
5 0.9, 0.8, and 0.7. For example, we ob-
tain F 5 1 2 1025 after N 5 12 steps for
p1 5 0.9. For general channels the fidel-
ity approaches F ; 1 2 e2cN, with N the
number of steps. We emphasize that for
p1 5 1 we have a stationary channel. In
this case, we obtain F1 5 1 in a single step.

For a “good” standard channel (see Eq.
3), T0 is close to T1. As a consequence of
our reduction procedure, this implies that
S0 . S1 and therefore p1 . 1, and p2 ,,
1. We emphasize that the reverse state-
ment is not true; namely, one can have S0
. S1 but a “bad” standard channel. Con-
sider, for example, a very simple toy model
in which the environment is a qubit in the
initial state ?0&, and with T0 5 11 and T1 5
sx. With the classical definition of a chan-
nel, one can easily show that this channel
cannot produce entanglement; suppose
that Alice has an entangled state of two
qubits A and A2, ?a&A?0&A2

1 ?b&A?1&A2
,

and sends the second qubit to the qubit
B of Bob via such a channel. The state after
this transmission will be a mixed state
?a&A^a\0&B^0? 1 ^b&A^b\1&B^1& and there-
fore is not entangled. However, for this
channel S0 5 S1 5 sx, and therefore one
can establish an EPR pair with the proce-
dure introduced above. By twice using the
channel as we proposed, the state of the
environment after both transmission factor-
izes out, and therefore entanglement can be
produced. When S0 . S1, then p2 } \(S0 2
S1)?E&\2 ' 0, which is due to quantum
interference between the first and second
transmission, using the reduction scheme of
Eq. 4.

We have defined a photonic channel
where ?0& is assigned to sending no photon
and ?1& is assigned to sending one photon.
Using local quantum computing with three
and two auxiliary atoms in the first and
second node, we have reduced it to an
absorption-free channel. We have proposed
a scheme based on this channel that itera-
tively improves the fidelity of distant EPR
pairs, using quantum interference between
two transmissions. For a stationary channel,
one obtains a pure EPR pair in a single step.
For a general channel, the fidelity ap-
proaches 1 exponentially with the number
of steps.
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A Laser Ablation Method for the Synthesis of
Crystalline Semiconductor Nanowires

Alfredo M. Morales and Charles M. Lieber*

A method combining laser ablation cluster formation and vapor-liquid-solid ( VLS) growth
was developed for the synthesis of semiconductor nanowires. In this process, laser
ablation was used to prepare nanometer-diameter catalyst clusters that define the size
of wires produced by VLS growth. This approach was used to prepare bulk quantities
of uniform single-crystal silicon and germanium nanowires with diameters of 6 to 20 and
3 to 9 nanometers, respectively, and lengths ranging from 1 to 30 micrometers. Studies
carried out with different conditions and catalyst materials confirmed the central details
of the growth mechanism and suggest that well-established phase diagrams can be used
to predict rationally catalyst materials and growth conditions for the preparation of
nanowires.

One-dimensional (1D) structures with
nanometer diameters, such as nanotubes and
nanowires, have great potential for testing
and understanding fundamental concepts
about the roles of dimensionality and size in,
for example, optical, electrical, and mechan-
ical properties and for applications ranging
from probe microscopy tips to interconnec-
tions in nanoelectronics (1). The synthesis
of crystalline semiconductor nanowires, such
as Si and Ge (2), holds considerable techno-
logical promise for device applications and
for improving the optical properties of these
indirect gap materials but has been difficult
to achieve. Several successful routes for the
synthesis of carbon nanotubes are known
(3), but the different bonding arrangement
within these nanotubes and the different
chemistry of carbon compared with Si and
Ge would require an alternative approach for
controlling the formation of nanowires from
gas-phase reactants. Template-mediated
methods that use zeolites, membranes, or
nanotubes (4) can control growth but usual-
ly form polycrystalline materials.

