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ingle-walled carbon nanotubes

(SWCNTSs) have received a great deal

of interest for a number of electronic
applications because of their novel proper-
ties including high on—off current ratio,’
high electron/hole mobilities,? ability to
support high current densities,* and stabil-
ity at high frequencies.* Many of these ap-
plications require nanotubes of a single
electronic type, which is determined by
their chiral structure.>® Current growth
methods produce mixtures of metallic and
semiconducting chiralities that create sig-
nificant problems for direct integration in
electronics.” Considerable research efforts
have been spent addressing this issue and
succeeded in purifying or separating
SWCNTs by electronic type after growth via
electrophoresis,® physiochemical modifica-
tion,® density gradient ultracentrifugation
(DGU),' electrical breakdown,'” and gas-
phase plasma etching.'? While postgrowth
separation of SWCNT mixtures has made
high-purity semiconducting or metallic
nanotubes available for fundamental
study,’'%'® these schemes remain unsuit-
able for commercial applications because
they are time-consuming, expensive, diffi-
cult to scale up, and may introduce defects
or even damage the nanotubes.” In addi-
tion, separation methods are constrained
by the distribution and concentration of
various chiralities in the initial mixture. For
this reason, there is a critical need to refine
the growth process to improve the homo-
geneity of as-grown SWCNTs and selectively
grow specific nanotube structures.

Several methods have been developed

for the selective growth of SWCNTs.'4~ '8
Among these, the floating catalyst method
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ABSTRACT The inhomogeneity of as-grown single-walled carbon nanotubes (SWCNTs), in terms of chiral

structure, is a major obstacle to integration of these novel materials in advanced electronics. While separation

methods have circumvented this problem, current synthesis approaches must be refined for large-scale production

of SWCNTs with uniform properties. In addition, it is highly desirable to alter the initial chirality distribution

which constrains fundamental study and applications. Here, we demonstrate that semiconducting SWCNTs are

selectively produced in the gas phase by engineering catalysts at the nanoscale with precise size and composition.

The semiconducting content in as-grown mixtures of SWCNTs is assessed by UV—visible—NIR absorbance and

micro-Raman spectroscopy and reaches a maximum purity of 90% for samples catalyzed by Niy,;Fe, 73

nanoparticles (2.0 nm mean diameter). Electrical studies are performed on thin film transistors (TFTs) fabricated

from as-grown SWCNTs and reveal high on/off current ratios of 10°.
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where metal nanoparticles are prepared in
the gas phase is the most attractive for
large-scale synthesis of SWCNTs.'>~2' The
chirality distribution of as-grown SWCNTs
produced by the floating catalyst method
has been altered by exploring different
catalyst materials, such as a supported mix-
ture of CoMo, which has been found to pro-
duce narrow distributions of smaller diam-
eter nanotubes.?? This result is supported by
theoretical studies which suggest that the
catalyst plays a crucial role during nanotube
nucleation and growth and may determine
the final nanotube structure.?*?* We have
recently shown that careful tuning of the
catalyst composition is a potential route to
controlling the chirality distribution of
SWCNTs.?* The catalyst shape has also been
modified to obtain higher fractions of nano-
tubes of a specific electronic type.?® Here,
we demonstrate that the catalyst composi-
tion, independent of other parameters,
influences the semiconducting SWCNT
(s-SWCNT) content in as-grown nanotubes.
Detailed optical characterization by
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tuned bimetallic nanoparticles and (2) thermal growth of carbon nanotubes. Representative HRTEM images of (b) Ni and
(c) Nig,7Feo73 nanoparticles grown in a microplasma reactor at 2.0 ppm nickelocene and 1.3 ppm total metallocene vapor
concentration (27:73 nickelocene/ferrocene) in Ar, respectively (scale bar = 2 nm). (d) Representative HRTEM image of Ni-

catalyzed SWCNTs grown at 600 °C (scale bar = 2 nm).

UV —visible—NIR absorbance and micro-Raman spec-
troscopy reveals that SWCNTs grown with Nig,;Feq73
nanocatalysts, as compared to other catalyst composi-
tions, are highly enriched in semiconducting nanotubes
with a purity of more than 90%. Thin film devices fabri-
cated from as-grown SWCNTs are found to exhibit
on—off ratios as high as 103, confirming that Nig,,Fey73
nanocatalysts preferentially grow s-SWCNTs.

