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ingle-walled carbon nanotubes
S (SWNTs)' have attracted much atten-

tion as one of the most promising
nanomaterials with exceptional electronic
and structural properties. Since the elec-
tronic and optical properties of SWNTs
strongly depend on the tube diameter (dy)
and the chirality, it is important to selec-
tively grow SWNTs with a narrow d; and (n,
m) chirality distribution. A lot of effort has
been dedicated to this issue, and some
progress has been made by several
groups.2—®

The length of SWNTs is another very im-
portant factor which determines the SWNT
properties. Recently, the length-controlled
SWNTs, especially the short-length SWNTs,
have attracted intense attention because of
their unique features, such as ballistic elec-
tron transport,” blue shift of optical band
gap due to quantum confinement along the
axial direction,® high-frequency mechanical
resonator,” molecular sensing,'® biological
imaging,"" and drug delivery."" However,
compared to the study on the radial struc-
ture control, such as the d; and chirality,
very few efforts have been devoted toward
the axial structure control, i.e., the length
control of SWNTs, especially to the short
SWNTs. Furthermore, a simultaneous con-
trol of both the radial (d; and chirality) and
axial (length) structures still remains to be a
major challenge in the fundamental stud-
ies and applications of SWNTSs.

There are two main approaches to ob-
tain the short-length SWNTs. One is a di-
rect growth, and the other is a method
based on the post treatments, such as cut-
tings'? and chemical separations.'* Almost
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ABSTRACT We have realized the direct growth of the short-length (<100 nm) single-walled carbon
nanotubes (SWNTs) with a narrow-chirality distribution by time-programmed plasma chemical vapor deposition
(TP-PCVD). Transmission electron microscope and atomic force microscope analyses reveal that the very short
(<100 nm) SWNTs are selectively grown by precisely controlling their growth time on the order of a few seconds.
Direct photoluminescence excitation measurements also show that the chirality distribution of the short SWNTs
is fairly narrow, and (7, 6) and (8, 4) dominant short SWNTSs are successfully synthesized by TP-PCVD.

KEYWORDS: single-walled carbon nanotubes - short length - chirality - plasma CVD

all of the works reported thus far use the

later one, which is based on the top down

process. Ultrashort (<10 nm) SWNTs® are

fabricated by the combination of chemical

cutting and separation. However, the ob-

tained SWNTs by these top down ap-

proaches are contaminated by abrasive ma-

terials employed in some processes, and

the use of chemicals and surfactants inhib-

its the intrinsic property characterization of

SWNTs due to their reaction and interaction.

On the other hand, the directly grown short

SWNTs can maintain their original high

quality and clean surface without any

chemical impurities, which makes it pos-

sible to fully utilize their potential abilities

in various application fields. Very recently,

the direct growth of the short SWNTs' has

been reported. However, the control of di-

ameter and chirality of the directly grown

short SWNTs has not been realized yet, *Address correspondence to

which is necessary for the fabrication of kato12@ecei.tohoku.ac.jp.

high-performance electrical and optical de-  geceived for review September 13,

vices with the short-length SWNTs. 2010 and accepted November 11, 2010.
Here, we report a novel direct growth Published online November 17, 2010.

approach of the short-length SWNTs based  19.1021/nn102379p

on time-programmed plasma chemical va-

por deposition (TP-PCVD). By precisely © 2010 American Chemical Society
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Figure 1. Schematic illustration of time-programmed plasma CVD. (a) Structure distribution of SWNTs at different growth
times. Typical time schemes of SWNT growth with (b) thermal and (c) plasma CVD.

adjusting the growth time (t,), the length distribution
is narrowed, and the short-length (<100 nm) SWNTs are
successfully grown for a very short growth time (2—5
s). Furthermore, the direct photoluminescence (PL)
study reveals that the short-length SWNTSs have the (7,
6) and (8, 4) dominant narrow-chirality distribution. This
is the first report for the direct growth of the short-
length SWNTs with a narrow-chirality distribution. Bio-
molecules, such as DNA, are known to react with a spe-
cific chirality SWNT.' Freestanding short-length SWNTs
are very stable under the various environments, such
as air condition and solution phase. Therefore our pro-
duced freestanding as-grown short SWNTs with
narrow-chirality distribution are expected to contrib-
ute to the fabrication of high-performance biomolecule
Sensors.

