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Robust Multi-Halide Methylammonium-Free Perovskite
Solar Cells on an Inverted Architecture

Jose J. Jeronimo-Rendon, Silver-Hamill Turren-Cruz,* Jorge Pascual, Diego Di Girolamo,
Marion A. Flatken, Hans Köbler, Wolfram Hempel, Meng Li, Aldo Di Carlo, Pablo P. Boix,
Iván Mora-Seró, Antonio Abate, and Michael Saliba*

Developing efficient wide-bandgap perovskites is critical to exploit the
benefits of a multi-absorber solar cell and engineering commercially attractive
tandem solar cells. Here, a robust, additive-free, methylammonium-free triple
halide composition for the fabrication of close-to-ideal wide-bandgap
perovskites (1.64 eV) is reported. The introduction of low percentages of
chloride into the perovskite layer avoided photoinduced halide segregation
and lead to an evident improvement in the crystallization process, reaching
enhanced open-circuit voltages as high as 1.23 V. A perovskite of these
characteristics is introduced for the first time in a p-i-n single-junction
configuration using a self-assembled monolayer, with devices achieving
photoconversion efficiencies of up to 22.6% with ultra-high stability, retaining
≈80% of their initial efficiency after >1000 h of continuous operation
unencapsulated in a nitrogen atmosphere at 85 °C. This result paves the way
toward highly efficient multi-junction tandem solar cells, bringing perovskite
technology closer to commercialization.

1. Introduction

Silicon-perovskite tandem solar cells aim to overcome the per-
formance of single junction devices by combining the silicon
subcell with a wide-bandgap (WBG) perovskite of around 1.7 eV.
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The bandgap of perovskite materials, ABX3,
can be easily tuned through the adjust-
ment of the X-site halide content, com-
bining different anions.[1] However, the
mixing of halides into the perovskite lat-
tice can lead to photoinduced phase seg-
regation, and non-radiative recombination,
thus directly affecting the long-term robust-
ness of the material.[2–4] In addition, most
of these perovskites contain methylammo-
nium (MA) in the A-site position, which
undergoes widely reported thermally in-
duced degradation mechanisms undermin-
ing long-term stability.[5,6] Thus, formami-
dinium (FA) is usually selected, often in
combination with alkali cations like Cs+

or Rb+.[7–9] The main obstacle to the fab-
rication of high-quality MA-free perovskite
thin films is the instability of the 𝛼-phase
in pure FA perovskites and the faster crys-
tallization dynamics in Cs-containing ones.

Therefore, MA-free WBG perovskites simultaneously face two
main challenges toward their long-term stability: the phase
segregation due to the I–Br content, and the less controlled
thin film growth for MA-free compositions. To suppress halide
mobility and its consequent segregation, several reports have
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shown the effectiveness of chloride introduction.[10–12] Fur-
ther benefits include defect passivation[13,14] and the manip-
ulation of the crystallization process of the perovskite thin
film.[15–17] For instance, the use of alkylammonium chloride
species allowed controlling the growth of FAPbI3 perovskite to
obtain photoconversion efficiencies (PCEs) over 26%.[18] Cur-
rent studies of WBG materials in perovskite-silicon tandem so-
lar cells have achieved high in tandem devices of PCE over
33%, particularly through interfacial modification.[19–21] The
next necessary step for the advancement of perovskite tan-
dem technology is thus to provide highly stable WBG MA-
free perovskite solar cells. Previous results suggest that com-
positional engineering could successfully avoid halide seg-
regation in multi-halide WBG perovskites, and simultane-
ously allow thermally stable MA-free compositions in high
quality through the regulation of the thin film crystalliza-
tion.

