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ABSTRACT Bandgap-controlled semiconducting single-walled carbon nanotubes (s-SWNTs) were synthesized

using a uniquely designed catalytic layer (Al,0;/Fe/Al,0;) and conventional thermal chemical vapor deposition.

Homogeneously sized Fe catalytic nanoparticles were prepared on the Al,0; layer and their sizes were controlled

by simply modulating the annealing time via heat-driven diffusion and subsequent evaporation of Fe at 800 °C.

Transmission electron microscopy and Raman spectroscopy revealed that the synthesized SWNTs diameter was

manipulated from 1.4 to 0.8 nm with an extremely narrow diameter distribution below 0.1 nm as the annealing

time is increased. As a result, the bandgap of semiconducting SWNTs was successfully controlled, ranging from 0.53

to 0.83 eV, with a sufficiently narrow energy distribution, which can be applied to field-effect transistors based

on SWNTs.
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emiconducting single-walled carbon

nanotube (s-SWNT) has a great poten-

tial for applications in future field ef-
fect transistors (FETs) owing to its excellent
electrical properties.’ 2 To realize FETs
based on s-SWNTs, the s-SWNTs should
have a fixed energy bandgap in order to ob-
tain the same responses from the FETs as a
function of the gate voltage. Demonstrating
the importance of bandgap control, it was
recently reported that the bandgap was the
main parameter responsible for the on-
current of the FETs and could vary by up to
3 orders of magnitude.’ Accordingly, the
main pursuit in the synthesis of s-SWNTs
has been to control the diameter so as to at-
tain the desired energy bandgap which is
inversely proportional to the tube diam-
eter.! There have been various approaches
to synthesize diameter-controlled SWNTs
by preparation of homogeneously sized
catalysts, because the SWNT diameter
highly depends on the catalytic nanoparti-
cle size.® To obtain homogeneously sized
catalysts, one should consider catalytic
metal species and preparation methods for
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restricting their size, such as using a tem-
plate of anodic aluminum oxide'" and han-
dling process of organic molecules.’ Al-
though the species of catalytic nanoparticle
have been extended from the common
iron-group metals (Fe, Co, Ni) to noble met-
als and Cu,"®'* the iron-group metals have
been chosen for controlling nanoparticle
size precisely. Several groups have reported
that some (n,m) nanotubes were selec-
tively synthesized with CoOMoCAT by the
chemical vapor deposition (CVD) method,
but the diameter control was not
achieved." "7 Using laser furnace tech-
nique, the central diameter was changed
by modulating the furnace temperature
with several catalysts, but the diameter dis-
tributions were not sufficiently narrow
(0.2—0.4 nm)."® Fe catalysts have also been
adopted for diameter control using identi-
cal molecular nanoclusters containing
Fe'®~ 2" and Fe nanoparticles incorporated
with Al oxide.?>?* These methods, however,
still show wide tube diameter distributions
(0.2—3.0 nm) due to the broad size distribu-
tion of Fe nanoparticles. Therefore, a new
method for catalyst preparation is required
to synthesize s-SWNTs with desired
bandgaps.

In this study, we report on the success-
ful synthesis of bandgap-controlled
s-SWNTs using a uniquely designed cata-
lytic layer and conventional thermal CVD
(TCVD) system through precise control of
the diameter having an extremely narrow
distribution. The catalytic layer was fabri-
cated by introducing a Fe catalyst between
the two Al,O3 layers. Homogeneously sized
Fe nanoparticles were prepared on the
Al,O5 layer, and their sizes were controlled
by modulating the annealing time at 800 °C
via heat-driven diffusion and subsequent
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Figure 1. Schematic diagrams and TEM images of the heat-
driven Fe diffusion phenomenon: (a) designed catalytic layer
of Al,03/Fe/Al,0; on a Si(001) substrate; (b, ) schematic dia-
grams for the heat-driven diffusion of Fe nanoparticles dur-
ing the annealing process; (d) cross-sectional TEM image of
as-deposited catalytic layer consisting of Al,O03 (10 nm)/Fe
(1 nm)/Al,05 (15 nm)/Si(001) substrate; (e) cross-sectional
TEM image of the catalytic layer after annealing at 800 °C
for 10 min shows the Fe nanoparticles of ~3 nm in diam-
eter on the Al,O; layer. The inset reveals a crystalline struc-
ture of Fe nanoparticle.

