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periods in ~6 billion years. Indeed, their sce-
nario produces a good match to the m. ~0.01 Mo,
Py, ~0.065 days seen for PSR J1311-3430. At
this point in the evolution the system is detached,
the companion is He-dominated, and irradiation
has taken over the evolution. Presumably, con-
tinued irradiation can drive the system toward
PSR J1719-1438-type companion masses, or
produce an isolated MSP.

The direct detection of an MSP in a blind
search of gamma-ray data implies that further
MSPs, including other extreme binary pulsars,
may exist among the bright, as yet unidentified
2FGL gamma-ray sources [e.g., (34, 35)], which
are too radio-faint or obscured by dense compa-
nion winds to be found in typical radio searches.
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Mapping Local Charge Recombination
Heterogeneity by Multidimensional
Nanospectroscopic Imaging

Wei Bao,>* M. Melli,** N. Caselli,>* F. Riboli,>* D. S. Wiersma,>*> M. Staffaroni,® H. Choo,’
D. F. Ogletree,* S. Aloni,* ]. Bokor,™® S. Cabrini,*t F. Intonti,>* M. B. Salmeron,?
E. Yablonovitch,® P. J. Schuck,*+ A. Weber-Bargioni't

As materials functionality becomes more dependent on local physical and electronic properties,
the importance of optically probing matter with true nanoscale spatial resolution has increased.
In this work, we mapped the influence of local trap states within individual nanowires on carrier
recombination with deeply subwavelength resolution. This is achieved using multidimensional
nanospectroscopic imaging based on a nano-optical device. Placed at the end of a scan probe,
the device delivers optimal near-field properties, including highly efficient far-field to near-field
coupling, ultralarge field enhancement, nearly background-free imaging, independence from
sample requirements, and broadband operation. We performed ~40-nanometer—resolution
hyperspectral imaging of indium phosphide nanowires via excitation and collection through

the probes, revealing optoelectronic structure along individual nanowires that is not accessible

with other methods.

py maps the spatial distribution of a specific

quantity (such as morphology), whereas op-
tical spectroscopy provides physical and chemical
material properties (such as electronic structure).
An ongoing challenge to understanding matter
at the nanoscale is the difficulty in carrying out
local optical spectroscopy. On a fundamental lev-
el, this should be possible by squeezing light
beyond the diffraction limit (/—4). Optical antenna—
based geometries have been designed to address
this nanospectroscopy imaging problem by trans-

In the study of materials, optical microsco-

forming light from the far field to the near field,
but with limitations on sensitivity, bandwidth, res-
olution, and/or sample types (5).

We report a strategy that overcomes these
limitations, based on a geometry that is capable
of efficiently coupling far-field light to the near
field and vice versa, without background illumi-
nation over a wide range of wavelengths. The
geometry consists of a three-dimensional (3D)
tapered structure terminating in a nanometer-sized
gap (Fig. 1A), with a shape resembling that of a
“campanile” bell tower (hereafter referred to as

campanile). We demonstrated with the campanile
probe hyperspectral imaging of local optoelectonic
properties in indium phosphide nanowires (InP
NWs) by exciting and collecting signal through
the probe tip. InP NWs, with their direct solar
spectrum—matched bandgap and presumed low
surface recombination velocity, are expected
to be the central functional elements of next-
generation light-harvesting devices. With the
campanile probe, we collect full spectra at each
pixel in a scan image, revealing photolumines-
cence (PL) heterogeneity along individual NWs
by mapping local charge recombination origi-
nating from trap states: critical optoelectronic
information that was unobtainable with previous
methods.

