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Au-Cu,0 core-shell nanowire photovoltaics
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Semiconductor nanowires are among the most promising candidates for next generation
photovoltaics. This is due to their outstanding optical and electrical properties which provide large
optical cross sections while simultaneously decoupling the photon absorption and charge carrier
extraction length scales. These effects relax the requirements for both the minority carrier diffusion
length and the amount of semiconductor needed. Metal-semiconductor core-shell nanowires have
previously been predicted to show even better optical absorption than solid semiconductor nano-
wires and offer the additional advantage of a local metal core contact. Here, we fabricate and ana-
lyze such a geometry using a single Au-Cu,O core-shell nanowire photovoltaic cell as a model
system. Spatially resolved photocurrent maps reveal that although the minority carrier diffusion
length in the Cu,O shell is less than 1 um, the radial contact geometry with the incorporated metal
electrode still allows for photogenerated carrier collection along an entire nanowire. Current-
voltage measurements yield an open-circuit voltage of 600 mV under laser illumination and a dark
diode turn-on voltage of 1V. This study suggests the metal-semiconductor core-shell nanowire
concept could be extended to low-cost, large-scale photovoltaic devices, utilizing for example,
metal nanowire electrode grids coated with epitaxially grown semiconductor shells. © 2015
Author(s). All article content, except where otherwise noted, is licensed under a Creative
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Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4905652]

Photovoltaics provide electricity in a clean, sustainable,
and often decentralized way by utilizing an abundant and vir-
tually unlimited source of primary energy: the sun. Wafer-
based silicon solar cells are the main driver of increased
installations, which reached a global cumulative installed pho-
tovoltaic capacity of 137 GW.! Other technologies are being
pursued that can either lower the overall fabrication costs or
increase the conversion efficiency when compared to silicon
solar cells.? Cu,O0 thin film solar cells, for example, are made
from abundant, non-toxic, and small amounts of material and
can potentially reach power conversion efficiencies of up to
20%.> With appropriate surface passivation, thin film solar
cells can even reach higher open-circuit voltage (V,.) values
than their bulk counter parts due to shorter charge carrier
extraction paths and hence reduced bulk recombination.*
Furthermore, when combined with silicon as the bottom
absorber (E; ~ 1.1¢eV), Cu,0 is an excellent candidate for the
top absorber in a high efficiency multijunction solar cell
because its band gap (E;~2eV) is close to ideal
(1.7-2.0eV).””’

Recently, several groups have focused on the interface
properties of Cu,O and were able to increase the V,. up to
1.2V by using interfacial layers, such as Ga,O3 and ZnO,
combined with transparent conductive oxides (TCOs) as top
contacts for Cu,O thin-film solar cells.*'® Light concentra-
tion offers another important way to increase the maximum
achievable V., and thereby the conversion efficiency.'”
Conventional triple junction solar cells typically use macro-
scopic external optics to provide this concentration effect
and increase the efficiency, but nanostructures can inherently
concentrate light via optical resonances.””>* These and other
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effects are motivating work on next generation high-
efficiency photovoltaics, with semiconductor nanowires
being among the most promising candidates.?*°

Here, we utilize a metal-semiconductor core-shell geom-
etry to fabricate a single horizontally aligned Au-Cu,O nano-
wire photovoltaic cell. Such a structure has several potential
advantages. The thin semiconductor shell in direct vicinity
of the metal core electrode allows for facile extraction of
photogenerated carriers, even in materials with short minor-
ity carrier diffusion lengths. The radial core-shell geometry
has already proven useful in semiconductor nanowire photo-
voltaics, and we expect even better charge carrier extraction
in our geometry where photocarriers are injected into a metal
immediately.”’° Another previously demonstrated advant-
age of semiconductor nanowires is their high absorption
cross section, which can exceed the geometrical one, 222331
The metal-semiconductor core-shell structure can lead to
even higher absorption, while further reducing the amount of
semiconductor.®” Several research groups have already uti-
lized metal-semiconductor core-shell nanospheres or rods for
plasmon mediated charge carrier dynamics for photovoltaics
and photocatalysis. In these examples, however, semicon-
ductor materials were not used for the visible light absorp-
tion or materials were suspended completely in solution.** "
Here, we fabricate and test a single metal-semiconductor
core-shell nanowire photovoltaic cell, utilizing Au for the
core and Cu,O for the shell.

