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Abstract. Numerical simulations of AZO/Zn1�xGexO/Cu2O solar cell are performed in order to model for the
first time the impact of the germanium composition of the ZnGeO buffer layer on the photovoltaic conversion
efficiency. The physical parameters of the model are chosen with special care to match literature experimental
measurements or are interpolated using the values from binary metal oxides in the case of the new Zn1�xGexO
compound. The solar cell model accuracy is then confirmed thanks to the comparison of its predictions with
measurements from the literature that were done on experimental devices obtained by thermal oxidation. This
validation of the AZO/Zn1�xGexO/Cu2O model then allows to study the impact of the use of the low cost,
environmental friendly and industrially compatible spray pyrolysis process on the solar cell efficiency. To that
aim, the Cu2O absorber layer parameters are adjusted to typical values obtained by the spray pyrolysis process
by selecting state of the art experimental data. The analysis of the impact of the absorber layer thickness, the
carrier mobility, the defect and doping concentration on the solar cell performances allows to draw guidelines for
ZnGeO/Cu2O thin film photovoltaic device realization through spray pyrolysis.

Keywords:Photovoltaic / solar cell model / numerical simulation /metal oxide / Cu2O / ZnGeO / germanium
composition / low cost fabrication
Among the potential future photovoltaic technologies,
metal oxide materials are promising to develop thin film
solar cells based on low toxicity and earth abundant
elements in order to further reduce the production cost and
environmental impact. Besides the use of metal oxides in
transparent conductive electrodes, photovoltaic technolo-
gies can benefit from the advantages of these materials to
produce all oxide solar cell structures [1]. Several candidate
materials are currently being explored to develop metal
oxide absorber: materials such as BiFeO3, Fe2O3 or Co3O4
[2]. Among them, copper oxide (Cu2O) has been the most
popular one during the past decades [3] because it exhibits
properties that are interesting for photovoltaic applica-
tions. Indeed, copper oxide is a p-type semi-conductor and
benefits from a large absorption coefficient (a > 105 cm�1)
[4] and high electrical properties (Hall mobility higher than
100 cm2V�1 s�1 and carrier concentration ranging from 1013

to 1016cm�3 [5]). Even though the large bandgap value of
2.1 eV of Cu2O limits its theoretical photovoltaic conversion
efficiency around 20% (Shockley-Queisser limit) [6],
hristyves.chevallier@univ-lorraine.fr

penAccess article distributed under the terms of the CreativeCom
which permits unrestricted use, distribution, and reproduction
copperoxide combines both interesting electrical and optical
properties for a low toxicity, low cost and earth abundant [7]
photovoltaic application.

During the past decade, important work on the
optimisation of Cu2O based photovoltaics was performed
[3]. The last improvements concern the optimization of the
band alignment of the structure by carefully selecting the
buffer layer material. In fact, one limitation of the use of
Cu2O as the absorber layer is its low electron affinity
x=2.1 eV which creates a conduction band offset with the
buffer layer which is typically made of zinc oxide
(x=4.4 eV) [8] or titanium oxide (x=4.1 eV) [9]. Previous
simulations show that the reduction of the electron affinity
of the buffer layer to 3.2 eV enhances the efficiency of the
device [10]. Thus, in order to decrease the conduction band
offset of Cu2O solar cells, a zinc germanium oxide
compound was experimentally introduced as the buffer
layer to benefit from the low electron affinity of germanium
oxide which results in an optimum 8.1% efficiency device
[11].

It is worth mentioning that the most efficient Cu2O
photovoltaic devices were obtained thanks to a thermal
oxidation process from copper foils, a well established
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
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method to grow high quality copper oxide. Despite the
excellent material properties of the resulting Cu2O, the
high energy consumption of the thermal oxidation done
under high temperatures (>1000 °C) for several hours
limits its application for a low cost industrial scale
elaboration of solar devices. In order to reach the
photovoltaic market, several manufacturing processes
using large area capable, low cost and environmental
friendly methods are currently explored such as sputtering
[12–14] or electrodeposition [15,16]. Among the low cost
technologies, the spray pyrolysis process is of high interest
and currently the subject of increasing research for the
production of Cu2O solar cells [17–19]. Promising results
have already been shown with TiO2/Cu2O or ZnO/Cu2O
heterojunctions. However, the efficiency of the devices
grown by spray pyrolysis is still limited below 1%. In order
to improve the performances of metal oxide solar cells
obtained by spray pyrolysis, further optimisation of the
elaboration process has to be done by decreasing impurities
levels in the material [20] or prevent unwanted copper
oxide phases at the junction interface. The latter issue is
well known for Cu2O heterojunctions [21]. Besides the
optimization of the elaboration process, an important work
on the design of the structure remains to be done by taking
into account the specificity of the spray pyrolysis process.

