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4
Quantifying losses and thermodynamic limits
in single InP nanowire photovoltaics

Nanowire array solar cells promise record performance by taking
advantage of nanophotonic effects. Single nanowire devices facilitate
studying these effects, but also render standard definitions of power
conversion efficiency and external quantum efficiency meaningless,
limiting characterization and understanding. Here we analyze a record
InP single nanowire solar cell using intrinsic metrics to place its
performance on an absolute thermodynamic scale. Determining these
metrics requires novel integrating sphere microscopy, which combines
spatially-resolved quantitative absorption, photocurrent, and photo-
luminescence measurements. We measure a photocurrent collection
efficiency of >90% and a record open-circuit voltage (850 mV) that is
73% of the thermodynamic limit (1.16 V). Improving contact selectivity
can increase the voltage to 85% of this limit, comparable to record Si
and Cu(In,Ga)Se2 planar solar cells.
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Figure 4.1: Characterization of a record single nanowire solar cell. (a) False-
color SEM image of the InP nanowire device (yellow) with 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 setup. A microscope objective focuses light from
a monochromated supercontinuum laser source on the nanowire solar cell inside
the integrating sphere. The sphere collects transmitted as well as scattered light
via a photodetector behind a baffle, while the objective directs the reflected light
to another photodetector (not shown). Subtracting these calibrated signals from
the input gives the local absorptance (fraction of incident light that is absorbed)
with diffraction limited resolution. Photocurrent is measured simultaneously
to determine the internal quantum efficiency (IQE). With a long-pass filter in
front of the detector, photoluminescence can be collected quantitatively to give
the photoluminescence quantum yield (PLQY). The sample is mounted on a
piezoelectric stage, enabling spatial mapping of all these output parameters.

4.1 Introduction

Nanophotonic engineering holds great promise for photovoltaics: the record con-
version efficiencies of nanowire solar cells are increasing rapidly, and the record
open-circuit voltage has already surpassed the record planar equivalent.[14, 23]
Furthermore, several authors have suggested that nanophotonic effects could help
photovoltaics surpass the fundamental efficiency limits of planar solar cells.[131,
132] These effects are particularly pronounced in single nanowire devices, where
two out of the three dimensions are subwavelength. They therefore provide an
ideal platform to study how nanophotonics affects photovoltaics.[46, 49, 132–137]
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4.2 Results and discussion

However, in isolated nanophotonic systems the standard definition of power con-
version efficiency no longer applies, because the device can absorb light from an
area much larger than its own size. Additionally, while a thermodynamic bound
on the photovoltage still exists, it is a priori unknown and may be very different
from that of a planar solar cell. This complicates characterization of such nanoscale
devices: it is unclear how well they perform with respect to fundamental limits and
to other devices, how much can be gained through optimization, and whether the
efficiency limits of planar devices can be surpassed by understanding and applying
nanophotonics to photovoltaics.

Here, we analyze a record InP single nanowire solar cell using intrinsic metrics
to place its performance on an absolute thermodynamic scale. Determining
these metrics requires novel integrating sphere microscopy, which combines
spatially resolved quantitative absorption, photocurrent, and photoluminescence
measurements. We measure a photocurrent collection efficiency of >90% and a
record open-circuit voltage (850 mV) that is 73% of the thermodynamic limit (1.16
V).

4.2 Results and discussion

In order to understand the fundamental limits and losses in nanophotonic solar
cells and place their performance on an absolute thermodynamic scale, we study a
record single nanowire solar cell. The device consists of a 310 nm diameter wurtzite
InP nanowire with a 50 nm SiO2 coating (Fig. 4.1(a)). It has a short-circuit cur-
rent of Isc = 450 pA, an open-circuit voltage of Voc = 850 mV, and a fill factor of
F F = 0.76 under AM1.5 solar spectrum illumination (Fig. 4.1(b)), all of which are
excellent compared to previous nanowire devices. Using a novel characterization
method, integrating sphere microscopy, we determine the spatially resolved ab-
sorptance (fraction of incident light absorbed), internal quantum efficiency (IQE,
fraction of absorptance converted to current), and photoluminescence quantum
yield (PLQY, fraction of absorptance converted to external photoluminescence) for
the first time. Absorptance, IQE and PLQY directly quantify the three fundamental
processes in solar energy conversion - charge carrier generation, collection and
recombination, respectively - and therefore provide intrinsic performance met-
rics. We use these quantities to determine the fundamental thermodynamic limits,
benchmark the performance against state-of-the-art technology, and pinpoint the
remaining loss mechanisms. Although we focus on nanowire photovoltaics, these
intrinsic metrics contain valuable information for any other nanophotonic opto-
electronic device, and in particular nanoscale light-emitting diodes.

