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Abstract: We present the first demonstration of the nonmagnetic
catalyzed synthesis of narrow-chirality distributed single-walled
carbon nanotubes (SWNTSs). Based on the systematic investiga-
tion using different combinations of catalyst types (magnetic or
nonmagnetic) and chemical vapor deposition (CVD) methods
(thermal CVD (TCVD) or plasma CVD (PCVD)), PCVD with the
nonmagnetic catalyst under the appropriate H, concentration is
found to be critical as the methodological element of realizing
the narrow-chirality distribution. Electrical measurements of thin
film SWNTs produced under the different combinations of catalyst
types and CVD methods are also investigated, which reveals the
SWNTs grown from the nonmagnetic catalyst with PCVD display
the best device performance.

One-dimensional single-walled carbon nanotubes (SWNTS) are
potential materials for future nanoelectronics.*? Since the electronic
and optical properties of SWNTs strongly depend on their diameter
and chira angle, the selective synthesis of SWNTs with desired
chiralities is one of the major challenges in nanotube science and
applications.® > Some progress has been made by silica supported
CoMo® and zeolite supported FeCo” catalysts. FeRu® and FeNi®
catalysts have al so been developed for narrow chirality distribution.
Noticeably, all of these results on the narrow chirality distribution
growth have been limited to the case of using magnetic catalysts.
Since the existence of the residual ferromagnetic catalyst particles
in SWNTsisthe main obstacle to the research on intrinsic magnetic
properties of SWNTS, the SWNT growth with nonmagnetic catalysts
is indispensable. In spite of recent improvements in the SWNT
growth with nonmagnetic catalysts,*®~*2 the diameter and chirality
(n,m) distribution control with the nonmagnetic catalysts is still
highly required for the fundamental studies and variety of applica-
tions.™*

Here, we demonstrate a narrow-chirality distributed growth of
SWNTsfrom aAu catalyst. The chirality and diameter distribution
are analyzed by photoluminescence excitation/emission (PLE)
spectroscopy, UV —vis—NIR absorption spectroscopy, and Raman
scattering spectroscopy with multilaser excitation. Based on the
systematic investigation using the different combinations of catalyst
types (magnetic or nonmagnetic) and chemical vapor deposition
(CVD) methods (thermal CVD (TCVD) or plasma CVD (PCVD)),
PCVD?*® with the nonmagnetic catalyst under an appropriate H,
concentration is found to be critical. Electrical characteristics of
thin films consisting of SWNTs produced under the different
combinations of catalyst types and CVD methods are also inves-
tigated, which indicates the device made by SWNTs grown from
the nonmagnetic catalyst with PCVD has the highest semiconduct-
ing device percentage. The SWNTSs growth is carried out with a
homemade radio frequency (RF; 13.56 MHz) PCVD system. The
same system is used for a TCVD experiment without supplying

9570 m J. AM. CHEM. SOC. 2010, 132, 9570-9572

electrical power to an electrode used for the plasma generation (see
Figure S1 in Supporting Information). Figures 1la and 1b show
histograms of the intensity ratio of G-peak to D-peak (l&/lp)
estimated from Raman spectra as functions of RF power (Pgg) and
electrode—substrate distance (des), Where I/l gives a quantitative
indication of the relative quality of SWNTs. When the radial
breathing mode (RBM) in a lower wavenumber region (100—350
cm™1) and G-band split*® (G* and G~) are clearly observed, we
judge that SWNTSs are definitely grown. The Au catalyzed SWNT
growth with PCVD (Au-PCVD) (Figure 1a) possesses a harrower
process window due to the lower catalytic activity of the Au catalyst
in comparison with Fe catalzed PCVD (Fe-PCVD) (Figure 1b).
The I/lp does not differ between the Au and Fe catalysts under
the best conditions (Prr = 50 W and des = 5 cm). All of the SWNT
growth processes with PCVD described hereafter are carried out
under the optimum conditions for SWNT growth. PLE mapping®’
is used to assign (n,m) of SWNTs grown from the Au catalyst at
different H, concentrations (Figure 2a, 2b, and 2c). The total
pressure is kept at 50 Pa by adjusting the pumping efficiency of
the rotary pump throughout this experiment. Lower H, concentra-
tions (O- and 3-sccm) lead to growing larger diameter tubes and
more widely (n,m)-distributed tubes with (6,5), (7,5), (7,6), (8,4),
(8,6), and (8,7) (Figures 2a and 2b). On the other hand, the 7-sccm
H, concentration yields the narrowest (n,m) distribution with a
dominant peak corresponding to the (6,5) tube. The UV —vis—NIR
optical absorbance spectra of Au-PCVD SWNTs grown at the
7-sccm H;, flow rate show one dominant peak in the first van Hove
E;; range (900—1400 nm) corresponding to SWNTs with (6,5)
chirality (Figure 2d). Since clear metallic SWNT peaks could not
be observed in the UV —vis—NIR spectra (Figure 2d), the concen-
tration of metallic SWNTs can be lower than generally grown
SWNTs. The RBM in the Raman spectra measured with 632.8 and
778 nm lasers on the same SWNT sample a so confirms the growth
of the (6,5) SWNTs (Figure 2e). This is the first result showing
the narrow chirality distribution of SWNTs grown from a non-
magnetic catalyst.

