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Optimizing the interfaces in perovskite solar cells (PSCs) is essential for enhancing their perfor-
mance, improving their stability, and making them commercially viable for large-scale deployment
in solar energy harvesting applications. Point defects, like vacancies, have a dual role, as they can
inherently provide a proper doping, but they can also reduce the collected current by trap-assisted
recombination. Moreover, they can play an active role in ion migration. Using ab initio density
functional theory (DFT) calculations we investigate the changes in the band alignment induced
by interfacial vacancy defects in a TiO2/MAPI/Cu2O based PSC. Depending on the type of the
vacancy (Ti, Cu, O, Pb, I) in the oxide and perovskite materials, additional doping is superimposed
on the already existing background. Their effect on the performance of the PSCs becomes visible,
as shown by SCAPS simulations. The most significant impact is observed for p type doping of TiO2

and n type doping of Cu2O, while the effective doping of the perovskite layer affects one of the
two interfaces. We discuss these results based on modification of the band structure near the active
interfaces and provide further insights concerning the optimization of electron and hole collection.

I. INTRODUCTION

Perovskite solar cells (PSCs) captured a tremendous
amount of attention in the last few years due to the
rapid advancement in power conversion efficiency (PCE),
nowadays reaching 26.1%, which is the same as in sili-
con single crystal devices [1]. The low fabrication costs
of PSCs, based on chemical routes, is a major advan-
tage compared to standard silicon photovoltaic technol-
ogy, but issues related to stability and the optimization
of the multi-layered structures for large area scalability
still remain to be solved [2, 3]. This requires choosing
materials for electron and hole transporter layers (ETL,
HTL) as well as adjustments to the perovskite absorber
in order to get a proper band alignment at the active in-
terfaces, taking into account the constraints concerning
the fabrication process, like solvents, deposition temper-
ature etc [4–6].

The stability of the PSCs depends on the ability to
mitigate both intrinsic and extrinsic degradation mech-
anisms. Whereas by encapsulation one can reduce the
impact of moisture and oxygen, the intrinsic mechanism
mainly derive from the ion migration in the perovskite
(PRV) layer during the operation of the solar cell [7].
To contain the ion migration the structure of the ETL
and HTL layers is essential. Although originally, Spiro-
OMeTAD was used as HTL in the vast majority of PSC
devices, the high costs and ion permeability focused the
attention towards inorganic crystalline compounds, like
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Cu2O, NiO etc [8, 9]. Most of these oxide materials can
be processed as thin films by low temperature solution-
based techniques or, alternatively, inverted PSC struc-
tures can be considered [10]. Typically, the ETL is
less prone to ion migration, as it is usually formed by
crystalline materials (TiO2, ZnO, SnO2 etc), however,
it plays an equally important role in the overall perfor-
mance of the PSC.

Co-doping and intentional defect engineering of the
ETL/HTL and of the perovskite absorber is essential for
high-PCE and stable PSCs [11]. Usually, depending also
on the synthesis route, these thin films already have a
significant amount of unintentional point defects which
tune the p/n type character [12–14] and may further fa-
cilitate ion migration. This is why, an optimal amount
of point-defects can ensure the proper band offsets at the
interfaces, while preserving the ion-blocker quality. A
larger amount of defects is typically found in and around
the interface regions [15], as the lattice mismatch between
the two materials triggers more defects.

The electronic properties of the two active interfaces,
ETL-PRV and PRV-HTL, have been investigated by ab
initio calculations using density functional theory (DFT).
Initially, the studies were mostly focused on the TiO2-
MAPI (methylammonium lead iodide) interface, analyz-
ing the band-alignment and the influence of chlorine-
iodine proportion [16–18], taking into account different
possible terminations of the two material slabs [19], sta-
bility and charge separation [20]. Subsequently, searching
for higher mobility ETLs, two other candidate materials
were investigated, ZnO [21, 22] and SnO2 [23]. More re-
cently, crystalline inorganic HTLs like Cu2O have gained
importance and ab initio studies revealed the importance
of vacancies to reduce the trap states at the interface [24].
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FIG. 1. (a) The structure of the reference PSC: ITO as trans-
parent conductive oxide, TiO2 (ETL), MAPI perovskite ab-
sorber, Cu2O (HTL), Au for the metallic back contact. The
IDLs account for vacancies accumulations near the two in-
terfaces. (b) A schematic band diagram for this structure
evidences the small band offsets in the conduction band and
valence band, for the ETL-PRV and PRV-HTL, respectively.