We begin our analysis of the nanowire solar cell by determining the absorptance
and IQE. To date the primary experimental challenge in determining intrinsic per-
formance metrics for single nanowire devices has been measuring quantitative ab-
sorption during solar cell operation, which is not possible with existing techniques.
These methods assume that absorbed power is converted into heat (photothermal
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Figure 4.2: Internal quantum efficiency of a single nanowire photovoltaic. (a)
False color scanning electron microscopy (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 center with an
electron contact (blue) and hole contact (red). (b) and (c) Absorptance and internal
quantum efficiency (IQE) as a function of 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 color shading shows the nanowire
doping profile as intended during nanowire growth. The SEM image on top
has an electron beam-induced current (EBIC) measurement (blue shade) in good
agreement with the IQE profile. (e) The peak IQE as a function of wavelength, which
lies between 90% and 100% up to wavelengths close to the band gap, where the
anisotropic nature of wurtzite InP becomes apparent. The shading displays the
measurement uncertainty, which arises largely due to noise in the photodetectors.

spectroscopy[138–141]), that scattering does not occur (spatial modulation extinc-
tion spectroscopy[142–144]), or that the particle is an ideal dipole (scattered field
interferometry[145]). Integrating sphere microscopy circumvents these assump-
tions by combining the standard tool for measuring absorptance of macroscopic
samples[146] or ensembles of nanoparticles[147], with a long working distance mi-
croscope objective (see Fig. 4.1(c)). A photodetector placed behind a baffle on the
integrating sphere collects scattered and transmitted light while the microscope
objective collects reflected light (sent to another photodetector). Simply calibrating
and subtracting these signals from the input gives the quantitative absorptance
(see Section 4.3.6). The sample has current collecting leads and is mounted on a
piezoelectric stage, which enables two-dimensional scans of the absorptance and
IQE for the first time. The record InP nanowire solar cell used for integrating sphere
microscopy characterization is shown in a false-color SEM image in Figure 4.2(a),
with the n-type and p-type contacts in blue and red, respectively. Figure 4.2(b) and
4.2(c) show absorptance and IQE maps of the same nanowire device measured at
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Figure 4.3: Photoluminescence quantum yield, power dependence, and recom-
bination mechanism. (a) The photoluminescence quantum yield (PLQY) as a
function of position, indicating that it peaks where IQE is highest (measured at
1400 suns to increase the signal to noise ratio). (b) To determine the PLQY at
1 sun intensity we measured it for a range of intensities lower than in panel
(a). The PLQY clearly shows linear behavior with intensity, which indicates that
Shockley-Read-Hall recombination dominates. The inset shows the nanowire
photoluminescence (PL) spectrum at the brightest position in panel (a), also at
1400 suns. All PLQY measurements were performed with 600 nm excitation light
parallel to the nanowire axis.

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. 4.2(d). The color shading in Fig.
4.2(d) shows the intended doping profile during 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 concentrations.[148] Carrier collection is most
efficient near the n-type/intrinsic interface, and collection occurs over a length
of 3.4 microns. In the p-type region the IQE is essentially zero, indicating short
electron diffusion lengths. This is confirmed by an electron beam-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
Section 4.3.5). The IQE is nearly independent of polarization and wavelength, with
values >90% over the whole wavelength range up to the band gap (Fig. 4.2(e)).
The small difference in band gap depending on excitation polarization is caused
by the anisotropic nature of wurtzite InP and has previously been observed with
photoluminescence excitation spectroscopy.[149]

With integrating sphere microscopy we can probe not only the IQE to
understand the current collection efficiency, but also directly measure the PLQY.
In absence of non-radiative recombination, PLQY=1 and the open-circuit voltage
reaches the thermodynamic limit V r ad

oc . For a PLQY below 1, the Voc is reduced

from the radiative limit to the implied V i mp
oc = V r ad

oc −VT |ln(PLQY )|, where VT is
the thermal voltage (25.9 mV). [150–152] Hence, the PLQY plays a crucial role in
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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 Section 4.3.7). Our spatially-resolved measurements show that the
nanowire PLQY peaks in the same region where the IQE is highest (Fig. 4.3(a)),
with an average PLQY over the active area of 0.9% at an excitation intensity of 1 µW
600 nm light (∼ 103 suns). To determine the average PLQY at 1 sun intensity, we
measure at a range of lower excitation powers (Fig. 4.3(b)). The PLQY decreases
linearly with excitation intensity, indicating that in this regime Shockley-Read-Hall
recombination dominates (see Section 4.3.7). Assuming linearity down to 1 sun
intensity, the average PLQY is 4×10−4 (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 cells.[151]

The PLQY can provide the Voc -loss from the thermodynamic bound V r ad
oc , but

in order to calculate the latter value for our device we must know the recombination
current corresponding to radiative thermal emission, I r ad

0 . This emission current

together with the Isc determines V r ad
oc =VT ln(Isc /I r ad

0 ).[150] In a macroscopic so-

lar cell, the Isc and I r ad
0 can be calculated by integrating the external quantum

efficiency (EQE, fraction of incident photons converted to current) over the solar
and blackbody spectra, respectively.[151] However, for single nanowire solar cells
the standard definition of EQE is not valid, because the absorption cross section
(σabs ) can be much larger than the device area. To solve this important issue, we
define a new quantity called the collection cross section that takes on the same role:

σEQE (λ,Ω) =
∫

IQE(λ, z) σ1D
abs (λ,Ω)d z (4.1)

where IQE(λ, z) is the spatially resolved internal quantum efficiency (shown in
Fig. 4.2(e)) and σ1D

abs (λ,Ω) is the effective absorption width of the nanowire (de-
termined from the absorptance, see Section 4.3.10). Fig. 4.4(a) shows σEQE for
the nanowire device studied here, in both polarizations. Note that σEQE requires
units of area, while the conventional EQE is a unitless quantum efficiency. This is a
crucial difference, because for macroscopic solar cells the area collecting 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 dependent, e.g. due to resonances.[153] Additionally, in con-
trast to the IQE and PLQY, σEQE can be determined directly from the photocurrent
measurement, incident flux, and laser spot size (Section 4.3.10).

