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Significant advancements have been made in the development of perovskite solar cells (PSCs) in recent years, resulting in
increased efficiency rates. Nonetheless, the presence of lead within these cells has become a pressing concern. Our study
investigates the correlation between tolerance of barium substitution and A-site cation composition through systematic analysis
of morphology, crystal structure, optical property, and carrier dynamics. The results show that a high barium substitution ratio
of 15mol.% can be achieved by inducing 60mol.% of a large A-site cation, formamidinium, into the methylammonium-based
perovskite. The induction of large A-site cations in barium-substituted perovskite overcomes the imbalance between hole and
electron diffusion lengths, resulting in an electron and a hole diffusion length of 395 nm and 440 nm, respectively. The
champion device for 15mol.% barium-substituted perovskite, FA0.6MA0.4Pb0.85Ba0.15I3-yCly, achieves a PCE of 11.13%, which is
the highest record for 15mol.% of lead reduction. This study provides insights into the limitations of lead substitution in
perovskite solar cells and highlights the ceiling for barium substitution ratio in mixed cation perovskite.

1. Introduction

Organic-inorganic lead halide perovskite solar cells (PSCs)
have attracted significant attention as a potential candidate
for next-generation green energy due to their outstanding
photovoltaic characteristics: long exciton diffusion length,
high absorption coefficient, relatively low cost, and large
processing window [1–3]. Notably, PSCs have achieved a
significant milestone in photovoltaics, with reported power
conversion efficiencies (PCE) surpassing 26% [4]. Three-
dimensional (3D) perovskites with the general formula
ABX3 (A: organic ammonium cation; B: group IV A metal;
and X: halogen) have emerged as popular absorber materials
in perovskite solar cells (PSCs). Although lead-based perov-

skite devices have exhibited remarkable photovoltaic perfor-
mance, the presence of lead in the active layer raises
significant concerns [5–7]. Extensive efforts have been
devoted to addressing the issue of lead and mitigating its
adverse effects on the sustainability of PSCs [8–11]. Tin,
which shares similar chemical properties, becomes the first
intuitive replacement for lead in conventional PSCs
[12–14]. However, the electron configuration of tin predis-
poses it to oxidation from a divalent cation to a more stable
quadrivalent cation in ambient conditions, leading to the
loss of its photovoltaic properties [15, 16]. Another alterna-
tive is to explore lead-free perovskite derivatives such as the
double perovskite Cs2AgBiBr6 or rudorffite materials like
Ag3BiI6 [17, 18]. Despite the high stability of these lead-
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free perovskite-derivative materials, their photovoltaic per-
formance remains inferior to that of conventional lead-
based PSCs, making them lag behind the progress of lead-
based PSCs [19, 20].

To prevent the toxic element of lead from being released,
several lead-capturing strategies have been developed to mit-
igate lead leakage from lead-based PSCs. A donor-acceptor
type polymer modified with alkoxy side chains has been
reported to possess the ability to chelate the lead ion when
it is applied as a hole transport layer in conventional PSC
architecture (n-i-p). Approximately 80% of the lead leakage
can be captured through the functionalized polymer. This
strategy is believed to prevent possible lead leakage from
lead-based PSCs when they are subjected to ambient air con-
ditions [21]. An in situ polymerization strategy is also
applied to alleviate the lead leakage in PSCs. A dormant
acrylamide monomer induced into a perovskite film as an
additive and being transformed into a chelating polymer
network by applying heat. The network polyacrylamide in
PSCs chelates and immobilizes lead ions. The unencapsu-
lated devices for water-soluble lead concentration tests
reveal that lead concentration in water can be reduced from
2.90 ppm for a control device to 0.74 ppm [22]. In addition, a
high conductive metal-organic framework (MOF) with
porous microstructure is deemed to be another candidate
for capturing lead leakage in PSCs [23]. Yet, the priority
for transporting layer or in situ additive in the perovskite
layer is to effectively commute charge carriers, electrons, or
holes. As a result, the thickness of such a transporting
layer/additive is usually confined to tens of nanometers.
The trade-off between capacity for lead-capturing and car-
rier communication of transporting layers is laborious to
reach. On the other hand, the physical barrier for wrapping
the PSCs is also developed to prevent their lead leakage. Self-
healing resin encapsulation can physically decelerate water
permeation into a device. That is, the water-soluble lead in
PSCs is confined to a space between an impermeable glass-
based substrate and a cover substrate. The only pathway
for soluble lead is to penetrate the edge-sealing resin. How-
ever, this strategy can only slow down the process of lead
leakage. Eventually, lead leaks out from devices [24].

