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Quantifying losses and thermodynamic limits in
nanophotonic solar cells
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Nanophotonic engineering shows great potential for photovoltaics: the record conversion efﬁciencies of nanowire solar
cells are increasing rapidly1,2 and the record open-circuit voltages are becoming comparable to the records for planar
equivalents3,4. Furthermore, it has been suggested that
certain nanophotonic effects can reduce costs and increase efﬁciencies with respect to planar solar cells5,6. These effects are
particularly pronounced in single-nanowire devices, where
two out of the three dimensions are subwavelength. Singlenanowire devices thus provide an ideal platform to study how
nanophotonics affects photovoltaics7–12. However, for these
devices the standard deﬁnition of power conversion efﬁciency
no longer applies, because the nanowire can absorb light
from an area much larger than its own size6. Additionally, the
thermodynamic limit on the photovoltage is unknown a priori
and may be very different from that of a planar solar cell.
This complicates the characterization and optimization of
these devices. Here, we analyse an InP single-nanowire solar
cell using intrinsic metrics to place its performance on an
absolute thermodynamic scale and pinpoint performance loss
mechanisms. To determine these metrics we have developed
an integrating sphere microscopy set-up that enables simultaneous and spatially resolved quantitative absorption, internal
quantum efﬁciency (IQE) and photoluminescence quantum
yield (PLQY) measurements. For our record single-nanowire
solar cell, we measure a photocurrent collection efﬁciency of
>90% and an open-circuit voltage of 850 mV, which is 73%
of the thermodynamic limit (1.16 V).
The single-nanowire device consists of a 310 nm diameter wurtzite InP nanowire with a 50 nm SiO2 coating used to prevent oxidation and enhance stability (see Fig. 1a and Methods). It has a
short-circuit current of Isc = 450 pA, an open-circuit voltage of
Voc = 850 mV and a ﬁll factor of FF = 0.76 under air mass (AM)1.5
solar spectrum illumination (Fig. 1b), all of which are high compared with previous nanowire devices. However, to understand
the origin of the obtained Isc and Voc values we need to determine
intrinsic metrics such as the IQE and PLQY of the device. So far
the primary experimental challenge in determining these performance metrics for single-nanowire devices has been measuring quantitative absorption during solar cell operation, which is not possible
with existing techniques13. These methods assume that the absorbed
power is converted into heat (photothermal spectroscopy14,15), that
the nanoparticle does not scatter (spatial modulation extinction
spectroscopy16,17) or that the particle is an ideal dipole (scattered
ﬁeld interferometry18). Integrating sphere microscopy circumvents
these assumptions by combining the standard tool for measuring
the absorptance (the fraction of the incident power that is absorbed)

