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Figure 4 Relaxation of the strain energy distribution. Shown is the distribution
along a CgHg, chain containing a trefoil during CPMD energy minimization at
T =0K. The t =0 configuration is an average of the equilibrium positions
obtained from classical MD simulations performed with different initial states
and temperatures. The segments outside the knot and its central portion relax,
while stress tends to concentrate mostly on the two entrance bonds (see Fig.1).

after which it was cooled. Typically, during the dynamical evolution
individual bonds undergo large-amplitude thermal fluctuations,
which decrease on cooling.

During the room temperature L = 13.50A CPMD run for
N = 28, dissociation occurred at a bond location just outside the
entrance to the knot, well separated from the terminal atom where
the tension was applied. Figure 2 shows the region of the knot where
the chain actually ruptured, both before (Fig. 2a) and after (Fig. 2b)
the break. The change in hybridization of the C,, and C,; atoms
from sp to sp* is clearly evident also in Fig. 2¢, where we display the
time evolution of the system immediately before and after the break.
Figure 3 shows a ‘snapshot’ of the electronic charge density after the
break occurred. The gap in the charge density between the C,, and
C,; atoms confirms the bond breaking at this position. Other
simulations carried out with L = 13.50 A yield breakpoints at one
of the two bonds coming out from the knot. (Density-functional
energy barriers are not quantitatively very accurate, but the general
qualitative description of phenomena, as well as the dissociation
energies involved in such processes, are known to be quite reliable.)

The first-principles CPMD calculations provide the total strain
energy but not its profile along the chain. The latter can be obtained
by making use of an ab initio force-constants model, which is able
to reproduce the total strain energy to ~20%. Figure 4 shows the
evolution of the strain energy distribution during structural relaxa-
tion of a N = 30 trefoil just before breaking occurs. The strain
energy is mainly localized in the two symmetric bonds that are
outside the entrance to the knot. Our calculations suggest that 23
carbon atoms form the tightest knot that can be sustained in a
polyethylene strand without it breaking.

The strain energy stored in the knot at breaking point is
12.7 kcal mol™" per C—C bond, which is considerably smaller than
the value (16.2 kcal mol™) for the linear unknotted case. Thus, we
find that the presence of the knot has significantly weakened the
strand in which it is tied.

Although the dynamical evolution of the present constrained
ab initio MD simulations was sufficient to observe bond breaking,
no attempt was made to allow for recombination of the resulting
radicals or reactions of the radicals with other parts of the chain. The
study of these effects, as well as the role of chain branching and the
influence of neighbouring chains, is left for future research. These
factors will probably provide a deeper understanding of how the
interplay between inter- and intra-molecular effects contributes to

48

A2 © 1999 Macmillan Magazines Ltd

the mechanical properties of real polymer samples’.

Note added in proof: Arai et al.”® have recently reported the knotting
of actin filaments and DNA molecules using optical tweezers. They
find that the breaking stress for actin is significantly lower than that
of the unknotted filaments, and that the breakage point is at the
entrance to the knot, as our calculations predict. O
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Nanometre-scale electronic structures are of both fundamental
and technological interest: they provide a link between molecular
and solid state physics, and have the potential to reach far higher
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device densities than is possible with conventional semiconductor
technology'”. Examples of such structures include quantum
dots, which can function as single-electron transistors™ (although
their sensitivity to individual stray charges might make them
unsuitable for large-scale devices) and semiconducting carbon
nanotubes several hundred nanometres in length, which have been
usedto createa field-effect transistor’. Much smaller devices could be
made by joining two nanotubes or nanowires to create, for example,
metal-semiconductor junctions, in which the junction area would
be about 1nm’ for single-walled carbon nanotubes. Electrical
measurements of nanotube ‘mats’ have shown the behaviour
expected for a metal-semiconductor junction®. However, proposed
nanotube junction structures’ have not been explicitly observed, nor
have methods been developed to prepare them. Here we report
controlled, catalytic growth of metal-semiconductor junctions
between carbon nanotubes and silicon nanowires, and show that
these junctions exhibit reproducible rectifying behaviour.