The work outlined in this paper is thus focused on
numerical simulations of AZO/ZnGeO/Cu2O heterojunc-
tions. In a first part, a numerical model of the AZO/
ZnGeO/Cu2O solar cell is defined using physical param-
eters carefully chosen from experimental measurements
from the literature. Simulation results are then compared
with the performances of the record experimental solar cells
[11] which is referred as the reference device in the present
paper, and allows for the first time the study of the impact
of the germanium composition of the ZnGeO buffer layer.
In a second part, the effect of the absorber layer parameters
are investigated by taking into account the constraints of
the spray pyrolysis process on the Cu2O material quality.
From this study, a set of guidelines for the development of
efficient metal oxide photovoltaic devices by spray
pyrolysis are drawn.
1 The ZnGeO/Cu2O solar cell model

The solar cell model described in this section is developed to
reproduce the experimental results obtained with a
structure based on a 200 nm thick aluminum zinc oxide
(AZO) and a 60 nm Zn1�xGexO buffer deposited by Pulsed
Laser Deposition (PLD) on top of a 200mmCu2O absorber
layer obtained by thermal oxidation [11]. The modeling is
performed through numerical simulation by solving the
Poisson and continuity equations (using Silvaco ATLAS
software version 5.19.20.R) in order to extract the solar cell
characteristics, namely its short circuit current JSC,
its open circuit voltage VOC, its fill factor FF and its
efficiency h.

Previous numerical models of copper based photovol-
taic devices have shown the importance to introduce
interface defects at the junction to account for the presence
of unwanted copper oxide phases and reproduce the
experimental characteristics of the solar cell [10]. The solar
cell presented in this paper uses a similar model by
introducing an interface layer and a defect layer at the
junction. Electrical defects are taken into account through
a Shockley-Read-Hall (SRH) recombination model with a
Gaussian distribution of recombination centers at midgap
energies and a width of 0.1 eV in each layer of the structure.
The only exception being the interface layer at the junction
for which two discrete trap levels are defined at 0:25 � EIL

g
and 0:75 � EIL

g energies with respect to the valence band,
EIL

g being the bandgap energy of the interface layer. For an
accurate modeling of the structure, the physical properties
of the materials are chosen as rigorously as possible from
experimental measurements through a precise selection
from a literature review described in the following sections.
A summary of the model parameters used is shown in
Table 1 and their choice is discussed in the following.

1.1 Physical parameters of the Cu2O absorber layer

The description of the solar cell structure starts with the
definition of the physical parameters of the absorber layer
from a comprehensive literature survey. Data is selected
from the measurements done on Cu2O films obtained by
the same thermal oxidation process as was used for the
photovoltaic device from the work ofMinami et al. [11] that
we have taken as the experimental reference. The electrical
properties of the copper oxide active layer have been
measured by them as a Hall mobility and of 100 cm2/Vs
and a hole concentration on the order of 1015 cm�3.
Concerning the optical properties, the wavelength depen-
dent complex refractive index and bandgap value are
extracted from ellipsometry measurements [4]. The selec-
tion of the electron affinity x is more delicate as
experimental values can take values in a wide range, from
2.9 to 4.33 eV, depending on the experimental process and
the surface states of Cu2O samples [31–33]. A value of
3.2 eV is however assigned to the electron affinity in
coherence with the experimental measurements and
existing literature models on copper oxide [10,34,35] The
densities of states NV and NC of the valence band and the
conduction band respectively are calculated at room
temperature T=300 °C from the effective masses m*

through the equation N ¼ 2 2pm�kBT
h2

� �3=2
, kB being the

Boltzman constant and h the Planck constant. The
electron and hole effective masses are set to
m�

e ¼ 0:93m0 and m�
h ¼ 0:56m0 respectively withm0 being

the electron mass [28]. The minority carrier recombination
lifetimes for Cu2O have been measured to values ranging
from 1 to 100 ns [30,36] and can reach up to 10ms for high
quality thermal oxide crystals with carrier concentration in
the order of 5� 1014 cm�3 [37]. In the model presented here,
the minority and majority carrier lifetimes are set to 100 ns
to match the experimental data.