To fabricate the core-shell nanowires, we followed a
procedure developed by Sciacca et al. for solution-based
synthesis of metal (Ag, Au, or Cu) core Cu,O shell nano-
wires.*” The metal nanowires were synthesized using the
polyol process and subsequently coated with a Cu,O shell at
room temperature in aqueous solution adapting a protocol
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originally developed for core-shell nanopa.rticles.‘“’42 This
specific Cu,O synthesis route was chosen over other methods
to produce Cu,O nanowires, because it allowed for epitaxial
growth on metal nanowires suspended in solution.****
Photoluminescence (PL) measurements showed a peak near
1.9eV, similar to what has been observed in pure-phase,
bulk Cu,0.***

Figure 1 shows a schematic of a single nanowire photo-
voltaic cell illuminated by a laser beam. As can be seen in the
drawing, the Cu,O shell has two contacts: one that collects
photogenerated holes and one that is selective for photogener-
ated electrons. One simple and effective method for inducing
this carrier selectivity is to use metal contacts with different
work functions such that one metal makes an Ohmic contact
to the Cu,O and the other a Schottky junction.*® Here, we
have chosen Au as the metal nanowire core because it has a
large work function (~5.4eV; similar to that of Cu,O) and
makes an Ohmic contact to Cu,O. Furthermore, Au has a
high chemical stability, low lattice mismatch with Cu,O
(~4%), and a simple nanowire synthesis route.***’~% As the
Schottky contact, we have chosen Ti, which has a low work
function (~4.3 eV), excellent adhesion to many materials and
a stable surface oxide.”' As reported in previous literature, it
is possible that a redox reaction under the Ti contact converts
the Cu,0O to TiO, and Cu at the interface. This modified inter-
face still results in charge carrier separation and extraction,
but it does lower the maximum achievable V.. value.’> We
would expect better performance if the contact geometry was
reversed, allowing for a Schottky junction along the whole
length of the metal core, but such a low work function metal-
semiconductor core-shell structure has not been synthesized
so far.** A more detailed discussion about the influence of the
interfaces and the effect of the Schottky junction can be
found in the conclusions.

In the current work, we have examined two different
Schottky contact geometries: one where a Ti electrode only
contacts one end of the nanowire and the other where a thin

FIG. 1. Schematic drawing of the single metal-semiconductor core-shell
nanowire photovoltaic cell geometry. Two devices are electrically connected
to electrodes, and a laser beam (bright blue) is incident on one of them. The
Au electrode contacts the Au core while a Ti electrode contacts the Cu,O
shell (red) only at the end (top left) or along most of the length via an addi-
tional thin Ti pad (center). The inset shows a cross section of the device ge-
ometry. The incident light creates electron-hole pairs (e, h™), which are
extracted via the shell and the core, respectively.
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(~10nm) layer of Ti is coated along nearly the entire length
of the nanowire (Figure 1). By comparing the photocurrent
maps in these two geometries, we can directly visualize the
effect of local contacts on charge separation and carrier col-
lection efficiency.

To fabricate such samples, we started with SisNy cov-
ered Si substrates with evaporated Au electrodes. The
core-shell nanowires were contacted using electron beam li-
thography and metal evaporation. The optical characteriza-
tion was conducted with a tunable laser source in the range
of 410 nm—750 nm. The light was focused through an objec-
tive lens to a spot size of ~1 um onto the electrically con-
nected single nanowire photovoltaic cells. The details of the
device fabrication and characterization can be found in the
supplementary material.®’

Figure 2(a) shows a scanning electron microscope
(SEM) image of a typical single nanowire photovoltaic cell
(marked by a red arrow). The reflection map in Figure 2(b)
shows the diagonal orientation relative to the parallel contact
pads. Figure 2(c) shows photocurrent generation of up to
300 pA under 42 W laser illumination at 4 =410nm. The
overlap with the SEM image in Figure 2(d) reveals that
charge carrier collection only occurs near the Ti contact fin-
ger, where the Schottky junction induces a built-in electric
field, such that the minority charge carriers do not have to
travel long distances to get extracted. Due to the optically
thick Ti contact, we do not expect any substantial contribu-
tion to the photocurrent from the Cu,O regions under the
contact.

