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between the arrival times of electrons at a beam
splitter is a signature of two-particle interference,
which demonstrates the possibility of generating
coherent and indistinguishable single-electron
wave packets with independent sources. It pro-
vides the possibility of controlled manipulation
of single-electron states in quantum conductors,
with applications in quantum information pro-
cessing, but could also be used to fully reconstruct
the wave function of a single electron (24, 30)
and thus quantitatively address the propagation
of a single excitation propagating in a complex
environment.
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InP Nanowire Array Solar Cells
Achieving 13.8% Efficiency by
Exceeding the Ray Optics Limit
Jesper Wallentin,1 Nicklas Anttu,1 Damir Asoli,2 Maria Huffman,2 Ingvar Åberg,2

Martin H. Magnusson,2 Gerald Siefer,3 Peter Fuss-Kailuweit,3 Frank Dimroth,3

Bernd Witzigmann,4 H. Q. Xu,1,5 Lars Samuelson,1 Knut Deppert,1 Magnus T. Borgström1*

Photovoltaics based on nanowire arrays could reduce cost and materials consumption compared
with planar devices but have exhibited low efficiency of light absorption and carrier collection.
We fabricated a variety of millimeter-sized arrays of p-type/intrinsic/n-type (p-i-n) doped InP
nanowires and found that the nanowire diameter and the length of the top n-segment were critical
for cell performance. Efficiencies up to 13.8% (comparable to the record planar InP cell) were
achieved by using resonant light trapping in 180-nanometer-diameter nanowires that only covered
12% of the surface. The share of sunlight converted into photocurrent (71%) was six times the
limit in a simple ray optics description. Furthermore, the highest open-circuit voltage of 0.906
volt exceeds that of its planar counterpart, despite about 30 times higher surface-to-volume
ratio of the nanowire cell.

Nanostructures are currently being inves-
tigated for next-generation photovoltaic
(PV) architectures as a means of low-

ering cost (1) through the use of abundant ma-
terials (2) or to improve light trapping (3).
Nanowire (NW) arrays could provide substan-
tial reductions in material consumption as well
as production costs for III-V-based solar cells,
in part because they can be monolithically grown
on low-cost substrates such as silicon (4). How-
ever, proof of concepts of III-V NW-based PV

(5–9), have had limited efficiencies in the 3 to
5% range.

The efficiency of NW-based solar cells is often
limited by light absorption, especially when the
NWs have subwavelength dimensions. In a ray
optics description, the maximum fraction of nor-
mally incident sunlight that could be absorbed and
converted to a photocurrent is proportional to the
surface coverage of the active material. However,
theoretical modeling based on wave optics has
predicted resonant light trapping in sub-200-nm-
diameter NWarrays (10–12), which would allow
bulklike photocurrent generation with just a frac-
tion of the materials consumption. Experimental
studies have been confined toNWarrayswith either
large-diameter wires (13, 14) or high surface cov-
erage (9). Another limitation is that crystal sur-
faces typically have a high density of defects that
act as potential recombination centers, and nano-
structured devices have high surface-to-volume

(S/V) ratios. Surface recombination could explain
the hitherto observed relatively low open-circuit
voltages (Voc) in NW-based PV cells (8, 9).

Here, we demonstrate how these challenges
can be overcome and report on a NWarray solar
cell with 13.8% efficiency. Although the 180-nm-
diameter InP NWs only cover 12% of the surface,
they deliver 83% of the photocurrent density ob-
tained in planar InP solar cells (15, 16). Further-
more, the highestVoc exceeds that of the InP planar
record cell (15, 16), despite about 30 times higher
S/Vratio in our NW-based PV cell. By using three-
dimensional (3D) optical modeling, we provide
insight into the origins of the high performance
of our solar cells, as well as guidelines to how
they further can be improved.

We chose InP not only because of its di-
rect band gap of 1.34 eV (925 nm wavelength-
equivalent), suitable for the solar spectrum but
also because it allows in situ etching with HCl
during NW growth to prevent short-circuiting
from radial overgrowth (17). The InPNWs in our
solar cells were epitaxially grown with an axial-
ly defined p-type/intrinsic/n-type (p-i-n) doped
structure (7) and have a length of ~1.5 mm. We
used a nanoimprint technique to arrange gold
seed particles in arrays (18). (Fig. 1, A to C). Dif-
ferent sizes and array pitches of the Au seeds
were used, resulting in samples with different NW
diameters (130 to 190 nm) and array pitches (470
or 500 nm). To reduce reflection, we removed the
metal seed particles after growth by using wet
etching and defined a top contact with a silicon
oxide insulating layer and a transparent conduct-
ing oxide (TCO) (7). Last, the 1-mm-by-1-mm
cells and metal contact pads were defined with
optical lithography (Fig. 1C), with each sample
containing a few solar cells. Details of the sam-
ples (table S1) and their fabrication are given in
the supplementary materials (19).