evaporation of Fe. Consequently, by adjusting the pre-
annealing time, the SWNTs diameter and fine distribu-
tion were successfully controlled on a scale of a few A
and below 1 A, respectively. These precise control tech-
niques allowed for the bandgap manipulation of
s-SWNTs from 0.53 to 0.83 eV, which was confirmed by
direct comparison of Raman spectra and an extended
tight binding (ETB) Kataura plot.**

RESULTS AND DISCUSSION

A uniquely designed catalytic layer structure and an-
nealing process were employed to control the size of
catalytic Fe nanoparticles. Figure 1 shows (a—c) sche-
matic diagrams and (d, e) high-resolution transmission
electron microscopy (HR-TEM) images of the catalytic
layer used in this experiment. The layer was designed
and fabricated by placing the 1 nm thick Fe catalyst be-
tween the two Al,O3 layers of 10 nm (top) and 15 nm
(bottom), as shown in panels a and d. An annealing pro-
cess was employed to induce heat-driven Fe diffusion
toward the surface and to form size-controlled Fe cata-
lytic nanoparticles on the Al,O; layer, as shown in pan-
els b and c. The phenomenon of heat-driven Fe diffu-
sion across the Al,O; layers can be described by the
temperature-dependent impurity diffusion coefficient
(diffusivity),

_EA
D =D, exp(m) (1)
where D, is the temperature-independent pre-
exponential (m?/s) and E, is the activation energy for
diffusion (J/mol).>>~2” The corresponding vertical diffu-
sion length (Lyp) is determined by the diffusivity (D)
and the diffusion time (£).?”

Ly = 41" 2
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This indicates that heat-driven Fe diffusion can be con-
trolled by the annealing temperature and time. The suc-
cess of the diffusion was confirmed by TEM observa-
tions of the catalytic layer after annealing at 800 °C for
10 min. The TEM images clearly show that after anneal-
ing, the layerlike Fe catalyst (denoted by an arrow) in
Figure 1d disappears and Fe nanoparticles appear at
the top of the Al,O; layer, as displayed in Figure 1e. The
inset shows that the Fe nanoparticles are well-
crystallized with diameters of ~3 nm. Each chemical
component was identified by energy dispersive X-ray
spectroscopy (not shown). After numerous experiments
under different conditions, the optimized diffusion con-
ditions, that is, an annealing temperature of 800 °C
and an Al,Os overlayer thickness of 10 nm, were care-
fully adopted.

X-ray photoelectron spectroscopy (XPS) was used
for a detailed examination of the heat-driven Fe diffu-
sion phenomenon, as shown in Figure 2. The catalytic
layer, Al,O; (10 nm)/Fe (1 nm)/Al,03 (15 nm), was de-
posited on a Si(001) substrate by DC magnetron sput-
tering, as shown in Figure 1d. The Fe 2p core level spec-
tra were obtained from the Al,O; (10 nm)/Fe (1 nm)/
Al,03 (15 nm)/Si substrate using a VG Microtech ESCA
2000 with a monochromatic Al K radiation (1486.6 eV).
Figure 2a shows the evolution of the Fe 2p spectra ac-
cording to the annealing time (0—60 min) at 800 °C. The
underlying Fe layer exhibits negligible intensity in the
spectrum prior to annealing. As the annealing time is in-
creased, a spectral shape is observed with binding en-
ergies of 707 and 720 eV corresponding to the Fe 2ps/,
and 2p,, core levels, respectively.?® This shows that the
Fe nanoparticles are pure metals suitable for use as an
active catalyst for carbon nanotube (CNT) synthesis. The
intensity of the Fe 2p spectra is plotted as a function
of annealing time in Figure 2b. After annealing at 800 °C
for 5 min (region 1), the intensity increased to 250% of
its initial value. On the other hand, there is an abrupt
decrease between 5 and 10 min, followed by a gradual
decrease up to 60 min (region ll). In region |, the sudden
intensity increase during 1 min can be explained by
the formation of Fe nanoparticles on the Al, O; layer
as a result of heat-driven Fe diffusion. It is expected
from eq 2 that only 30 s are necessary to diffuse the Fe
catalyst across the 10 nm Al,O3 layer, where D is esti-
mated as 5 X 107'® cm?/sec.?”

