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Here we present for the ﬁrst time a TiO2/Cu2O all-oxide heterojunction solar cell entirely produced by
spray pyrolysis onto ﬂuorine doped tin oxide (FTO) covered glass substrates, using silver as a back
contact. A combinatorial approach was chosen to investigate the impact of the TiO2 window layer and
the Cu2O light absorber thicknesses. We observe an open circuit voltage up to 350 mV and a short circuit
current density which is strongly dependent of the Cu2O thickness, reaching a maximum of  0.4 mA/
cm2. Optical investigation reveals that a thickness of 300 nm spray pyrolysis deposited Cu2O is sufﬁcient
to absorb most photons with an energy above the symmetry allowed optical transition of 2.5 eV,
indicating that the low current densities are caused by strong recombination in the absorber that
consists of small Cu2O grains.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction
Metal oxide (MO) semiconductors are promising for photovoltaic applications; many MOs are abundant, non-toxic and chemically stable which allows material deposition under ambient
conditions [1]. Today MOs are already widely used as active or
passive components in a broad range of available commercial
applications such as active channel layer in transistors that
constitute the active matrix of displays [2] or in solar cells as
transparent conducting front electrodes and as electron or hole
transport layers [3]. Heterojunctions entirely based on MOs, so
called all-oxide photovoltaic cells, are recently attracting considerable attention due to their promising potential for price reduction
using cheap materials and production methods [4–6].
Heterojunction ZnO/Cu2O cells are the best investigated system, [7] where the wide bandgap ZnO acts as a window layer
while the Cu2O has a bandgap in the visible region of the sun
spectrum at around 2 eV [8]. Even though the Cu2O bandgap is not
ideal for sun light (AM1.5G) remarkable light to electric power
conversion efﬁciencies up to 4% have been reported for cells with a
ZnO window layer [9] while 5% were reached with a Ga2O3 layer

n

Corresponding author.
E-mail address: sven.ruhle@gmail.com (S. Rühle).

[10]. An open circuit voltage up to 1.2 V was reported recently for a
Ga2O3/Cu2O heterojunction cell [11]. For multi-junction tandem
cells with three or more junctions the Cu2O bandgap is nearly
optimized [12]. Furthermore, Cu2O is a very attractive absorber for
semi-transparent photovoltaics. Besides solar cells, Cu2O thin ﬁlms
have also been used in optoelectronic devices such as thin ﬁlm
transistors [13].
Cu2O is mostly p-type and can be produced by several methods
including sputtering, [14] pulsed laser deposition, [15] chemical
vapor deposition, [16] electrochemical deposition, [17,18] anodic
oxidation, [19] spray pyrolysis, [20] atomic layer deposition, [21]
and thermal oxidation of highly pure Cu metal [7,9,10,22,23]. Cu2O
based solar cells with a light to electric power conversion
efﬁciency above 4% are mostly based on Cu sheets thermally
oxidized at high temperature (  1000 1C) and very low oxygen
partial pressure, leading to a high crystalline quality [7,9,10].
Alternative deposition methods such as electrochemical deposition of a ZnO layer followed by Cu2O has been presented as a low
cost fabrication route towards all-oxide photovoltaics, but the
resulting devices showed a conversion efﬁciency of  1.4% [18,24].
Spray pyrolysis is a very promising low-cost process which can
be easily up-scaled for the deposition onto large areas and the
process can be carried out at ambient atmosphere, which is a huge
advantage over vacuum deposition techniques that require expensive deposition systems. [25] Spray pyrolysis of dense TiO2 layers is
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a well-developed process using an organic precursor solution,
which has been widely used to reduce shunting in quantum dot
sensitized solar cells [26] and in dye-sensitized solar with a solid
state hole conductor [27]. For ZnO it was shown that nanostructures such as rods and wires can be produced by spray
pyrolysis [28]. Cu2O has been produced by spray pyrolysis using
an aqueous-alcoholic solution of copper acetate monohydrate as a
precursor and glucose as a reducing agent. A reaction mechanism
was proposed where the glucose reacts with the copper acetate,
reducing the Cu2 þ cation to metallic copper Cu0. Subsequently the
high temperature permits the oxidation of the metallic copper to
Cu2O [20]. By controlling the temperature and the concentration of
the precursor and reducing agent it is possible to obtain only the
cuprite phase. Spray pyrolysis deposited Cu2O was recently
applied in a p-type thin ﬁlm transistor showing how this material
can be successfully used in optoelectronic devices [29].
Here we present for the ﬁrst time a TiO2/Cu2O heterojunction
solar cells where both MO layers were produced by spray pyrolysis.
Spray pyrolysis is a very attractive process for large area fabrication
and can potentially be attached to the glass production process such
that different layers are sprayed onto a glass substrate while this is
still hot. To investigate the spray pyrolysis deposited solar cells in an
efﬁcient manner we have applied a combinatorial material science
approach [15] to generate combinatorial heterojunction device