Characterization of the solar cells (Fig. 1D)
revealed very good performance in comparison
with other InP PVarchitectures (Table 1). At 1-sun
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(1000 W/m2) illumination, measured in ambient
air at the Fraunhofer ISE CalLab reference setup,
our best cell (from sample A) shows a conversion
efficiency h = 13.8% and a photocurrent density
Jsc = 24.6 mA/cm2. Because our calculation of
Jsc accounts for the full (unmetalized) cell area
rather than the NW surface coverage only, it can
be compared with that of the best reported pla-
nar InP cell [Jsc = 29.5 mA/cm2 (15, 16)] and the
theoretical limit of 34.5 mA/cm2 [assuming that
each incident photon with energy above the InP
band gap generates one electron-hole pair (19)].
Thus, our cell reaches 83% of the best reported
planar Jsc despite covering only 12% of the sur-
face area. Our axially defined NW solar cell out-
performs similar cells based on core-shell NWs

with a surface coverage of 27% (9), as well as sev-
eral other next-generationPVarchitectures (Table 1).

Our results demonstrate that ray optics is not
appropriate for describing the interaction of light
with these subwavelength structures, because the
maximum Jsc in the ray optics picture, 4.2 mA/cm2

(12% of the theoretical limit, 34.5 mA/cm2), is
almost six times lower than the Jsc of our best
cell. Alternatively, a hypothetical calculation on
the single-NW level, using theNWcross-sectional
area, would give a physically impossible efficien-
cy above 100%. Thus, light that would travel be-
tween the NWs in a ray optics description was
absorbed efficiently in the experimental cell.

To more accurately study the absorption of
light in the NW solar cell, we used full 3D electro-

magnetic optical modeling (figs. S1 to S3) (20).
The validity of our approach is confirmed by com-
paring the calculated absorptance spectrum of
the NWs in the record cell and its measured ex-
ternal quantum efficiency (EQE) (Fig. 2A). The
values and general trends of these two spectra
agree well, although the calculated absorptance
is greater than the measured EQE throughout the
spectrum. This discrepancy can be attributed to
the absorption modeling not taking into account
any carrier losses. We also show the measured
EQE of a 130-nm-diameter NW solar cell (sample
D) (blue solid line in Fig. 2A) and note that the
EQE increases slowly above the band gap energy
(925 nm in wavelength). The relatively weak cou-
pling leads toweak absorption of long-wavelength
photons into these small-diameter NWs (21).

We identified two key design parameters that
influence the performance of our solar cells: the
NW diameter and the length of the top n-segment.
We show (Fig. 2B) the calculated absorption ver-
sus NW diameter assuming a constant NW length
(1.4 mm) and array pitch (470 nm). The absorption
increases with increasing diameter until it saturates
around 180 nm, in line with previous modeling
of unprocessed NW arrays (10). Experimental-
ly we also saw improvement in the measured
average Jsc from 14.0 mA/cm2 (sample D) to
17.4 mA/cm2 (B) when increasing the diameter
from 130 to 180 nm for the same n-segment
growth time of 3 min. To reach the highest Jsc
(sample A), we also shortened the n-segment as
described below. For the 180-nm diameter, the
remaining 7% of the available sunlight (red area
in Fig. 2B) could in principle be captured by in-
creasing the NW length. In this work, we chose
to keep the length as constant as possible in order
to investigate other parameters.

