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As a p-type semiconducting oxide that can absorb visible light, cuprous oxide (Cuz0) is an attractive
material for solar energy conversion. This work introduces a high-temperature, vapor-phase synthesis
that produces faceted CuO nanowires that grow epitaxially along the surface of a lattice-matched,
single-crystal MgO substrate. Individual wires were then fabricated into single-wire, all-oxide diodes
and solar cells using low-temperature atomic layer deposition (ALD) of TiO2 and ZnO films to form the
heterojunction. The performance of devices made from pristine Cu2O wires and chlorine-exposed Cu20O
wires was investigated under one-sun and laser illumination. These faceted wires allow the fabrication
of well-controlled heterojunctions that can be used to investigate the interfacial properties of all-oxide

solar cells.
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The optical and electronic properties of cuprous oxide (Cu2O) make it an interesting material both for
fundamental investigations and applied studies. With a direct band gap of 2.1 eV at room temperature'
and an exciton binding energy of ~150 meV,>? Cux0 is of interest for studying excitonic behavior as
well as for solar energy conversion. It is particularly attractive for photovoltaics*’ and
photoelectrochemistry®!? because it is an inexpensive, non-toxic, and earth-abundant oxide that absorbs

1,12 and it has

visible light. The intrinsic p-type conductivity of Cu,O arises from copper vacancies,
proven notoriously difficult to dope n-type.'> 1> A variety of techniques have been used to produce
Cu20 thin films of varying quality, with the most common being high-temperature oxidation of copper

metal,’ electrodeposition,” and reactive sputtering.’ Recently, many solution-phase syntheses have been

developed to produce Cu,0O nanostructures with the aim of better understanding the properties of Cu,O

14-17 18,19

in single-crystalline nanocrystals Or nanowires.

In contrast to solution-based approaches that produce Cu>O at low temperatures, the vapor-phase
synthesis described in this work produces faceted nanowires under high-temperature conditions more
similar to those used to produce the CuxO in the best-performing solar cells.* 7 These wires can then
serve as a platform for studies of both the surface science and opto-electronic properties of CuO and its
applications, for example in photovoltaics. To this end, single-wire, all-oxide diodes and solar cells were
fabricated from CuO nano- and microwires by creating a CuxO/Ti02/ZnO heterojunction. Variation in
the photocurrent and photovoltage produced by pristine Cu2O wires and those exposed to chlorine
during their synthesis suggested that the devices’ performance was highly sensitive to the synthetic
preparation of the wires.

Epitaxial CuxO nanowires were synthesized by a simple vapor transport method using a slug of
copper as a precursor in an Ar/O» environment (Supporting Information). The Cu,O wires grew

horizontally in a single direction along the surface of the MgO (110) substrate (Figure 1a). Parallel

nanowires grew over most the substrate’s area. The basal width and length of the faceted nanowires



were about 500-800 nm and 10 pum, respectively (Figure 1b). Seed crystals possessing an orientation
identical to that of the nanowires were observed on the same substrate (Figure 1b, inset).

Cross-sectional imaging with a transmission electron microscope (TEM) was used to characterize the
crystal structure and growth direction of the nanowires. Using a gallium focused ion beam, a nanowire
was cut along the plane perpendicular to its long axis and imaged using TEM (Figure 1c). The zone axis
was aligned perpendicular to the surface of the cross-sectional specimen and was therefore parallel to
the growth direction of the nanowire. The cross-section of the nanowires grown on MgO (110) is an
isosceles triangle, and the angle between the substrate and the nanowire’s side facets is 35°, which
agrees well with the angle between a (110) plane and the {111} planes in CuxO’s cubic structure
(35.26°). High-resolution TEM (HRTEM) images and their fast Fourier transform (FFT) patterns
confirm that the single-crystalline nanowire has {111} side facets and a (110) bottom plane, and it
grows along the <110> direction with the epitaxial relationship of (110) CuO // (110) MgO (Figure
1d).2° The lattice spacing of the Cu2O (100) planes is measured to be 0.425 nm, consistent with the
expected spacing for cubic Cu,O.

