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greatly increases with a decrease in

size,' carbon nanotubes have been pro-
posed as more suitable candidates for the
narrow-line-width interconnects in future cir-
cuits for their higher current-carrying cap-
ability and ballistic transport property.?~>
However, a single-walled carbon nanotube
(SWNT), as a one-dimensional (1D) molecu-
lar wire, has relatively high quantum resis-
tance, which limited their further appli-
cation in the micro- and nanoelectronic
industry.* Theoretical analysis® 8 and ex-
perimental results®>®~"* both have demon-
strated that due to the obvious improve-
ments in the on-driving current, mobility,
and cutoff frequency, a dense parallel SWNT
array has more advantages for the scalable
fabrication of highly integrated circuits,
especially for high-frequency electronics
where impedance matching becomes im-
portant.” On the other hand, earlier studies
showed current-carrying capability differ-
ences between different SWNTs can be
more than 2 orders of magnitude'®~'7 de-
pending on their diameters. In addition,
SWNTs with a diameter larger than 1.4 nm
have been reported to form better contact
with metals having high work functions
such as Pd and Au.'® Moreover, simulations
show carriers in large-diameter SWNTs ex-
hibit higher mobilities at low field and have
a good potential for realizing ballistic
transport.'® 2% Therefore, large-diameter
SWNTs are more desirable for fabricating
reliable SWNT-based interconnects and
logic devices.

In summary, an ideal strategy to optimize
the performance of SWNT-based intercon-
nects and logic devices is to have both high
density and large diameters in SWNT arrays.
In recent years, chemical vapor deposition
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ABSTRACT A dense array of parallel single-walled carbon nanotubes (SWNTs) as the device
channel can carry higher current, be more robust, and have smaller device-to-device variation, thus
is more desirable for and compatible with applications in future highly integrated circuits when
compared with single-tube devices. The density of the parallel SWNT arrays and the diameter of
SWNTSs both are key factors in the determination of the device performance. In this paper, we present
a new multiple-cycle chemical vapor deposition (CVD) method to synthesize horizontally aligned
arrays of SWNTs with densities of 20—40 SWNT/«m over large area and a diameter distribution of
2.4 £ 0.5 nm on the quartz surface based on a methanol/ethanol CVD method. The high nucleation
efficiency of catalyst particles in multiple-cycle CVD processes has been demonstrated to be the main
reason for the improvements in the density of SWNT arrays. More interestingly, we confirmed the
existence of an etching effect, which strongly affects the final products in the multiple-cycle growth.
This etching effect is likely the reason that only large-diameter SWNTs were obtained in the
multiple-cycle (VD growth. Using these high-density and large-diameter nanotube arrays, two-
terminal devices with back-gates were fabricated. The performances of these devices have been
greatly improved in overall resistance and on-state current, which indicates these SWNT arrays have
high potential for applications such as interconnects, high-frequency devices, and high-current
transistors in future micro- or nanoelectronics.

KEYWORDS: single-walled carbon nanotubes - single-crystal quartz - horizontally
aligned arrays - high density - large diameter

(CVD) methods have shown rapid progress
in the growth of perfectly aligned SWNTs on
single crystal wafers such as quartz?' %’ and
sapphire.?® 3% Especially, the density of
the aligned SWNT arrays synthesized on
Y-cut quartz substrates can be as high as
60 SWNTs/um,”* which has never been
achieved on silicon wafer or sapphire. In
addition, SWNTs synthesized on quartz
have very narrow diameter distributions.
For example, SWNTs with 1.1 4+ 0.4 and
1.2 + 0.3 nm diameter distributions were
obtained on quartz substrates by using
methane?* and ethanol®* as carbon feeding
stocks, respectively. We also found that
introducing methanol and ethanol together
into the growth process can shift the
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Scheme 1. Strategy and experimental process illustrations of growing a horizontally aligned SWNT array on quartz substrate

by three-cycle CVD growth.

Figure 1. SEM images with different magnifications of a horizontally aligned array of SWNTs with highly dense packing on
single-crystal quartz surface after a typical three-cycle methanol/ethanol CVD growth.

average SWNT diameter from 1.2 to 1.65 nm.*® There-
fore, methanol/ethanol CVD is currently the best op-
tion to grow large-diameter SWNTs on quartz
substrates. However, the typical density of SWNT arrays
made by this method is ~5 SWNT/um,*® although in
some areas the density can be as high as 20 SWNT/
um.3" However, the uniformity of the sample is not
satisfactory.

