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With this agreement as a sign of convergence, I have 
used USPs with the 29.1-Ry cutoff to select promising 
candidate water adsorption structures, and PAWs with 
the higher cutoff to check and refine the results. This 
calculation was done only at the experimental ice-lh 
volume (D. R. Hamann, private communication). Be- 
cause energy varies slowly with volume near a mini- 
mum, the effect of not optimizing the lattice parameter 
in the NCPP calculation is no more than a few meV- 
and in the right direction relative to agreement with the 
present PAW result. 

20. Similar LEED I-V curves were reported in (5, 6) for 

HzO and D20 adlayers on Ru(0001), implying similar 
local geometries for the two molecules. This means 
that the local geometry was not affected much by 
the mass of H versus that of D and that ignoring 
quantum effects is a reasonable approximation, if 
one is trying to understand a local effect such as the 
near coplanarity of the adlayer O atoms. 

21. To sample the surface brillouin zone (SBZ) for the 
V\ xV3 supercell, I used a 4 x 4 set of equally 
spaced k vectors, and for the larger cell a 2 x 2 k 
vector set. In all the adsorption calculations discussed 
here, I accelerated electronic relaxation using Meth- 
fessel and Paxton's Fermi-level smearing method 
(width = 0.2 eV) (40). I corrected for the contact 
potential difference associated with adsorbing water 
on only one side of an Ru slab using Kresse's adap- 
tation (41) of Neugebauer and Scheffler's method 
(42). Because Held and Menzel's LEED results imply 
that water prefers bonding in atop sites (i.e., with the 
0 atom directly above an Ru, rather than in a two- or 
threefold site) (3), in agreement with numerous ear- 
lier calculations (8), I did not consider adlayer geom- 
etries in which 0 atoms bridge Ru atoms or reside in 
threefold hollows. Similarly, because Held and Men- 
zel report that D20/Ru(0001) produces a sharp 
/3 xV3 LEED pattern, I only considered geometries 

where this would occur. 
22. Using a 12-molecule per supercell Bemal-Fowler ice-lh 

model, the PW'91 exchange-correlation potential (1, 2), 
a hard NCPP, and a plane-wave basis cutoff of 130 Ry, 
Hamann finds a sublimation energy of 0.66 eV. The 
experimental value, removing zero-point energy to al- 
low direct comparison, is 0.61 eV (23, 24). Hamann 
reported a theoretical EsUb of 0.55 eV in (38). The new 
theoretical value, 0.66 eV, follows the correction of a 
problem with the variable grid used in that work. 
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structures but with the use of USPs. Thus, lack of 
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Single-Photon Source 
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Electroluminescence from a single quantum dot within the intrinsic region of 
a p-i-n junction is shown to act as an electrically driven single-photon source. 
At low injection currents, the dot electroluminescence spectrum reveals a single 
sharp line due to exciton recombination, while another line due to the biexciton 
emerges at higher currents. The second-order correlation function of the diode 
displays anti-bunching under a continuous drive current. Single-photon emis- 
sion is stimulated by subnanosecond voltage pulses. These results suggest that 
semiconductor technology can be used to mass-produce a single-photon source 
for applications in quantum information technology. 
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The emerging field of quantum information 
technology requires the development of a 
new type of light source, in which the photon 
number can be carefully controlled. Especial- 
ly useful is an emitter of single photons at 
predetermined times. However, it is impossi- 
ble to generate single photons with even very 
faint laser pulses, for which the photon num- 
ber obeys Poissonian statistics. It has been 
shown that the unavoidable multiphoton puls- 
es produced by a laser render quantum cryp- 
tography insecure from certain types of 
eavesdropping attack (1). Thus, uncondition- 
ally secure quantum cryptography, in addi- 
tion to other applications in photonic quan- 
tum computing (2) and communications, re- 
quires the development of a true single-pho- 
ton source. The generation of light with sub- 
Poissonian fluctuations in the photon number 
is also useful for performing optical measure- 
ments at lower noise levels than is possible 
with classical light. We report here the real- 
ization of an electrically driven source of 
single photons based on integrating quantum 
dots into a conventional semiconductor light- 
emitting diode structure. 