1.2 Physical parameters of the AZO layer

The aluminum-zinc oxide layer doping concentration
(7.64� 1020cm�3) and electron mobility (30 cm2 V�1 s�1)
are set according to the measurements done on thin films



Table 1. Parameters of the AZO/ZnGeO/Cu2O solar cell model.

AZO Zn1�xGexO Cu2O

Thickness (mm) 0.2 [11] 0.06 [11] 200 [11]

er 8.91 [22] 6.181 7.6 [23]

Eg (eV) 3.37 [24] 4.971 2.034 [4]

x (eV) 4.1 [8] 3.111 3.2

me (cm
2V�1 s�1) 30 [25] 10 200 [10]

mh (cm2V�1 s�1) 3 [26] 5 100 [11]

NV (cm�3) 9.42 � 1019 [27] 1.137 � 1019 1.05 � 1019 [28]

NC (cm�3) 8.09 � 1018 [27] 3.718 � 1018 2.25 � 1019 [28]

Doping (cm�3) 7.64 � 1020 [25] 1020 2 � 1014 [11]

Defects Type Gaussian

NDG (cm�3) 1018 1018 1013 [10]

Recombinations

b (cm�3) 1.6 � 10�10 [29] 10�10 10�11 [30]

tn (s) 10�9 10�9 10�7

tp (s) 10�9 10�9 10�7

1 Values are dependant from the germanium composition x and given in this Table for x=0.62 (see Sect. 1.3).
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deposited by the same PLD process used for the reference
solar cell [11,25]. The wavelength dependent complex
refractive index of the AZO layer is deduced from
ellipsometry measurements for wavelengths ranging from
200 nm up to 700 nm [38,39]. Finally, to fit the simulation
results with the experimental data, the carrier lifetimes are
chosen in the order of the nanosecond which is a typical
value for zinc oxides [29,40] while the defect concentration
NDG is set to 1018 cm�3. The other physical parameters are
listed in Table 1 with corresponding references.

1.3 Physical parameters of the buffer layer

The selection of the physical parameters of the Zn1�xGexO
(ZGO) buffer layer represents the most critical aspect of
our model. Indeed, experimental data is only available for
the ternary compound Zn2GeO4 and very few papers focus
on other Zn/Ge ratios [41–44]. In order to simulate the
solar cell structure, an estimation of the bandgap energy
Eg, of the electron affinity x and of the permittivity er are
done through a linear interpolation over the whole
composition range between the physical parameters of
zinc oxide and germanium oxide using the following
equations:

EZGO
g ¼ xEGeO

g þ ð1� xÞEZnO
g

xZGO ¼ xxGeO þ ð1� xÞxZnO

eZGO
r ¼ xeGeO

r þ ð1� xÞeZnOr :

ð1Þ
From the linear interpolation, the bandgap energy is
estimated to be 4.97 eV for the Zn0.38Ge0.62O compound by
taking into account a 5.95 eV bandgap energy for
germanium oxide [45] and a 3.37 eV bandgap energy for
zinc oxide [24]. In a similar way, the interpolated electron
affinity is xZGO=3.11 eV using an electron affinity of
2.5 eV for germanium oxide [46] and 4.1 eV for zinc oxide
[8]. Finally, the permittivity is calculated to a value of 6.18
from the permittivity of 4.5 of germanium oxide [47] and
8.91 of the zinc oxide [22]. It is well known that the bandgap
and electron affinity dependence for ternary compounds
follow a second order polynomial equation with a bowing
parameter, as for instance for the ZnO/ZnS or ZnO/ZnSe
systems [48]. However, without any study of the depen-
dence of the physical parameters for the ternary compound
ZGO found in the literature, the bowing parameter is
unknown at the moment. Nevertheless a comparison with
the Zn2GeO4 compound, the parameters of which have
been previously experimentally measured to Eg : 4.5 eV
[49,50], x : 3.80 eV [49] and er=6.87 [51], show that the
linear interpolation used to estimate the Zn0.38Ge0.62O
parameters seems to be acceptable, even though the
crystal structure of the new Zn1�xGexO compound can
differ from the binary alloys throughout the composition
range.

The remaining Zn0.38Ge0.62O parameters, namely the
density of states, recombination rates, defect concentra-
tions and doping have been selected to be similar to that of
zinc oxide and adjusted to match the experimental data.
They are shown in Table 1.



