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10~ '3 N/A2?). Friction is an important concern
in small-scale systems such as microelectrome-
chanical systems (MEMS) (/0), and recent
atomic-scale frictional force measurements (717,
12) using conventional materials yield values
about three orders of magnitude greater than the
upper-limit frictional forces found here for
MWNT surfaces.

If the (already generally small) friction be-
tween nanotube shells is indeed proportional to
the length of the overlapping sections, then
minimum bearing friction would be obtained
for the shortest possible nanotube core-housing
overlap. Several possibilities exist to achieve
this configuration. First, a very short MWNT
might be used from the outset. Second, the core
of a long MWNT could be telescoped nearly all
the way out, yielding a short contact area. The
third possibility takes advantage of “bamboo”
configurations (/3) that sometimes occur in
MWNTs, where the inner nanotube sections do
not extend along the entire length of the
MWNT, but rather represent an end-to-end se-
ries of shorter, fully capped, nanotube segments
residing inside the continuous housing of outer
nanotube shells. A TEM image of such a bam-
boo joint inside a larger MWNT is shown in
Fig. 4A. In Fig. 4B, the core segment on the
right has been telescoped out, cleanly separat-
ing the bamboo joint. This result shows that
bamboo nanotube core segments are truly inde-
pendent sections with weak end-to-end binding.
This observation has important practical impli-
cations for common-axis bearings: Short inde-
pendent bamboo sections might serve as ul-
tralow-friction linear or rotational bearings that
are firmly embedded in a common long, stiff
cylindrical housing.

Our results demonstrate that MWNTSs hold
great promise for nanomechanical or nanoelec-
tromechanical systems (NEMS) applications.
Low-friction, low-wear nanobearings and
nanosprings are essential ingredients in general
NEMS technologies. The transit time for com-
plete nanotube core retraction (on the order of 1
to 10 ns) implies the possibility of exceptionally
fast electromechanical switches.
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Full Three-Dimensional
Photonic Bandgap Crystals at
Near-Infrared Wavelengths

Susumu Noda,'* Katsuhiro Tomoda,’ Noritsugu Yamamoto,?
Alongkarn Chutinan’

An artificial crystal structure has been fabricated exhibiting a full three-di-
mensional photonic bandgap effect at optical communication wavelengths. The
photonic crystal was constructed by stacking 0.7-micrometer period semicon-
ductor stripes with the accuracy of 30 nanometers by advanced wafer-fusion
technique. A bandgap effect of more than 40 decibels (which corresponds to
99.99% reflection) was successfully achieved. The result encourages us to
create an ultra-small optical integrated circuit including a three-dimensional
photonic crystal waveguide with a sharp bend.

There is much interest in photonic crystals
(/-3) in which the refractive index changes
periodically. A photonic bandgap is formed
in the crystals, and the propagation of elec-
tromagnetic waves is prohibited for all wave
vectors. Various scientific and engineering
applications, such as control of spontaneous
emission, zero-threshold lasing, sharp bending
of light (4), and so on, are expected by using
the photonic bandgap and the artificially in-
troduced defect states and/or light-emitters.
To realize the potential of photonic crystals
as much as possible, the following require-
ments should be satisfied: (i) construction of
a three-dimensional (3D) photonic crystal
with a complete photonic bandgap in the
optical wavelength region, (ii) introduction of
an arbitrary defect state into the crystal at an
arbitrary position, (iii) introduction of an ef-
ficient light-emitting element, and (iv) use of
an electronically conductive crystal, which is
desirable for the actual device application.
Although various important approaches such
as a self-assembled colloidal crystal (5), a
GaAs-based three-axis dry-etching crystal
(6), and a silicon-based layer-by-layer crystal
(7, 8) with a so-called woodpile structure (9)
have been proposed and investigated to con-
struct the 3D photonic crystals, it is consid-
ered difficult for these methods to satisfy the
four above requirements simultaneously.
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Recently, we reported a complete 3D pho-
tonic crystal at infrared (5 to 10 wm) (/0—-12)
to near-infrared wavelengths (1 to 2 um) (/2)
based on a method in which III-V semicon-
ductor stripes are stacked with the wafer-
fusion and laser beam—assisted very precise
alignment techniques to construct the wood-
pile structure. Because the crystal is con-
structed with III-V semiconductors, which
are widely used for optoelectronic devices,
the above requirement (iii) is satisfied. More-
over, as the wafer-fusion technique enables
us to construct an arbitrary structure and to
form an electronically active interface, all
requirements (i) through (iv) will be satisfied.