As a result, reducing the lead content in PSCs is an
important target for eliminating the concern about lead.
Alkaline earth elements are deemed to be a suitable candi-
date for lead substitution owing to their stable divalent con-
figuration and appropriate ionic radius. The criteria for
substitutional conditions for a solid solution are based on
the Hume-Rothery rules: the mismatch between two ionic
radii should be lower than 15%; the valency of the candidate
and its crystal structure should be the same as the original
ion; the electronegativity should be as similar as possible
between two ions [25, 26]. Considering compatibility
between perovskite lattices, barium offers high flexibility
for lead substitution compared to others [27]. The least crys-
tal distortion supplies the highest photovoltaic performance
for such PSCs. The cation engineering for extending the
substituted tolerance of B-site cation further promotes the
substitution ratio to 5.0mol.% in mixed A-site cation PSCs
with an improved PCE [28]. Polymer additives also stabilize

the crystal structure as 5.0mol.% lead is substituted with
barium. By taking advantage of a uniform surface morphol-
ogy and stable crystal structure, it is possible to achieve a
power conversion efficiency greater than 16% from
10mol.% barium-substituted PSCs [29]. The construction
of a quasi-2D structure has been reported to enlarge the
substitution ratio of B-site cations and effectively passivate
defects in the perovskite layer. With 10mol.% barium sub-
stitution, the PCE can exceed 19% [30]. However, very
few studies have discussed the limit of substituting barium
for lead.

In this study, beyond simply looking at the efficiency of
PSCs, mixed A-site cation perovskite materials composed
of methyl ammonium (MA) and formamidinium (FA) are
investigated to determine the ceiling for lead replacement.
The simple chemical composition of perovskite helps to
reveal the limitations of lead reduction ratios. Based on sur-
face potential and diffusion length analysis of barium-
substituted perovskite, a 6 : 4 molar ratio FA/MA mixed A-
site cation perovskite was chosen with a barium substitution
ratio of 15mol.%. The corresponding champion device
retains a PCE of 11.13%, which is the highest record for
15mol.% lead-reduced PSC. Further increases in the barium
substitution ratio result in a rapid decrease in PCE, indicat-
ing that the ceiling for barium substitution ratio is 15mol.%
in FA/MA mixed A-cation PSCs.

2. Experimental Section

2.1. Preparation of Precursor. All chemicals are used as
received without further purification. For precursor solution
preparation, MA0.4FA0.6BaxPb1-xIyCl3-y is prepared by dis-
solving the desired ratio of CH3NH3I (MAI, FrontMater-
ials)/CH5IN2 (FAI, FrontMaterials), lead iodide (PbI2,
99.9985%, Alfa Aesar)/lead chloride (PbCl2, 99.999%,
Sigma-Aldrich) (molar ratio = 0 9/0.1) in a mixture solvent
(1 : 1 v/v) of dimethyl sulfoxide (DMSO, 99.9%, ECHO),
and γ-butyrolactone (GBL, ≥99%, Sigma-Aldrich) at 40°C
with continuous stirring for 24 h. For barium-substituted
perovskite, barium iodide (BaI2, 99.995%, Sigma-Aldrich)
with various doping concentrations is used to substitute lead
into perovskite precursor solution. The TiO2 precursor solu-
tion for the compact layer and the paste for the mesoporous
zinc-doped TiO2 electron transport layer are synthesized
and prepared based on previous studies [27, 31]. The hole
transport layer solution contains 80mg spiro-OMeTAD
(FrontMaterials), 28.5μL 4-tert-butylpyridine (tBP, 96%,
Sigma-Aldrich), 17.5μL Li-TFSI solution (Li-TFSI, 99.95%,
Sigma-Aldrich, 1.8M in acetonitrile), and 1.0mL chloroben-
zene (C6H5Cl, CB, 99.8%, ACROS). The mixture is stirred
for 30min until spiro-OMeTAD is completely dissolved.
The solutions are all prepared in a nitrogen-filled humidity
box (~1.0% relative humidity, 25°C).