Fig. 1. Simulated photovoltaic characteristics of the
AZO/Zn1�xGexO/Cu2O solar cell for different germanium
composition x or conduction band offset xZnGeO�xCu2O. Simula-
tions with (dashed blue) and without (solid red) using interfacial
defect layer at the junction are compared with experimental
measurements (black dots) from [11].
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1.4 Model results and introduction of defective layers
at the heterojunction

In order to validate the parameters of the model introduced
in the previous section, the performances of the solar cell
are evaluated for different germanium composition of the
buffer layer and compared to the photovoltaic character-
istics of the reference device from [11], as shown on
Figure 1.

The first simulations are done without taking into
account the two interface and defect layers at the junction
mentioned previously and results in a maximum efficiency
of 11.99% for a germanium composition of x=0.4 (red
curve on Fig. 1). However, the experimental optimum
(black dots on Fig. 1) is achieved for a composition x=0.62
with an efficiency of 6.68%.

In order to reproduce the experimental results, a 10 nm
thick defective layer and 1 nm thick interface layer are
included in the simulation model to account for the Cu2O
defects at the junction. Both layers are defined using the
same parameters as the absorber layer, except for the
defect concentration of 4� 1019 cm�3 for the defect layer
and 1.27� 1020 cm�3 for the trap levels of the interface
layer. Besides the defect concentrations, the band structure
of the interface layer is adjusted depending on the
conduction band offset between the buffer layer and the
absorber layer [52] using equations (2). The electron
affinity of the interface layer xIL is set to be equal to the
electron affinity of the buffer layer xZGO while the valence
band maximum of the interface layer VBMIL is fixed to
match the valence band maximum of the absorber layer
VBMCu2O (2). To prevent a negative conduction band
offset between the interface layer and the absorber layer,
the interface layer electron affinity is limited to a minimum
value equal to the absorber electron affinity xCu2O.

xIL ¼ xCu2O if xZGO < xCu2O

xZGO if xZGO > xCu2O

(

VBMIL ¼ VBMCu2O: ð2Þ
The introduction of the interface and defect layers in

the model results in a better reproduction of the
experimental evolution of the solar cell performances with
respect to the germanium composition, as can be seen in
Figure 1. The discrepancies between the simulation results
and the experimental solar cell characteristics can be
explained by the approximations done to estimate the
unknown physical parameters of the model and by possible
differences with the experimental device, such as interfacial
defect variations at the junction.

The simulated optimum efficiency of the solar cell
reaches the experimental value of 6% for compositions
between x=0.50 and x=0.65, which corresponds to a
conduction band offset range of �0.14<xZnGeO�xCu2O
< 0.10 eV. The open circuit voltage and short circuit
current both exhibit behaviors which are coherent with the
experimental data for compositions between x=0.50 and
x=0.65. The simulation model starts to diverge from the
experimental results for high germanium content (x=0.77)
where the solar cell performances decrease rapidly. This
deviation might be due to the decrease of the electrical
properties of the ZGO buffer which are not taken into
account in the simulation model. Indeed, the drop of the
experimental short circuit current from 9.58mA to near
0mA between the compositions of x=0.66 and x=0.77 is
a strong evidence of the loss of conductivity of the buffer



Table 2. Comparison between experimental data and simulation of the AZO/Zn1�xGexO/Cu2O solar cell with the
experimental optimum germanium composition of x=0.62.

Jsc (mA) Voc (V) FF (%) h (%)

Experimental [11] 9.78 1.21 57 6.68
This work (Tab. 1) 8.94 1.14 65 6.61

Fig. 2. Characteristics of the AZO/Zn1�xGexO/Cu2O solar cell with a germanium composition x=0.62. (a) Current-Voltage
characteristics. (b) External quantum efficiency.
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layer for high germanium compositions and might
originate from the insulating nature of the germanium
oxide.

To better compare the performances of the solar cell
model with the experimental data at the optimum
composition of x=0.62, some numerical values are
summarized in Table 2 while the simulated current-voltage
and EQE characteristics are presented in Figure 2.

The ZGO/Cu2O solar cell model developed in this work
allows to closely reproduce the experimental evolution of
the device performances [11] as a function of the buffer
layer germanium composition, confirming the importance
of the conduction band alignment optimization in these
new structures, in order to improve the solar cell efficiency.
The device structure of the model is based on the current
record Cu2O solar cell, the absorber layer of which was
obtained thanks to a well controlled thermal oxidation
process optimized during several decades [3].