libraries with changing TiO2 and Cu2O layer thickness. High
throughput measurement systems were employed for optical and
electrical characterization with the focus to understand the impact
of the layer thicknesses on the solar cell performance.

2. Results and discussion
Fig. 1 schematically shows the combinatorial TiO2/Cu2O heterojunction device library approach. FTO covered glass substrates
served as a joint front electrode onto which the TiO2 layer was
deposited with a linear thickness gradient parallel to the x-axis
(Fig. 1a) followed by the Cu2O absorber with a linear gradient
parallel to the y-axis (Fig. 1b) leading to a total heterojunction
thickness proﬁle with a diagonal thickness gradient (Fig. 1c). The
left hand side in Fig. 1 shows a schematic representation, while
thickness data derived from optical measurements are shown on
the right hand side. The TiO2 thickness was ranging from 60 to
320 nm, while the Cu2O layer was between 180 to 580 nm thick.
Structural analysis was carried out before deposition of the Ag
back contacts by X-ray diffraction measurements (XRD) showing
clear peaks of Cu2O, TiO2 (anatase) and SnO2 which originated
from the FTO substrate (Supporting Information). SEM images
were recorded at different locations of the library corresponding to

Fig. 1. Schematic representation (left) and measured thickness data (right) of the spray pyrolysis deposited combinatorial device library consisting of FTO layer onto which
a) a TiO2 layer is deposited with a linear gradient in x-direction and b) a linear Cu2O gradient in y-direction. c) Joint thickness proﬁle of both layers. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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different Cu2O thicknesses (Fig. 2). The inset of each Figure shows
the Cu2O thickness proﬁle and black points label the location of
the SEM measurement. On the top of the library the grain size
distribution is homogenous and in the order of 20–50 nm. At
slightly thinner Cu2O (Fig. 2b) clusters in the order of 50–100 nm
are observed which consist of grains with a very similar size to the
one in Fig. 2a. In Fig. 2c the Cu2O crystals have similar size, but
without formation of any larger multi-crystalline clusters. At the
bottom of the library where the Cu2O is the thinnest one can see
again small crystals in a size range like above with some kind of
cauliﬂower morphology. Fig. 2 shows that the crystal size of spray
pyrolysis deposited Cu2O is in the order of 20–50 nm, which
would correspond to a drop size with a diameter of 0.3–0.7 μm,
assuming that each of these crystals grew from an individual
droplet during the spray pyrolysis process. The real dropsize in
ultrasonnic spray however is in the order of 10 μm and thus
signiﬁcantly larger, indicating that droplets from the spray nozzle
decompose into plenty of small droplets when they hit the 300 1C
hot substrate surface, which is  200 1C above the boiling point of
the precursor solvents (water and isopronanol). Spray pryolsysis
deposited crystals are substantially smaller compared to electrochemical deposited Cu2O or thermally oxidized Cu2O, which have
a grain size in the order of microns to millimeters due to
continuous growth of crystallites during material synthesis
[7,9,10,30]. EDS maps have been performed after FIB milling
experiments (Fig. 2e–h), testing for the homogeneous distribution
of Cu, Ti and Sn along the sample. Scattered measurement points
outside the layer boundaries are due to the resolution limit of the
EDS measurement, namely to the interaction volume of the
electron beam with the thin MO ﬁlms.
Optical transmittance and reﬂectance measurements were
carried out on a grid of 13  13 points to determine the optical
bandgap. A typical transmittance spectrum of the TiO2/Cu2O
heterojunction is shown in Fig. 3a with complete light absorption
below  500 nm, corresponding to an energy of 2.48 eV. This is in
good agreement with the bandgap analysis from a Tauc plot,
shown in Fig. 3b, where the absorption coefﬁcient α was derived
from the total transmission T and reﬂection spectra R and the
absorber thickness d using [31]