In the paper, we demonstrate a new multiple-cycle
CVD method to successfully synthesize ultra-high-
density and large-diameter arrays of SWNTSs over large
areas and with high uniformity on the quartz surface.

ZHOU ET AL.

The growth conditions of multiple-cycle growth are
similar to the methanol/ethanol CVD method,? but
the carbon precursor feedstock was stopped for a short
period intermittently (shown in Scheme 1). After a
typical three-cycle growth, we found that the density
of the nanotube arrays can be improved to 20—
40 SWNTs/um, which is 3—4 times higher than samples
made by one-time growth. At the same time, the
diameters of SWNTs showed an obvious increase. The
distribution is 2.4 4 0.5 nm. As a result of the improved
density and diameter of SWNTs, the average per-um-
width resistance of the devices made from these arrays
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Figure 2. AFM images (a—c) of the sample shown in Figure 1 with a density of 20—40 SWNT/um. In some areas SWNTs are so
close to each other that they form a continual monolayer film. HRTEM images (d—f) and corresponding Raman spectra

(h) verified that in this sample SWNTs were synthesized and have large diameters. The Raman spectra were collected from
15 different spots on the sample surface with an excitation laser line of 633 nm. The peaks marked by blue stars in the Raman
spectra are sourced from single-crystal quartz substrate. A histogram (g) of diameter distribution of this SWNT array was obtained
by measuring over 120 SWNTs from HRTEM images. The average diameter is 2.4 nm, and standard deviation is 0.5 nm.

is ~12 times lower than that of the devices made from
SWNT arrays from one-time growth. Furthermore, the
on-state current densities of back-gated FETs made
from these SWNT arrays are also very high, up to 220
uA/um. These results not only improved the perfor-
mances of the fabricated devices but also provided
important information on the growth mechanism of
carbon nanotubes under a condition where growth
and etching processes compete with each other.

RESULTS AND DISCUSSION

The design of the multiple-cycle growth method is
motivated by our earlier study on orthogonal growth of
nanotubes on Y-cut quartz surface, > where we found
horizontally aligned SWNTSs can grow between nanotube
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forests in the second CVD process without the need to
add new catalysts. This observation indicates that at least
part of catalyst particles can keep their catalytic activities
even after a CVD growth process. We speculate that these
catalysts can be reactivated to nucleate new nanotubes if
we somehow restart the growth step. To confirm this
hypothesis, we designed and tested multiple CVD growth
cycles using the methanol/ethanol CVD method origin-
ally used for growing horizontally aligned nanotubes on
quartz (Scheme 1). By analyzing SEM and AFM results, we
discovered that this three-cycle growth method is a
simple but effective way to improve the density of SWNT
arrays on quartz wafers.

SEM images (Figure 1) show a horizontally aligned
SWNT array with highly dense packing uniformly
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Figure 3. SEM images of horizontally aligned SWNT arrays synthesized on quartz surface by normal one-time growth (a, b),
two-cycle growth (c, d), three-cycle growth (e, f), and four-cycle growth (g, h) under the same CVD conditions.

covering the surface after a typical three-cycle CVD
growth. The density of the aligned SWNTs is so high
that we are not able to measure the density of the
SWNT array by SEM. AFM, as a higher resolution tool,
was used to further characterize the SWNT arrays. AFM
images (Figure 2a—c) show that the density of the array
is 20—40 SWNTs/um. In some areas, SWNTs almost for-
med a continuous monolayer, and it is hard to distin-
guish the isolated SWNTs in AFM images (shown in
Figure 2a and b). The radial breathing mode (RBM)
peaks frequently detected in the low-frequency re-
gime and low peak intensity ratio of the D band over
the G band in the Raman spectra (Figure 2h) verified
that SWNTSs were synthesized on the quartz surface. In
order to more accurately measure the diameter of
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nanotubes, the SWNT array was transferred onto a
copper grid for HRTEM characterization. By measuring
more than 120 nanotubes, we found the diameter
distribution (shown in Figure 2g) is 2.4 & 0.5 nm; only
three nanotubes have diameters below 1.4 nm, and the
minimum size is 1.2 nm. According to HRTEM results
(shown in Figure 2d—f), no few-walled carbon nano-
tubes (FWNTSs) can be found even when the nanotube
is larger than 3 nm.