Despite the exceptional results achieved by this
elaboration process, the transposition of the technology
toward the photovoltaic industry might be very challeng-
ing because of the high energy consumption of the high
temperatures steps, which need to reach over 1000 °C
during several hours. In order to allow large scale
production with low cost and low environmental impact,
research on the development of thin film metal oxides solar
cells based on elaboration process compatible with the
industrial standards is still required.
2 Absorber key parameters for the production
of photovoltaic devices by spray pyrolysis

Among the undergoing investigations for the development
of metal oxide solar cells, the spray pyrolysis method
combines the advantages of being a low cost and large scale
capable process. However, the photovoltaic devices it
allows to grow still suffer from low performances with
efficiencies below 1% [18,53]. In this section, the reasons for
this loss of efficiency are investigated by setting the
absorber physical and electrical parameters to the values
they reach when the material is grown by spray pyrolysis.
2.1 Evolution of the solar cell performances with the
absorber thickness

The main difference between the spray pyrolysis and the
thermal oxidation processes concerns the absorber layer
thickness. Indeed, the spray pyrolysis process being a thin
film elaboration method, the Cu2O absorber layer typical
thickness shrinks from 200mm to less than 1mm. The effect
of such a reduction are investigated in this work by
computing the solar cell performances for an absorber
thickness varying from 200mm to 0.5mm, while keeping all
the other parameters constants at the values that are
summarized in Table 1. The results are reported in
Figure 3.
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A constant efficiency decrease with decreasing thick-
ness is observed from 6.6% to 3.65%, owing to the decrease
of the short circuit current. The current loss that is due to
the absorber thickness reduction is linked to the decline of
the light absorption in the Cu2O layer. Indeed, the
maximum penetration depth d= l/(4pk) is larger than
10mm for all wavelengths (200 nm < l < 700nm), and is
thus subsequently hindered by the absorber thickness
reduction below d, as confirmed in Figure 3.

However, the simulations that are summarized in
Figure 3 show that despite the losses induced by the lack of
light absorption in the thin film, a Cu2O solar cell made of a
1 µm thick absorber layer should exhibit a 4.20% efficiency.
This is still considerably higher than the performances of
similar experimental devices obtained through a spray
pyrolysis process [18,19]. Therefore, the thickness of the
Cu2O films grown by spray pyrolysis does not explain by
itself the experimentally observed loss in efficiency, when
compared to the thermal oxidation process.
Fig. 3. Evolution of the solar cell performances with the absorber
thickness ranging from 0.5mm to 200mm. JSC is the short cicuit
current; VOC is the open circuit voltage; FF is the fill factor.

Fig. 4. Characteristics of the AZO/Zn1�xGexO/Cu2O solar cell u
process for the Cu2O absorber layer. (a) Current-Voltage characte
And indeed, the use of solution based process have
shown important variations in other Cu2O properties, such
as carrier mobility and doping concentration, when
compared to thermally oxidized materials. The following
subsection is dedicated to identifying their effect on the
device performances, by setting the material parameters
values to that of spray pyrolysis grown Cu2O.

2.2 Typical parameters of Cu2O by spray pyrolysis

Thin films elaborated by spray pyrolysis have been
characterized by several teams to study the impact of
the process parameters on their electrical properties. While
the electrical properties of AZO thin films obtained by
spray pyrolysis [54] are on the order of that which are
obtained through classical thin film processes such as PLD,
as described in Table 1, the properties of spray pyrolysis
copper oxide thin films differ a lot from that of the ones
obtained by thermal oxidation. Depending on the spray
system, deposition conditions and doping, Cu2O thin film
have shown to exhibit Hall mobilities between 0.45 and
22 cm2 V�1 s�1 with carrier concentrations ranging from
2.68� 1015 up to 2.1� 1017 cm�3 [19,55–57].

In order to evaluate, through simulation, the impact of
the lower electrical properties of Cu2O obtained by spray
pyrolysis, a typical value of hole mobility is chosen as
mh=5 cm2 V�1 s�1 with a doping concentration of
1016 cm�3. The mobility ratio me/mh and defect concentra-
tion over doping concentration ratio are chosen similar to
that of thermal copper oxide with me=10 cm2 V�1 s�1 and
NDG=1015 cm�3 as no experimental data is available for
spray pyrolysis samples. Using these typical electrical
parameters for copper oxide obtained by spray pyrolysis
and considering a 1mm thick absorber layer, the resulting
solar cell exhibits an efficiency of 3.6% (JSC=5.14mA,
VOC=1.12V, FF=62.5%) as shown in Figure 4. The lower
electrical properties of spray pyrolysis copper oxide thus do
account for a loss from the 4.20% efficiency of the same
device with thermal copper oxide. However, they do not
account for all the loss, down to below 1%.
sing typical physical parameters obtained by the spray pyrolysis
ristics. (b) External quantum efficiency.