An overview of ab initio studies on perovskite materials
and interfaces is found in Ref. [25]. However, due to the
computational complexity mostly ideal interfaces were
considered.

On a macroscopic level, SCAPS simulation software
[26] was widely used to analyze the influence of material
parameters on the performance of the PSCs. Different
configurations of the layers and materials have been in-
vestigated so far, amongst which we can mention the im-
pact of work function of back contact [27], design of lead-
free flexible PSC [28], an extensive study of several ETLs
(PCBM, TiO2, ZnO, SnO2, IGZO, WS2) and HTMs
(Cu2O, CuSCN, CuSbS2, NiO etc) using combined DFT
and SCAPS [29–31], PSCs with nitrogen-doped titanium
dioxide as an inorganic hole transport layer [32], investi-
gation of defects in SnX3-based PSCs [33]. Further per-
formance optimizations were achieved using genetic al-
gorithms [34]. The impact of defects is implemented by
additional interface defect layers (IDLs), as employed in
the study of germanium-based PSCs [35, 36].

In this paper we perform extensive investigations on
the vacancy defects in the ETL, HTL and perovskite lay-
ers using DFT calculations on thin film interface struc-
tures. The additional doping introduced by vacancies is
evidenced, which translate into band alignment modifica-
tions with respect to the reference PSC. This is shown for
several disorder realizations indicating consistent trends.
With this input, we assess the performance of the PSCs
using SCAPS by introducing vacancy-specific IDLs at
both ETL-PRV and PRV-HTL interfaces. An overview
on the evolution of the relevant parameters of the so-
lar cell, like the open-circuit voltage (Voc), short-circuit
voltage (Isc) and fill factor (FF) is also provided.

FIG. 2. Relaxed interface structures, MAPI@TiO2, with Ti-
O/Pb-I terminations and MAPI@Cu2O, with Cu/Pb-I ter-
minations. The supercells are periodic in the x-y directions,
while a 15 Å vacuum was considered along the z-direction.

II. COMPUTATIONAL DETAILS

II.1. The reference PSC structure

The reference PSC structure is depicted in Fig. 1,
showing the five layers: ITO, TiO2 (ETL), MAPI per-
ovskite absorber, Cu2O (HTL) and Au back contact.
This is a rather typical configuration of a PSC with an in-
organic HTL, which provides almost flat band condition
with small band offsets at the ETL-PRV and PRV-HTL
interfaces, for electrons and holes, respectively. This en-
sures the blocking of holes at the ETL and electrons at
HTM, while the small energy differences in the conduc-
tion and valence bands, respectively, at the two interfaces
enhance the collection of photogenerated carriers. How-
ever, small variations in the band structure arising at
those interfaces, due to point defects (e.g. an excess of
vacancies), can drastically alter the performance of the
solar cell, as it will be shown in the following.

II.2. Ab initio calculations for bulk materials and
interface structures

The DFT calculations are implemented using SIESTA
package [37], which employs a set of strictly localized nu-
meric atomic orbitals that provides a linear scaling of
the computational time with the system size. In the first
step, the bulk materials are optimized using the local
density approximation (LDA) in the parametrization of
Ceperley and Alder [38] and norm-conserving Troullier-
Martins pseudopotentials [39]. Throughout all calcula-
tions a double-ζ polarized (DZP) basis set and a mesh-
cutoff of 300 Ry were used. For the sampling of the Bril-
louin zone, a Monkhorst-Pack grid of 5 × 5 × 5 was em-
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ployed. The relaxations were performed until the forces
were less than 0.04 eV/Å. In the case of Cu2O we in-
cluded LDA+U approximation for reproducing more ac-
curately the experimental band gap, while for TiO2 and
MAPI it is reasonably reproduced without correction.