The second key design parameter is the length
of the top n-segment. The 3D simulations indicate
that the strongest optical generation of carriers
occurs near the top of theNWs (Fig. 3A). Because
of the high doping, the recombination losses in
the top n-segment are expected to be high. We
experimentally varied the n-segment growth time
(Fig. 3B) and found that reducing the nominal
n-segment length from 180 (sample B) to 60 (A)
nm increased the average Jsc by 39%. Conversely,
an increase to 360 nm (sample C) reduced the
average Jsc by 34%. These three samples are also
indicated in Fig. 2B, showing that the reduction
in n-segment length actually increased Jsc more

Fig. 1. Characterization of NW-array solar cells: (A) 0° and 30° (inset) tilt scanning electronmicroscopy (SEM)
images of as-grownNWs with a surface coverage of 12%. (B) SEM image of processed NWs. The superimposed
schematics illustrate the silicon oxide (SiOx, blue), TCO (red), and the p-i-n doping layers in the NWs. (C) Optical
microscope image of NW solar cells. The dashed red line highlights the border of a 1-mm-by-1-mm cell. (Inset)
A sample with four-by-seven cells. (D) The 1-sun J-V curve for the highest-efficiency cell (sample A).

Table 1. A comparison of the performance of InP PV architectures, as well as reported efficiencies of selected next-generation PV architectures, under
1-sun illumination. The listed devices show variation in cell area and measurement conditions.

Active area coverage (%) Relative active volume (%) Jsc (mA/cm
2) Voc (V) Fill factor (%) Efficiency 1 sun (%)

Axial InP NW - this work, A 12 5 24.6 0.779 72.4 13.8
Sample E 11 5 18.2 0.906 78.6 13.0
Planar InP (15, 16) 100 100 29.5 0.878 85.4 22.1
Core-shell InP NW (9) 27 14 13.7 0.43 57 3.37
Dye-sensitized (27) 100 17.66 0.935 74 12.3
Organic (16) 100 10.08 1.53 68.5 10.6
Colloidal quantum dot (28) 100 20.1 0.605 58 7.0

1 MARCH 2013 VOL 339 SCIENCE www.sciencemag.org1058
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than the increase in diameter from 130 to 180 nm.
With a 30-nm n-segment, the photocurrent was
reduced, possibly because some slightly shorter
NWs were not properly contacted.

To understand these experimental findings,
we expanded our purely optical model by as-
suming that all carriers generated in the n-region
are lost and calculated the resulting Jsc (Fig. 3B)

and EQE (Fig. 3D). Although this simple model
neglects the effects of graded doping profiles,
carrier diffusion, and electrical fields, it repro-
duces the experimental data well. Primarily the
short-wavelength light is lost, because it is most
strongly absorbed at the top. We note that the
modeled spectra contain sharper peaks compared
with the experimental EQE (Fig. 3C). This dif-

ference probably stems from small variations in
NW diameter, length position, and doping profile,
which occur naturally in the experimental cells.

Next, we discuss the ability of our solar cells
in transferring the photogenerated charge carriers
to the contacts. The highest Voc that we observed,
0.906 V, measured in sample E that has 13.0%
efficiency, exceeds that of the planar InP record
cell (15) (Table 1). In contrast, the highest-efficiency,
highest-current sample, A, shows a substantially
lower Voc, 0.779 V. The relative variation in Voc
between our samples is typically greater than
that for Jsc. Because the dimensions of the NWs
in these samples are similar, we believe that this
is due to variations in the contact-formation pro-
cess. We therefore anticipate larger cells to show
similar Jsc but lower Voc than our best cells.

The highest Voc, 0.906 V, is notable consid-
ering that the depletion region, estimated by the
nominally 650-nm-long i-region, is several times
longer than the NWdiameter (190 nm). InP NWs
have a relatively low surface-recombination ve-
locity (22), with values as low as 170 cm/s re-
ported for undoped InP NWs (23). Because we
did not use any intentional surface passivation or
high-band gap window layer, we suggest three
possible origins to the high Voc values observed
in our NW-based solar cells in comparison to
planar cells. First, the crystal structure in InP
NWs is typically a mixture of wurtzite and zinc
blende (7). Because wurtzite InP has an 80-meV
higher band gap than the bulk zinc blende, this
could at most produce an 80-mV increase in Voc
(24, 25). Second, the carriers are confined to the
NW cross-sectional area rather than the cell area,
which means that the saturation current density,
J0, as measured by using the cell area, could be
reduced by a factor of 0.12. With the formula
Voc = (kT/q)ln(Jsc/J0) (where k is the Boltzmann
constant, T is the absolute temperature, and q is the
elemental charge), we can estimate this enhance-
ment to 55mV. Third, there could be a radial charge
separation of electrons and holes, resulting from

Fig. 2. Absorption in NW solar cells (A) Measured EQE of cells from samples
A (180-nm diameter) and D (130 nm), with the simulated EQE of sample A
assuming that all carriers generated in the whole NW (including the top
n-segment) contribute to Jsc. (B) Simulated absorbed light as a fraction of

the solar spectrum above the InP band gap and calculated Jsc versus NW
diameter. Different optical losses are also shown (fig. S2). The markers in-
dicate the experimentally measured average Jsc of samples A, B, C, and D
(1-, 3-, 6-, and 3-min n-segment growth times, respectively).