However, an important issue remains to be
solved: the photonic crystal with sufficient
bandgap effects has not yet been realized at
near-infrared wavelengths. The bandgap effect
at near-infrared wavelengths was much weaker
(by more than a factor of 10) than those at
infrared wavelengths. A very weak effect was
observed also in silicon-based layer-by-layer
crystals (8). This is certainly due to the struc-
tural fluctuations caused by the imperfection of
material process when the size is in the sub-
micrometer range, which leads to serious prob-
lems for the actual scientific applications such
as complete control of spontaneous emission
and very sharp bending of light. We developed
the advanced processing technique to address
the above issue and to fabricate 3D photonic
crystals with sufficient bandgap effects at near-
infrared wavelengths. It is also shown that the
crystal is applicable to ultra-small optical inte-
grated circuits, including a 3D waveguide with
a sharp bend.

In the crystal structure studied here (Fig.
1A), where one unit of woodpile structure is
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Fig. 1. (A) Schematic
drawing of one unit of
woodpile-structure 3D
photonic crystal. (B and
C) SEM images of the
stacked two stripes
fabricated in a previous

report (72) and here, I \
respectively. (D) SEM 2 \
image of 3D photonic :
crystal fabricated with
advanced processing
techniques.

2nd

0.7pum

illustrated, the structure is expected to have a
complete bandgap of ~16% at the normalized
frequency region of ~0.6 [c/a], where ¢ is the
light velocity and a is the lattice constant
defined as V2 times stripe period. The crystal
is constructed by stacking single crystalline
III-V semiconductor (GaAs or InP) stripes as
follows: A pair of striped wafers is first wafer-
fused at 700°C with crossed configuration, and
then one of the substrates is removed by a
combination of chemical- and dry-etching pro-
cesses. Then, a pair of wafers with two stacked
striped layers is stacked again by wafer-fusion
technique such that two parallel stripes (1st and
3rd and 2nd and 4th) are shifted by half a period
to construct the structure (Fig. 1A) with a laser
beam-assisted alignment method. Again, one
of the substrates is removed. We have carefully
examined these processes to find the main fac-
tors of structural fluctuations, for example, the
discrepancy between the formed stripe patterns
and the designed ones, the alignment accuracy
between the parallel stripes, and so on. We
found that the most important factor is the
degradation of stripe patterns caused by (i)
mass transport during the wafer-fusion process
at 700°C and (ii) over-etching after the sub-
strate-removing process. A scanning electron
microscope (SEM) image (Fig. 1B), taken after
the wafer-fusion and substrate-removing pro-
cesses, shows that the stripe edge is rounded
and the thickness of the stripes becomes very
thin, especially at the center. The degradation
was found to be serious when the stripe period
was in the submicrometer range (0.7 pm), as it
was here. The effects of the fluctuations have
been theoretically investigated with super cell-
based plane wave—expansion method (/3) and/
or transfer-matrix method (/4) by introducing
these fluctuations; we found that the bandgap
effect is reduced by more than a factor of 10. To

4th

<010>

Ist 2nd Ist 2nd

10um

solve the problems, we investigated the most
appropriate wafer-fusion temperature at
which mass-transport phenomenon is sup-
pressed sufficiently but the bonding is strong
enough, by changing the temperature from
700° to 400°C. We found that 500°C is most
appropriate. To avoid the over-etching phe-
nomenon, we used an interference method to
control the etching depth strictly, where the
interference color from the stacked stripes is
monitored during the etching process. The
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Fig. 2. (A) Normal incident transmission and
reflection spectra, together with the transmis-
sion spectra for various incident angles from 0°
to 50° for the Fig. 1D crystal. (B) Transmission
spectra for the eight-layer crystal, where the
spectra of the four-layer crystal is also shown
for comparison.

