNTs increases from ca. 50%
to 95% after 60 min of irradiation. In situI-V measurement
indicated that, with longer irradiation time, the on/off ratios of
the FETs fabricated by the as-grown SWNT arrays increased
from below 10 to well above 2000. This change clearly indicated
that the m-SWNTs were destroyed faster than the s-SWNTs.

Experimental Section

A. Growth of SWNT Arrays. Single-polished a-plane (11-
20) sapphire substrates (miscut angle<0.5°, surface roughness
<5 Å) were bought from Hefei Kejing Materials Technology
Co., China. After cleaning, the sapphire substrates were annealed
at 1100°C in air for 2 h, and thus, the interlaced atomic steps
with ∼0.5 nm height were observed by atomic force microscopy
(AFM) (see Supporting Information Figure S1). Then Fe(OH)3

colloids prepared by hydrolyzing FeCl3 in boiling water were
spin-coated on the substrate as catalysts. The SWNT growth

was carried out in a low-pressure CVD system (Tystar Co.; the
inner diameter of the quartz tube is 66 mm). After the substrate
was heated to 850°C in Ar, 2300 sccm of Ar and 300 sccm of
H2 were introduced for 5 min to reduce the catalysts. Then 45
sccm of Ar was bubbled through ethanol containing 3 wt %
deionized (DI) water in a bubbler at a temperature of 30°C for
5 min at atmospheric pressure to synthesize the SWNT arrays.
As-grown SWNTs were characterized by scanning electron
microscopy (SEM; Hitachi S4800 field emission, Japan),
tapping-mode AFM (Veeco NanoScope IIIa, Veeco Co.), and
Raman spectroscopy.

B. Long-Arc Xe-Lamp Irradiation. Figure 1 illustrates the
schematic diagram of the irradiation experiment. SWNTs on
sapphire or on SiO2 substrates were exposed to a homemade
500 W long-arc Xe lamp, which has a continuous spectrum and
was widely used as a solar simulator (see Supporting Informa-
tion Figure S2). The intensity of the irradiation light at the
substrate surface was maintained at∼75 mW/cm2 (in the region
of 0.18-11 µm wavelength, measured by a laser power/energy
meter) by keeping the substrate surface perpendicular to the
direction of the lamp light in air at room temperature,∼15 cm
away from the Xe lamp in our case. Under this condition, the
temperature near the substrate surface was below 50°C after
60 min of continuous irradiation.

C. Raman Spectroscopy Characterization.Raman spec-
troscopy was used to probe the variation of the signals of m-
and s-SWNTs. Resonant Raman spectra with 633 nm (1.96 eV)
excitation (Renishaw micro-Raman system 1000,∼1 µm spot
size, He-Ne laser) and 514 nm (2.41 eV) excitation (Renishaw
micro-Raman system 2000,∼1 µm spot size, Ar+ laser) were
collected on 120 spots in the same area of one sample before
and after each irradiation to compare the Raman signals.
Normally, the interspot spacing was set as 50µm parallel to
the [1,-1,0,0] direction (growth direction of SWNTs) and 3
µm perpendicular to the [0,0,0,1] direction to avoid repeatedly
collecting the Raman signal of the same SWNT.

D. Electrical Transport Property Characterization. Two
kinds of samples, as-grown and irradiated SWNT arrays, were
transferred from sapphire onto silicon with 1µm or 300 nm
SiO2 by a polymer-mediated transfer method to fabricate FET
devices.41 Briefly, a polymer film was formed on the SWNT-
containing substrate by spin-coating and soft baking. The film
was then peeled off together with the nanotubes and was put
on a target substrate. Finally, the polymer film was removed
by washing away the polymer. The source and drain electrodes
(normally Ti (3 nm)/Au (80 nm) or Ti (3 nm)/Pt (80 nm)) were
predefined on the substrates by photolithography or electron
beam lithography (EBL) before the SWNT arrays were trans-
ferred. The electrical transport properties were measured by a
Keithley 4200-SCS semiconductor characterization system with
a probe station in air at room temperature.