RESULTS AND DISCUSSION

Figure 1a illustrates the stepwise, gas-phase pro-
cess used to grow SWCNTs. Details of the process have
been previously reported.?’ % Briefly, metal-organic
precursors (i.e., nickelocene and ferrocene) are dissoci-
ated in a microplasma to form mono- or bimetallic
nanoparticles of precise size and composition. Careful
control of the process parameters is required to tune
the particle composition independent of its size. For this
study, we prepared a series of NiFe;_, nanoparticles
with varying composition from x = 1.0 to 0 (x = atomic
fraction) and constant mean diameter of 2.0 nm. The
standard deviations of the particle size distributions
were determined by aerosol measurements to be less
than 15% (Supporting Information, Figure S1). We sepa-
rately collected and performed ex situ microcharacter-
ization of the nanocatalysts. High-resolution transmis-
sion electron microscopy (HRTEM) analysis reveals that
Ni nanoparticles exiting the microplasma are spherical
and crystalline. A representative particle in Figure 1b ex-
hibits a lattice spacing of 0.20 nm, which corresponds
to the (111) plane of face-centered cubic (fcc) Ni. In
comparison, the HRTEM image of a representative
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Nio27Feo73 nanoparticle shows a slightly increased lat-
tice spacing for the (111) plane of 0.21 nm (Figure 1c).
TEM images were used to independently obtain the size
and distribution of Ni and Nig,sFeq73 nanoparticles and
show excellent correspondence with aerosol measure-
ments (Supporting Information, Figure S2). We attribute
the slightly larger mean diameter observed in TEM to
surface oxidation of the particles during transfer into
the instrument. To evaluate the composition of indi-
vidual NiyFe;_, nanoparticles, we employed energy-
dispersive spectroscopy (EDX) (Supporting Informa-
tion, Figure S3). The relative ratio of the spectral peak
intensities for the Ni K and Fe Ka lines was used to es-
tablish a compositional variation between different
Nio27Feo73 nanoparticles of less than 6%. The crystal
structure of the nanoparticles was determined by X-ray
diffraction (XRD) (Supporting Information, Table S1).
Thin films of Ni nanoparticles were found to exhibit fcc
crystalline phase, consistent with TEM observations. As
Fe is incorporated into the nanoparticles, there is an ex-
pansion of the fcc structure, as indicated by the larger
lattice parameter. The corresponding increase in the
bond length of the (111) plane supports TEM observa-
tions. When the Fe concentration is more than 50%, as
in the case of Nigy,Fep73 nanoparticles, XRD shows the
coexistence of fcc and bcc crystalline phases. The struc-
tural analysis is largely consistent with the thermody-
namic phase diagram of bulk NiFe alloys.3%3

To grow SWCNTs, the as-grown nanocatalysts were
directly introduced into a heated flow furnace and ex-
posed to controlled mixtures of hydrogen and acety-
lene. The furnace reactor was operated at the same gas
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Figure 2. (a,b) UV—visible—NIR absorbance spectra of SDS-dispersed SWCNTs grown with compositionally tuned Ni,Fe;_,
nanocatalysts (2.0 nm mean particle diameter) at indicated furnace temperatures. The absorbance spectrum of a HiPCO
sample is also included for comparison. The absorbance spectra are offset for clarity. The labels S;; and S,, (shaded blue) in-
dicate the excitonic optical absorption bands for semiconducting SWCNTSs corresponding to the first and second one-
dimensional van Hove singularities, respectively, and the M;; (shaded pink) label corresponds to the first-order transition

of metallic SWCNTSs.3?

concentration and residence time to maintain identical
growth conditions, except for the catalyst composition
and furnace temperature. The collected product was
initially characterized by HRTEM, which confirmed the
presence of high purity SWCNTs in the as-grown reac-
tor product (Figure 1d). The nanotubes were collected,
dispersed, and diluted as necessary to obtain identical
absorbance intensities at 587 nm; these concentration-
adjusted samples were then used for optical character-
ization. The overall yield of SWCNTs in terms of concen-
tration was found to be similar in all samples, but longer
nanotubes are expected at higher reactor tempera-
tures due to the higher growth rates.?” While individual
SWCNTSs were separated from bundled and larger
diameter tubes during dispersion, we emphasize that
the tubes were not chemically purified or separated on
the basis of chirality in order to ensure that the proper-
ties of as-grown SWCNTs were directly related to the
catalyst.

