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ABSTRACT: Zinc-doped cuprous oxide (Zn:Cu2O) thin
films have been prepared via single step electrodeposition
from an aqueous solution containing sodium perchlorate. The
Zn/Cu molar ratio in the Zn:Cu2O films can be tuned
between 0.006 and 0.236 by adjusting the magnitude of the
applied potential and the sodium perchlorate concentration.
Electrical characterization reveals that zinc dopants increase
the Fermi level in Zn:Cu2O films, enabling a 3-fold
improvement in the power conversion efficiency of a fully
electrodeposited Cu2O homojunction photovoltaic device.
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Cuprous oxide (Cu2O) is a nontoxic, earth abundant, p-
type semiconductor with a direct band gap of ∼2.0 eV

and an absorption coefficient exceeding 105 cm−1 at 450 nm,
which has prompted its investigation as a promising material for
photocatalysis and photovoltaics (PVs).1−10 Several groups
have recently explored the use of electrodeposition as a low
energy, scalable, and attractive solution-based method of
forming Cu2O thin films for PV devices.6−10 Importantly, the
electrodeposition conditions used (pH, ligand chemistry) are
now understood to substantially alter the morphology,
preferred crystalline orientation, and optoelectronic properties
of the Cu2O films. Clear p-type character (Fermi level ∼0.2−
0.4 eV above the valence band maximum, which is located 5.2
eV below vacuum)9 is obtained for Cu2O films that are
electrodeposited from basic solutions (pH >10) containing
lactate as a chelating agent. In contrast, Cu2O films electro-
deposited from acidic solutions (pH ∼5−6) containing acetate
anions result in films that exhibit reduced p-type character (due
to partial compensation), with the Fermi level shifted closer to
the middle of the band gap, ∼4.3−4.5 eV below vacuum.9

Simple control over the Fermi level position by tuning the
electrodeposition bath pH has naturally led some researchers to
fabricate what have been described as p-Cu2O/n-Cu2O
homojunctions, which exhibit a diode-like current−voltage
characteristic and a clear PV response.6−10 In 2009, Han and
co-workers reported an electrodeposited Cu2O homojunction
PV device that showed a power conversion efficiency (PCE) of
0.1%;7 soon afterward, McShane et al. reported an efficiency of
0.29% by controlling the surface morphology of the p-Cu2O
layer6 and then obtained a device with a PCE of 1.06% through
further refinement and optimization.9

Cation doping of metal oxides such as Cu2O is an important
mechanism by which one can tune their optoelectronic
properties to enhance performance.11−16 Theoretical work

has suggested that Zn and Ni can form n- and p-type dopants in
Cu2O,

14 respectively, which may prove valuable for preparing p-
n Cu2O homojunction photovoltaic devices. The potential of
Zn as a dopant to improve Cu2O photoconductivity has also
been predicted using density functional theory by Isseroff and
Carter.15 Despite the promising benefits, achieving cation
doping in electrodeposited Cu2O thin films, which feature low-
energy, scalable, aqueous solution-based processing, has rarely
been achieved experimentally.16 Cation doping in electro-
deposited metal oxides in general is known to occur via
coelectrodeposition of two different metal oxides (host and
dopant).17,18 Notably, anion doping of electrodeposited Cu2O
with chloride has been achieved by the simultaneous
codeposition of Cu2O and CuCl.19,20

To understand the challenge of cation doping in Cu2O by
coelectrodeposition, it should be recalled that there are two
common categories of cathodic electrodeposition of metal
oxides.21 In the first category, the redox active precursor is a
metal cation that is directly reduced to form an insoluble metal
oxide near the surface of the working electrode. One example is
Cu2O, which can be electrodeposited through the reduction of
Cu2+ to Cu+ within a potential window of approximately +0.02
V to −0.4 V vs Ag/AgCl;6,10,22,23 larger negative applied
potentials result in the further reduction of Cu+ to metallic Cu0.
In the second category, the redox active agent is an oxidant,
such as O2 or NO3

