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of all transcription), more than half of nuclear
poly A— sequences are derived from intronic
regions (Table 1). Clearly, some of these poly
A— sequences are introns of spliced coding
gene transcripts and may or may not have fur-
ther biological function once removed from the
primary transcripts. However, in the cytosol,
the amount of exclusively poly A— sequences
is still twice as great as poly A+ sequences
(Table 1A), which indicates that there are pro-
cessed mature poly A— transcripts.

Finally, a total of 36.9% of transcribed
sequences are detected as poly A— and poly
A+ (Table 1B). These bimorphic sequences
are distributed between the two subcellular
compartments. It is important to note that de-
tected bimorphic transcribed sequences may be
two different transcripts, because transfrags do
not identify the strand or specific full-length
transcript. However, the presence of such a
large proportion of bimorphic transcribed se-
quences suggests that novel regulatory mech-
anisms may be involved in the identification
of transcripts whose polyadenylation states
are altered as a means of regulation. Many of
the detected bimorphic sequences are well-
characterized coding genes found on the 10
analyzed chromosomes (table S3).

The observations derived from these studies
provide some pause as to the state of our
understanding concerning where and how the
information from the human genome is or-
ganized. Many of these and other published
observations indicate that our current under-
standing of the repertoire of transcripts made
by the human genome is still evolving. A crit-
ical question that applies to both poly A— and
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poly A+ TUFs centers on the biological func-
tions of these transcripts. Biochemical and ge-
netic experimental approaches are currently
being used to answer this question. Until these
experiments are completed, systematic identi-
fication, mapping, and characterization of as
many types of TUFs as possible will assist in
understanding and appreciating the complex-
ity of the human transcriptome.
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Wet Electrons at the
H,O/TiO,(110) Surface

Ken Onda,” Bin Li,’ Jin Zhao," Kenneth D. jordan,2
Jinlong Yang,? Hrvoje Petek*

At interfaces of metal oxide and water, partially hydrated or “wet-electron”
states represent the lowest energy pathway for electron transfer. We studied
the photoinduced electron transfer at the H,0/TiO,(110) interface by means of
time-resolved two-photon photoemission spectroscopy and electronic struc-
ture theory. At ~1-monolayer coverage of water on partially hydroxylated TiO,
surfaces, we found an unoccupied electronic state 2.4 electron volts above the
Fermi level. Density functional theory shows this to be a wet-electron state
analogous to that reported in water clusters and which is distinct from hy-
drated electrons observed on water-covered metal surfaces. The decay of
electrons from the wet-electron state to the conduction band of TiO, occurs

in <15 femtoseconds.

The transport of charge through metal-oxide/
hydrous phases is crucial to physical and chem-
ical phenomena in many fields of science

and technology, including geochemistry, elec-
trochemistry, corrosion, photocatalysis, sensors,
and electronic devices (/). When exposed to

water vapor, metal oxides are partially hy-
droxylated and covered with up to several mo-
nolayers of H,O. Interactions of the surface
acidic metal and basic O ions, respectively,
with the O and H atoms of water impose a
two-dimensional (2D) order on the hydrated
oxide interface (Fig. 1C). In a redox process,
electrons must breach this unique 2D envi-
ronment before they attain fully 3D hydrated
Kevan structure proposed for liquid water, in
which six tetrahedrally disposed water mole-
cules point one of their H atoms into the excess
electron cloud (2, 3). Similar 2D environments,
dubbed “wet-electron” states (4), in which the
“dangling”—i.e., non-hydrogen bonded—H
atoms bind and partially hydrate electrons on
surfaces of small water clusters, have recently
been predicted by theory and discovered in ex-
periments (5—9). The electronic structure of
wet-electron states at the metal-oxide/water
interfaces and the dynamics of charge flow
that they mediate have not been explored.
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The study of the interfacial charge-transfer
dynamics at H,O/TiO, surfaces is of partic-
ular interest (/0—13) because photoexcited car-
riers decompose adsorbed molecules (74, 15),
drive photovoltaic cells (16), and modify the
surface wetting properties (/7). Photoexcitation
of electron-hole pairs across the 3.05-eV band
gap of TiO, initiates a chain of redox reactions
spanning subpicosecond to hour time scales
(18, 19). Photocatalysis involves interfacial
electron transfer from the Ti** d-electron—
derived conduction band to electrophilic mol-
ecules, and attack of surface hydroxyls by the
02 p-electron—derived valence band holes (75).
Interfacial electron transfer from photoexcit-
ed dye molecules into the conduction band of
TiO,, which is thought to occur on <10-fs time
scales, initiates redox cycles in dye-sensitized
photovoltaic cells (10—12, 16). However, de-
spite the presence of chemisorbed water as
reactant or spectator, its role in charge transfer
through metal oxide interfaces has not been
explored by experiment or theory.