We initially performed UV—visible—NIR absorbance
to estimate the metallic and semiconducting content
in various SWCNT samples. Figure 2 shows
UV —visible—NIR absorbance spectra, offset for illustra-
tion (no normalization), collected from SDS/D,0-
dispersed solutions of SWCNTs grown with Ni and
Nio,7Feo73 nanocatalysts. An absorbance spectrum of
purified SWCNTs made by the commercial HiPCO pro-
cess (90% purity, Carbon Nanotechnologies Inc., Hous-
ton, Texas) is also included for comparison. The labels
S17 (830—1100 nm) and S,; (600—800 nm) indicate the
excitonic optical absorption bands for s-SWCNTSs corre-
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sponding to the first and second one-dimensional van
Hove singularities, respectively, and the M;; (440—645
nm) label corresponds to the absorption band of metal-
lic SWCNTs (m-SWCNTs).32 For SWCNTs grown with Ni
nanocatalysts at 600 °C, the peak envelopes corre-
sponding to intrinsic excitations of the S;q, Sy, and My,
transitions are clearly observed in the spectra, similar to
the HiPCO product, reflecting a mixture of semicon-
ducting and metallic nanotubes (Figure 2a,b). In com-
parison, the spectrum for Nig,;Fe,;3-catalyzed SWCNTSs
at 600 °C shows peaks in the S;; region without signifi-
cant contribution from the M;; and S,, bands (Figure
2a,b), suggesting a narrow chirality distribution en-
riched in smaller diameter s-SWCNTs. At higher growth
temperatures, the Nip,;Fey73-catalyzed SWCNTs are
found to contain a broader chirality distribution, as in-
ferred by the re-emergence of peaks in the My; and S,
region of the absorbance spectrum. Detailed evaluation
of the absorbance results is summarized in the Support-
ing Information, Table S2. Assuming that the peak in-
tensity at 587 nm is proportional to the overall concen-
tration of nanotubes, the absorbance results suggest
that, at low temperature (~600 °C), Nig,7Feq73 nano-
catalysts produce a higher purity of semiconducting
nanotubes than Ni.

To further assess the semiconducting and metallic
content in our SWCNT samples, micro-Raman spectros-
copy with multiple excitation wavelengths was em-
ployed. Spectra were normalized with respect to the
tangential graphite band (G-band) intensity, which cor-
responds to the C—C stretching mode at ~1590 cm™'

\NIC
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Figure 3. Radial breathing mode (RBM) regions of micro-Raman spectra at (a) 633, (b) 488, and (c) 514 nm excitation wavelengths col-
lected from SWCNTs samples grown with compositionally tuned Ni,Fe;_, nanocatalysts (2.0 mean particle diameter) at indicated fur-
nace temperatures. The spectral regions corresponding to the second- and third-order semiconducting transitions are labeled S,, and
S3; (shaded blue), respectively, and the first-order metallic transition is labeled M, (shaded pink). (d) High frequency region of micro-
Raman spectra at 514 nm excitation for SWCNT samples grown with compositionally tuned Ni,Fe;_, nanocatalysts (2.0 mean particle di-
ameter). The Raman spectra of a HiPCO sample at the same excitation wavelengths are included for comparison.

(wG™).3 Raman spectra also exhibit radial breathing
mode (RBM) peaks in the range of 120—350 cm ™', char-
acteristic of SWCNTs, and disorder band (D-band) at
1310 cm ™! (ref 33). The ratio of the D- to G-band inten-
sity in each spectrum confirms that all samples consist
primarily of SWCNTSs (Supporting Information, Figure
S4), which is consistent with HRTEM analysis. In the RBM
region, the frequencies, wggm (cm™"), can be related to
the nanotube diameter, d,, by a correlation of the form
wrgm = A/d, + B, where A and B are empirical param-
eters. Because of the similarity of our experimental sys-
tem and sample preparation to that reported by Bachilo
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et al..** we have used the HiPCO product as a refer-
ence for Raman analysis (Supporting Information, Table
S3). Figure 3a—c shows the RBM regions of the Raman
spectra at three different excitations with chirality as-
signments based on a Kataura plot.3® We first performed
RBM analysis at 633 nm excitation. Compared to the
HiPCO product, our SWCNTs grown at 600 °C with Ni
nanocatalysts are similar, with only a slight decrease for
the Raman peak intensity associated with a metallic
nanotube structure at 195 cm™' (Figure 3a). For
SWCNTSs catalyzed by Nig,;Feq 73 at 600 °C, the semicon-
ducting peaks at 254 and 283 cm™' are much stronger

www.acsnano.org
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TABLE 1. Summary of Micro-Raman Analysis for Ni- and