Results and Discussion

A. Growth of SWNT Arrays. Using ethanol containing 3
wt % water as the carbon source, we successfully synthesized
well-aligned SWNT arrays with high coverage over a large scale
on the a-plane sapphire substrates. Figure 2 shows the typical
SEM and AFM images of the as-grown SWNT arrays. The low-
and high-magnification SEM images (Figure 2a and the inset)
indicate that the arrays are uniform over a large area. The growth
direction of the SWNT arrays is perpendicular to the [0,0,0,1]
direction of the a-plane sapphire, which was confirmed by SEM
and Raman spectroscopy characterizations (see Supporting
Information Figure S3), as consistent with the results reported

Figure 1. Schematic illustration of the idea of sorting out s-SWNT
arrays using long-arc Xe-lamp irradiation. (I) The SWNT arrays are
exposed to a long-arc Xe lamp for a certain period of time. The power
intensity is∼75 mW/cm2 on the SWNT arrays. (II) The m-SWNTs
(red, M) in the arrays are preferentially destroyed during the lamp-
treated process, leaving s-SWNT (blue, S) arrays.
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by Zhou et al.29 Surprising precision of the alignment on
annealed a-plane sapphire with interlaced atomic steps was
further demonstrated by the following fact: We found a pair
of SWNTs with a constant 14 nm intertube spacing for 5.72
µm instead of bundling together, implying that the misaligned
angle was smaller than 0.14° and strongly suggesting the
excellent alignment of the SWNT arrays (see Supporting
Information Figure S4).

Curved or nonorientated tubes and amorphous carbon (a-C)
were seldom observed (Figure 2b). No degradation of the
alignment was found even when the tube density was higher
than 20 tubes/µm. Interestingly, there even exists a 9 nm
intertube spacing in the SWNT arrays, corresponding to a tube
density of 111 tubes/µm (see Supporting Information Figure
S5). This implies that the well-aligned individual SWNT arrays
with much higher tube density (>100 tubes/µm) might be
synthesized on a-plane sapphire under certain experimental
conditions. The SWNTs could be tens of micrometers long. The
mean diameter was 1.2 nm, and a few tubes with diameters
larger than 2.5 nm were observed, implying that the arrays were
composed of individual SWNTs, as shown in Figure 2c. Figure
2d shows typical Raman spectra of the SWNT arrays with 633
nm laser excitation (the two peaks at 1370 and 1400 cm-1

marked by asterisks are from sapphire). The peaks in the radical
breathing mode (RBM) region further confirm that the as-grown
tubes were SWNTs. In many cases, no D-band is observed
around 1320 cm-1 (Figure 2d), indicating that the 3 wt % water
does little damage to the nanotubes and the SWNTs are of high
quality, although Joselevich et al.30 observed a strong D-band
and thus claimed that there existed a lot of defects on the
SWNTs in their sample synthesized on sapphire.

It was found that the water in the ethanol played an important
role in growing densely packed and well-aligned SWNT arrays
on a-plane sapphire. Ethanol with 0, 2, 3, and 10 wt % water
as the carbon source was used to grow SWNT arrays, and the
corresponding results are shown in parts a-d, respectively, of

Figure 3. With increasing water concentration, the sapphire
surface becomes cleaner and cleaner, and it yields the best result
when ethanol contains 3 wt % water. It is interesting that even
when ethanol with 10 wt % water was used, SWNT arrays still
could grow on the a-plane sapphire. However, the alignment
became worse and the average nanotube length became shorter.
Surprisingly, when the same experimental condition of>3 wt
% water was used for silicon substrates, no carbon nanotube
would grow, clearly showing that the sapphire plays an
important role in the water-assisted growth of the aligned SWNT
arrays as well. This suggests that the water in the ethanol had
greatly suppressed the growth of SWNTs on the silicon surface
due to the lack of enough carbon supply because sapphire has
a much stronger ability to decompose hydrocarbon (ethanol)
than silicon.