Using the optimized geometries for the unit cells, inter-
face structures are assembled, as shown in Fig. 2. In order
to reduce the mismatch strain as much as possible, the
supercells are constructed as follows. For the interface
I1 (ETL-PRV) we considered a slab with 135 atoms for
TiO2 interfaced with 108 atoms for the tetragonal MAPI,
ensuring a mismatch of less than 1.1%. For the interface
I2 (PRV-HTL) we used 78 atoms for the orthorhombic
MAPI phase on top of 140 atoms for the Cu2O layer,
with a mismatch smaller than 5%. The difference be-
tween the bulk tetragonal and orthorhombic MAPI is
minimal, and this choice reduces potential strain effects
that can bring larger deviations in the band structure
calculations. The completed structures have 243 atoms
in the case of I1 (MAPI@Cu2O) and 218 atoms for I2
(MAPI@Cu2O). Given the large system sizes, a smaller
meshcutoff of 150 Ry is enforced and, due to the lack of
periodicity on the z-direction, a Monkhorst-Pack grid of
5× 5× 1 was employed.
Starting from the ideal interface structures, a num-

ber of 20 disorder realizations are constructed for each
vacancy type (№Vacancies / №Atoms): (Interface I1)
1/12 = 8.33% VPb, 2/32 = 6.25% VI, 2/45 = 4.44% VTi

and 4/90 = 4.44% VO, (Interface I2) 1/8 = 12.5% VPb,
1/22 = 4.55% VI, 5/96 = 5.26% VCu and 2/44 = 4.55%
VO. In spite of the fact that these are relatively high
defect concentrations, inherently constrained by the lim-
itations of the DFT calculations, the analysis provides
important clues concerning the doping character and rel-
ative importance of the considered vacancy types. More-
over, one should note that a typical defect distribution
would have a larger contribution near the interface com-
pared to bulk of the crystalline structures, induced by
the mismatch of the two materials.

For post-processing of the electronic structure calcula-
tions, including the projected density of states (PDOS),
we used the SISL package [40] in a Conda environment.
The band alignment is determined from the PDOS of
individual layers.

II.3. Performance analysis using SCAPS

The impact of the different types of defects on the PSC
performance is evaluated from the stationary J-V char-
acteristics modelled by SCAPS. The program calculates
the energy bands, carrier concentrations and currents for
devices with up to 7 semiconductor layers, by solving the
one-dimesional semiconductor equations together with
the appropriate boundary conditions at the contacts [26].
Each layer is characterized by a series of parameters, like:
band gap (Eg), affinity (χ), relative dielectric permittiv-
ity (εr), conduction- and valence band effective density
of states (NC and NV), thermal velocities for electrons

            (a)                                       

            (b) 

FIG. 3. Band structure and PDOS for the ETL and HTM:
(a) anatase-TiO2, Eg = 1.96 eV; (b) cuprous oxide (Cu2O),
Eg = 1.49 eV, using a DFT+U correction with U = 8 eV and
J = 0.8 eV on 3d Cu orbitals and U = 12 eV for 2p Oxygen
orbitals.

and holes (vth,n and vth,p), electron and hole mobilities
(µn and µp), donor and acceptor concentrations (ND and
NA) and total concentration of defects Nt. A summary
of parameters is shown in Table I. In this configuration,
the ETL and HTL are slightly n- and p-doped, while the
perovskite layer is intrinsic. The standard illumination
conditions of AM 1.5G were considered.

In addition to the standard layers the influence of de-
fects was investigated by introducing additional IDLs for
one interface at a time. The defect concentration was
varied between zero and 5 × 1018 cm−3, with either n-
or p-type character. For the I1 interface, IDL1 and IDL2
correspond to TiO2 and MAPI, and they account for VTi,
VO and VPb, VI, respectively. Similarly, for the I2 inter-
face, we assign IDL3 and IDL4 to MAPI and Cu2O defect
layers, the latter modelling VCu and VO. The width of
all IDLs is set to ld = 10 nm.
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TABLE I. SCAPS parameters used for the reference PSC [31]. The IDLs are part of the corresponding oxide or MAPI layers.

Parameters ITO TiO2 IDL1 IDL2 MAPI IDL3 IDL4 Cu2O
Thickness [nm] 300 100 10 10 330 10 10 100
Eg [eV] 3.5 3.2 3.2 1.55 1.55 1.55 2.1 2.1
χ [eV] 4.0 4.0 4.0 3.9 3.9 3.9 3.2 3.2
εr 9 10 10 10 10 10 7.11 7.11
Nc [cm−3] 2.2× 1018 2.0× 1018 2.0× 1018 2.75× 1018 2.75× 1018 2.75× 1018 2.2× 1018 2.2× 1018

Nv [cm−3] 1.8× 1019 1.8× 1019 1.8× 1019 3.9× 1018 3.9× 1018 3.9× 1018 1.9× 1019 1.9× 1019