of macroscopic samples19 or ensembles of nanoparticles20 with a
microscope objective that has a long working distance (Fig. 1c).
This technique measures all of the power that is not absorbed
(reﬂected, transmitted and scattered), allowing the absorbed
power to be determined directly from a simple energy balance
(see Fig. 1 and Methods for further details).
Two-dimensional maps of the absorptance and IQE (the fraction
of the absorbed light that is converted to current) are shown in
Fig. 2. A plan view scanning electron microscopy (SEM) image of
the device is shown in Fig. 2a for comparison with the absorptance
and IQE maps in Fig. 2b,c, measured at an excitation wavelength of
600 nm. The IQE reaches a peak value of 100% and is strongly
localized to the upper half of the wire, as is more clearly visible in
the line proﬁle of the IQE along the nanowire in Fig. 2d. The
colour shading in Fig. 2d shows the intended doping proﬁle
during nanowire growth. Carrier collection is most efﬁcient near
the n-type/intrinsic interface, and collection occurs over a length
of 3.4 μm. In the p-type region the IQE is essentially zero, indicating
short electron diffusion lengths. This is conﬁrmed by an electronbeam induced current (EBIC) measurement shown above the IQE
line proﬁle, from which we determine the electron diffusion length
in the intrinsic/p-type segment to be 285 nm (see Supplementary
Fig. 1). The IQE is nearly independent of polarization and wavelength,
with values >90% over the whole wavelength range up to the
bandgap (Fig. 2e). The small difference in the bandgap depending
on the excitation polarization is caused by the anisotropic nature of
wurtzite InP and has previously been observed with photoluminescence
excitation spectroscopy21.
With integrating sphere microscopy we can probe not only the
IQE to understand the current collection efﬁciency, but also directly
measure the PLQY20,22. In absence of non-radiative recombination,
rad
. For a
PLQY = 1 and the Voc reaches the thermodynamic limit Voc
PLQY below 1, the Voc is reduced from the radiative limit to the
imp
implied Voc = V rad
oc − VT |ln(PLQY)|, where VT is the thermal
voltage (25.9 mV)23,24. Hence, the PLQY plays a crucial role in
understanding the photovoltage. To measure the PLQY, we place
a ﬁlter in front of the integrating sphere photodetector such that
only photoluminescence is detected (see Methods). Our spatially
resolved measurements show that the nanowire PLQY peaks in
the same region as the highest IQE values (Fig. 3a), with an
average PLQY over the active area of 0.9% at an excitation intensity
of 1 µW 600 nm light (approximately 1.4 × 103 sun, note that the
PLQY is independent of excitation wavelength as shown in
Supplementary Fig. 2). To determine the average PLQY at 1 sun
intensity, we measure it at a range of lower excitation powers
(Fig. 3b). The PLQY decreases linearly with excitation intensity,
indicating that in this regime Shockley–Read–Hall recombination
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Figure 1 | Characterization of a record single-nanowire solar cell using integrating sphere microscopy. a, False-colour SEM image of the InP nanowire
device (yellow) with the hole contact (red) and electron contact (blue). b, The nanowire I–V curve in the dark (blue) and under the solar simulator at 1 sun
intensity (red). The solid line is a smoothed ﬁt to the data points (shown as small crosses). c, A schematic depicting the integrating sphere microscopy
set-up. A microscope objective (1) focuses light from a monochromated supercontinuum laser source on the nanowire solar cell inside the integrating
sphere. The integrating sphere (2, only half is shown) collects transmitted as well as scattered light via a photodetector (3) behind a bafﬂe (4), while the
objective directs the reﬂected light to another photodetector (not shown, see Supplementary Fig. 3). Subtracting these calibrated signals from the input
gives the local absorptance with diffraction-limited resolution. The device is connected to electrode pads (5) and current leads (6) to simultaneously
measure photocurrent, enabling the IQE to be determined. With a long-pass ﬁlter in front of the detector (3), photoluminescence can be collected
quantitatively to give the PLQY. The sample is mounted on a piezoelectric stage, enabling spatial mapping of all of these output parameters.

dominates (see Supplementary Section 3). Assuming linearity down
to 1 sun intensity, the average PLQY is 4.0 × 10−4 (0.040%). This
value corresponds to a Voc loss of 210 mV from the thermodynamic
limit, and is comparable to what is observed in world record planar
crystalline Si, Cu(In,Ga)Se2 and InP solar cells24.
The PLQY can provide the Voc loss from the thermodynamic
rad
, but to calculate the latter value for our device we
bound Voc
must know the recombination current that corresponds to the radiative thermal emission, I0rad . This emission current together with Isc
rad
determines Voc
= VT ln (Isc /I0rad )23. In a macroscopic solar cell, Isc
rad
and I0 can be calculated by integrating the external quantum efﬁciency (EQE, the fraction of the incident photons that is converted
to current) over the solar and blackbody spectra (T = 300 K),
respectively24. However, for single-nanowire solar cells the standard
deﬁnition of EQE is not valid, because the absorption cross-section
(σ abs ) can be much larger than the device area. To solve this important issue, we deﬁne a new quantity that takes on the same role: the
collection cross-section
σ EQE (λ, Ω) = ∫IQE(λ, z) σ 1D
abs (λ, Ω) dz