2.2. Fabrication of Perovskite Solar Cell. Before device fabri-
cation, FTO substrates (7Ω, Ruilong) are cleaned in a
sequential sonication step in the order of detergent, acetone,
and isopropanol. Each step lasts 30min to remove an
adsorbed organic contaminant. Then, the FTO substrates
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are modified using a UV-ozone cleaner to make their surface
more hydrophilic. A dense TiO2 layer is deposited onto the
FTO substrate by spray coating and calcining at 450°C for
30min. A mesoporous electron-transporting layer, zinc-
doped TiO2, is screen-printed onto the dense TiO2 layer and
calcined at 500°C for 30 minutes. The perovskite precursor
solution, FAxMA1-xPb0.85Ba0.15IyCl3-y or other perovskites, is
spin-coated onto the as-prepared electron transport layer by
a two-step process with the first step at 1000 rpm and the sec-
ond step at 5000 rpm for 20 sec, respectively. An antisolvent of
300μL chlorobenzene is dripped onto the top of the perovskite
film with 3 seconds remaining. After spin-coating, the perov-
skite film is transferred onto a hot plate and annealed at 100°C
for 10 minutes. After cooling to room temperature, a hole
transport layer of spiro-OMeTAD is deposited onto the
perovskite film by the spin-coating process at 4000 rpm for
30 sec. Twelve silver electrodes with an area of 0.09 cm2, con-
fined by a metal mask, are thermal-evaporated onto the hole
transport layer with a thickness of 120nm. All processes
regarding to spin-coating steps are carried out in a humidity
box (~1.0% relative humidity, 25°C).

2.3. Characterization. The film topologies are acquired from
field-emission scanning microscopy (FE-SEM, SU8010,
Hitachi) and atomic force microscopy (AFM, Dimension-
3100 Multimode, Digital Instruments) in the tapping mode.
Optical properties are acquired by UV–vis spectrometer in
the 600–1000 nm (V-730 Jasco). The crystal structure evolu-
tion of perovskite films is characterized by an X-ray diffrac-
tometer equipped with cross-beam optics (Rikagu SmartLab,
220C212). The surface potential is obtained from a Kelvin
probe analyzer equipped with a 2mm gold tip (SKP 5050,
KP Technology) and a green 300mW LED light source.
The carrier dynamic analysis is acquired by a time-resolved
photoluminescence spectrum (TR-PL, UniDRON-plus, UniN-
ano Tech) with a 532nm diode laser (LDH-D-TA-530, Pico-
Quant). Briefly, a perovskite film is deposited onto a quartz
substrate and covered with a hole transport material of spiro-
OMeTAD. In contrast, a perovskite film is deposited onto
another substrate and covered by an electron transport layer
of PC61BM. For reference, the intrinsic lifetime of perovskite
film is deposited onto the same substrate and covered with
an insulated layer of PMMA. The carrier lifetime of electron
and hole in perovskite film can be thereafter derived from 1D
approximation. In terms of electron trap density and elec-
tron mobility, a J-V curve from an electron-only device exhi-
biting FTO/TiO2/perovskite/PC61BM/Ag architecture is
measured and fitted with the space charge limit current
model. All J-V curves in this study are recorded by a digital
source meter (Keithley 2400) with a delay time of 200ms.
The light source for photovoltaic performance estimation is
calibrated to 1 sun (AM 1.5G, 100mW/cm2) with a KG5-
filtered silicon reference cell (BS-520BK, Bunkokeiki).

3. Results and Discussion

To enhance the crystal structure tolerance for barium sub-
stitution, formamidinium, which has a large ionic radius,
is induced to comprise a mixed-cation perovskite.