Here, we report a time-resolved two-photon
photoemission (TR-2PP; Fig. 1) and density
functional theory (DFT) study of wet elec-
trons on H,O/TiO,(110) rutile surfaces. A wet-
electron state 2.4 = 0.1 eV above the Fermi level
(Ep) is observed by excitation with 3.05-eV
light of electrons from partially reduced ter-
minal pentacoordinate Til*® ion sites only
when both OH and H,O are chemisorbed on
TiO,. Pump-probe measurements give a life-
time of 15 fs for the decay of electrons from
the wet-electron surface state to the conduc-
tion band of TiO,.

All experiments were carried out under
ultrahigh vacuum (base pressure <I x 10710
mbar). The surface electronic structure is ex-
plored for the stoichiometric and hydroxylated
H,O/TiO, surfaces. Stoichiometric TiO,(110)-
(1x1) surfaces were prepared by cycles of
Ar* sputtering and annealing in O, atmosphere
(3 x 1077 mbar) as described in (20). Anneal-
ing the stoichiometric surfaces at 900 K in
vacuum for 30 min introduces surface bridging
O vacancies (Fig. 1B) (18, 21). Thus, reduced
surfaces were hydroxylated by exposure to
distilled and degassed H,O at 100 K (22-24).
The sample was excited with 3.05-¢V photons
delivered in pulses of 10-fs duration and 1.7-nJ
energy at 90-MHz repetition rate (20). 2PP
spectra were measured with a hemispherical
electron-energy analyzer (20). Interferometric
two-pulse correlation (I2PC) measurements of
the electron dynamics were recorded for fixed
photoelectron energies by scanning the delay
between identical pump-probe pulses (25).

"Department of Physics and Astronomy, ?Department
of Chemistry, University of Pittsburgh, Pittsburgh, PA
15260, USA. 2Hefei National Laboratory for Physical
Sciences at Microscale, University of Science and
Technology of China, Hefei, Anhui 230026, China.

*To whom correspondence should be addressed.
E-mail: petek@pitt.edu

Typical 2PP spectra of the stoichiometric
and reduced TiO,(110) surfaces before and
after exposure to 1.3 Langmuir (1 L = 1.33 X
1076 mbars) of H,0O (Fig. 2), span the range
from the work function to the maximum en-
ergy (~6.1 eV) given by the two-photon ab-
sorption from E.. The O vacancies introduce

A ) —

A
E

RCT

state
Ti** conduction
band hv
EF ¥ 3
Titd-® defect band’ o
: T

02 valence
band

TiO,

. B PE
vac hv N ]

wet electron

H,O Vacuum

REPORTS

excess charge, which is distributed over sev-
eral Ti¢" ions to form a broad density of
states (DOS) with a maximum 0.9 eV below
E. (19, 26, 27). With 3.05-eV photons, 2PP
was excited exclusively from this Ti+4% DOS
even for the nominally stoichiometric surfaces
(Fig. 1A). Adsorption of H,O on the stoi-