(1)

where IQE(λ,z) is the IQE as a function of wavelength and position
along the nanowire (shown in Fig. 2e) and σ 1D
abs (λ,Ω) is the effective
absorption width of the nanowire as a function of wavelength and
2

angle of incidence (determined from the absorptance, see Methods
and Supplementary Section 4). Figure 4a shows σEQE for the nanowire device studied here, in both polarizations. Note that σEQE
requires units of area, whereas the conventional EQE is a unitless
quantum efﬁciency. This is a crucial difference, because for macroscopic solar cells the area that collects photons is independent of the
incident wavelength and simply equal to the geometric area. In contrast, for nanostructures the interaction area with the incident light
can be strongly wavelength dependent6 due to resonances, for
example25. Additionally, in contrast to the IQE and PLQY, σEQE
can be determined directly from the photocurrent measurement,
incident ﬂux and laser spot size, and an integrating sphere is thus
not required (see Methods).
Integrating σEQE over the blackbody spectrum and all angles we
rad
= 1.16 V
ﬁnd I0rad = 3.1 × 10−17 pA, which leads to a maximum Voc
for our nanowire device (see Supplementary Section 5). The difference
rad
) and the measured Voc (850 mV) is
between the ideal voltage (Voc
310 mV: Voc is 73% of the thermodynamic limit. The measured Voc
imp
is 100 mV smaller than the implied open-circuit voltage Voc in the
semiconductor nanowire, suggesting that the contact selectivity
plays a signiﬁcant role in the Voc loss, probably due to diffusion
of the highly mobile Zn out of the p-type doped region26 and/or
Fermi level pinning due to the surface oxide27. Knowledge of Isc
and I0rad also allows us to determine the ideal FF, which is 89.5%,
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Figure 2 | IQE of a single-nanowire photovoltaic device. By measuring the quantitative absorption and photocurrent simultaneously the IQE can be determined
with high spatial resolution. a, False-colour SEM image of the single-nanowire device (InP nanowire diameter = 310 nm, length = 12.1 µm, SiO2 shell
thickness = 50 nm). The p–i–n doped InP nanowire device is visible in the centre with an electron contact (blue) and hole contact (red). b,c, Absorptance (b)
and IQE (c) as a function of the position for the nanowire device. d, The IQE as a function of position along the nanowire length, convoluted with the focused
spot size (beam radius 730 nm). The colour shading shows the nanowire doping proﬁle as intended during nanowire growth. It should be noted that the
p-type dopant zinc might have diffused further into the nanowire during growth, as it is very mobile in InP at high concentrations26. The SEM image above
has a superimposed EBIC measurement (blue) in good agreement with the IQE proﬁle. e, The peak IQE spectrum for light polarized with the electric (E) ﬁeld
perpendicular (red) and parallel (blue) to the nanowire axis lies between 90% and 100% up to wavelengths close to the bandgap, where the anisotropic nature
of wurtzite InP becomes apparent. The shading displays the measurement uncertainty, which arises largely due to noise in the photodetectors (see Methods).

compared with 76% in our InP nanowire device. The deﬁcit is probably due to large series resistance, which can also be observed from the
slope of the I–V curve in Fig. 1b and is supported by a ﬁt of the I–V
curve (see Supplementary Section 6). It is likely that the series resistance can be reduced by increasing the contact quality and reducing
the length of the intrinsic nanowire segment.
rad
value for this device is higher than the Shockley–
The Voc
Queisser Voc for a planar cell with an absorption onset at 890 nm
(Fig. 4a), which is 1.13 V (ref. 28). The difference arises due to
suppressed absorption near the bandgap, which thus leads to
reduced emission and a lower radiative recombination current29.
It is important to note that such a voltage enhancement due to
suppressed absorption necessarily comes at a cost in current, and
cannot therefore lead to efﬁciencies above the Shockley–Queisser
limit in macroscopic devices30.
Integrating the EQE over the AM1.5 solar spectrum is a common
procedure used in macroscopic solar cells to verify Isc from
solar simulator measurements. Here we ﬁnd that an analogous
procedure using σEQE instead of EQE gives a calculated shortcircuit current of 320 pA, which is 29% lower than the value
measured under the solar simulator (450 pA). We attribute the
difference to light trapping in the glass substrate, which leads to
an overestimation of the actual photocurrent. This is supported
by the fact that covering almost the entire sample with opaque
foil, including the nanowire, still results in a short-circuit current
of around 100 pA (22% of the total, see Supplementary Section 7).
This suggests that just as with macroscopic solar cells, Isc