Nio »;Feo 73-Catalyzed SWCNT Samples (Commercial HiPCO
Was Used as the Reference with Recently Reported Values
for the Semiconducting and Metallic Content)**

s-SWCNTs in the Nig,,Feq73-catalyzed sample (Table 1).
In comparison, samples grown with Ni nanocatalysts at
the same temperature and Nig,;Fey73 nanocatalysts at
higher temperatures are found to contain significantly
higher fractions of metallic nanotubes. Overall, the
micro-Raman analysis is in accordance with absor-
bance results and confirms preferential growth of

fwhm of
G-band intensity
(em™)

excitation
wavelength temperature % %
(nm) (\(9] catalyst semiconducting metallic

633 HiPCO 629 371 - s-SWCNTs with Nig,;Feq 73 nanocatalysts at 600 °C.
600 N 668 B2 - To corroborate the micro-Raman analysis, we car-
600 NigxFeoss 90.5 95 - . . ysis,
700 NigzFears 555 45 _ ried out electrical measurements on the as-grown

488 HiPCO 629 37.1 - SWCNT samples. Figure 4a shows a schematic diagram
ggg :{ : Zz;‘ ?ig - of a SWCNT-based thin film transistor (TFT) with a back-

lo.27r€0.73 E g - . .

514 HiPCO 629 371 40 gate, top-contact geometry that was used in this study.
600 Ni 60.2 39.8 39 Our fabrication methodology allows multiple devices
600 NigyFess 84.2 158 25

to be obtained in a single step, as shown in Figure 4b.
The thin films consist of a network of SWCNTs covering
the area between the electrodes (Figure 4b). The aver-
age length of the nanotubes is approximately 300 nm,
significantly shorter than the channel length of 2 um.
Following thin film preparation, we used micro-Raman
spectroscopy to obtain two-dimensional maps and
verify the presence and chiralities of SWCNTs. The false

in intensity and the metallic peaks virtually disap-
pear from the spectrum. Moreover, the diameter
analysis suggests a shift to a smaller diameter distri-
bution for Nig,;Feqs3-catalyzed SWCNTs. As the
growth temperature is increased, the metallic peaks
grow in intensity and the diameter distribution ap-
pears to broaden.

RBM analysis at 488 and 514 nm excita-
tion (Figure 3b,c) similarly shows stronger
semiconducting peaks at 209 and 233 cm™'
and 188 and 209 cm ™', respectively, for nano-
tubes catalyzed at 600 °C by Nig,7Feq 73 as
compared to Ni. While metallic peaks are
observed at 514 nm excitation in the
Nig,7Feo73-catalyzed sample, the overall me-
tallic content is inferred to be less than the
Ni-catalyzed or HiPCO samples. This is fur-
ther reinforced by the corresponding
G-bands at 514 nm excitation for the Ni-
catalyzed and HiPCO samples, which are
characterized by a broad Breit—Wigner—
Fano (BWF) line shape, indicating strong me-
tallic contribution (Figure 2d)."'* We find
that the full width at half-maximum (fwhm)
of the G-band is 1.6 times as large for
SWCNTs catalyzed by Ni as compared to
Nigo7Feq73 (Table 1).

The 633 nm excitation is resonant with
metallic and semiconducting nanotubes in
a nearly 50:50 ratio and has been extensively
used to estimate the s-SWCNT content of
an unknown sample by analyzing ratios of
integrated Raman RBM intensities and com-
paring to a HiPCO standard.” In view of the
recently reported ratio of 37.1%:62.9%
metallic-to-semiconducting SWCNTs for the
HiPCO product,® we estimate a semicon-
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Figure 4. (a) Schematic diagram of SWCNT-based thin film transistor (TFT). (b) SEM im-

ducting content of 90.5% in our Nig,;Feq3-
catalyzed sample grown at 600 °C'*%” (Table
1). Similar calculations at the 488 and 514 nm
excitations also indicate more than 80%