Integrating σEQE over the black body spectrum and all angles we find, which
leads to a maximum open-circuit voltage for our nanowire device (see Section
4.3.11). The difference between the ideal voltage (V r ad

oc ) and the measured Voc (850
mV) is 310 mV: the Voc is 73% of the thermodynamic limit. The measured Voc is

100 mV smaller than the implied open-circuit voltage V i mp
oc in the semiconductor

nanowire, suggesting that the contact selectivity plays a significant role in the Voc -
loss. The V r ad

oc for this device is significantly higher than the Shockley-Queisser
Voc for a planar cell with an absorption onset at 890 nm (like our nanowire device,
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Figure 4.4: Measuring thermodynamic limits and quantifying loss mechanisms
in single nanowire solar cells. (a) The collection cross section σEQE is the
nanophotonic equivalent to the standard external quantum efficiency (EQE) for
a macroscopic solar cell, but takes into account the effective area over which
photons are absorbed. This area is determined by multiplying the absorption
width σ1D

abs (see Section 4.3.10) by the internal quantum efficiency (IQE) integrated
over the nanowire length (see Fig. 4.2(d)). The shading displays the uncertainty,
which is largely due to determination of the focused beam waist. (b) Based on
σEQE we estimate the different contributions to the open-circuit voltage. The

thermodynamic limit is V r ad
oc = 1.16 V, which is reduced by 210 mV due to the PLQY

(non-radiative recombination in the semiconductor) toV
i mp

oc = 950 mV, and further
reduced by 100 mV due to losses at the contacts, to a final Voc = 850 mV.

see Fig. 4.4(a)), which is 1.13 V.[154] The difference arises due to suppressed
absorption near the band gap, which thus leads to reduced emission and a lower
radiative recombination current.[155] It is important to note that such a voltage
enhancement due to suppressed absorption necessarily comes at a cost in current,
and can therefore not lead to efficiencies above the Shockley-Queisser limit in
macroscopic devices.

Integrating the EQE over the AM1.5 solar spectrum is a common procedure
used in macroscopic solar cells to verify the Isc from solar simulator measurements.
Here we find that an analogous procedure using σEQE instead of EQE gives a calcu-
lated short-circuit 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
of nanowire photovoltaic devices when measured on glass substrates with a solar
simulator. This is supported by the fact that covering almost the entire sample,
including the nanowire, with opaque foil still results in a short-circuit current of
∼100 pA (22% of total, see Section 4.3.3). 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 for the calculation of
V r ad

oc (see Section 4.3.11).
In conclusion, the detailed integrating sphere microscopy measurements and

analysis allow us to place single nanowire solar cell performance on an absolute
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thermodynamic scale, pinpoint loss mechanisms, and direct our efforts to make
future 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 micron segment of the nanowire. In a
vertical nanowire geometry, with the n-type segment facing the sun, this is enough
to absorb all incident light and collect the generated carriers. Regarding the photo-
voltage, we determined three different values for the Voc that can help us pinpoint
remaining loss mechanisms (Fig. 4.4(b)): (1) the thermodynamic limit calculated
from wavelength-dependent σEQE measurements (1.16 V), which only includes
radiative recombination; (2) the material limit extracted from local PLQY measure-
ments (950 mV), that includes non-radiative recombination in the nanowire; and
(3) the device limit extracted from solar cell operation (850 mV), that also includes
losses at the contacts. The 210 mV (18%) loss related to non-radiative recombi-
nation 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 100 mV (12%) increase
in the Voc compared to our record single nanowire results. Combining both makes
>1V for InP nanowire solar cells far above world record planar InP solar cell perfor-
mance certainly within reach.

64



4.3 Supplemental information

4.3 Supplemental information

4.3.1 Sample fabrication

Nanowires are grown in a low-pressure Aixtron 200/4 Metal-Organic Vapor Phase
Epitaxy (MOVPE) reactor, with the Selective Area MOVPE growth method. A 50 nm
thick silicon nitride layer is used as Selective Area growth mask, patterned by the
Soft Contact Nanoimprint Lithography technique on a (111)A oriented p-doped InP
substrate (Zn doping carrier concentration 2×1018 cm−3 from AXT, USA).[156, 157]
Hydrogen (H2) is used as a carrier gas for precursors, with a total flow of 15 L/min.
Growth is performed at 730 °C with a pressure of 100 mbar, using trimethylindium
(TMI) and phosphine (PH3) as precursors with molar fractions xi (TMI) = 4.7×10−5

and xi (PH3) = 3.9×10−3, resulting in a V/III ratio of 83. The total growth time is 11
minutes 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 diethylzinc (DEZn) as p-dopant, with molar fractions 1.3× 10−5

in the p++ region and 6.4×10−6 in the p region. Ditertbutylsilane (DTBSi) is used
as n-dopant, with molar fractions 9.5×10−6 and 4.9×10−7 for n−− and n regions,
respectively. After the growth, the wires were coated with a conformal 50 nm thick
SiO2 shell by plasma enhanced chemical vapor deposition, performed with silane
and nitrous oxide as precursors at 300 °C. The nanowire measured in this Chapter
had a total diameter of 410 nm (310 nm diameter InP), a length of 12 µm (9.8 µm
between the contacts) and SiO2 shell thickness of 50 nm.