Fig. 5. Evolution of the solar cell performances with the doping
concentration using typical physical parameters obtained by the
spray pyrolysis process.

Fig. 6. Evolution of the solar cell performances with the defect
concentration using typical physical parameters obtained by the
spray pyrolysis process.

Fig. 7. Evolution of the solar cell performances with the carrier
mobility using typical physical parameters obtained by the spray
pyrolysis process.

C. Chevallier et al.: EPJ Photovoltaics 12, 3 (2021) 7
Further investigation is therefore needed. The next
subsection proposes to focus on the individual impact on
the solar cell performances of the mobility, the doping and
defect concentrations of the Cu2O absorber layer as grown
by spray pyrolysis.

2.3 Impact of absorber doping, carrier mobility and
defect concentration on solar cell performances

The first parameter studied is the absorber doping
concentration which is taken in the range from 1018 cm�3

down to to the minimum achievable concentration of
1012 cm�3, which can be obtained thanks to the thermal
oxidation process [37]. All the other parameters are kept as
defined in Section 2.2. The impact of the absorber doping on
the solar cell performances is shown in Figure 5.

The simulation results show that an increase of the
doping concentration beyond 1016 cm�3 decreases both
VOC and JSC and thus the efficiency, whereas, for lower
values, the decrease of the doping has a limited impact. The
drop in the performances for high doping concentration can
be explained by the evolution of the space charge region
in the absorber. At the threshold doping concentration of
1015 cm�3, the width wp of the space charge region in the
absorber reaches the maximum limit imposed by the 1mm
thickness with a value of wp=0.974mm. Thus, for higher
values of doping concentration, the decrease of the space
charge region decreases the collection efficiency, while for
lower doping concentration, the width of the space charge
region is limited by the thickness of the layer and thus
results in an optimum doping concentration on the order of
1016 cm�3.

The results of the simulation study of the impact of the
defects in the absorber layer are shown in Figure 6.
The solar cell short circuit current is shown to decrease
with the increase of the defect concentration. When the
defect concentration exceeds the doping concentration of
1016 cm�3, the short circuit current, and thus the efficiency
of the solar cell, decrease rapidly below 1%. The defect
concentration of the copper oxide layer is thus a critical
parameter that must be taken care of during the
elaboration by spray pyrolysis. Even though the defect
concentration in the experimental devices was not
estimated, the measurement of the short circuit current
JSC was below 0.4mAcm�2 for the TiO2/Cu2O hetero-
junction. This low value thus might originate from a high
defect density and support the authors hypothesis of
enhanced recombinations [18].

The last parameter studied in this work is the carrier
mobility. A major decrease of more than two orders
of magnitude has been measured experimentally: from
200 cm2 V�1 s�1 for Cu2O layers obtained by thermal
oxidation down to less than 1 cm2 V�1 s�1 for thin films
produced by spray pyrolysis. To study the influence of the
drop in the carrier mobility on the solar cell performances,
simulations are performed by taking the hole mobility
between 0.1 and 200 cm2 V�1 s�1 while keeping the electron
to hole mobility ratio equal to me/mh=2. Despite such a
dramatic loss in the mobility, the numerical simulations
show a limited impact on the solar cell performances, as
summarized in Figure 7. Indeed, contrary to the doping or
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defect concentrations, the introduction of extreme mobi-
lities as low as mh=1 cm2 V�1 s�1 does not completely
damage the device as the efficiency of the solar cell is still
above 2.4%.

From the analysis done on the absorber layer thickness,
carrier mobility, doping and defect concentrations, the
path to improve the performances of Cu2O photovoltaic
devices can be identified. Besides the well known
limitations induced by the interfacial defects at the
junction and the loss of conversion efficiency inherent to
low absorber thickness of Cu2O thin film photovoltaics, a
strong control of the defect distribution in the absorber
layer is a key parameter to improve Cu2O photovoltaic
performances obtained by spray pyrolysis. For instance,
one source of defects induced by the spray pysolysis process
was very recently suggested by Plankensteiner et al. [20] as
impurities in the absorber layer resulting from the
incomplete pyrolysis reaction of the glucose oxidizer used
in the precursor solution.