−, which creates a local pH increase upon
being reduced at the working electrode, facilitating the
deposition of a metal oxide film via precipitation of the
insoluble metal hydroxide. A prime example here is ZnO, which
can be electrodeposited within a potential window of
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approximately −0.6 V to −2 V vs Ag/AgCl24,25 using NO3
− as

the redox agent, leaving the valence of Zn2+ unchanged.
Comparison of these two potential ranges typically used to
electrodeposit Cu2O and ZnO, respectively, underscores the
challenge in realizing their coelectrodeposition.
In this work, we demonstrate a novel method to successfully

realize the codeposition of ZnO and Cu2O using a single step
electrodeposition by introducing a strong oxidant, sodium
perchlorate (NaClO4), into the deposition solution. Sodium
perchlorate enables the codeposition of ZnO by facilitating a
local pH increase at the working electrode surface within the
lower energy potential window suitable for Cu2O electro-
deposition. Homojunction photovoltaic devices containing an
electrodeposited p-Cu2O bottom layer and an electrodeposited
Zn:Cu2O top layer have been observed to clearly outperform
devices containing an undoped Cu2O top layer.
Zn:Cu2O thin films were electrodeposited from acidic

aqueous solutions (pH 5.8) containing copper(II) sulfate
pentahydrate, sodium acetate, zinc nitrate, and varying amounts
of sodium perchlorate (see Supporting Information for full
experimental details). We have found that sodium perchlorate
plays a critical role in enabling the codeposition of ZnO and
Cu2O. X-ray photoelectron spectroscopy (XPS) spectra reveal
no detectable amount of zinc in Cu2O films electrodeposited
from solutions containing the zinc precursor (Zn(NO3)2) in
the absence of sodium perchlorate. This can be explained by
considering the series of reactions shown in Scheme 1.

As a strong oxidant, sodium perchlorate can be readily
reduced at the surface of the working electrode, producing
additional oxidant species (such as ClO3

− and Cl2) with lower
valence states, as shown in reactions (1), (2), and (3). During
the reduction processes described by reactions (1) and (2),
protons at the surface of the working electrode are consumed,
which leads to a local pH increase that drives reaction (4)
forward, yielding the successful deposition of ZnO on the
electrode surface. Simultaneously, Cu2+ is reduced to Cu+ as
shown in reaction (5), leading to Cu2O deposition via reaction
(6). It should be noted that the local pH increase achieved
through the reduction of perchlorate also drives the reaction
(6) forward; however, to increase the rate of Cu2O deposition,
reduction of Cu2+ is a prerequisite step (reaction (5)). Thus,
through the combined actions of perchlorate and Cu2+

reduction, the successful codeposition of ZnO and Cu2O can
be achieved using a single step electrodeposition process.
We have observed that the amount of zinc incorporated into

the Cu2O film can be controlled by adjusting the magnitude of
the applied cathodic potential and the initial concentration of
sodium perchlorate added to the solution. Figure 1a displays
the Zn 2p region of the XPS spectra for films electrodeposited
from solutions with an initial sodium perchlorate concentration

of 0.004 M and applied potentials of −0.04, −0.06, and −0.08
V (vs Ag/AgCl); clear Zn 2p peak assignments demonstrate the
presence of zinc. Although the Zn 2p3 peak position of pure
ZnO has been reported to be located at 1022.4 eV,26−28 Figure
1a shows that the Zn 2p3 peak positions in these Zn:Cu2O
films are centered around 1021.8 eV. We interpret this shift to
indicate that incorporated zinc does not exist as regions of pure
ZnO but is instead likely present as Zn2+ interstitials or Zn−
O−Cu bridges within the Cu2O lattice.29 XPS Cu 2p3/2
spectra of two typical Zn:Cu2O films and a pure Cu2O film
(obtained using 0 M NaClO4) are shown in Figure S1
(Supporting Information).
Figure 1b shows the experimental Zn/Cu molar ratio values

([Zn]/[Cu]) achieved in six Zn-doped Cu2O films as a
function of applied potential for two different NaClO4
concentrations. When the magnitude of the cathodic potential
was increased from −0.04 to −0.08 V vs Ag/AgCl, [Zn]/[Cu]
in the films electrodeposited from solutions containing 0.004 or
0.016 M NaClO4 increased from 0.006 to 0.105, and from
0.013 to 0.236, respectively. For a given perchlorate
concentration, [Zn]/[Cu] is seen to increase exponentially
with more negative applied potential. This implies that larger
cathodic potentials accelerate the relative rate of ZnO
deposition (reactions (1−4)) more swiftly than that of Cu2O
deposition (reactions (5) and (6)). In addition to the applied
potential, [Zn]/[Cu] is also seen to depend on the initial
amount of sodium perchlorate present in the solution, although
the dependence is weaker. As shown in Figure 1b, increasing
the sodium perchlorate concentration by a factor of 4 (0.016 vs
0.004 M) resulted in an ∼2-fold increase in [Zn]/[Cu] for a
given applied potential. It should also be emphasized that zinc
is incorporated uniformly at approximately the same doping
concentration throughout the entire film thickness (nominally