4.3.2 Macroscopic electrode pads and contacting

Au electrodes with alignment markers were fabricated on plasma cleaned glass
substrates by UV lithography and metal evaporation (see Fig. 4.5). The nanowires
are transferred from the arrays (∼200×200µm2) via a pipette in ethanol and are ran-
domly dropcast on the substrates. Electron beam lithography and metal evapora-
tion are used to contact the single nanowires to the Au electrodes. 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 UV lithography and metal evaporation).
The bottom of the glass holder is connected to a printed-circuit-board socket which
also connects to a flat electrical cable extending outside of the integrating sphere
(see Fig. 4.1(c)). 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 (∼3
nm), Zn (15 nm), 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
(∼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 ex-
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Figure 4.5: Electrode pads. (a) Bright-field microscope image of clean substrate
with Au electrodes. The square in the center marks the region depicted in (b). (b)
Dark-field microscope image showing the center of the substrate after nanowires
(white) have been dropcast and contacted (gold).

traction barriers for the hole-contact.[158] The etched samples were transferred
right away 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 layer.[137] We found this treatment to be damaging to our nanowires (strong
decrease in 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 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 and acceleration voltage of 10
keV. For the hole contact Cr, Zn and Au were evaporated with a thermal evaporator
at ∼ 2×10−6 mbar at a rate of 0.2-1.5 Å/s.

4.3.3 Solar simulator measurements and influence of masking

The I-V trace of the nanowire device is measured with a solar simulator (Oriel
SOL2 94062A (6X6) Class ABA, Newport) with the AM1.5G spectrum at 1 sun
(100 mW/cm2) illumination intensity at a temperature of ∼50 °C. The lamp
intensity of the solar simulator is adjusted with a 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
scan rate between -1V and 1V in 2001 steps while the current is being measured.
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Masking of glass substrates

Fig. 4.6(a) shows a top-down view on the electrode glass substrate under the so-
lar simulator. The connected nanowire (red, not to scale) is placed in the center
and black, fully opaque foil covers a large part of the substrate. Even though the
nanowire is fully covered the solar simulator measurement results in a short-circuit
current of Isc ∼ 100 pA (± 5 pA).We note, that this amounts approximately to the
difference between the short-circuit current determined with the solar simulator
(450 pA) and the one determined with the integrating sphere setup (320 pA).

Fig. 4.6(b) shows as a schematic the side view on the setup configuration. The
light is scattered into the glass substrate at the glass and Au electrode edges and
trapped inside the thin glass slab. As a result the nanowire is not only illuminated
from the top, but also partly from the bottom, and hence results in an inaccurate
measurement. Given the common usage of glass substrates for single optoelec-
tronic nanoscale device measurements, we stress the importance of using appro-
priate setups or masking conditions to avoid measurement errors. The 28% higher
intensity in the solar simulator measurement may lead to an overestimation of the
Voc under 1 sun of up to 8 mV. However, given that the Voc seems limited by contact
selectivity, it is not clear by how much exactly it would decrease.

Figure 4.6: Schematic of masking conditions under solar simulator. (a)
Schematic of top-down view on electrode glass substrate under solar simulator.
The connected nanowire (red, not to scale) is placed in the center and black opaque
foil covers a large part of the substrate. Even though the nanowire is fully covered
the solar simulator measurement results in a short-circuit current of Isc = 100 pA.
(b) Schematic of side view, showing the solar simulator and the glass substrate with
the single nanowire device. The light is scattered into the glass substrate at the
glass and Au electrode edges and trapped inside the thin glass slab. As a result the
nanowire is not only illuminated from the top, but also partly from the bottom,
which results in inaccurate measurements.
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4.3.4 Nanowire device statistics

Table 4.1 shows the statistics of four different nanowire batches, that were grown
with a different pitch (p) and doping profile (d ). Due to the small number of
measured devices the statistical interpretation becomes limited for batch p2−d 1.
However, it can clearly be seen that not only the maximum Voc = 850 mV and
Isc = 609 pA, but also the highest means can be found in that batch. The second
and third highest Voc ’s in that batch were 820 mV and 800 mV, respectively. Even
though the doping profile of batch p2−d 1 (described above) was the same as for
batch p1−d 1 the results show a clear difference in performance. To understand
the influence of a different nanowire pitch (density) on the growth conditions,
more studies are needed. The low yield of batch p2−d 1 can be mainly ascribed
to the lower density of nanowires. However, during the contacting process several
additional steps are potentially lowering the yield of the devices. Transferring
the wires from the array can lead to cleavage of the wires from the substrate in a
detrimental way. If the wire breaks not at the bottom, directly above the substrate,
the broken end-facet does not correspond to the highly p-type doped part of the
wire, that easily facilitates Ohmic contacts. Furthermore, prior to the contacting
the orientation of the nanowire doping profile is not known. And finally, even
a slight misalignment during the electron beam lithography will lead to metal
contacts that are placed onto the lower doped regions of the wire (or are missing
the nanowire altogether). In all those cases, the placement of the contacts on a
region with a wrong doping type and density will lead to a strong extraction barrier
in the final devices. In summary, great care has to be taken to yield any meaningful
number of single nanowire devices, even for arrays with a large density of wires,
while low densities almost certainly translate into low numbers of single nanowire
devices.