Various near-field probe geometries have been
engineered with extraordinary optical transmis-
sion (6) or with coupled optical antenna struc-
tures (7, 8) directly on the scanning-probe apex,
greatly improving coupling efficiencies as com-
pared to conventional aperture-based probes (9)
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(fig. S2). However, these rely on resonant structures
with limited spectral bandwidth and have often
used excitation modalities that are not background-
free, in which a diffraction-limited (or larger) spot
illuminates the optical antenna, but also excites
portions of the sample not in the immediate vi-
cinity of the tip, leading to unwanted background
(10, 11). Of note are recent approaches combin-
ing elements of apertureless near-field scanning
optical microscopy (a-NSOM) tips with efficient
photon-to-plasmon coupling structures that can
be illuminated far from the sample (17, 12). When
designed correctly, these types of probes can be
broadband because they exploit adiabatic plas-
monic compression (13, 14). There is, however,
one primary drawback to these probes: A large
enhancement is achieved only for very small
tip/metallic-substrate gap modes. Therefore, only
very thin samples (such as molecular mono-
layers) can be studied. Our work overcomes these
problems, merging broadband field enhance-
ment and confinement with efficient bidirec-
tional coupling between far-field and near-field
electromagnetic energy. We take advantage of
the campanile concept to map optoelectronic prop-
erties of InP NWs.

The campanile probe is based on a 3D tapered
metal-insulator-metal (MIM) structure ending in
ananogap (Fig. 1, A to C). Our simulations show
that this geometry provides efficient coupling
between far and near fields (Fig. 1D), because
the fundamental mode in an MIM structure is
supported without any cutoff frequency, no mat-
ter how thin the insulating layer (/3). In the op-
tical regime, where plasmonic effects become
important at small length scales, it has been
shown that efficient delivery of far-field light to
a confined ultrasmall region is possible in two
dimensions, using a tapered planar MIM struc-
ture [>70% conversion efficiency (/5)], and in
three dimensions with a dimple lens structure
(16). The bidirectional coupling of the campa-
nile probe is efficient over a large bandwidth
(Fig. 1G), taking advantage of an adiabatically
tapered (/3, 14) geometry used at longer wave-
lengths [such as the microwave and terahertz
regimes (/7)] to provide one of the simplest broad-
band methods for effectively overcoming the
diffraction limit. The bandwidth is limited only
by metal absorption at short wavelengths and can
be extended well into the infrared region and
beyond.

The plasmonic mode in the campanile is con-
fined to the gap region, which thus defines the
spatial resolution as well as the field enhance-
ment [the ratio of electric field strength (|E|) in the
gap to the incoming field strength (|Eo|)]. This
ratio is greater than that from a bowtie antenna
with the same-sized gap (Fig. 1G and fig. S1).

The highly confined field in the gap region
avoids the illumination of large areas of the sam-
ple that is characteristic of other near-field meth-
ods: an important goal for nano-optical imaging
and spectroscopy (10, 11). Also, in the taper re-
gion, only a few photons leave the tip because of

edge scattering and leakage before reaching the
apex. Considering that we operate in a mode where
signal is collected back through the antenna gap,
the background from the sample arising from the
edge-scattered light is insignificant and below the
noise threshold in the PL images shown here. As
with all near-field probes, the campanile tips in-
terrogate only material located within a few nano-
meters of the apex (Fig. 1F), eliminating most
background spectroscopic signal arising from bulk
material or surrounding fluid.

Using standard nanofabrication techniques,
the antenna design illustrated in Fig. 1A can be
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integrated into the apex of a number of scanning
probes such as the cantilevers used in atomic
force microscopy or into the tapered optical fi-
bers used in conventional aperture-based NSOM.
Representative images of a campanile tip used in
this work are shown in Fig. 1, B and C. For a
linearly tapered 3D MIM structure, the optimal
taper angle is around 20° to 40°, over which
range the transfer efficiency shows only minor
changes (/3). Similar properties could be ob-
tained in a tapered cylindrical coaxial structure.

