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ABSTRACT: We demonstrate an efficiency enhancement of an InP nanowire (NW) axial p−n
junction solar cell by cleaning the NW surface. NW arrays were grown with in situ HCl etching on
an InP substrate patterned by nanoimprint lithography, and the NWs surfaces were cleaned after
growth by piranha etching. We find that the postgrowth piranha etching is critical for obtaining a
good solar cell performance. With this procedure, a high diode rectification factor of 107 is obtained
at ±1 V. The resulting NW solar cell exhibits an open-circuit voltage (Voc) of 0.73 V, a short-circuit
current density (Jsc) of 21 mA/cm2, and a fill factor (FF) of 0.73 at 1 sun. This yields a power
conversion efficiency of up to 11.1% at 1 sun and 10.3% at 12 suns.
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Semiconductor nanowires (NWs) recently gained increasing
attention for photovoltaic applications because of their

ability to further improve the balance between solar cell
efficiency and device cost.1−4 It has been shown that light
absorption can be enhanced by using NWs, even at a relative
low material volume fraction.5,6 As an example, an InP NW
array with 2 μm length is predicted to absorb more than 90% of
the light above the InP bandgap by optimizing the NW shape
and array geometry.6,7 Along the same line, it has been reported
recently that a single vertically standing GaAs NW features an
enhancement of the optical absorption cross section by a factor
of 15 compared to the geometrical cross section.8 In addition,
light absorption in Si NWs can be managed by their cross-
sectional shape.9,10 One of the most important advantages of a
NW is that it allows stacking different materials without the
usual severe requirements on lattice matching.11 NW tandem
solar cells can be grown by stacking different axial p−n
junctions with optimized bandgap on top of each other.12,13 An
additional advantage for photovoltaic applications is that NWs
can be grown on a cheap substrate, for example, group III−V
NWs have been successfully grown on Si and Ge.14,15 In this
study we focus on the optimization of single axial junction NW
solar cells.
InP NWs are a good candidate for high-efficiency solar

cells,16,17 since InP has a very low surface recombination
velocity.18 One important problem for axial NW solar cells is
the unintentional radial growth on the NW sidewall, which is

expected to introduce both short circuit shunting paths and
nonradiative recombination centers at the NW surface.
Although it has been demonstrated that most of this radial
growth can be eliminated by in situ HCl etching during
growth,19 we recently observed strong unintentional carbon
incorporation in a very thin layer at the NW sidewall, even with
in situ HCl etching.20 In addition, peculiar irregularities are
observed on the {111} facets of p-InP NWs grown with HCl.21

These irregularities are caused by the presence of sets of
stacking faults and are thus expected to be strong trapping
centers for minority carriers. Our approach is to perform both
in situ etching during growth with HCl to prevent the
unintentional sidewall growth and, in addition, to perform a
postgrowth etching step using a piranha solution to further
clean the NW sidewall.
For device fabrication, first a 200 nm p+-InGaAs layer (Zn-

doped 1.2 × 1019 cm−3) is grown on the backside of a Zn-
doped (111)B InP substrate to ensure a p-type ohmic back
contact at low annealing temperature (T < 250 °C).
Subsequently, an array of 136 nm diameter Au particles with
513 nm spacing is prepared using nanoimprint lithography22 on
the front side of the substrate. Nanoimprint lithography enables
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to fabricate uniform NW arrays at wafer scale with low cost and
is important to ensure the uniformity and reproducibility of the
NW growth. The NWs are subsequently grown in an Aixtron
CCS MOVPE system using trimethylindium (TMI) and
phosphine (PH3) at 450 °C via the vapor−liquid−solid growth
mechanism. HCl is introduced at a 2.83 × 10−5 molar fraction
to reduce radial growth.19 Diethylzinc (DEZn) and H2S are
used as p-type and n-type dopants. The total growth time is 19
min, resulting in a NW length of 2.3 μm with the p−n junction
located at the middle part of the NWs. Figure 1a,b shows the

uniformity in both diameter and length of the as-grown InP
NWs. Except for the bottom part of the NWs, no apparent
lateral growth is observed due to the in situ etching with HCl.
After growth, the NWs are etched with a piranha solution to

clean the NWs sidewalls. Samples have been prepared with
different piranha etching times (0−30 s in steps of 5 s). The
etching rate is ∼0.5 and ∼0.3 nm/s for p-type and n-type InP
NW,23 respectively. After etching, the NWs are immediately
capped with a 40 nm SiO2 shell to improve the adhesion
between the NWs and the benzocyclobutene (BCB, Dow
Chemical) isolation and planarization layer. At the same time
SiO2 is expected to additionally passivate the NW surface.24

