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ingle-walled carbon nanotubes (SWCNTSs)

are one-dimensional nanomaterials

with unique electrical, thermal, mechan-
ical, and optical properties.! SWCNT net-
works, which consist of interconnected
randomly oriented or aligned nanotubes,*?
have many advantages in nanodevice appli-
cations compared to assemblies of individual
nanotubes, such as long-term stability, re-
producibility, scalability, and low cost.* This
makes the SWCNT networks (SWCNTNSs)
among the most attractive materials for ap-
plications ranging from thin-film transistors
(TFTs), transparent conducting layers, photo-
voltaic solar cells, to biosensors and drug/
protein/gene delivery systems.” 8

Among a variety of structural and mor-
phological parameters, the nanotube density
is the key factor that determines the network
performance. For example, by varying the
nanotube density, one can optimize the
optical transparency and electrical resistivity
in nano- and optoelectronic applications.*®
Performance of SWCNTN-based TFTs and
biosensors have also been intimately related
to the nanotube density.>'® However, higher
nanotube densities do not necessarily lead
to better device performance as the primary
factor is the nanoscale electronic connectiv-
ity within the networks.!' The morphological
and connectivity factors are thus strongly
interlinked, yet it remains largely unknown
which SWCNT network arrangements yield
the optimum electrical conduction.

The electron transport through the net-
works is determined by the nanotube—
nanotube and nanotube—metal interac-
tions.'>"* In networks of randomly oriented
SWCNTs, a high intertube contact resistance
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ABSTRACT Effective control of morphol-

ogy and electrical connectivity of networks of

single-walled carbon nanotubes (SWCNTSs) by paraed.
using rough, nanoporous silica supports of Fe

catalyst nanoparticles in catalytic chemical
vapor deposition is demonstrated experi-
mentally. The very high quality of the
nanotubes is evidenced by the G-to-D Raman
peak ratios (>50) within the range of the highest known ratios. Transitions from separated
nanotubes on smooth Si0;, surface to densely interconnected networks on the nanoporous Si0,
are accompanied by an almost two-order of magnitude increase of the nanotube density.
These transitions herald the hardly detectable onset of the nanoscale connectivity and are
confirmed by the microanalysis and electrical measurements. The achieved effective nanotube
interconnection leads to the dramatic, almost three-orders of magnitude decrease of the
SWCNT network resistivity compared to networks of similar density produced by wet
chemistry-based assembly of preformed nanotubes. The growth model, supported by
multiscale, multiphase modeling of SWCNT nucleation reveals multiple constructive roles of
the porous catalyst support in facilitating the catalyst saturation and SWCNT nucleation,
consistent with the observed higher density of longer nanotubes. The associated mechanisms
are related to the unique surface conditions (roughness, wettability, and reduced catalyst
coalescence) on the porous Si0, and the increased carbon supply through the supporting
porous structure. This approach is promising for the direct integration of SWCNT networks into
Si-based nanodevice platforms and multiple applications ranging from nanoelectronics and
energy conversion to bio- and environmental sensing.
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wet chemical processing, catalytic chemical vapor
deposition (CCVD), or combinations thereof. Although
wet chemical processing (e.g., spray coating, spin coat-
ing, Langmuir—Blodgett process, vacuum filtration,
inkjet printing, etc.) offer reasonable control over the
SWCNTN density, the nanotubes are often shortened
and otherwise damaged due to the adverse effects of
surfactants, chemicals, and sonication.'®'” In contrast,
CCVD can produce large-scale SWCNT networks and
preserve the intrinsic nanotube properties. However,
the ability to tailor the density, morphology, and
connectivity of the networks without compromising
the structural quality of the nanotubes still remains a
major challenge in CCVD, mostly because of the many
process parameters (e.g., catalyst, temperature, gas,
and pressure) that affect the SWCNT nucleation
and growth.'®%® Direct integration of SWCNTNs
into the presently dominant Si-based nanodevice
platform is also a significant issue because of the
frequently observed uncontrollable coalescence of
metal catalyst nanoparticles (CNPs) on smooth Si sub-
strates under high-temperature conditions of SWCNT
synthesis.?*

Here we show experimentally that the above chal-
lenges can be resolved by a simple approach wherein
porous silica is used as a Fe CNP support. Not only is
the nanotube density increased by nearly 2 orders of
magnitude but also the SWCNTs become much longer
compared to different cases when smooth SiO, layers
were used as catalyst supports. This in turn enables
effective nanoscale connectivity and dramatically re-
duces the electrical resistivity of the networks. A special
“knotted” morphology is achieved while preserving a
very high structural quality of the nanotubes; these
factors lead to the significantly improved electron
transport through the networks. The proposed growth
model relates these features to the interactions be-
tween the catalyst and the nanoporous SiO; (np-SiO,)
support, which are studied using multiscale, multi-
phase modeling of the SWCNT nucleation and growth.
It is shown that the unique conditions (e.g., surface
energy, wettability, and carbon supply) offered by the
rough surface and the nanoporous interior of the
np-SiO, layer indeed lead to denser and longer nano-
tubes. In addition, sensor devices fabricated using our
SWCNT networks show excellent performance in the
detection of NH; and NO, gases as well as prostate
specific antigen (PSA) cancer biomarker molecules.
These results contribute to the ultimately deterministic
CCVD growth of SWCNT networks for high-perfor-
mance nanodevice applications.