[001]
Iy

Fig. 1. (A) The schematic diagram for the detection of wet-electron states by 2PP spectroscopy.
Electrons are excited by two-photon absorption (indicated in purple) from TiZ#—? defect states to
above the work function (£ ). The analysis of photoemitted electron energy with respect to the
Fermi level (E;) yields 2PP spectra representing the density of occupied and unoccupied states. 2PP
is resonance enhanced on hydroxylated TiO, surfaces by the wet-electron state at 2.4 eV. Mea-
surement of the wet-electron state decay by resonant charge transfer (RCT) is performed by
scanning the delay t between pump and probe excitation pulses (hv). (B) The calculated structure
of the TiO,(110) surface. Bridging oxygen (green) rows align along the [001] crystallographic di-
rection. The red circle indicates a bridging O vacancy, which is the most common defect on reduced
TiO,(110) surfaces. Acidic pentacoordinate Ti! (blue) sites bind O atoms of water molecules. (C) The
calculated structure of H,O/TiO, for 1-ML coverage. Hydrogen bonding tilts the bridging O atoms
and H,O toward each other. Red spheres indicate H atoms.
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chiometric TiO, surfaces transfers some charge
to the Ti**® DOS as deduced by the work-
function decrease; however, the profiles for the
2PP spectra with p- and s-polarized excitation
are identical (Fig. 2, top) (20). With the higher
O vacancy defect density, the reduced TiO,
surfaces have a lower work function and
higher Ti+4-3 DOS than the stoichiometric
surfaces (20). However, when 2PP was ex-
cited by p-polarized light, adsorption of H,O
onto reduced surfaces introduces a new band,
which was isolated in the difference spec-
trum in Fig. 2, bottom. Because it appears
only in p-polarized 2PP spectra, and not in
conventional ultraviolet photoemission spectra
(UPS), we attribute this band to an inter-
mediate unoccupied state 2.4 = 0.1 eV above
EL with the transition moment normal to the
surface (20, 23, 25). On the basis of the
chemisorption properties of H,O and DFT
calculations described below, we identified
the 2.4-eV band with wet-electron states.
The nature of chemisorption of H,O on
TiO, has been studied by temperature-
programmed desorption (TPD), vibrational
spectroscopy, UPS, and scanning tunneling
microscopy (STM). H,O molecules on reduced
surfaces dissociate at bridging O vacancies
by a diffusion-limited process at <135 K to
form two uncorrelated bridging OH species
(22-24, 26, 28). After titrating the vacancies,
water adsorbs molecularly at Ti ! ion sites be-
tween the bridging O rows up to 1-monolayer
(ML) coverage (Fig. 1C) (22). Because the
interaction of H,O with the amphoteric oxide
surface is stronger than with other H,O mol-
ecules, the first monolayer molecules are
aligned in a 2D structure (22) (Fig. 1C). Be-
yond the first monolayer, the second mono-
layer is disordered and the structure of bulk
H,O develops from the third monolayer.
We considered the assignment of the wet-
electron state based on its dependence on
adsorption of both H,O and OH. The marked
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difference between the 2PP spectra of H,O/TiO,
in Fig. 2 is caused by a few percent (<5%) of
H,0O molecules that dissociate to form OH on
reduced surfaces (29). The wet electron—state
intensity (integrated peak area) also depends
on the H,O exposure (Fig. 3A). The resonance
intensity is maximum for 1.35 L of water and
saturates at ~25% of its maximum value
above 3 L. According to our modeling of the
work function change, which is also shown in
Fig. 3A, the exposure of 1.35 L corresponds to
~1-ML H,O coverage (20).

To confirm that the wet-electron state at-
tains maximum intensity at 1 ML of H,O, we
measured 2PP spectra for surfaces where H,0O
coverage was defined by surface temperature.
TPD spectra of H,0/TiO, surfaces, which mea-
sure the partial pressure of H,O as the surface
is heated at a constant rate, exhibit peaks at
155 and 270 K, respectively, for the desorp-
tion of water from the multilayer and mono-
layer films. Hydroxyl recombination to form
H,O leads to an additional peak at 500 K for
hydroxylated surfaces (22, 26). After dosing
3.7 L of H,O onto a reduced surface, we mea-
sured 2PP spectra at several temperatures,
and in Fig. 3B, we plot for each temperature
the excess DOS arising from the wet-electron
state. The peak intensity increased to a max-
imum at 180 K after multilayer H,O present
at 100 and 140 K desorbed to expose the first
monolayer. The wet-electron DOS was nearly
extinguished when the remaining H,O de-
sorbed at 300 K, confirming that the resonance
maximum occurs for ~1-ML coverage. With
only OH remaining on the surface at 300 K,
a weak feature, which appears to be the low-
energy wing of a peak that exists above 3.05 eV,
remained. We conclude that the existence of
wet-electron state at 2.4 eV requires the coop-
erative interaction between OH and H,O on
TiO,.

Finally, we studied the wet-electron life-
times by recording I2PC scans for reduced
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Fig. 3. (A) Plot of the wet electron—state peak area from difference spectra such as in Fig. 2,
bottom (circles), and work-function change (squares) plotted as a function of water exposure. The
solid line is a fit of the work-function change as described in (20). The coverage of 1.35 L for the
intensity maximum and work-function saturation corresponds to the approximately 1-ML H,O.
The horizontal arrows indicate the appropriate axis for each measurement. (B) The difference spectra
recorded at different temperatures after exposing the reduced TiO, to 3.7 L of H,O at 100 K. Based
on published TPD spectra, 1-ML coverage of H,O is attained at 180 K where the wet-electron state
has maximum intensity. Only OH remains above 300 K (22).