The SiO2 on the NW tips is etched away by buffered HF for
making the top contact, as shown in Figure 1c. Ti/Pt/Au is
used to form a back contact to the substrate, and 300 nm
indium−tin−oxide (ITO) is deposited as the front contact.
Finally, the samples are patterned into 500 μm ×500 μm area
solar cell devices. A cross section of the final device is shown in
Figure 1d, where some wires are missing due to the imperfect
cleaving.
The photovoltaic properties of the cells are obtained by

measuring the current density−voltage (J−V) characteristics
both in the dark and under 1 sun illumination (AM 1.5) with a
calibrated setup.28 Figure 2a shows the J−V characteristics of
our best solar cell with 25 s piranha etching. Under 1 sun
illumination, the solar cell exhibits an open-circuit voltage (Voc)
of 0.73 V, a short-circuit current density (Jsc) of 21 mA/cm2,
and a fill factor (FF) of 0.73, resulting in an overall power
conversion efficiency of 11.1%. The high efficiency of the solar

cell is attributed to the low surface recombination velocity of
InP25,26 and to the NW sidewall cleaning by both in situ etching
and postgrowth etching. As compared to the recently reported
13.8% efficiency InP NW axial solar cell with 177 nm diameter
NWs,16 our devices are built from much thinner NWs, which
have a 75 nm diameter after sidewall etching. We emphasize
that the light absorption in our thin NWs cell could thus be
further optimized, e.g., by increasing the NW diameter and
using tapered NWs.6 We assessed the effect of piranha etching
on the device performance in more detail, as shown in Figure
2b. The reverse bias leakage current in the dark is decreased by
3 orders of magnitude by the piranha etching to an extremely
low value of 7.5 × 10−4 mA/cm2 at −1 V bias voltage,
corresponding to ∼1 pA per NW. The rectification ratio at ±1
V simultaneously increases from 102 to 107, and the ideality
factor (n) improves from 3.17 to 2.12. The ideality factor n ≥ 2
indicates that recombination in the space charge region or at
the mid-band-gap states dominates our solar cell system. Since
NWs have a large aspect ratio and are grown at a relatively low
temperature (450 °C), surface states and carbon atoms are the

Figure 1. (a) SEM image of the as grown InP NWs tilted by 30° and
(b) is the zoom-in image of a single InP NW with a p−n junction. (c)
SEM image after BCB planarization and SiO2 wet etching to expose
the tips of the NWs. (d) SEM image after sputtering of the ITO front
contact. The scale bar is 1 μm for (a, c, d) and 100 nm for (b).

Figure 2. (a) J−V curve of the best nanowire solar cell in the dark and
under 1 sun illumination. The NW sidewall was piranha etched for 25
s for this cell. (b) Log J−V characteristics of the best solar cell in the
dark (black) and at 1 sun (red). For comparison, we also show the J−
V curve without piranha etching in the dark (blue) and at 1 sun
illumination (pink). (c) Efficiency distribution of the measured 26
solar cells: the green (slashed) and red columns are from the same
sample etched for 25 and 30 s, respectively.
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most probable reasons for this value of the ideality factor. In
total, we have measured 26 solar cell devices from two different
samples, which were fabricated separately and piranha etched
for 25 and 30 s, respectively. Figure 2c shows the measured
power conversion efficiencies, which vary between 9.2% and
11.1%, except for 1 cell with η < 8% due to local damage to the
sample before device fabrication. This shows that, by using
nanoimprint lithography, the NW geometry and quality are
uniform and reproducible throughout the samples.
To evaluate the surface cleaning effect, we characterized the

solar cell properties with different piranha etching times. Figure
3a shows that both Voc and Jsc are very low without piranha

etching, which is attributed to the shunting paths along the NW
sidewall introduced by unintentional sidewall growth. As we
increase the piranha etching time to 20 s, both Voc and FF
increase dramatically. Further increasing the etching time
decreases Voc and Jsc slightly because the NW diameter is
further decreased which also decreases the light absorption in
the NW array. In our case the optimum piranha etching time
for obtaining the highest power efficiency is 25 s.
In order to investigate the sidewall morphology before and

after piranha etching, a transmission electron microscopy
(TEM) study was performed on transferred, randomly
distributed NWs on a carbon film. The TEM images show
that the n-doped region of unetched NWs is wurtzite with only
a few stacking faults and vertical side facets. The p-doped

region has the zincblende crystal structure with twin boundaries
perpendicular to the growth direction. The side facets are
inclined to the growth direction and are irregular in shape. The
contrast reversal in the outer part of the nanowire in the bright-
field TEM image (see the red circles in Figure 3b) reflects the
presence of stacking faults that are inclined to the growth
direction (see the HRTEM inset in Figure 3b). These twin
planes are the result of imperfect radial growth. According to
Wallentin et al., this is related to the presence of HCl during
InP growth and can be tuned with the DEZn dopant
concentration.21 Figure 3c shows that piranha etching is
capable to remove the defective outer part of the nanowires,
resulting in defect-free, rounded-off {111} and {100} side
facets. In addition, our previous photoluminescence (PL) study
shows that piranha etching removes the carbon contamination
in the unintentionally grown sidewall, which serves as a
nonradiative recombination center which deteriorates Voc.