RESULTS AND DISCUSSION

Figure 1a shows a basic concept of our approach.
Recent progress in the in situ transmission electron
microscope (TEM) observation during SWNT growth re-
vealed that metal-catalyzed SWNT growth is initiated
by the formation of a carbon cap structure on the sur-
face of a catalytic nanoparticle with a certain incubation
time (t;)."® Although the detailed mechanism in this in-
cubation period is still argued, it is expected that there
might be correlations between the t; and SWNT struc-
tures, such as d; and chirality. When we assume that the
t; of the small d, (or specific chirality) SWNTs is shorter
than that of the larger (or other chiralities) one, it should
be possible to selectively grow the narrow-d, (or chiral-
ity) distributed SWNTs by strictly controlling the tg at
their initial growth stage (Figure 1a). Since the length
of SWNTs should be proportional to the growth time at
the initial growth stage, the very short SWNTs can be
obtained by adjusting the growth time. Chemical va-
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por deposition (CVD), thermal and plasma CVD, is one
of the most promising SWNT production methods,
which has advantages, such as a large scale produc-
tion and a direct site-assigned growth. In the case of
thermal CVD, the SWNT growth gradually starts and
stops after the initiation of feeding and pumping the
hydrocarbon gas, respectively (Figure 1b). The growth
time in thermal CVD includes some uncertainness,
which makes it difficult to be used for a precise growth
time control. In the case of plasma CVD, on the other
hand, reactive ions and radicals are main species for the
nanotubes growth, and the SWNT growth is carried
out only when a plasma is generated. This suggests
that the growth time can be controlled by timing an
electric power supply used for the plasma generation
(Figure 1c), and the precise ty control on the order of
microsecond is possible in plasma CVD. Based on this
strategy, we attempt to grow the narrow-d, and
-chirality distributed short SWNTs by precisely adjust-
ing the ty with TP-PCVD. Although plasma CVD is a well-
known SWNT growth method, which has benefits in
low-temperature'” and freestanding growth,'8 there is
not any report focusing on this high controllability of
the growth time.

The length distribution of SWNTs is carefully investi-
gated by TEM and atomic force microscopy (AFM). In
the case of the relatively long time (~ 60 s) growth, the
length distribution of SWNTs is broad (Figure 2a and
). On the contrary, when the growth time is carefully
controlled on the order of a few seconds, almost all the
SWNTs are very short (<100 nm), and the distribution
is also narrowed, which is confirmed by the direct TEM
observation (Figure 2b) and the AFM characterization
(Figure 2d) (see Experimental Methods Section). This in-
dicates that it is possible to directly grow the short
SWNTs by precisely adjusting the growth time by TP-
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PCVD. Interestingly, when we compare the radial
breathing mode (RBM) in Raman scattering spectra, a
clear difference is also observed. In the case of the long-
time growth, many kinds of the RBM peaks appear (Fig-
ure 2e), whereas only one specific peak is observed in
the short-time growth sample (Figure 2f).

In order to analyze the chirality distribution of the
short SWNTSs in detail, we carry out the PL excitation
(PLE) map analysis. It is to be noted that since our
plasma CVD grown SWNTs take on the freestanding
form due to the strong electric field in the plasma
sheath area during their growth, it is possible to ob-
serve PL signals from as-grown SWNTs on a substrate.”
All the PLE measurements are carried out immediately
after the growth to prevent SWNTs from forming thin
bundles, which leads to causing the PL intensity change
by exciton energy transfer between each tube.'® From
the density estimation of SWNTs with the direct TEM
observations, it is confirmed that abundant SWNTSs ex-
ist in the area where the PLE measurement is carried
out. Thus, the PLE map gives us macroscopic informa-
tion in each sample. Figure 3a—c shows the PLE maps
of the as-grown SWNTs as a function of t;. SWNT popu-
lations for each d, are also plotted by calculating with
the PL intensity and quantum efficiency? (Figure 3d—f).
It is found that the d, distribution just after the incuba-
tion (2 s) is relatively narrow, and the main diameter is
about 0.8 nm with (6, 5), (7, 5), (7, 6), (8, 4), and (9, 2)
dominant chiralities (Figure 3a, d, and g). Then, the rela-
tively large d; (0.95 nm) SWNTSs [(8, 6) and (9, 4)] ini-
tiate their growth at 5 s (Figure 3b, e, and 3h). The larger
d. SWNTs of (8, 7) are finally grown at 10 s, where the
chirality and the d, distributions are broad (Figure 3c, f,
and i). The small end of the d; does not change, whereas
the large end increases with an increase in the tg. Sig-
nificant dependence of chiral angle and type (type 1:
(2n + m) mod 3 = 1, type 2: 2n + m) mod 3 = 2)*' on
the tg is not found in this experiment (Figure 3g, h,
and i). In more detail, when we plot the t; as a function
of the d,, a clear dependence is obtained (Figure 3j). It is
to be noted that the ¢, of each chirality is defined as
the t; when a clear PL signal is first observed (Figure
3a—c). The t; increases with an increase in the tube di-
ameter, which supports the validity of our basic concept
described in Figure 1a.