In this work, we present a triple halide MA-free composi-
tion for fabricating highly stable perovskites with a close-to-ideal
bandgap of 1.64 eV. We take advantage of the versatile abili-
ties of chloride ions to simultaneously suppress phase segre-
gation and control crystal growth. The best single junction de-
vices show PCEs of up to 22.6%,and high stability, retaining
89% of its initial value after 1000 h at 25 °C and 80% after
650 h at high temperatures up to 85 °C. These results out-
perform all previous reports on WBG (in the context of this
work, 1.6–1.8 eV), with almost one point PCE improvement
(Figure 1a) and longest stability at maximum power point track-
ing (MPPT) at both low and high temperatures (Figure 1b) using
ISOS-protocol (International Summit on Organic Photovoltaic
Stability). All data is listed in Tables S1 and S2 (Supporting In-
formation). Overall, we present a robust method for the fab-
rication of efficient WBG MA-free perovskite solar cells with
very high stability at high temperatures, providing the tools for
the development of efficient and long-term stable tandem de-
vices.
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Figure 1. Device results of this work as red stars in the context of litera-
ture. a) PCEs over 20% of PSCs with an absorber bandgap of 1.6–1.8 eV.
b) T80 of PSCs with an absorber bandgap of 1.6–1.8 eV during MPPT us-
ing ISOS protocol. Unless specified, the measurements were carried out
at 20–25 °C.

2. Results and Discussion

We prepared, through a solution-based process, see Support-
ing Information (SI) for further details, three different per-
ovskite compositions varying their halide content: Cs0.1FA0.9PbI3
as single halide, Cs0.2FA0.8Pb(I0.82Br0.18)3 as double halide, and
Cs0.2FA0.8Pb((I0.82Br0.18)0.97Cl0.03)3 as triple halide, respectively,
abbreviated for convenience as CsFA-I, CsFA-IBr, and CsFA-
IBrCl. The reason to use different Cs contents for single and
multiple halide perovskites originates from reported studies but
also from previous experience,[22,23] where 10% Cs as the A-site
cation is sufficient to allow the right phase formation for FAPbI3-
based perovskite. Increasing the amount of Cs is of interest as
it can increase the intrinsic stability of the material. However,
too high Cs content leads to its agglomeration, causing lower
reproducibility, morphology, and crystallinity for FAPbI3-based
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Figure 2. a) Top and b) cross-section SEM images of perovskite films with the different halide compositions. The scale bars represent 500 nm.

perovskites, negative effects that are avoided for Br-containing
(FAPb(IBr)3) materials. Cs tends to distort the perovskite struc-
ture at high ratios when only iodide present, but bromide favors
thermodynamically the right phases in these situations.[22] Then,
we initially set the bromide content at 18% as it provides a close-
to-ideal bandgap, though further optimization of the halide ratios
will be carried out ahead. Finally, we selected the chloride content
of 3% after we obtained the largest grains with it by scanning elec-
tron microscopy (SEM), in contrast with higher amounts like 5
or 10%, see Figure S1 (Supporting Information).

To investigate the influence of the halide content in the crys-
tallization of the material, we first fabricated thin films of these
compositions on glass/ITO/2PACz (where ITO is indium tin ox-
ide, and 2PACz is [2-(9H-carbazol-9-yl)ethyl]phosphonic acid as
a self-assembled monolayer on the contact surface). We analyzed
these thin films by SEM, finding compact surfaces with no pin-
holes for the top view measurements, see Figure 2a. There was
however a significant increase in the grain size from CsFA-I to
CsFA-IBr and CsFA-IBrCl, particularly for the latter. We calcu-
lated the grain size distribution from the images, Figure S2 (Sup-
porting Information), and estimated an increase in the average
value from 250 and 340 nm for the single and double halide per-
ovskites, respectively, to 710 nm for triple halide perovskite. This
also led to a wider distribution range for the grain sizes for mul-
tiple halide perovskites, being most of the grains 200–400 nm for
single halide, 200–500 nm for double halide, and 400–1000 nm
for triple halide. The top images also showed the presence of
bright particles of ≈100 nm on the surface of the double and triple
halide perovskite films. A potential origin of these formations is
the accumulation of PbI2 in this region of the film, which we will
be able to further analyze by studying their crystalline properties,
see below. Meanwhile, the cross-section SEM images showed a
comparable thickness of ≈900 nm for all the films, see Figure 2b.
We observed, however, a main difference in the vertical distribu-
tion of the grains. Single and double halide perovskites presented
grains located on top of each other, implying that photogener-
ated charges may encounter grain boundaries on their way to the
extraction interfaces, reducing the effectiveness of charge collec-
tion. In this regard, triple halide composition led to monolithi-
cally thin films, with grains stretching from the buried interface

to the top surface. This has positive implications on the thin film
quality, suggesting a more efficient transport of the charges in
the triple halide material. Overall, the SEM results clearly point
out the positive influence of chloride insertion in the perovskite
thin film formation, leading to a vast increase in the grain size,
as well as in the formation of monolithic and compact grains for
thicknesses approaching 1 μm.