Figure 3e illustrates the role of water during the growth of
the SWNT arrays. During the growth process, there are two
kinds of ethanol molecules, ethanol(g) in the gas phase and
ethanol(s) on the sapphire surface, which supply carbon atoms
for the SWNT growth in the system. Because the∆G of ethanol
is negative at 850°C, some ethanol molecules crack into a-C,
and there exists a-C(g) in the gas phase and a-C(s) on the
sapphire surface that contaminates the sapphire surface and
poisons the catalyst particles, as shown by the red dotted arrows
in Figure 3e. When a mild oxidizer, which in this case is the
proper concentration of water molecules, is added to the
system,42 the a-C(g) and a-C(s) are selectively removed by the
following reaction: H2O + C f CO + H2, as shown by the
blue dotted arrows in Figure 3e. As a result, the sapphire surface
and the catalyst particles will be free of a-C contaminations.
Therefore, on one hand, the guided forces originating from
anisotropic interactions between the SWNT and the sapphire
surface29,30,35can be kept well, which ensures the alignment of
the SWNT arrays, even when the tube density is very high. On
the other hand, the water gives a higher yield by removing a-C
from the surfaces of the catalyst particles and keeping them

Figure 2. Characterizations of the well-aligned SWNT arrays grown on a-plane sapphire using ethanol containing 3 wt % water. (a, inset) Low-
and high-magnification SEM images. (b) Typical AFM topographical image. (c) Histogram of the SWNT diameter distribution. The total number
was 142, the line shows a Gaussian fitting curve, and the mean diameter is∼1.2 nm. (d) Typical Raman spectra with 633 nm excitation of the
SWNT arrays. The peaks marked by asterisks at 1370 and 1400 cm-1 are from sapphire.
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alive longer. Accordingly, it eventually yields a high tube density
without observable degradation of alignment.

B. Long-Arc Xe-Lamp Irradiation. Parts a and b of Figure
4 are low- and high-magnification AFM images of as-grown
SWNT arrays on a-plane sapphire after Xe-lamp irradiation for
60 min. The higher magnification AFM image (Figure 4b)
reveals that some SWNTs become discontinuous while others
still appear to be continuous, indicating that the Xe-lamp
irradiation process can indeed destroy some of the SWNTs.
Further evidence is obtained by the AFM manipulation of the
SWNTs. Figure 4c shows a typical AFM manipulation43 result
of the SWNT arrays on sapphire after 60 min of Xe-lamp
irradiation. It is found that some of the SWNTs are dragged
away while some are not. In contrast, in the as-grown SWNT
arrays, all SWNTs can be stretched by the AFM manipulation.
This indicates that those SWNTs which cannot be manipulated
by the AFM are cut by the irradiation process.

Most interestingly, the AFM image clearly reveals the
different responses of different diameter SWNTs to AFM
manipulation. Most of the SWNTs with large diameters are
stretched by the AFM tip. However, SWNTs with smaller
diameters (d < 1 nm), as pointed out by the red arrows in the
section analysis in Figure 4c, remain at the same place on the
sapphire surface, with only a small incision at the place where
the AFM tip passed. This indicates that the Xe-lamp irradiation
can preferentially destroy SWNTs with small diameters, leaving
discontinuous segments on the surface.

The selectivity on diameter of Xe-lamp irradiation was further
confirmed by resonant Raman spectroscopy. Figure 4d is the
histogram of the RBM distribution (under 633 nm excitation)
of the SWNT arrays on a-plane sapphire before and after 60
min of Xe-lamp irradiation on the same sample. For SWNTs
with small diameters (ω > 190 cm-1, d < 1.3 nm;d is estimated
usingωRBM (cm-1) ) 248/[d (nm)]44), their percentage dramati-
cally decreases after irradiation; in contrast, the percentage of
those with large diameters (ω < 190 cm-1, d > 1.3 nm)
increases a lot after irradiation. The results of the AFM
manipulation and Raman spectroscopy both prove that the Xe-
lamp irradiation can preferentially destroy SWNTs with small
diameters (d < 1.3 nm).

C. Preferential Destruction of m-SWNTs Characterized
by Resonant Raman Spectroscopy.Raman spectroscopy is a
powerful tool to obtain the diameter, chirality, and electronic
structure information of the SWNTs and is widely used to assign
m/s types as well.44 According to the correlation among the
laser energyE, the RBM frequencyω, and the tube diameters
d, the resonant Raman signals in certain RBM regions come
from certain van Hove electronic transitions (Eii) of m- or
s-SWNTs.16 For 633 nm excitation, RBM signals in the regions
of 110-160, 160-220, and>240 cm-1 originate from the van
Hove electronic transitions of s-SWNTs (E33

s , E44
s ), m-SWNTs

(E11
m), and s-SWNTs (E22

s ), respectively. For 514 nm excitation,
RBM signals (>130 cm-1) in the regions of 130-150, 150-
215, and 230-300 cm-1 originate from the van Hove electronic
transitions of s-SWNTs (E44

s ), s-SWNTs (E33
s ), and m-SWNTs

(E11
m), respectively. As a result, m- and s-SWNTs in the region

of 160-215 cm-1 (1.55 nm> d > 1.15 nm) can be detected
with 633 and 514 nm excitations, respectively. Thus, the
numbers and the relative content of m- and s-SWNTs in this