The cubic crystal structure of Cu,O determines the morphology of the nanowires. For a cubic
structure, growth along a <110> direction allows the nanowires to be enclosed by the energetically most
stable {111} side facets.'* Growth in other directions is expected to lead to the formation of less
favorable facets. Because the orientations of CuxO and MgO have the relationship of <110> CuxO //
<110> MgO (Figure 1d), the wires grow unidirectionally along the only available <110> direction of the
MgO (110) substrate. A schematic of the atomic planes at the epitaxial interface between Cu>O and
MgO shows that the lattice mismatch between Cu2O (110) and MgO (110) is less than 1% (Figure 1e).

When MgO (100) is used as a substrate instead of MgO (110), Cu2O nanowires grow in two
perpendicular directions (Figures 2a,b), consistent with the 4-fold symmetry of MgO (100). The cross-
section of a nanowire (Figure 2c¢) shows that the nanowires grown on MgO (100) are the same as those

on MgO (110): they have {111} side facets, a (110) bottom plane, and a <110> growth direction. X-ray



diffraction (XRD) (Figure 2d) confirms that the epitaxial relationship between the nanowires and
substrate is (110) Cu20 // (100) MgO, which is illustrated schematically (Figure 2¢).

Seed crystals and shorter nanowires found throughout the substrate (Figures 2f-1) suggest that the
wires nucleate as small, faceted crystals and elongate during the growth reaction. In such seed-initiated

h,2!22 clusters of CuzO arriving at the substrate from the vapor migrate and nucleate to form small

growt
seed crystals on the substrate. These seed crystals have an equilibrium shape and alignment determined
by the surface energy of the crystal facets and the interface energy between the crystal and the
substrate.”*> Cu,O clusters are continuously supplied to the seed crystal, leading to the horizontal
nanowire growth,?! which is energetically favorable because of the less than 1% lattice mismatch
between CuxO and the substrate. In contrast, growth of the seed crystal in two dimensions would
produce a film with a large (110) top plane, which is energetically less favorable than a wire enclosed
by the more stable {111} side facets.?*

The electrical conductivity of the nanowires was measured using a four-point contacting geometry to
remove the effects of series resistance at the contacts (Figure 3). Photolithography and sputtering of ~60
nm of platinum metal was used to fabricate the devices directly on the insulating MgO substrate, and no
surface pre-treatment or post-annealing was necessary to achieve ohmic contacts. CuO is well known
to be p-type, and conductivities of the wires ranged from 0.19 to 0.57 mS (Table S1). Assuming a hole
mobility of 100 cm?/Vs, based on the literature value for high-quality bulk CuxO films,* 7 the carrier
concentration is estimated to be ~2 x 1073 cm™ derived from the conductivity and geometry of the
wires. Given the large size of these wires, it is not expected that their surface would significantly reduce
their carrier mobility. The conductivity and estimated carrier concentration are consistent with those
found in high-quality Cu,O thin films used in the record planar solar cells.* ” The wires also exhibited
photoconductivity under simulated solar illumination (Figure 3).

Fabrication of the heterojunction solar cells was a multistep process applied to the MgO substrate
(Supporting Information). Briefly, after contacting one end of the wire with platinum, O etching of

poly(methyl methacrylate) (PMMA) was used to pattern the region that would become the



heterojunction. The substrates then underwent low-temperature atomic layer deposition of either ZnO
(~30 nm) or amorphous TiO; (~10-20 nm) and then ZnO. Such depositions were performed well below
the glass temperature of PMMA (~120°C) to avoid damaging the lithographic patterning or excessively
annealing the oxide interface. Deposition of ZnO was performed at 85°C in contrast to typical
deposition temperatures that usually exceed 100°C.2°> After deposition of the films, the PMMA was
lifted off and the ZnO contacted with titanium and gold, yielding the finished devices (Figures 4a-b).

The heterojunction devices typically functioned as diodes, especially when the TiO> interlayer was
included to avoid interfacial chemistry between the Cu,O and diethylzinc used to deposit ZnO. Most
devices, however, did not exhibit photocurrent or photovoltage under one-sun illumination, and their /-V
characteristics show significant hysteresis, which might have arisen from the charging and discharging
of trap states at the interface (Figure 4c). Under more intense illumination, provided by a HeCd laser at
A=442 nm, the devices did produce photocurrent and a photovoltage (Figure 5a). Because the doping of
the heterojunction is highly asymmetric, with a carrier concentration of ~6x10'"® ¢cm™ in the ZnO
deposited at 85°C (Table S2) but only ~10'* cm™ in Cu»0, a large depletion width is expected within the
Cu20 wire, which could prevent efficient collection of majority carriers through the depleted Cu»O.
Scanning photocurrent mapping (SPCM) of these devices shows that the photocurrent is localized to the
edge of the core-shell region (Figure 5b), which is consistent with this explanation.