www.acsnano.org

ages of devices fabricated with SWCNT samples. Charge-coupled detector images and
corresponding Raman intensity maps of devices fabricated with (c) Ni- and (d)
Nip»7Feg73-catalyzed SWCNTSs, respectively. The false color maps are proportional to
the integrated intensity of the Raman bands ranging from 160 to 230 and 230 to 300
cm™' for semiconducting and metallic nanotubes, respectively.
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Figure 5. Current—voltage characteristics (I3s— Vg5 curves) of thin film transistors fabricated with (a) Ni,,Fe ;3 -catalyzed
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characteristics (lqs— V, curves) of devices fabricated with (d) Nig.;Feo73- and (e) Ni-catalyzed SWCNTs, and (f) HiPCO sample

at different bias voltages (Vy) of 1, 0.5, and 0.1 V.
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color maps were generated by scanning a 633 nm la-
ser beam over an area of 5 X 200 um? in 1 wm steps
and integrating the RBM bands from 230 to 300 cm ™'
for semiconducting tubes or 160 to 230 cm ™' for metal-
lic tubes.® Figure 4¢,d shows excellent correspon-
dence between the chirality distribution of nanotubes
in the devices and the corresponding starting material
(compare to Figure 3). Devices fabricated with
Nig,7Feo73-catalyzed nanotubes exhibit higher intensi-
ties for the semiconducting peaks detected at 633 nm
excitation than those made from Ni-catalyzed
nanotubes.

We fabricated 81 devices on a single substrate for
each SWCNT sample to perform a statistically large
number of electrical studies. Our process yielded 25,
22, and 30 working devices for Nig,;Feq73-catalyzed
nanotubes, Ni-catalyzed nanotubes, and the HiPCO
sample, respectively. Output characteristics of represen-
tative devices fabricated from the three SWCNT samples
are shown in Figure 5a—c as a function of gate volt-
age, V. At each gate voltage, the drain voltage (V) was
swept from 1 to —1 Vin steps of —0.05 V. The charac-
teristics of the device containing Niy,;Fes3-catalyzed
SWCNTs at 600 °C clearly resemble a field-effect transis-
tor (FET), where the source—drain current (/) increases
with higher negative gate bias. In contrast, devices fab-
ricated from Ni-catalyzed SWCNTSs at 600 °C and the
HiPCO product show virtually no field-effect behavior.
Figure 5d—f shows corresponding logarithmic plots of
the Iys versus Vq at different Vg for the different devices.
At each Vg, the Vq is swept from 10 to —10 V in steps
of —0.2 V. The drain current for the device composed of
Nip,7Feo73-catalyzed SWCNTSs at 600 °C increases with
decreasing gate voltage, indicative of typical p-type
semiconductor behavior (Figure 5d). The strong field-
effect behavior of this SWCNT-based device is explained
by the high semiconducting content, whereas virtually
no field-effect behavior is observed for devices made
from Ni-catalyzed nanotubes at 600 °C or HiPCO
samples because of the high metallic content. At Vy, =
1V, we estimate an I,/ ratio of more than 100 for the
device fabricated with Niy,;Feg73-catalyzed SWCNTSs.
This is comparable to SWCNT-based FETs grown by
plasma-enhanced CVD (PECVD), where the semicon-
ducting fraction was estimated to be more than 96%."
Figure 6 shows a histogram of I,/ ratios obtained for
all the FETs fabricated and tested with the various
SWCNT samples. More than 50% of the devices com-
posed of Nig,,Feq3-catalyzed SWCNTSs are found to ex-
hibit an I/l ratio of greater than 100. To estimate the
semiconducting fraction, we can divide the channel
into seven smaller sections, equivalent to the average
length of the nanotubes (7 X 300 nm ~ 2 um). Since
the sections are electrically connected in series, in or-
der for the device to exhibit a high on/off ratio, only a
single section must contain all semiconducting nano-
tubes. From the SEM image, we find that each section

www.acsnano.org
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Figure 6. Histograms of on/off current (/,,/l,¢) obtained for
devices fabricated with indicated SWCNT samples. N is the
number of devices tested.

contains approximately 15 nanotubes. Thus, we ap-
proximate the fraction of semiconducting nanotubes
in the Nig,7Feg73-catalyzed sample to be 84% based on
a simple probability analysis (7 X 0.84'> = 0.50)." Over-
all, the electrical studies confirm a high fraction of
s-SWCNTs in the as-grown Nig,;Feq;3-catalyzed sample,
which agrees well with absorbance and micro-Raman
characterization.