An approach that does form crystalline
wirelike structures is VLS growth (5, 6), in
which a liquid metal cluster or catalyst acts
as the energetically favored site for absorp-
tion of gas-phase reactants. The cluster su-

persaturates and grows a 1D structure of the
material; the lower limit of the diameter is
generally .0.1 mm and is limited by the
minimum diameter of the liquid metal cata-
lysts that can be achieved under equilibrium
conditions (6). A VLS method has been
used to grow Si nanowires by confinement of
Au metal on a surface (7, 8), although the
smallest diameters (20 to 100 nm) of defect-
free nanowires are still relatively large. Re-
cently, Buhro and co-workers have reported
a promising solution-liquid-solid (SLS) syn-
thesis of 10- to 100-nm-diameter III-V semi-
conductors (9). A potential limitation of the
SLS approach, however, is the requirement
of a catalyst that melts below the solvent
boiling point.

We report an approach to the synthesis
of single-crystal nanowires that exploits la-
ser ablation to prepare nanometer-diameter
catalyst clusters that subsequently define
the size of wires produced by a VLS mech-
anism. This approach to generating nano-
meter-diameter clusters is understood from
previous studies (10, 11), and it overcomes
the limitation of equilibrium cluster sizes in
determining minimum wire diameters. We
demonstrated this method with the synthe-
sis of single-crystal Si and Ge nanowires
with diameters as small as 6 and 3 nm,
respectively, and lengths .1 mm. Because
equilibrium phase diagrams can be used to
rationally choose catalyst materials and
growth conditions (6) and laser ablation
can be used to generate nanometer-sized
clusters of virtually any material, we believe
that our approach could be adapted for
preparing nanowires of numerous materials.
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In our growth apparatus (Fig. 1), a pulsed,
frequency-doubled Nd–yttrium-aluminum-
garnet laser (wavelength, 532 nm) is used to
ablate targets that contain the element de-
sired in the nanowire and the metal catalyst
component. This target was located within a
quartz furnace tube in which the temperature,
pressure, and residence time can be varied. A
transmission electron microscope (TEM) im-
age of a typical Si nanowire product (Fig. 2A)
obtained after laser ablation of a Si0.9Fe0.1
target at 1200°C shows primarily wirelike
structures with remarkably uniform diameters
on the order of 10 nm (12) with lengths .1
mm and often as large as 30 mm. Electron-
induced x-ray fluorescence (EDX) analysis of
individual nanowires showed that they con-
tain only Si and O. In addition, the TEM
images show that virtually all of the nanowires
terminate at one end in nanoclusters with
diameters 1.5 to 2 times that of the connected
nanowire. The observation of nanocluster
spheres at the ends of the nanowires is sug-
gestive of a VLS growth process (see below).

Higher resolution TEM images recorded
on individual nanowires (Fig. 2, B and C)
provide further insight into the structure of
these materials. A diffraction contrast image
shows that the nanowires consist of a very
uniform diameter crystalline core surrounded
by an amorphous coating (Fig. 2B). The av-
erage diameter of the crystalline core of this
nanowire is 7.8 6 0.6 nm, and the total
diameter including the amorphous sheath is
17.1 6 0.3 nm. Analysis of images taken from
a number of Si nanowires grown under similar
conditions showed that the diameters of the
crystalline cores vary from 6 to 20 nm with an
average close to 10 nm. A convergent beam
electron diffraction (ED) pattern recorded
perpendicular to the nanowire long axis (Fig.
2B) could be indexed for the [211] zone axis of
crystalline Si and suggests that the nanowire
growth occurs along the [111] direction. This
direction was confirmed in lattice-resolved
TEM images of the crystalline core (Fig. 2C).
Such images clearly show the (111) atomic
planes (separation, 0.314 nm) perpendicular
to the nanowire axis (13), and an atomically
sharp interface with the amorphous coating.
Electron-induced x-ray fluorescence analysis

with a scanning TEM showed that the amor-
phous coating has an approximate composi-
tion of SiO2. We attribute the amorphous
SiO2 coating on the nanowires to reaction
with residual oxygen in the apparatus. As
expected for SiO2, hydrofluoric acid re-
moved the amorphous nanowire coating,
and subsequent EDX analysis of the bare
crystalline cores showed only Si with traces
of oxygen. Taken together, these structure
and composition data show that the nano-
wires produced with our laser-based method
consist of 6- to 20-nm-diameter crystalline
Si cores that grow along the [111] direction

and are sheathed by amorphous SiO2.
Further advancement of this approach to

nanowire synthesis requires a clear under-
standing of the growth mechanism. The
presence of nanoparticles at one end of near-
ly all of the nanowires qualitatively suggests
that our growth proceeds by a VLS mecha-
nism. This idea can be tested and developed
in more detail by consideration of the model
in Fig. 3. In this model, laser ablation of the
Si12xFex target produces a vapor of Si and Fe
(Fig. 3A) that rapidly condenses into Si-rich
liquid nanoclusters (Fig. 3B), and when the
nanoclusters become supersaturated, the co-