To further narrow the initial d; and chirality distribu-
tions, we adjust the other growth conditions. Figure 4
shows the PLE map dependence on the growth temper-
ature of SWNTs grown for the very short growth time
(2 s). Interestingly, when we decrease the growth tem-
perature down to 600 °C the chirality distribution is very
narrowed, and (7,6) and (8,4) SWNTs are predomi-
nantly grown (Figure 4c). At the lower growth temper-
ature (=580 °C), SWNTs could not be grown for the very
short growth time (2 s). However, similar narrow-
chirality distributed SWNTSs are grown by extending
the growth time until 15 s (see Supporting Informa-
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Figure 2. Length distribution of SWNTs. (a and b) TEM images of free-

standing SWNTs produced by long (a) and short (b) growth times. (c
and d) Length distributions of SWNTs measured by AFM for (c) long

and (d) short time growths. Inset shows typical AFM images of
The total number of SWNTs measured for the histograms of (c
(d) are 99 and 69, respectively. (e and f) Typical RBM in Raman
ing spectra of SWNTs produced for (e) long and (f) short growt

SWNTs.
) and

scatter-
h times.

Each spectrum is taken at a different position on the same substrate.

tion). This indicates that the t; for each d; and chirality
is sensitive to the growth temperature. It should be also
emphasized that the chirality distribution just after the
t; is always narrowly independent of other growth pa-
rameters. The narrow-chirality distributed SWNTs
growth by TP-PCVD is reproducibly obtained (see Sup-
porting Information). This is the first result of the direct
growth of the short-length SWNTs with a narrow-
chirality distribution.

The most important factor for the narrow-chirality
distributed growth of short SWNTs by TP-PCVD is to
control the d; dependence on t; for each chirality SWNT.
If each t; largely varies depending on the d; or chirality
of SWNT, then it is possible to more selectively grow the
specific chirality SWNTs by adjusting the growth time.
As shown in Figure 4, the growth temperature is one of
the key factors to cause the t; variation for each d;
SWNT. The cap formation process might be one of the
critical reasons for this temperature dependence. The
central part of the graphene sheet formed on the top
of catalyst surface has to lift off the catalytic particle for
the growth of SWNTs. This can only happen if the ki-
netic energy per area at the interface between the
graphene sheet and the catalyst (Ey;,) is high enough
to overcome the work of adhesion per area of graphite
toward the catalytic particle (Wag) (Exin > Waqg).22 Small
tubes have lower W,4.2% Since the E, should be propor-
tional to the growth temperature, the producible type
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Figure 3. Chirality and diameter distributions of SWNTs as a function of growth time. (a—c) PLE maps of SWNTs produced
by the different growth time, which is (a) 2 s, (b) 5 s, and (c) 10 s. (d—f) Population of SWNTs as a function of the tube diam-
eter, which is calculated by the PL intensity and quantum efficiency [(d) 2 s, (e) 5 s, and (f) 10 s]. (g—i) Chirality maps in a
graphene segment as a function of the growth time [(g) 2 s, (h) 5 s, and (i) 10 s]. Dotted lines show the minimum and maxi-
mum diameter range for each sample. (j) Plot of the incubation time as a function of the tube diameter.

of SWNTs under the low-growth temperature condi-
tion can be highly selected compared with that in the
higher growth temperature.