RESULTS AND DISCUSSION

SWCNT Networks on Porous Silica. The porous silica layer
was prepared from the silica sol with a particle size of
about 15 nm, synthesized by the hydrolysis and con-
densation of tetraethyl orthosilicate (TEOS) in ethanol
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solvent. We then coated the porous silica layer onto the
SiO,/Si substrates using the dip-coating method, as
reported previously.”® In general, by using different
starting solutions, we can prepare the porous silica
layer with a range of thickness, pore size, porosity, and
surface roughness (Supporting Information, Figure S1).
Here two coatings were implemented, one was the
thin layer with a thickness of ~150 nm and the other
was slightly thicker, ~170 nm. X-ray photoelectron
spectroscopy (XPS) analyses confirmed that the surface
chemical composition of both coatings was indeed
silica (Supporting Information, Figure S2). Atomic force
microscopy (AFM) and field-emission scanning elec-
tron microscopy (FE-SEM) showed that the surfaces
of both silica layers were of similar roughness and
comprised many silica nanospheres, which coagulated
to form a porous template with a pore size of
20—30 nm and a porosity of ~50% (Supporting In-
formation, Figure S3). The prepared substrates with
porous layers as well as the uncoated SiO,/Si substrates
were then coated with thin Fe catalyst films to grow
SWCNT networks. A “fast-heating” strategy was adopted
to pretreat the catalysts,?® followed by a reduction
step in a coflow of Ar and H,. After that, CH, was
introduced as the carbon-containing precursor and
SWCNTs were grown in an atmospheric-pressure
CCVD. Further details can be found in the Methods
section.

Figure 1 shows the FE-SEM images of the grown
SWCNTs on all substrates. Apparently, one can see
that the density of the nanotubes on these substrates
is very different. The nanotube coverage is only
~0.01 tubes/um? on the uncoated surface but reaches
1—2 tubes/um? on both the thin and thick porous
silica-coated surfaces. Such a striking difference is
clearly seen at the interface between the uncoated
and thin silica-coated layers (Figure 1d and Supporting
Information, Figure S4). Additionally, we noted that
most of the nanotubes grown on the uncoated surface
were short and straight, whereas they appeared much
longer and curly on silica-coated surfaces. These longer
nanotubes tended to form many “knots” in the net-
works, as pointed by arrows in Figure 1b,c. A quite
similar morphology of SWCNTNs has also been ob-
served previously using solution-based catalysts,
where the evaporation of solution may redistribute
the catalyst nanoparticles and form large aggregates
before the actual growth of SWCNTs.?”?8 In contrast, a
uniform catalyst thin film was used in the present work,
facilitating the reproducibility and controllability of the
networks. The effects of such “knotted” morphology on
the nanoscale electronic transport will be discussed
later.

Figure 2a shows typical resonant micro-Raman
spectra of SWCNTs probed at both 514 and 633 nm
laser excitations. While the radial-breathing mode (RBM)
peaks and the tangential G peaks (at ~1590 cm™') are
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Figure 1. SWCNT networks grown on uncoated and porous silica-coated substrates. Nanotubes on (a) uncoated substrate
show a much lower density than on (b) thin and (c) thick porous silica-coated substrates. Arrows in panels b and c indicate the
special “knotted” morphology in the networks. The clear difference in the nanotube density at the interface of uncoated and

thin silica-coated surfaces is also shown in panel d.

clearly shown as the characteristic features of SWCNTSs,
the disorder-associated D peaks (at ~1350 cm™') are
almost indiscernible. The ratio of G/D intensities is
commonly accepted as a crucial parameter in determin-
ing the purity and structural quality of the SWCNTs.
In the present work, the G/D value (>50, with a very low
D intensity) is among the highest values reported in the
literature, indicating a very high quality of the grown
nanotubes.?® As compared to other hydrocarbon (e.g.,
C,H,, CoH,) or alcohol precursors, CH, is thermally stable
at high temperatures® The catalytic decomposition of
CH, therefore dominated over self-pyrolysis, effectively
limiting the deposition of amorphous carbon' The
high-quality SWCNT growth in our experiments can be
attributed to the optimized growth conditions. In parti-
cular, under conditions of the balanced supply of CH,
and H,, amorphous carbon can be effectively etched,
and eventually, a structural defect-free growth (e.g.
without pentagonal or heptagonal carbon rings) can
be achieved.*