Fig. 3. Solar cell performance dependence on top n-segment length. (A) Simulated optical generation rate
of electron-hole pairs in the y-z cross section of sample A for x polarized incident light (19). (B) Measured and
simulated Jsc versus n-segment growth time (19). The error bars are one standard deviation. (C) Measured EQE
of cells from samples A (n-segment growth time, 1 min), B (3 min), and C (6 min). (D) Simulated EQE of
samples A (60-nm n-segment length), B (180 nm), and C (360 nm), together with the simulated EQE for
sample A without losses (dashed line).

www.sciencemag.org SCIENCE VOL 339 1 MARCH 2013 1059
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effects such as surface pinning (26). Additional
experiments are needed to understand the high Voc.

Because multijunction III-V PV is currently
being deployed for concentrator PV—where large-
area, low-cost optics are used to collect sunlight
and focus it onto small, high-performance solar
cells—we have also investigated the performance
of the cell with highest Voc (sample E) under con-
centration (Fig. 4). The Voc increases logarithmi-
cally as expected up to 0.97 V. However, the fill
factor decreases, which indicates a series resist-
ance, possibly originating from the TCO or the
small contact area of the NW tips. The efficiency
under concentrated illumination for this cell there-
fore peaks at 13.4% at 2.6 suns. The angular
dependence, which is important for diffuse light
conditions, has not been investigated experimen-
tally, but previous simulations have indicated weak
angular dependence up to 40° (12).

Lastly, we assess the technical maturity of
our design. We fabricated seven working cells
on the same sample (average efficiency of 12.0%
with standard deviation of 1.4%) and reproduced

similar results in separate growth and processing
batches. The best sample was stored 2 months
in ambient air before the measurement, and the
degradation in absolute efficiency of somewhat
older samples is less than 0.5% over a period of
6 months. This design should be readily scalable
to wafer-sized cells and be useful for similar op-
toelectronic devices such as photodetectors.
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Synchronous Change of Atmospheric
CO2 and Antarctic Temperature During
the Last Deglacial Warming
F. Parrenin,1* V. Masson-Delmotte,2 P. Köhler,3 D. Raynaud,1 D. Paillard,2 J. Schwander,4

C. Barbante,5,6 A. Landais,2 A. Wegner,3† J. Jouzel2

Understanding the role of atmospheric CO2 during past climate changes requires clear
knowledge of how it varies in time relative to temperature. Antarctic ice cores preserve highly
resolved records of atmospheric CO2 and Antarctic temperature for the past 800,000 years.
Here we propose a revised relative age scale for the concentration of atmospheric CO2 and
Antarctic temperature for the last deglacial warming, using data from five Antarctic ice cores.
We infer the phasing between CO2 concentration and Antarctic temperature at four times
when their trends change abruptly. We find no significant asynchrony between them, indicating
that Antarctic temperature did not begin to rise hundreds of years before the concentration of
atmospheric CO2, as has been suggested by earlier studies.

Analyses of polar ice cores have shown
that the concentration of atmospheric
CO2 (aCO2) and surface air temperature

are closely related and that they have risen and
fallen in tandem over most of the past 800,000
years. However, whether changes of temperature

occurred first and how large that lead may have
been have been topics of considerable controver-
sy. The most highly resolved aCO2 record during
the last deglacial warming, Termination I (TI), is
from the European Project for Ice Coring in An-
tarctica (EPICA) Dome C (EDC) ice core (1, 2).
In this record, aCO2 appears to lag local Antarctic
temperature (AT) by 800 T 600 years at the onset
of TI, in agreement with an earlier study on the
Vostok and Taylor Dome ice cores, which iden-
tified a lag of 600 T 400 years at the end of the

Fig. 4. Characterization of cell
from sample E under concentrated
illumination.
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