1
T ðhνÞ
ð1Þ
αðhνÞ ¼  log
d
1  RðhνÞ
In Tauc plots (αhν)n is plotted versus the photon energy hν,
where n ¼2 for a direct optical transition which is parity allowed.
Cu2O has several direct optical transitions, which occur at the Γpoint of the Brillouin zone. For low temperatures (4.2 K) the
lowest transitions are reported at 2.17 eV and 2.30 eV, which are
both parity forbidden while the ﬁrst allowed transitions appear at
2.62 eV and 2.76 eV [32]. The band gap is typically temperature
dependent and can shrink by some hundred meV at room
temperature, thus the derived bandgap for the spray pyrolysis
deposited Cu2O layer is in reasonable agreement with the known
parity allowed Cu2O transitions from literature. Fig. 3c shows a
bandgap map of the full heterojunction library with a bandgap of
2.487 0.03 eV. A bandgap of around 2.49–2.51 eV is observed at
the center and top of the library while a slightly smaller bandgap
is derived at the bottom of the library. We note that for the
derivation of the bandgap from Tauc plots, an automated script
was used with the same ﬁtting interval for all spectra. Small
Fig. 2. SEM images of the Cu2O layer at the a) top, b) top-middle, c) bottom-middle
and d) bottom of the library. The location of the SEM measurement is shown as a
black dot in the inset, which shows the thickness proﬁle of the Cu2O layer. e) SEM
image after FIB milling showing in false colors the TiO2/Cu2O heterojunction as well
as the FTO layer, and the corresponding X-ray maps in f) Cu, g) Ti and h) Sn. The
dashed lines delimitate each individual layer, and the noise is related to the
technique constraints. The oxygen map is not presented.

deviations at the bottom of the library might be due to optical
interferences within the absorber layer which is only  200 nm
thin in this area. Interferences are not sufﬁciently taken into
account by Eq. (1), leading to a small systematic error of the
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Fig. 3. a) Optical transmittance measured at the center of the device library.
b) Typical Tauc plot for a direct allowed optical transition with a linear ﬁt to derive
an optical bandgap of 2.5 eV. c) Map of the band gap derived from Tauc plots for the
entire library. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article).

derivation of α and subsequently of the bandgap derivation for
very thin absorber layers.
Light absorption between 2.0 and 2.5 eV is weak due to the
symmetry forbidden optical transitions. Tauc plots with an exponent n ¼2/3 have been used by others to derive the bandgap for
symmetry forbidden transitions of electrochemical deposited
Cu2O, however for the spray pyrolysis deposited Cu2O in this work
Tauc plots with a 2/3 exponents did not show a linear regime
suitable for bandgap derivation. However below we show that
even partial light absorption in the range between 2.0 and 2.5 eV
has a strong impact on the photocurrent density.
To convert the heterojunction into a solar cell library a grid of
13  13 round Ag back contacts was deposited onto the Cu2O layer
and a metal frame was ultrasonically soldered at the library edges
for good electrical contact with the FTO front electrode. A schematic cross-section and top view are shown in Fig. 4a and b,
respectively, where the solar cell area was estimated by the size of
the back contact, neglecting lateral charge collection from areas
surrounding the contact patch. The minimum distance between

