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A B S T R A C T

The tunability of the Zn(O,S) conduction band edge makes it an ideal, earth-abundant heterojunction partner
for Cu2O, whose low electron affinity has limited photovoltaic performance with most other heterojunction
candidates. However, to date Cu2O/Zn(O,S) solar cells have exhibited photocurrents well below the entitled
short-circuit current in the detailed balance limit. In this work, we examine the sources of photocurrent loss in
Cu2O/Zn(O,S) solar cells fabricated by sputter deposition of Zn(O,S) on polycrystalline Cu2O substrates grown
by thermal oxidation of Cu foils. X-ray photoelectron spectra reveal that Zn(O,S) deposited at room temperature
leads to a thin layer of ZnSO4 at the Zn(O,S)/Cu2O interface that impedes current collection and limits the short
circuit current density to 2 mA/cm2. Deposition of Zn(O,S) at elevated temperatures decreases the presence of
interfacial ZnSO4 and therefore the barrier to photocurrent collection. Optimal photovoltaic performance is
achieved at a Zn(O,S) deposition temperature of 100 °C, which enables an increase in the short circuit current
density to 5 mA/cm2, although a small ZnSO4 layer is still present. Deposition at temperatures above 100 °C
leads to a reduction in photovoltaic performance. Spectral response measurements indicate the presence of a
barrier to photocurrent and exhibit a strong dependence on voltage and light bias, likely due to the photodoping
of Zn(O,S) layer.

1. Introduction

Cuprous Oxide (Cu2O) is an earth-abundant p-type semiconductor
with favorable properties and potential for tandem photovoltaic
devices. Synthesis of Cu2O by thermal oxidation of Cu foils in air has
produced material with a high visible light absorption coefficient, hole
mobilities exceeding 100 cm2 V−1s−1, and minority carrier diffusion
lengths in excess of 10 µm. In addition, Cu2O is comprised of non-toxic
elements and can be cheaply manufactured by oxidizing Cu foils in air.
Its large electronic bandgap of 2.1 eV at room temperature makes it a
candidate wide bandgap material for a Cu2O/Si tandem solar cell with a
crystalline Si bottom cell. However, the efficiency of Cu2O photovoltaics
remains well below the 20% efficiency of the detailed balance limit for a
single junction Cu2O solar cell [1,2].

Several important challenges have prevented realization of high
efficiency Cu2O devices to date. One stems from the nearly intrinsic and
exclusively p-type nature of Cu2O conductivity, with low hole concen-
trations dictated by copper vacancy doping and the lack of an n-type
doping scheme which has necessitated a heterojunction device archi-
tecture. Selection of a suitable heterojunction partner with the correct

band alignment has been challenging due to the low electron affinity of
Cu2O (3.2 eV). Much of previous reported work has investigated Cu2O
paired with n-type transparent conducting oxides, such as ZnO.
However, the staggered type II band alignment between ZnO and
Cu2O fundamentally limits the Voc and therefore the efficiency. [3,4] In
addition, the small heat of formation of Cu2O (−170.7 kJ/mol) [5]
implies that the surface is susceptible to reduction and oxidation. Prior
work shows that maintaining stoichiometric Cu2O at the window/
absorber layer interface is important for high efficiency devices [3,6]. It
is thus imperative to find a heterojunction window material with an
appropriate band offset that allows formation of a stoichiometric Cu2O
interface.

Recently, Ga2O3 [7,8] and Zn(O,S) [4,6,9] have emerged as
candidate heterojunction window layers for Cu2O due to their favorable
band alignments, and solar cells with open circuit voltages exceeding
1 V have been fabricated for both window layer materials. Currently,
the highest efficiency device, which incorporates a polycrystalline Cu2O
absorber and a Zn1−xGexO buffer layer, is 8.1%. [2].