Figure 1 demonstrates the surface morphology of perov-
skite films composed of various chemical compositions,
FAxMA1-xPb0.85Ba0.15I3-yCly, where x varies from 0.0 to 0.8
(FAxMA1-xPb0.85Ba0.15I3-yCly perovskite is defined as Ba-
PVK-x for further discussion). Different from conventional
triiodide perovskite, we adopt a slight dopant of chloride, x
= 0 1, to improve the film morphology and to fit the octahe-
dron and Goldschmidt tolerance factor of crystal structure
with small cationic radii. Based on the FE-SEM images in
Figures 1(a)–1(e) series, the domain sizes of Ba-PVK-x
evolve as the ratio of formamidinium, the x value, increases.
The pin-hole density decreases as the ratio of formamidi-
nium increases. This can be attributed to the merging of
Ba-PVK-x domains, which occurs with an increased forma-
midinium ratio. The film coverage of these films is calculated
and summarized in Table S1. Without a doubt, the film
coverage increases to 99.8% when the formamidinium ratio
reaches 0.8. High film coverage is expected to result in an
ideal film-stacking scenario for subsequent layers. The
surface roughness obtained from atomic force microscopy
(Figures 1(f)–1(j)) is also analyzed and summarized in
Table S1. The surface roughness initially decreases to an
Rms value of 47.5 nm when x reaches 0.6. However, it
subsequently increases, leading to a high surface roughness
of 67.5 nm when x reaches 0.8. The mismatch in ionic size
between the A-site and B-site cations results in noticeable
aggregation effects of colloids and a large hydrodynamic
diameter in a precursor solution [32]. A precursor with a
large hydrodynamic diameter promotes rapid grain growth
but results in small grain sizes. On the other hand, a
precursor with a small hydrodynamic diameter leads to
slow crystallization and the formation of larger grain sizes.
Furthermore, a high ratio of formamidinium in perovskite
expands the tolerance for barium substitution from the
octahedral and tolerance factors point of view. This
suggests that perovskite with a high x value would have a
small hydrodynamic radius in the precursor, leading to
larger grain sizes, as observed in topographic microscopies.
In addition to the x value, chloride in perovskite not only
promotes film coverage but also enhances the tolerance of
the Ba substitution ratio regarding to octahedron and
Goldschmidt tolerance factor [27, 33]. However, chloride is
known as a volatile ion. It tends to vanish away from the
film during the thermal annealing process that deteriorates
the balance of stoichiometry between cation and anion in
the perovskite structure. As a result, we adopt 10mol.% of
chloride incorporation ratio, namely, y = 0 1, for further
discussion.

Besides the morphology effect, the chemical composition
of perovskite plays an influential role in its energy bandgap.
Figure 2 shows the optical properties of perovskite with var-
ious cation compositions, x from 0.0 to 0.8. As shown in
Figure 2(a), the absorption edge redshifts as the x value
increases. All energy bandgaps for perovskite films are deter-
mined from the corresponding Tauc plot, as shown in
Figure 2(b). The redshift of the energy bandgap from
1.58 eV for Ba-PVK-0.0 to 1.52 eV for Ba-PVK-0.8 mainly
comes from the lattice evolution as the large cation ratio
increases. The lattice structure evolution of perovskite has
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Figure 1: Continued.
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been reported to affect the energy bandgap through different
degrees of overlapping electrons in the p orbital from halide
and cations [34]. In addition, the absorption spectrum for
x = 0 8 appears to be different compared to the others. The
decreased absorption in the visible light band can be
ascribed to the phase transition of formamidinium perov-
skite. As a photoactive phase yet unstable perovskite, α-
phase formamidinium lead triiodide gradually transitions
to a yellow phase metastable δ-phase at room temperature.
It results in a decrease in light absorption ability.

To gain insight into the speculation above, the crystal
structures of the films were analyzed by X-ray diffractome-
ter, and the results are shown in Figure 3(a). Owing to the
high crystallinity of perovskite in the out-of-plane direction,
the {110} facets can be observed in all films with various
chemical compositions. The characteristic peaks at 26.5,
33.7, 37.8, and 51.6° refer to FTO substrates. Different from
the other films, the Ba-PVK-0.8 shows a pronounced δ-
phase FAPbI3 at 11.8°. The expended patterns from 13° to
15° and 27° to 29° provide insights into the crystal structure
evolution with increasing x value (Figures 3(b) and 3(c)). As
a large cation, inducing a large A-site cation of formamidi-
nium causes a noticeable lattice expansion of the perovskite.
Obvious peak shifts from 14.1° of facet (110) toward 13.9°

and 28.4° of facet (220) toward 28.1° are observed. In addi-
tion, splitting peaks are observed at low concentrations of
formamdinium composition (x < 0 4) that indicates the mis-
match of edges for a tetragonal lattice structure, where the
lattice parameters are unequal (a = b ≠ c). High concentra-
tions of formamidinium composition (x ≥ 0 4) exhibit single
peaks at both positions. It indicates the lattice parameters
reaching a balance (a = b = c) as the crystal structure turns
from tetragonal to cubic.