Fig. 1. Schematic of the nanowire growth appa-
ratus. The output from a pulsed laser (1) is focused
(2) onto a target (3) located within a quartz tube;
the reaction temperature is controlled by a tube
furnace (4). A cold finger (5) is used to collect the
product as it is carried in the gas flow that is
introduced (6, left) through a flow controller and
exits (6, right) into a pumping system.

Fig. 2. (A) A TEM image (Phillips EM420, 120-kV
operating voltage) of the nanowires produced
after ablation (Spectra Physics GCR-16s, 532
nm, 10 Hz, 2-W average power) of a Si0.9Fe0.1
target; the product was obtained from the cold
finger. Scale bar, 100 nm. The growth condi-
tions were 1200°C and 500-torr Ar flowing at 50
standard cubic centimeters per minute (SCCM).
The EDX spectra were recorded with either a VG
(VG Microscopes, East Grinstead, England)
HB603 scanning TEM (250 kV, windowless de-
tector, elements $C) or a Phillips EM420 (120
kV, Be-window detector, elements $Mg). (B)
Diffraction contrast TEM image of a Si nanowire;
crystalline material (the Si core) appears darker
than amorphous material (SiOx sheath) in this
imaging mode. Scale bar, 10 nm. (Inset) Convergent beam ED pattern recorded along the [211] zone
axis perpendicular to the nanowire growth axis. (C) High-resolution TEM image [Topcon (Topcon
Technology, Tokyo, Japan) EM-002B, 200-kV operating voltage] of the crystalline Si core and amor-
phous SiOx sheath. The (111) planes (black arrows) (spacing, 0.31 nm) are oriented perpendicular to the
growth direction (white arrow).

Fig. 3. Proposed nanowire
growth model. (A) Laser ab-
lation with photons of ener-
gy hn of the Si12xFex target
creates a dense, hot vapor
of Si and Fe species. (B) The
hot vapor condenses into
small clusters as the Si and
Fe species cool through col-
lisions with the buffer gas.
The furnace temperature
(Fig. 1A) is controlled to maintain the Si-Fe nanocluster in a liquid (Liq) state. (C) Nanowire growth begins
after the liquid becomes supersaturated in Si and continues as long as the Si-Fe nanoclusters remain in
a liquid state and Si reactant is available. (D) Growth terminates when the nanowire passes out of the hot
reaction zone (in the carrier gas flow) onto the cold finger and the Si-Fe nanoclusters solidify.
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existing Si phase precipitates and crystallizes
as nanowires (Fig. 3C). Ultimately, the
growth terminates when the gas flow carries
the nanowires out of the hot zone of the
furnace (Fig. 3D). This model can be used to
make several testable predictions in con-
junction with the binary Si-Fe phase dia-
gram (14). First, we expect that the termi-
nating solid nanoclusters are FeSi2; that is,
FeSi2 is the stable Fe-Si compound in the
Si-rich region of the phase diagram. Second,
we expect that nanowire growth will termi-
nate below 1207°C, because no liquid cluster
would remain [this temperature corresponds
to the isotherm separating FeSix(l) 1 Si(s)
from FeSi2(s) 1 Si(s)].

Our experimental results are in good
agreement with these predictions. Quantita-
tive EDX analysis of the clusters at the ends
of the nanowires showed that these clusters
have the expected FeSi2 composition, and
EDX measurements made on the nanowires
a short distance from the FeSi2 nanoclusters
also showed that no Fe is detected at the 1
atomic % sensitivity level of our instrument.
In addition, TEM images of these nanoclus-
ters show atomic planes separated by 0.51
nm. This separation agrees well with the
0.510-nm distance between (001) planes in
b-FeSi2 (15). Finally, the growth of the Si
nanowires occurred only for temperatures

greater than 1150°C with the Fe catalyst.
The observation of Si nanowire growth at
temperatures below the bulk solidus line at
1207°C is reasonable, because the melting
points of nanoclusters are lower than the
corresponding bulk solids (16).

