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Abstract A pulse plasma chemical vapor deposition
(CVD) technique was developed for improving the growth
yield of single-walled carbon nanotubes (SWNTs) with a
narrow chirality distribution. The growth yield of the
SWNTs could be improved by repetitive short duration
pulse plasma CVD, while maintaining the initial narrow
chirality distribution. Detailed growth dynamics is dis-
cussed based on a systematic investigation by changing the
pulse parameters. The growth of SWNTs with a narrow
chirality distribution could be controlled by the difference
in the nucleation time required using catalysts comprising
relatively small or large particles as the key factor. The
nucleation can be controlled by adjusting the pulse on/off
time ratio and the total processing time.

Keywords single-walled carbon nanotubes, chirality-
controlled synthesis, pulse plasma chemical vapor deposi-
tion

1 Introduction

Owing to their excellent electrical and optical properties,
single-walled carbon nanotubes (SWNTs) [1,2] are
expected to be utilized in a wide range of applications
such as in thin film transistors, photodetectors in the THz
range, and chemical sensors [3—5]. Over the last two
decades, the selective growth of SWNTs with specific
chirality, which determines the physical and chemical
properties of the SWNTs such as their bandgap, carrier
mobility, quantum yield, and chemical reactivity, has been
regarded as a critical issue. Owing to the recent progress in
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the catalyzed growth of SWNTSs, significant improvements
in the control of their chirality have been achieved, leading
to the fabrication of SWNTs with a narrow chirality
distribution. Using various kinds of catalysts, such as bi-
metallic catalysts comprising Co and Mo (CoMoCAT),
SWNTs with (6,5), (7,5), and (7,6) chirality can be grown
preferentially [6]. The addition of a small amount of
impurities such as Mn and Cr to Co can result in the
formation of (6,5) dominant SWNTs [7,8]. Au-catalyzed
growth with hydrogen-assisted plasma chemical vapor
deposition (CVD) can lead to the preferential formation of
(6,5) SWNTs [9]. On mixing S with Co, (9,8) SWNTs can
be obtained [10]. SWNTs with (14,10) and (15,8) chirality
and a relatively large diameter (d) can be grown
predominantly using Rh catalysts [11]. The highly crystal-
line Co,Mg; _,O catalyst can furnish (6,5), (7,6), and (9,4)
SWNTs [12]. W-based bi-metallic alloy catalysts maintain
their crystalline structures during nucleation, and catalyze
the formation of (12,6), (14,4), and (16,0) SWNTs with
high selectivity [13—15]. Recently, our group developed a
novel chirality-controlled method based on controlling the
surface state of the catalyst for the growth of SWNTs. By
controlling the degree of oxidation of the surface of a Co
catalyst, we accomplished the preferential synthesis of
(6,4) SWNTs for the first time [16]. The aforementioned
studies were mainly focused on controlling the catalyst. By
controlling the morphology and chemical component of
the catalyst, the dominant chirality of the SWNT could be
determined. To further tune the chiral species among the
dominant chiralities towards achieving a narrow chirality
distribution, studies on the CVD process are carried out.
Elemental parameters such as the CVD temperature
[17,18] and gas sources [19] are found to influence the
diameter distribution of the SWNTs. The CVD pressure,
which changes the carbon supply, also influences the
chirality distribution of SWNTs [20]. Some novel studies
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have shown that the chirality of SWNTs can be controlled
by controlling the charge transfer as well [21]. Our group
has reported the growth of SWNTs with a narrow chirality
distribution by controlling the gas phase reaction using
very short duration (~few seconds) plasma CVD
(Fig. 1(a)). Thereby, small-diameter SWNTs were prefer-
entially nucleated, resulting in the predominant growth of
(7,6) and (8,4) SWNTSs [22]. This technique is based on the
concept of nucleation dynamics, where smaller catalyst
particles preferentially nucleate faster than the larger ones,
owing to the difference in the incubation time. This
approach is useful for obtaining SWNT species with
specific chirality. However, the amount of SWNTs that can
be grown in a single experiment is very small because of
the short growth time.

