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ABSTRACT:

ZnO/Cu;0 solar cells emerge as one of the most promising technologies with significant potential
when considering the Schockley-Queisser limit (SQL), and taking into consideration other
important factors such as materials abundance, low-cost fabrication, suitable band alignment, and
the possibility of having semi-transparent devices. However, the actual efficiency values obtained
are still far from the expected theoretical values. The reasons behind this are mainly attributed to

the low control over the properties of the oxides and the knowledge on how the final device



performance is affected by both materials properties and cell architecture. To close this gap, we
explore the working mechanism of ZnO/Cu20O junctions thanks to numerical simulations based on
the SCAPS-1D software. In particular, the present study aims at investigating the limiting factors
and key parameters that affect the behavior of the ZnO/Cu,O junctions. The impact of altering: the
absorber and collector film thickness, the diffusion length, side illumination, and the concentration
of defects at the junction interface are explored. The data indicates that the thickness of CuO is
critical for the output results when correlated with the diffusion length, which in turn is strongly
affected by the oxide deposition technique and conditions. Bifacial illumination demonstrates a
significant enhancement of the power conversion efficiency while defects at the interface inhibit
the charge generation drastically and enhance recombination at the sub-cell level. This study
provides an overarching view of cell behavior and different routes towards the improvement of

ZnO/Cu;0 devices.

1. INTRODUCTION

The interest in developing all-oxide solar cells has been growing significantly due to their
potential in terms of low-cost and environmentally friendly characteristics. In particular,
homojunction CuzO solar cells present a theoretical efficiency 0f20% according to the Schockley-
Queisser limit (SQL)!*. Cu,O being intrinsically p-type, n-type CuxO is very challenging to
obtain®. Therefore, Cu>O has been mostly combined with n-type ZnO*°. However, the maximum
achieved efficiencies for Cu20/ZnO devices are only around ~ 1-2% so far’ '3 (excluding doping
or interface engineering). Several factors limit the power conversion efficiency (PCE) of

ZnO/Cu20 solar cells, namely, material and charge collector quality, material absorption



coefficient, and interface quality'*'¢. Thus, efforts must be made towards comprehending the cell

behavior and the most significant parameters for achieving optimum performance.

Modeling has been performed on all-oxide solar cells comprising Cu2O as the main absorber!”-
20 Different structures, i.e. (AZO/ZnGeO/Cu20)*!, (ZnO/CuO/Cu20)", (AZO/ZnO/Defective
layer/Cu20)*, have been studied to understand the various mechanisms taking place. However,
the main focus is commonly on simulating Cu,O thin films combined with several layers (i.e.

)! 71922725 or on the analysis of optical properties

buffer, tandem, and transparent conductive oxides
of Cu0 based solar devices?*?°. Previous experimental studies have already shown that film
thickness, band alignment, and defects (both affected by the deposition method and conditions
used) are the main factors affecting cell performance'®!*22, One of the main achievements of these
results is the improvement of the cell efficiency with different structures through introducing
different interfaces and defective layers at the junction interface!”*>*. Other studies combining
experimental and simulation results have addressed in depth the impact of film defects on the
quantum efficiency of cells®'%. The latter have shown that the EQE of Cu2O-based solar cells
changes drastically with the type of defects (interfacial or bulk) and interface roughness®'“.
Various softwares have been used for simulation Cu,O based solar cells, mainly SCAPS-1D!%25-27,
wxAMPS!72:2 and Silvaco TCAD*. Although the reports above provide valuable insight on the
limitations of ZnO/Cu,O solar cells, more efforts are needed to guide the optimization of simpler

ZnO/Cu20 devices, i.e. without the introduction of additional layers, towards higher efficiencies

than the ones achieved so far.