measurements under the solar simulator require proper masking to
avoid artifacts. We therefore used the Isc value based on σEQE to calcurad
(see Supplementary Section 5).
late Voc
In conclusion, integrating sphere microscopy measurements and
analysis allow us to place nanoscale solar cell performance on an
absolute thermodynamic scale and to pinpoint the loss mechanisms. These measurements may direct our efforts to produce more
efﬁcient integrated power sources for autonomous nanoelectronic
applications7 or macroscopic nanowire solar cells that can beat
record planar cell efﬁciencies. In terms of photocarrier collection,
these nanowires are already close to the limit, reaching IQE values
>90% in both polarizations for a 3.4 μm-long segment of the nanowire. In a vertical nanowire geometry, with the n-type segment
facing the light source, this is enough to absorb all of the incident
light and collect the generated carriers. For the photovoltage
we determined three different values for the Voc that can help
us to pinpoint the remaining loss mechanisms (Fig. 4b): the
thermodynamic limit calculated from wavelength-dependent σEQE
measurements (1.16 V), which only includes radiative recombination; the material limit extracted from local PLQY measurements
(950 mV), which includes non-radiative recombination in the
nanowire; and the device limit extracted from solar cell operation
(850 mV), which also includes losses at the contacts. The 210 mV
(18%) loss related to non-radiative recombination in the nanowire could be reduced by lowering the surface recombination
velocity (surface passivation) or material defect density (puriﬁcation). Improvements in contact selectivity alone could lead to a
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Figure 3 | PLQY and power dependence. The PLQY, which is directly
related to the Voc of the device, is also determined using integrating sphere
microscopy. a, A colour map of the PLQY as a function of position,
indicating that it peaks where the IQE is also highest (measured at
1,400 sun to increase the signal-to-noise ratio). b, To determine the PLQY
at 1 sun intensity we measured it for a range of intensities that are lower
than in a. The experimental PLQY (blue dots) clearly shows linear behaviour
with intensity (supported by a linear ﬁt in red), which indicates that
Shockley–Read–Hall recombination dominates. The inset shows the nanowire
PL spectrum at the brightest position in a, also at 1,400 sun. All PLQY
measurements were performed with 600 nm excitation light parallel to the
nanowire axis. The measurement uncertainty is largely due to photodetector
noise (see Methods).

100 mV (12%) increase in Voc compared with our record singlenanowire results. Combining both would result in Voc > 1 V for
InP nanowire solar cells, higher than the world record performance
in planar InP solar cells.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 18 April 2016; accepted 4 August 2016;
published online 12 September 2016
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Figure 4 | Measuring thermodynamic limits and quantifying the
loss mechanisms in single-nanowire solar cells. To determine the
thermodynamic limit to Voc in a nanoscale solar cell we introduce σEQE.
a, σEQE for polarizations perpendicular (red) and parallel (blue) to the
nanowire axis as a function of wavelength. The σEQE is the nanophotonic
equivalent to the standard EQE for a macroscopic solar cell, but takes into
account the effective area over which photons are absorbed. As shown
schematically in the inset, this area is determined by multiplying the
absorption width σ 1D
abs (see Methods) by the IQE integrated over the
nanowire length (see Fig. 2d). The shading displays the uncertainty, which
is largely due to determination of the focused beam waist (see Methods).
b, On the basis of σEQE we estimate the different contributions to the Voc.
rad
The thermodynamic limit is Voc
= 1.16V, which is reduced by 210 mV due
to the PLQY (non-radiative recombination in the semiconductor) to
imp
Voc
= 950 mV, and further reduced by 100 mV due to losses at the
contacts, to a ﬁnal Voc of 850 mV.
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Methods