'Toshiba Research Europe Limited, Cambridge Re- 
search Laboratory, 260 Cambridge Science Park, Mil- 
ton Road, Cambridge, CB4 OWE, UK. 2Cavendish Lab- 
oratory, University of Cambridge, Madingley Road, 
Cambridge, CB3 OHE, UK. 

*To whom correspondence should be addressed: E- 
mail: andrew.shields@crl.toshiba.co.uk 

The emerging field of quantum information 
technology requires the development of a 
new type of light source, in which the photon 
number can be carefully controlled. Especial- 
ly useful is an emitter of single photons at 
predetermined times. However, it is impossi- 
ble to generate single photons with even very 
faint laser pulses, for which the photon num- 
ber obeys Poissonian statistics. It has been 
shown that the unavoidable multiphoton puls- 
es produced by a laser render quantum cryp- 
tography insecure from certain types of 
eavesdropping attack (1). Thus, uncondition- 
ally secure quantum cryptography, in addi- 
tion to other applications in photonic quan- 
tum computing (2) and communications, re- 
quires the development of a true single-pho- 
ton source. The generation of light with sub- 
Poissonian fluctuations in the photon number 
is also useful for performing optical measure- 
ments at lower noise levels than is possible 
with classical light. We report here the real- 
ization of an electrically driven source of 
single photons based on integrating quantum 
dots into a conventional semiconductor light- 
emitting diode structure. 

'Toshiba Research Europe Limited, Cambridge Re- 
search Laboratory, 260 Cambridge Science Park, Mil- 
ton Road, Cambridge, CB4 OWE, UK. 2Cavendish Lab- 
oratory, University of Cambridge, Madingley Road, 
Cambridge, CB3 OHE, UK. 

*To whom correspondence should be addressed: E- 
mail: andrew.shields@crl.toshiba.co.uk 

Single photons can be generated through 
laser excitation and subsequent fluorescence 
of a single quantized system, such as an atom 
or an ion (3). Recently, this concept has been 
extended to several other quantum systems, 
such as single dye molecules (4-8), single 
quantum dots (9-13), and single nitrogen va- 
cancy centers in diamond (14, 15). In each of 
these experiments or proposals, the emission 
was stimulated by optical excitation with an 
incident laser. However, from the viewpoint 
of practical application, one would prefer an 
electrically driven photon source. Early pro- 
posals for constructing an electrical single- 
photon source suggested using the Coulomb 
blockade effect to inject single electrons and 
holes into an etched double-barrier meso- 
scopic heterojunction (16). However, exper- 
imental studies on such a structure required 
operation at milli-kelvin temperatures, 
whereas the collected photon rate was too 
weak to allow the second-order correlation 
function to be verified (17). It was also the- 
oretically proposed that a single quantum dot 
could be used, not just for emission of single 
photons but also for generation of entangled 
pairs of photons (18). Another proposal was 
based on injecting single electrons, confined 
within the moving potential wells defined by 
a surface acoustic wave and a split gate, into 
a p-type region (19). 

We study the photo- and electrolumines- 
cence of a p-i-n diode containing a layer of 
InAs self-organized quantum dots in the in- 
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trinsic region. In order to avoid the nonradia- 
tive recombination associated with etched 
surfaces, relatively large mesas were pre- 
pared containing many quantum dots and 
their surface apertured, so as to collect the 
emission from just one dot. The electrolumi- 
nescence spectra of the diode display sharp 
lines due to excitonic transitions in individual 
dots, which, as verified by photon pair cor- 
relation measurements, generate sequential 
emission of individual photons. 