Even though an obvious increase in SWNT density
has been achieved by the multiple-cycle CVD method,
it is necessary and important for us to further investi-
gate the detailed mechanism. Many studies of SWNT
growth have shown that a key factor for the high-yield
growth of SWNTs is to activate more catalyst particles
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Figure 4. SEM images of SWNTs grown from the same catalyst lines after the first CVD growth (a) and after the second CVD
growth (b). The nanotubes marked with red arrows were synthesized in the second CVD growth. The nanotubes marked with
black arrows were partially etched in the second CVD growth. The scale bars in both images are 10 um.

to nucleate SWNTSs at the beginning stage of the CVD
process.>*3> For a normal one-time growth, catalyst
particles have only one chance to nucleate SWNT, but
for a three-cycle growth, catalyst particles have more
chances, which means higher probability for these
catalysts to be activated. We propose that at the begin-
ning stage of every CVD growth cycle there are always
some new catalyst particles starting to grow SWNTs, so
the percentage of catalyst particles activated in all
three growth cycles is much higher than in one-time
growth. To verify our hypothesis, we performed one-
time growth, two-cycle growth, and four-cycle growth
respectively on different samples and under the same
CVD conditions. SEM images (Figure 3) show the
density of SWNT arrays gradually increased from 5 to
10 SWNTs/um for one-time growth to 10—20 SWNTs/
um for two-cycle growth and then reached the highest
value (20—40 SWNTs/um) for three-cycle growth. More
nanotubes gradually grew out from catalyst regions.
Therefore, multiple-cycle CVD is an effective way to
enhance the catalyst efficiency.

In order to further confirm this hypothesis, a con-
trolled experiment comparing the growth results in the
same area of the quartz wafer after the first-cycle
growth and after the second-cycle growth has been
conducted. The sample was taken out from the furnace
after the first-cycle growth for SEM characterization
and then put back into the furnace for the second
growth under the same CVD conditions. Low-density
SWNT arrays were synthesized under a chosen CVD
condition in this experiment for a better comparison
using SEM characterization. As shown in Figure 4b,
after the second CVD cycle nine new SWNTs marked
with red arrows grew out from the same catalyst area
on the wafer after the first CVD growth, which directly
verifies that more catalyst particles were activated in
multiple-cycle CVD growth. This result is in good
agreement with our previous results on orthogonal
growth of nanotubes on Y-cut quartz surfaces.

Another interesting phenomenon is that after a four-
cycle growth experiment, the density of SWNTSs started
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to decrease and the density is even lower than the one-
time growth result. This means many nanotubes were
etched away in the fourth CVD cycle. In fact, we have
also noticed in Figure 4b that in addition to the growth
of nine new nanotubes there are seven existing nano-
tubes partially etched after the second CVD cycle,
which are marked by black arrows. Therefore, we
believe there are two simultaneous reactions in the
nanotube growth environment, etching and growing,
that compete with each other. In the fourth growth
cycle, the etching effect starts to dominate over the
growth, thus resulting in the decrease of SWNT density.
This etching effect has not been carefully studied yet, but
we speculate that it is from —OH groups because the
oxygen atoms in —OH groups have a weak oxidation
function and can react with amorphous carbon. 3632

In order to further investigate the etching effect, we
changed the three-cycle growth conditions by only
stopping ethanol and H, flow but keeping methanol/
Ar flow as the protecting gas in the off stage between
the two CVD growth steps. The results (Figure S1 in the
Supporting Information) show that only a limited
number of short nanotubes were synthesized, which
means methanol has an obvious etching effect on
carbon nanotubes at 900 °C and further indicates the
—OH group can react with not only amorphous carbon
but also carbon nanotubes. Moreover, we believe the
etching effect plays a very important role in determin-
ing the diameter distribution of SWNTs because small-
diameter carbon nanotubes are less stable than large-
diameter nanotubes and thus can be preferentially
etched by —OH species.®