We then patterned the Au electrodes on the sur-
face of SWCNT networks and measured the sheet resi-
stance using a two-point electrical probe configuration
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(Figure 2b and Supporting Information, Figure S5).
The resistance is found to be the largest on the
uncoated surface, followed by the thin silica-coated
surface, and the lowest on the thick silica-coated sur-
face, in a good agreement with their respective nano-
tube densities (Figure 2c). Furthermore, the current—
voltage (/I—V) curves of all three networks are shown in
Figure 2d. One can see from this figure that while
the /—V curve is nonlinear on the uncoated surface,
they are almost linear on the porous silica-coated
surfaces.

Itis known that in single nanotube-based devices, a
significant Schottky barrier can form at the nanotube—
metal contact junction.>®* However, when many nano-
tubes are embedded in the metal electrode and
a macroscopic contact is established, as in the case of
the SWCNT networks, the contact resistance becomes
very small as compared to the sheet resistance.'>**
The main contribution in our electrical measurements
is thus from the nanotube—nanotube junctions inside
the networks.'>*®> The linearity of the |-V curves
(ohmic behavior) observed on the porous silica-coated
substrates indicates that the nanotube—nanotube
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Figure 2. Properties of the SWCNT networks. (a) Typical Raman spectra of the nanotubes grown on the thin silica-coated
substrate probed at 514 and 633 nm laser excitations. Very strong G-peak and almost diminishing D-peak are observed.
Asterisks (x) in the radial-breathing mode (RBM) band denote the peaks from the porous silica. (b) A schematic diagram of the
electrical measurement setup. (c) The sheet resistance and (d) the -V curves of SWCNT networks grown on the uncoated,
thin, and thick silica-coated substrates. Inset in panel d is the enlarged plot in the uncoated substrate case.

junction resistance is greatly reduced as compared
to the samples with high Schottky barriers. We
emphasize that such a clearly ohmic behavior has
previously been found only in networks either made
of a highly pure metallic SWCNTs or when the nano-
tube density is very high (>10 tubes/um?); in these
cases a very small intertube junction resistance is
expected 337

Recently, Sun et al. demonstrated that long (>10 um)
nanotubes connected in a Y-junction morphology
showed a low resistance and a high carrier mobility."*
In a similar manner, we conclude that the “knotted”
morphology, as mentioned earlier, significantly contrib-
uted to a large junction area and a strong coupling of
electronic carriers in the present networks.'” ' These
“knots” could therefore dramatically reduce the sheet
resistance and result in the observed ohmic behavior.
Indeed, the resistance of our SWCNT networks is
almost 3 orders of magnitude lower compared to
typical solution-processed networks with a similar
density.3” 3% Interesting, this special “knotted” mor-
phology was not found in the C,H,-assisted growth
on a flat substrate, although the nanotube density is
comparable in both cases.' Sun et al. showed that long
nanotubes formed the Y-junctions only when collected
on the porous membrane filter but not on the flat
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Si0,/Si substrate.'® Therefore, the nanoporous silica
catalyst support in the current case has most likely
enabled the formation of the observed “knotted”
SWCNT morphology shown in Figure 1.

It is worth mentioning that in order for SWCNT
networks to be useable in functional nanodevices,
a nanotube density higher than the percolation
threshold is required so that the electron transport
across the networks could be effectively sensed and
manipulated.*® The percolation threshold defines the
onset of conductive pathways formed in the networks.
Using the stick model,'* the percolation threshold of
SWCNT networks is oy, = 4.24%/(tLent?), Where Lenr is
the average length of the nanotubes. Analyzing the
morphological features in Figure 1, we estimated py,
to be 0.06 tubes/um? for the networks grown on the
uncoated surface. This value is much higher than the
actual nanotube density (~0.01 tubes/um?, Figure 1a).
This indicates that no percolation pathway could
be formed on the uncoated SiO, surface. On the
other hand, pg, is only 0.01 tubes/um? for the SWCNT
networks on the porous silica-coated surfaces due
to a larger Lyt As the observed nanotube density
(1—2 tubes/um?®) on these surfaces is almost 2 orders
of magnitude larger than the percolation threshold,
many percolation pathways are formed in the
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networks. These estimates are in a good agree-
ment with their respective electrical measurements
(Figure 2¢).