Zn(O,S), which is the focus of this study, is an attractive window
layer for Cu2O photovoltaics due to its tunable conduction and valence

http://dx.doi.org/10.1016/j.solmat.2016.10.049
Received 21 July 2016; Received in revised form 14 October 2016; Accepted 29 October 2016

⁎ Corresponding author.
E-mail address: ytolstova@caltech.edu (Y. Tolstova).

Solar Energy Materials & Solar Cells 160 (2017) 340–345

0927-0248/ © 2016 Elsevier B.V. All rights reserved.
Available online 06 November 2016

crossmark

http://www.sciencedirect.com/science/journal/09270248
http://www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2016.10.049
http://dx.doi.org/10.1016/j.solmat.2016.10.049
http://dx.doi.org/10.1016/j.solmat.2016.10.049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2016.10.049&domain=pdf


band positions as well as the earth-abundance of its constituent
elements. The positions of the Zn(O,S) valence and conduction bands
are determined by the sulfur to oxygen ratio of the Zn(O,S), so that the
band alignment with Cu2O can be tuned by varying the Zn(O,S)
composition. While the tunability of the Zn(O,S) band edge should
allow for the fabrication of highly efficient Cu2O/Zn(O,S) solar cells, the
efficiencies of these devices have been limited by low short-circuit
current densities and fill factors [6,9]. In this paper we explore the
barriers to current transport in Cu2O/Zn(O,S) devices, and correlate
the series resistance to a thin layer of the wide band gap insulator,
ZnSO4, which is the most thermodynamically favorable [6] compound
in the presence of these elements. We demonstrate that similar to the
Zn(O,S)/CIGS interface [10], the Zn(O,S)/Cu2O interface is prone to
ZnSO4 formation, but that deposition of Zn(O,S) at elevated substrate
temperatures significantly suppresses ZnSO4 formation, which results
in a significant improvement in the current density and the device
efficiency. The best results are achieved with a substrate temperature of
100 °C, although even at this temperature some ZnSO4 is still present.
We further analyze possible reasons for reduced photovoltaic perfor-
mance using light and voltage biased external quantum efficiency.

2. Experimental details

Polycrystalline Cu2O wafers were synthesized from 6N purity Cu
foils, which were heated in a quartz tube furnace to 1025 °C under N2

flow for 4 h. The foils were then oxidized in air for 24 h and cooled
under N2 flow to room temperature. Cu foil thickness was 0.5 mm and
the final Cu2O wafer thickness was approximately 0.8 mm, with typical
carrier concentration of 1013–1014 cm−3 and hole mobilities around
65 cm2 V−1s−1. Cu2O wafers were cleaned with IPA and loaded into a
magnetron sputtering system equipped with several RF sputtering
sources and a base pressure of 1.7×10−7 Torr. Cu2O wafers were heated
in vacuum to the deposition temperature and annealed for 90 min, or
kept under vacuum in the case of the room temperature samples. A
Zn(O,S) layer of approximately 45 nm thickness was co-sputtered from
ZnO and ZnS targets of 4 N purity at a working pressure of 5 m Torr Ar.
Power on the ZnO target was kept at 100 W, and the power on the ZnS
target was 85 W. These values were previously determined to yield the
highest Voc devices and correspond to a composition of approximately
ZnO0.7S0.3. After Zn(O,S) deposition, the samples were cooled in
vacuum and removed from the chamber. A shadow mask was placed
over the samples and a 60 nm ITO layer was then sputtered at 50 W in
an Ar atmosphere at a working pressure of 3 mTorr, with no intentional
heating. Lastly, an 80 nm Au contact was deposited on the back. Each
wafer resulted in 16 solar cells with individual cell area of 0.02 cm2.
These were tested, with the shadow mask, under standard AM 1.5
illumination.