neighboring cells was 3.2 mm to prevent lateral interaction
between neighboring devices. Fig. 4c shows a photograph of the
library taken from the glass substrate side with the typical yellow/
orange color of Cu2O. Note that for all maps shown in Fig. 4 the
TiO2 thickness is decreasing from the left to the right while the
Cu2O thickness is decreasing from top to bottom. TiO2/Cu2O solar
cell libraries in conjunction with automated high throughput
characterization systems allow a systematic investigation of the
device performance as function of the individual heterojunction
layer thicknesses, providing more comprehensive data compared
to conventional single device measurements.
I–V scans in the dark and under illumination were performed in
each point and three examples are shown in Fig. 4d–f, measured in
the points shown in Fig. 4b as dark gray. A higher short circuit
current density Jsc, and ﬁll factor is observed for the cell with an
550 nm thick Cu2O layer (4d) while a lower Jsc and a poor ﬁll factor
are observed for the two examples with thinner Cu2O (4e,f). Maps
of the solar cell parameters Jsc, open circuit voltage Voc, ﬁll factor
(FF), maximum power density Pmax, shunt resistance Rsh and series
resistance Rs all derived from the I–V curve under illumination are
shown in Fig. 4g–l. Black dots symbolize cells where a substantial
difference of the solar parameters was observed depending on the
I–V scan direction due to hysteresis or cells that did not show
photovoltaic action at all.
The highest Jsc is achieved when the absorber layer thickness is
more than 500 nm. The Voc on the other hand seems to correlate
with the total heterojunction thickness with  350 mV in the top
left corner, where the TiO2 and the Cu2O are the thickest, followed
by a Voc of  300 mV which is observed on the top of the library
where the Cu2O thickness is high or at the left side of the library
where the TiO2 thickness reaches its maximum. A similar trend is
observed for the ﬁll factor, with very low values  25% that are
observed in the lower right half of the library. The maximum
electric power density Pmax, which is the product of Jsc, Voc and FF
consequently shows a similar pattern like the ﬁll factor, with the
highest values on top of the library. Multiplying Pmax by 100% and
dividing it by the incident light intensity of 95 mW/cm2 (corresponding to simulated AM1.5G spectrum without photons with a
wavelength o400 nm) leads to the light to electric power conversion efﬁciency, which remains signiﬁcantly below 1%. The low
ﬁll factor corresponds to an ohmic behavior in the quadrant of
photovoltaic action implying that the shunt resistance Rsh is low
and does not differ signiﬁcantly from the series resistance Rs,
which can also be seen from Fig. 4k and l. From Fig. 4 we can
conclude that the thickness of the underlying TiO2 layer has a
positive impact on the photovoltage and ﬁll factor, however the
overall ﬁll factor is rather low due to a large Rs and a too low Rsh. A
high density of interface states at the TiO2/Cu2O junction, energetically located in the bandgap of both materials, could be involved
in the recombination of electrons from the TiO2 and holes from the
Cu2O and explain the low Rsh.
The photocurrent is strongly increasing with the Cu2O thickness, which might be an indication for incomplete photon absorption due to an insufﬁcient absorber thickness. To investigate this in
more detail we have calculated the maximum photocurrent that
can be expected (Jmax), based on optical transmission and reﬂection data. Fig. 5a shows a map of Jmax, calculated according to [33]
J max ¼

Z λg

λonset



 
 
1  T λ  R λ ΦðλÞ dλ

 
 
where 1  T λ  R λ
is the fraction of photons that are
absorbed and Φ(λ) dλ is the photonﬂux in the wavelength interval
dλ deﬁned by the AM1.5G standard spectrum. For the data in
Fig. 5a the integration was carried out from the onset of the solar
spectrum in the UV (λonset) until the band gap (λg), taking the
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Fig. 4. Combinatorial PV device library: a) cross-section view showing thick TiO2 on the left hand side and thin TiO2 on the right hand side. b) Schematic top view of the
heterojunction library with the Ag contacts using a color map corresponding to the total heterojunction thickness (TiO2 þ Cu2O). c) Photograph of the library. Dark and light
I-V curves measured at the d) top, e) middle and f) bottom of the library (shown by dark gray points in b). Maps of the g) Jsc, h) Voc, i) ﬁll factor, j) maximum power output
Pmax, k) shunt resistance Rsh and l) series resistance Rs derived from the I–V curve under illumination. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article).