Compared to the one-time growth result, the nano-
tubes synthesized by three-cycle growth have much
larger diameters and higher density, which are more
suitable for fabrication of interconnects or transistors in
electrical circuits. Figure 5a and b show the layout
design and a photo image of a two-terminal device
group composed of four devices with a channel length
of ~2 um and with different widths, which are ~5, ~10,
~10, and ~50 um, respectively. Ten groups (total
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Figure 5. Schematic layout (a) and photo image (b) of a two-terminal device group composed of four devices with the channel
length of ~2 um and the different widths of ~5, ~10, ~10, and ~50 um, respectively. Ti (1.2 nm)/Pd (20 nm)/Au (40 nm) were
used as contact metals. The SWNTs in the dashed line area of (a) were removed by O, plasma etching. (c) Current—voltage
characteristics of the representative devices with channel widths of ~10 xm made by three-cycle growth sample (red curve)
and one-time growth sample (blue curve). (d) Corresponding AFM image of the device in (c). Histograms of output current
density distribution (e) and per-um-in-width resistance distribution (f) of the 40 devices made by a three-cycle growth sample.
(g) Histogram of per-um-in-width resistance distribution of the 40 devices made by a one-time growth sample.

40 devices) were fabricated for more accurately esti-
mating the performances of those devices. The differ-
ent width electrodes were designed for testing the
uniformity of the SWNT array, but we found all devices
show very high output current densities and low per-
width resistances. The histogram (shown in Figure 5e)
obtained by measuring all 40 devices shows that the
distribution of output current density at 1V voltage is
81.1 &£ 35.1 uA/um, with the highest value being 174.1
uA/um. The AFM image of a representative device with
the width of 10 um and its current—voltage character-
istics are shown in Figure 5c and d.

The distribution of the per-um-in-width resistan-
ces for ultra-high-density SWNT array based devices
(shown in Figure 5f) is 13.8 & 5 kQ, and the lowest
observed value in our experiment is 5.7 kQ. We also
measured another 40 devices with the same config-
urations made by one-time growth samples with a
typical density of ~5 SWNT/um and found the currents
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are much lower (representative current—voltage char-
acteristics are shown in Figure 5c). The distribution of
the per-um-in-width resistances is shown in Figure 5g.
The average value is 187.8 kQ (shown in Figure 5g),
which is ~12 times higher than that of ultra-high-
density SWNT array based devices. According to the
current—voltage measurement results, the high out-
put current and low resistance are attributed to
not only the density increase of 3—4 times but also
the diameter increase, which further confirms that a
large-diameter carbon nanotube can form better
contacts.

Atthe same time, the performances of FETs based on
an ultra-high-density SWNT array also were tested
using silicon back-gating. The distribution of on-state
current density is 108.9 £ 42.6 uA/um, and the highest
value observed in our experiments is 220 uA/um
(shown in Figure 6c). It is also much higher than the
current density of FETs made using a one-time growth
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Figure 6. Transfer characteristics (a) and output characteristics (b) of a representative back-gated FET with the channel width
of ~10 um based on the SWNT array synthesized by three-cycle growth. Histograms of on-state current density distributions
of the devices based on the SWNT array synthesized by three-cycle growth (c) and the SWNT array with a density of ~5 SWNT/
um synthesized by one-time growth (d). For every histogram, 40 transistors were measured. The currents were measured at

Vgs=—38Vand Vg =1V.

sample. However, the on/off ratios of FET are 2—4
(transfer characteristics of a representative FET are
shown in Figure 6a), which is much lower than the
one-time growth result previously reported (~20).%>
We also found that the on/off ratio cannot be improved
by the electrical breakdown technique even when the
on-state current of the devices degraded over 90%. We
speculate that this is due to the high percentage of
larger diameter SWNTs in the three-cycle growth sam-
ple. Although large-diameter SWNTs form a lower
Schottky barrier with the contact metal and can carry
higher current, the large-diameter-SWNTs-based FETs
often showed a low on/off ratio because the large
diameter also can result in a large leakage current.*®4’
The detailed reason for the on/off ratio decrease of the
device is under further investigation. However, the
high current-carrying capability of these aligned
large-diameter nanotubes makes them interesting
candidates for interconnects in high-frequency devices
and antennas.*