External quantum efficiency measurements were performed using a
Xe arc lamp and slit monochromator, and calibrated to a reference Si
photodiode with known spectral responsivity. White light bias was
provided with a broadband LED. Voltage bias was controlled by a
potentiostat. To confirm the composition of the interface, a very thin
layer of approximately 1–2 nm of Zn(O,S) was deposited on polycrys-
talline Cu2O wafers. The samples were removed from vacuum and
transferred to a Kratos Axis Ultra photoelectron spectrometer with
base pressure < 5×10−9 Torr. X-ray photoelectron spectroscopy was
performed with Al Kα x-rays (hυ=1486.7 eV). High resolution scans of
the Cu 2p, O 1s, S 2p peaks were acquired at 25 meV step size, 10 eV
pass energy, and slot aperture.

3. Results and discussion

3.1. Current-voltage analysis

The solar cell performance was characterized as a function of
Zn(O,S) deposition temperature. The current-voltage characteristics

of the most efficient cells for Zn(O,S) deposition at each temperature
are shown in Fig. 1 and the overall results are summarized in Table 1.
The device deposited at 100 °C has both the highest Voc and Jsc.
Notably, there is crossover between the dark and light curves for every
temperature. Crossover in the J-V characteristics of solar cells has been
attributed to an electron barrier in the conduction band which is
reduced under illumination and occurs in two general scenarios: 1)
under illumination, the window layer is photodoped thereby reducing
the potential drop across the window layer and the electron barrier; 2)
a high density of electronic defects at the interface are filled with
photogenerated carriers under illumination, reducing the electron
barrier in the conduction band. [11] The presence of an electron
barrier is confirmed by spectral response measurements, as seen in
Fig. 2.

The average open circuit voltage, which is correlated to the interface
quality, varies from 419 mV at a deposition temperature of 200 °C to a
maximum of 724 mV at 100 °C. This suggests that the highest quality
Zn(O,S)/Cu2O interface occurs for a Zn(O,S) deposition temperature of
100 °C. Varying the substrate temperature has a more significant effect
on the short circuit current (Jsc). The Jsc increases from an average of
2.0 mA/cm2 for devices deposited without intentional substrate heat-
ing to a maximum of 5.0 mA/cm2 for devices deposited at 100 °C, and
drops off significantly as the temperature is raised further. In order to
understand the apparent barrier to current collection, the dark J-V
curve was modeled using the non-ideal diode equation including the
impact of series and shunt resistance:
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where I q n k T R, , , , , s0 and Rsh are the dark saturation current, the
fundamental electron charge, the ideality factor, Boltzmann constant,
temperature and series and shunt resistance, respectively. The fit was
obtained using a nonlinear least squares fitting method. As the
deposition temperature of Zn(O,S) increases, the series resistance of
the device decreases. For reference, through-thickness resistance of the
Cu2O wafer, which was expected to be the largest contribution to series
resistance, was measured to be on the order of 800 Ω. For a hetero-
junction deposited at room temperature, the series resistance is almost
an order of magnitude higher, which indicates the presence of a current
blocking layer at the junction. At 200 °C, the series resistance of the cell
is on the order of the Cu2O wafer contribution, which suggests the
junction resistance has been eliminated. We will analyze this further in

Fig. 1. Current density as a function of voltage in the dark (dashed) and light (solid) for
Cu2O/Zn(O,S) solar cells deposited at different temperatures.

Y. Tolstova et al. Solar Energy Materials & Solar Cells 160 (2017) 340–345

341



the following sections.
The large series resistance is evident in the low fill factor (FF)

observed for all deposition temperatures. The smallest FF is an average
of 26.5% for devices deposited at room temperature and increases to a
maximum of about 35% for devices deposited at elevated temperature.
The fill factor is further limited in the low-current regime by photo-
shunting, which is apparent from Fig. 1. The efficiency increases from
0.8% for room temperature devices to a maximum of 1.5% for devices
deposited at 100 °C, in large part due to the increase in short-circuit
current. Ultimately, the efficiency is limited by the low FF and further
improvement in the FF of Zn(O,S) devices is needed to increase
efficiencies.