Two approaches were used to prepare nanotube—nanowire (NT/
NW) junctions (Fig. 1). These methods built on recent efforts in our
group® and elsewhere”" directed towards the controlled growth of
NWs and NTs with catalysts. It is possible to extend the basic ideas
from this previous work to create NT/NW junctions by localizing a
suitable metal catalyst at the end of a starting NW or NT. We have
met this critical requirement by using a common catalyst for the
growth of the NW and NT, and by depositing a NW catalyst at the
end of an existing NT.

A common Fe-based catalyst was used to grow NTs from the ends
of silicon NWs (SiNWs). In previous work, we have shown that Fe
and Fe/Au are efficient catalysts for the growth of SINWs® more-
over, it is well established that Fe is a good catalyst for the growth
of multiwalled NTs (MWNTs)® and single-walled NTs (SWNTs)".
The use of a common catalyst has the advantage that the catalyst is
naturally localized at the ends of the SINWs after their growth, and
then can be used to direct the growth of NTs using a hydrocarbon
reactant such as ethylene (Fig. 1a). The SINWs grown with Fe/Au
catalysts are single-crystal materials with an average diameter of
~10nm (Fig. 2a). Transmission electron microscopy (TEM) and
X-ray fluorescence (EDX) analyses further demonstrate that the
SiNWs terminate in well-defined Fe/Au nanoclusters.

NTs were grown from the ends of the SINWs by using ethylene at
600 °C. TEM studies of the products produced in this way show a
large number of NT/SINW junctions (for example, Figs 2b, c),
where NTs are clearly hollow and SiNWs are solid. Electron
diffraction (Fig. 2b, inset) and high-resolution imaging reveal that
the SINWs remain crystalline after NT growth. The observed NT
wall thicknesses and lattice-resolved imaging demonstrate that
the NTs are well-ordered MWNTs as expected for these growth
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Figure 1 Synthetic approaches to NT/SiNW junctions. a, SINWs (grey) grown by
a catalytic process® terminate in nanocluster catalysts (black). This catalyst is
used to direct the growth of NTs (black lines) from ethylene. The catalyst can be
excluded or remain atthe NT/SiNW junction. b, Catalyst nanoclusters (black) are
deposited on NT ends and then used to direct the growth of SiNWs. In this case,
the catalyst is on the SiINW free end and the NT/SiNW junction is clean.

NATURE |VOL 3996 MAY 1999 | www.nature.com

letters to nature

conditions’. We find that two general junction structures are pro-
duced from the SINW ends. In the more common case, the NT
forms a sharp junction with the SINW (Fig. 2b). A metal nanoclus-
ter, which can be excluded during growth, is often observed nearby
the junction. Because MWNTTs are typically metallic', these sharp
NT/SiNW nanojunctions can exhibit behaviour typical of metal—
semiconductor (M/S) junctions formed on planar silicon'. In the
second less frequent type of junction, a catalyst cluster remains in
the region between the NT and SiNW (Fig. 2c, large arrow). This
latter image also exhibits contrast changes in the SINW portion of
the junction. EDX and electron diffraction measurements demon-
strate that these regions do not contain significant metal catalyst