To analyze the crystalline properties of the films, we measured
them by X-ray diffraction (XRD). As we show in Figure 3a, all the
films have very similar XRD patterns and present the same peaks.
Figure S3 (Supporting Information) shows the assignment of
the corresponding reflections for each peak, being the most in-
tense one associated with the 100 reflection at ≈14°. The main
perovskite diffraction peaks shift to larger angles when introduc-
ing further halides, attributed to the expansion of the lattice, see
Figures S3, S4, and Table S3 (Supporting Information). There is
a shift of 0.2–0.4° after inserting bromide in the lattice. Interest-
ingly, the addition of chloride also leads to a small shift compared
to the double halide perovskite, suggesting also the inclusion
of this halide into the crystal. The full width at half maximum
(FWHM) values of the peaks slightly increased after the addition
of more than one halide, see Table S3 (Supporting Information).
The addition of chlorine ions to the perovskite solution has a clear
effect on enlarging the grain size, which reduces the density of
grain boundaries and facilitates charge transport throughout the
absorber. However, XRD analysis reveals an increase in the un-
reacted PbI2 peak intensity when adding Cl ions to form CsFA-
IBrCl perovskite, as compared to CsFA-I and CsFA-IBr results.
This phenomenon can be attributed to an excess of dimethyl sul-
foxide (DMSO) in the perovskite solution by the addition of PbCl2
as a precursor solution (see Experimental Section). The increased
of DMSO content as a solvent leads to the formation of inter-
mediate phases with PbI2. Nevertheless, a higher DMSO con-
tent can also result in more PbX2-DMSO intermediates, which
can stretch the PbI2 lattice larger, ultimately leading to a more
thorough formation of the perovskite.[24] The bright crystals are
identified on the perovskite surface by SEM indicating areas of
higher electron density, where charges accumulate during mea-
surement. The bright crystals are mainly composed of a mixture
of lead iodide and bromide (PbX2, where X is a combination of

Adv. Funct. Mater. 2024, 34, 2313928 2313928 (3 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 26, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313928 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [02/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. a) XRD results of perovskite thin films with different compositions. b) ToF-SIMS results of depth-dependent material content for CsFA-IBrCl
triple halide perovskite. The Cs trace is absent due to the utilization of a Cs ion beam during sputtering, which boosted signal intensities. c) XPS spectra
of perovskite thin films with different compositions for the ranges of Pb 4f and d) I 3d signals.

halides).[25] It is widely recognized that lead halides are charac-
terized by a higher electron density, mainly due to the absence
of organic molecules to reduce their electron density. This plays
an essential role in determining the performance of the PSCs.
In comparison to perovskite with MA, where the phase segrega-
tion is most likely related to the fast release of organic material
as MA.[26] However, the impact of this PbI2 content on the po-
tential photovoltaic performance of these thin films is unclear.
While some reports suggest it can degrade to Pb0 and I2 through
photolysis and induce interstitial defects,[27,28] a small excess of
PbI2 can also effectively passivate defects and enhance charge ex-
traction and stability.[29,30] These aspects will be discussed in the
following sections on photovoltaic devices, see below. Therefore,
though triple halide compositions showed a clear improvement
in the morphology of the thin films, the insertion of chloride
seems to cause no apparent advantage for the crystalline prop-
erties.