In our device structure (Fig. 1A), the 
semiconductor layers were grown by molec- 
ular beam epitaxy on a GaAs substrate and 
consist of a GaAs p-i-n diode with a layer of 
nominally nanometer-scale InAs self-orga- 
nized quantum dots (20) inserted into the 
intrinsic region. Atomic force microscopy of 
dot layers grown under similar conditions 
(Fig. 1C) reveals that the dots have an areal 
density of -5 X 108 cm-2. The structure was 
etched into mesas with lateral dimensions of 
10 x 10 Ijm and ohmic contacts were formed 
to the n- and p-type regions (Fig. 1B). The 
emissive area was defined by means of an 
aperture in the opaque metal layers on the 
device surface. The p-i-n diodes were found 
to display nearly ideal current-voltage (I-V) 
characteristics, with the injected current in- 
creasingly rapidly around a forward bias of 
1.5 V (Fig. 2C). 

Electroluminescence spectra recorded on 
the diode at 5 K with different biases applied 
between the n- and p-type contacts (Fig. 2A) 
show that at low injection currents, a sharp 
line is observed near 1.3942 eV, the intensity 
of which increases approximately linearly 
with I (Fig. 2B); a best fit to the data shows 
that the intensity strengthens as I11.. Based on 
this current dependence, we ascribe this line 
to recombination of the single exciton (X) of 
one electron and one hole within a quantum 
dot. At higher injection currents, the X line 
weakens and a second strong line (marked 
X2) appears at 4.7 meV higher energy. This 
line, which strengthens with current as j2.0, is 
ascribed to the biexciton transition of the dot. 
The strength of X drops for currents in excess 
of 5 IxA because of competition from the 
biexciton state. On the other hand, the biex- 
citon intensity is seen to saturate at the high- 
est currents, which suggests that tri- and high- 
er order excitons cannot be excited in these 
dots. This is presumably because, due to the 
small size of the dots studied here, they have 
only one electron- or hole-confined level. 
The maximum intensity of the biexciton line 
is stronger than that of the exciton, because of 
its shorter lifetime and the fact that at high 
injection currents, the average occupancy of 
the biexciton state can approach unity, 
whereas at the intermediate currents for 
which X dominates, there is always a statis- 
tical distribution in the occupancy of the 
empty, exciton, and biexciton states. 

The same transitions, with similar photon 
energy and linewidth, can also be observed in 
the photoluminescence spectra recorded on 
the structure (21). The X line showed an 
approximately linear dependence on laser 
power, whereas a quadratic increase was seen 
for X2, lending further credence to our assign- 
ment of the two peaks. Time-resolved pho- 
toluminescence measurements on the same 
dot determined the exciton and biexciton life- 
times to be 1.02 and 0.47 ns, respectively. We 
also observe the X decay to be delayed rela- 
tive to X2 at high laser power, as one would 
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expect, because the biexciton photon is emit- 
ted before the exciton (13). Similar charac- 
teristics are seen in the time-resolved elec- 
troluminescence. 

We measured the photon pair correlation 
statistics of the electroluminescence using a 
Hanbury-Brown and Twiss arrangement (Fig. 
3D) of a 50/50 beamsplitter and two Silicon 
photon-counting avalanche photodiodes (22). 
A time-correlated single-photon counting 
card was used to repeatedly measure the time 
delays, T, between photons registered by the 
two detectors, from which a histogram of the 
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Fig. 1. (A) Schematic of the sin- 
gle-photon-emitting diode in 
cross section. (B) Image of the 
device in an optical microscope. 
(C) Atomic force micrograph of a 
quantum dot layer grown under 
similar conditions to those in the 
device. 
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number of occurrences of different time de- 
lays was compiled. This histogram is propor- 
tional to the second-order correlation func- 
tion g(2)(.) in the low count rate limit, where 
the average time between detected photons is 
much longer than the measured delays T. For 
an ideal single-photon emitter, we would ex- 
pect to find no occurrences of zero time 
delay; that is, two photons should never be 
emitted simultaneously. 