In the present study, a simple planar ZnO(n)/Cu>O(p) structure is modeled with the SCAPS-1D
software. The solar cell capacitance simulator SCAPS?! is a simulation software, similar to PC1D??

or wxAMPS?®, which was developed at the University of Gent (Belgium) at the Department of



Electronics and Information Systems (ELIS). The thicknesses of ZnO and Cu2O thin films are
varied and their influence on the device performance is evaluated. Illumination from either sides
or bi-facial illumination is introduced here to evaluate the change in the light collection and charge
separation. The influence of the diffusion length value on the Cu,O thin film is also analyzed. The
presence of defects at the junction (which can be affected by the deposition method, post-
deposition treatments or cell architecture®®, for example) is introduced, and the resulting
recombination is assessed. Our study is thus more complete than previous reports and the results
show that both Cu,0O and ZnO thickness are key parameters being affected by the diffusion length
of minority charge carriers. We also show that limiting the presence of defects at the interface and
bifacial illumination are suitable strategies to maximize the efficiency and potential of these

devices.

2. METHODS

The modeling in this work is based on SCAPS software that was provided by Prof. Marc
Burgelman (University of Gent)3l. As a first approach, the strategy is oriented towards
implementing experimental data obtained on metal oxides (Cu.O & ZnQ). The refractive index
and the extinction coefficient were extracted from C. Malerba et al.®, for Cu.0, and from C.
Stelling et al.®®, for ZnO. These parameters were included in a text file that is integrated into the
software. Then, the absorption coefficient was calculated based on the Beer-Lambert law and “Eg-

sqrt” model, since it is related to the extinction coefficient using the following equation:
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Where A is the wavelength and k is the extinction coefficient. The extracted data are used to
calculate the optical absorption of both metal oxides (ZnO and Cu20) for each wavelength in the
the following range [200 — 400 nm] and [250 — 650 nm) respectively. This is shown in Figure 1.
The absorption depth is also important for the interpretation of the results as it reveals the thickness

needed to absorb 60-65% of the incident radiation (Figure 1).
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Figure 1. Optical absorption and the absorption depth (1/a) value for (a) ZnO and (b) Cu.O

respectively

Several material properties were also collected from literature, such as bandgap, electron affinity,
electron thermal velocity, and density of states, in order to implement them to the software
parameters. Table 1 shows the parameters chosen for this particular study. These values have been
compared with experimental results from other studies to follow the same range as the reported
data'**%%7_In addition to these parameters, dopant concentrations have been included with a donor

density of 10" cm™ for ZnO and an acceptor density of 10'* cm™ for Cu>O thin films. These values
y P



were chosen based on average values found in the literature®®*!. Additionally, defects were
assumed to be neutral, since they are the ones that contribute the most to the Schockley-Read-Hall

(SRH) recombination phenomena®'. In this recombination model, the carrier lifetime is calculated

using the following equation:

T=— 2
OxN¢Vip @)

Where N, represents the defect density, Vi 10" cm/s the thermal velocity, oy is the defect
capture cross-section with o, : 10"* cm* and o, : 10™"° cm?® for Cu20 and o, : 10™° cm?® and o, :

10" cm? for ZnO*.

Table 1. Summary of the Properties of the Materials included in the numerical simulation work

Material Properties Values foFli’linO Thin References ZnO Values f(;:l;lcrr:l 20 Thin References Cu20
Borysiewicz, M. A. et
Bandgap (V) 34 al® 2.1 Malerba, C. et al.*
) . McCluskey, M. D. et
Electron Affinity (e?) 42 al** 32 Nakano, Y. et al. ¥
Dielectric Permittivity
(relative)3** 9 Shetti, N. P. et al.* 7.6 Malerba, C. et al.3*
Conduction Band Density of
Si
fates 22x10 243x 10"
(cm?)
Ahmad, S. et al. ¥’ Brandt, R. E. et al.*8
Valence Band Density of
States
19
1.8x 10 11x100
(cm?)
Electron Thermal Velocity
49-51 7 7 : : 49
(cm/s, 1.0x10 Schmidi-Mende, L. et 1.0x10 Biccari, F. et al.
51
Hole Thermal Velocity al Han, S. et al.>®
(em/s)®=! 1.0x 107 1.0x 107
Electron Mobilit 2V i i 49
ectron Mobility (cm?/Vs) 60 Borysiewicz, M. A. et 100 Biccari, F. et al.
43
Hole Mobility (cm?/Vs) 30 al 50 Han, S. et al.>®




The lifetime value is then used to calculate the diffusion length that is the squared product of
diffusivity and lifetime2. Another important parameter that needs to be fixed is the distribution of
the defects in the bandgap. For our study, we have chosen the Gaussian model for defect
distribution, as it is commonly used to model the transport of layer defects in simulated solar
cells®>. All carrier lifetimes, defect concentration, and diffusion lengths used have been

summarized in Table 2.