Device performance was evaluated by the peak
transconductance g, = dly/dV, estimated to be ap-
proximately 1.8 pS at V4 = 1V, and the hole mobility,
calculated based on a parallel plate capacitor model for
our thin film SWCNT transistor:

L 1 dlds

2
W= ~1.5cm“/V-s
WC,y Vg dV

where [ = 2 um, W = 200 wm, and g is the gate ca-
pacitance per unit area. The relatively large on-state
conductance reflects the high purity of our SWCNT
sample.3® Our mobility compares favorably with values
reported by LeMieux et al.' for SWCNT films. We note
that the mobility reported here should be a lower
bound because of the non-uniform coverage of the
SWCNT film between the electrodes and the contact re-
sistance, which has been neglected in the calculation.
More sophisticated fabrication methods should pro-
duce uniform and aligned SWCNTSs that improve the de-
vice performance;*3°4% nonetheless, the devices pre-
sented here are of sufficient quality to demonstrate that
the electrical properties of as-grown SWCNTSs are signifi-
cantly influenced by the catalyst composition.

The role of the catalyst particle in determining the
chirality of nanotubes remains unresolved. Our find-
ings show that a relationship exists between the cata-
lyst composition and the nanotube chirality in terms of
electronic type. Theoretical studies have proposed
that during nanotube nucleation, the stability of the
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Zigzag, chiral angle = 0°

Figure 7. Summary of SWCNT chiralities detected by UV—visible—NIR absorbance spectros-
copy in samples catalyzed by Nij,;Feq7; at 600 and 700 °C and Ni at 600 °C. Results for HiPCO
sample are also shown for reference.

cap, defined in terms of the energy associated with
metal—carbon binding?**! and cap structure,® is con-
trolled by the atomic-scale structure of the catalyst.
Tuning the composition of NiFe;_, nanocatalysts re-
sults in subtle changes to the crystal structure, such as
the transition from a fcc to bec phase (Supporting Infor-
mation, Table S1) that could influence the stability of
certain caps and explain the selective growth of
s-SWCNTs. Optical characterization indicates that
SWCNTSs prepared with Nig,7Feq73 hanocatalysts con-
tain higher concentrations of smaller diameter nano-
tubes than Ni nanocatalysts at 600 °C (Figure 7). In the
small diameter limit, the formation of zigzag nano-
tubes has been proposed to be thermodynamically
and kinetically unfavorable.*? The remaining nanotubes

METHODS

Sample Preparation. Metal nanoparticles were continuously syn-
thesized in an atmospheric pressure microplasma reactor by
nonthermal decomposition of nickelocene and ferrocene (Acros
Inc., 99% purity). The relative concentrations of nickelocene and
ferrocene in the vapor phase were controlled by varying the in-
dividual flow rates of the precursors. All gas flows were con-
trolled by mass flow controllers that were carefully calibrated be-
fore experiments to precisely control the final metallocene
concentration in the microreactor. The metallocene flow rate
was varied with a balance of pure Ar gas to obtain final vapor
concentrations between 1.2 and 3.0 ppm. The ratio of the Ni to
Fe in the Ni,Fe;_, bimetallic nanoparticles was estimated from
the calculated vapor pressures of nickelocene and ferrocene in
the reactor and is used to specify the Ni atom percent through-
out this article (x = Ni atom %). The particle size and distribution
were determined online by aerosol size classification using a cy-
lindrical differential mobility analyzer (DMA) (TSI Inc., Model
3080N) and an ultrafine condensation particle counter (CPC)
(TSI, Inc., Model 3076). In order to avoid Brownian coagulation
of particles, size distributions of the metal particles were mea-
sured immediately downstream from the microplasma.

To catalyze CNT growth, the nanocatalysts synthesized in
the microplasma reactor were directly introduced into a tubular
flow furnace (Thermolyne, Model 20110) with 0.5 sccm C;H, and
50 sccm H, and heated at 600 °C. The CNTs were nucleated and
grown to a well-defined structure by controlling the catalyst di-
ameter and composition, furnace temperature, and residence
time in the tube furnace (1.8 cm i.d. X 30 cm length). Reactor
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in the small diameter range are
semiconducting near-armchair and
metallic armchair nanotubes. Re-
cent reports suggest that the pref-
Niy 7Fep5s, 700°C  €rence for near-armchair structures
arises from a combination of cap

Nig 5,Feg 73, 600 °C

Ni, 600 °C stability and activation energy for
carbon atom incorporation.34 |t is
HiPCO believed that the higher stability of

armchair nanotube caps, as com-
pared to near-armchair species,
creates an activation barrier and re-
sults in decreased production of
metallic nanotubes. Since the acti-
vated growth process is
temperature-dependent, the selec-
tive growth of s-SWCNTSs should no
longer occur at higher temperatures, which is consis-
tent with our experimental observations for Nig,;Feq73-
catalyzed SWCNTs at 700 °C (see Figure 2a).