degradation of stripe patterns was suppressed
sufficiently with these advanced processing
techniques (Fig. 1C). Figure 1D shows the
SEM of the one unit of photonic crystal
developed here. The structure is constructed
in a wide area, and the expanded view shows
that the crystal is perfectly constructed within
the accuracy of 30 nm, even in the case of a
small stripe period of 0.7 pm.

Normal incident transmission and reflec-
tion spectra of the Fig. 1D crystal are shown
in Fig. 2A, together with the transmission
spectra for various incident angles. The max-
imum attenuation as large as 23 dB was
successfully observed at the 1- to 2-pm
wavelength region, and, correspondingly,
maximum reflectance of almost 100% has
been observed. The result indicates that the
bandgap effect increases by a factor of more
than 10 compared with the results achieved
previously (8 to 10 dB) (8, 12), which means
that the crystal is indeed perfect structure
from the viewpoint of the optical properties.
In Fig. 2A, the transmission spectra for var-
ious incident angles are also indicated. The
angles were changed from 0° to 50° from
<001> (I'-X") to <110> (I'-K") directions.
As can be seen in Fig. 2A, the wavelength at
which the transmittance becomes minimum
shifts to the longer wavelength with increasing
incident angles, and the shift tends to saturate at
40° to 50°. The result coincides with the theo-
retical result. When the full-bandgap wave-
length region is defined as the range at which
the attenuation becomes more than 80%, it
covers ~1.3 to 1.55 pum, which is very impor-
tant for the optical communication field.

To extend the above results, we created
the crystal with two-unit structure (eight
stacked stripes). The normal incident trans-
mission spectrum is shown in Fig. 2B, togeth-
er with that of a one-unit crystal. The atten-
uation of more than 40 dB (which corre-
sponds to 99.99% reflection) was observed.
The bandgap effect at the wavelengths corre-
sponding to the full bandgap (1.3 to 1.55 wm)
was much more enhanced.

These results encourage us to develop
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Fig. 3. SEM image of 3D sharp bend (90°)

waveguide developed here.
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ultra-small optical circuits based on the 3D
photonic crystal. Figure 3 shows the first
successful fabrication of 3D sharp bend
(90°) waveguide, which has been devel-
oped here. Two stripe layers, one of which
is removed to form a straight air
waveguide, are stacked with a crossed con-
figuration to form a 90° bend waveguide,
and they are sandwiched by the upper and
lower complete photonic crystals. The
waveguide is composed of 12 stacked lay-
ers in total with a stripe period of 4 pm.
The waveguide has a potentially very high
transmission (>95%) property in a very

REPORTS

wide frequency range from 0.553 to 0.605
[c/a], which was predicted by the finite-
difference time-domain calculation (/5).
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Synthesis and Characterization
of Helical Multi-Shell Gold
Nanowires

Yukihito Kondo'*{ and Kunio Takayanagi'-2

Suspended gold nanowires were made in an ultra-high vacuum. The finest of
them was 0.6 nanometer in diameter and 6 nanometers in length. By high-
resolution electron microscopy, they were shown to have a multi-shell structure
composed of coaxial tubes. Each tube consists of helical atom rows coiled round
the wire axis. The difference between the numbers of atom rows in outer and
inner shells is seven, resulting in magic shell-closing numbers.

Metal nanowires suspended between two elec-
trodes have attracted much interest in recent
years because the electron transport properties
of a quantum wire are of importance in funda-
mental physics and in electronic device tech-
nology. The metal nanowires have been made
with a scanning tunneling microscope (STM)
and by other methods (/-5). The conductances
in these experiments were quantized in units of
2¢%/h, where e is the electron charge and 7 is
Planck’s constant (6, 7). A recent experiment
by simultaneous STM-TEM (transmission
electron microscopy) clarified the structure
and the conductance of gold nanowires (5).
The contact in the experiment was not always
a narrow neck; a wire (diameter <2 nm) was
formed when the two electrodes faced each
other in the [110] direction. However, the
length of the wire was only 1 to 2 nm, too
short for a conducting wire.