bandgap data from Fig. 3c. One can see that the difference in the
calculated maximum photocurrent is minor, ranging from 5.0–
5.6 mA/cm2. Fig. 5b presents the Jmax as a function of the Cu2O
thickness (blue circles), showing that a thickness of 300 nm is
sufﬁcient to absorb most of the photons with an energy above
band gap. The green circles show Jmax when the integration is
carried out until λg ¼620 nm, corresponding to a band gap of
2.0 eV, which is parity forbidden and consequently light absorption is weak. The red circles are the difference between green and
the blue circles, thus showing the Jmax that can be expected due to
the weak light absorption between 2.0 and  2.5 eV. This keeps
increasing as a function of the Cu2O thickness showing that even
at the maximum thickness of  550 nm only a fraction of photons
is absorbed, which can be estimated when looking at maximum
possible photocurrent JAM1.5G (Fig. 5c). In contrast to Jmax, where
we carry out the integration of the fraction of absorbed photons
we assume for the calculation of JAM1.5G that all photons with an
energy above bandgap are absorbed and converted into electric
current with a quantum efﬁciency of 100%. One can see that for a
band gap of 2.5 eV a maximum current density of 6.27 mA/cm2 is
possible, which is close to the Jmax of 5.6 mA/cm2 of the presented
device library where mainly reﬂection of the incident light at the
air/glass interface accounts for the lower current density. For a
band gap of 2 eV a theoretical maximum photocurrent JAM1.5G of
14.7 mA/cm2 can be achieved, which is signiﬁcantly higher than
the calculated 9.2 mA/cm2 based on transmission and reﬂection
measurements of the 550 nm thick Cu2O layer. For the symmetry
forbidden transition the absorption coefﬁcient α is weak starting
at  2  102 cm  1 at 2 eV and is increasing to  5  104 cm  1 at
2.5 eV, [31] thus requiring a larger absorber thickness for that

spectral range. In a photovoltaic device with a bandgap of 2.0 eV
approximately 60% of the theoretically achievable current density
is due to photon absorption between 2.0 and 2.5 eV and for Cu2O
the absorber thickness has to in the order of microns to absorb
most photons in that range.
The measured short circuit current density as a function of the
Cu2O absorber thickness is shown in Fig. 5d. On one hand one can
see that Jsc is strongly increasing with increasing thickness, which
is not observed for Jmax with its moderate dependence on the Cu2O
thickness. On the other hand Jsc remains one to two orders of
magnitude below Jmax, indicating that the spray pyrolysis deposited Cu2O layer is limited by a low electronic quality, leading to
strong recombination rather than insufﬁcient light absorption. The
strong thickness dependence of the Jsc might be associated to the
deposition process in which the absorber is sprayed layer by layer
with a successively increasing spray area to achieve a thickness
gradient (see also Supporting information). Thus the ﬁrst layer
remains signiﬁcantly more time on the hot plate than the last layer
which might improve the crystallinity at the TiO2/Cu2O interface
and/or reduce the defect concentration due to slight variations in
the Cu/O stoichiometry.
Further investigation of the spray pyrolysis deposition process
is required to improve the performance of sprayed Cu2O heterojunction solar cells. As pointed out by others, larger Cu2O crystals
of higher quality have to be achieved in order to increase the
photocurrent [7]. Furthermore, replacing the TiO2 electron conducting layer by ZnO or other n-type wide bandgap MOs might
improve the conversion efﬁciency, especially the photovoltage.
The TiO2/Cu2O junction has a large conduction band discontinuity
ΔECB which leads to a loss in photovoltage (see Fig. 6). In sputtered
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Fig. 5. a) Map of the maximum photocurrent Jmax that can be expected based on total transmission and reﬂection data. b) Jmax as a function of the Cu2O thickness calculated
for the symmetry forbidden bandgap of 2 eV (green) and for the symmetry allowed bandgap at  2.5 eV (blue). The difference of both is shown in red. c) Maximum
photocurrent as a function of the band gap energy for the AM 1.5 G spectrum, assuming 100% quantum efﬁciency for photons with an energy above band gap. d) Measured Jsc
for the library as a function of Cu2O thickness. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

Fig. 6. Energy band diagram of an all oxide heterojunction solar cell at a) short circuit and b) open circuit. A strong conduction band offset at the interface of the electron
conducting layer (ECL) and the Cu2O absorber like in TiO2/Cu2O heterojunctions leads to a low Voc compared to the Cu2O band gap.

