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Abstract
Solution-processed p-type metal oxide materials have shown great promise in improving the
stability of perovskite-based solar cells and offering the feasibility for a low cost printing
fabrication process. Herein, we performed a device modeling study on planar perovskite solar
cells with cuprous oxide (Cu2O) hole transporting layers (HTLs) by using a solar cell simulation
program, wxAMPS. The performance of a Cu2O/perovskite solar cell was correlated to the
material properties of the Cu2O HTL, such as thickness, carrier mobility, mid-gap defect, and
doping concentrations. The effect of interfacial defect densities on the solar cell performance was
also investigated. Our simulation indicates that, with an optimized Cu2O HTL, high performance
perovskite solar cells with efficiencies above 13% could be achieved, which shows the potential
of using Cu2O as an alternative HTL over other inorganic materials, such as NiOx and MoOx.
This study provides theoretical guidance for developing perovskite solar cells with inorganic
hole transporting materials via a printing process.

S Online supplementary data available from stacks.iop.org/SST/30/054004/mmedia
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1. Introduction

In the last several years, the photovoltaic research commu-
nities have seen a remarkable efficiency rise in organolead
halide perovskite solar cells [1–3]. With a reported record
efficiency of over 19% [4], the reproducibility and stability
[5] of perovskite cells, along with their large-scale processing
techniques, have now become major challenges for mass
production. Spray printing deposition [6] is one of the feasible
technology routes to produce a large-scale perovskite solar
cell module, as high-quality perovskite thin films could be
easily obtained via a non-vacuum low-temperature solution

process. So far, several printable organic hole transporting
materials (HTMs) such as spiro-OMeTAD and PEDOT:PSS
have been applied in perovskite solar cells; however, their
instable nature inevitably cause degradation of solar cell
performance over time [7, 8]. In this regard, new types of
organic HTMs, such as P3HT and CNT or BCN composite
thin films are being developed for stable highly efficient solar
cells [9, 10]. From the device stability point of view, devel-
oping low cost inorganic hole transporting layers (HTLs) is
imperative for fully printed high performance perovskite solar
cells. In this aspect, solution-processed p-type metal oxide
semiconductors, such as NiO and CuSCN [11], have emerged
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as excellent alternative HTMs for perovskite-based solar cells.
Metal oxide semiconductors offer superior chemical stability
and various selections in terms of the valence band energy
level. As an example, perovskite solar cells with NiOx HTL
were reported with averaged power conversion efficiency
between 7 and 10% [11–13], and lately this value surged to
above 15% using copper-doped NiOx with improved surface
roughness and conductivity of the nanocrystalline NiOx thin
film [14].

Cuprous oxide (Cu2O), with a direct gap of ∼2.1 eV, is
another well-studied p-type semiconductor, and has long been
considered as a solar energy material [15, 16]. The attrac-
tiveness of Cu2O as a photovoltaic material lies in the fact that
the constituent materials are nontoxic and well known to the
industry. With further development of nanotechnologies,
Cu2O could be a suitable material candidate that meets the
long-term material sustainability target. Cu2O thin films have
been deposited via low cost techniques such as spin-coating
and spray-pyrolysis deposition in ambient air [17, 18]. In
particular, a TiO2/Cu2O heterojunction solar cell fabricated
by an easily up-scalable spray-pyrolysis technique has been
reported [19]. There have been several attempts to adopt
Cu2O as an HTM in organic solar cells as well [20]. However,
the compatibilities of using Cu2O in perovskite solar cells
were rarely reported. In fact, the high carrier motilities of
most reported Cu2O [21] in most research studies have caught
our attention, and led to our interest in its usage in perovskite
solar cells.

In order to provide experimental guidance, we performed
a theoretical study on the Cu2O/perovskite heterojunction
solar cells. The solar cell simulation program adopted in this
work is named wxAMPS, an updated version of the AMPS
tool (Analysis of Microelectronic and Photonic Structure).
The wxAMPS program incorporates the intra-band tunneling
model and trap-assisted tunneling model [22], which provide
more realistic characteristics for heterojunction solar cells.