To demonstrate the utility of this concept,
campanile tips with ~ 40-nm-wide gaps were used
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Fig. 1. Structure and optical properties of the 3D tapered (campanile) far-field to near-field transformer.
The campanile geometry (A) is composed of a tapered metal insulator—metal waveguide fabricated at the
end of a tapered glass fiber (B) by focused ion beam milling. Its shape resembles that of a bell tower of the
same name (inset: photo of the Berkeley campanile), with a 39-nm (+2 nm) gap between the 3D tapered
Au plates (C). (D) Finite element simulations reveal the highly efficient bidirectional coupling between
macro and nano length scales (the electric field strength color-scale contrast is saturated to show the
much weaker photonic and weakly confined plasmonic modes). Extending the contrast over the full color
scale shows the nearly background-free near-field enhancement at the tip apex (E), while maintaining the
linear polarization of the far field (F) (gap size = 10 nm; wavelength = 666 nm). (G) The ultralarge field
(IEl) enhancement for a campanile with a 2-nm gap extends over larger bandwidth (red curve) than
does a coupled optical bowtie antenna (blue curve) with a 2-nm gap or a sharp Au tip with a 20-nm
radius of curvature (gray curve; assuming 100% light-coupling efficiency to the Au tip).
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to map out the inhomogeneous radiative recombi-
nation in individual InP NWs, chosen because
of their PL emission properties and potential as
an ideal nanomaterial for light-harvesting due
to the 1.4-eV bandgap and presumed low sur-
face recombination rates (/8—20). Trap states
are believed to be responsible for many optical
phenomena in nanocrystals and wires (21, 22),
including surface state—mediated luminescence
modification in InP NWs (23), but are not well
understood because of optical resolution limi-
tations. Gaining this crucial insight requires both
local optical excitation and local luminescence
collection.

The glass fiber with the campanile tip was
mounted in a shear-force scanner and coupled to
a 633-nm laser. The near-field spot was scanned
over the sample to locally excite and collect PL
from InP NWs. Because of the huge field en-
hancement, only 100 uW of pre—fiber-coupled
laser excitation power was needed to obtain a full
emission spectrum between 760 and 900 nm.
With a 100-ms integration time, a signal-to-noise
ratio >60/1 was achieved.

Topography and a full spectrum were recorded
at each image pixel, and PL maps were built by
taking slices from the hyperspectral data set, which
contains both amplitude and spectral variations.

y-position in ym

0.5 1
x-position in ym

1.5 2

perpendicular line scan

y-position in ym

Figure 2 shows a 95-nm-wide InP NW imaged
with a scanning electron microscope (Fig. 2A),
with the campanile tip (Fig. 2B) and with a far-
field confocal microscope (Fig. 2C). The con-
focal excitation power was the same as that
used with the campanile tip. As can be seen, the
campanile tip provides an optical resolution ap-
proximately equal to the gap size and much
higher than the confocal resolution (Fig. 2D), as
shown in the line scans in Fig. 2E, taken along
the NW.

A typical PL spectrum from the center of a
wire is shown in Fig. 3A, with the band-edge
emission peak at 839 nm (1.47 eV) correspond-
ing to the expected 100-meV blueshift relative to
bulk InP NWs, independent of quantum confine-
ment (23). Moreover, we observe various shoul-
ders 40 to 100 meV above the band-edge emission
that broaden the spectra considerably. With the
campanile tip, we observed the spectral intensity
and linewidth variations along individual NWs.
PL emission intensities along the wire are mapped
in Fig. 3, B to F, for wavelengths of 783, 802,
821, 839, and 857 nm. The first three maps rep-
resent the different shoulders above the band-
edge emission and display considerable (300%)
local variation of the PL intensity along an indi-
vidual wire. For energies less than or equal to

kCs

3
1.8
0

Campanile

802nm = 1.47eV

0.5 1 1.5 2
X-position in pm
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the band edge, the PL intensity remains fairly ho-
mogenous along the wire. In addition, for some
of the studied wires, we observed PL hotspots
located approximately 250 to 300 nm from one or
both ends of the wire (compare Fig. 3, G and H,
and fig. S1). The hot spots show spectral broad-
ening toward the blue with additional lumines-
cence 40 to 100 meV above the band edge, as
seen in the waterfall plot of PL spectra from var-
ious points along the wire (Fig. 31; PL peak
intensity normalized to 1 for clarity). In contrast,
confocal PL measurements of the same wire
(Fig. 3J) also display two maxima but show no
spectral variations along the NW (Fig. 3L), in
agreement with previous confocal studies.