Table 2. Summary of the Defect Properties of the investigated Thin Film

Recombination Parameters Zn0 Cu,O
Carrier Lifetime (ns) 71:0.1 / 75:0.01 Tn:5 / 7p:50
Diffusion Length (um) L:0.08/L,:0.04 Lx:0.9/Ly:1
Carrier Diffusivity (cm?/s) Dn:0.64/Dp:1.6 Dn:1.62/D;:0.25
Bulk Defect Density (cm™) 10" 2.10"

3. RESULTS & DISCUSSION

The architecture of the simulated device is shown in Figure 2.a with an initial Cu2O thickness
of 2 pm in red and 0.1 um for the ZnO thin film in blue. The illumination side in this case is
through the ZnO layer, as commonly done in experimental studies.The calculated JV plot, shown
in Figure 2.a, corresponds to an efficiency (1) of 6.67 %, an open circuit voltage (Voc) of 1.093

V, a short-circuit current density (Jsc) of 9.85 mA/cm?, and a fill factor (FF) of 61.96 %.
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Figure 2. (a) Structure of the ZnO and CuO stack device and Current-Voltage JV curve of the
ZnO/Cu0 device simulated in this study, and (b) external quantum efficiency of the device, along
with several EQE from experimental studies in the literature for comparison.*23354 The film
thicknesses of the Cu2O and ZnO layers are defined according to the color of the curve (Red: 2
pm-thick Cu20 and 0.1 um-thick ZnO, black: 170 um-thick Cu20 and 0.2 pum-thick ZnO, blue:
0.127 pm-thick Cu20 and 0.15 pm-thick ZnO, green: 2.5 um-thick Cu20 and 0.05 um-thick ZnO,

and purple: 3 pm-thick Cu20 and 1.25 pm-thick ZnO)

A small shoulder on the right part of the curve appears and is generally attributed to different
band alignment at the junction and contacts within the structure (see previous simulation results
by Y.Takiguchi et al.* for similar junctions while including a supplementary ZnO:Al layer on top
of the ZnO). The JV output results of experimental devices based on ZnO/Cu,0 are summarized
in Supplementary Table 1. The obtained Voc and Jsc are in the range of (0.3-0.65 V) and (4.4 —
11.42 mA/cm?) respectively*!>333 The values of the current densities are within the range of the
numerical simulation while the efficiency still shows poor performance (0.47 - 3.17 %) when

compared to numerical simulation. Figure 2.b shows the external quantum efficiency (EQE)



obtained from the simulations (red curve). The maximum EQE values correspond to the
wavelength range between 400 and 500 nm, where the absorption coefficient of CuxO is higher.
As shown in Figure 1.b, the Cu,O thickness is sufficient to convert most of the incident light to
collected charge carriers. When comparing with experimental EQEs obtained from the literature,
one can see that there is a high variation in terms of EQEs values and shape of the curve obtained
for the different cells. Structures based only on ITO/ZnO/Cu,0 thin films (black and blue curves)
show relatively high EQEs in the wavelength between 400 and 550 nm, whereas the addition of
the AZO layer between ITO and ZnO layers (green curve) shows higher EQEs in the UV part of
the spectrum (375 to 400 nm). Furthermore, the EQEs of Cu,0 thin films combined with ZnO
nanowires show low values compared to the thin film-based structures for lower wavelengths.
These differences in EQEs imply that different limiting factors are at play in the different cells

studied in the cited references.