We emphasize that the nanotube density on the
porous silica-coated substrates is within the desirable
range of many functional devices, including flexible
electronics, transparent conductive coatings, and elec-
trochemical sensors. The optimized density of these
devices is typically 0.5—3 tubes/um?3°~** Given the
controllable density together with the high nano-
tube quality, the special “knotted” morphology, and
the good connectivity at the nanoscale, the SWCNT
networks produced on the porous silica support are
highly promising for these applications. Additionally,
our method of preparing the nanoporous silica layer is
simple, inexpensive, and environmentally friendly as
compared to other methods such as electrochemical
etching.*® The nanoporous silica support is also ther-
mally stable and compatible with the current semi-
conductor technologies, in contrast to other nonsilicon
materials (e.g., Al;05 and TiO,). It has been used as a
low-k dielectric material in electronic nanodevices and
is scalable toward large-size wafers for multiplexed
devices using the conventional techniques such as
photolithographic patterning and plasma etching.*®
The next step in the direction is to improve control
over the metallic-to-semiconducting nanotube ratio
in the networks to further improve their electrical
performance.*” ~*°

Growth Model: Effects of Nanoporous Silica. To explain
the significant roles the nanoporous silica layer played
in the growth of SWCNTSs, we propose a growth model
which accounts for the unique interactions between
the Fe catalyst nanoparticles and the porous support. It
is generally assumed that the Fe catalyst nanoparticles
arein aliquid state during the growth of SWCNTs in the
CCVD process, although other catalysts (such as Al,Os,
SiO,, and nanodiamond) may remain in solid state
at high temperatures.*® The widely accepted growth
model, based on the vapor—liquid—solid (VLS) me-
chanism proposed for the growth of semiconducting
nanowires, states that the growth of SWCNTSs includes
three stages: the nucleation stage, the growth stage,
and the termination stage.?'?**' At first, carbon-
containing gas or its derivatives adsorb onto the
catalyst or the substrate surfaces and dissociate into
atomic or molecular carbon species; nucleation occurs
as these carbon species diffuse into the catalyst nano-
particles, reach a supersaturated state, and then seg-
regate from the surface of nanoparticles to form a
nanotube cap;>*** subsequently, the growth of nano-
tubes is sustained by the continuous incorporation of
carbon atoms via bulk and/or surface diffusions. From
the VLS mechanism, it is implied that a larger number
of active catalyst nanoparticles and a more effective
carbon diffusion lead to higher nucleation densities
and growth rates of the nanotubes.

HAN ET AL.

Our model compares two different nucleation and
growth scenarios on the flat and porous surfaces. First,
in contrast to the flat surface, a porous surface could
provide appropriate interactions (neither too strong
nor too weak) to effectively restrict surface diffusion
and decrease the catalyst nanoparticle (CNP) coales-
cence, a kinetic process that is detrimental to the
growth of high-density patterns of thin single-walled
carbon nanotubes.>® This may lead to a higher density
of catalytically active nanoparticles with a much nar-
rower size distribution,?>>* as illustrated in Figure 3a,b.
Second, the porous support provides an additional
channel for carbon diffusion to the catalyst nanoparti-
cles supported by the porous surface. Owing to the
porous structure, carbon-containing species can dif-
fuse into the underneath support layer and reach the
bottom surface of the catalyst nanoparticles, thereby
delivering more precursors for the nucleation and
growth of SWCNTs (Figure 3c,d). In contrast, carbon
precursor species can only be delivered through the
open surface area and perimeter of CNPs when the
nanotubes are grown on the flat surface.>

Given the higher-density of catalyst nanoparticles,
reduced coalescence rate, and the improved pre-
cursor delivery, the nucleation of carbon nanotubes
can be greatly enhanced and the lifetime of catalyst
nanoparticles can be prolonged. As expected, these
effects result in high-density and morphologi-
cally controlled nanotubes grown on the porous
silica surfaces, consistent with our experimental
observations.

Results of Numerical Modeling. To corroborate the
above growth model and further elaborate the numer-
ous advantages of employing a nanoporous silica
support, we have conducted a combinatorial, multi-
phase numerical modeling to reveal the effects of the
surface conditions and the catalyst nanoparticle char-
acteristics on the nucleation and growth of SWCNTSs.
This numerical modeling takes into consideration the
building units (BU) production and transport to catalyst
nanoparticles, energy and matter exchange on the
nanoparticle surface, surface and bulk diffusion of
carbon species, and catalyst nanoparticle saturation,
followed by the bending of a graphene monolayer on
the CNP surface (see insets in Figure 3).>® The effects of
the porous layer were quantified by accounting for the
changed surface roughness (and hence, the contact
angle) as well as by incorporating the additional
delivery of carbon species to CNPs through the porous
network sketched in the inset in Figure 3b (the asso-
ciated carbon flux is denoted Jgp). Some of the most
important parameters, including the energy barrier for
nucleation (AH*), detachment of the graphene layer
(Eg), and the SWCNT growth rate at the initial stage of
nanotube formation (Hc), are calculated and analyzed.
For more details please refer to the Methods section
and the Supporting Information.
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Figure 3. lllustrations of the roles of the porous silica layer in the growth of SWCNT networks. (a) Low-density catalyst
nanoparticles with a wide size distribution are formed on the flat SiO, substrate; while (b) higher-density, narrowly distributed
catalyst nanoparticles are formed on the porous silica layer. Insets in panels a and b show the surface and bulk diffusions of
CH, species on the catalyst nanoparticles. They also include some of the most important processes in the nucleation and
growth of SWCNTSs, such as thermal dissociation of CH, (TD), bulk (BD), and surface diffusion (SD) of carbon atoms. (c) Limited
gas supply on the flat SiO, substrate, as compared to (d) enhanced precursor diffusion from the porous silica layer. This results
in a more effective nanotube nucleation, faster growth, and eventual reconnection of the nanotubes into a network as
sketched in panel d. Inset in panel c illustrates the less effective detachment of a graphene layer from the large catalyst
nanoparticle. See Methods and Supporting Information for more details.