Sample fabrication. Nanowires are grown in a low-pressure Aixtron 200/4
metal–organic vapour phase epitaxy (MOVPE) reactor, with the selective area
MOVPE growth method. A 50 nm thick silicon nitride layer is used as a selective
area growth mask, patterned by the soft contact nanoimprint lithography
technique31,32 on a (111)A oriented p-doped InP substrate (Zn doping carrier
concentration 2 × 1018 cm−3 from AXT, USA). Hydrogen (H2) is used as a carrier gas
for precursors, with a total ﬂow of 15 l min–1. Growth is performed at 730 °C with a
pressure of 100 mbar, using tri-methyl-indium (TMI) and phosphine (PH3) as
precursors with molar fractions Χi (TMI) = 4.7 × 10−5 and Χi (PH3) = 3.9 × 10−3,
resulting in a molar ratio between group V and group III element ﬂuxes within
the MOVPE reactor of 83. The total growth time is 11 min with a doping proﬁle
p++/p/i/n/n−−, with respective segment growth times of 0.5 min/3 min/4 min/3 min/
0.5 min (1 µm/3 µm/4 µm/3 µm/1 µm). We use diethyl-zinc (DEZn) as a p-dopant,
with Χi 1.3 × 10−5 in the p++ region and 6.4 × 10−6 in the p region. Di-tert-butylsilane
(DTBSi) is used as an n-dopant, with Χi 9.5 × 10−6 and 4.9 × 10−7 for n−− and
n regions, respectively. After growth, the wires were coated with a conformal
50 nm-thick SiO2 shell by plasma enhanced chemical vapour deposition, performed
with silane and nitrous oxide as precursors at 300 °C. The nanowire measured in this
Letter had a total diameter of 410 nm (310 nm diameter InP), a length of 12 µm
(9.8 µm between the contacts) and an SiO2 shell thickness of 50 nm. Supplementary
Section 8 shows TEM images of wires grown with this method, highlighting the
wurtzite crystal structure.
Au electrode patterns (see Supplementary Section 7) with alignment markers
are fabricated on plasma-cleaned glass substrates by ultraviolet lithography and
metal evaporation. The nanowires are transferred from the arrays (approximately
200 × 200 µm2) via a pipette in ethanol and are randomly drop-cast on the
substrates. Electron-beam lithography and metal evaporation are used to contact the
single nanowires with the Au electrodes (see details below and Supplementary
Section 7). It was found that the exact placement of the contact position on the
highly doped end-segments of the nanowires is a crucial step to allow good ohmic
contact and prevent extraction barriers. Then, the glass substrates are wire-bonded to
glass holders, which have prefabricated metal contact lines (also by ultraviolet
lithography and metal evaporation). The bottom of the glass holder is connected to a
printed-circuit-board socket that also connects to a ﬂat electrical cable extending
outside the integrating sphere (Fig. 1c).
The metals used to contact the single nanowires were Ti (200 nm) and Au
(30 nm) for the electron contact (on the n−− doped part) and Cr (approximately 3 nm),
Zn (15 nm) and Au (215 nm) for the hole contact (on the p++-doped part). Before
the metal was evaporated, the exposed and developed substrates were etched in
buffered HF (1:7, HF (49%): NH4F (40%)) for 10 s to remove the protective SiO2
shell (approximately 50 nm) and the native oxide of the InP under the contact. The
latter is known to cause Fermi-level pinning under the conduction band, which
easily creates extraction barriers for the hole contact27. The etched samples were
transferred immediately into the evaporation chamber to minimize the regrowth
of the native oxide as much as possible. It is common to use an additional
annealing step at high temperatures to diffuse Zn into the p-type InP nanowire and
create a highly p-doped layer11. We found this treatment to be damaging to our
nanowires (producing a strong decrease in the photoluminescence efﬁciency) and
therefore omitted this step, as the in situ doping of our nanowires allowed the
formation of ohmic contacts even without annealing. Nevertheless, we chose to
evaporate Zn for the hole contact to prevent the diffusion of Zn from the
nanowire into the contact metal at elevated temperatures during the evaporation
and lift-off steps.
For the electron contact, Ti and Au were evaporated with an electron beam
evaporator at a pressure of 5–10 × 10−7 mbar at an evaporation rate of 0.3–2 Å s–1 and
acceleration voltage of 10 keV. For the hole contact Cr, Zn and Au were evaporated with
a thermal evaporator at around 2 × 10−6 mbar at a rate of 0.2–1.5 Å s–1.
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Integrating sphere microscopy. The general measurement procedure for an
absorption measurement is to prepare a sample on a glass substrate (it is crucial that
the substrate is non-absorbing). The integrating sphere is positioned on a stage
allowing it to be raised and lowered to accommodate sample loading. The sample
itself is positioned on a piezoelectric stage (required for scanning, to obtain local
information) directly underneath the integrating sphere, which in turn is
positioned on a mechanical stage. The sample is inserted into the integrating sphere
through a narrow slit in the bottom of the sphere, to minimize the exposed open
aperture area in the integrating sphere. The integrating sphere photodetector is
positioned behind a bafﬂe to prevent direct illumination of the detector, as can be
seen in Fig. 1c.
The absorptance of a sample in an integrating sphere is typically given by
A = 1 − ISs/ISr , where ISs is the integrating sphere photodetector signal when
illuminating the sample and ISr when the incident beam misses the sample (the
reference)22. Normally the sample inside the integrating sphere is slightly tilted, such
that the specular reﬂection stays inside the integrating sphere. Here, however, tilting
the sample is impractical due to the use of an objective. Hence, we have to
add an additional photodetector to detect the reﬂected light (see Supplementary
Fig. 3), and an additional term to the standard equation to account for
reﬂected light:
A = 1−