As we have discussed above, the growth tempera-
ture is one of the key parameters to realize the narrow-
chirality distribution of SWNTs by TP-PCVD. In order to
realize the further precise control of the d; and chirality
distribution, it is an inevitable issue to reveal the critical
factor, which causes the d, dependence on the t. The
catalyst particle-size variation during the heating pro-
cess might be one possibility. If the catalyst aggrega-
tion is enhanced during the growth process, then the

620°C

Excitation wavelength [nm]

Emission wavelength [nm]

Figure 4. Growth temperature dependence of the PLE-maps
of SWNTs grown for very short growth time (2 s). The growth
temperature of (a—c) is 640, 620, and 600 °C, respectively.
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chirality distribution also changes. To investigate this is-
sue, we carry out the PLE mapping measurement of
SWNTs grown for the different preheating time (see
Supporting Information). After heating the substrate
up to 620 °C, the temperature is kept for certain times
(0, 30, and 60 s), and then similar TP-PCVD is carried out.
If the catalyst particle size distribution varies during
the heating process and this is the critical factor of the
d, dependence on t; then clear differences should ap-
pear in the PLE map of SWNTs grown under the differ-
ent preheating conditions. In any preheating time, how-
ever, the d; and chirality distribution does not show
obvious changes. This indicates that the catalyst size
distribution is almost the same during the short time
growth (Figures 3a—c), and its effect is negligible for
the d, dependence on t; (Figure 3j).

The other possibility to cause the d; dependence
on the t; is a supersaturation time difference. Since the
SWNTSs growth is carried out following a supersatura-
tion of carbons in a catalyst, it is expected that the small
catalysts are rapidly supersaturated with carbon atoms
prior to the case of the large catalysts. To confirm this
effect, we carry out the PLE map measurement of
SWNTs grown under the low-hydrocarbon supply con-
dition. If the supersaturation time difference is the criti-
cal factor to cause the d; dependence on the t;, then
the selectivity of d, or chirality should be improved by
decreasing the hydrocarbon supply. The amount of the
hydrocarbon supply is controlled by adjusting the ra-
dio frequency (RF, 13.56 MHz) power (Pg) used for the
plasma generation. The ¢, clearly increases up to 20 s by
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decreasing the amount of hydrocarbon supply (P =
25 W), which should be caused by the longer supersat-
uration period of carbons in the catalyst at their initial
growth stage. However, various kinds of chirality spe-
cies of SWNTSs equally start their growth, and the selec-
tive growth of narrow-d; or -chirality distributed SWNTs
is not observed under this low-hydrocarbon supply
condition (see Supporting Information). Although the
t; for whole SWNTs is sensitive to the hydrocarbon sup-
ply, the selectivity of d; or chirality is found to be con-
ducted by the other factors. A simple estimation based
on the carbon atom numbers also supports the validity
of this explanation. The soluble carbon atoms in a typi-
cal 1 nm Fe catalyst (Feso) are about 26—27.2* On the
other hand, the number of carbon atoms constructing
a 1 nm d;and 100 nm length SWNT is about 2.35 X 10%,
Judging from this carbon atom number, it is difficult
to selectively achieve the supersaturation only for the
d; = 0.8 nm with 100 nm length SWNT prior to the d, =
0.95 nm SWNT (Figure 3j).

As we have just demonstrated, the low-temperature
growth is one of the necessary conditions for the
narrow-chirality distributed short SWNTs growth by TP-
PCVD. However, it is not the sufficient condition, and
the other factor is required. To reveal the other critical
factor, which influences the d, or chirality distribution in
TP-PCVD, we precisely investigate the plasma param-
eters between these two conditions, where the chiral-
ity distribution of SWNTSs at the initial growth stage is
narrow (Pge = 200 W) and broad (Pgs = 25 W). As we
have just discussed, although the amount of the hydro-
carbon supply is one of the clear differences under
these two conditions, it is not critical for the d; depen-
dence on t. Through the detailed plasma analysis, it is
found that there is a clear difference between these two
plasma conditions, which is a plasma sheath electric
field (Eg,). We estimate the Eg, on the surface of sub-
strate by solving the Poisson’s equation (see Support-
ing Information).? For the simplification, we apply a dc
sheath model.?® We use the values of several plasma pa-
rameters, such as electron density, electron tempera-