The main results of numerical modeling are plotted
in Figure 4, where the Fe catalyst radius is a variable in
the range reported in our experiment. We have com-
pared the growth on the flat Si (solid curve) and porous
silica (dashed, dotted, and dash-dotted curves) layers
to explain how the porous layer can promote the
formation of denser and longer nanotube networks
observed in our experiments. As one can see from
Figure 4, the energy barrier for nucleation of a gra-
phene layer (AH*) is much smaller, while the bending
energy for detachment of the graphene layer (Eg) and
the SWCNT growth rate (Hc) become higher (in the
considered range of CNP size), in the porous silica layer
case as compared to the flat SiO, surface. These
differences in the SWCNT nucleation and growth param-
eters are also more pronounced when the catalyst
contact angle a becomes larger due to, for example,
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enhanced surface roughness (see also Supporting In-
formation, Figure $8).>7

The above modeling results can be explained by
noting that a porous surface leads to a better satura-
tion of the catalyst nanoparticles. The rough surface
has a larger active area for the production of a larger
number of the building units (carbon atoms) via
thermal dissociation of precursor hydrocarbon species.
Consequently, the energy barrier for the graphene
layer formation (i.e., the initial SWCNT cap formation)
decreases, the bending of the graphene layer becomes
more effective, and the growth rate increases. These
factors eventually lead to the formation of much
denser and longer SWCNT networks.

Gas and Biomolecular Sensing Applications. One of the
most attractive applications of the random SWCNT
networks is in gas and biomolecular sensing, which is
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Figure 4. Numerical modeling results on the nucleation and
growth of SWCNTSs on both flat and porous surfaces. (a) The
energy barrier for SWCNT nucleation (AH¥), (b) the bending
energy for detachment of a graphene layer (Eg), and
(c) the nanotube growth rate (Hc), are plotted as a func-
tion of the catalyst nanoparticle radius. The cases of both
flat SiO, (solid curve) and porous silica (dashed and dotted,
and dash-dotted curves) surfaces are considered. The
dashed, dotted, and dash-dotted curves in panels a—c
correspond to contact angles o of 40° 65° and 90°,
respectively (see Methods and Supporting Information for
more details).

closely related to environmental monitoring, medical
diagnosis and therapy, public security, and a variety of
industries.>® Because of their large surface-to-volume
ratio (essentially mostly surface atoms) which provides
a greater adsorptive capacity and extremely high
sensitivity of electronic properties (e.g., conductance,
capacitance) to the external environment,®> SWCNTs
are the ideal candidates for achieving a highly sensi-
tive and rapid detection of gas and biomolecular
analytes of interest, ranging from toxic chemical va-
pors to cancer biomarkers. In addition, compared to
individual nanotubes, SWCNT networks can have a
large number of tubes exposed to analytes simulta-
neously, which not only improve the signal-to-
noise ratio and thus the detection limit, but also
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conveniently build large-scale sensing platforms for
multiplexed detection.>®

To demonstrate such applicability of the present
SWCNT networks synthesized with the nanoporous
silica supporting layer, we have fabricated a simple
gas sensing device based on the chemiresistor con-
figuration.>® Briefly, two electrical contacts were de-
posited on the sample surface to act as source and
drain; a resistor (10 k€2) was connected in series with
the sample to limit the current. When exposed to
different gases, the changes in resistance were evalu-
ated as the response of the SWCNT networks. Details
on the device fabrication and the sensing experiments
are given in the Methods section.

Figure 5a plots the room-temperature response of
the sensor device to NH3. One can see that when
exposed to 0.5 ppm level of NH3 in nitrogen, a clear
increase in resistance could be observed. As the
concentration of NH; was adjusted to 5 ppm, the
resistance was significantly increased by about 7%
within a relatively short time (~300 s). The resistance
was further increased by 12% and 19% when 50 and
500 ppm NH; were injected, respectively. A fairly good
recovery to the baseline resistance was followed after
the cutoff of NH3 supply in all exposures.