To study more in-depth the role of chloride in the triple halide
composition, we aimed to determine its location in the film and
any possible depth dependency. We measured the thin films
of the three compositions by time-of-flight secondary ion mass
spectrometry (ToF-SIMS), finding a homogeneous distribution
throughout the thin film of all perovskite and halide materials. It
also indicates a more preferential distribution of PbI2 in both the

bulk and the lower interface in CsFA-IBr and CsFA-IBrCl films,
see Figure 3b and Figure S5 (Supporting Information). While the
aggregation of this material is only noticeable by SEM on the top
surface of perovskite films, these findings suggest that multiple
halide perovskite compositions favor the formation of PbI2 at the
different film surfaces, i.e., grain boundaries and interfaces. In
addition, we identified a slight preference for chloride for the top
and bottom interfaces. These results suggest that, apart from as-
sisting in the perovskite crystallization for larger and more com-
pact grain formation, chloride is a potential defect passivator that
is preferentially placed at the interfaces (i.e., buried and top sur-
faces, and grain boundaries). We then analyzed the samples by
X-ray photoelectron spectroscopy (XPS), which can offer infor-
mation on the environment of the different elements present
on the thin film surface. First, the Cl 2p signal was found only
for the triple halide film, see Figure S6a (Supporting Informa-
tion), pointing out its presence in the film and on the surface,
in agreement with ToF-SIMS results. The Pb 4f and I 3d sig-
nals in Figure 3c,d showed a slight shift of ≈0.1 eV for the triple
halide thin film with respect to single and double halide sam-
ples, suggesting some influence of chloride in the environment
of the main perovskite components. This effect is clearer in the
C, N, and Cs spectra, see Figure S6b–d (Supporting Information),
where the shift goes up to 0.5 eV, but for both double and triple
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Figure 4. a) Absorbance spectra, b) steady-state PL spectra, and c) Tauc plot and bandgap calculation for thin films of the three different compositions.
d) TRPL spectra and fit for one, double, and triple halide perovskite thin films. Normalized EL spectra at 1.25, 2, and 3 V for up to 1 h of e) double halide
and f) triple halide thin films.

halide samples, thus the bromide and chloride contributions on
the A-site cations cannot be differentiated here. According to the
results in Pb and I spectra, we anticipate the ability of chloride to
passivate undercoordinated centers at the different surfaces.

We then characterized the optoelectronic properties of the fab-
ricated films to investigate the benefits of chloride insertion and
its role in defect passivation and stability enhancement. The UV–
vis absorption spectra in Figure 4a shows single halide perovskite
film exhibited the highest absorption among all the films. The ab-
sorption band edge shifted to higher wavelengths when bromide