B atch ¯Isc σIsc I max
sc

¯Voc σVoc V max
oc ♯

p1−d 1 54 22 90 228 117 512 18
p1−d 2 61 20 93 285 49 350 8
p1−d 3 210 83 398 329 146 640 22
p2−d 1 321 175 609 696 105 850 12

Table 4.1: Nanowire device statistics. Statistics of single nanowire devices from
different growth batches (Isc in pA and Voc in mV). The nanowires were grown
under different growth conditions (array pitch (p) and doping profile (d )). The
device shown in this chapter comes from batch p2−d 1. While the statistical
interpretation of the results is limited due to the small number of total devices for
that batch (low density of nanowires), not only the maximum open-circuit voltages
and short-circuit currents but also the highest means can be found in that batch.
The second and third highest open-circuit voltages from that batch were 800 mV,
and 760 mV, respectively.
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4.3.5 Electron beam-induced current

The electron beam-induced current (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 in the p-doped part of the wire
(Fig. 4.7). As can be clearly seen, only the part next to the electron contact (at 0.5 -
4 µm) is active. By fitting an exponential decay curve to the tail between 4 - 6 µm, a
diffusion length of the p-doped part of the wire can be extracted.

Figure 4.7: EBIC profile. Electron beam-induced current (EBIC) profile along the
length of the wire, oriented as shown in Fig. 4.2(d).

4.3.6 Integrating sphere microscopy

We use a supercontinuum laser (Fianium WL-SC-400-4), sent through an acousto-
optical tunable filter (AOTF, Crystal Technologies, ∼5 nm bandwidth). The long
working distance objective required for illuminating the nanowires is a Mitutoyo
M Apo Plan NIR 50x NA 0.42 objective with a 17 mm working distance. The inte-
grating 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 New-
port 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 percent duty cycle as a source for the lock-in ampli-
fiers. 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 ND filters (Thorlabs) and the AOTF RF power.
The integrating sphere microscopy setup is shown schematically in Fig. 4.8.
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Figure 4.8: Optical setup. A supercontinuum laser (Fianium) is fiber coupled into
an acousto-optical tunable filter, which has a visibile output for wavelengths 400-
750 nm and a near IR output for wavelengths 700-1100 nm. We use polarizing
beam splitters to ensure proper polarization, after which the light is sent through
a 50:50 beam splitter to a beam monitor photodetector to measure incident power
and towards the integrating sphere. The light going towards the integrating sphere
passes through a half-wave plate to control the polarization. The objective focuses
the light on the sample inside the integrating sphere, and collects reflected light
that goes towards the reflection photodetector. Light inside the integrating sphere
is monitored by the integrating sphere photodetector. The sample is moved by a
3D piezo stage (Piezojena Tritor400). The incident intensity was controlled with
neutral-density (ND) filters (Thorlabs, not shown in the schematic) and the AOTF
RF power.

The general measurement procedure for an absorption measurement is to pre-
pare 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 moved up and
lowered to accommodate sample loading. The sample itself is positioned on a piezo
stage directly underneath the integrating sphere, which in turn is positioned on a
mechanical stage. The sample is inserted through a narrow slit in the bottom of
the sphere, to minimize exposed open aperture area in the integrating sphere. The
photodetector is positioned behind a baffle to prevent direct illumination of the
detector, as can be seen in Fig. 4.1(c). The absorptance of a nanostructure is then
determined using the simple formula:

A = 1− Rs

Rr
− I Ss

I Sr
−0.04 (4.2)

where A is the absorptance, Rs and I Ss are the measured reflection and integrating
sphere signals respectively on the sample, and Rr and I Sr are reference measure-
ments to account for detection sensitivity. For the reflection monitor this is done by
placing a mirror (Thorlabs PF10-03-P01) in the focal plane of the objective, while
for the integrating sphere reference measurement the focused beam is a miss of the
sample.

Because the samples are on regular microscopy glass slides the reflection from
the second interface goes back into the objective, but due to the second interface
being out of focus it is not collimated and hence is not detected. As a result 4%
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is missing from the power balance, which is accounted for in Eq. 4.2. 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.

Figure 4.9: Scattering of silica nanosphere. (a) SEM image of a silica nanosphere
with a diameter of 460 nm. (b, c) Reflection and integrating sphere signal of
the same nanosphere at 600 nm wavelength. (d) Maps in (b) and (c) combined
to give the absorptance map, showing that only a small fraction of the scattered
power is not detected. The scale bar in (a)-(d) is 1 micrometer. (e) The extinction
cross section of the nanosphere (blue dots) together with the Mie theory cross
section (blue line). Red dots show the measured detection losses, indicating that
95.2 ± 1.2 % of the scattered light is detected. Errors are due to variance in the
measurement and uncertainty in the cross section conversion.