We previously demonstrated that the CNT yarns,
which were formed by a bundle of small-diameter
multiwalled carbon nanotubes (MWCNTSs) twisted into
a diameter between 20 to 40 um, had a maximum NH;
response of only 1—2% in their pristine form.%°® The
sensitivity obtained in the current device was about 1
order of magnitude higher than that of the CNT yarns,
and was comparable to that of field-effect transistor
(FET)-based sensors based on individual SWCNTs (e.g.,
a 25% reduction in conductance was observed within
300 s when exposed to 10,000 ppm NHs).%" Such a high
sensitivity and good recovery of NHs were plausibly
attributed to the optimized density and the good two-
dimensional nanoscale connectivity, as demonstrated
in the above structural and electrical analyses (see
section SWCNT Networks on Porous Silica). In addition,
the underneath nanoporous silica support might have
also contributed to a better gas diffusion for detection
during the sensing experiments.

Figure 5b plots the room temperature response
of the sensor device when exposed to NO,. Unlike in
the case of NHjs, the resistance of SWCNT networks
decreased very significantly. This is consistent with
the charge transfer mechanism, where in the p-type
SWCNT networks, the electron-withdrawing molecules
(e.g., NO,) would increase the charge carrier density
(holes) and the electron-donating molecules (e.g., NHs)
would decrease the charge carrier density.®’ The re-
sponses have reached ~7%, ~32%, 41%, and 46% for
the exposures of NO, for 0.5, 5, 50, and 500 ppm levels,
respectively. An even higher response of ~65% could
be obtained if the sensor was exposed to 500 ppm NO,
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Figure 5. Performance of gas sensor devices based on the SWCNT networks grown with the nanoporous silica support layer.
The sensor was sequentially exposed to 0.5—500 ppm (ppm) levels of (a) NH; and (b) NO, in nitrogen. At each cycle, the gas
exposure time was set at 300 s, after which the gas was cutoff and 100% nitrogen was let into the chamber for another 300 s.
“On" and “Off” are shown for just one curve but are similar for all four curves. The responses were calculated as the changes in

resistance with respect to the original value.

at the beginning (Supporting Information, Figure S6).
The recovery of the resistance in the cycles of NO,
was typically slow, possibly due to the strong binding
energy of NO, on SWCNTs (~0.8 eV) which impeded
the desorption of NO, from the CNTs after the sensor
was exposed to pure nitrogen atmosphere.>®

Finally, we used the same device to detect the pro-
state specific antigen (PSA), a biomarker for prostate
cancer. The SWCNTs used were in their pristine form
without being functionalized by acid or antibody. We
dispersed the solutions containing PSA molecules at
different concentrations on the SWCNT networks and
applied a constant voltage (1 V) across the source and
the drain. In general, a clear trend in the reduction of
the current (i.e.,, an increase in resistance) was observed
along with the increased concentration of PSA
(Supporting Information, Figure S7). This is likely
caused by the PSA molecules nonspecifically bound
to the surface of SWCNTs due to hydrophobic inter-
actions, m—m stacking, or possibly amino-affinity of
SWCNTs.2 As a result, the conductivity of the sensor
device was altered by the charge transfer of PSA
molecules and the SWCNTSs themselves functioned as
labels for the reliable detection of PSA.

It should be noted that the above sensing results
were obtained by incorporating the pristine SWCNT
networks. We also expected that through further
scaling down the size of the sensors (Supporting
Information, Figure S6), decorating the SWCNTs with
metal (such as Pd, Au) nanoparticles, or fabricating
the interdigitated electrodes (IDEs), the sensitivity of
both gases and biomolecules could be enhanced and
the recovery profile could be improved.5*®* Never-
theless, the current results clearly demonstrate the
great promise of the SWCNT networks with a tailored
density and nanoscale connectivity, which could be
easily realized by incorporating nanoporous silica
as the catalyst supporting layer in the CCVD growth
process.
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CONCLUSIONS

Prior to integrating the SWCNT networks into high-
performance functional devices, one has to meet
specific criteria: the density of the nanotubes in the
networks should exceed the percolation threshold and
be easily variable within the desirable range; the
nanotubes should be of a very high structural quality;
no amorphous carbon contamination should be
found on the SWCNT walls; the electron scattering
and Schottky barriers arising from the nanotube—
nanotube and nanotube—metal junctions should be
minimized.