TiO2/Cu2O junctions it was shown that this discontinuity can reach
up to 1.4 eV [34] and work is in progress to investigate this offset
at interfaces based on spray pyrolysis produced TiO2 layers. The
ZnO/Cu2O
heterojunction
is
an
all-oxide
photovoltaic

heterojunction that has shown promising light to electric power
conversion efﬁciencies with a smaller ΔECB of 0.97 eV [35]
compared to the TiO2/Cu2O junction. A better alignment of the
conduction bands is possible by alloying ZnO with Mg, [36–39]

M. Pavan et al. / Solar Energy Materials & Solar Cells 132 (2015) 549–556

however even for the highest achievable Mg content and staying
within the wurtzite crystal structure an offset in the conduction
band between MgxZn1  xO and Cu2O of 0.2 eV remains [35]. It was
demonstrated that alloy MgxZn1  xO with x up to 10% increase the
Voc and the efﬁciency of the solar cells due to the reduction of the
conduction band offset; percentage above 10% resulted in decreasing the performance due to the higher resistivity of the obtained
compound [36]. MgxZn1  xO can also be deposited by SP [40]. A Voc
of around 1.2 V was recently reported for a Ga2O3 window layer,
which has a conduction band edge closer to the vacuum level, thus
reducing the conduction band offset at the interface with the Cu2O
absorber [11]. Furthermore, a hole transport layer between the
Cu2O and the metal back contact might be incorporated as well, in
order to increase the charge selectivity of the contacts. The low
cost technique and the high throughput characterization presented in this work have the potential for a fast development of
a low cost optimization.
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4.2. Spray pyrolysis of Cu2O
The Cu2O ﬁlm was deposited onto the TiO2 layer using a commercial
spraying system (SONOTEK Exacta Coat). A precursor solution of 0.02 M
Copper (II) acetate monohydrate (Cu(CH3COO)2H2O) and 0.03 M
of glucose dissolved in water and isopropanol (mixing ratio 4:1) was
sprayed by the ultrasonic nozzle onto the substrate that was maintained at 300 1C using a hot plate. The solution ﬂow rate was 1 mL/min
and the airﬂow pressure was 5.6 bars. The x–y deposition scan velocity
was 25 mm/s and the nozzle to substrate distance was approximately
18 cm. A series of spray cycles with a progressive larger scan area was
used to produce a linear Cu2O thickness gradient, orthogonal to the
TiO2thickness gradient. In order to maintain in each point of the
substrate the same condition of reaction and avoid the formation of
CuO, the deposition scan program was designed to spray the solution at
the same points of the substrate every 50 s. The total sprayed precursor
volume was 27 mL.
4.3. Structural characterization

3. Conclusion
We have presented an all-oxide TiO2/Cu2O heterojunction solar
cell produced by spray pyrolysis, which is to the best of our
knowledge the ﬁrst time that an entire heterojunction has been
produced by this easily up-scalable low cost technique. Using a
combinatorial device library approach together with high throughput electrical and optical characterization we have derived a direct
bandgap of 2.5 eV with a strong absorption coefﬁcient such that
nearly all photons with an energy above 2.5 eV are absorbed
within a Cu2O thickness of 300 nm. Light absorption of the
symmetry forbidden bandgap at 2.0 eV is considerable weaker
and requires absorber thicknesses in the order of microns. The
photocurrent of the spray pyrolysis deposited heterojunction
remains with 0.4 mA/cm2 signiﬁcantly below maximum photocurrent based on the number of absorbed photons. We attribute
this to a small Cu2O grain size and a high density of grain
boundaries that might enhance recombination. To improve the
photovoltaic characteristics larger Cu2O grains of higher quality
have to be synthesized and the conduction band offset at the TiO2/
Cu2O interface has to be reduced.