Figure 3. AFM images of the SWNTs grown on a-plane sapphire
using ethanol containing different percentages of water and the
schematic diagram of the role water plays during the growth process:
(a) 0 wt %, (b) 2 wt %, (c) 3 wt %, (d) 10 wt %. (e) During the growth
process, ethanol(g) in the gas phase and ethanol(s) adsorbed on the
sapphire surface supply carbon atoms for the SWNT growth in the
system. There is amorphous carbon (a-C) in the gas phase (a-C(g))
and on the sapphire (a-C(s)), contaminating the sapphire surface and
poisoning the catalyst (red dotted arrows). The proper content of water
vapor in the system keeps the sapphire surface clean by selectively
removing a-C by the following reaction: H2O + C f CO + H2 (blue
dotted arrows).

Figure 4. Characterizations of the light-treated SWNT arrays on
a-plane sapphire. The arrays were exposed to a Xe lamp for 60 min at
75 mW/cm2. (a) Low- and (b) high-magnification AFM images. (c)
Typical AFM manipulation results. The section analysis is along the
white dotted line in the image. The SWNTs withd < 1 nm cannot be
stretched (red dotted arrows). (d) Histogram of the RBM signals with
633 nm excitation distribution before (red) and after (green) irradiation.
The contents of the SWNTs withd < 1.3 nm (ω > 190 cm-1) decrease
after irradiation.
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region can be evaluated from the resonant Raman spectra under
633 and 514 nm excitations by fitting the spectra with Lorentzian
peaks.45

Figure 5 shows the normalized Raman spectra of the SWNT
arrays on a-plane sapphire after 0 min (I, i), 30 min (II, ii), and
60 min (III, iii) of Xe-lamp irradiation with 633 nm (Figure
5a,b, normalized by the sapphire peak at 1400 cm-1) and 514
nm (Figure 5c,d, normalized by the sapphire peak at 378 cm-1)
excitations. Each group of Raman spectra (I, II, III, i, ii, iii),
composing 39 data spots, was collected from the same area but
different spots on one sample. The two peaks at 1370 and 1400
cm-1 marked by asterisks in Figure 5b originate from the
sapphire substrates.

As mentioned above, the Raman signals in the region of 160-
215 cm-1 (1.55 nm> d > 1.15 nm) with 633 nm excitation
(Figure 5a) originate from the first van Hove electronic
transitions of m-SWNTs (E11

m), representing the content of
m-SWNTs, while the RBM signals with 514 nm excitation
(Figure 5c) in the same region come from the third van Hove
electronic transitions of s-SWNTs (E33

s ), representing the con-
tent of s-SWNTs. Comparing part a with part c of Figure 5, in
the region of 160-215 cm-1, there are many RBM signals
originating from m-SWNTs (I-group) and s-SWNTs (i-group)
in the as-grown SWNT arrays, implying that there exist both
m-SWNTs and s-SWNTs before irradiation. After 30 min of
Xe-lamp irradiation, the m-SWNT signals (II-group) dramati-
cally weaken while the s-SWNT signals (ii-group) only decrease
a little. When the irradiation time is increased to 60 min, almost
no m-SWNT signals are left (III-group in Figure 5a) while a
lot of s-SWNT signals (iii-group) remain. This shows that the
Xe-lamp irradiation destroys the m-SWNTs much faster than
the s-SWNTs, implying the preferential destruction of m-
SWNTs compared with their semiconducting counterparts.