was inserted and, interestingly, chloride further enhanced that
shift. These findings are consistent with the steady-state photo-
luminescence (PL), showing the blue shift of the perovskite PL
signal as smaller halides were inserted in the composition, see
Figure 4b, from 810 nm for single halide to 770 and 760 nm
for double and triple halide, respectively. To obtain an estimation
of the bandgap, we calculated the Tauc plot, for a direct semi-
conductor band gap, presented in Figure 4c. This plot confirms
the significant widening of the bandgap from 1.56 eV for sin-
gle halide perovskite to 1.62 eV for double halide and 1.64 eV
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for triple halide. Therefore, just through the incorporation of a
small amount of chloride in the perovskite composition, we effec-
tively fabricated a WBG perovskite with a close-to-ideal bandgap
for tandem applications. To implement WBG perovskites in solar
cells, we investigated any additional benefits of the CsFA-IBrCl
composition over the CsFA-IBr one. Fitted time-resolved photo-
luminescence (TRPL) spectra supported the enhancement of the
charge-carrier dynamics associated with the different perovskite
film compositions. As expected, the CsFA-IBrCl film exhibited
a superior lifetime (2.88 μs) compared to the CsFA-I and CsFA-
IBr (1.15 and 1.09 μs), respectively. Therefore, the CsFA-IBrCl
perovskite film significantly prolonged the recombination time
of the generated carriers, leading to a longer diffusion length
of charge carriers. This result suggests the reduction of trap-
assisted recombination processes, highlighting the benefits of
chloride in decreasing the defects in the perovskite layer, in line
with what structural characterization anticipated in Figure 3. Fi-
nally, we studied the stability to phase segregation of the WBG
perovskites, as candidates for it due to their multiple halide con-
tent. To that end, we analyzed the two samples by electrolumines-
cence spectroscopy (EL), applying voltages of up to 3 V for 1 h. For
the case of double halide CsFA-IBr perovskite, see Figure 4e, we
observed a red-shift in the EL spectra after the application of up to
2 V, an indication of phase segregation being triggered in the per-
ovskite structure. Interestingly, after the application of 3 V for 1 h,
the peak position in the EL spectrum blue-shifted back close to
its original position. Some reports have introduced the reversible
character of halide segregation in metal halide perovskite mate-
rials in specific conditions,[31] a scenario reasonably applicable
to the present sample. However, this reversibility cannot avoid
the eventual generation of defects derived from the phase seg-
regation and the consequent degradation of the material. Mean-
while, the triple halide CsFA-IBrCl sample did not shift went sub-
jected to the same stress, even for prolonged times at 3 V, show-
ing no hint of phase segregation (Figure 4f). From these results,
we conclude that chloride insertion in the structure effectively in-
hibits halide segregation in bromide-containing perovskites, for
the bromide content analyzed, opening the door to stable WBG
perovskite solar cells. To validate the occurrence of light-induced
phase segregation, we conducted PL measurements with a focus
on time and intensity dependencies, employing continuous wave
laser illumination at 405 nm in an N2 environment. A red shift
or the emergence of a lower-energy peak in the PL spectrum sig-
nifies the development of light-induced low-bandgap I-rich trap
states. During a 20 min exposure to 10-sun–equivalent illumi-
nation, CsFA-IBr displayed low-energy PL peaks accompanied
by an increase in peak width (Figure S7a, Supporting Informa-
tion). In contrast, films with triple-halide compositions exhibited
no formation of low-energy peaks, maintaining their PL spectral
profile and indicating superior photostability (Figure S7b, Sup-
porting Information). At an ultrahigh injection level of 100 suns,
CsFA-IBr displayed a more pronounced red shift and broaden-
ing of the PL peak (Figure S7c, Supporting Information), albeit
much milder than that observed in MA-containing samples, as
demonstrated by Xu et al.[32] However, surprisingly, triple-halide
films exhibited a PL blue shift, contrary to the expected red shift,
attributed to emission growth at the high-energy shoulder of the
PL spectrum (Figure S7d, Supporting Information). This uncom-
mon PL blue shift in wide-band gap perovskites at high injection

levels suggests that the incorporation of Cl into the lattice influ-
ences the optoelectronic properties and the pathways of halide
phase segregation.

To evaluate the photovoltaic performance of these im-
proved perovskite layers, we incorporated them in p-
i-n devices in the structure presented in Figure 5a:
glass/ITO/2PACz/perovskite/C60/BCP/Ag (where BCP is
bathocuproine and 2PACz is a self-assembled monolayer,[33] and
we show the respective energy level diagrams of the fabricated
perovskite devices (see Figure S8, Supporting Information). We
measured the current density–voltage (J--V) characteristics to
obtain the photovoltaic parameters of the devices. To start, we
prepared CsFA-IBrCl-based solar cells with varying chloride con-
centrations. The results in Figure S9 (Supporting Information
confirm that 3% of chloride leads to the best-performing devices,
agreeing with morphological properties in Figure S1 (Supporting
Information). Too high chloride content dramatically decreases
the short-circuit current density (JSC), due to a widening of the
bandgap leading to many photons transmitted under AM1.5G.
We also optimized the processing conditions and looked for the
solution concentration leading to the highest PCE values. The
data in Figure S10 (Supporting Information) points to 1.6 m
as the optimum condition. Higher concentration conditions
performance decreased as they did not lead to homogeneous and
compact layers. Interestingly, increasing the solution concentra-
tion led to a decrease in open-circuit voltage (VOC) and a notable
increase in JSC (as seen in Figure S9, Supporting Information).
We confirmed the wider absorption range and higher external
quantum efficiency (EQE) for the devices at 1.6 m, see Figure S11
(Supporting Information), pointing out the importance of con-
trolling the processing conditions, particularly in the presence of
multiple halides, to obtain the desired thin film properties. We
also aimed to increase the bromide content in the multiple halide
perovskites, to widen the bandgap as much as possible without
affecting the PCE. However, for both double and triple halide
perovskites, increasing the bromide content from 18% to 20%
led to a general decrease in cell performance, see Figures S12
and S13 (Supporting Information). We anticipate other properly
adapted types of compositional engineering to efficiently process
higher bromide content perovskites. We thus continued using
the same I0.82Br0.18 ratio.