µn [cm2V−1s−1] 20 20 20 10 10 10 200 200
µp [cm2V−1s−1] 10 10 10 10 10 10 8600 8600
ND [cm−3] 1.0× 1018 1.0× 1018 1.0× 1018 1.0× 1018 1.0× 1018 1.0× 1018 - -
NA [cm−3] - - - 1.0× 1018 1.0× 1018 1.0× 1018 1.0× 1018 1.0× 1018

Nt [cm−3] - - - 1.0× 1016 1.0× 1016 1.0× 1016 - -

            (a)                                       

            (b) 

FIG. 4. Band structure and PDOS for MAPI: (a) tetragonal
and (b) orthorhombic structures. The energy gap is similar in
both instances, Eg = 1.48 eV and Eg = 1.52 eV, respectively.

III. RESULTS

III.1. Structural optimization and electronic
structure of bulk TiO2, Cu2O and MAPI

As part of the calibration process of the DFT cal-
culations, we proceed with the structural optimization
and electronic band structure calculations of bulk TiO2,
Cu2O and MAPI materials. The atomic configurations
are further used to optimize the interface structures.

Anatase-TiO2 is commonly used as ETL in standard
PSCs, in contrast to the high temperature phase, rutile-

TiO2. It is a relatively wide band gap semiconductor,
with experimental Eg = 3.22 eV [41] and almost trans-
parent for visible light. The unit cell contains 4 Ti atoms
and 4 O atoms and the structure belongs to I41/amd
space group. The band structure shown in Fig. 3(a) indi-
cates a direct band gap, with Eg = 1.96 eV. The edges of
the conduction band (CB) and valence band (VB) mainly
stem from the Ti-3d, Ti-4s, Ti-4p orbitals and O-2p or-
bitals, respectively.
Cuprous oxide (Cu2O) crystallizes in a cubic structure

and belongs to the space group Pn3̄m. This material has
an experimental band gap value of approximately 2.1 eV
[42], making it suitable for use as a semiconductor in
various electronic devices and sensors [43]. Due to the
limitations of DFT in accurately treating strongly corre-
lated electron states, the band gap of Cu2O is typically
underestimated. To address this issue, the DFT+U cor-
rection was applied. As one can see from Fig. 3(b), this
correction increased the calculated band gap value to ap-
proximately 1.5 eV, bringing it closer to the experimental
band gap. The PDOS analysis shows that the conduc-
tion and valence bands are mainly formed by Cu-4s and
Cu-3d orbitals, respectively.
The MAPI perovskite is found in orthorhombic, tetrag-

onal or cubic structures, with quite similar electronic
properties. The ground state is orthorhombic, and it
contains 48 atoms per unit cell. The experimental band
gap of ≈ 1.6 eV is found with good accuracy from DFT
calculation without DFT+U correction, as seen from Fig.
4, due to a fortouis cancellation between the underesti-
mation provided by LDA and the overestimate caused by
the lack of spin-orbit coupling (SOC) [44]. The conduc-
tion band edge is composed of I-5p, while the top of the
valence band is formed by Pb-6p orbitals.

III.2. Structural optimization and band alignment
at ideal and defective TiO2-MAPI and MAPI-Cu2O

interfaces

The optimized atomic coordinates of the bulk ma-
terials are used to construct the interface models
MAPI@TiO2 and MAPI@Cu2O. For the former inter-
face, a π/4 rotated orientation of MAPI around c-axis
is preferred to acquire a better fit. The remaining mis-
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FIG. 5. Band alignment at MAPI@TiO2 interface obtained
from the PDOS of the two materials: ideal system (upper
plot), followed by structures with VI, VPb, VTi and VO. A
number of 20 disorder realizations are depicted together with
the averaged PDOS.

match was then eliminated by lattice scaling of the first
material. In order to consistently simulate thicker films
as in the experimental devices, the first oxide layers were
fixed during the relaxation in both interface structures.

Initially, ideal systems are considered. Following re-
laxations, the PDOS is determined, summing up contri-
butions from the two materials. The upper plots of Figs.
5 and 6 show the relative shifts of the band gaps, cor-
responding to the ETL and HTL functionalities. Small
band offsets are evidenced for the conduction band for
interface I1 and for the valence band in case of interface
I2, in accordance with band diagram in Fig. 1.