The preferential destruction of SWNTs with small diameters
and m-SWNTs by Xe-lamp irradiation was further proved by
the Raman spectra around the tangential mode (G and D) region
with 633 nm (Figure 5b) and 514 nm (Figure 5d) excitations.
The Breit-Wigner-Fano (BWF) peak around 1552 cm-1 (I-
group in Figure 5b)44,46 originates from the electron-phonon
coupling in m-SWNTs, implying there are significant percent-
ages of m-SWNTs in the as-grown SWNT arrays. After 60 min
of irradiation (III-group), the BWF peak disappears, indicating
that the m-SWNTs have been effectively destroyed. However,
as for the tangential mode Raman signals of the s-SWNTs
(∼1568 and∼1590 cm-1, Figure 5d), they remain almost
unchanged after 30 min of irradiation (ii-group), compared with
that of the as-grown SWNT arrays (i-group). Even after 60 min
of irradiation, the Raman intensity only decreases a little (iii-
group), which is consistent with the signals observed in the RBM
region (Figure 5c), indicating the Xe-lamp irradiation has a much
weaker effect on the s-SWNTs.

The preferential removal of SWNTs with small diameters by
Xe-lamp irradiation can also be seen from Figure 5b,c. It can
be seen from Figure 5c that, with increasing irradiation time
(from the i-group to the ii- and iii-groups), the s-SWNTs with
small diameters (d ≈ 1.3 nm, around 190 cm-1) are destroyed
much faster than those with larger diameters (d ≈ 1.6 nm,∼150
cm-1). The BWF peak frequency in Figure 5b shifts from∼1552
cm-1 (I-group) to∼1565 cm-1 (II-group) before it disappears
(III-group), and the frequency separation∆ between the two
components of the G-band feature decreases from∼37 cm-1

(I-group, ∆ ≈ 1589 cm-1 - 1552 cm-1 ) 37 cm-1) to ∼23
cm-1 (II-group, ∆ ≈ 1589 cm-1 - 1565 cm-1 ) 23 cm-1)
with increasing irradiation time, indicting that m-SWNTs with
smaller diameters are preferentially destroyed because the BWF
peak shifts to lower frequencies and the frequency separation

Figure 5. Normalized Raman spectra of the as-grown SWNT arrays on a-plane sapphire after 0 min (I, i), 30 min (II, ii), and 60 min (III, iii) of
Xe-lamp irradiation. (a) RBM region and (b) D, G region with 633 nm excitation (normalized by the peak of sapphire at 1400 cm-1). The peaks
marked by asterisks in (b) at 1370 and 1400 cm-1 are from the sapphire substrate. (c) RBM region and (d) D, G region with 514 nm excitation
(normalized by the peak of sapphire at 378 cm-1). Each group of the spectra (I, II, III, i, ii, iii) contains the spectra collected from 39 spots in the
same area of the same sample.
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∆ becomes smaller as the diameter of the SWNTs gets smaller.46

The width of the BWF peak decreases after 30 min of
irradiation. This also indicates that the diameter distribution
becomes narrower with increasing irradiation time.

To quantitatively study the relative destruction rate of m- and
s-SWNTs during the Xe-lamp irradiation, the numbers of m-
and s-SWNTs in the region of 1.15-1.55 nm (160-215 cm-1)
were estimated by the fitting of the corresponding resonant
Raman spectra with thin Lorentzian peaks.44,45,47 Figure 6a
shows a typical fitting result, in which the Raman spectrum
was composed of three isolated Lorentzian peaks, corresponding
to three SWNTs. On the basis of the Raman spectra with 633
nm (1.96 eV) and 514 nm (2.41 eV) excitations after 0, 30,
and 60 min of irradiation, the numbers of m- and s-SWNTs in
the region of 1.15-1.55 nm after each irradiation time were
calculated via reconstruction of the corresponding Raman spectra
as shown in Figure 6b. Because, at each time, the Raman spectra
were collected from the same SWNTs (some of them were
destroyed with irradiation prolonged), we can evaluate the
changes of the m- and s-SWNTs in the sample from the Raman
spectra. It can be seen that the percentage of s-SWNTs rises
from 46.9% (0 min) to 67.9% after 30 min of irradiation and
eventually reaches 94.0% after 60 min of irradiation. A total of
59.7% (221 out of 370) of the m-SWNTs are destroyed after
30 min of irradiation, while only 5.2% (17 out of 327) of the
s-SWNTs are destroyed. The calculated destruction rate of
m-SWNTs is 13 times that of s-SWNTs in the first 30 min of
irradiation. During the stage of 30-60 min, the number of the
m-SWNTs decreases from 149 to 17 while that of the s-SWNTs
changes from 310 to 264. Therefore, the destruction rate of
m-SWNTs is only about 2.9 times that of s-SWNTs at this stage.
This indicates that the majority of the m-SWNTs are removed
at the early stages, and with increasing irradiation time, the
destruction rate of m-SWNTs drops.