Since the decrease in intensity in region Il cannot
be completely understood by heat-driven diffusion,
the size of the Fe nanoparticles was observed by HR-
TEM (JEOL, JEM2100F). Figure 2c—e show the Fe nano-
particles on the Al,O; layer after annealing at 800 °C for
1, 10, and 30 min, respectively. The average size of the
Fe nanoparticles, which are uniform, clearly decreases
from (c) ~3 nmto (d) ~2.2 nm to (e) ~1.7 nm as the an-
nealing time increases. This would be explained by the
evaporation of Fe even though the temperature is
lower than that of bulk Fe because nanoparticles have
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Figure 2. (a) Evolution of the Fe 2p core level spectra corresponding to the annealing time. (b) Plot of the Fe 2p intensity as
a function of annealing time. The insets show schematic diagrams of the diffusion and subsequent evaporation phenomena
of the Fe nanoparticles with an increase in annealing time. HR-TEM images (top view) of Fe nanoparticles on the Al,O; layer
after annealing for (c) 1 min, (d) 10 min, and (e) 30 min. Red circles indicate the Fe nanoparticles, and the scale bars are 5

nm.

a lower onset temperature of melting and
evaporation.?3° Jeong et al. reported that Co nanopar-
ticles were thermally evaporated by annealing at

1000 °C in Ar ambient of 500 Torr.3" The evaporation
rate of Fe (~0.043 nm/min) in this experiment is two
times higher than that of Co (~0.023 nm/min) in ref 31.
This discrepancy can be understood by two orders
lower ambient pressure in this experiment promoting
the evaporation of Fe. On the other hand, aggregation
of Fe nanoparticles was not observed during annealing
at 800 °C. This will be responsible for an appropriate
roughness of the Al,O; overlayer that acts as a surface
diffusion barrier of Fe.>*3* Since the annealing condi-
tion produced size-controlled Fe nanoparticles without
aggregation, we adopted heat-driven diffusion and

subsequent evaporation process (HDSEP) to synthesize
SWNTs having different diameters for each condition.
CNTs were synthesized using a TCVD system on the
catalytic layer prepared by HDSEP. Note that the ob-
tained CNTs are denoted by HO, H10, and H30 corre-
sponding to HDSEP time of 0, 10, and 30 min at 800 °C,
respectively. The structural characteristics of the synthe-
sized CNTs were investigated by field-emission scan-
ning electron microscopy (FE-SEM, JEOL, JSM6700F)
and HR-TEM. Figure 3 panels a, b, and ¢ show FE-SEM
images of HO, H10, and H30, respectively. The images
reveal that the CNTs were synthesized as a well-defined
network configuration laterally on the substrates re-
gardless of the HDSEP time. This confirms that heat-
driven Fe diffusion occurred toward the Al,Os surface
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Figure 3. (a—c) FE-SEM images show that the SWNTSs are synthesized as a well-defined network configuration laterally on
the substrates regardless of the HDSEP time. (d—f) HR-TEM images display the changes in the SWNT diameter from 1.46 to
0.92 nm as the HDSEP time is increased. The histograms show the diameter distributions for (g) HO, (h) H10, and (i) H30. The
scale bars of the FE-SEM and HR-TEM images are 100 and 2 nm, respectively.
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as shown in Figure 2c—e because Al is unsuitable as a
catalyst for CNT synthesis. In addition, the synthesis of
HO implies that Fe nanoparticles as nucleation sites for
CNTs were formed on the Al,0O3 layer via fast heat-
driven Fe diffusion as confirmed in Figure 2c. HR-TEM
images reveal that HO, H10, and H30, shown in Figure
3 panels d, e, and f, respectively, have only one layer
and are of a high quality without amorphous carbon
formation. As expected, the SWNTs exhibit different di-
ameters corresponding to the annealing time. Figure 3
panels g—i show the diameter distributions obtained
from an analysis of the HR-TEM images of each sample.
The mean diameters of HO, H10, and H30 are esti-
mated to be 1.48, 1.20, and 0.89 nm with standard de-
viations of 0.12, 0.08, and 0.09 nm, respectively. This un-
ambiguously shows that the SWNTs diameter is
decreased corresponding to the size of Fe nanoparti-
cles as HDSEP time is increased.