Long metal nanowires were predicted in a
recent theoretical paper (8) to have “weird”
structures that differ from the crystalline
bulk. A helical structure was predicted for
lead and aluminum nanowires. Carbon nano-
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tubes also have helical structure (9) and are
metallic or semiconducting, depending on the
tube’s chirality (/0—13). Interesting physics
may arise for long metal nanowires free from
any supporting substrate.

Here, we report experimental evidence for
multi-shell helical gold nanowires. High-res-
olution electron microscope images show that
gold nanowires (<1.5 nm in diameter) con-
sist of coaxial tubes. Each tube consists of
helical atom rows coiled round the wire axis.
The difference between the number of helical
atom rows in outer and inner shells is seven,
resulting in magic shell-closing numbers.

Gold nanowires were formed in an UHV
(ultra-high vacuum)-TEM with the electron
beam thinning technique reported previously
(14). A gold (001) film 3 to 5 nm in thickness
was cleaned by electron beam irradiation for
3 to 5 hours until the film showed the 5 X 20
reconstructed surface (/5-17) at the specimen
stage of the TEM, whose vacuum was 3 X
10~# Pa. The film was subsequently irradiated
with a very intense electron beam (200 kV, 500
A/cm?) until some holes were formed (14, 17,
18). When the bridge between two neighboring
holes was narrowed, it became a long nanowire
(5 to 15 nm) along the [110] direction. These
nanowires (>1.5 nm in diameter) had a face-
centered-cubic (fce) structure in the core, and
the lateral surfaces were reconstructed, forming
a {111}-like close-packed structure (/4).
Thinned further by a weaker electron beam (10
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to 50 A/cm?), they exhibited new structures
with widths (diameters) of 0.6 to 1.5 nm and
lengths of 3 to 15 nm. The above procedure was
successful only under UHV and with well-
cleaned samples. We analyzed videotapes re-
cording the thinning process of over 30 wires (a
total of 10 hours of recording).

The electron microscope images in Fig. 1,
A through D, show four structures that were
observed during the thinning. The diameters
of these wires were 1.3, 1.2, 0.9, and 0.6 nm.
The dark dots in the images represent the
gold atoms (or gold lattice). These dots are
not arranged regularly as in the fcc lattice.
The lattice fringes obliquely intersect the
wire axis at an angle of 60°, whereas in a fcc
lattice they would intersect at 90°. The wire
images appear wavy and are asymmetrical
with respect to the wire axis. Closer inspec-
tion of the images revealed that the dark dots
are aligned on a line along the wire axis,
which represents an atom row. In contrast to
crystalline lattices, these atom rows are not
straight but have wavy modulation (particu-
larly in Fig. 1D).

During the thinning process, the wire imag-
es changed drastically when the width changed.
Occasionally, the image changed even when
the width remained unchanged. The duration of
the steady state of the wire became shorter as
the wire became thinner. We carefully selected
images that showed only the steady state of the
wires from the large number of frame images
captured from the videotape (time interval of
digitization is 1/30 s). One of the finest wires
stayed for ~0.5 s before it ruptured. We mea-
sured the distance (d) between the dark dots on
each atom row and the width (D) of the wire on
the selected images. As shown in Fig. 2 (upper
part), d was almost the nearest neighbor dis-
tance of gold (0.288 nm) for all the wires with
0.5 nm < D < 1.5 nm. Although the histogram
did not take the residence time (duration of the
steady state) into account, the histogram for D
(lower part of Fig. 2) shows peaks at D = 0.58,
0.88, (0.96), 1.03, 1.13, 1.20, 1.29, and 1.4 nm,
reflecting the stable diameters of the gold wires.
We constructed structure models that explained
the magic peaks in Fig. 2 and carried out TEM
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