Therefore, as for the SWNTs with diameters in the region of
1.15-1.55 nm, the long-arc Xe-lamp irradiation can preferen-

tially destroy m-SWNTs to obtain s-SWNT arrays. The percent-
age of s-SWNTs can be as high as 94% after 60 min of
irradiation. The irradiation experiments of the nonorientated
SWNTs synthesized on silicon dioxide using ethanol at 950°C
also show excellent preferential destruction of m-SWNTs (see
Supporting Information Figure S6).

D. Preferential Destruction of m-SWNTs Characterized
by Electrical Characteristics. The preferential destruction of
m-SWNTs was also characterized by electrical characteristics.
Two kinds of samples, as-grown and irradiated SWNT arrays,
were transferred onto silicon substrates with predefined elec-
trodes to fabricate FET devices for electrical characteristics.

First, the as-grown SWNT arrays with 120 min of irradiation
(the s-SWNTs were also characterized by Raman spectroscopy)
were transferred onto silicon substrates, with EBL predefined
Pt electrodes on 300 nm SiO2, to fabricate FET devices. Figure
7a and the inset show the SEM images of representative FET
devices. Figure 7b shows a typicalIds-Vg curve of an FET
constructed by the s-SWNT arrays (channel lengthL ) 6 µm,
width W ) 100µm). Vds was 0.1 V. The FET can be switched
off at positive gate voltages (Vg). The on/off ratio is about 420,
which is much larger than that (∼170) achieved by the electrical
breakdown results of the same electrode size (see Supporting
Information Figure S7).

The above results imply that the FET should be constructed
with s-SWNTs since the FET will be electrically shorted by

Figure 6. (a) Typical Raman spectral fitting by different Lorentzian
peaks. The spectrum (under 633 nm excitation) is composed of three
isolated Lorentzian peaks. (b) Percentage distributions of m- and
s-SWNTs in the region of 160-215 cm-1 (1.15 nm< d < 1.55 nm)
after 0, 30, and 60 min of irradiation. The numbers of m- and s-SWNTs
were calculated from the spectral fitting results, under 633 and 514
nm excitations, respectively. The spectra under 633 and 514 nm
excitations on 120 spots in the same area of the same sample were
collected each time.

Figure 7. Transfer characteristics of the FET fabricated from SWNT
arrays after 120 min of irradiation (s-SWNT arrays). The 120 min
irradiated SWNT arrays on a-plane sapphire were transferred onto the
silicon substrate with the EBL-predefined Pt electrodes atop 300 nm
SiO2 to form FETs. (a) SEM image of an FET device fabricated by an
s-SWNT array. Inset: a pair of Pt electrodes connected by an s-SWNT
array. (b)Ids-Vg curve of one FET of (a). The channel length was 6
µm, the width was 100µm, andVds was 0.1 V.
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the m-SWNTs connecting the source and drain, eventually
resulting in a low on/off ratio. The on-state current of the FETs
is very low, only about 350 nA under 0.1 V. This might result
from the following: (1) The 120 min irradiation not only
destroyed all the m-SWNTs, but also caused some damage to
the s-SWNTs in the arrays, so the lengths of the s-SWNTs might
be too short to span the source/drain electrodes. (2) The contact
between the as-transferred s-SWNTs and the Pt electrodes was
poor. However, theIds-Vg curve of the FET proves that the
Xe-lamp irradiation can effectively remove m-SWNTs with
different diameters; thus, s-SWNT arrays and s-SWNT FETs
were fabricated.