4. Experimental section
4.1. Spray pyrolysis of TiO2
Compact TiO2 layers were deposited by spray pyrolysis in a
homebuilt setup. Fluorine doped SnO2 (FTO) covered glass substrates with a size of 71.2  71.2 mm2 and a sheet resistance of
15 Ω/square (TEC 15, Hartford Glass Co. Inc.) were thoroughly
washed with soap, rinsed with ethanol followed by de-ionized
water and were dried in a dry air stream. The substrates were
placed onto a Ceran hotplate (Harry Gestigkeit GmbH) heated to
450 1C and a precursor solution of 0.1 M titaniumtetraisopropoxide and 0.1 M acetylacetone in ethanol and isopropanol (mixing
ration 1:1) was sprayed with a pneumatic spray nozzle (Spraying
Systems Co.) at a rate of 60 cm3/h, controlled by a syringe pump
(Razel Scientiﬁc Instruments) while clean compressed air at a ﬂow
rate of 6 l/min was used as a carrier gas. The nozzle was mounted
onto a commercial x–y scanner (EAS GmbH) using a x–y scan
velocity of 30 mm/s and a nozzle - substrate distance of  7 cm. A
linear thickness gradient was produced using a series of spray
cycles with a successively decreasing scan area.

X-ray diffraction (XRD) patterns were obtained using the
computer-controlled Panalytical XpertPRO system (Cu Kα radiation; λ ¼ 1.5405 Å) in Bragg–Brentano geometry (θ/2θ coupled).
Scanning electron microscopy (SEM) measurements were carried
out using a Helios 600 system (FEI) and an AURIGA CrossBeam
workstation (Carl Zeiss), both equipped for Energy Dispersive XRay Spectroscopy (EDS) analyses. Scanning electron microscopy
(SEM) measurements were carried out using a Helios 600 system
(FEI) and an AURIGA CrossBeam workstation (Carl Zeiss), both
equipped for Energy Dispersive X-Ray Spectroscopy (EDS) analyses. For focused ion beam (FIB) experiments, Ga þ ions were
accelerated to 30 kV at 10 pA and the etching depth was kept
around 600 nm. EDS maps were carried out after FIB experiments
with an accelerating voltage of 15 kV and at a tilt angle of 541
properly indicated on INCA software from Oxford Instruments.
4.4. Optical characterization
Optical transmission and reﬂectance spectra were measured
with a homebuilt scanning system, consisting of a computer
controlled x–y scanning table (Märzhäuser Wetzlar GmbH & Co.
KG) in conjunction with a specular reﬂectance probe and two
integrating spheres connected by optical ﬁbers to CCD array
spectrometers (HR4000, Ocean Optics Inc.) [33]. For total transmittance, total reﬂectance and specular reﬂectance measurements
the sample was illuminated from the glass substrate side. For total
transmittance measurements the light was collected by an integrated sphere from the behind the Cu2O layer, for total reﬂectance
measurements the integrating sphere was on the side of incident
light and specular reﬂectance was measured with a commercial
probe head (Ocean Optics). All measurements were carried out on
a grid of 13  13 points after the deposition of each layer for
thickness and bandgap analysis as described elsewhere [15].
4.5. Solar cell characterization
For spatially resolved I–V characterization of the heterojunction
library a grid of 13  13 Ag back contacts was deposited by thermal
evaporation (Vinci Technologies) onto the Cu2O layer using a
shadow mask where each contact patch had a diameter of
1.8 mm, corresponding to an area of  0.026 cm2. Close to the
sample edges the sprayed TiO2 and Cu2O were mechanically
removed using a diamond pen and a frame of soldering alloy was
deposited at the substrate edges. I–V characteristics of all 169
devices in the dark and under illumination was measured with a
Keithley 2400 source meter in conjunction with automated x–y
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scanning table (Märzhäuser Wetzlar GmbH & Co. KG) and a
motorized z-stage (Olympus/Märzhäuser Wetzlar GmbH& Co. KG)
onto which a gold plated spring loaded tip (Ingun Prüfmittelbau
GmbH) was mounted to provide temporary electric contact for
measurement of each solar cell. Illumination was provided through
a laser pumped Xe lamp (LDLS from Energetics Co.) which was
coupled through an optical ﬁber to the scanning stage. An AM1.5G
ﬁlter was used to adjust the Xe lamp emission to the sun spectrum
and the light was conﬁned to a round spot with a diameter of
6 mm using a collimating lens.
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