2. Device simulation parameters

Models of a perovskite solar cell device were constructed
with thin film stacks of HTL/CH3NH3PbI3−xClx/PCBM,
where p-type metal oxide materials (NiOx and Cu2O) were
used as HTMs and an n-type PCBM thin film was used as the

electron-transporting layer. In order to verify the effectiveness
of our modeling approach, a device with NiOx as the HTM
layer was first simulated and compared with reported
experimental results. The AM1.5 solar radiation spectrum
was adopted as the illuminating source in the simulation. The
light reflection of the top and the bottom contacts were set to
be 0 and 1, respectively. The material parameters are sum-
marized in table 1, most of which were selected from recent
reported experimental works. Captured cross sections of both
electron and hole were 1 × 10−14 cm2, which give a carrier
diffusion length of ∼1 μm for both electron and hole in the
perovskite material. The thickness of the absorber layer was
set 0.5 μm to ensure efficient carrier collection. The energy
levels of defects in the simulated thin film materials were
located at the center of their bandgap with the Gaussian-type
energetic distribution (characteristic energy 0.1 eV). Details
about the defect parameters are summarized in table S1 (see
supplementary material). Tail characteristic energy was
0.01 eV and band tail density of states was 1 × 1014 cm−3 eV−1

[23]. To account for the interface properties at the hetero-
junction, a thin photoabsorbing layer with a large number of
defect states was inserted between HTM/CH3NH3PbI3−xClx to
study the effect of interfacial recombination on the device
performance. The absorption coefficients used in these three
layers were derived from reported letters [1, 24, 25]. The
bimolecular electron–hole recombination rate, which has the
most significant influence on the performance of the solar cell,
was set to 1 × 10−11 cm3 s−1 in the baseline simulation model
and reported magnitude of the recombination rate ranged
from 10−11 to 10−9 cm3 s−1 [26, 27]. The surface recombina-
tion velocities of both electrons and holes at the top and
bottom electrodes were set to be 1.0 × 107 cm s−1.

Figure 1(a) shows the structure of the thin film stacks
model conducted in this study. The devices were constructed
with p-type oxide next to the transparent conducting oxide
(TCO) layer. This configuration is mainly due to the higher
processing temperature used in the metal oxide layers.
Figure 1(b) plots the photocurrent density–voltage char-
acteristics of the simulated devices with Cu2O and NiOx as
HTMs, respectively. An efficiency of 9.88% was obtained for
the NiOx/CH3NH3PbI3−xClx/PCBM solar cell, closely repro-
ducing the results reported by Tang et al [28]. The simulated
current density is higher than the reported experimental data,
which may be ascribed to the neglect of light reflection loss

Table 1. Simulation parameters of perovskite solar cell in this study.

Cu2O NiOx Defect Layer CH3NH3PbI3−xClx PCBM

εr 7.5 [32] 11.75 [32] 30 30 [33] 3.9 [34]
Eg (eV) 2.22 [35] 3.8 [32] 1.5 1.5 [36] 2 [37]
χ (eV) 3.4 [32] 1.6 [32] 3.93 3.93 [36] 3.9 [37]
Thickness (nm) 50 50 3 500 100
μh or μn (cm

2 V−1 S−1) 30 [35] 0.001 [38] 14 14 [39] 0.2 [34]
NA (cm−3) (1.5 × 1015) [40] 0 6 × 1014 (6 × 1014) [39] 0
ND (cm-3) (4.72 × 1014) [40] (1 × 1015) [41] 0 0 (2.93 × 1017) [42]
NC (cm−3) 1 × 1019 1 × 1018 2.5 × 1020 (2.5 × 1020) [36] (2.5 × 1021) [43]
NV (cm−3) 1 × 1019 1 × 1018 2.5 × 1020 (2.5 × 1020) [36] (2.5 × 1021) [43]
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and the absorption from nonstoichiometric NiOx. Given the
simulated model closely reproduces the experimental results,
we continue to investigate the Cu2O/CH3NH3PbI3−xClx het-
erojunction solar cell.

In reality, factors such as morphology [29], crystallinity
[30], and stoichiometry [31] of the deposited thin film have
considerable effects on semiconducting properties of the
Cu2O layer. We first explored the effects of the Cu2O intrinsic
parameters, such as mobility, thickness, and defect and dop-
ing concentrations, on the performance of solar cells. In the
model, we further investigated the impact of interface
recombination by inserting a thin interfacial photoabsorbing
layer, with a large number of defect states and high capture
cross section, between the Cu2O and the ideal perovskite
layer. This layer takes in account the fact that the HTL as
growth substrate would have considerable effects on the
growth crystallinity of perovskite thin film. The impact of
band offset between HTM and perovskite is discussed in the
supplementary material.