The good agreement between the exper-
imental data and the predictions of our mod-
el suggests that it should be possible to ratio-
nally choose new catalysts and growth con-
ditions for nanowire synthesis. Examination
of binary Si-metal phase diagrams (14)
showed that, like Si-Fe, Si-Ni and Si-Au
exhibit eutectic Si-rich regions with Si as the
primary solid phase. Laser vaporization of Si
targets containing either 10% Ni or 1% Au
produced Si nanowires that have the same
structural characteristics as those described
above for the Si-Fe systems. In addition,
virtually all of the Si nanowires produced
with the Ni and Au catalysts terminated in
b-NiSi2 and Au nanoclusters, respectively
(17). These data thus provide strong support
for the generality of our approach. Gold has
been used in the past as a VLS catalyst for Si
growth, primarily on surfaces (6, 8, 18), al-
though to the best of our knowledge a direct
growth of single-crystal Si nanowires #10
nm diameter has not been reported (19).

In addition, we made a more stringent test
of our approach by preparing Ge nanowires.

Examination of the Ge binary phase diagrams
showed that the Ge-rich region of the Ge-Fe
diagram is similar to that of the Si-Fe diagram
(14); that is, the phases above 838°C are
FeGex(l) 1 Ge(s), and below this tempera-
ture they are b-FeGe2(s) 1 Ge(s). Hence, the
major difference between Ge-Fe and Si-Fe is
that the solidus line lies about 400°C lower in
the former. Laser ablation of a Ge0.9Fe0.1 tar-
get at 820°C produced a good yield of wirelike
products with diameters between 3 and 9 nm
(Fig. 4), and TEM images show that these
nanowires are crystalline, have uniform diam-
eters without an amorphous coating, and ter-
minate in nanoclusters. Electron-induced x-
ray fluorescence analysis further demonstrated
that the nanowires consist primarily of Ge
and that the nanoclusters have the expected
FeGe2 composition. In addition, high-resolu-
tion images clearly show the Ge(111) planes
and thus confirm the crystalline nature of the
nanowires (Fig. 4C). The high-resolution im-
ages also exhibit twinning of the Ge(111)
planes, in contrast to the results obtained for
Si nanowires. At present, we do not under-
stand the origin of twinning in the Ge nano-
wires, although we note that extensive twin-
ning has been observed previously in Ge
nanowires produced by a low-temperature so-
lution synthesis (20).

The above studies illustrate the potential
of our approach for the synthesis of crystal-
line nanowires. In short, a good starting
point for the synthesis of nanowires of a
specific composition should be an alloy that
has an eutectic region with the specific ma-
terial of interest. The composition of the
target and laser vaporization and condensa-
tion conditions can then be adjusted to place
the system in the region of the phase dia-
gram, where the nanowire material is the
primary solid phase as the temperature drops
toward the solidus line or temperature at
which the nanocluster solidifies. For exam-
ple, it should be possible to make nanowires
of SiC, GaAs, Bi2Te3, and BN in this way
and perhaps, in the presence of atomic hy-
drogen, even diamond nanowires. Finally,
we recently used laser ablation to produce
the nanocluster catalysts separately from a
gas-phase Si reactant, thus enabling greater
control of the nanowire growth process (21).
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Evidence for New Sources of NOX
in the Lower Atmosphere

Edward C. Zipf* and Sheo S. Prasad

Laboratory studies show that the reaction of short-lived O2(B3Su) molecules (lifetime ;10
picoseconds) with N2 and the photodissociation of the N2:O2 dimer produce NOx in the
stratosphere at a rate comparable to the oxidation of N2O by O(1D). This finding implies
the existence of unidentified NOX sinks in the stratosphere. The NO2 observed in this
experiment is isotopically heavy with a large 15N/14N enhancement. However, photo-
dissociation of this NO2 unexpectedly produced NO molecules with a low 15N/14N ratio.
The diurnal odd-nitrogen cycle in the stratosphere will be marked by a complex isotope
signature that will be imprinted on the halogen and HOX catalytic cycles.