Figure 2 NT/SiNW junctions grown from SiNWs with a common Fe/Au catalyst.
a, TEM image (EM420; Philips) of SINW produced with a FeggAug; catalyst. The
15-nm-diameter NW terminates in a Fe-Au nanocluster that appears as a dark,
solid sphere. b, ¢, TEM images of NT/SiNW junctions. The hollow NTs are
oriented at the top of both images and the solid SiNWs at the bottom. b, The large
black arrow highlights the junction position. The small arrow indicates a metal
catalyst cluster that was probably excluded from the junction during growth. The
inset corresponds to an electron diffraction pattern recorded with the beam
perpendicular to the NT/SINW axis. The diffraction spots show that the SINW
maintains its crystalline structure after NT growth. ¢, The larger arrow highlights
the junction region that contains a metal nanocluster. The contrast variation
highlighted by the smaller arrow corresponds to SiNW (see the text for details).
The scale bars in a, b and ¢ are 20, 50 and 50 nm, respectively. Samples were
prepared as follows. A pulsed Nd-YAG laser (532 nm, 7-ns pulse width; GCR-16S;
Spectra-Physics) was used to ablate a FeggAug; solid target placed within a
growth system®. The ablation was performed for 10min in 20-torr 10%/90%
silane/He (99.998%; Matheson Gas Products), 20 standard cm®min™" at 450°C.
NTs were grown from the SiNWs for 30 min in 300-torr ethylene (99.5%; Matheson
Gas Products), 20 standard cm®min~" at 600°C.
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and are crystalline Si. We believe that the contrast changes are due
to Si recrystallization and texturing mediated by Au(Fe) catalyst
during NT growth. This type of junction is more complex than the
more common sharp NT/SiINW structure but should also exhibit
MY/S behaviour, as both the NT and catalyst particles are metallic.

Figure 3 NT/SINW junctions grown from NT tips with a Au catalyst. a, FESEM
images (Leo 982; Leo Electron Microscopy) of a NT with an electrodeposited Au
nanocluster at the free end. The NT is attached to a Pt-Ir STM tip with
micromanipulators®. Inset, higher-magnification view of the Au nanocluster at
the NT end. The apparent doubling of the NT is due to vibration of the long
tube. The white and black scale bars correspond to 5 um and 500 nm, respec-
tively. b, FESEM image of the NT/SiNW junction grown from a nanotube tip. The
large structure at the left is the Pt-Ir tip; several spurious nanotubes are present
on the tip surface from the initial transfer process. Scale bar, 2 um. Inset, TEM
image of a NT/SiNW junction. The junction, which is indicated by the dashed
white circle, is located at the back of the MWNT bundle and seems clean (for
example, there is no evidence for Au in the image). The extent of the MWNT
bundle is indicated with white lines; amorphous Si/SiO, covers the surface as
described in the text. Scale bar, 50 nm. ¢, TEM image of the tip of the nanowire in
b. The nanowire consists of a crystalline core and an amorphous Si/SiO coating.
Diffraction and EDX studies demonstrate that there is undetectable (<0.5%) gold
in the nanowire and NT/SINW junction, and that there is a well-defined Au
nanocluster at the SiINW free end. Scale bar, 50 nm. Samples were prepared as
follows. MWNTs'™® were mounted onto freshly cut Pt-Ir STM tips with silver paste
(H20E; Epoxy Technology), and gold nanoclusters were electroplated on the free
NT ends (Techni-Gold 25 E; Technic) at 500 mV. SINWs were then grown from
the NT ends by chemical vapour deposition (CVD) (10%/90% silane/He, 20 stan-
dard cm®min™" for 15 min at 510°C).
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We have also studied growth from catalysts attached to NTs. This
method provides greater flexibility in the choice of catalyst and
enables direct electrical measurements, as N'Ts can be easily attached
to scanned probe microscopy tips". NTs were attached to sharpened
Pt—Ir STM tips, and then a gold cluster was electrodeposited onto
the NT free ends. Typical field-emission scanning electron micro-
scope (FESEM) images of an attached MWNT bundle show that it
is possible to localize Au nanoclusters at the very end of NT tips
(Fig. 3a). The apparent splitting in the high-resolution image
(Fig. 3a, inset) is due to the vibration of the long NT.