Figure 3A (i through iii) plots the corre- 
lation signal recorded for the single exciton 
electroluminescence with different injection 
currents. The dip in the correlation signal 
g(2)(T) at zero time delay, T = 0, which is the 
signature of a single-photon source, is clearly 
observed. This demonstrates the strong sup- 
pression of two photon emission events from 
the quantum dot, which occurs because, after 
photon emission, there is a finite delay before 
the dot is repopulated and can re-emit. In 
contrast, emission from the two-dimensional 
wetting layer on which the dots form [Fig. 3A 
(v)] displays a flat correlation trace, as ex- 
pected for Poissonian statistics. 

The dip in g(2)(r) does not fall completely 
to zero. For the lowest injection current of 2 
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pxA, we find g(2)(0) = 0.34 [Fig. 3A (i)]. 
However, this is largely due to the finite time 
resolution of the measurement system, which 
was measured to be 0.85 ns (full width at half 
maximum) rather than two photon emission 
events from the dot. We calculated g(2)(7) 
using a simple rate equation model to de- 
scribe the occupancies of the biexciton, exci- 
ton, and empty states of the dot at different 
injection current densities (Fig. 3B, thin 
lines). The simulation also takes account of 
the dark counts of the single-photon detec- 
tors, as well as background electrolumines- 
cence, which add a flat contribution to g(2)(r) 
that is always less than 0.14. The correlation 
dip sharpens as the current increases, due to 
an increase in the electron/hole capture rate. 
Figure 3B also displays the effect of convo- 
luting the calculated curves with a Gaussian 
function, so as to simulate the effect of the 
finite temporal resolution of the measurement 
system. The agreement of the measured and 
calculated curves, for which there are no 
fitting parameters, demonstrates that the fi- 
nite value of g(2)(0) derives mostly from the 
limited time resolution of the measurement 
system, whereas two-photon emission from 
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the device contributes to g(2)(0) < 0.07 at an 
injection current of 2 ,xA. This represents 
more than an order of magnitude reduction in 
multiphoton emission events as compared to 
a classical light source displaying Poissonian 
statistics. 
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troluminescence of the X2 transition also dis- 
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than the exciton lifetime, we observe that the 
shape of the time-resolved electrolumines- 
cence is independent of pulse width and is 
similar to that excited by the 1-ps-wide laser 
pulses. 

The second-order correlation function 
recorded for the X line with a pulse height 
of 0.15 V and a width of 400 ps [Fig. 3C 
(i)] shows only a weak peak at zero time 
delay, indicating a strong suppression of 
the multiphoton emission pulses from the 
dot. This contrasts with the pair correlation 
recorded for the wetting layer electrolumi- 
nescence [Fig. 3C (ii)], for which a second 
photon is just as likely to be found in the 
same emission pulse as the first, as in any 
other. The area of the zero delay peak of the 
dot correlation is about 11% of those at 
finite delays, again indicating an approxi- 
mate order of magnitude decrease in mul- 
tiphoton emission pulses as compared to a 
Poissonian source of the same average in- 
tensity. This rate of multiphoton emission 
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could be further diminished by using short- 
er electrical pulses and reducing the back- 
gound luminescence from the sample. 