Recent atmospheric measurements suggest
that the total O3 removal rate in the strato-
sphere is determined chiefly by the HOx and
halogen catalytic cycles whose relative roles
are controlled by the NOx abundance (1). A
key conclusion of this work is that the loss
rate of ozone decreases with increasing NOx
loading in the lower stratosphere. It is there-
fore important to identify the sources and
sinks of odd-nitrogen in the stratosphere and
troposphere whose interplay determines the
local NOx abundance. Here, we report lab-
oratory experiments showing that the pho-
toexcitation of O2(B3Su) molecules and
short-lived collision complexes or weakly
bound N2:O2 dimers by the absorption of
solar Schumann-Runge (SR) and Herzberg
band and continuum radiation is an efficient
source of NO/NO2 in the stratosphere and
possibly in the troposphere.

Figure 1 shows a diagram of the ultrahigh
vacuum (UHV) system used in the photol-
ysis experiment (2). Substantial amounts of

N2O and NOx can be produced in the
photolysis cell by a variety of processes that
occur when synthetic air or O2/N2 mixtures
(3) are irradiated with ultraviolet (UV) and
vacuum ultraviolet (VUV) continuum radi-
ation from a deuterium arc lamp (wave-
length l 5 175 to 400 nm), an argon flash
lamp (lcutoff ; 115 nm), or by Hg reso-
nance line radiation (l 5 184.95 nm) (4).
The photolysis experiment included a Zee-
man-scanned, oxygen absorption filter (5).
This device could be used to modify the
incident continuum radiation by selectively
absorbing individual rotational lines of the
SR bands (B3Su 4 X3Sg) from the input
continuum flux while observing the effects
of this subtractive process on the N2O,
NOx, and O3 production and loss rates.

Although the N2O and NOx production
rates observed in this experiment were large
(;1 3 1011 to 10 3 1011 molecules per
second), the equilibrium mixing ratio of these
species in the photolysis cell was small (,10
parts per billion by volume) because we used
short irradiation times (,120 min) and a
large photolysis cell to minimize wall effects.
To increase the sensitivity of the apparatus,
we cryogenically concentrated the N2O and

NOx in a liquid N2 trap (2195.8°C). The
trapped NO and NOx were subsequently sep-
arated by distillation at 2100°C. We deter-
mined the efficiency of this transfer technique
by introducing a 10-cm3 sample of a standard
mixture into the absorption cell directly from
a calibration loop. The amount of nitrogen
oxide (or oxides) in this sample was typically
1 3 1014 molecules. These tests showed that
the retrieval efficiency was generally .95%;
no significant wall losses were observed on the
short time-scale of the irradiation experiment.

We measured the isotope composition of
the NOx in these small samples (,2 nmol)
with an Extel quadrupole mass spectrometer
(QMS) (1.59-cm diameter poles). The
QMS was fitted with a high-efficiency elec-
tron-impact ionizer that had been devel-
oped specifically to measure the ionization
cross sections of radicals and reactive atom-
ic gases present in a source gas with a very
small mixing ratio (6–8). QMS measure-
ments of the NO/NO2 mixing ratios showed
that efficient production of NOx occurred
in the photolysis cell when air was irradi-
ated by Hg (185 nm) radiation or by a
filtered D2 lamp (210 to 400 nm). The NO2
yield varied linearly with the irradiation
time (at fixed pressure and light intensity)
(Fig. 2). These data represent a lower limit
on the total NOx production because some
of the primary NOx is converted into un-
measured higher nitrogen oxides (for exam-
ple, N2O5) as by-products of secondary re-
actions and cryogenic cooling.

Surface reactions are unlikely to be the
primary source of the observed NOx because
(i) no NOx formation was observed under
dark conditions; (ii) the irradiated surfaces
were limited to the MgF2 windows, which
are too small in area to synthesize the ob-
served NOx even if we assumed that irradi-
ated surfaces were able to do so; and (iii)
although atomic oxygen is present in the
system in nonnegligible amounts (at least in
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