These recent progresses in the synthesis of SWNTs with
selective chirality have furnished materials for fundamen-
tal studies. Thus, the synthesis of SWNTs should move to
the next stage, which is how to use these chirality-selective
SWNTs in practical devices. For this purpose, it is very
important to achieve large-scale synthesis of SWNTs with
a specific chirality. Thus, it is imperative to develop a
method that can increase the growth yield of SWNTs while
the high chiral selectivity is maintained.

To address this issue, in this study, we extend the
specific time-scale gas-phase reaction-controlled method
for scaling up the production of SWNTs with a narrow
chirality distribution. In the proposed method, short-
duration plasma CVD, termed as pulse plasma CVD, is
employed with multiple repetitions. This can increase the
amount of SWNTs grown while maintaining the original
narrow chirality distribution. We also investigate the
mechanism of the growth of SWNTs during the pulse
plasma CVD, revealing that the initially nucleated SWNTs
continuously grow in the axial direction with repetitive
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pulse plasma cycles. This novel approach is promising for
the high-yield synthesis of SWNTSs with a narrow chirality
distribution.

2 Materials and methods

A custom-made plasma CVD system was used for
diffusion plasma CVD, which is the same apparatus used
in our former research [23]. Before growing the SWNTs by
plasma CVD, an electric furnace was heated to the desired
temperature (center area of the electric furnace was
typically at ~600°C). When furnace reached the desired
temperature, CH4 (20 sccm; 32 Pa) was flown into it. The
catalyst holder was then immediately transferred to the
central area of the furnace and heated rapidly. When the
catalyst holder was heated to the growth temperature, the
pressure was adjusted to 60 Pa. Afterwards, radio
frequency power of 28 W (13.56 MHz) was supplied to
the coils outside the quartz tube to generate the CHy4
plasma in the plasma generation zone located 45 cm away
from the center of the furnace. A typical plasma irradiation
time of 2 min was employed. After plasma CVD, the
power supply to the furnace was turned off, which led to
the drop in the temperature of the catalyst holder. When the
temperature of the catalyst holder decreased to 500°C, the
supply of CH4 gas was discontinued and the substrate was
removed from the central area of the electrical furnace. The
sample was taken out when the temperature of the catalyst
holder dropped below 100°C.

Two types of catalysts were used in this study. For
Raman mapping, a thin Co film deposited on a SiO,/Si
substrate was used as the catalyst. For the photolumines-
cence excitation (PLE) measurement, a zeolite-supported
Co (CoMo) catalyst [24,25] was used. This catalyst was
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Fig. 1 (a,b) Model for the growth of SWNTs with (a) long and (b) short growth times; (c¢) Imaging model of SWNT growth using the

new pulse plasma CVD method.
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prepared as follows: first, 0.5 wt-% acetate tetrahydrate (or
0.5 wt-% acetate dimer) was mixed with ferrierite zeolite
(1 g). Then, the prepared solid catalyst was dispersed in
20 mL ethanol through ultrasonication for 15 min. After
that, it was heated at 80°C for 24 h under atmospheric
conditions.

The prepared SWNT samples and catalysts were
characterized by scanning electron microscopy (SEM;
SU-70, Hitachi, Japan), atomic force microscopy (AFM;
JSPM-5400, JEOL, Japan), and Raman scattering spectro-
scopy [26] (HR-800, Horiba, Japan) using 488 nm Ar laser
and 632 nm He-Ne laser excitation sources. The chirality
of the SWNTSs was evaluated via UV-vis-NIR spectroscopy
(V-7200HK, JASCO, Japan) and PLE mapping [27,28]
(NanoLog, Horiba, Japan). A 450 W Xe lamp emitting in
the 500—800 nm range was used as the excitation light in
4 nm steps. The photoluminescence (PL) spectra were
recorded using a liquid-nitrogen-cooled InGaAs array
detector in the 900-1400 nm range at room temperature.
The slit width used for emission and excitation was 10 nm.
The length of the SWNTs was estimated from AFM
images. For this, the SWNTs were dispersed in sodium
cholate deuterium oxide solution using an ultrasonic
homogenizer. Then, a Si substrate was soaked in the
solution, rinsed with water, and dried. Tapping mode AFM
was used to acquire images of the SWNTs on the Si
substrate under ambient conditions.
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3 Results and discussion