3. Effect of the printed Cu2O thin film quality

Cu2O thin films have been previously deposited by different
techniques, such as sputtering and spray pyrolysis
[15, 18, 44]. Subject to different deposition conditions,
reported mobility of Cu2O thin film could range from 0.001 to
100 cm2 V−1 s−1 [45]. The hole mobility of Cu2O thin films
could be affected by many factors, such as scattering from
grain boundaries, dislocations, and ionized impurities. In
order to investigate the effects of hole mobility on the device
performance, we first consider Cu2O with hole mobility

varying from 0.001 to 100 cm2 V−1 s−1 at a fixed doping level.
As shown in figure 2(a), fill factor (FF) of the device was
significantly affected by the hole mobility of Cu2O, dropping
below 60% when the mobility is lower than 0.01 cm2 V−1 s−1.
The dropping of FF can be attributed to the high series
resistance produced at open-circuit. The J–V characteristics of
a single heterojunction solar cell are described as [46]
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where JL is the light-induced constant current density, J0 is
the reverse saturated current density, RS is the series
resistance, Rsh is the shunt resistance, A is the ideality factor
of a heterojunction, KB is the Boltzmann constant, T is the
absolute temperature, and e is the elementary charge. It can be
deduced from equation (1)

− = − +−( )V

J
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e
J J R

d

d
. (2)B

SSC
1

Equation (2) reveals that the slope of the J–V curve
grows in the opposite trend with series resistance. As the

Figure 1. (a) Structure of the thin film stacks model. (b) Photocurrent
density−voltage (J−V) characteristics of perovskite solar cells with
NiOx or Cu2O inorganic HTMs, respectively. Inset is the energy-
level-alignment diagram of the perovskite solar cell components
before equilibrium (relative to the vacuum level); the dashed lines
depict the Fermi levels of different layers.

Figure 2. (a) FF and energy conversion efficiency (Eff) of the
perovskite solar cell as a function of hole mobility of Cu2O. (b)
Performance of the perovskite solar cell with varying acceptor
density with varied mobilities (70, 25, 4, and 0.5 cm2 V−1 s−1);
details are given in the supplementary material (available from
stacks.iop.org/SST/30/054004/mmedia). The hollow symbol shown
in the figure is the simulation results of the perovskite solar cell
employing nickel oxide as the HTM.
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series resistance is inversely proportional to the mobility in
the material, higher mobility should therefore lead to a larger
FF in the device. Figure 2(a) indicates that mobility higher
than 0.1 cm2 V−1 s−1 in the Cu2O is required to guarantee
good device performance. For spray-pyrolysis deposition, it is
important to control the crystallinity of Cu2O using the
appropriate annealing temperature [18].

For Cu2O, the hole density can be controlled from
1× 1015 to 1 × 1018 cm−3 by nitrogen dopants, which sit on the
oxygen site and form a shallow acceptor [47]. However, the
presence of ionized impurities could significantly affect the
mobility. Lee et al reported the mobility of Cu2O was limited
by carrier scattering from ionized centers at low temperature
[15]. The mobility from ionized impurities μi can be described
by [48]

μ ∝ T

N m
, (3)i

I

3 2

1 2

where NI is the ionized impurity density. According to
equation (3), the hole mobility in the p-type semiconductor is
inversely proportional to the ionized impurity density, which
is related to the doping density. Considering the correlation
between the doping densities and mobilities, devices with
hole density from 1× 1015 to 1 × 1018 cm−3 and with
decreased mobility values (see supplemental materials S2)
in the Cu2O layer were simulated, and results were depicted
in figure 2(b). Figure 2(b) shows that an intermediate hole
concentration of 1 × 1016 cm−3 with a mobility of
25 cm2 V−1 s−1 achieved the highest efficiency. The increas-
ing hole density leads to a higher reverse electric field,
accompanied by shortened length of the depletion region. The
higher electric field assists the free carrier separation in the
Cu2O layer; however, the increasing hole density also
increases the recombination rate in the cuprous layer by
almost two orders of magnitude, leading to the dropping of
JSC, as depicted in figure 2(b). Simulation results of the
electric field and recombination rate as a function of hole
density are given in figure S3 (see supplementary material).

Defects distributed in the middle of the bandgap would
have profound effects on the semiconducting properties of
Cu2O thin films; the sketch of the distribution of trap states is
shown on the left in figure 3. As shown in the right of
figure 3, the VOC and JSC plummet when the defect con-
centration in the mid-gap of Cu2O increases to 1 × 1015 cm−3,
almost equal to the free hole concentration. The Fermi level of
the Cu2O is pinned at the interface when the defect con-
centration exceeds the free hole concentration, decreasing the
VOC and JSC greatly. This result not only reveals the impor-
tance of decreasing the deep defect density, but also indicates
the relationship of free carrier concentration and defect den-
sity in determining the performance of the devices.