Scheme 1. Proposed Reactions Yielding Co-Deposition of
Cu2O and ZnO

Figure 1. (a) XPS Zn 2p spectra of films electrodeposited using a
NaClO4 concentration of 0.004 M at applied potentials of −0.04,
−0.06, and −0.08 V vs Ag/AgCl; both the raw spectra (black solid
lines) and the instrument software-fitted spectra (gray dashed lines)
are shown. (b) Calculated Zn/Cu molar ratio values ([Zn]/[Cu]) of
Zn:Cu2O films electrodeposited from solutions containing initial
NaClO4 concentrations of 0.004 and 0.016 M at applied potentials of
−0.04, −0.06, and −0.08 V vs Ag/AgCl. Dashed lines represent best-fit
exponential functions for each series.
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950 nm) as revealed by in situ ion sputtering within the XPS
instrument and measurements made on the bottom of the films
(Figure S2, Supporting Information).
The morphologies of pure Cu2O and Zn:Cu2O films are

shown in Figure 2a (a larger version is also provided in Figure

S3, Supporting Information). All films exhibited clearly faceted,
micron-scale grains that are typical of Cu2O thin films grown
under low pH conditions at sufficiently large cathodic
potentials to induce a high density of nucleation sites.22 At
low doping concentrations, the incorporation of zinc does not
lead to any large change in morphology, although there is an
obvious second phase visible in the film containing the largest
amount of zinc ([Zn]/[Cu] = 0.236, deposited using 0.016 M
NaClO4 at −0.08 V vs Ag/AgCl). At such a large [Zn]/[Cu]
value, the amount of zinc present in this sample likely exceeds
the saturation point of zinc doping into the Cu2O lattice.
Interestingly, the second phase does not show up in the XRD
pattern for this film (Figure 2b), which may be because the

total amount of this second phase is too small to be detected by
XRD and/or is amorphous.
The XRD patterns shown in Figure 2b reveal that all of the

films, including both the Zn:Cu2O films as well as the pure
Cu2O films, display only peaks assigned to cubic Cu2O (cuprite,
JCPDS No. 78−2076). It should be noted that no peaks that
could be assigned to pure ZnO are present in the diffraction
spectra of the Zn:Cu2O films, which further suggests that zinc
cations are incorporated into the Cu2O lattice. Additional
evidence for the formation of zinc-doped Cu2O rather than a
mixture of amorphous ZnO and polycrystalline Cu2O can be
seen in the optical absorption data of Zn:Cu2O versus pure
Cu2O films (Figure S4, Supporting Information), wherein the
incorporation of Zn results in a shift in the optical band gap to
larger energies.30 The presence of zinc in the Zn:Cu2O films
does not change the relative orientation or peak widths
compared to the pure Cu2O film XRD pattern, indicating that
Zn doping causes little change to the Cu2O lattice and no
structural distortion, which was also observed by Heng and co-
workers in Zn-doped Cu2O microcrystals grown by a
hydrothermal route.30 This may be because Cu+ and Zn2+

have similar ionic radii values of 0.46 and 0.40 Å, respectively.31

Current−voltage characterization was first performed on
Zn:Cu2O and pure Cu2O films electrodeposited at pH 5.8 on
ITO electrodes using a liquid eutectic gallium−indium (EGaIn)
soft top contact.23 Figure 2c compares typical current−voltage
curves measured for a pure Cu2O film and for a Zn:Cu2O film.
SEM cross-sectional images revealed that both of these films
had a thickness of ∼950 nm and exhibited similar roughness
values (Figures S5 and S6, Supporting Information). The pure
Cu2O film exhibits a Schottky junction with the liquid metal,
which is expected due to the mismatch between the Fermi level
of the pure Cu2O film and the work function of EGaIn.22 In
contrast, the contact behavior between the Zn:Cu2O film and
EGaIn is seen to be Ohmic instead of rectifying. In addition,
the conductivity of the Zn:Cu2O film is larger than that of the
pure Cu2O film, as indicated by the greater current density
under forward bias (positive potential on ITO). These
observations may be attributed to the zinc dopant, which
raises the Fermi level closer to the work function of the liquid
metal located at ∼4.2 eV below vacuum, indicating the reduced
p-type character of the film.
Electrodeposited Cu2O homojunction photovoltaic devices