3.1 Growth of SWNTs with narrow chirality distribution by
pulse plasma CVD

Repetitive Raman mapping was used to identify the effect
of pulse plasma CVD on the structural distribution of the
SWNTs. Here, we used exactly the same substrate and
same position in order to monitor the temporal evolution of
the SWNT structures as a function of the pulse parameters.
One pulse was fixed at 5 s on and 20 s off. Figures 2(a—f)
show the Raman mapping, that is, the intensity of the G-
band (/g) as a function of repetitive pulse plasma CVD up
to 24 times. Before the pulse plasma CVD process, a
marker was placed on the growing substrate, which
enabled repeated measurement at the same spot. Because
I 1is linearly proportional to the graphitic area within the
laser spot, /g can be used as a parameter for monitoring the
growth yield. Note that all Raman measurements were
carried out under the same measurement conditions (i.e.,
using the same laser power, accumulation time, and
mapping resolution). The I gradually increased with
repetitive pulse plasma CVD, indicating that SWNT
growth continued even after multiple repetitions of the
pulse plasma CVD. The intensity of the D-band (/p) did
not change with repeated pulse cycles, indicating the
quality of the SWNTSs grown by this pulse plasma CVD to
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Fig. 2 (a—0) Raman measurement of SWNT growth with 6, 12, and 24 pulse repetitions; (a—c) G-band mapping; (b—f) corresponding
Raman spectrum is marked in the map using a red cross; (i-0) RBM mapping at wavelengths of 300 cm ! (g—m) and 200 cm ! (h-n), and
the corresponding RBM; (p) Yield and diameter distribution of SWNTSs synthesized by pulse plasma CVD and continuous plasma CVD

based on Raman measurement.



488

be as high as that of SWNTs grown by conventional CVD
[29]. The Raman mapping data were analyzed in different
Raman modes. The radial breathing mode (RBM) (w),
ranging from 100 to 400 cm™, provides information on the
diameter (d) of the SWNTs (w = 248/d). Two different
RBMs (w; =300 cm™ and w, =200 cm™) were selected to
represent the small and large diameters, respectively.
Mapping of the intensity of the w; mode (/,,1) revealed that
the intensity increased with repetitive CVD pulses,
implying that the small-diameter SWNTs grew continu-
ously with repeated pulse plasma CVD. Conversely,
mapping of the intensity of the w, (/,,) mode showed
almost negligible changes in the peak even after 24
repetitions. This indicates that the relatively large-diameter
SWNTs did not grow with this repeated pulse plasma CVD
sequence. These results are compared with those of
continuous plasma CVD (Fig. 1(b)). Here, we introduced
R, as an indicator of the concentration of small-diameter
SWNTs, which is defined as follows: Ry =11 / (1,1 + 1.,2).
The ratio of I normalized relative to the intensity of the
signal from the Si substrate (Is;) (/g/ls;) increased with the
growth time for continuous CVD, whereas R, decreased
with the growth time. This result suggests that not only
small-diameter SWNTs, but also the large-diameter
SWNTs could grow with the continuous plasma CVD.
Thus, R, remained high and /5/Is; increased with repeated
pulses during the pulse plasma CVD, as deduced by the
Raman maps. The Raman mapping data confirm that pulse
plasma CVD can increase the yield of the SWNTs while
maintaining the initial good selectivity in the growth of
small-diameter SWNTs, leading to the growth of SWNTs
with both narrow chirality distribution and high yield,
which is as expected.