EXPERIMENTAL METHODS

Single-Walled Carbon Nanotube Growth. A homemade plasma CVD
unit was utilized for the growth of single-walled carbon nano-
tubes (SWNTSs). Fe film deposited on an Al,05/Ag substrate was
utilized as a catalyst for the SWNT growth. The growth time was
precisely controlled by a radio frequency (RF, 13.56 MHz) power
supply system. The substrate was set on a heater, and a chamber
was evacuated by reaching below 10~" Pa with a rotary and dif-
fusion pump. Then the substrate was heated up to a desired
temperature under the 50 Pa hydrogen condition. A mixture of
methane and hydrogen with 3/7 flow rate was supplied after
reaching the suitable growth temperature, and the condition
was kept for 1 min to make the system stabilized. RF power (Pge)
was then supplied for the desired growth time. After turning off
the RF power supply, methane and hydrogen mixture gases
were immediately evacuated, and Ar was fed during a cooling
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ture, space potential, and floating (= substrate poten-
tial) potential, as the initial conditions to solve the
equation, which are given by Langmuir prove measure-
ments. The calculation is carried out by the Mathemat-
ica program. In the case of the high-hydrocarbon sup-
ply condition, where the narrow-chirality distribution is
realized, the Eg, is ~1.7 X 10* V/m. On the other hand,
the Eg, is ~6.7 X 102 V/m in the case of the low-
hydrocarbon supply condition, where the chirality and
diameter distribution is broad. This is about 25 times
weaker than that of the high-hydrocarbon supply con-
dition. In general, it is believed that the cap structure of
SWNTs determines the chirality of nanotubes. Under
the same diameter condition, the number of the stable
cap structure is limited due to the isolated pentagon
rule.? It is also reported that the electron energy state
of the cap structure of SWNT is highly modified under
the strong electric field.?”” Based on these reasons, it is
conjectured that the strong electric field in the plasma
sheath might have certain effects on the growth of
SWNTs, especially in the cap nucleation period, which
can promote the selective growth of specific chirality
SWNTs resulting in the d; dependence on t. Although
further theoretical and computational studies are re-
quired to completely reveal the electric field effects on
the nucleation of SWNTs, we believe that the unique
plasma sheath effect includes a possibility to realize the
growth of specific chirality SWNTs with high selectivity.

CONCLUSIONS

We have realized the direct growth of the short-
length SWNTs with the narrow-chirality distribution by
TP-PCVD. The length distribution of SWNTs grown for a
short time is fairly narrow, and almost all the SWNTs
are very short (<100 nm). In addition, the precise time-
restricted growth reveals that there is a clear depen-
dence of the d; on t;. Furthermore, the chirality distribu-
tion is narrowed by strictly controlling their growth
time at the initial stage, and (7, 6) and (8, 4) dominant
narrow-chirality distributed short-length SWNTs are di-
rectly synthesized by TP-PCVD.

process. The samples were taken out after the temperature went
down below 70 °C. Typical growth conditions are as follows: Pge
= 200 W, electrode—substrate distance = 700 mm, substrate
temperature = 580—640 °C, and growth time = 2~15s.

Photoluminescence Excitation Spectroscopy. The as-grown samples
on the substrates were directly utilized to take a photolumines-
cence excitation (PLE) map. PLE measurements were performed
by a Nanolog (Horiba/Jobin yvon). A 450 W xenon lamp was used
to supply the excitation light in the 500—800 nm range in 4 nm
steps. The photoluminescence (PL) spectra were recorded using
a liquid nitrogen-cooled InGaAs array detector in the 900— 1400
nm range under the room temperature condition. The slit width
used for the emission and excitation was 10 nm. It should be
noted that all the PLE measurements are carried out immedi-
ately after the growth to prevent SWNTs from forming thin
bundles, which leads to causing the PL intensity change by exci-
ton energy transfer between each tube.
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Length Estimation with Atomic Force Microscopy. SWNTs were dis-
persed in N-methylpyrrolidone with an ultrasonic homogenizer.
Then, a piece of Si substrate was soaked in the solution and
rinsed with water and dried. The Si substrate was pretreated
with 3-aminopropyltriethoxysilane (APTES, 12 mL in 20 mL H,0)
to enhance the adsorption of SWNTs. Tapping mode atomic
force microscopy (AFM, JEOL JSPM-5400) was used to acquire
images of SWNTSs on the substrate under ambient conditions.

Direct Transmission Electron Microscopy Observation. In order to esti-
mate the SWNT length, we carried out the direct observation of
as-grown state of SWNTSs by transmission electron microscopy
(TEM, Hitachi HF-2000). SWNTs were grown on a thin Cu wire (di-
ameter = 100 um) covered by the multilayer catalyst (Fe/Al,Os).
Then, the thin Cu wire was carefully transferred to the TEM
holder without any post treatments, and the surface of the thin
Cu wire was observed.

Raman Scattering Spectroscopy. Raman scattering spectra were
taken by a micro-Raman scattering spectroscopy (Horiba) with
632.8 nm He—Ne laser excitation.
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