CONCLUSION

In conclusion, we have successfully synthesized hor-
izontally aligned SWNT arrays with high density and large
diameters using multiple-cycle CVD growth. The density
is around 20—40 SWNTs/um. In some regions, SWNTs are
very close to each other and almost form a continuous
monolayer. HRTEM results verified single-walled carbon

ZHOU ET AL.

nanotubes were synthesized and show the diameter
distribution of SWNTs in the array is 24 4+ 0.5 nm. We
attribute the density increase of the SWNT array to the
high efficiency of catalyst particles because more catalyst
particles can be activated during the multiple CVD cycles,
and we further confirm this hypothesis by a comparison
of one-, two-, three-, and four-cycle growth results and
in situ analysis of SEM images of the same catalyst area on
a quartz wafer after the first and the second growth. The
multiple-cycle CVD growth is a simple but universal
method and could be a way to realize highly efficient
growth of carbon nanotubes. At the same time, we found
etching effect of —OH groups in the multiple-cycle
growth, which resulted in the density decrease after four-
cycle growth and probably is the reason for selective
growth of large-diameter SWNTSs in three-cycle growth.
Based on this ultra-high-density and large-diameter
SWNT array, two-terminal devices with high output
currents and low resistances were fabricated. Using
silicon back-gating, transfer characteristics of the de-
vices were measured and show the on-state current
density is up to ~220 uA/um. Very recently, Zhou's
group at the University of Southern California showed
that aligned-nanotube-based devices with a 0.5 um
channel length exhibited an on-current density of
924 uA/um before removing metallic nanotubes,
which was the highest value prior to this work.”’
Although the on/off ratio is lower than the one-time
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growth result due to a high percentage of large-
diameter nanotubes in the arrays, this highly dense

METHODS

Multiple-Cycle (VD Growth Process. The strategy is shown in
Scheme 1. In a typical experiment, CuCl,/poly(vinylpyrrolidone)
used as catalyst precursor was patterned on Y-cut quartz wafers
first following a procedure described previously.>* The quartz
wafers were calcined at 720 °C in air for 20 min to remove
photoresist and form Cu,O, nanoparticles. After cooling down
to room temperature, the furnace was heated to 775 °C and left
at 775 °C for 15 min in a H, atmosphere, followed by the CVD
growth of SWNTs at 900 °C. A flow of hydrogen (360 sccm) and
argon (60—75 sccm through an ethanol bubbler and 300 sccm
through a methanol bubbler) was introduced into the system
for 10 min. Then the furnace was left at 900 °C for 3 min, and
high-flow-rate Ar gas (600 sccm) was introduced for flushing the
chamber and removing H, gas and alcohol vapor. This is the first
growth cycle. The next CVD-growth cycle condition is the same
as the first cycle, but the growth time was changed to 5 min.
Typically, we performed three cycles in a CVD-growth
procedure.

Fabrication of the Devices Based on SWNT Arrays. SWNT arrays
were transferred onto a silicon wafer with a 100 nm SiO, layer
before the fabrication of devices following a published
precedure.? Two-terminal devices are patterned by a standard
e-beam lithography (EBL) process. Ti (1.2 nm)/Pd (20 nm)/Au
(40 nm) were deposited by e-beam evaporation, followed by a
lift-off process to form contact electrodes. Another EBL process
and O, plasma etching were used to remove the shortening
nanotubes outside the device channel region. A back-side Si
gate was used for measuring the performances of FETs. A
Keithley 4200-SCS semiconductor characterization system was
used for measuring the electrical characteristics.

Characterization. A scanning electron microscope (SEM, FEI
XL30 S-FEG, operated at 1 or 1.5 kV), an atomic force microscope
(AFM, Digital Instruments Multi-Mode SPM Nanoscope llla,
operated at tapping-mode), a high-resolution transmission
electron microscope (HRTEM, Tecnai F20 FEG-TEM, operated
at 200 kV), and a micro-Raman spectroscope (Horiba Jobin Yvon
LabRam ARAMIS) were used to characterize the produced
SWNTs. The excitation wavelength of the micro-Raman is
633 nm. For HRTEM characterization, the samples were
transferred from quartz wafers onto the Cu grids.
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