For a more comprehensive evaluation of the chirality
distribution of the SWNTs during the repetitive pulse
growth process, PLE measurements were carried out on
SWNTs grown with different numbers of pulse repetitions.
The PLE signal remained unchanged when the number of
repeated pulses was increased from 3 (Fig. 3(a)) to 15
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(Fig. 3(b)). This result indicates that the chirality of the
SWNTs remained unchanged, which may be due to the
continual growth of the initially grown small-diameter
SWNTs. Note that since SWNTs used for Raman and PL
measurement were grown on different substrates (plane
Si0, and powder zeolite), the chirality distributions
determined by Raman and PLE measurements are slightly
different.

3.2 Dynamics of the nucleation of SWNTs during the pulse
plasma CVD

To further narrow the chirality distribution, it is important
to focus on the following critical questions: (1) why does
the growth yield increase with repeated pulse plasma
cycles? and (2) why does the chirality distribution become
narrow upon introducing pulse plasma? In order to answer
the first question, the length distribution of the SWNTs
grown with different numbers of pulse repetitions was
determined by AFM (Figs. 4(a—c)). Initially, when three
pulse repetitions were used, only short SWNTs (under
100 nm) were generated (Fig. 4(d)). However, when
further pulses were applied to the sample, the number of
initial short SWNTs decreased, whereas the number of
long SWNTs increased (Figs. 4(e) and (f)). With an
increase in the number of pulses from 3 to 15, the length
distribution of the SWNTs continued to increase. The
average length of the SWNTs was calculated as a function
of the pulse repetitions (Fig. 4(g)), indicating that the
average length increased linearly in proportion to the
number of pulse repetitions, while the chirality of the
SWNTs remained almost unchanged (Figs. 3(a) and (b)).
These results indicate that during repeated pulses, further
growth of the SWNTs formed in the initial pulse may be
the predominant growth mode, which is in good
accordance with our imaging growth model in Fig. 1(c)
and might be the answer to question (1).

The chirality distribution of the SWNTs generated using
different pulse parameters was also investigated to address

rg:105>< 1S

700

650

600

Excitation wavelength/nm

550

500

1
1000 1100 1200
Emission wavelength/nm

900 1300

Fig. 3 PLE mapping of SWNTs grown with different number of pulse repetitions. (a) 10 s x 3 times and (b) 15 times.
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Fig. 4 (a—c) AFM image and (d—f) histogram of the length of SWNTs grown with different pulse repetitions: (a,d) 3, (b,e) 6, and (c,f) 15
times; (g) Average SWNT length as a function of number of pulse repetitions.

question (2) (Fig. 5(a)). For this experiment, the total ‘on’
time was kept constant at 120 s. The chirality did not vary
monotonously when the pulse ‘on’ time was changed (off
time = 30 s). However, the chirality distribution became
narrower (broader) with an increase (decrease) in the pulse
‘on’ time in regions (i) & (ii). A similar two-phase
variation of the SWNT chirality distribution was also
observed as a function of the pulse ‘off’ time (on time =
5s) (Fig. 5(b)). In region (1) (0 s < t,5 < 30 ), the chirality
distribution became narrower with an increase in the pulse
‘off” time, whereas in region (ii) (30 s < #,¢), the chirality

distribution became broader with an increase in the pulse
‘off” time. The chirality distributions of the SWNTs
synthesized using various pulse ‘on’ and ‘off’ time sets
are plotted in Fig. 5(c). Note that the chirality distribution
was evaluated based on 1/e time the width of the diameter
distribution obtained from the PLE map (Figs. 5(a) and
(b)). A narrow chirality distribution could be obtained
within a limited time region (II) that can be expressed in
terms of the pulse on/off time ratio (z,,/%.¢), corresponding
to the range, 0.06 <t/ < 0.18.

To identify the critical meaning of the lower threshold
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(a—f) are derived from PLE mapping data; (g—h) Calculated carbon dissolution rate vs. pulse on/off time ratio.