The X-ray absorption near the edge structure (XANES)
and the extended X-ray absorption fine structure (EXAFS)
of the lead in Ba-PVK-x, x from 0.0 to 0.8, are also investi-
gated to reveal its oxidation state and geometric information,
namely, the distance between lead and proximate ion.
Figure S1 (a) illustrates the Pb K-edge of Ba-PVK-x. The
steady XANES indicates the oxidation state of lead is
stable. That is, the incorporation of formamidinium shows

minor interference in the oxidation state of lead in the
perovskite structure. The real space distance reduction can
be observed from EXAFS and is plotted in Figure S1 (b).
Based on the perovskite lattice structure, iodide is the
neighboring ion of lead, which bonds together and
constructs PbI6 octahedrons. The distance in Ba-PVK-0.0
shows a slightly longer distance. The large electronegativity
of barium tends to attract the neighboring iodide and
results in the slight expansion of the adjacent PbI6
octahedron. As formamidinium ions are induced into such
perovskite structures, the relatively large A-site cations are
speculated to alleviate the expansion effect of PbI6
octahedrons caused by the neighboring barium ions. As a
result, the distance between lead ion and iodide shifts to a
smaller value, which is almost the same as perovskite with
methylammonium lead iodide perovskite, Ba-PVk-0.0. The
similar distance of Ba-PVK-x for x from 0.2 to 0.8 reveals
that the barium substitution into perovskite structure
barely interferes with the formation of octahedrons of PbI6.
As such, a perovskite with a stable crystal structure can be
rationally implied. The preliminary tests for their PV
performance are conducted to show the correlation of
photovoltaic performance between film properties after
various ratios of large cation incorporation. The PCE
distributions acquired from Ba-PVK-x devices with various
compositions, x from 0.0 to 0.8, are shown in Figure 4(a).
It underscores the pronounced impact of formamidinium
incorporation on the enlargement effect for barium
substitution, as evidenced by the enhancement in
photovoltaic performance. Yet, when focusing on Ba-PVK-
0.8, it highlights that incorporating an excessive amount of
formamidinium can have a detrimental effect on the
photovoltaic performance due to the rapid increase of the
δ-phase FAPbI3 in the film (see Figure 3). Note that δ-
phase FAPbI3 is widely known as a photoinactive phase
perovskite structure. The corresponding film absorption in
the visible light region also shows a dramatic drop owing
to the formation of δ-phase FAPbI3. Among them, the
devices with Ba-PVK-0.6 perovskite stand out with an
average PCE of 10.30%. The J-V curves of champion
devices are shown in Figure 4(b). It achieves a PCE of
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Figure 1: Morphology and the corresponding topography of FAxMA1-xPb0.85Ba0.15I3-yCly film: (a, f) x = 0 0, (b, g) x = 0 2, (c, h) x = 0 4,
(d, i) x = 0 6, and (e, j) x = 0 8. (a–e) Morphology acquired from FE-SEM at a magnification of 30,000 and (f–j) topography from AFM
(The scale bar indicates 2.0 μm in FE-SEM images).
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11.13% with an open-circuit voltage (VOC) of 1.05V, a
short-circuit current (JSC) of 16.03mA/cm2, and a fill
factor of 66.06%. The lowest energy bandgap of perovskite
film reflects on its highest current density in the series. The

tremendous difference in the PV performance between the
Ba-PVK-0.0 and Ba-PVK-0.6 devices inspires us to dig into
the influence of barium compatibility with the assistance of
large A-site cations. When focusing on the enhancement of
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Figure 2: Optical property of FAxMA1-xPb0.85Ba0.15I3-yCly film: (a) absorption spectrum and (b) corresponding Tauc plot for energy
bandgap calculation.