The radial breathing modes (RBMs) of the resonant
Raman spectra, which were obtained using a Renishaw
1000 micro-Raman spectrometer with an excitation
wavelength of 514 nm, were investigated to confirm
the reproducibility of the SWNTs in terms of the diam-
eter control. The spectra were recorded from various
samples under each condition, as shown in Figure 4.
The role of the Al,O; overlayer in controlling the SWNT
diameter was the first factor to be investigated. Figure
4a shows that the synthesized CNTs without the Al,O;
overlayer have a wide diameter distribution. In contrast,
the samples with the Al,O; overlayer treated by means
of HDSEP exhibit extremely narrow and homogeneous
diameter distributions, as shown in Figure 4b—d. The
diameters were calculated according to the relationship
between the RBM frequency and SWNTs diameter.>*
The diameter distributions for HO, H10, and H30 are 1.42
+0.03, 1.28 * 0.02, and 0.88 = 0.02 nm, respectively,
which are in good agreement with the TEM results in
Figure 3. This indicates that the diameter of the SWNTs
and its fine distribution can be controlled on a scale of a
few A and below 1 A, respectively, by varying only the
HDSEP time. We note that the SWNTs diameter synthe-
sized after the HDSEP time of 20 min was not well-
controlled and SWNTSs were not observed after the HD-
SEP time of 40 min.

The electrical properties of the synthesized SWNTs
were examined by assigning their structural (n,m) indi-
ces. Raman spectra were obtained using two excitation
wavelengths, 514 and 633 nm, in order to extract more
information of the SWNT through the different reso-
nance Raman scattering. Figure 5 exhibits the over-
views (a, b, ¢) and RBMs (d, e, f) of the Raman spectra
for HO, H10, and H30, respectively. All the spectra were
normalized to G-band at 1591 cm™". The extremely
weak defect feature (D-band) at 1340 cm ™" indicates
that highly crystalline SWNTs were synthesized. The
G-bands of HO and H10 at 633 nm as well as H30 at 514
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Figure 4. RBM analysis from the Raman spectra with an ex-
citation wavelength of 514 nm of (a) the synthesized SWNTs

without the Al,O; overlayer, (b) HO, (c) H10, and (d) H30.
Each spectrum was taken from different samples.

nm exhibit metallic features, which are determined by
the presence of a Breit—Wigner—Fano line shape,®*3°
as shown in Figure 5a—c. The other Raman spectra ex-
hibit semiconducting features of the G-band with the
two excitation wavelengths. The electronic structure
was also determined using the RBM spectra and the ETB
Kataura plot. The EY} energy transition between the
two van Hove singularities in the density of states was
observed at excitation wavelengths of 514 nm for HO
and H10 as well as 633 nm for H30, as shown in Figure
5d—f. On the other hand, the s-SWNTs show different
energy transitions, such as E3, for HO, E3; for H10, and B3,
for H30. The assignment of (n,m) indices for the SWNTs
was carried out by fitting the RBM components with a
Lorentzian function. The fitted components were la-
beled with (n,m) indices using the ETB Kataura plot. The
assigned indices of the metallic-SWNTs (m-SWNTs) are
(9,9) and (14,2) for HO, (11,5) and (12,6) for H10, and (8,5)
and (12,0) for H30. The assigned indices of the s-SWNTs
are (14,6) for HO, (16,2) and (13,5) for H10, and (11,1),
(8,4), and (10,0) for H30. The indices were chosen within
the resonance window of 1.83—2.01 and 2.31—2.45 eV
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Figure 5. Raman spectra with 633 (red) and 514 nm (blue) excitation wavelengths. (a, b, c) Overview and (d, e, f) RBM spec-
tra of HO, H10, and H30, respectively. The structural (n,m) indices and transition energies were derived from the ETB Kataura

plot.