3.2. EQE characterization of solar cell deposited at 100 °C

Bias-dependent external quantum efficiency (EQE) measurements
were performed in order to further understand the photogenerated

collection efficiency and photoshunting observed in the J-V character-
istics of Cu2O/Zn(O,S) solar cells. Fig. 2(a) shows the EQE obtained at
different voltage biases without any white light bias. At zero voltage
bias, the EQE is close to 60% in the wavelength region from 500 to
570 nm before dropping off at the Cu2O optical band edge. This
indicates that the minority carrier diffusion length in our thermally
oxidized Cu2O is long and does not limit carrier collection far from the
depletion region. On the other hand, the EQE in the short wavelength
regime ( < 500 nm), where carriers are generated close to the Cu2O/
Zn(O,S) junction, is significantly diminished due to recombination at
the heterojunction interface.

Fig. 2(b) shows the relative change in EQE with respect to the zero
voltage bias. Reverse bias acts to increase the electric field in the
depletion region, thereby increasing the band bending and boosting
carrier drift. This results in a broadband increase in the EQE for all bias
levels. The EQE does not saturate even at large reverse biases
indicating the presence of large electronic losses. Similarly, forward

Table 1
Summary of solar cell results.

T dep (°C) Voc max
(mV)

Voc avg
(mV)

Jsc max (mA/
cm2)

Jsc avg (mA/
cm2)

Rs best (Ω) Rs avg (Ω) FF max (%) FF avg
(%)

η max (%) η avg (%)

25 800 704 3.7 2.0 5889 4906 30.3 26.5 0.8 0.4
90 641 615 4.3 4.1 2389 2079 37.4 35.8 1.0 0.9
100 733 724 5.7 5.0 2446 2512 35.8 34.7 1.5 1.3
125 586 510 3.4 2.9 2146 2118 37.0 33.4 0.7 0.5
150 685 628 2.1 1.9 1329 1324 36.0 34.6 0.5 0.4
200 613 419 0.9 0.8 560 766 37.2 30.9 0.2 0.1

Fig. 2. External quantum efficiency of solar cell deposited at 100 °C (a) with no light bias as a function of applied voltage bias; (b) relative change in EQE compared to zero voltage bias.
(c) EQE of same cell with white light illumination of 0.013 suns as a function of applied voltage bias and (d) relative change in EQE compared to short circuit operation under 0.013 sun
illumination. (e) Effect of light bias on EQE at short circuit; (f) relative change in EQE as a function of light bias intensity.
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bias, leads to a broadband reduction in the EQE at all bias voltages.
Fig. 2(c) shows the same experiment performed with white light bias,
sourced from a broadband LED, in order to more closely simulate
operating conditions. The overall EQE is reduced for wavelengths
beyond about 415 nm, which corresponds to the Zn(O,S) band edge,
and augmented for shorter wavelengths suggesting strong photodoping
of the buffer layer under light bias. The relative change in light-biased
EQE with respect to voltage bias is similarly broadband, as shown in
Fig. 2(d). Fig. 2(e)–(f) illustrates the effect of light bias intensity on
EQE at short circuit conditions, and the strong dependence of EQE
response on light illumination intensity suggests that photodoping of
the emitter decreases the photocurrent barrier at the heterojunction
interface. [11,12].

The integrated EQE without white light bias gives an expected short
circuit current of 6.7 mA/cm2, which is slightly higher than the short
circuit current of 5.7 mA/cm2 measured under standard AM1.5
illumination. However, integrating the EQE corresponding to the
largest available illumination level of approximately 0.14 suns gives
an expected short circuit current density of 4.3 mA/cm2, which is
significantly lower than the Jsc measured using the solar simulator.
Extrapolating this trend to an EQE measured at 1 sun illumination
would give an even lower expected value of Jsc. This confirms the
presence of a large barrier to photocurrent in the dark, which is
reduced under light illumination by doping the buffer layer. One
possible reason for a large photocurrent barrier is the presence of
ZnSO4 at the interface between Zn(O,S) and Cu2O, and we explore this
idea in the next section. Another reason for low EQE response
compared to the measured Jsc is a large density of shunts, which have
been seen in solar cells based on thermally oxidized Cu2O wafers [13].