Beyond the reduction of the defect density impact on
the absorber layer, the present study provides useful
information to define a set of parameters for the production
of an efficient AZO/ZnGeO/Cu2O photovoltaic device by
spray pyrolysis. This is the purpose of the next subsection.

2.4 Guidelines for the fabrication of high efficiency
AZO/ZnGeO/Cu2O solar cell

The analysis of the Cu2O absorber parameters done in the
previous subsection allows to set the requirements for
optimizing a solar cell that uses it as the absorber: its
carrier mobilities and layer thickness must be maximized
while its defect concentration remains below the doping
concentration. In this section, the absorber parameters are
thus chosen to match these conditions. The absorber defect
concentration is set to be ten times lower than the absorber
doping concentration.

The best carrier mobility of Cu2O produced by
spray pyrolysis was obtained by Ca doping with a value
of 22 cm2 V�1 s�1 [55]. Higher values such as 25 cm2 V�1 s�1

for a 2mm thick layer can be obtained through different
elaboration processes such as sputtering [58]. Even though
such performances are beyond the state of the art for Cu2O
grown spray pyrolysis, other solution based processes,
using other materials, have been shown to produce layer
qualities that are comparable to that of sputtered thin
films. This is for instance the case for aluminum zinc oxide
[54,59]. Hope is thus allowed for spray pyrolysis Cu2O.

In order to define some guidelines to improve the
performances of future Cu2O thin film photovoltaic
devices, the hole mobility are estimated to be able to
reach 25 cm2 V�1 s�1 for 2mm thick layers when produced
by spray pyrolysis. The electron mobility is set at
50 cm2 V�1 s�1 to keep the usual hole to electron mobility
ratio at 2 while the defect concentration is set at a value ten
times lower than the doping concentration. Increasing the
thickness beyond 2mm might be possible and would
further enhance the solar cell performances. It would
however be out of the scope of thin film photovoltaics.
Similarly, carrier mobilities larger than 25 cm2 V�1 s�1

would also benefit the conversion efficiency, but reaching
these values might be too challenging, owing to the
polycristalline nature of the thin films that are obtained by
spray pyrolysis.

Concerning the Cu2O doping concentration and
germanium composition of the Zn1�xGexO buffer layer,
the optimum value to maximize the conversion efficiency
might depend on the absorber layer parameters. By
varying the absorber doping and germanium composition,
while keeping the other model parameters at their values of
Table 1, their optimum values can be identified through a
numerical evaluation of the solar cell performances. These
simulation results are shown by the dashed lines in
Figure 8.

The simulation done using the new absorber param-
eters shows that the 1016 cm�3 optimum doping defined
previously in Section 2.3 is now shifted to a lower value of
1015 cm�3. This decrease of the optimum doping can easily
be explained by the possibility for the space charge region
toextendbeyond1mmwiththe increaseof theabsorber layer
thickness to 2mm. The optimum germanium composition
remains centered around x=0.5, in the range 0.45< x< 0.6.
This confirms the results obtained in Section 1.4 concerning
the band alignment obtained using the parameters of
thermal oxidation Cu2O. A new maximum of efficiency
can be seen for doping concentrations below 1015 cm�3 for a
germanium composition larger than x > 0.7. However it is
important to note that the electrical properties of the
Zn1�xGexObuffer layer defined in themodel are fixed and no
conductivity decrease is taken into account at high
germanium content, though it might be expected because
of the insulating nature of the germanium oxide.

Finally, by adjusting the absorber concentration to
1015 cm�3 and the germanium composition to x=0.50, the
optimum AZO/ZnGeO/Cu2O solar cell structure is
expected to reach an efficiency of 4.98% closed to the
current record of 6.68% obtained by the thermal oxidation
process [11].

As stated in Section 1.4, the main limitation of Cu2O
solar cells originates from the defects at the heterojunction,
which we modeled by the introduction of an interfacial
defect layers. In order to estimate the efficiency of an ideal
heterojunction, simulations are performed by removing the
interfacial defects while keeping the other parameters to
the expected values achievable from spray pyrolysis: an
absorber layer thickness of 2mm, hole and electron
mobilities of 25 cm2 V�1 s�1 and 50 cm2 V�1 s�1

respectively. The impact of the buffer layer germanium
composition on this ideal solar cell performances is shown
by the plain lines in Figure 8 for three absorber doping
concentrations, in order to identify the optimum range of
composition and dopings.