Rs ISs
−
− 0.04
Rr ISr

(2)

Solar simulator measurement. The I–V trace of the nanowire device is
measured with a solar simulator (Oriel SOL2 94062A (6 × 6) Class ABA, Newport)
with the AM1.5G spectrum at 1 sun (100 mW cm–2) illumination intensity and an
operating temperature of at most 50 °C, based on the temperature of a silicon
reference cell. The lamp intensity of the solar simulator is adjusted with the same
silicon reference cell. Electrical probes are used to contact the contact pads on the
glass substrate with a source-measure unit (Agilent B2910). The voltage is scanned
with a positive and negative sweep direction between −1 V and 1 V in 2001 steps
while the current is recorded (60 ms aperture and 70 ms delay between
measurements). We observed no hysteresis in any of our measurements.
Statistics on the performance of nanowire devices are discussed in
Supplementary Section 9.

where A is the absorptance and Rs and Rr are the sample reﬂection and reﬂection
reference measurements to account for detection sensitivity. The additional 0.04 is a
correction factor to account for the reﬂection from the second interface of the glass
slide, which goes back into the objective but is not collimated (as it is far out of focus)
and therefore not detected. As a result 4% is missing from the power balance, which
is accounted for in equation (2). We have implicitly assumed here that this reﬂection
loss is constant, but in reality it slightly decreases or increases with the amount of
forward-scattered and transmitted light. Hence, it is a small source of error: for
example, if 20% of the incident beam is absorbed by a non-scattering particle, this
will lead to a reduction of this reﬂection loss to 3.2%. Thus, by subtracting a constant
offset, a small error in the absorptance is introduced. The reference measurements in
equation (2) are done by placing a mirror (Thorlabs PF10-03-P01) in the focal plane
of the objective for the reﬂection reference, while for the integrating sphere reference
measurement the focused beam is achieved by focusing the light through a hole
drilled in the sample (a ‘miss’).
In this experiment we use a supercontinuum laser (Fianium WL-SC-390-3), sent
through an acousto-optic tunable ﬁlter (Crystal Technologies, approximately 5 nm
bandwidth). The long-working-distance objective required for illuminating the
samples is a Mitutoyo M Apo Plan NIR ×50 NA 0.42 objective with a 17 mm
working distance. The integrating sphere is a custom modiﬁcation to a GPS-020-SL
integrating sphere built by LabSphere, modiﬁed to accommodate the objective lens.
We use low-noise Newport 818-UV calibrated photodiodes, each connected to
Stanford Research Systems SR830 lock-in ampliﬁers. The transmission of the
acousto-optic tunable ﬁlter was digitally modulated with a 50% duty cycle as a source
for the lock-in ampliﬁers. The sample was mounted on a 3D piezoelectric stage
(Piezojena Tritor400), which itself was mounted on a Newport mechanical stage for
rough alignment. The incident intensity was controlled with neutral density ﬁlters
(Thorlabs) and the acousto-optic tunable ﬁlter radiofrequency power. The incident
light is linearly polarized by sending it through a polarizing beam splitter, and the
polarization is then rotated to the desired orientation using a half-wave plate (both
Thorlabs). The orientation of the nanowire was determined from an absorption