To solve the above problems, the second kind of SWNT
arrays, i.e., as-grown SWNT arrays, were transferred onto silicon
substrates, with photolithographically predefined Au electrodes
on 1 µm SiO2, to fabricate FET devices and perform the
electrical characteristics. In this case, the performance of the
FETs can be measured by in situ increasing the light-treatment
time. Parts a and b of Figure 8 show typical SEM images of
the device. There are about 100-300 SWNTs spanning the∼3
µm channel. The SWNTs formed small bundles at the edge of
the metal electrodes. TheVds was 0.1 V. Figure 8c shows the
Ids-Vg plots of the FET device with Xe-lamp irradiation times
of 0, 5, 10, 15, 45, 55, 70, 90, and 120 min. The device exhibits
a p-type FET behavior in air at room temperature. After 10 min
of irradiation, the on-state and off-state currents decrease slowly
and the FET cannot be turned off, implying that part of the
SWNTs are destroyed and there still exist some m-SWNTs.
After 15 min of irradiation, the off-state current dramatically
decreases to below 1 nA together with a slight decrease of the
on-state current, and the device is turned off completely. This
means that all m-SWNTs have been destroyed, leaving only
s-SWNTs that spanned the source/drain electrodes. From the
results of Figures 5 and 6, the RBM signals of m-SWNTs

decrease more than 10 times faster than those of s-SWNTs at
the early stage of irradiation, so the m-SWNTs in the device
could be quickly destroyed since there were only 100-300
SWNTs in each FET device.

Figure 8d shows the on/off ratios corresponding to the curves
in Figure 8c. With increasing irradiation time, the semiconduct-
ing property of the SWNT arrays remains unchanged in a large
time span. After 10 min of irradiation, the on/off ratio is only
7.4, without an observable change compared with that of the
nonirradiated result. The on/off ratio rises sharply to 1086 after
15 min of irradiation and reaches 2044 after 45 min of
irradiation. After that, the off-state current begins to increase
slowly, together with the on-state current. We speculate that
the improvement of the contact during the irradiation process
and/or the formation of a-C originating from the decomposition
of SWNTs and/or from the residual polymer during the
irradiation process might have led to the increase of the on-
and off-state currents when the irradiation time was longer than
45 min. We show that Xe-lamp irradiation can preferentially
remove m-SWNTs in the transferred SWNT arrays on silicon
substrates, thus greatly improving the performance of FET
devices. It also supplies a parallel and simple route for the large-
scale preparation of s-SWNT-based devices.

Conclusion

We report in this paper a simple and reliable approach to
prepare densely packed, well-aligned individual s-SWNT arrays
using long-arc Xe-lamp irradiation. The densely packed well-
aligned individual SWNT arrays were first synthesized parallel
to the [1,-1,0,0] direction on a-plane sapphire from ethanol
containing 3 wt % water. The density is∼20 tubes/µm without
degradation of the alignment. The water in ethanol plays a key
role in the improvement of the density and orientation of the

Figure 8. Transfer characteristics of the FET fabricated from SWNT arrays with longer irradiation times. The nonirradiated SWNT arrays on
a-plane sapphire were transferred onto the photolithographically predefined Au electrodes on 1µm SiO2 to form FET devices. The channel length
was∼3 µm. (a, b) SEM images of an FET device fabricated by nonirradiated SWNT arrays. (c)Ids-Vg plots after different Xe-lamp irradiation
times (0, 5, 10, 15, 45, 75, 90, and 120 min) of one FET of (a).Vds was 0.1 V. (d)Ion/Ioff vs irradiation time of (c).
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arrays by keeping the sapphire surface and the catalysts free of
the a-C contaminants. The s-SWNT arrays were then fabricated
by long-arc Xe-lamp irradiation. It is found that the Xe-lamp
irradiation can preferentially destroy the SWNTs with small
diameters (d < 1 nm) and the m-SWNTs in the arrays, as proved
by AFM, Raman spectroscopy, and electrical transport measure-
ment characterizations. Raman spectroscopy with 633 and 514
nm excitations was used to probe the change of the m- and
s-SWNT content in the region of 160-215 cm-1 after different
periods of irradiation, and it shows that the m-SWNTs are
destroyed at a rate∼13 times that of s-SWNTs in the first 30
min and the percentage of s-SWNTs increases from∼50% to
∼95% after 60 min of irradiation. Furthermore, two kinds of
SWNTs samples, as-grown SWNT arrays and SWNT arrays
after 120 min of irradiation, were transferred onto silicon
substrates with metal electrodes and were constructed into FETs;
thus, the electrical transport properties of the s-SWNT arrays
clearly indicate that the m-SWNTs are destroyed faster than
the s-SWNTs. The as-prepared s-SWNT arrays are of great
importance in fabricating s-SWNT devices. The Xe-lamp
irradiation approach can be easily combined with modern
photolithographic techniques and find its position in the
integration of s-SWNT devices in large scale.
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