We have successfully solved these problems by
directly synthesizing the SWCNT networks using nano-
porous silica layers for Fe catalyst nanoparticle support.
The technique of coating the nanoporous silica layers
was simple, inexpensive, and environmentally friendly.
The silica layer was thermally stable as the catalyst
support and compatible with the current semiconduc-
tor technologies. Our results revealed the transition
from separated individual nanotubes to the intercon-
nected networks, thereby heralding the achievement
of the effective morphological and connectivity control
at the nanoscale. High-quality nanotubes with the
special “knotted” network morphology also enabled
the dramatically reduced electrical sheet resistance.
Moreover, the electrical measurements showed the
clearly Ohmic behavior which is normally observed
in networks of much higher density or networks
made of high-purity metallic SWCNTs. Using a multi-
scale, multiphase numerical modeling, we have con-
firmed that the unique surface conditions on the
porous silica and the increased carbon supply through
the porous structure led to denser and longer SWCNTSs.
Further, simple sensing devices based on the SWCNT
networks were fabricated, and their excellent perfor-
mance on detecting a variety of gases and biomole-
cules was demonstrated. These results provide a
simple, yet very effective method to enable effective
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control over the density, morphology, and connectivity
in SWCNT networks and better understand the effects
of catalyst supports on the SWCNT nucleation and

METHODS

Nanoporous Silica Layer. Several methods have been available
in the past for the preparation of nanoporous silica layer,
for example, by electrochemical etching.*>**® Here we used
a simple sol—gel technique. The details of our method can be
found in a previous publication.? Briefly, the silica sol with the
particle size of about 20 nm was first synthesized by the
hydrolysis and condensation of TEOS in ethanol (EtOH) solvent.
The molar ratio of TEOS/EtOH/NHs/H,O used here was
1.0:38:0.54:2.0. Half of the EtOH was mixed with TEOS and the
other half was mixed with ammonia and water and the two
solutions were stirred for 15 min. After that, the solution with
ammonia was dropwise added (with stirring) into the TEOS
solution. Finally, the solution was allowed to stand at room
temperature for a minimum of three days to become a silica sol.
We then coated the silica sol on SiO,/Si substrates with different
thicknesses using the dip-coating method. Depending on the
different molar ratio of the starting solutions, it was possible
to adjust the porous silica layer with different thickness
(50—300 nm), pore size (5—50 nm), porosity, and surface rough-
ness (Supporting Information, Figure S1). In this work, two
coatings were prepared, one was the thin layer with a thickness
of ~150 nm and the other was slightly thicker, ~170 nm, as
measured by ellipsometry (J. A. Woollam, VASE). The root-mean-
square (rms) surface roughness of the two coated surfaces was
similar and confirmed by the AFM measurements. The rms
surface roughness was 1.97 and 2.04 nm for the thin and thick
silica coatings, respectively.

CCVD Growth of SWCNT Networks. The prepared substrates were
coated with a 0.5 nm thick Fe catalyst thin film by magnetron
sputtering (AJA International Co.). The deposition rate was kept
low (~0.01 nm/s) and the substrate was rotated in order to
maintain a uniform coating over arelatively large substrate area.
The preparation of this catalyst system was similar to the spin-
on-catalyst (SOC) and the wet Fe—alumina systems reported
previously.?>* The catalysts were then loaded into a quartz
tube furnace to grow the SWCNT networks.?" In a typical
CCVD process, a “fast-heating” technique was adopted to pre-
treat the catalysts. A 2-in. quartz tube was preheated to the
desirable temperature (T = 900 °C), and then the catalysts were
inserted into the tube center where a zone of ~20 cm had a
uniform and stable temperature. As soon as the catalysts were
inserted, the quartz tube was evacuated to ~10~" Torr within
2 min by a rotary pump. Ar (200 sccm) and H, (200 sccm) were
then introduced into the tube and the pressure was adjusted to
760 Torr using a throttle valve between the tube and the rotary
pump. After 5 min, CH, was added into the Ar/H, flow to start
the growth of SWCNTSs, while the pressure was maintained at
760 Torr by the throttle valve. Finally, the growth was termi-
nated after 10 min by switching off the CH, and H, gases, and
the samples were cooled down to room temperature under a
continuous Ar flow.

Characterization, Microanalysis, And Electrical Measurements. The
field-emission scanning electron microscopy (FE-SEM; Zeiss
Ultra Plus) used 1 keV electron acceleration energy and an
InLens secondary electron detector. The working distance of
high-resolution images was about 2.8 mm. The atomic force
microscopy (AFM; Asylum Research MFP-3D) was operated in a
tapping mode with an Al-coated monolithic silicon probe
(Budget Sensors) which had a force constant of ~5 N/m and a
resonant frequency of ~130 kHz. The resonant micro-Raman
spectroscopy (Renishaw inVia) had a laser spot of ~1 um? and
two laser excitations at 514 nm (Ar laser) and 633 nm (He—Ne
laser) wavelengths. X-ray photoelectron spectroscopy (XPS;
Specs SAGE 150) used the Mg Ko excitation at 1253.6 eV.
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growth, which are important for various advanced
nanoelectronics, energy conversion, and sensing
applications.