It was previously observed that strong PL
enhancements and PL blueshifts result from pas-
sivated InP NW surfaces (23). This was attributed
to Coulombic interactions between excitons and
positively charged trap states on the NW surfaces
(21). These studies proposed that trap states in-
fluence the optoelectronic properties of nanocrys-
tals and NWs much more strongly than commonly
assumed. The exciton diffusion length in these
materials is hundreds of nanometers, and there-
fore individual trap states within the diffusion
volume should strongly influence the local ab-
sorption energy and charge recombination rate.

Confocal

802nm = 1.47eV

0.5 1 1.5 2

X-position in pm

line scan along wire in B)

D campanile E 28
confocal
5 SEM 8 2.4
©

2 =

D =20
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line scan in ym

Fig. 2. Nano-optical hyperspectral PL mapping of InP NWs. (A) Scanning
electron microscope (SEM) image of an InP NW that was hyperspectrally
mapped with the campanile tip (B) (100 uW of excitation power, 100 ms per
spectrum, map at 802 nm, intensity in kilocounts (kCs)), and confocally (C)
(900 uW, 10 ms per spectrum, map at 802 nm). The near-field map (B) has

15

075 1
line scan in pm

1.25 1.75

considerably higher spatial resolution than the confocal map, as shown by the
line scans across the wire (D) and strong local PL variations along the wire.
a.u., arbitrary units. (E) A line scan along the wire length in (B) reveals a
spatial resolution of ~40 nm (approximately equal to the gap size), whereas
the topographic (topo) line scan shows negligible variations.
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We believe that the heterogeneity observed along
the wires (Figs. 2B and 3, B to F), on length
scales well below the exciton diffusion length, are
direct maps of trap-state modifications of the lo-
cal exciton properties (22). The observed PL in-
tensity hot spots (Fig. 3, G and J, and fig. S3) are
probably due to an increase of trap-state densities
(and changes in the native oxide layer) at the wire

ends, resulting from the NW broken-end mor-
phology. Their spectral characteristics are con-
sistent with a trap-induced Stark shift, predicted
to be ~60 to 70 meV above the band edge (21) for
positive trap states (23), in accordance with our
observations. Additionally, local trap states are
known to cause Fermi level pinning and local
band-bending in some cases (27), which would

also affect local recombination rates. The absence
of spectral variations in the confocal measure-
ments is attributed to (i) lack of spatial resolution,
and (ii) far-field PL measurement probing the en-
tire NW thickness; i.e., surface-specific effects are
obscured by bulk behavior. Cathodoluminesence
measurements on InP NWs achieve a compa-
rable resolution and provide complementary

A B 783nm

N

PL intensity kCs
N oW
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Fig. 3. Hyperspectral PL maps of InP NWs displaying local intensity
(measured in kCs) and spectral variations. (A) Representative PL spectrum of
the InP NW from Fig. 2, integrated over 10 ms. Various shoulders 40 to 100
nm above the band-edge emission at 839 nm are observed. Slices from the
hyperspectral data at specific wavelengths are mapped (B to F), showing local
intensity variations (up to a factor of 3) for the spectral components above
the bandgap, whereas at bandgap energies and below, the PL is mostly
homogenous. Images in (B) to (F) are raw data from a single hyperspectral

C 802nm

D 820nm E 839nm F 858nm

A 839nm=1.47¢eV

7 891011

normalized PL intensity
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scan. Other InP NWs displayed one (fig. S3) or two PL intensity hot spots (G)
typically 250 to 300 nm from the wire ends as compared to topography (H)
and SEM (K) images of the same NW. A waterfall plot of near-field spectra
taken at positions 1 to 11 (peak emission intensity normalized to 1) shows
strong local spectral variations, with the PL hot spots showing a band-edge
blueshift as well as stronger contributions from trap-related spectral com-
ponents above the bandgap (I). The same wire imaged confocally (J) displays
two maxima but no spectral variations along the NW (L).

7 DECEMBER 2012 VOL 338 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on December 7, 2012


http://www.sciencemag.org/

information. However, the large number of in-
cident electrons fill the trap states and do not
detect any spatial variation in emission from InP
NWs (24).