TiO, surfaces after different exposures to
H,O. In Fig. 4, we plot I2PC scans averaged
over the optical phase and their fit to an op-
tical Bloch equation model (25). All mea-
surements were only weakly dependent on
the intermediate-state energy; however, the
adsorption of H,O noticeably increases the
intermediate-state lifetime. The 12PC scan for
the bare surface was identical to the pulse
autocorrelation, indicating that the 2PP pro-
cess occurs via virtual intermediate states (25).
The wet-electron lifetimes increased to 10 + 1
and 14 * 1 fs for exposures of 0.7 and 1.6 L of
H,0, respectively, and saturated at ~15 fs for
>1-ML coverage. Because their energy relax-
ation is unlikely to be so fast, wet electrons
probably decay by resonant charge transfer
into the conduction band of TiO,. Because
the lifetime corresponds to only two periods
of O-H stretching vibration, the nuclear mo-
tion of H,O molecules is too slow to stabilize
the wet-electron state in a more favorable hy-
dration structure.

To assign the wet-electron state to specif-
ic adsorbate structures, we performed plane-
wave pseudopotential DFT calculations for
associatively chemisorbed H,O at Tit! sites
and H adsorbed on bridging O sites of TiO,
for various coverages and structures (30-35).
The calculated distribution of orbitals for the
lowest energy adsorbate-localized unoccupied
states for 1 ML H,O + 0.5 ML H, and 1-ML
H structures, respectively, at 2.4 and 1.5 eV
are shown in Fig. 5. The unoccupied states of
the adsorbate-covered surfaces are either as-
sociated with the Ti** ions, which form the
conduction band of TiO,, or dangling H atoms
on OH and H,O. For each H,O and H cov-
erage and structure, we found unoccupied
adsorbate-localized states, where the DOS is

Normalized 2PP intensity

T
0 10 20 30 40 50 60 70
Delay (fs)

Fig. 4. Phase-averaged 12PC scans for the re-
duced TiO, (solid diamonds), and after exposure
to 0.7 (open squares) and 1.6 L (solid circles) of
H,O. The lines represent fits with a three-level
optical Bloch equation model with the use of
experimentally measured pulse autocorrelation
and assuming single exponential decay kinetics
for the intermediate state (25). The bare sur-
face intermediate-state lifetime is too short to
measure, and 10 £ 1 and 14 + 1 fs for 0.7 and
1.6 L H,O/TiO,, respectively.
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concentrated on clusters of several dangling
H atoms (Fig. SA). The lowest unoccupied
adsorbate-localized state energy correlates
with the number of dangling H atoms in each
cluster (Fig. 5C).

The association of electrons with the dan-
gling H atoms is well known from the studies
of hydrated electrons in water (3) and in water
clusters (4-9). Based on the analogy to small
water clusters where electrons are partially
hydrated on cluster surfaces, we attribute the
observed water-induced resonances to the
partially hydrated wet-electron states that we
calculated for TiO, surfaces. The ideal wet-
electron structures investigated in Fig. 5 can
explain the observed features of the experi-
mentally studied heterogeneous surfaces. No-
tably, the lowest energy unoccupied state at
1.5 eV for 1 ML of H (Fig. 5B) consists of
1D-delocalized bands on bridging OH groups.
When H,O molecules are added to this struc-
ture, hydrogen bonding tilts the OH from
surface normal and disrupts the optimal 1D
structure. These structural changes reduce the
surface dipole and the extent of electron delo-
calization, thereby increasing the energy of
wet-electron states. The most relevant struc-
ture to our experiment is 1 ML H,0 + 0.5 ML
H in Fig. 5A. For this structure, intervening
bridging O atoms hinder orbital overlap be-
tween OH species to constrain electron de-
localization to clusters involving single OH