As for the prospects of realizing a single- 
photon-emitting diode for practical applica- 
tions, the emission wavelength of the quan- 
tum dots chosen for study here is dictated by 
the spectral response of the Si single-photon 
detectors used in the experiments. However, 
InAs self-organized quantum dots can be tai- 
lored to emit at the wavelength used for 
long-distance fiber optic communications, 
around 1.3 ,xm (24). Furthermore, these long- 
er wavelength quantum dots have much deep- 
er carrier confinement potentials and thus 
emit efficiently at higher temperatures. In 
addition, the collection efficiency from the 
dot can be enhanced by means of an integrat- 
ed cavity structure (25). Quantum dot light- 
emitting diodes may therefore provide an at- 
tractive source of either single photons or 
photon pairs for applications in quantum in- 
formation technology and experiments in 
quantum optics. 
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A One-Step Conversion of 
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Palladium Membrane 
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Existing phenol production processes tend to be energy-consuming and 
produce unwanted by-products. We report an efficient process using a 
shell-and-tube reactor, in which a gaseous mixture of benzene and oxygen 
is fed into a porous alumina tube coated with a palladium thin layer and 
hydrogen is fed into the shell. Hydrogen dissociated on the palladium layer 
surface permeates onto the back and reacts with oxygen to give active 
oxygen species, which attack benzene to produce phenol. This one-step 
process attained phenol formation selectivities of 80 to 97% at benzene 
conversions of 2 to 16% below 250?C (phenol yield: 1.5 kilograms per 
kilogram of catalyst per hour at 150?C). 
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Phenol is an important commodity chemi- 
cal in industry: World production exceeded 
6.6 megatons in 2000. Industrially, phenol 
has mainly been produced from benzene 
via cumene to cumene hydroperoxide (the 
so-called cumene process), but this three- 
step process (1) not only has a low phenol 
yield but is also highly energy-consuming. 
Furthermore, problems arise in treating its 
by-products, such as acetone and a-meth- 
ylstyrene. Recently, direct oxidation of 
benzene to phenol by nitrous oxide (2-4) 
has been commercialized, but it is cost- 
effective only if nitrous oxide can be ob- 
tained cheaply as a by-product (5). Here we 
report an efficient one-step oxidation of 
benzene to phenol through direct hydroxyl- 
ation of an aromatic ring in gas phase with 
oxygen activated by dissociated hydrogen 
obtained from a palladium membrane. 

All direct hydroxylations (6-16) of aro- 
matic nuclei with oxygen and hydrogen that 
have been reported so far have been done by 
simultaneously mixing an aromatic com- 
pound, oxygen, and hydrogen in liquid phase, 
using a very complicated system containing a 
multicomponent catalyst, a solvent, and some 
additives. Besides the possibility of an explo- 
sive gas reaction, these hydroxylations give 
only very low aromatic alcohol yields of 
0.0014 to 0.69% (based on the amount of 
aromatic hydrocarbon initially used). We de- 
veloped the direct hydroxylation of aromatic 
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nuclei through a system in which hydrogen 
and oxygen are separately supplied or in 
which hydrogen is fed into a mixed gas 
stream of a substrate and oxygen through a 
metallic thin layer. This system is quite sim- 
ple and appears to be practical when com- 
pared with other direct hydroxylations (17- 
25) reported recently. 

The membranes were prepared by coating 
a porous a-alumina tube (NOK Corporation; 
cx-Al203, 99.99%; outer diameter, 2.0 mm; 
inner diameter, 1.6 mm; void fraction, 0.43; 
average pore size, 0.15 ,Im) with a palladium 
thin layer (thickness, 1 ,xm; length, 100 mm) 
by means of a metallorganic chemical vapor 
deposition technique (26), using palladi- 
um(II) acetate (reagent grade) as the palladi- 
um source. At 300?C, the hydrogen and ni- 
trogen permeation rates of the membranes 
prepared were 1.0 to 3.0 X 10-3 mol m-2 
s-' Pa-?5 and 0.1 to 1.0 X 10-10 mol m-2 
s- Pa- , respectively. 

A shell-and-tube reactor was set up with 
this membrane (Fig. 1) and used for the hy- 
droxylation of aromatics. An aromatic hydro- 
carbon was fed into the membrane tube to- 
gether with a mixed gas of oxygen and heli- 
um by bubbling it into the hydrocarbon liq- 
uid, and a pressurized mixture of hydrogen 
and helium (about 2 kg/cm2) was flowed into 
the shell (outside of the tube). In some cases, 
the feeding of the gas mixtures was carried 
out in reverse; that is, hydrogen was fed 
inside of the tube and a hydrocarbon and 
oxygen were outside. The gaseous mixture 
coming out of the reactor was analyzed by an 
online gas chromatograph equipped with a 
capillary column (diameter, 0.25 mm; length, 
25 m; packing reagent, PEG-20 M wide 
bore). 

This palladium membrane reactor works 
well under mild conditions (below 250?C) for 
the direct hydroxylation of an aromatic nu- 
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