We emphasize that the increased density of
optical states at the tip apex will change the
balance between various recombination pathways
and may enable otherwise dark states to radia-
tively recombine (25—27). Finally, we note that
measurements on NWs (and any sample thicker
than ~2 nm) are not possible with NSOM in the
tip-substrate gap mode, because that modality
lacks the signal strength and sensitivity shown
here, which is critical for investigating the ma-
jority of samples.

Campanile-style far-to-near—field transform-
ers provide a pathway for understanding energy
conversion processes at critical length scales,
in our case yielding insights into the role of lo-
cal trap states in radiative charge recombination
in InP NWs. More generally, our study demon-
strates the impact of the campanile geometry on
a wide range of nano-optical measurements, be-
cause virtually all modes of optical imaging and
spectroscopy are possible, including Raman and
infrared/Fourier transform infrared hyperspectral
imaging, as well as white-light nano-ellipsometry/
interferometric mapping of dielectric functions.
We expect that the combination of large band-
width and enhancement makes them ideal for ul-
trafast pump-probe and/or nonlinear experiments
down to molecular length scales (28-317). They
also could be used for ultrasensitive medical de-
tection, (photo) catalysis and quantum-optics in-

vestigations, as plasmonic optomechanics and
circuitry elements, and as the cornerstone of
tabletop high-harmonic/x-ray and photoemission
sources.
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Robust Photogeneration of H, in Water
Using Semiconductor Nanocrystals
and a Nickel Catalyst

Zhiji Han,* Fen Qiu,* Richard Eisenberg,t Patrick L. Holland,t Todd D. Krausst

Homogeneous systems for light-driven reduction of protons to H, typically suffer from short
lifetimes because of decomposition of the light-absorbing molecule. We report a robust and highly
active system for solar hydrogen generation in water that uses CdSe nanocrystals capped with
dihydrolipoic acid (DHLA) as the light absorber and a soluble Ni**-DHLA catalyst for proton
reduction with ascorbic acid as an electron donor at pH = 4.5, which gives >600,000 turnovers.
Under appropriate conditions, the precious-metal—free system has undiminished activity for

at least 360 hours under illumination at 520 nanometers and achieves quantum yields in water

of over 36%.

olecular hydrogen (H,) is a clean-
Mbuming fuel that can be produced from

protons (H") in the reductive half-
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reaction of artificial photosynthesis systems
(1, 2). One of the most prominent strategies for
light-driven proton reduction features a multi-
component solution with a light-absorbing mol-
ecule (chromophore) that transfers electrons to
a catalyst that reduces protons (3, 4). However,
these solution systems often use nonaqueous
solvents and always have short lifetimes from
decomposition of the chromophore over a pe-
riod of hours (). This difficulty has led to more-

complicated architectures that separate the sites
of light absorption and proton reduction (2).

Semiconductor nanocrystals (NCs) are prom-
ising alternative chromophores for light-driven
proton reduction (6, 7). Compared with tradi-
tional organic or organometallic chromophores,
NCs have superior photostability, larger absorp-
tion cross-sections over a broad spectral range,
orders of magnitude longer excited state lifetimes,
electronic states and associated optical properties
that vary with NC size, and the capacity to de-
liver multiple electrons with minimal structural
perturbations (6, 7). Heterostructures combining
NCs with traditional precious-metal nanoparticle
proton-reduction catalysts, or with iron hydrogen-
ases, have produced efficient proton-reduction
catalysis in solution (8§—/0). However, small-
molecule catalysts in conjunction with NCs have
given only modest H, production (11, 12).

We report here a system that provides light-
driven H, production with exceptional longevity,
maintaining its high activity with no decrease for
over 2 weeks using water as solvent. The system
uses no precious metals and is based on light
absorption and photoinduced electron transfer
from semiconductor nanocrystals that are photo-
chemically stable. Under optimal conditions, the
system generates over 600,000 turnovers of H,
(with respect to catalyst) without deterioration
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