In summary, we have demonstrated that engineer-
ing the composition of nanocatalysts at constant size
permits selective growth of SWCNTs with uniform elec-
tronic properties. This approach was applied to the syn-
thesis of Nig27Feq73 nanocatalysts, 2 nm in size, to pro-
duce highly enriched s-SWCNTs with a purity of close to
90% based on optical characterization and electrical
studies in FET devices. The methodology presented
here opens a route to designing catalysts for selective
growth of semiconducting or metallic nanotubes of suf-
ficient purity for direct integration in electronic
applications.

product was collected downstream with a porous filter (Milli-
pore Inc,, glass fiber filter, 25 mm diameter) in the form of a black
powder. Dispersions of CNTs were obtained by sonicating the
collected material in 10 mL of 1 wt % sodium dodecyl sulfate
(SDS)/D,0 (99.8 atom % D Acros Inc.) solution for 24 h. The up-
per 80—90% of supernatant was then carefully decanted, leav-
ing micelle-suspended nanotube solutions. The dispersions were
kept in an ice bath to avoid thermally induced changes to the
chirality distribution.* Separation of individual SWCNTs was per-
formed by centrifuging (Sorvall Instrument, model RC5B) for 2 h
at 38 000g to remove the heavy multiwalled CNTs and bundled
SWCNTSs. The upper 80—90% of supernatant was then carefully
decanted, leaving micelle-suspended nanotube solutions.
Catalyst Characterization. Ex situ microcharacterization of Ni, Fe,
and NiFe nanoparticles synthesized in a microplasma was per-
formed by HRTEM, EDX, and XRD. Thin films of materials were
collected by directly depositing the aerosol particles leaving the
microplasma reactor on carbon-coated copper TEM grids (Elec-
tron Microscopy Sciences, 200 mesh) or Si substrates with an
electrostatic precipitator (TSI Inc., model 3089). HRTEM was per-
formed using a Philips Tecnai F30 field emission high-resolution
transmission electron microscope operated at 300 kV. To acquire
the EDX spectrum from particle samples, the electron beam
was focused on individual particles. XRD characterization was
performed to determine the crystalline structure of the bimetal-
lic nanoparticles with a Scintag X-1 advanced X-ray diffractome-
ter using monochromated Cu Ka radiation (A = 0.1542 nm).
SWCNT Characterization. UV —visible—NIR absorption spectra
were collected on a Varian Cary 500 spectrophotometer. Spec-
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tra were background-subtracted with a reference solution of
1% SDS/D,0 solution. The measurements were performed at
room temperature in quartz cells with 10 mm path length. Addi-
tional assessment of the morphology of as-grown CNTs was at-
tained by micro-Raman spectroscopy. Raman scattering studies
were performed at room temperature with a Horiba Jobin Yvon
LabRam HR800 spectrometer (A = 633 nm) and an inVia Ren-
ishaw spectrometer (A = 488 and 514.5 nm). Spectra were nor-
malized by the G-band intensity and averaged from 10 random
positions on each sample.

Device Fabrication and Electrical Characterization. SWCNTSs dispersed
in SDS/D,0 solutions were dropped onto 290 nm thick oxide/
n-type Si substrate, which was used as a gate electrode. The sub-
strate was kept at 50 °C to get rid of the water, rinsed gently
with DI water, dried with nitrogen gas, and finally baked at about
190 °C to evaporate any water film remaining. Standard photoli-
thography and electron beam evaporation of titanium/alumi-
num (1 nm/70 nm) were used to establish source and drain con-
tacts. The photolithographically defined devices have typical
width of W = 200 pm and length of L = 2 um. After lift-off pro-
cess, SWCNT thin film field-effect transistors (FETs) were charac-
terized under ambient conditions at room temperature by mea-
suring the drain current, Iy, as a function of the source drain and
gate voltages, V4 and Vg, respectively.
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