This photocurrent collection localized only close to the
Ti contact suggests that the minority carrier diffusion length
is less than or equal to the beam spot size of ~1 um, con-
sistent with reported values for Cu,O synthesized by
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FIG. 2. Metal-semiconductor core-shell nanowire photovoltaic cell with
axial charge carrier collection. (a) SEM image of a nanowire (red arrow)
connected between Ti and Au contacts. (b) Optical reflection image. (c)
Photocurrent map with an incident laser power of 42 uW, polarization per-
pendicular to the nanowire axis, a spot size of 1 um, and illumination wave-
length of 410nm. (d) Overlay of the photocurrent map and SEM image,
clearly showing the local photocurrent collection at the Ti contact.
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different methods.>"* Despite the excellent crystallinity
and epitaxial shell growth in these core-shell nanowires, the
high surface and contact areas could lead to even shorter
minority carrier diffusion lengths, as these are known to be
sources of increased non-radiative recombination in bulk
solar cells.*® Future studies involving thin interfacial spac-
ing layers and surface passivation are needed to quantify
the importance of these effects, and our single core-shell
nanowire geometry provides a perfect platform for such
studies.

To probe directly the importance of the radial built-in
field and carrier collection mechanism, we have compared
the above results to the case where a 10nm thin Ti pad cov-
ers approximately 2/3 of the nanowire (Figure 3). This
arrangement is closer to a realistic large-scale device, where
the whole nanowire would be covered with an additional
contact (either a transparent conductive oxide or a continu-
ous thick metal layer with illumination through a transparent
substrate). Figure 3(a) shows an SEM image of the device,
with a Ti pad on top of the nanowire, which is connected
between a Ti contact and an Au contact. Figure 3(b) shows
the reflection image and Figure 3(c) the respective photocur-
rent map under 7 gW laser illumination at A =410 nm, which
reveals photocurrent collection from an extended elongated
area. The overlay of the SEM and the photocurrent map in
Figure 3(d) clearly demonstrates photocurrent collection
from the nanowire along the entire length covered by the Ti
pad.

This supports the idea that charge carriers generated by
light passing through the 10 nm Ti pad can be separated and
collected at the metal core and the Ti top contact. The maxi-
mum photocurrent is around 25 times smaller than in the

(0

FIG. 3. Metal-semiconductor core-shell nanowire photovoltaic cell with ra-
dial charge carrier collection. (a) SEM image of a nanowire connected
between Ti and Au contacts and partially covered by a 10nm thin Ti pad.
(b) Reflection map. (c¢) Photocurrent map with an incident laser power of
7 uW, polarization perpendicular to the nanowire axis, a spot size of 1 um,
and illumination wavelength of 410nm. (d) Overlay of photocurrent map
and SEM image, clearly showing the photocurrent collection from the Ti
covered part of the nanowire.
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axial collection case shown in Figure 2, which can be attrib-
uted to the reduction in incident power from 42 to 7 uW and
the substantially reduced absorption in the wire due to the
Ti pad. The responsivity (photocurrent after background
subtraction divided by the incident laser power) is only low-
ered by a factor of four by the Ti pad. These results prove
the utility of this concept: photocurrent collection can take
place along the whole length of the nanowire, even with
materials that have very short minority carrier diffusion
lengths.

To investigate the core-shell nanowire spectral response,
we map the responsivity under 410 nm, 520 nm, 620 nm, and
700 nm laser illumination (Figures 4(c)—4(f), respectively).
The polarization was perpendicular to the nanowire axis for
all measurements, which is the polarization that supports
plasmon resonances. In the other polarization, we observed
weaker currents. Currently, we cannot distinguish between
charge carrier generation due to band to band absorption in
the Cu,0O and plasmon mediated transfer mechanisms, such
as resonance energy transfer, direct energy transfer, and hot
electron carrier injection.>~>?
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FIG. 4. Spectral response of a metal-semiconductor core-shell nanowire
photovoltaic cell. (a) SEM image of the same nanowire solar cell shown in
Figure 3. (b) Reflection map at 410 nm showing the contact pad and contact
fingers. (c)—(f) Responsivity maps at laser wavelengths of (c) 410nm, (d)
520nm, (e) 620nm, and (f) 700 nm. The responsivity was obtained by first
subtracting the background values and subsequently dividing by the incident
laser power, to facilitate comparison. In all cases, the laser polarization was
perpendicular to the nanowire axis. The spatial shift of the photocurrent with
increasing wavelengths is due to chromatic aberration of the objective lens
and drift in the mechanical stage.
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FIG. 5. (a) Current-voltage behavior of a single Au-Cu,O core-shell nano-
wire photovoltaic cell in the dark (black line) and under laser illumination at
410nm with a power of 42 uW and polarization perpendicular to the nano-
wire axis (red). (b) Magnified view of the region 0 V-0.6V of the I-V
curves. (c) SEM image with color overlay of a connected nanowire.