20

To investigate the effect of piranha etching and the
passivation with a SiO2 shell on the optical properties, room
temperature photoluminescence (PL) lifetime measurements
were performed on as-grown NWs, piranha etched NWs, and
piranha etched NWs capped with SiO2 (see the Supporting
Information). In this study, pure p-InP and n-InP NWs were
grown using the same growth parameters and etching
procedures as for the nanowire solar cell. Before piranha
etching and without a SiO2 shell, the PL lifetime of individual p-
InP NWs is below the instrumental resolution of ∼0.1 ns. The
lifetime is improved to 0.18 ns with only piranha etching and
further improved to 0.3 ns with piranha etching and additional
SiO2 capping. Similarly, the PL lifetime of the n-InP NWs
increases from 0.18 to 0.46 ns, after piranha etching and SiO2
capping. This is attributed to the elimination of the peculiar
irregularities on the sidewalls of the p-InP NWs, the elimination
of the carbon impurities in the unintentional grown NW
sidewalls, and also to the SiO2 passivation, which improves and
keeps the PL lifetime.22 Presently, the PL lifetimes, in both p-
doped and n-doped InP NWs, are not long enough to allow for
a ∼1 μm minority carrier diffusion length. However, a terahertz
conductivity study recently demonstrated that even with a low
PL lifetime of 30 ps a relatively long photoconductivity lifetime
of >1 ns is still possible due to charge separation at ZB/WZ
crystal phase junctions,16 which could partly explain the
relatively good solar cell performance of our NW solar cell.
The contact between the ITO and the n-InP NWs shows

ohmic behavior even using a low annealing temperature (T <
250 °C). We performed transmission line measurements
(TLM), which show a 2.5 × 10−3 Ω cm2 contact resistance
between the ITO contacts and a n-InP substrate and a 5.3 ×
10−4 Ω cm2 contact resistance to the p-InP substrate (see the
Supporting Information). These TLM measurements suggest
that the series resistance introduced by the contacts is only ∼3
Ω per solar cell device (500 μm × 500 μm). The slope of the
J−V curve close to Voc in Figure 2a, however, indicates that the
series resistance is still a limiting factor. By using a linear fit to
the log J−V curve, the estimated series resistance (Rs) is 62 Ω
and 84 Ω for a device with and without piranha etching.
Moreover, the series resistance decreases to 32 Ω (see the
Supporting Information) for devices with a 500 nm shorter p-
doped section, implying that Rs mainly originates from twins in
the zincblende p-type doped section of the NW solar cells.27

In order to investigate the solar cell performance under
concentrated light, we carried out J−V characterization up to an
equivalent of 12 suns illumination. As shown in Figure 4, the

Figure 3. (a) Measured Voc, Jsc, and FF for the nanowire solar cell
versus the piranha etching time. (b) and (c) are bright-field TEM
images of the p−n junction region and high-resolution TEM images of
the p-type region InP before and after 25 s piranha etching,
respectively. The scale bar is 50 nm for (b) and (c) and 5 nm for
the insets of (b) and (c). The arrows indicate the positions of the
junctions.
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Voc increases logarithmically to 0.845 V when the illumination
is increased up to 12 suns, which is expected since Voc = kT/q
ln(Jsc/J0 + 1). Even at 12 suns, only a small decrease in
efficiency is observed, from 11.1% to 10.3%. The fill factor only
drops 3% because of the series resistance, which is mainly from
the p-InP segment, as discussed above. Finally, the cells have
been stored in ambient air for more than 3 months, and no
efficiency degeneration has been observed.
In conclusion, a high-efficiency axial InP NW array solar cell

is demonstrated by improving the surface quality of the NW by
postgrowth sidewall etching. By the sidewall etching, we
removed (i) short-circuit current paths along the NW sidewall,
(ii) the radially grown part of the nanowires containing sets of
stacking faults, particularly on the {111} side facets, and (iii)
carbon that was unintentionally incorporated in the radially
grown NW volume. Our NW solar cells show extremely low
dark leakage current (∼1 pA/NW) and high rectifying behavior
(107 at ±1 V). We finally obtain a high Voc of 0.73 V and a high
fill factor of 0.73, resulting in a solar cell efficiency of 11.1% at 1
sun. Finally, our solar cell shows an almost constant efficiency
up to 12 suns.
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