In addition, transmission electron microscopy (TEM; Philips
CM120) used 120 keV electron acceleration energy. Samples
for TEM observations were prepared by scratching them from
the substrate surface followed by dispersion in ethanol, which
was then dropped on a holey carbon-coated copper grid (SPI
Supplies) and dried in air.

The Au electrodes deposited on the surface of SWCNT
networks were patterned by photolithography. The mask pat-
tern had a channel width of 20 um and a channel length of
100 um. After photoresist (51813, Shipley) deposition, UV expo-
sure, and development, 50 nm thick Au was deposited by
magnetron sputtering (AJA International, Inc.). Photoresist
was then removed in acetone and the FE-SEM image showed
that the density of the nanotubes was unchanged after these
steps (Supporting Information, Figure S5). The sheet resistance
and /—V curves were then measured by a semiconductor device
analyzer (Agilent B1500A) at room temperature. The sheet
resistance was ~7.5 GQ/O, 67 kQ/O, and 50 kQ/O for the
networks on uncoated, thin, and thick nanoporous silica-coated
surfaces, respectively.

Numerical Modeling. We consider the Fe catalyst-assisted
nucleation of SWCNTs on both porous silica and flat Si/SiO,
layers exposed to Ar+H,+CH, gas mixtures. The combinatorial
model includes the species creation/loss, gas—surface-interaction,
bulk diffusion, graphene layer nucleation, and bending/lift-off
modules.’® Insets in Figure 3a,b show the schematics of the
prevailing thermal building unit creation and diffusion pro-
cesses, such as thermal dissociation (TD), surface (SD), and
bulk (BD) diffusion of the C species on/into the catalyst
nanoparticle and porous layer surfaces (with angles a and f3,
respectively, and the surface temperature T = 900 °C used in
the experiments), and the nucleation of the graphene layer
(which will become the cap of the nanotube). Carbon atoms
could diffuse into the catalyst directly via the catalyst bulk or
indirectly by first diffusing through the bulk of porous layer and
then into the nanoparticle (with fluxes Jyc and Jy,, as sketched in
Figure 3).

A higher concentration of carbon atoms in the catalyst
FeC alloy increases the concentration of carbon atoms on the
catalyst surface, which is favorable for the graphene layer
nucleation, bending, and lift-off.>® The porous silica layer re-
duces the coalescence rate of small Fe nanoparticles and leads
to more effective CNP saturation, in part due to the much higher
rates of TD of hydrocarbon precursors. This strong carbon flux
along with a carbon flux from the porous layer could lead to
more effective FeC alloy saturation and the effective segrega-
tion of a graphene layer. The set of default parameters are gas
temperature T =900 °C, gas pressure P, = 760 Torr, for the gas
mixture of Ar(40%) + CH,4(30%) + H,(30%). More details can be
found in the Supporting Information.

Gas and Biosensing Devices. The as-grown SWCNT networks
were first patterned with two gold electrodes by photolitho-
graphy (Solitec) with a long channel length of 200 um. Here the
chemiresistor configuration was adopted with the two electro-
des acting as source and drain. A resistor of 10 kQ was also
connected in series with the sample to limit the current. The
sample was then mounted onto the testing unit using silver
paste connecting the two gold electrodes and inserted into the
gas sensing apparatus.®® Dry nitrogen was used as the buffer
gas. The resistance of the SWCNT networks was measured using
a Keithley 2000 multimeter and the current limit was set as
10 1A to minimize Joule heating of the sample. When a stable
baseline in resistance was established at the beginning, the
sensor was sequentially exposed to cycles of either NHs or NO,
at concentrations of 0.5, 5, 50, and 500 ppm. For each cycle,
the gas exposure time was set at 300 s, after which the gas was
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cutoff and 100% nitrogen was flown into the chamber for
another 300 s (Figure 5). Responses were calculated as the
changes in resistance with respect to the original baseline,
that is, (R — Ro)/Ro, where R is the measured resistance upon
exposure and Ry is the resistance at baseline.

The same device was used for the detection of prostate
specific antigen (PSA) molecules. The chemiresistor configura-
tion was again adopted. The PSA was diluted in deionized
water instead of the common phosphate buffer solution (PBS)
to avoid the shunt resistance of the PBS solution and increase
the sensitivity.!' No anti-PSA antibody was preincubated on
the device; instead, the pristine SWCNTs were used as the
direct label for the detection of PSA. A drop (10 mL) of the PSA
solution was dispersed on the surface. The circuit current was
measured at different concentrations of PSA (varied from 75 nM
to 7.5 mM) by applying a constant voltage across the source and
drain (1 V).
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