4. Effect of the Cu2O film thickness

When we changed the thickness of the Cu2O from 0.01 to
0.2 μm, the series resistance increased with the increasing
thickness of Cu2O, resulting a falling FF. Figure 4(a) depicts
J–V curves of the perovskite solar cell with increasing
thickness of Cu2O and figure 4(b) summarizes the tendency
of the performance with increasing thickness of Cu2O. The
increasing thickness of Cu2O causes variation of the quantum
efficiency, shown in figure 4(c). The short circuit current
could be obtained as [49]

∫ Φ λ λ λ=J q EQE( ) ( )d . (4)SC

The Φ(λ) is spectral photon flux of the AM 1.5 G solar
irradiation. When the thickness of the Cu2O increases, it
absorbs more photons leading to more free carriers that can be
collected by the electrodes. Otherwise, when the thickness of
Cu2O exceeds the depletion width of Cu2O forming at the
interface of the heterojunction, photo-generated carriers cannot
be separated and collected efficiently, causing the quantum
efficiency to drop with increasing thickness of Cu2O in the blue
wavelength region. As a consequence, the JSC elevates a little

Figure 3. Left is the sketch of the distribution of trap states of Cu2O and right is J–V curves of the perovskite solar cell with different defect
concentrations of Cu2O.
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before falling with the increasing thickness of Cu2O, so does
the efficiency shown in figure 4(b). This trend is consistent
with the experiment result provided by Wang et al who used
the NiOx compact layer fabricated with different thickness
[50]. In conclusion, the thickness of the Cu2O should be less
than 0.05 μm to obtain high efficiency solar cells.

5. Effect of interface defects

The interface quality is a decisive factor for the efficiency of
thin film solar cells. The interface defect and recombination

rates including Auger recombination, bimolecular recombi-
nation, and trap-assisted charge recombination are difficult to
quantify. The total recombination rate of the carrier can be
described by the following rate equation [46]

= = + +R
n t

t
k n k n k n

d ( )

d
, (5)3

3
2

2
1

where k3 is the decay constant describing Auger recombina-
tion, k2 the is bimolecular recombination constant, and k1 is
the rate for monomolecular processes such as trap-assisted
charge recombination. The recombination lifetime is defined
as

τ = n

R     
. (6)

Low-temperature solution-processed perovskite has been
demonstrated to have ultralow bulk defect densities and slow
Auger recombination [51]. The trap-assisted recombination is
characterized by the defect density NT, defect energy level Et,
and capture cross sections σn and σp for electrons and holes,
respectively. The total recombination lifetime can be given by

τ
σ

=
N v

1
, (7)

T th

briefly. In the calculation conducted, we varied the density NT

of thin interface layers inserted between the Cu2O layer and
the absorber layer to explore the recombination influence on
the performance of perovskite solar cells. Figure 5 gives the
simulation results for the device performance as a function of
the interface defect concentration, demonstrating that the
increasing defect concentration governed by the quality of
interface and formation of defects such as point defects,
dislocations, and grain boundaries deteriorates the perfor-
mance of the perovskite solar cell. The diffusion length LD
depends on the recombination lifetime τ through

τ=L D , (8)D

where μ=D k T e/B is the diffusion constant at room
temperature. In the case in which the defect concentration
increases to 1 × 1019 cm−3, the diffusion length decreases to

Figure 4. (a) J–V curves of the perovskite solar cell with different
thickness of Cu2O. (b) The tendency of the performance of the
perovskite solar cell as a function of the thickness, the hollow
symbol shown in the figure is the simulation results of the perovskite
solar cell employing nickel oxide as HTM. (c) Quantum efficiency
characteristics calculated with different thickness of Cu2O.

Figure 5. J–V curves of the perovskite solar cell with different
interface defect concentration.
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several nanometers, which is similar to the length of the thin
interface layer inserted between the Cu2O layer and the
absorber layer. Recombination of electrons and holes
increases in this condition, decreasing the JSC, thus leading
to the poor performance of the perovskite solar cell. In
addition, the increasing defect density deteriorates the VOC by
pinning the Fermi level at the middle of the perovskite layer.
Therefore, rationally optimized solvent washing treatments
[52] of the low-temperature processed perovskite layer should
be considered and methods involving the passivation of
organic–inorganic halide perovskite through supramolecular
halogen bond passivation [53] or Lewis base passivation [54]
should be adopted.

6. Conclusion

In this work, the planar perovskite solar cells with Cu2O HTL
were simulated with the wxAMPS program to search for
optimum Cu2O thin film parameters. Our results indicate that
Cu2O was a suitable HTM for perovskite solar cells. An
efficiency of above 13% could be achieved with 10–50 nm
high mobility Cu2O, which shows the potential of using Cu2O
as an alternative HTL over other inorganic materials, such as
NiOx and MoOx. This study provides important theoretical
guidance for developing perovskite solar cells with inorganic
HTM via printing process.
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