for excitation energies of 1.96 eV (633 nm) and 2.41 eV
(514 nm), respectively.>”

To examine whether the bandgap energy and its en-
ergy distribution had been sufficiently controlled to ap-
ply to FETs, the diameter distributions of the s-SWNTs
in HO (red), H10 (blue), and H30 (gray) were projected
on the Kataura plot showing the E3; transition energy
(bandgap energy) as a function of SWNT diameter, as
can be seen in Figure 6. The diameter distributions were

1.2

H30 H10 HoO
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Figure 6. The diameter distributions of the s-SWNTs in HO
(red), H10 (blue), and H30 (gray) are projected on E3; transi-
tion energy of the Kataura plot as a function of SWNT diam-
eter calculated from the ETB method. The closed circles indi-
cate the (n,m) SWNTs derived from RBM analysis of the
Raman spectra in Figures 4 and 5. The red bars indicate the
bandgap energy distributions corresponding to the diam-
eter distributions.
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determined by the extracted (n,m) indices from more
than 20 samples for each condition with the two excita-
tion energies. Remarkably, each sample has only three
types of s-SWNTs: (13,8), (14,6), and (15,4) for HO, (16,2),
(12,7), and (13,5) for H10, and (11,1), (8,4), and (10,0)
for H30. The red bar indicate the bandgap energy distri-
butions of HO (0.53 = 0.03 eV), H10 (0.59 * 0.03 eV),
and H30 (0.83 = 0.1 eV) corresponding to the diam-
eter distributions. We can conclude that direct synthe-
sis of bandgap-controlled SWNTSs has been successfully
achieved by TCVD using the uniquely designed catalytic
layer and by adjusting the HDSEP time. Even though
we did not accomplish the preferential growth of
s-SWNTSs versus m-SWNTs, the bandgap-controlled
s-SWNTs can be obtained after burning out m-SWNTs.*®
HO and H10 can be used in FETs based on SWNTSs be-
cause their bandgaps and narrow distributions have
suitable values® in comparison with the previous
results,'®"” where smaller diameter SWNTs (0.6 — 1.1
nm) were synthesized without a diameter control. H30
will be also useful for applications requiring wider band-
gap energies similar to silicon.

CONCLUSION

We report the successful synthesis of bandgap-
controlled s-SWNTs using a uniquely designed catalytic
layer and TCVD system. TEM and XPS results revealed that
homogeneously sized Fe nanoparticles were prepared
on the Al,O; layer via heat-driven Fe diffusion and that
their size decreased uniformly via subsequent evapora-
tion of Fe as the annealing time increased. As a result, the
SWNTs diameter was manipulated from 1.4 to 0.8 nm
with extremely narrow diameter distributions below 0.1
nm. Since the SWNTSs exhibited highly selective structural
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(n,m) indices for each condition, the s-SWNTs had differ-
ent energy bandgaps ranging from 0.53 to 0.83 eV. We
suggest that this result provides a simple way for direct

METHODS

The catalytic layer, Al,O03 (10 nm)/Fe (1 nm)/AlL,05 (15 nm),
was prepared on a Si(001) substrate by DC magnetron sputter-
ing and subsequent oxidation for each Al layer in air at room
temperature for 3 h. The chemical components of Al overlayer
were observed by XPS. It was oxidized to Al,Os3 form in part (70%)
during the oxidation in air and was fully oxidized during increas-
ing temperature up to 600 °C to carry out HDSEP (not shown
here). The sample was loaded into a TCVD system, followed by
HDSEP at 800 °C in Ar (800 sccm) and H, (100 sccm) flows for 0,
10, and 30 min. Acetylene (C;H,) as a carbon feedstock with the
Ar/H, mixture was then introduced into the TCVD system in or-
der to synthesize the CNTs. The C;H, was turned off after 10 min
after which the TCVD reactor was cooled under the Ar/H,
environment.
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