map. See Supplementary Fig. 3 for a full schematic of the experimental set-up and
additional information.
To verify that with integrating sphere microscopy we can indeed measure
absorptance accurately, we measured the ‘absorptance’ on silica (SiO2) nanobeads.
While they do not absorb, they scatter strongly, providing us with a means to
determine the collection efﬁciency of scattered light. On the basis of the ratio of
detection loss in the integrating sphere to total extinction for the nanosphere we
estimate that 95 ± 1.2% of the scattered power is collected (see Supplementary
Section 4).
For measurements on the nanowire solar cell we use very low powers (<1 nW) to
achieve intensities close to 1 sun. We therefore used Newport 818 series
photodetectors, which have a low noise-equivalent power, connected to SR830 lockin ampliﬁers. The nanowire solar cell is connected to an SR830 lock-in ampliﬁer as
well, and incident power is modulated with 195 Hz, below the cut-off frequency of
the nanowire device. Calibration of the incident power is done by placing one of the
calibrated Newport 818-UV photodiodes directly in front of the objective.

EBIC measurements. The EBIC measurements are conducted with a beam current
of 100 pA and 5 kV acceleration voltage. The integration time per pixel is 10 µs.
The position of the electron beam is synchronized with the read-out of the current
signal, which allows the superposition of the extracted current signal with the
SEM image. From the proﬁle of the EBIC intensity along the length of the nanowire
we extract an electron diffusion length of LD = 285 ± 10 nm in the p-doped part of
the wire (see Supplementary Section 1).

Photoluminescence measurements. An integrating sphere is also commonly used
to measure PLQY quantitatively, either by connecting a spectrometer to the
integrating sphere or by using a combination of long- and shortpass ﬁlters22. To
measure the PLQY on the nanowire we use a longpass ﬁlter in front of the
integrating sphere detector (Thorlabs FELH0750). The PLQY at low intensities is
not high enough to require a shortpass ﬁlter for accurate absorption measurement.
The photoluminescence collection efﬁciency of the integrating sphere is determined
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by sending monochromatic light over the wavelength range of photoluminescence
into the integrating sphere, but missing the sample. The total photoluminescence
detection efﬁciency ηPL (Coulomb per emitted photon) can then be calculated using:
ηPL =

∫ S(λ)η(λ)dλ
∫ S(λ)dλ

(3)

Here S(λ) is the PL spectrum (shown in the inset in Fig. 3b), and η is the wavelengthdependent collection efﬁciency of the integrating sphere (also in Coulomb per
photon). The PLQY is then calculated as the number of emitted photons divided by
the number of absorbed photons.
Measurement uncertainty. Figures 2e, 3b and 4a show shaded areas corresponding
to the measurement uncertainty in each of these measurements. These areas indicate
the standard deviation, which were determined following regular error propagation
rules for each of the individual signals. For example, the IQE (shown in Fig. 2e) is
given by IQE = hωI /(qPabs ), where hω is the photon energy, I is the photocurrent,
q is the electron charge and Pabs is the absorbed power. Denoting the standard
deviation δ, we ﬁnd for the measurement uncertainty:


 2 
δI
δPabs 2
+
(4)
δIQE = IQE
I
Pabs
The absorbed power itself is determined through equation (2), for which a similar
procedure is followed. Owing to the low incident power the photodetector noise
contained in Pabs dominates for Figs 2e and 3b, while for the cross-sections in Fig. 4a
ﬁtting of the spot size dominates the measurement uncertainty, which can be
further improved.
Determining the collection cross-section. The total current generated under a
given illumination intensity at wavelength λ is given by:
I(λ) = q ∫ IQE(r)
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uabs (r)
dV
hc/λ

(5)

Here q is the electron charge, IQE(r) is the local collection efﬁciency, uabs(r) is the
absorbed power density and the integral is over the volume of the nanostructure. To
obtain a quantity that is normalized to the incident intensity (that is, equivalent to
the EQE), we express equation (5) in terms of absorption cross-sections. For a
horizontal single nanowire the absorption cross-section (which is an area, 2D) is
typically expressed in absorption cross-section per unit length of the nanowire, such
that an effective absorption width (1D) is obtained. The total absorption crosssection is then effectively obtained by multiplying by the length of the wire. As we are
interested in the collection cross-section, the relevant length of the wire is given by
the active length shown in Fig. 2d, which thus leads to equation (1):
σ EQE (λ, Ω)= ∫ IQE(λ, z) σ 1D
abs (λ, Ω) dz

(6)

where σ 1D
abs is the absorption width of the nanowire (indicated by the superscript 1D),
which can be retrieved from the absorptance measurement using a simple formula:
√
σ 1D
π/2
(7)
abs (λ) = A w0
Here A is the absorptance and w0 is the beam waist (deﬁned formally in the next
paragraph). This formula can be found by considering the Gaussian intensity
distribution of the focused spot:
I(x, z) = IG e−2(x

2

+z2 )/w20

=

2Pin −2(x2 +z2 )/w20
e
w20

(8)

where IG is the Gaussian peak intensity (in W m–2) and Pin is the total power carried
by the beam (in W); w0 is deﬁned as the radius at which the intensity is IG/e 2.
When the wire is subject to inhomogeneous illumination, as with a Gaussian spot,
the total absorbed power is found by integrating the intensity along the nanowire,
where we assume that we can ignore the intensity gradient over the width of the
nanowire (that is, the wire is inﬁnitely thin):
Pabs = ∫σ 1D
abs I(x = 0, z)dz

(9)

where for simplicity we assume that the wire is aligned along the z axis. Combining
with equations (8) and (9) we ﬁnd equation (7), where A = Pabs/Pin. This formula has
been applied before to carbon nanotubes17. Although the assumption is made that
the wire is inﬁnitely thin, agreement between this approximation and full-wave
simulations is good (see Supplementary Fig. 5). Experimentally we did not observe a
dependence of the absorption cross-section on the spot size, which we checked by
underﬁlling our objective until the spot size was increased by 60%. It is important
to note that absorptance measurements with the focused spot are possible for all
sizes, but that only conversion to an absorption cross-section becomes
complicated for large diameter nanowires when using a tightly focused spot. This
problem can be mitigated, however, by using a larger spot size (thus at the cost of
spatial resolution).
It is also important to note that σEQE can also be determined directly from the
beam waist, the
incident photon ﬂux and the laser-induced photocurrent:
√
σ EQE (λ) = w0 π/2 ∫(IL (z)/Sin ) dz, where IL is the laser induced photocurrent, Sin is
the total incident photon ﬂux and the integral again is over the nanowire length.
With this approach σEQE can be determined with any laser-beam induced current
(LBIC) set-up. Additionally, the experimental error will be smaller as both IL and Sin
can be determined accurately. For that reason we have determined σEQE in Fig. 4
following this approach.
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