To verify that with integrating sphere microscopy we can indeed measure ab-
sorptance accurately, we measured the "absorptance" on silica (SiO2) nanobeads
(Fig. 4.9). Although they do not absorb, they scatter strongly, providing us with a
means to determine the collection efficiency of scattered light. Fig. 4.9(a) shows an
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SEM image of the silica nanosphere with a diameter of 460 nm and reflection and
integrating sphere detector maps of the same nanosphere at 600 nm wavelength.
(Fig. 4.9(b) and 4.9(c)) The 2% decrease in reflection is matched by an analogous
increase in the integrating sphere signal, but as shown in Fig. 4.9(d) a small dif-
ference remains when reflection and integrating sphere signals are combined. The
maximum of this detection loss is shown as an effective detection loss cross section
for a range of wavelengths in Fig. 4.9(e). This figure also shows the scattering
cross section measured on the same nanosphere (blue points, see methods) and
the theoretical cross section from Mie theory for a 460 nm silica sphere in vacuum
(blue line).

Figure 4.10: Absorption cross section. (a) The absorption cross section of a
zincblende InP nanowire (300 nm diameter with 50 nm SiO2 shell) as a function
of wavelength for both polarizations of light calculated with FDTD (Lumerical),
compared to the converted absorption cross section from a Gaussian beam
simulation (also FDTD) using Eq. 4.8. in Section 4.3.10. There is about a 5%
difference between the two. (b) The experimental spot size as determined with a
knife-edge measurement. (c) The wurtzite InP nanowire absorption cross section
converted from the absorptance measurement using Eq. 4.8. The magnitude of the
absorption cross section shows good quantitative agreement with the simulated
absorption cross section for zincblende InP, but since the crystal structure is
different a direct comparison is not possible. Additionally, the absorption cross
section does not appear to vanish near the band gap, which is most likely due to
parasitic absorption from scattered light: as absorption in nanowires decreases,
scattering increases strongly.
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The extinction measurements on the silica beads were performed in the typical
extinction measurement setup, with a Nikon T Plan EPI SLWD 50X 0.4 NA objective
as the collection objective. The extinction cross section is then retrieved using
∆T /T = Cext /πw2

0 , where T is the transmitted power and w0 is the beam waist.
Based on the ratio of detection loss to extinction for the nanosphere we estimate
that 95±1.2% of the scattered power is collected.

Although the assumption is made that the wire is infinitely thin, agreement
between this approximation and full-wave simulations is good: Fig. 4.10(a) shows
a direct comparison between the absorption cross section of a zincblende InP
nanowire (300 nm diameter, 50 nm SiO2 shell) from a plane wave simulation and
a Gaussian beam simulation using Eq. 4.8, performed with Lumerical FDTD. The
Gaussian beam underestimates the real absorption cross section by about 5%.
However, 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%.

The experimental spot size as determined with knife-edge measurements on
the gold contact pads is shown in Fig. 4.10(b), where the error bars depict the
Gaussian fitting confidence interval (66% confidence). This spot size can be used
to convert the absorptance measurements on the InP nanowire to an absorption
cross section, as shown in Fig. 4.10(c). Although a direct comparison with the-
ory is not possible, because the refractive index of wurtzite InP is not known, the
magnitude of the absorption cross section is in quantitative agreement with the
cross section for the zincblende InP nanowire in Fig. 4.10(a). The absorption cross
section does not appear to vanish near the band gap, which is most likely due to
parasitic absorption from scattered light: as absorption in nanowires decreases,
scattering increases strongly. This may also explain why the IQE decreases near
the band gap. For measurements on the nanowire solar cell we use very low powers
(<< 1 nW) to achieve intensities close to 1 sun. We therefore swapped the pho-
todetectors for integrating sphere and reflection measurements from the PDA100A
detectors to the Newport 818 series, which have a much lower noise-equivalent
power. 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 in front of the objective.

4.3.7 Photoluminescence measurements

An integrating sphere is also commonly used to measure photoluminescence
quantum yield (PLQY) quantitatively, either by connecting a spectrometer to
the integrating sphere or by using a combination of long- and shortpass filters.
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 was
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Figure 4.11: Photoluminescence excitation spectroscopy. The PLQY is shown as a
function of the excitation wavelength ranging from 520 to 680 nm for a nanowire
from the same batch as the nanowire under investigation. The PLQY does not
depend significantly on excitation wavelength.

determined by sending monochromatic light over the wavelength range of
photoluminescence into the integrating sphere, but missing the sample. The
total photoluminescence detection efficiency ηPL (Coulombs/emitted photon)
can then be calculated using:

ηPL =
∫

S(λ)η(λ)dλ∫
S(λ)dλ

(4.3)

Here S(λ) is the PL spectrum (shown in the inset in Fig. 4.3(b)), and η is the
wavelength dependent collection efficiency of the integrating sphere (also in
Coulombs/photon). The PLQY is then calculated as the number of emitted
photons divided by the number of absorbed photons.

The error bars shown in the figures indicate the standard deviation, which
largely arises due to noise in the photodetector measurements that is insensitive
to incident laser power. For the cross sections in Fig. 4.4(a) the error bar is actually
dominated by the fitting of the spot size measurement, which can be improved.