were fabricated with the structures glass/ITO/p-Cu2O (750
nm)/Zn:Cu2O (250 nm)/Al/Au and glass/ITO/p-Cu2O (750
nm)/pure Cu2O (250 nm)/Al/Au. The [Zn]/[Cu] in the
Zn:Cu2O top layer devices was 0.042. Both types of PV
structures contained identically prepared 750 nm thick p-Cu2O
films electrodeposited at high pH onto ITO-coated glass
substrates (see Figure S7, Supporting Information); SEM
images of the top view and cross-section of the p-Cu2O film on
ITO are shown in Figure 3a. When electrodeposited onto this
p-Cu2O layer, the top surfaces of the 250 nm-thick Zn:Cu2O
and pure Cu2O films (both grown at pH 5.8) exhibited similar
morphologies (Figure 3b and c), which confirms that the
presence of the zinc dopant does not substantially change the
Cu2O film morphology. However, comparison of Figure 3b and
Figure 2a reveals a clear difference in the appearance of the
Zn:Cu2O films grown on p-Cu2O and ITO; the p-Cu2O layer
appears to template the growth of the Zn-doped layer. This
templating effect can be confirmed by examining the XRD
patterns of the bottom p-Cu2O layer and the p-Cu2O/Zn:Cu2O
homojunction, both of which exhibit greater relative ⟨111⟩

Figure 2. (a) Top view SEM images of films electrodeposited using
NaClO4 concentrations of: 0, 0.004, and 0.016 M NaClO4 at applied
potentials of −0.04 or −0.08 V vs Ag/AgCl. (b) XRD patterns
corresponding to the six films shown in panel (a). The dashed vertical
lines indicate diffraction peaks due to the ITO substrate. (c) Current−
voltage characteristics of films electrodeposited at −0.06 V vs Ag/AgCl
with 0 M NaClO4 (yielding pure Cu2O) or 0.004 M NaClO4
(Zn:Cu2O).
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orientation compared to the Zn:Cu2O film grown on ITO
(Figure S8, Supporting Information).
The PV performances of both devices were measured under

100 mW/cm2 simulated solar illumination with typical current
density−voltage characteristics shown in Figure 3d. Devices
containing the Zn:Cu2O top layer exhibited substantially
improved performance (average PCE of 0.42 ± 0.02%, VOC
of 0.50 ± 0.01 V, JSC of 2.02 ± 0.06 mA/cm2, and a fill factor of
42 ± 0.2%) compared to devices containing a pure Cu2O top
layer (PCE of 0.14 ± 0.05%, VOC of 0.33 ± 0.02 V, JSC of 1.08
± 0.27 mA/cm2, and a fill factor of 38 ± 3%). The Zn-doped
devices showed an open circuit voltage of 0.5 V, indicating that
the minimum difference between the quasi-Fermi level energies
of the p-Cu2O and the Zn:Cu2O films is 0.5 V. This increased
quasi-Fermi level energy difference is due to the zinc dopant.
Furthermore, the greater than 2-fold increase in short circuit
current density can be attributed to the higher conductivity of
the Zn:Cu2O film. Although the highest PCE obtained here
(0.44%) is somewhat lower than the best electrodeposited
Cu2O homojunction PV reported to date (∼1%),9 our average
cell efficiency effectively tripled through the use of the
Zn:Cu2O top layer. Further optimization of the Cu2O layer
thicknesses and [Zn]/[Cu] is expected to produce even higher
gains in the near future.
In conclusion, zinc has been successfully incorporated into

Cu2O films using a single step electrodeposition. [Zn]/[Cu]
increased exponentially with larger cathodic potential and
approximately doubled when the initial sodium perchlorate
concentration was increased from 0.004 to 0.016 M. The
presence of the zinc dopant did not induce Cu2O lattice
distortion or any large change in film morphology. Zinc
dopants increased the Fermi level and enabled facile charge

carrier injection/extraction using the low work function metals
EGaIn and Al. Higher Fermi level positioning and improved
conductivity in the Zn:Cu2O films enabled substantially
improved performance in an electrodeposited Cu2O homo-
junction PV device. The general strategy described here may
also be more broadly applicable to help realize the successful
co-deposition of Cu2O with other metal cations via electro-
deposition for a broad array of applications.
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