3.3. XPS characterization of Zn(O,S)/Cu2O interfaces

X-ray photoelectron spectroscopy (XPS) was used to investigate the
chemical composition of the Cu2O/Zn(O,S) interface and to identify the
origin of the current blocking layer. The as-grown surface contains a
considerable amount of CuO as evidenced by the satellite peaks
between 940 and 945 eV and the shoulder at 935 eV in Fig. 3(a).
This CuO layer results from air exposure after the thermal oxidation
procedure and is present on all samples. As mentioned previously, CuO
at the heterojunction interface has been shown to limit the efficiency of
Cu2O-based solar cells. [3] Two strategies were employed to remove the
surface CuO and obtain a stoichiometric Cu2O interface: substrate
annealing in vacuum and reactive sputter deposition. Annealing the
Cu2O substrates at 100 °C in vacuum reduces the amount of CuO
present at the surface and CuO is effectively eliminated by annealing at
200 °C. For samples annealed below 200 °C, the reactive removal of
CuO during the sputtering of Zn(O,S) is necessary to obtain a
stoichiometric surface.

To this end, XPS spectra were also collected from polycrystalline
Cu2O substrates with approximately 1–2 nm thick films of Zn(O,S)
deposited at different temperatures in order to examine the stoichio-
metry of the Cu2O/Zn(O,S) interface (Fig. 3(b)–(d)). The absence of the
shoulder and satellite peaks in Fig. 3(b) confirms the reactive removal
of the CuO layer present on the as-grown substrates by deposition of
Zn(O,S). In addition, the Cu Auger spectra (see Supplementary
information, Fig. 1) did not show any evidence of elemental Cu
formation and therefore we conclude that the Cu2O surface is
stoichiometric, which is necessary for the best solar cell performance
[3]. The absence of elemental copper and CuO at the interface suggests
that the current blocking layer in Cu2O/Zn(O,S) solar cells originates
from another species at the interface. Fig. 3(c) shows the S 2p doublet
of the Zn(O,S) film and contains composition information about the
sulfur phases that are present at the interface. The main peak position
of the 2p3/2 at 161.8 eV and the 2p1/2 position at 162.8 eV correspond
to ZnS, confirming that the film is primarily zinc oxysulfide. The
smaller doublet around 168 eV is attributed to ZnSO4 [14]. It was

found previously that ZnSO4 forms primarily at the heterojunction
interface [3], with the bulk of the film being the desired zinc oxysulfide
phase. Similarly, in CIGS photovoltaics incorporating Zn(O,S), con-
centrations of ZnSO4 were observed at the Zn(O,S)/CIGS interface that
vary with deposition temperature [10]. The Zn(O,S) film deposited at
room temperature has the largest amount of zinc sulfate present. The
relative sulfate content decreases as the deposition temperature rises
and seems to correlate with improved photovoltaic performance up to a
deposition temperature of 100 °C. However, above 100 °C both the Voc

and the Jsc are both significantly reduced relative to the 100 °C case,
despite a decrease in ZnSO4 content. Structural changes in the Zn(O,S)
do not explain this decrease, as the Zn(O,S) films remain amorphous
up to at least 125 °C (see Supplementary information, Fig. 2) but there
is a drastic decrease in the Jsc and Voc between 100 and 125 °C. The
sharp decrease in Voc and Jsc could be due in part to a change in the
sulfur content of the Zn(O,S) film at elevated temperature, which was
observed in CIGS/Zn(O,S) cells [10], and would change the Zn(O,S)
band alignment. The Voc decrease at higher deposition temperatures
can also indicate a decrease in interface quality, which may be caused
by increased interdiffusion. In addition, the lack of CuO on the Cu2O
surface at elevated temperatures could result in changed growth
dynamics that alter the interface quality.