Introducing vacancies a strong doping effect is ob-
served in the IDLs, with either n- or p-type character
depending on the impurity type. For the oxides, VO cre-
ate donor centers, while VTi and VCu provide acceptors.
Similarly, for MAPI, VI induce an n-type character, while
VPb introduce a p-type character. The different disorder
realizations can render slightly different outcomes in the

FIG. 6. Band alignment at MAPI@Cu2O interface obtained
from the PDOS of the two materials: ideal system (upper
plot), followed by structures with VI, VPb, VCu and VO. A
number of 20 disorder realizations are depicted together with
the averaged PDOS.

PDOS analysis, depending on their relative position and
the proximity to the interface. However, the 20 cases
considered for each vacancy type present a consistent
trend. A careful inspection of Fig. 5 shows that MAPI
PDOS is shifted in opposite directions for VI and VPb,
followed by a similar effect observed for TiO2 when VTi

or VO are present. High defect concentrations can en-
hance the band offsets or can even locally reverse the
band alignment. The same behavior is evidenced for the
MAPI@Cu2O interface in Fig. 6.

III.3. Performance assessment of PSCs with
vacancy defect layers

The reference solar cell presents a nearly flat band con-
dition for electrons at interface I1 and for holes at inter-
face I2, which indicates a rather unimpeded photogener-
ated carrier collection. From the simulated J-V charac-
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teristics we obtain the following performance parameters:
PCE = 19.25%, FF = 82%, Voc = 1.04 V, Isc = 22.5 mA.
Vacancy-induced doping can alter significantly the per-

formance of the PSCs and different combinations of de-
fects are possible. However, for the investigated struc-
ture, we show that only certain vacancy types have a
significant impact. Following the DFT analysis on the
band alignment, we expect that the IDLs will create lo-
cal variations on the band edges near the interfaces. We
consider vacancy defects in concentrations up to 5×1018

cm−3 of either donor or acceptor type. The band dia-
grams are presented in Fig. 7. In the case of I1 interface,
VO and VI induce small dips, while VTi and VPb produce
small bumps. Taking into account the small band off-
set in the conduction band, VTi and VPb found in IDL1
and IDL2, respectively, will have a dominant effect on
the electron collection. The holes are blocked at this in-
terface and the large band offset is less affected by the

same amount of defects. On the other hand, the small
dips induced by VO and VI have a much lesser impact on
the electron collection. This image is mirrored at the I2
interface. In this case, the holes are the collected carri-
ers, and they are mostly affected by an n-type character
of the IDLs. This corresponds to VI and VO in IDL3 and
IDL4, respectively.
The performance of the PSCs depending on the defect

concentration is shown in Fig. 8, by monitoring several
indicators: PCE, FF, Isc and Voc. As the magnitude
of the perturbation increases with the defect concentra-
tion, the PCE drops to less than 5%. The interface I2
proves to be more sensitive to defects compared to I1
interface. The same trend is followed by Isc and FF,
although an increase is found at large defect concentra-
tions for the latter in connection with the decrease of Isc.
The open circuit voltage shows a slight non-monotonic
increase, which stabilizes at around 1.07-1.09 V. Natu-
rally, the sensitivity to defect concentration can change
by increasing the CB and VB offsets for I1 and I2, re-
spectively. In this case, the oxide defects would have a
lesser impact on the J-V characteristics.

IV. CONCLUSIONS

The performance of PSCs with Cu2O as inorganic
HTL in the presence of point defects was investigated
using ab initio calculations and SCAPS simulations. In
the first step, the band alignment in TiO2/MAPI/Cu2O
based PSCs was determined by DFT calculations.
Different types of vacancies induce either n- or p-type
doping in the ETL, HTL and MAPI layers, which impact
the overall solar cell performance. It was established
that in a mostly flat band condition for electrons at the
ETL-PRV interface and for holes at PRV-HTL interface,
the dominant vacancies are VTi and VO in the two oxide
layers, TiO2 and Cu2O, respectively, while for MAPI VI

impacts the interface with the ETL and VPb influence
the interface with the HTL. Therefore, passivation of
titanium vacancies in TiO2 and oxygen vacancies in
Cu2O should be prioritized in nearly flat-band PSCs.
The SCAPS simulations confirm this perspective, by
analyzing the PCE dependence on the defect concen-
tration, type and layer localization. To conclude, we
performed a comprehensive study on the impact of
vacancy defects and provided clues to mitigate potential
performance decrease by unintentional defect-induced
doping of the active layers.
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