4.3.8 Wavelengths independent PLQY

In the main text in Fig. 4.3 we have determined the photoluminescence quan-
tum yield (PLQY) with an excitation wavelength of 600 nm. Here we verify that
the PLQY is wavelength independent, which is expected for semiconductors in the
linear regime (where one photon creates one electron-hole pair). The result of the
excitation spectroscopy is shown in Fig. 4.11, where the PLQY is shown for a range
of excitation wavelengths. While the luminescence rate will depend on wavelength
due to variation in the absorption cross section, this dependence is removed by
correcting for the absorptance and calculating the PLQY. The generation rate is
almost 6 times higher than the highest rate shown in Fig. 4.3 and as a result the
PLQY is also higher.
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4.3.9 Slope of the PLQY

In Fig. 4.3(b) we show the slope of the PLQY versus the generation rate, which has
a linear slope. This slope can be explained by examining the ABC model for the
semiconductor carrier density:

G = AN +pesc B N 2 +C N 3 (4.4)

Here N is the carrier density (assuming that holes and electrons have the same
density, such that we are in the high injection regime), G is the generation rate
of carriers, A is Shockley-Read-Hall coefficient, B is the radiative recombination
coefficient, and C is the Auger coefficient. pesc is the probability that a photon from
a radiative recombination event actually escapes the semiconductor structure and
is emitted, instead of reabsorbed. The PLQY can then be written as:

PLQY = pesc B N 2

AN +pesc B N 2 +C N 3 (4.5)

If Shockley-Read-Hall recombination dominates the rate equation simplifies to G =
AN , indicating that the carrier density now increases linearly with the generation
rate. Inserting this into the expression of the PLQY, we find that:

PLQY ≈ pesc B N 2

AN
= pesc B

A
N (4.6)

Hence the slope of the PLQY is linear with the generation rate.

4.3.10 Determining the collection cross section

For a horizontal single nanowire device we can simplify Eq. 4.1 due to the symmetry
along the nanowire length. As a result of this symmetry, the absorption cross sec-
tion (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 cross section is then effectively obtained by multiplying by
the length of the wire. Since we are interested in the collection cross section, the
relevant length of the wire is given by the active length shown in Fig. 4.2(d), which
leads to the integral in Eq. 4.1:

σEQE (λ,Ω) =
∫

IQE(λ, z)σ1D
abs (λ,Ω)d z (4.7)

where σ1D
abs is the absorption width of the nanowire (indicated by the superscript

1D). The effective absorption width σ1D
abs can be retrieved from the absorptance

measurement using a simple formula:

σ1D
abs (λ) = Aw0

p
π/2 (4.8)
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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 dis-
tribution of the focused spot:

I (x, z) = IG e
−2( x2

w2
0
+ z2

w2
0

)
= 2Pi n

w2
0

e
−2( x2

w2
0
+ z2

w2
0

)
(4.9)

where IG is the Gaussian peak intensity and Pi n is the total power carried by the
beam. The beam waist w0 is defined as the radius at which the intensity is IG /e2.
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 (i.e. the wire is a line):

Pabs =
∫

σ1D
abs I (x = 0, z)d z (4.10)

where for simplicity we assume that the wire is aligned along the z-axis. Combining
Eq. 4.9 and 4.10 we find Eq. 4.8, where A = Pabs /Pi n . This formula has been applied
before to carbon nanotubes[144]. Although the assumption is made that the wire is
infinitely thin, agreement between this approximation and full-wave simulations is
good (see below).

Experimentally we did not observe a dependence of the absorption cross sec-
tion 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 σEQE can also be determined directly from the beam
waist, the incident photon flux, and the laser-induced photocurrent: σEQE (λ) =
w0

p
π/2

∫
(IL(z)/Si n)d z, where IL is the laser-induced photocurrent, Si n 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)
setup. Additionally, the experimental error will be smaller since both IL and Si n

can be determined accurately. For that reason we have determined σEQE in Fig. 4.4
following this approach.

4.3.11 Collection cross section for current calculations

The highest possible open-circuit voltage is obtained for the lowest possible recom-
bination current I r ad

0 , which is normally calculated by integrating the EQE over the
black-body spectrum. Hence, for a nanostructure we obtain:

I r ad
0 =

∫ 4π ∫ 925

300
σ

unpol
EQE (λ) Ω(T,λ) cos(θ)dλdΩ (4.11)

Here the integration over the black-body photon flux density Ω(T,λ) (where T is
the temperature, 300K) is over all angles (taking into account a factor n2 for the
higher density of states when integrating over the glass hemisphere), and the cos(θ)
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is the Lambertian factor. Because thermal radiation is unpolarized, we use the
average σEQE over both polarizations. We assume that between 300 and 400 nm
the absorption cross section stays constant, which is a good approximation given
the weakly varying nature of σEQE at shorter wavelengths. Additionally, the fraction
of the photon flux in the solar spectrum contained below 400 nm is very small.
Assuming that the nanowire absorbs light isotropically, we find a minimum re-
combination current of I r ad