In order to check whether the presence of CuO on the surface
affected the chemistry of the growing Zn(O,S) film and promoted
sulfate formation, a Cu2O wafer was annealed at 200 °C to remove the
CuO layer and then cooled down to 100 °C before depositing Zn(O,S).
As shown in Fig. 3(c), the concentration of sulfate in this sample is
negligibly different from the sample grown at 100 °C, suggesting that
the presence of CuO on the surface does not significantly promote
ZnSO4 formation, and that Zn(O,S) deposition temperature is the
dominant factor in limiting ZnSO4 at the interface. The oxygen 1s peak
in Fig. 3(d) shows presence of the Zn–O bond at 530.4 eV and metal
hydroxide at 531.6 eV [15]. The magnitude of the hydroxide peak
decreased as the temperature was increased to 100 °C, but was still
present. We thus conclude that the decrease in ZnSO4 concentration at
the interface is of greater significance to maximizing the short circuit
current, but that the remaining hydroxide could still be limiting device
performance.

3.4. Structural characterization of Zn(O,S)/Cu2O interface

Fig. 4(a) shows a bright field cross sectional transmission electron
micrograph of the solar cell deposited at 100 °C. The Cu2O layer root-
mean-square surface roughness is approximately 2 nm as measured by
AFM and the Zn(O,S) and ITO layers grow conformally. The Pt
protective layer on top of ITO is used as a sacrificial layer during
focused ion beam sample milling and is not part of the measured
device. The thickness of the Zn(O,S) layer is confirmed to be approxi-
mately 45 nm and ITO is approximately 55 nm. Fig. 4(b) shows high
resolution transmission electron micrographs of the Zn(O,S)/Cu2O
interface, with the inset showing the highest achievable magnification.
The Zn(O,S) layer is amorphous with a small amount of nanocrystals,
which form due to beam-induced crystallization during the TEM
measurement and are not present in the measured solar cells. The
Cu2O surface appears to have very little disorder, and no other phases
seem to be present at the interface. The absence of extraneous phases
and sharp transition between Zn(O,S) and Cu2O at the Zn(O,S)/Cu2O
junction are indicative of high interface quality and suggest that other
factors limit the device performance.

4. Conclusions

In this work, we investigated the effect of deposition temperature of
Zn(O,S) on the performance of Cu2O/Zn(O,S) photovoltaics.
Deposition of Zn(O,S) without intentional substrate heating yields an
average short circuit current of only 2 mA/cm2. The small short circuit
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Fig. 3. (a) Cu 2p peaks for a bare Cu2O wafer annealed in vacuum inside the XPS chamber; (b) Cu 2p peaks; (c) S 2p peaks, and (d) O 1s peaks corresponding to XPS characterization of
1–2 nm Zn(O,S) layers deposited at different temperatures on Cu2O.

Fig. 4. Transmission electron micrographs of Zn(O,S)/Cu2O solar cell deposited at 100 C. (a) low resolution bright field image showing film thickness; (b) high resolution image of the
Zn(O,S)/Cu2O interface; (inset) highest magnification.
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current density is accompanied by a thin layer of ZnSO4, which we find
acts as a barrier to photocurrent. Increasing the substrate temperature
results in a substantial short circuit current increase to an average of
5 mA/cm2 at 100 °C. and is correlated to a suppression of ZnSO4

formation at the Zn(O,S)/Cu2O interface. However, even in the most
efficient cells, ZnSO4 is still present and EQE measurements confirm
the presence of a photocurrent barrier and show strong light and
voltage bias dependent collection. Depositing Zn(O,S) at temperatures
above 100 °C further reduces the presence of ZnSO4 but degrades
photovoltaic performance. Further work is needed to address these
issues in order to make Zn(O,S) a viable heterojunction window layer
for Cu2O solar cells.
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