In an effort to improve the conductivity of the Cu,O wires, chlorine, which is a known extrinsic p-

0,'% 2627 was introduced into reactions via the in-situ decomposition of MgCl,*

type dopant for Cu
(Supporting Information). In all samples, XRD confirmed that the wires were Cu,O (Figure S1), and
four-point resistivity measurements indicated marginal increases in conductivity (Table S1).

Some devices produced from these chlorine-exposed wires exhibited a clear photoresponse under one-
sun conditions, and their performance was evaluated quantitatively. Efficiencies were calculated based
on the cross-sectional area of the devices as measured by SEM (Table S3), with the champion device

reaching 0.38% (Figure 6a). For comparison, the record planar Cu;O/ZnO solar cell achieved an

efficiency of 4.12%.* Scanning photocurrent mapping (SPCM) of the wire devices showed, however,



that only parts of the core-shell region were active, which partly accounts for their low photocurrent
(Figure S2). FF’s below the theoretical limit of 0.25 (Table S3) arose from the inverse curvature of
some of the /-V curves in the fourth quadrant, suggesting severe recombination at the heterojunction and
indicating a need for improved understanding of the interface. Wavelength-dependent photocurrent
measurements showed an abrupt decrease in photocurrent at approximately 600 nm, which corresponds
to the band gap absorption of CuxO (588 nm) given that the full-width, half-maximum of the
monochromatic excitation was approximately 15 nm (Figure 6b). The low Vi.’s and FF’s are
reminiscent of Cu/Cu20 Schottky junctions,?® perhaps produced by oxidation-reduction chemistry at the
wire’s surface. Alternatively, since a reduced shunt resistance from the metal contacts is unlikely based
on the geometry of the device, either there is a light-activated shunt resistance across the interface itself,
or the photocurrent collection within the Cu0 is assisted by the electric field rather than mediated by
diffusion to the junction.?® This second explanation is consistent with the expectation that the Cu,O core
of the wires is nearly fully depleted, so assuming that the carriers have a low drift mobility-lifetime
product (ut), the efficiency of charge collection could depend upon the strength of the electric field
within the Cu,0, which is reduced under applied forward bias.

All devices exhibiting photocurrent and photovoltage under one-sun conditions (one-sun devices)
were produced from Cu,0O wires grown in the presence of chlorine, although not all chips of such wires
produced one-sun devices. Because these devices were clustered on particular chips rather than spread
across all samples and multiple chips underwent the lithographic and ALD processing in parallel, it is
likely that the performance of the devices was dictated by a characteristic of the CuxO wires that was
uniform across a given chip but not controllable between different chips. Some possibilities for this
critical characteristic include (1) the bulk doping concentration of the wires, (2) the surface coverage of
the wires in chlorine, or (3) the exposed crystallographic facets of the wires. Chlorine was originally
introduced into the reaction to reduce the asymmetry in carrier concentration of the Cu,O/ZnO junction
and improve charge collection through the CuxO core. If the incorporation of chlorine into the wires

varied, perhaps only some chips contained wires that were sufficiently doped to allow charge collection



and therefore measurable photocurrents and photovoltages under one-sun conditions. Studies on II-VI
quantum dots indicate that halides are excellent ligands for passivation of surface states on II-VI
materials such as PbS.? Since the performance of the Cu20/ZnO heterojunction is known to be highly
sensitive to the chemistry of the interface,* the chloride surface treatment could reduce the interfacial
states of the heterojunction and therefore improve its ability to separate photogenerated charges. Lastly,
SEM images indicate that exposure to the chlorine gas during the growth can alter the exposed crystal
facets of the wires (Figure S2). Many (but not all) of the devices that demonstrated one-sun
photocurrent and photovoltage exhibited {100} side facets rather than the {111} side facets found in
pristine Cu20 wires (Figure S2). As the surface chemistry of CuxO is known to depend on the exposed
crystallographic facet,'> 24 it is possible that the oxidation-reduction chemistry or the crystallographic
orientation of the interface with ZnO varied with different crystal facets of the CuxO. Given the
complexity of the chlorine-exposed growth and the fabrication processes of the CuxO wires, further
systematic investigation is required to determine the reason for the photovoltaic performance of the
devices fabricated from chlorine-exposed wires.