6 International Journal of Energy Research



the PV performance, the VOC of PV devices is highly relative
to the intrinsic properties, namely, the potential difference
between interfaces, of the comprised materials. To further
investigate the effect of barium on potential change, photo-
assisted Kelvin probe microscopy (photo-KPFM) is
adopted to examine the potential evolution as the films are
exposed to intermittent light (red light with a peak
position at 656nm). Figure 4(c) shows the potential
evolution of Ba-PVK-0.0 and Ba-PVK-0.6 films deposited
onto a silicon substrate. As light strikes the films, the
contact potential shifts to high potential. The upshift of
contact potential is indicative of excited electrons that are

generated, which prefer to stay at the surface of the films.
The difference between starting points is ascribed to the
energy level difference between Ba-PVK-0.0 and Ba-PVK-
0.6 films. The different degree of shifting potential implies
the different densities of excited electrons at the surface of
perovskite films. The upshift of potential also refers to the
decreasing work function as light strikes. On the other
hand, the contact potential shifts in the opposite direction
for Ba-PVK-0.0 and Ba-PVK-0.6 deposited onto an
electron transport layer of the TiO2 layer. Due to the built-
in potential at the interface between the Ba-PVK-0.0/Ba-
PVK-0.6 layer and the TiO2 layer, the excited electrons are
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Figure 3: Crystal structure analysis of FAxMA1-xPb0.85Ba0.15I3-yCly film, x from 0.0 to 0.8: (a) full range X-ray diffraction pattern, (b)
expansion pattern from 13° to 15, and (c) expansion pattern from 27° to 29°.
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driven toward the TiO2 layer and separating electron-hole
pairs. As a result, the excited holes prefer to stay at the
surface of Ba-PVK-0.0/Ba-PVK-0.6 in both cases. Note that
the leaving number of holes at the surface of films is
proportional to the surface potential change (ΔCPD). The
positive charge of holes makes CPD change in the opposite
direction as compared to the effect of accumulated
electrons at their surface. The results in reverse tendency
in terms of potential change are shown in Figure 4(d). The
consistently large potential difference between Ba-PVK-0.0
and Ba-PVK-0.6 at both conditions reveals the minor

defects in the Ba-PVK-0.6 perovskite layer. Therefore, it
can create a pronounced potential difference as light strikes
it. This is beneficial to gain both high photocurrent and
voltage as the film acts as an active layer in a PSC (refer to
Figure 4(b)).

To validate the speculation, the carrier dynamic is studied
to demonstrate the carrier diffusion lengths in both Ba-PVK-
0.0 and Ba-PVK-0.6 layers. The Ba-PVK-0.0 and Ba-PVK-
0.6 films are deposited onto a quartz substrate and cov-
ered with either a carrier transport layer or an insulated
layer (for details, see Experimental Section). Steady-state
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Figure 4: Photovoltaic performance analysis for FAxMA1-xPb0.85Ba0.15I3-yCly: (a) PCE distribution for 12 individual devices and (b) J-V
curves of corresponding champion devices (x from 0.0 to 0.8). Surface potential evolution for x = 0 0 and x = 0 60: (c) surface potential
analysis for films deposited onto a silicon wafer and (d) the films deposited onto an electron transporting layer.
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photoluminescence spectra (PL spectra) are first measured to
observe the carrier recombination behavior. The redshift of
PL spectra for Ba-PVK-0.6 compared to Ba-PVK-0.0 again
reveals the energy bandgap decreasing as a large A-site cation
is induced into perovskite material, as shown in Figure S2 (a),
that is consistent with the absorption spectra in Figure 2. In
addition, the high PL intensity demonstrates inferior
nonradiative recombination in Ba-PVK-0.6 than in Ba-PVK-
0.0. The dramatic reduction of PL intensity in Figure S2 (b)
and (c) reveals that the carrier transfer in Ba-PVK-0.6 is

much more pronounced than Ba-PVK-0.0 owing to its
minor nonradiative recombination. Figures 5(a) and 5(b)
show time-resolved photoluminescence spectra (TR-PL) for
Ba-PVK-0.0 and Ba-PVK-0.6 layers. With the assistance of
a quenching layer, the carrier decay time decreases in both
Ba-PVK-0.0 and Ba-PVK-0.6 films. As discussing carriers
in a perovskite solar cell, their diffusion occurs under the
trigger of potential difference in such a device. That
confines carriers to migrate along with the (opposite)
direction of built-in potential. The carrier diffusion length
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Figure 5: Carrier dynamic analysis of control and target perovskite: (a) time-resolved photoluminescence spectra for Ba-PVK-0.0 and (b)
time-resolved photoluminescence spectra for Ba-PVK-0.6.
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Table 1: Charged carrier dynamic and corresponding diffusion length.