To create NT/SiNW junctions, SINWs were grown from the NT
tip ends by using silane'. A typical FESEM image of a NT/SINW
junction (Fig. 3b) shows roughly equal 5 pm straight segments of
NT and SINW with the junction near the centre of the image. TEM
and FESEM images of the SINW portion of the structure further
demonstrate (1) that the NWs consist of a crystalline Si core
sheathed in a thin, amorphous Si (a-Si) and native SiO, layer
(which forms after the sample is exposed to air), (2) that the Au
catalyst used to direct growth is at the SINW end (Fig. 3¢c), and (3)
that the nanotube and SINW can be either on-axis (Fig. 3b) or oft-
axis (Figs 3b and 4a, insets). TEM and EDX also demonstrate that
the NT/SiNW structures prepared in this way do not have detectable
Au, a-Si or SiO; at the junction interface (Fig. 3b, inset). We believe
that the preference for growth with Au catalyst at the SINW free end
reflects the more favourable energetics of NT—solid Si versus NT—
liquid Au/Si interfaces.

There are two other features of the NT/SiNW junctions produced
by this latter method that are evident in Fig. 3. First, the NT
diameters are larger after SINW growth. This reflects the uncata-
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Figure 4 Electrical properties of NT/SiNW junctions. a, Diagram of the set-up
used to measure the electrical properties of nanojunctions. The NT/SINW is
electrically connected to a Pt-Ir tip with Ag paste at the NTend (filled black circle)
and to Ga-In liquid metal at the SINW end. /-V/ curves are measured with the
scanning tunnelling microscope (STM) electronics. Inset, another NT/SiNW
junction grown as described in Fig. 3. The arrow indicates the position of the
junction with the NT and SiNW above and below this point, respectively. b, /-V/
curves of two independent NT/SINW junctions (solid and dotted curves). The
reverse bias region of the dotted curve overlaps the solid curve and was shifted
for clarity. ¢, /-V/ curves of a NT (dotted), coated with a thin layer of amorphous
silicon, and a SINW (solid) connected directly to the Pt-Ir tip. The current through
SiNWs was 3-5 times that through NT/SiNW junctions over the voltage range
used to determine ¢y,. This shows that forward bias response of the NT/SiNW
structures is dominated by the internal junction. Experimental procedures were
as follows. Pt-Ir tips with NT/NW junctions were mounted in a commercial STM
(Nanoscope llI; Digital Instruments) equipped with a variable-gain current ampli-
fier (QME 311; Balzers). The NT/SiNW junctions were advanced or retracted in
25nm steps into or from the Ga-In liquid (99.99%; Alfa Aesar), with the STM
feedback loop disabled; /- measurements were made at a variety of depths.
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lysed deposition of a-Si (from silane) during NW growth. Second,
many of the SINWs grown on NTs with the Au catalyst seem to taper
towards the end. A reduction in diameter with increasing length has
been reported previously for larger Si whiskers; this reduction was
attributed to the incorporation of gold in the Si phase during
growth'. Although we do not have direct evidence for Au-doping of
the SiINWs, it should be noted that Au is expected to create deep
acceptor and donor levels in Si (ref. 15) that are electrically inactive.

We have measured directly the electrical properties of individual
NT/SiNW junctions grown from NT tips with an approach that
exploitsaliquid metal'® to make the second electrical contact to the free
ends of NT/SINW junctions (Fig. 4a). The current—voltage (I-V)
measurements on NT/SiNW junctions with only the SINW in contact
with the Ga—In liquid exhibit very reproducible rectifying behaviour
typified by the results for two independent junctions shown in Fig. 4b.
Specifically, there is little current flow for V' < 0, whereas the current
increases sharply for voltages =+0.8. Similar results were obtained in
nine independent nanojunctions. Significantly, this rectifying
behaviour is characteristic of a M/S Schottky diode device.