To try to understand the effect of the different parameters in the cell performance, mainly on the
JV curve and the EQE, different parameters are varied in our simulations. First, the Cu»O thickness
is varied from 0.15 to 3.1 um. Figure 3. presents the obtained JV curves and EQEs for the different
thicknesses and the evolution of Jsc, Voc, 1 and FF versus thickness. It is clear to see that thicker
layers result in higher Jsc values. The increase becomes less important as the thickness increases,
tending to a maximum Jsc value above 10 mA/cm? for Cu>O thickness values beyond 3 microns.
Instead, the V. is noticed to decrease in an opposite trend with respect to the thickness of the
absorber (see Figure 3.c). This is caused by the increase in charge recombination while increasing
the thickness. This leads to a rise of the saturation current Jo and thus induces a reduction of the

55
Voc .



Figure 3.b shows the EQEs for different CuxO thicknesses. As expected from the absorption
coefficient of Cuy0, and already seen in Figure 2.b, EQEs are maximum between 420 and 500
nm for low Cu,O thicknesses, since these are the regions where Cu2O absorbs more efficiently.
Increasing the thickness has a strong impact on the EQE at longer wavelengths (in particular from
530 to 650 nm) that show a significant increase between 0.85 and 1.9 microns, beyond which only
a minimal increase is obtained. The lower absorption of Cu,O for wavelengths longer than 475 nm
results thus in the need of thicker Cu,0 to maximize the amount of light absorbed, but the EQE
values obtained above this wavelength are also affected by a limited charge diffusion length that
results in recombination, and thus the EQE values show a decreasing trend as the wavelength
increases. This incompatibility between absorption and collection depth has also been observed

experimentally by A. Marin et al.”.

Figure 3.c shows the variation of the output results (n, Js, and FF) with respect to the Cu,O
thickness. Those parameters reveal a sharp increase with the thickness of the Cu,O film. This is
mainly attributed to the increase in the absorption of the film and therefore to the current density

and maximum power point. This affects significantly the fill factor and the efficiency of the device.

10
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Figure 3. (a) JV curves and (b) EQEs and (c) Cell output parameters (Voc, Jsc, FF, 1) for different

Cu20 thicknesses ranging from 0.15 pm to 3.1 um. — The diffusion length is 1 pm in all cases

Indeed, it is known that charge diffusion length plays a key role in charge recombination and,
thus, the efficiency of solar cells. To evaluate the impact of this parameter in ZnO/Cu>O devices,
we performed simulations varying the diffusion length from 0.01 to 15 um for Cu20 (keeping the
other initial parameters unchanged, i.e. 2 um thick Cu20 and 0.1 pm thick ZnO, and optical
parameters detailed in Figure 1). Figure 4.a shows the JV curves of the junction with varied

diffusion length and degradation of the output cell parameters is observed, mainly (7, Js, and FF),

11



for the lower diffusion lengths. The V. decreases slightly with the increase of the diffusion length
as shown in the evolution of the output results versus diffusion length (Supplementary Figure 1).
This evolution confirms the effect of recombination that becomes predominant by reducing the
diffusion length. This is also revealed in Figure 4.b in which the variation of the EQEs is quite
apparent for the whole spectra. Below 2 um, the EQE begins to decrease progressively at
wavelengths above 500 nm. This is more apparent by further reducing the diffusion length to 0.1
um as the EQE shows a significant decrease above 400 nm. It is interesting to mention that beyond
2 pm, which corresponds to the CuxO film thickness in the reference cell, the evolution of the
output parameters is relatively small. The study shows that a smaller diffusion length of minority
carriers compared to solar cell thicknesses induces a significant increase of the recombination and

decrease of the efficiency.
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Figure 4. (a) Current-voltage JV curve of the simulated ZnO/Cu20 device, and (b) external