(OH H,0 Bridging O

with two or more H,O molecules (Fig. 5A).
These clusters, which are representative of
low-OH (<0.5 ML) coverage surfaces pro-
duced by our methods (36), have a calculated
unoccupied level at 2.4 eV in good agree-
ment with the experiment. Structures with
two or more adjacent OH, which should have
lower wet-electron energy, may occur with
low probability and could be responsible for
the characteristic low-energy tail in the dif-
ference spectrum in Fig. 2, bottom. Moreover,
the calculated wet electron—state energy of
3.5V for I ML H,O explains why the reso-
nance cannot be excited with 3.05-eV light
for stoichiometric surfaces. Because H,O sta-
bilizes the wet-electron state on isolated sur-
face OH species, when H,O desorbs above
300 K the resonance energy increases above
3 eV. In support of the existence of OH-
localized states, in STM experiments, reso-
nant tunneling into OH for bias of >42.5 V
leads to the enhanced contrast and desorption
of H atoms from TiO, (36). Above 1-ML cov-
erage, the second-layer H,O molecules par-
tially consume the dangling H atoms (22),
thereby reducing the wet-electron DOS.
Hydrated electrons have also been observed
on metals (37, 38). However, metals lack the
distinct acidic and basic sites present in oxides
that could align or even dissociate H,O to form
OH. Therefore, associatively chemisorbed wa-
ter on metals grows in bilayer structures that

C sk osmLH -
0.5 ML H,0
4.0+ I
3
uf" 3.5 1.0 ML H,O T
2
o 308 i
8 \
1 @2.5“ 1.0 MLH,0 + 0.5 ML H il
)
2 20k 10MLH0 -
+‘1.0_M_ 1.0 ML H
1.5 L — T ===8
0

2 4 6 8 1
Number of dangling H atoms

Fig. 5. (A) The optimized geometry of a TiO, surface covered with 1 ML H,0 + 0.5 ML H. The
bottom panel shows the orbital distribution for the same structure at 2.4 eV above E.. The
adsorbate orbitals are delocalized in clusters involving one OH and one H atom each contributed
by two adjacent H,O molecules, which are indicated for a single cluster by white ellipsoids. (B) The
optimized geometry and orbital distributions at 1.5 eV for 1 ML H on TiO,. The hybridization of
orbitals on H atoms into 1D chains along the bridging O rows makes this the most stable wet-
electron state found by theory. (C) The correlation of the wet-electron energy for different cov-
erages of H,O and H adsorbates with the number of dangling H atoms in each hydration cluster.
The infinite limit corresponds to the structure in (B). All calculated structures in the experimentally
observable energy range are associated with clusters involving both OH and H,O.
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occupy the maximum number of H atoms in a
hydrogen-bonding network (38). There are few
preexisting sites that stabilize electrons, and
to eject electrons into bilayer structures requires
excitation above 3.2 eV into the conduction
band of water. The excess energy of these
conduction electrons can be used to disrupt the
hydrogen-bonding network to form pockets of
dangling H atoms. Once trapped at such sites,
electrons are stabilized with respect to charge
transfer to the metal substrate and undergo
further hydration, which is accompanied by a
reduction of energy to <2.6 eV, on >100-fs
time scales (37, 38).

The existence of wet electrons as excited
states on the OH- and H,O-covered TiO, is
notable because conditions exist to support
similar states on all oxide surfaces in contact
with water or humid atmosphere. Depending
on specific features of different surfaces, such
as structures that promote cooperative inter-
actions, and the acidity of OH species, the en-
ergy of the wet electrons could be even lower
than calculated for 1 ML OH on TiO,. For
large band gap materials, the wet-electron
states could even be occupied. Because they
represent the lowest energy pathway for electron
transfer at the metal-oxide/aqueous interfaces,
wet-electron states may play an important role
in photocatalysis and photoelectrochemical
energy conversion on TiO, and other oxides.
For instance, the surface OH impurity formed
by the dissociative chemisorption of dye mol-
ecules could mediate the astoundingly fast
charge injection into TiO, by providing con-
duction pathways through wet-electron states
(10-12). Indeed, interfacial trap states of un-
known origin have been invoked to explain
the comparable excited state quenching rates
of dyes on ZrO, as for TiO,, even though the
conduction band of ZrO, is not energeti-
cally accessible (/3). Delocalized electron
states attributed to Si-OH and Si-H also
have been imaged by STM with a bias of
+2.6 eV on a hydroxylated Si(100) surface
(39). Thus, it is likely that wet-electron states
perform important but yet unknown func-
tions, for instance, as charge-transfer promot-
ers at transparent metal-oxide electrodes
used in organic-molecule-based devices and
as electron traps in conventional semiconduc-
tor devices.
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We demonstrate a deterministic approach to the implementation of solid-state
cavity quantum electrodynamics (QED) systems based on a precise spatial and
spectral overlap between a single self-assembled quantum dot and a photonic
crystal membrane nanocavity. By fine-tuning nanocavity modes with a high
quality factor into resonance with any given quantum dot exciton, we observed
clear signatures of cavity QED (such as the Purcell effect) in all fabricated
structures. This approach removes the major hindrances that had limited the
application of solid-state cavity QED and enables the realization of experiments
previously proposed in the context of quantum information processing.