Several experiments lead us to conclude that this diode-like beha-
viour is intrinsic to the nanoscale NT/SiNW junctions. First, -V
curves remain unchanged as the tip is advanced into the Ga—In liquid
as long as this distance does not exceed the measured length of the
SiNW. These results suggest that the overall current flow is limited by
the actual NT/SINW junction. Second, when the tips are advanced past
the SINW so that the NT is in contact with Ga—In liquid, symmetrical,
non-rectifying I-V curves are observed (Fig. 4c). These results show
that the NT/Pt—Ir junction does not produce the observed diode
characteristics. The non-ohmic I-V curves recorded when the NT is in
contact with Ga—In are due to the barrier created by the thin a-Si/SiO,
coating formed on the NT during NW growth and subsequent
exposure to air (see above). Third, -V measurements made on
SiNWs grown directly from the Pt—Ir tips (the same conditions as
for NT/SINW growth) are symmetrical, exhibit no evidence of
rectifying behaviour but have characteristics of a tunnel junction
(Fig. 4c). These results demonstrate that the observed diode behaviour
isnot due to the SINW/Ga—In contact ora Si/a—Siinterface. We believe
that the SINW/Ga—In contact is a tunnel junction due to the native
surface oxide layer'?, whereas the SINW/Pt contact is ohmic, as
observed previously for p-Si/Pt junctions'. Last, the nine indepen-
dent NT/SiNW junctions that we have synthesized all exhibit the
well-defined rectifying behaviour shown in Fig. 4b, thus testifying to
the reproducibility of these nanojunctions.

The NT/SiNW M/S junctions exhibit Schottky diode behaviour
similar to much larger planar Si-based structures, despite their small
size. To explore the similarity further we have analysed the forward
bias I-V data to extract the zero-bias junction barrier height, ¢
(ref. 12). It is interesting that this provides values of ¢y,
0.41 = 0.06 eV, very similar to those obtained for macroscopic
metal/p-Si junctions'’, in which we have verified that the SINWs
are p-doped (J.H., M.O. and C.M.L., unpublished observations).

Our controlled synthesis of NT/SINW M/S junctions exhibiting
Schottky diode behaviour opens up exciting opportunities on
several fronts. They show that conventional semiconductor device
structures of very small junction area can be embedded within NT/
NW structures and that these quantum wires can serve as a natural
means for electrically addressing the nanojunctions. Further studies
of these structures, for example as a function of NW/NT diameter
and temperature, will provide insight into the nanojunction physics
and enable minimum size limits to be defined. More generally, we
believe that the catalytic approach used to prepare NT/SINW
junctions can be readily expanded to create other M/S and semi-
conductor—semiconductor structures. Formation of junctions
between p-type and n-type semiconductors could produce remark-
ably small light-emitting diodes that could also be readily addressed
electrically. It is therefore reasonable to speculate that nanojunc-
tions formed by the method described here could provide some of
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the critical building blocks needed to enable the emerging technol-
ogy of nanoelectronics.
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Ordering of a system of particles into its thermodynamically
stable state usually proceeds by thermally activated mass
transport of its constituents. Particularly at low temperature,
the activation barrier often hinders equilibration—this is what
prevents a glass from crystallizing' and a pile of sand from
flattening under gravity. But if the driving force for mass
transport (that is, the excesss energy of the system) is increased,
the activation barrier can be overcome and structural changes are
initiated’. Here we report the reordering of radiation-damaged
protein crystals under conditions where transport is initiated by
stress rather than by thermal activation. After accumulating a
certain density of radiation-induced defects during observation
by transmission electron microscopy, the distorted crystal recrys-
tallizes. The reordering is induced by stress caused by the defects
at temperatures that are low enough to suppress diffusive mass
transport. We propose that this defect-induced reordering might
be a general phenomenon.

The protein structures we investigated were well-ordered crystals
of the connector protein of the bacteriophage $29 (ref. 3). Crystals
with a thickness of several monolayers and lateral dimensions of
several micrometres were prepared as described in ref. 4. These
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