quantum efficiency of the device stack, for different diffusion lengths of Cu2O (0.01 umto 15 pum)
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Apart from Cu0 thickness and diffusion length, the thickness of the ZnO is also an important
parameter that needs to be considered and varied towards understanding its impact on the device
performance (also since different thicknesses are often used in experimental reports). Therefore,
simulations were performed with varying ZnO thickness from 30 to 200 nm (Figure 5). Figure
5.a shows the JV curves obtained, where Jsc shows a slight increase as the ZnO thickness
decreases. Conversely, Voc remains the same, while the FF shows a mild decrease of less than 1%
(see Figure 5.c). The EQEs obtained are presented in Figure S.b, and an increase at lower
wavelengths can be observed with decreasing ZnO thickness. Thus, thicker ZnO layers result in a
slight decrease in cell efficiency mainly due to a decrease in Jsc and FF. The explanation behind
this variation is the increase of the recombination induced by the thicker ZnO layer compared to
its minority carrier diffusion length of 0.04 pm. Therefore, the conclusion from this study is that
the thickness of ZnO layer needs to be reduced as much as possible. In fact, due to its short
diffusion length of charge carriers and low absorption coefficient in the visible wavelength range,

recombination is the main limiting phenomena when varying the thickness of ZnO.

13
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Figure 5. (a) Current-voltage JV curve of the simulated ZnO/Cu.O device, (b) external quantum
efficiency, and (c) output results of the device stack (Jsc, FF, n) with different ZnO thicknesses

varying from 30 to 200 nm

So far, all simulation results have been obtained for a solar cell that is illuminated from the ZnO
side (see Figure 2.a). This configuration is usually used in experimental studies since in this way
carriers are generated near the junction and thus cell efficiency is less affected by limited electron
diffusion length in Cuz0. But from the simulation point of view, it is interesting to explore the

possibility to illuminate the cell from the Cu,O side or even from both sides (i.e. bifacial

14



illumination, as done for other systems). As a first approach, the illumination from the Cu,O side
was performed with a CuzO thickness of 2 um. In this case, the simulation did not converge since
the diffusion length (1 pm) is lower with respect to the film thickness used and the defects present
in Cu20 would induce recombination of the generated charges, which thus does not allow a proper
charge collection (Figure 6.c.i). The thickness of Cu2O was thus reduced to 0.8 um and 0.5 pm
and a reduction in the JV curve with respect to the illumination through the ZnO side for equivalent
devices was observed, as shown in Figure 6.a. This is also confirmed by the EQE shown in Figure
6.b since, at wavelengths below 475 nm, the photons are absorbed near the surface when
illuminating from the CuxO side (Figure 6.c.ii). The minority carriers have a greater distance to
diffuse through to the depletion layer, and thus a smaller thickness is suitable while inducing
illumination from this side to avoid recombination. Above 475 nm, the carriers are generated
deeper and, therefore, closer to the depletion region, which increases their probability to be
collected. On the other hand, the bi-facial illumination shows a high and constant EQE between
350 nm and 530 nm. In this case, the quantum efficiency is taken from both sides (ZnO & Cu»0),
which explains the high values obtained. Further, the EQE follows a gradual decrease above 530

nm.

15



a) b)
—— 1 2 T T T T T
o
e 100+ .
S 10+ ] _
é 804 .
£ 84 18
S~
> = 60+ -
% 64 1 W
3
: g -
0O 4. .
'E —— Bifacial lllumination - Ref Cell 20 —a— Bifacial lllumination - Ref Cell
) Cu,0 Side - Thick 0.8 pm —=— Cu,O Side - Thick 0.8 ym
= 2 - Cu,0 Side - Thick 0.5 pm . —&— Cu,O Side - Thick 0.5 pm
>S5 ——ZnO Side - Thick 0.8 pm (0 { —+— ZnO Side - Thick 0.8 ym 3
(@) Zn0Q Side - Thick 0.5 pm —4— ZnO Side - Thick 0.5 um
T