We then compared the devices based on the single, double,
and triple halide perovskite compositions, see Figure S14 (Sup-
porting Information). In line with the optical characterization,
the single halide CsFA-I perovskite led to the highest JSC values
but underperformed in VOC and fill factor (FF), apart from low
reproducibility. The double halide CsFA-IBr perovskite, though
with lower VOC, presented a much better performance overall.
Nevertheless, the addition of chloride to produce triple CsFA-
IBrCl perovskite led to a notable enhancement of the VOC and
FF. The significant increase in FF may stem from a much more
efficient charge transport and extraction, due to the clear im-
provement in morphological properties for chloride-containing
thin films. In fact, the champion device achieved a VOC and
FF of 1.23 V and 79.9%, respectively, and a much higher PCE
of 22.6% compared to 19.2% and 20.6% for single and double
halide perovskite solar cells with stabilized efficiency for each at
180 s, see Figure 5b, Figure S15 (Supporting Information), and
Table 1. Furthermore, the addition of chloride largely suppresses
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Figure 5. a) Full p-i-n device structure and cross-section SEM. b) J–V curves of the champion devices in the reverse scan. c) EQE spectra (left Y axis)
and integrated JSC (right Y axis). d) MPPT under 100 mW cm−2 light irradiation unencapsulated in N2 atmosphere at 25 and 85 °C. T80 is denoted with
a dashed line.

the hysteresis present in double and, particularly, single halide
devices. The EQE results in Figure 5c agree with the J--V results
and both show comparable JSC values within the range. The high
crystallinity and good morphology of CsFA-IBrCl perovskite film
aided in reducing nonradiative recombination losses of photo-
generated carriers by decreasing the presence of grain bound-
aries and other defects in the lattice. Moreover, there is a possi-
bility that CsFA-I, which has a smaller grain size, may exhibit
variances in its electrical properties due to a thinner absorber
layer.

Considering the great performance of the triple halide compo-
sition in devices, we prepared a large active area device of 1 cm2

see Figure S16 (Supporting Information), one order larger than
the 0.18 cm2 ones used above. The champion device achieved a
VOC of 1.18 V, a JSC of 21.4 mA cm−2, a FF of 71.7%, and a PCE of
18.1%, see Figure S17, Table S4 (Supporting Information). The
MPPT showed no losses during the measurement, and in fact
increased up to 19% of PCE after 300 s due to the light soak-
ing effect. These results further highlight the potential of the

triple halide strategy as an effective methodology to process high-
efficiency WBG perovskites in large-area devices.

Presently, the most formidable endurance test for PSCs is the
combined exposure to light and heat stress, known as the Inter-
national Summit on Organic Photovoltaic Stability (ISOS) con-
dition. The limited stability exhibited by WBG PSCs under such
conditions continues to be the primary obstacle hindering their
practical use in tandem device applications. To confirm the bene-
fits of the triple halide perovskite composition that we designed,
we evaluated the operational stability of the corresponding de-
vices in a custom-built high throughput aging system.[34] De-
vices were MPP-tracked for 1000 h at low and high tempera-
tures under 100 mW cm−2 light irradiation, unencapsulated in
an N2 atmosphere under the ISOS-L-1 and ISOS L-2 procedures
(25 and 85 °C, respectively, under open-circuit), see Figure 5d,
Figure S18 (Supporting Information). To further improve the
stability, we replaced BCP with SnOX in the devices for MPPT
analysis. The MPPT results presented below correspond to the
statistical average of several cells measured simultaneously in the

Table 1. Photovoltaic parameters in both scan directions of the champion solar cells based on CsFA-I, CsFA-IBr, and CsFA-IBrCl compositions.