Thickness (nm) τPMMA (ns) τPCBM (ns) τSpiro (ns) LD (nm), e– LD (nm), h+

Ba-PVK-0.0 550 7.27 4.07 6.36 187 439

Ba-PVK-0.6 560 2.61 1.62 1.48 395 440
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Figure 6: Electron-only devices for space charge limit current model fitting: (a) J-V curve from applied bias from 0.01 to 6.00V and (b)
electron mobility estimation in child’s region.
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of electron and hole in Ba-PVK-0.0 and Ba-PVK-0.6 film can
be thereafter derived from 1D approximation as expressed in
the following equation [35, 36]:

LD =
2d
π

2
τ

τquench
− 1 1

Here, LD is the carrier diffusion length, d is the film
thickness, τ is the carrier lifetime, and τquench is the carrier
lifetime with a quenching layer. The calculated carrier
diffusion lengths (LD) in both types of films are summarized
in Table 1. Sharing the same preparation steps, the
thicknesses of the films are almost the same at 550 nm, as
shown in Figure S3. Because of the ambipolar nature, the
diffusion lengths of holes and electrons in a perovskite film
have similar diffusion lengths. Based on the charged carrier
dynamic analysis, Ba-PVK-0.0 has an electron diffusion
length of 187nm, less than half of its hole diffusion length
of 439nm. In contrast, Ba-PVK-0.6 exhibits a much similar
electron diffusion length of 395nm and hole diffusion
length of 440nm. This can be ascribed to the different
compatibility of barium substitution between mono A-site
cation and mixed A-site cation perovskite structures. With
the introduction of a large cation, formamidinium, into the
perovskite structure, barium substitution becomes feasible
due to a favorable aspect of tolerance or octahedral factor.
Furthermore, the excess barium ions in perovskite might
form uncoordinated ions or interstitial defects. Both are
regarded as cationic defects and annihilate the negatively

charged electrons through a defect-assisted recombination
process. The relatively high probability of such a
recombination route results in a short electron diffusion
length in Ba-PVK-0.0 compared to that of Ba-PVK-0.6.
From the charged carrier collection point of view, the
perovskite film thickness should be as close as possible to
the calculated diffusion length of both electrons and holes.
Losing balance between electron and hole diffusion length
hinders effective electrons and hole transfer from perovskite
layers to electrodes. As a result, the drawback of barium
substitution in Ba-PVK-0.0 is directly reflected in the
decrease of photocurrent, as mentioned in Figure 4(b).

To confirm the as-mentioned scenario, the J-V curve from
Ba-PVK-0.0 and Ba-PVK-0.6 electron-only devices are char-
acterized to reveal their electron trap density and correspond-
ing electron mobility as shown in Figures 6(a) and 6(b). Based
on the space-charge limit current (SCLC) model, a J-V curve
from an electron-only device can be divided into three por-
tions, Ohmic region, trap-filled region, and child’s region.
The onset point (VTFL) between the Ohmic region and
trap-filled region offers information about electron trap den-
sity, whereas the slope in the child’s region provides informa-
tion about electron mobility. The electron trap density and
electron mobility of a film can be derived by the following:

VTFL =
eNtd

2

2εε0
,

J =
9εε0μV2

8d3

2

Table 2: Summarized electron trap density and electron mobility from the J-V curves of electron-only devices.

Thickness (nm) VTFL (V) Electron trapped density (#/cm3) Electron mobility (cm2/(V·s))

Ba-PVK-0.0 550 0.21 2 46 × 1015 1.98

Ba-PVK-0.6 560 0.17 1 92 × 1015 4.57

Table 3: State-of-the-art lead-reduced perovskite with alkaline earth element substitution.

Substituent Substituent ratio (at. %) Perovskite composition VOC (V) JSC (mA/cm2) FF (%) PCE (%) Reference

Ba 10.0 FA0.60MA0.40Pb0.90Ba0.10I3-xClx 1.08 21.47 68.11 15.85
This work

Ba 15.0 FA0.60MA0.40Pb0.85Ba0.15I3-xClx 1.06 16.03 65.21 11.13

Mg 1.0 MAPb0.99Mg0.01I3-xClx 0.94 15.30 57.40 8.30 [37]

Ca 1.0 MAPb0.99Ca0.01I3-xClx 0.98 19.10 68.40 12.90 [38]