0 T T T T T T T T T
00 02 04 06 08 10 12 350 400 450 500 550 600 650
Voltage (Volt) lambda(nm)

Figure 6. (a) Current-Voltage JV curve, and (b) EQEs of the device stack, with different side and
bifacial illumination, and (c) schematic of the charge separation mechanism of a typical solar cell
illuminated from Cu20O (Red color) with thickness of i. 2 um, or ii. 0.5-0.8 pum, from the iii. ZnO
side (Blue color) with (0.5-0.8 pm Cu20 thick) and ZnO (0.1 pum thick), and from iv. both sides;

Cu20 (Blue color) with 2 um thick and ZnO (0.1 pm thick)

Table 3 summarizes the output results for different side illuminations and demonstrates that the
efficiency is slightly lower when illuminated from the CuzO side. However, the FF decreases
significantly, with a difference of about 15 %. This can be explained by the fact that the generated
carriers have a longer distance to travel before reaching the depletion region and would induce

more recombination through their motion. The bifacial illumination shows an improved output

16



performances and results very appealing for semitransparent devices that could be used for indoor
light harvesting or in semitransparent windows (where light could be collected from out and

indoors)'.

Table 3. Summary of the Output Results with different side and bifacial illumination

Structures n (%) FF (%) Jse (MA/cm?) Voe (V)
Bifacial
Illumination — 9.20 74.37 11.07 1.1178
2um Cu0
Illuminated from
Cu,0 — 0.8 um 3.32 42.190 7.547 1.013
Illuminated from
Cu,0 - 0.5 um 3.36 46.45 7.124 1.015
IMluminated from
ZnO — 0.8 um 5.48 60.73 8.15 1.107
Illuminated from 468 59 11 707 {121

Zn0O — 0.5 pm

As mentioned in the first part of this section, all of the studies performed were done without
taking into account defects at the interfaces. But indeed experimental results show that the nature
and quality of the interface are very important to maximize the obtained efficiency'**%>". Particular
attention was paid to this parameter since different phenomena could occur in this part of the cell
and cause recombination of the charges and prevent their collection. We have thus explored the
effect of introducing defects at the junction interface to evaluate the effect on the efficiency. There
are not much data in the literature on these types of defects and their concentrations, especially for
the ZnO/Cu20 interface. SCAPS software uses a thermionic emission model that is integrated for

the interface transport properties. The recombination mechanism at the interface is modeled on the

17



basis of the Pauwel-Vanhoule theory, which is an extension of the Schockley-Read-Hall theory®!.
In view of this, neutral interface defects were assumed for our simulation since such types of
defects contribute to the SRH recombination. The default capture cross section 6, and 6, were both
set to be 1071* cm™ | which means the capture coefficient of interface states has the same probability
for both electrons and holes®®. Then the only unknown parameter is the defect concentration at the

interface, and we will analyze its impact on device performance.

Figure 7.a and Figure 7.b present the JV curve and EQEs with different defect densities at the
Cu20/Zn0 interface. The Voc values decrease drastically for interface defect concentration going
from 10'° cm™ to 10! cm™ and then stabilize beyond this value. Unlike Jsc, Voc decreases
significantly just after the introduction of defects at the interface to the reference cell, from 1.09 V
to 0.77 V, and then continues to decrease slightly until it reaches 0.66 V (Figure 7.c). This has a
direct impact on the FF and n of the device respectively. The quantum efficiency is impacted for
wavelengths below 520 nm. J. Gan et al. have indeed observed that interfacial defects mostly
impact the EQEs of short wavelengths'®. This indicates the recombination generated at the Cu,O
surface defects that are triggered by the defects. The trend shows that as defect concentration
increases, more recombination is induced at the depletion layer and, therefore, promotes

degradation of the device performances.
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Figure 7. (a) Current-Voltage JV curve, (b) EQE, (c) output parameters of the device stack (Voc,

Jse, FF, 1, Vimpp, Jmpp) With different defect densities at the ZnO/Cuz0 interface.