Beginning with CuO wires synthesized in a vapor-phase reaction at high temperature, single-wire
Zn0O/Cuz0 and ZnO/Ti02/Cu0 heterostructure diodes were fabricated. Devices showed photocurrent
and photovoltage under laser illumination, and some devices produced from wires exposed to chlorine
during their growth showed photovoltaic performance under one-sun illumination. Possible explanations
for the difference in performance between the pristine and chlorine-exposed wires include bulk doping
of the CuxO wire to improve its charge collection or differences in the heterojunction’s interfacial
chemistry such as passivation with surface chlorine atoms or the varying oxidation-reduction potential
of different crystal facets of Cu,O. These wires offer a platform for future investigation of these effects
not only in the Cu,0/ZnO heterojunction but also in heterojunctions between Cu,O and more promising
oxides, such as gallium oxide (Ga;0s3), which has produced the current record 5.38%-efficient Cu2O
solar cell.* If combined with techniques that can provide improved control over the deposition of the n-

type oxide, such as room-temperature pulsed laser deposition,*’ these wires have the potential to offer



detailed insight into the structural and electrical performance of the heterojunction in CuxO-based solar

cells.
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Figure Captions

Figure 1. Cu20 nanowires grown epitaxially in a single direction on a MgO (110) substrate. (a-b) Top-
view SEM images of the nanowires and a seed crystal (c¢) Cross-sectional TEM image of a nanowire
obtained by cutting the wire with a focused-ion beam. (d) HRTEM image and FFT patterns of the
square in (c) indicating the epitaxial relationship between CuO and MgO. (e) Schematic showing the

lattice arrangement at the interface between the nanowire and the substrate.

Figure 2. Cu0 nanowires grown epitaxially in two perpendicular directions on a MgO (100) substrate.
(a-b) Top-view and (c) cross-sectional SEM images of the nanowires. (d) XRD pattern of the nanowires
on a MgO substrate, indicating that they are CuxO grown epitaxially on the substrate. (¢) Schematic

showing the lattice arrangement at the interface between the nanowire and the substrate. (f-i) Top-view



SEM images of the nanocrystals formed at different locations on the same substrate, suggesting that the

wires nucleate as seed crystals and then elongate during the growth process.

Figure 3. Conductivity of a CuxO wire. Four-point conductivity and photoconductivity under one-sun

illumination of a wire grown without chlorine. Inset: SEM image of a four-point device.

Figure 4. Characterization of single-wire devices made from pristine Cu,0O wires. (a-b) SEM images of
a Cu20/Ti02/Zn0O device showing the wire blanketed by the thin films. (¢) A typical /-V curve of a
device in the dark and under solar illumination. While the devices did show evidence of
photoconductivity, they did not exhibit a photovoltage or photocurrent without more intense
illumination. Devices also showed hysteresis, with more current produced during the backward scan

(down from higher to low voltage) than during the forward scan.

Figure 5. Response of the devices to laser illumination. (a) Devices exhibited photocurrent and
photovoltage under HeCd laser illumination (A=442 nm), with both increasing with the light’s intensity.
Curves correspond to order-of-magnitude increases in the illumination’s intensity. (b) SPCM of a device
under HeCd illumination showing that the current decays rapidly from the edge of the device’s core-
shell region into the core-shell region, suggesting that photogenerated carriers created far from this
interface cannot be collected. (c) Optical reflection image acquired simultaneously with the
photocurrent map in (b). Red corresponds to the most reflective surfaces (e.g. the metal electrode),
while yellow indicates scattering or absorption (e.g. the wire and edges of the electrode or the ZnO

film). Maps are approximately 12 X 6 pm.

Figure 6. Characterization of the solar cells produced from chlorine-exposed Cu2O wires. (a) I-V curve

in the dark and under one-sun illumination of the most efficient single-wire device. (b) Normalized



photocurrent as a function of wavelength, indicating that the spectral response of the devices is

consistent with the absorption of Cu,O.
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