0 = 3.1×10−17p A, resulting in an open-circuit voltage of

V r ad
oc =1.16V in the radiative limit. To validate the negligable effect of our isotropic

absorption cross section assumption, we used Lumerical FDTD to investigate the
angle dependent absorption cross section. Because the refractive index of wurtzite
InP is not known, we investigated two comparable materials, zincblende InP and
GaAs (both also have direct band gap in the same energy range), with the same
diameter and coating thickness as the nanowire we investigated. We determined

the absorption cross section averaged over both polarizations (σunpol
abs ) in a series

of single wavelength 2D simulations, using a total-field scattered-field source and
perfectly matched layers (PML) as boundary conditions. The results are shown in
Fig. 4.12(a) for zincblende InP and in Fig. 4.12(b) for GaAs. These figures show
a polar plot of the absorption cross section weighted by the black body spectrum,

σ
unpol
abs,w (θ) where the angle θ of the incident wave vector lies in the plane perpendic-

ular to the nanowire axis:

σ
unpol
abs,w (θ) =

∫ λBG

300
σ

unpol
abs (λ,θ)Θ(T,λ)dλ (4.12)

The dashed lines show the isotropic σ
unpol
abs,w (θ = 0) (where the absorption cross sec-

tion is equal to the absorption cross section under normal incidence for all angles),

while the solid lines show the actualσunpol
abs,w (θ). To assess the difference between the

isotropic assumption and the actual angle dependence, we calculate the relative
difference in recombination rate:

∆R =
∫ π

0 σ
unpol
abs,w (θ)n2(θ)dθ

σ
unpol
abs,w (θ = 0)

∫ π
0 n2(θ)dθ

(4.13)

Here n2(θ) is the squared refractive index of the medium (glass or air) to ac-
count for the different intensity of black body radiation. Evaluating this factor for
zincblende InP and GaAs we find that they are∆R = 0.91 and∆R = 0.96 respectively.

Interestingly, while the angular distribution of σunpol
abs,w is modified by the presence

of the glass (in particular near the critical angle, where a peak is visible that is also

observed for dipole emission near an interface [159]), the integrated σ
unpol
abs,w does

not change significantly. In the other plane of incidence (parallel to the nanowire

axis) we observe similar behavior, and σ
unpol
EQE (λ,θ) can therefore be approximated

as isotropic. The Isc can also be calculated using Eq. 4.11, but Θ(T,λ) has to be
replaced by the AM1.5 spectrum and the integral is not carried out over all angles,
but just over normal incidence (or the angle subtended by the sun).
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Figure 4.12: Absorption cross section versus angle of incidence. Absorption
cross section in nm of a zincblende InP nanowire (a) and GaAs nanowire (b)
(300 nm diameter with 50 nm SiO2 shell), averaged over both polarizations and
wavelengths, weighted by the blackbody spectrum. The strong lobes in the
absorption cross section when incident from the glass side coincide with the critical
angle in the glass, which is also observed for dipole emission near an interface [159].
These simulations were performed using Lumerical FDTD.

4.3.12 Series resistance and diode ideality factor

Based on a fitting method described in ref. [78] we have determined the diode
ideality factor and the series resistance (see Fig. 4.13). The shunt resistance was
too high to be able to determine accurately. The ideality factor (n = 2.08) and series
resistance (Rs = 0.12× 109Ω) both reduce the fill factor from its highest possible
value, F Fmax = 0.895. The series resistance can possibly be reduced by improving
contact resistivity and reducing the length of the intrinsic part of the nanowire.
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Figure 4.13: Determining the series resistance from the IV curve. By fitting the
IV curve we determined the series resistance and diode ideality factor, both of
which contribute to the fill factor FF=0.76 being below the maximum FF=0.895. The
uncertainty in fitted values gives the 95% confidence interval.
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4.3.13 Transmission electron microscopy analysis of the wurtzite
InP nanowires

Fig. 4.14 shows transmission electron microscopy (TEM) images taken of
nanowires grown with the same method as the nanowire under investigation
in this chapter. As mentioned in Section 4.3.1, these nanowires are grown with
the selective area metal-organic vapor phase epitaxy (SAMOVPE) method. The
nanowires under investigation in Fig. 4.14 are slightly thinner than the nanowire,
to facilitate TEM imaging. However, we do not expect the diameter to affect the
crystalline structure, as they also appear identical in SEM images. The nanowires
have wurtzite crystalline structure, and only at the end segment where very high
n-doping is used, do we observe stacking faults. The side facets of the wires have
oxidized, resulting in a 1-2 nm thick In2O3 layer.

Figure 4.14: Transmission electron microscopy analysis of wurtzite InP
nanowires. (a) Overview bright-field TEM image, displaying a group of nanowires,
all having a mixed phase top segment of < 0.5 µm. (b) Overview image of a
representative nanowire. (c) Selected area electron diffraction (SAED) pattern,
acquired from a 1.3 micron long part of the stem, displaying the wurtzite crystal
structure. (d) Bright-field TEM image of the top of the wire (boxed area in (b)),
displaying a defected top part and a defect-free stem. (e) High resolution TEM
image of the stem, again displaying the perfect wurtzite structure. The side facets
of the wires have oxidized, resulting in a 1-2 nm thick In2O3 layer. (f) The Fourier
transform corresponding to (e), highlighting the high and long-range crystallinity
of these nanowires.
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