Overall, we have shown in this study the impact of the different major parameters that could be
modified to obtain higher results and understand their effect on the device physics. Figure 8.a
shows the external quantum efficiency of the reference cell shown previously (Figure 2) with
respect to experimental ZnO/Cu,0 solar cell reported in the literature**'%>* | Jevskaya. Y, et al,
Lee. Y. S, et al, and Z. Zang, et al have demonstrated that oxidation of CuxO surface due to the

post-annealing process induces defect at the interface and thus limits the output results®!'>>*, Z.
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Zang, et al have also shown that the orientation of the film improves the diffusion length and

1'2, The effect of these parameters is observed in the

therefore the output performance of the cel
evolution of the EQEs in Figure 8.a with respect to the simulated results especially in the dark
purple and grey regions. The absorber thickness plays an important role in the aforementioned two
regions as demonstrated by the experimental results. As the CuzO thickness increases from 0.127
pum’ to 170 pm'?, the EQE values increase at higher wavelengths. Additionally, when comparing
the results from the experimental work reported in here, it is clear that the ZnO thickness plays
also an important role and should be reduced as much as possible, as demonstrated by the enhanced
EQEs in the study of Lee. Y. S, et al>* (ZnO ~0.05 um), which confirms the simulation results
obtained. Further, Musselman. K. P, et al have studied the obtained EQEs for Cu,O combined with
planar ZnO and nanowires*. The reported work demonstrated that the output results are limited by
both diffusion length and interface recombination. Following this discussion, the data obtained are
separated into three main sections: I. below 390 nm (light purple), II. 390 — 480 nm (dark purple),
II1. above 480 nm (grey). This separation will be useful to clarify the different phenomena that
have been extracted from this study and that could considerably affect the value obtained for the
Zn0O/Cu,0 junction. Below 390 nm, most of the variation comes from the effect of ZnO thickness,
interface defects, and lateral illumination, which alter the diffusion of charges across the junction.
Above 390 nm, the variation in EQEs is mainly due to the thickness of CuxO and thus its
absorption. In addition, there is a contribution from interfacial defects that may exist at the PN

junction between 390 nm and 480 nm. Above 480 nm, the limited diffusion length of minority

carrier in Cu,O results detrimental (Figure 8.b)
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Figure 8. (a) The EQE curve of the reference samples with 0.1 um thick ZnO and 2 um thick
Cu20 and experimental solar cells based on Cu.O and ZnO*!2%3%* separated in different slices
and (b) schematic of the simulated parameters responsible for the changes in the quantum
efficiency in the cell. The film thicknesses of the Cu>O and ZnO layers are defined according to
the color of the curve (Red: 2 pum-thick Cu20 and 0.1 pm-thick ZnO, black: 170 pm-thick Cu.O
and 0.2 pm-thick ZnO, blue: 0.127 um-thick Cu20 and 0.15 pm-thick ZnO, green: 2.5 pum-thick

Cu20 and 0.05 um-thick Zn0O, and purple: 3 um-thick Cu20 and 1.25 um-thick ZnO)

4, CONCLUSION

In summary, numerical simulations of simple ZnO/CuxO all-oxide solar cells (without doping or
extra interfacial layers) were performed using the SCAPS software to identify the main parameters
that affect the behavior of the cells, and correlate these to experimental results reported in the
literature, with the aim to provide feasible routs toward efficiency optimization. The parameters
studied are thickness variation for both Cu,0O and ZnO, minority carrier diffusion length for Cu,O,

side illumination (ZnO, CuxO, or bifacial), and the quality of the junction interface. This is the first
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study in which bifacial illumination was implemented in the simulations with this software. The
results show a clear enhancement in the efficiency of the cell when illuminated from both sides,
and that thin semitransparent Cu,O are very appealing for windows or even indoor light harvesting.
Further, the variation in absorber and collector thickness proves to be a key to the output results,
especially when coordinated with the diffusion length of the films. Nevertheless, defects present
at the interface generate recombination and prevent proper charge collection. All these factors
affect differently to the different regions of the EQE. Overall, this comprehensive study provides
a modus operandi for understanding and eventually implementing our findings in the experimental
work by adjusting the key parameters of the junction, so that efficiencies close to the theoretical

values can be achieved for ZnO/Cu,0O all-oxide solar cells.
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