To eucidate the effects of Au and PCVD on the narrow chirality
distribution, other combinations of catalyst types and CVD methods
are taken up and systematically investigated. Based on the PLE

Figure 1. (@) Histogram of I&/lp as functions of Prg and des for SWNTSs
grown from (a) Au and (b) Fe catalysts with PCVD.
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Figure 2. (a) PLE maps of SWNTs from Au catalyst by PCVD at (a)
O-sccm, (b) 3-sccm, and (¢) 7-sccm H, flow rates, respectively. (d)
UV —vis—NIR spectrum of SDBS-dispersed SWNTs grown from Au
catalyst at 7-sccm H, flow rate and (e) Raman spectra of SWNTs grown
from Au catalyst at 7-sccm H, flow rate using the excitation laser
wavelengths of 632.8 and 778 nm.

anadysis, SWNTs grown by the Fe catalyst with PCVD (Fe-PCVD)
do not designate any clear dependence in the chirality distribution on
the H, flow rate, which isfairly broader than that of Au-PCVD (Figure
S3a, b, and ¢ in the Supporting Information). This indicates hydrogen-
assisted Au catalyzation is one of the critical factors to redlize the
narrow chirdlity distribution, which is in good agreement with
theoretica predictions. Thefirst-principle calculation by Yazyev et al.
reveals that coinage metals such as Cu, Ag, and Au produce narrow
chirdity distributions.*® Ding et d. report the SWNT diameter islarger
on the surface of Fe, Co, and Ni particlesthan Cu, Pd, and Au particles
because of the different bond energies on the catalyst surface.™®
Following these theoretical models, we can explain the effect of Hy-
assisted Au catalyzation on the narrow chirality distirbution as follows.
Since the binding energy of hydrocarbons on the Au surface is much
weaker than that on the Fe surface, it is difficult in the large-diameter
case of the Au catalyst to achieve the cap formation.*® Additional H,
a so enhances the etching of carbon precursor from the catalyst surface,
which strongly suppresses the growth of large diameter SWNTS, and
hence the chirdlity distribution grown from the Au catdyst can be
narrower than that from the Fe catalyst. The stability of the cap structure
might be a possible reason why the (6,5) tube is dominant in this small
diameter Au-PCVD SWNT. The number of cap structures, which
satisfy the isolated pentagon rule, is highly limited for small diameter
SWNTSs, and (6,5) is known to have one of the stable cap structures
in this diameter range.” The comparison of Au-PCVD and Au-TCVD
isaso carried out. Although the chirdity distribution becomesrelatively
narrow for the case of SWNTs grown even by Au-TCVD under
gppropriate H, concentrations, it is much broader than that of SWNTs
grown by Au-PCVD (Figure S3d, e, and f in the Supporting
Information). When we carefully compare the Au-PCVD and Au-
TCVD processes, there are two significant differences in the SWNT
growth conditions. The first one is the growth temperature. The lower
limit of growth temperature with Au-PCVD is 700 °C, which islower
than that of Au-TCVD by 50 °C (Figure $4a, d in the Supporting
Information). The second oneis an incubation time. Theinitidd SWNT
growth is atained at 1 min after the growth substrate is exposed to
the plasmain the case of Au-PCVD, whereas 15 min are required for
the growth of SWNTswith Au-TCVD. These results suggest that the
low temperature and short growth time with Au-PCVD can avoid an
aggregation of catalyst particles during the SWNT growth, which
suppresses the growth of large diameter SWNTS, resulting in the
narrow chirality distribution.®

The electrical features are dso investigated for the SWNTs grown
by Au-PCVD, Fe-PCVD, Au-TCVD, and Fe catalyzed TCVD (Fe-
TCVD). As-synthesized SWNTs are dispersed in 1 mL of dimeth-
ylformamide (DMF) under ultrasonication for 8 h, followed by spin
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Figure 3. (&) Typical lg—Vgs curve of the thin film FET for Au-PCVD
SWNTSs. (b) Percentage histogram of semiconducting devices depending
on the combinations of catalyst types and CVD methods.

coating between source and drain electrodes of a field effect
transistor (FET). To compare the bulk SWNT features, the transport
measurements are carried out under the thin film FET configuration
including multiconducting channels. We investigate more than 30 such
FET devices, and a typica source—drain current (I4) vs gate bias
voltage (Vg) curve is shown in Figure 3a The percentage of
semiconducting devices for each caseis caculated in Figure 3b using
the lgs VS Vs curves by dividing the number of devices which have
the on—off current ratio (loy/l) greater than 20 by the total number
of the conducting devices. In the case of TCVD, the percentage of
semiconducting devices (Io/l ot > 20) is dmost the same for both the
catalysts (Au and Fe). When it comes to the PCVD case, the Au-
PCVD SWNTsdisplay the highest concentration of the semiconducting
device, which can be attributable to the high percentage of semicon-
ducting SWNTs?* prepared by PCVD?? in addition to the narrow
chirality distribution redlized by the Au catayst.

In conclusion, we have for the first time demonstrated the narrow-
chirality distributed growth of SWNTs from the nonmagnetic
catalyst. The Au catalzed PCVD growth under the appropriate
hydrogen concentration is figured to be the critical factor in
achieving the narrow chirality distribution. The narrow-chirality
distributed SWNTSs selectively grown from the nonmagnetic catalyst
could be attractive to both fundamental studies of intrinsic magnetic
properties of SWNTs and industrial applications to nanoelectronics.
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