Device Scan direction VOC [V] JSC [mA cm−2] FF [%] PCE [%] Hysteresis index [%]

CsFA-I Reverse 1.09 24.5 71.9 19.2 0.13

Forward 1.04 24.3 65.8 16.7

CsFA-IBr Reverse 1.18 23.1 75.3 20.6 0.06

Forward 1.09 24.5 71.9 19.2

CsFA-IBrCl Reverse 1.23 23.1 79.9 22.6 0.03

Forward 1.22 23.0 77.7 21.9

Adv. Funct. Mater. 2024, 34, 2313928 2313928 (7 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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high throughput aging machine,[34] see Tables S5–S9 (Support-
ing Information), proving the reproducibility and representativ-
ity of this data. First, at 25 °C the triple halide perovskite devices
retained 95% of their initial efficiency after 1000 h, see Figure 5d,
showing impressive stability and a clear improvement in compar-
ison to single (86%) and double halide devices (72%). Here, the
much lower stability of the double halide perovskite highlights
that, although bromide insertion can lead to high-efficiency de-
vices, it can have dramatic consequences for the endurance of the
devices, likely due to phase segregation. The introduction of the
triple halide composition with chloride likely avoids this detri-
mental phenomenon and yields very high long-term operational
stability. The average photovoltaic parameters of the devices used
for the MPPT study and the number of devices used are available
in Table S5 (Supporting Information).

Furthermore, we aimed to study the robustness of our com-
positions under temperatures as high as 85 °C (see Figure 5d),
which can be reached under real operating conditions. The dif-
ferent devices followed a similar trend as at 25 °C, and the triple
halide composition showed much higher stability, retaining an
average of 74% of their initial efficiency after 1000 h, which
means a huge improvement compared to single (48%) and dou-
ble halide devices (51%). The swift decrease in efficiency noted in
double halide perovskite in comparison to single halide counter-
part is attributed to phase segregation. Nonetheless, this pattern
is not sustained at temperatures <85 °C. This is because the sin-
gle halide perovskite does not undergo phase segregation when
exposed to light, rendering it less susceptible to degradation. Sub-
sequently, when both CsFA-I and CsFA-IBr are exposed to ele-
vated temperatures, phase segregation emerges as the primary
factor in the degradation process, diminishing the prominence
or rendering the effect of halide segregation in double halide
less conspicuous. The corresponding device photovoltaic param-
eters and number of devices used for testing at elevated temper-
atures are available in Table S6 (Supporting Information), and
their evolution and standard deviation in Figure S18 (Support-
ing Information). In the CsFA-IBrCl PSCs, we indeed detect an
elevated and consistently stable Voc (open-circuit voltage). This
enhancement may be linked to the effective mitigation of both
non-radiative recombination processes and halide segregation
within the CsFA-IBrCl perovskite films.[35,36] The triple halide de-
vices also showed a more stable FF, compared to the more pro-
nounced and continued loss for single and double halide per-
ovskites. The efficiency retention was overall decent, thanks to
the design of these compositions avoiding any MA content, en-
suring improved long-term stability at high temperatures. In ad-
dition, to the best of our knowledge, our triple halide MA-free
WBG p-i-n perovskite solar cell presented the best operational
stability at high temperatures reported so far among its types.
The introduction of chloride and careful design of the perovskite
composition and cell structure would probably avoid not only
phase segregation and material degradation but also other side
reactions and detrimental processes from the rest of the device
interfaces and components.

We also measured the MPPT of the triple halide perovskite de-
vice at an intermediate temperature of 65 °C, see Figure S19a and
Table S7 (Supporting Information), finding as well a very high-
efficiency retention of 89% after 1000 h. Finally, we tested the
stability of devices with three different F-based interlayers (NaF,