Cavity QED experiments, where single atoms
are strongly coupled to single cavity modes,
have culminated in the demonstration of con-
ditional quantum dynamics (/), quantum non-
demolition measurement of photons, and
creation of entanglement between three distin-
guishable quantum systems (2). The realization
of such systems in the solid state, although
challenging, offers several advantages (3). In-
deed, a monolithically integrated cavity QED
system consisting of a self-assembled quantum
dot (QD) embedded within a nanocavity could
have vanishing uncertainty in the relative lo-
cation of the emitter with respect to the cavity
electric field maxima and could allow for much

"Department of Electrical and Computer Engineer-
ing, 2Materials Department, University of California,
Santa Barbara, CA 93106, USA. 3Institute of Quan-
tum Electronics, ETH-Honggerberg, CH-8093 Zirich,
Switzerland.

*These authors contributed equally to this work.
+To whom correspondence should be addressed.
E-mail: imamoglu@phys.ethz.ch

stronger emitter-cavity coupling because of the
ultrasmall cavity volumes. A number of exper-
iments have already demonstrated the potential
of QD-based solid-state cavity QED in appli-
cations such as single-photon sources (4—6).
Nonetheless, because it is very difficult to pre-
determine the exact resonance energy and lo-
cation of an optically active QD, all of the
prior QD-based cavity QED experiments relied
on a random spectral and spatial overlap be-
tween QDs and cavity modes (7-9). The
difficulty in tuning the resonance energy of a
fabricated nanocavity and the reduced like-
lihood of spatial overlap for the ultrasmall
cavities of interest have so far limited the
application of these solid-state cavity QED
nanostructures. We demonstrate a determinis-
tic approach to the QD nanocavity coupling
based on two crucial components: (i) a po-
sitioning technique that allows us to locate a
single QD at an electric field maximum of a
photonic crystal (PC) nanocavity with 25-nm
accuracy, and (ii) a precise spectral tuning of
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the cavity mode into resonance with any given
QD emission line. This deterministic QD cav-
ity coupling yields a spontaneous emission rate
enhancement (Purcell effect) of the QD lumi-
nescence in all four fabricated devices.

Our basic material was a semiconductor
heterostructure (Fig. 1A) grown by molecular
beam epitaxy (/0). The emitter-cavity system
comprised free-standing PC membranes fab-
ricated in a 180-nm layer of GaAs (/0) with
coherently embedded QDs. The square-lattice
PC pattern with a single missing hole (S1)
fabricated in the GaAs membrane can support
a nondegenerate donor-type mode with a high
quality factor (Q) and an ultrasmall mode
volume (/1).

The first key ingredient of our approach
was the active positioning of a QD within the
PC defect that eliminated the uncertainty in
the relative position of the QD with respect to
the cavity mode. We grew six vertically strain-
correlated InAs/GaAs QD layers (12, 13) in
the GaAs membrane (Fig. 1A, right). The
emission energy of the first QD layer (seed
QD) was blue-shifted by in situ annealing the
QDs when partly capped with GaAs (/4). Five
successive as-grown QD layers (stacked QDs)
were stacked up to the surface (/5), forming a
tracer for the seed QD that was detectable by
scanning electron microscopy (SEM). By
resolving the location of a QD on the surface,
we were able to determine the location of the
seed QD that was of interest for coupling to a
nanocavity. A matrix of gold markers was
fabricated on the low-density QD region (=~ 2 x
105 cm~2) to map the isolated QDs relative
to this matrix. With the use of electron beam
lithography, we wrote the S1-PC pattern
offset by the appropriate distance from the
markers (/6). The small white dot in Fig. 1B
shows the SEM trace of the surface QD in one
of our four devices (device I), which was
positioned within 25 nm from one of the four

20 MAY 2005 VOL 308 SCIENCE www.sciencemag.org