The strong reduction in photocurrent for A =700 nm is
consistent with the literature value of the optical band gap
(1.95eV or 635 nm) and our own single nanowire PL. meas-
urements.**** However, absorption in the Ti pad as well as
variations in the optical resonances must be taken into
account to quantitatively explain the observed results.

Finally, we show single nanowire current-voltage (I-V)
measurements in the dark and under laser illumination
(Figure 5). This nanowire device, which did not contain an
extended Ti pad (Figure 5(c)), showed clear rectification
behavior with a turn on voltage of ~1V in the dark. Under
laser illumination with 42 uW power at 410nm, an I, of
—300pA and a V. of 600 mV were observed. These results
clearly demonstrate that single metal-semiconductor core-
shell nanowires function as photovoltaic cells. The photocur-
rent increases at higher reverse voltages and reaches reverse
break down before saturating. We attribute this slope to
higher photogenerated carrier collection efficiency at larger
reverse bias voltages due to an increased depletion region.
Furthermore, we observe a substantial charge carrier extrac-
tion barrier and hence S-shaped I-V curve, which is a well-
known phenomena that can be attributed to accumulated
space charges at the material interfaces or a non-ideal Ohmic
contact.®'~®* This observation can be explained by the non-
optimized metal semiconductor interfaces, which are likely
to induce recombination-active trap states and accumulated
space charges. We note that the photocurrent under the AM
1.5G spectrum was below the detection limit (~1 pA) of the
source measure unit used and therefore did not allow the
measurement of our devices under the full solar spectrum.
The low photocurrent can partially be explained by the
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localized Schottky region close to the optically thick Ti con-
tact, which is mostly inaccessible for the incident light. Only
a small fraction at the edge of the contact can contribute to
the photocurrent.

In conclusion, we have realized a single metal-
semiconductor core-shell nanowire photovoltaic cell. We
measured photocurrent maps on individual Au-Cu,O core-
shell nanowires, showing charge carrier collection via a
Schottky contact on the surface, with the metal core being
utilized as an Ohmic contact. The spectral response is con-
sistent with a band gap of ~2eV. We show that a V. of
0.6 V and I of 300 pA can be achieved without any detailed
contact optimization, while much higher values can be
expected by incorporating appropriate interfacial layers, as
already demonstrated not only with Cu,O but also other ma-
terial systems that use ultrathin absorber layers such as
organics and hybrid perovskites.ms’66 By depositing a thin
(10nm) Ti layer over the wire, we clearly demonstrate that
two conductive radial metal contacts allow for improved
photogenerated carrier collection in semiconductors with mi-
nority carrier diffusion lengths <1 um.

While the limitations discussed above explain the overall
low photovoltaic performance of our devices, they do not
present insurmountable obstacles on the way to high effi-
ciency metal-semiconductor core-shell nanowire solar cells.
In fact, the strong dependence of nanostructured solar cells
on surface and interface properties presents an opportunity to
study these effects in a highly controlled system where
changes at the semiconductor surface or metal-semiconductor
interface can be directly measured in the photovoltaic
response of the device. Any new insights gained here can be
applied to existing thin-film technology where the metal-
semiconductor contact is also a crucial source of loss but
more difficult to isolate and study. Furthermore, we note that
the metal-semiconductor core-shell nanowire geometry is not
limited to the materials used for this proof-of-concept study.
An ideal structure would employ low cost metals with appro-
priate interfacial layers, replacing Au and Ti. Therefore, we
propose metal-semiconductor core-shell nanowire photovol-
taics as both an ideal platform for fundamental interfacial
studies as well as a promising geometry for high efficiency
solar cells made from materials with very short minority car-
rier diffusion lengths.
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