(0.06 > t,/t457), the data were replotted as a function of the
total process time. A clear trend is observed, where the
diameter distribution became broad with an increase in the
total process time. A longer total process time can promote
aggregation of the catalyst [30,31], resulting in the growth
of large-diameter SWNTs. A similar plot was obtained for
the higher threshold region. With an increase in the total
process time, no broadening of the SWNT diameter
distribution was observed, implying that aggregation is
less important in this region, allowing for a more
meaningful discussion of the influence of the pulse
parameters on the incubation dynamics. To further
eliminate the influence of catalyst aggregation, the data
obtained using a relatively short process time were

selected, where the total process time was approximately
800 s (indicated as the orange zone in Figs. 5(d) and (e)).
Because the pulse on/off time ratio (¢,,/%,x) Was already
proven to be a critical factor influencing the chirality
distribution, as shown in Fig. 5(c), we plotted the data as a
function of 7,/ (Fig. 5(f)). With an increase in #,,/Zysp,
the chirality distribution became broader, implying that
ton/torr 18 @ determinant of the chirality distribution. To
explain this result, we trace back to the SWNT incubation
model [22]. This model provides a detailed description of
the critical conditions for SWNT lift-off, where the
SWNTs can only be detached when the catalyst is over-
saturated with carbon:
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Rcarb0n>X s (1 )

where, R ,40n 1S the percentage of carbon atoms dissolved
into the catalyst and X is the carbon dissolution ratio
fulfilling the threshold condition for lift-off of the SWNTs.
To clarify the trend in Fig. 5(f), we calculated R ., for
different pulse on/off ratios, as shown in Fig. 5(f). We
assumed that the carbon dissolution rate is only influenced
by the plasma and carbon feedstock conditions, and the
quantity of carbon that dissolves into the catalyst is
proportional to the carbon dissolution time, which is the
effective total pulse ‘on’ time. Thus, R, can be
calculated according to the following equation:

VC,' X RT‘me X ITotal
Rearbon = ’ : @)

4 (d\’
3"\ 2

The V¢ for different catalysts of different diameters can
be calculated as:

d 2
VCI' =4n <2> X Vc, (3)

where, Rrime> Ve » Vs trotn» and d are the pulse on/off time
ratio, carbon adsorption speed per unit area, total carbon
adsorption speed for one catalyst, total process time, and
catalyst diameter, respectively. The different diameters and
different on and off time parameters from Fig. 5(f) were
substituted into Eqgs. (2) and (3), and Ry, Was plotted as
a function of these parameters (Fig. 5(h)). When the total
process time was fixed at 800 s, R ;o0 Was proportional to
the pulse on/off time ratio. The increase in R ,,0, With time
was inversely proportional to the catalyst diameter. To
achieve the critical carbon ratio in the catalyst for the lift-
off of the SWNTs, larger catalyst particles (d =~ 1.2 nm)
require a higher on/off time ratio, whereas smaller catalyst
particles (d = 0.7 nm) require a much lower pulse on/off
time ratio (Fig. 5(g)). The calculated data are in good
accordance with the experimental results in Fig. 5(h),
where a smaller on/off ratio results in a narrow diameter
distribution.

Overall, the incubation dynamics before lift-off of the
SWNTs can be summarized as follows: (1) the initially
formed short SWNTs with narrow chirality distribution
continue to grow during repeated pulses (Fig. 5(1)); (2) the
growth of large-diameter SWNTs is suppressed by the
repetition of the pulse off sequence (Fig. 5(1)).

4 Conclusions

SWNTs with a narrow chirality distribution were success-
fully grown in a relatively high yield by developing a new
pulse plasma CVD method that facilitated improved
control over the SWNT incubation dynamics. Based on

the systematic study of the influence of the pulse time,
temporal variation in the length of the SWNTs, and
incubation dynamics of the SWNTs during pulse plasma
CVD, we demonstrated that the growth of large-diameter
SWNTs is suppressed during repeated pulse off sequences,
while the initially formed short SWNTs with narrow
chirality distribution continue to grow during the repeated
pulse on sequences. This study on the precise time-scale
incubation dynamics controlling the growth of SWNTs
during pulse plasma CVD offers novel insights for the
development of chirality-controlled SWNTSs.
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