KF, and LiF) deposited by thermal evaporation on top of the per-
ovskite film. Interlayer engineering attracts a lot of interest as
a key strategy to reduce non-radiative recombination losses and
improve the charge transport. The photovoltaic parameters of the
resulting devices are available in Table S8 (Supporting Informa-
tion). We measured the stability of the devices at varying temper-
atures, see Figure S19b, Table S9 (Supporting Information). NaF-
containing devices showed decent stability, retaining ≈80% of
their initial efficiency after the stress was applied. Thus, the com-
bination of the triple halide composition presented here with ap-
propriate interfacial modification has enormous potential for the
fabrication of long-term durable WBG perovskite solar cells. Ad-
ditionally, CsFA-IBrCl perovskite material exhibited exceptional
stability during testing in open-air conditions with relative hu-
midity (RH) of 80% after 350 h according to ISOS protocols
(Figure S20, Supporting Information). Our research indicates
that this material is highly promising for use in tandem silicon-
perovskite solar cells due to its optimal stability and performance
properties. To further verify the stability of our perovskite com-
positions and potential degradation mechanisms, we conducted
Fourier-transform infrared spectroscopy (FTIR) experiments on
the CsFA-I, CsFA-IBr, and CsFA-IBrCl perovskite films, with
and without thermal post-treatment at 85 and 150 °C during
10 min, though we did not observe any significant change in the
spectra (Figure S21, Supporting Information). FTIR has proven
highly useful in characterizing the decomposition of unstable
organic components, mainly methylammonium.[37,38] However,
our samples contain structurally and chemically stable composi-
tions based on CsFA A-site cations. The main degradation source
affecting our samples is the halide segregation, which implies no
organic material degradation. Further decomposition processes
such as hydration of the organic material[39] were also consid-
ered and could be linked to the increase in intensity of the peak
at 3400 cm−1, though the change is not significant.

In order to get additional insight into the temperature-induced
degradation, impedance spectroscopy under 0.1 sun illumina-
tion was measured before and after an extreme treatment of 1 h
exposure to 120 °C. The results were adjusted using an equiva-
lent circuit reported elsewhere,[40] where the recombination pro-
cesses are modeled by a resistor (Rrec), considering transport re-
sistance negligible,[40] the device geometric capacitance is mod-
eled by a parallel capacitor (Cg), and a parallel circuit with a re-
sistor and capacitance (Rdr and Cdr respectively) depend on the
ionic behavior. The Rrec of CsFA-IBrCl samples is significantly
higher, see Figure 6a, indicating lower non-radiative recombi-
nation, in agreement with the higher open circuit potential ob-
served. Interestingly, the thermal stress has minimal effects in
the recombination of samples with one and three halides. How-
ever, the recombination rate increases for the double halide sam-
ple after the treatment at 120 °C, probably by an induced halide
segregation. The reduction of Rdr after the treatment is clear for
the single and double halide samples, see Figure 6b, indicating
an increase of the ion vacancy density,[41] while no significant
change is observed for the triple halide, which remains as the
sample with the lowest ionic density before and after the treat-
ment. Thus, temperature-induced degradation has a double ef-
fect on non-triple-halide samples: it increases recombination in
the double-halide sample and increases the ion vacancy density in
the single-halide sample. Chloride ions potentially occupy halide

Adv. Funct. Mater. 2024, 34, 2313928 2313928 (8 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Recombination resistance and b) ionic-related resistance ex-
tracted from impedance spectroscopy for the studied perovskite compo-
sitions before and after 120 °C treatment.

vacancies, leading to an increase in Rdr, and helping in avoid-
ing halide segregation. Therefore, triple halide compositions suc-
cessfully avoid these degradation phenomena, highlighting once
again the robustness of this perovskite composition. We addition-
ally confirmed the ability of chloride to passivate undercoordi-
nated centers by analyzing the dark J–V curves of the electron-
only devices. We found that the trap densities of the CsFA-IBrCl
perovskite device exhibited a decrease when compared to CsFA-I
(Figure S22, Supporting Information), suggesting that there is a
more efficient injection of electrons to the adjacent charge trans-
port layers in the triple halide perovskite. Further details and dis-
cussion can be found in the supporting information.

3. Conclusion

We introduced chloride to Br-I halide perovskite for triple halide
compositions in the fabrication of MA-free WBG (1.64 eV)
p-i-n perovskite solar cells with high efficiency and ultra-high
stability under low and high temperatures. The careful design

of perovskite and device composition by managing chloride con-
tent can avoid critical challenges such as phase segregation, low-
quality thin film processing, and reduction of non-radiative re-
combination. The champion devices achieved efficiencies of up
to 22.6% and high retention after 1000 h at MPPT at 25°C (95%),
65°C (89%), and 85°C (74%). The present study outlines a robust
methodology for the solution-based manufacture of a highly in-
teresting perovskite material for tandem applications, which im-
proved performance and the best long-term stability up to date
for this type of perovskite and device composition.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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