In a similar way, from the devices modeled using
parameters corresponding to thermal oxidation Cu2O
shown on Figure 1, an increase of efficiency for the
Zn1�xGexO germanium composition below x=0.7 is
observed with an optimum composition of x=0.45. From
the study of the impact of the absorber doping concentra-
tion, the optimum value is shifted to lower doping
concentration of 1014 cm�3. Finally, in the case of an
heterojunction without defective layers, an optimum
efficiency of 9.57% is expected to be achievable using



Fig. 8. Evolution of the solar cell performances with the
germanium composition x of the ZnGeO buffer layer for different
absorber doping concentration NA using an absorber layer
thickness of 2mm and hole and electron mobilities of 25 cm2V�1s�1

and 50 cm2V�1s�1 respectively. Simulation are done using interface
and defective layers at the heterojunction (dashed lines) as described
in Section 1 and with an ideal heterojunction without such interface
and defect layers (plain lines).
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spray pyrolysis. In order to further enhance the conversion
efficiency, beyond 9.57%, the solar cell structure might be
improved once the all oxide technology becomes mature
with, for instance, the introduction of anti-reflection
coatings in order to improve light collection or back-
surface field layer to decreases recombinations [34].
3 Conclusion

A numerical model of an AZO/Zn1�xGexO /Cu2O
photovoltaic device was developed to study the effect of
the germanium composition of the buffer layer on the solar
cell performances. The physical parameters of the model
were chosen carefully from experimental measurements
from the literature when available or through estimations
from similar material when necessary. In particular,
concerning the new Zn1�xGexO compound, an interpola-
tion of the energy levels of the band structure from the
binary compounds ZnO and GeO2 was calculated to allow
the study the the solar cell performances over the whole
germanium composition. From the solar cell model
simulations, the optimum germanium composition range
was identified between x=0.45 and x=0.70 with efficien-
cies higher than 6.5% thanks to the optimization of the
conduction band offset in the structure. The correct match
between the evolution of the simulated solar cell
performances with the germanium composition and the
measurements done on experimental devices confirms the
high potential of the ZnGeO material to optimize the band
alignment of the heterojunction and develop high perfor-
mances Cu2O heterojunctions.

After this experimental validation of the solar cell
simulation model, the AZO/ZnGeO/Cu2O photovoltaic
device was further analysed by taking into account the
constraints from thin film elaboration processes in order to
benefits from the advantages of low cost, environmental
friendly and industry compatible spray pyrolysis tech-
nique. Owing to the polycristalline nature of the thin films,
the physical properties of Cu2O thin films are lowered if
compared to the material that can be obtained by the
conventional thermal oxidation process. The analysis of the
solar cell performances performed using spray grown Cu2O
parameters allow the definition of guidelines to improve the
conversion efficiency of photovoltaic devices grown
through solution based processes. Their main conclusion
is that besides the well known importance of limiting the
defect concentration at the junction interface originating
from unwanted copper phase, the impurity levels and
defect concentration of the absorber layer has to be
carefully taken into account and measured to be kept at
least ten times lower than the doping concentration.
In order to optimize the collection efficiency of the
heterojunction, the Cu2O doping should be on the order
of 1015 to 1016 cm�3 for micrometer thick absorber
layers while carrier mobilities have to be at least equal
to 25 cm2 V�1 s�1.

Following the present guidelines, a simulated
AZO/Zn1�xGexO /Cu2O photovoltaic device using Cu2O
parameters achievable by the spray pyrolysis process,
considering the present state-of-the-art, is expected to
reach efficiencies of around 5%, which is comparable to the
current solar cell record based on thermal oxidation Cu2O.
Despite the optimized band alignement of the ZnGeO/
Cu2O heterojunction and absorber layer parameters, the
5% efficiency remains low compared to the theoretical 20%
Shockley-Queisser limit of Cu2O solar cells. For the
development of future Cu2O based photovoltaic by spray
pyrolysis, the main source of improvement relies in the
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reduction of interfacial defects at the heterojunction.
Indeed, the suppression of interfacial defects at the
simulated ZnGeO/Cu2O heterojunction has shown devices
with efficiency up to 9.57%. Besides improvements of the
hetero-interface quality and in order to reach for industrial
applications, the performances of spray pyrolysis Cu2O
based photovoltaics will benefit from enhancements of the
device structure such as introduction of anti-reflection
coating [11] or back-surface field CuO layer [34] which can
be developed using ultrasonic spray pyrolysis.
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