Ca 5.0 CsPb0.95Ca0.05I3 0.95 17.90 80.00 13.50 [39]

Sr 1.0 MAPb0.99Sr0.01I3-xClx 0.90 18.90 62.60 10.60 [37]

Sr 2.0 CsPb0.98Sr0.02I2Br 1.04 15.30 69.90 11.20 [40]

Sr 5.0 MAPbI3 1.11 21.08 71.00 16.30 [41]

Sr 5.0 MAPbI3 1.02 19.96 75.00 16.08 [42]

Sr 10.0 MAPbI3 1.08 19.45 74.00 15.64 [43]

Ba 1.0 MAPb0.99Ba0.01I3-xClx 0.93 20.20 65.60 12.30 [37]

Ba 3.0 MAPb0.97Ba0.03I3-xClx 0.99 20.40 69.60 14.90 [27]

Ba 10.0 MAPb0.80Ba0.10I3-xClx 0.85 18.80 60.40 9.70 [31]

Ba 10.0 PEG-FA0.6MA0.4Pb0.9Ba0.1I3-xClx 1.06 22.90 66.80 16.10 [29]

Ba 10.0 PEA0.01FA0.60MA0.39Pb0.90Ba0.10I3-xClx 1.14 23.20 72.00 19.10 [30]
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Here, e represents the elementary charge, ε and ε0 are the
dielectric permittivity constants of perovskite and the vac-
uum, Nt is the electron-trapped density of a film, d is the
thickness of a perovskite film, and μ is the electron mobility
of a film. The results from the SCLC model fitting are sum-
marized in Table 2. The calculated electron-trapped density
from VTFL decreases from 2 46 × 1015 for Ba-PVK-0.0 to
1 92 × 1015 for Ba-PVK-0.6. Additionally, electron mobility
improves to 4.57 cm2/(V·s) in Ba-PVK-0.6 compared to
1.98 cm2/(V·s) in Ba-PVK-0.0. The electron-trapped density
decrease and electron mobility improvement originated from
the fewer positive defects, namely, uncoordinated Ba2+, in
Ba-PVK-0.6 films. The fewer positive defects a film has, the
less probability of electron annihilation occurs as electron
communication along with the applied bias results in high
electron mobility.

Figure S4 reveals the correlation between further barium
substitution of lead and their PCE in mixed A-site cation
perovskite solar cells. The PCE distribution of barium-
substituted perovskite solar cells infers that the PCE from
barium-substituted perovskite can retain over 90% of PCE
as barium-substituted ratio lower than 10mol.%. For
15mol.% of barium-substituted perovskite solar cells, the
average PCE can maintain over 60% of mixed A-site
perovskite solar cells. The further substitution of lead,
20mol.% of barium-substituted perovskite, makes a
deterioration of the PCE and remains only 19% of PCE
compared to lead-based composition, FA0.6MA0.4PbI3-yCly.
Table 3 summarizes the state-of-the-art lead-reduced
perovskite solar cells. Among alkaline earth elements, barium
delivers the highest PCE when it serves as a substituent
element for lead in perovskite materials, which can achieve
a PCE of 15.85% for 10mol.% barium substitution and
11.13% for 15mol.% of barium substitution.

4. Conclusion

Lead content in perovskite solar cells becomes an eye-
catching issue as such photovoltaics have made great prog-
ress recently. Herein, systematic analyses, including mor-
phology, crystal structure, optical property, and carrier
dynamic, have been studied to reveal the correlation
between tolerance of barium substitution and A-site cation
composition. The high barium substitution ratio of
15mol.% can be achieved when inducing 60mol.% of a
large A-site cation, formamidinium, into the methylammo-
nium perovskite. The induction of a large A-site cation into
barium-substituted perovskite overcomes the imbalance
between hole and electron diffusion lengths, resulting in
an electron and a hole diffusion length of 395 nm and
440nm, respectively. The champion device for 15mol.%
barium substituted perovskite, FA0.6MA0.4Pb0.85Ba0.15I3-
yCly, achieves a PCE of 11.13%, which is the highest record
for 15mol.% of lead reduction. However, any further sub-
stitution of lead (>20mol.%) results in a dramatic decrease
in PCE. This study points out that the ceiling for the
barium-substituted ratio is about 15mol.% in such mixed
cation perovskite.
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