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Abstract

Mixed cation metal halide perovskites with increased power conversion efficiency, negligible
hysteresis, and improved long term stability under illumination, moisture, and thermal stressing
have emerged as promising compounds for photovoltaic and optoelectronic applications. Here,
we shed light on photo-induced halide demixing using in-situ photoluminescence spectroscopy
and synchrotron X-ray diffraction (XRD) to directly compare the evolution of composition and
phase changes in CH(INH,),CsPb-halide (FACsPb-) and CH;NH;Pb-halide (MAPb-) perovskites
upon illumination, thereby providing insights into why FACsPb-halides are less prone to halide
demixing than MAPb-perovskites. We find that halide demixing occurs in both materials.
However, the formed I-rich domains accumulate strain for the case of FACsPb-perovskites but
readily relax for the case of MAPb-perovskites. The accumulated strain energy is expected to act
as a stabilizing force against halide demixing and may explain the higher Br composition
threshold for demixing to occur in FACsPb-halides. In addition, we find that while halide

demixing leads to a quenching of the high energy photoluminescence emission from MA-



perovskites, the emission is enhanced for the case of FaCs-perovskites. This behavior points to a
reduction of non-radiative recombination centers in FACs-perovskites arising from the demixing
process. FACsPb-halide perovskites exhibit excellent intrinsic material properties, with
photoluminescence quantum yields that are comparable to MA-perovskites. Since improved
stability 1s achieved without sacrificing electronic properties, these compositions are better

candidates for photovoltaic applications, especially as wide bandgap absorbers in tandem cells.
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Hybrid metal halide perovskites have recently garnered intense research interest for solar
energy conversion and optoelectronic applications due to their excellent properties, such as
defect tolerance', long minority carrier lifetimes*, and high photoluminescence quantum
yields**. Their general crystal structure is described by ABX;, typically comprising a monovalent
organic cation A (e.g. CH;NH;" [MA], CH(NH,)," [FA], or inorganic Cs*), a divalent metal
cation B (Pb**, Sn**), and a monovalent anion X (I, Br,, CI"). Of particular interest is the wide
tunability of the optical bandgap of these materials with halide composition, which makes them
attractive wide bandgap semiconductors for use as top cells in tandem photovoltaics. For
example, alloying of MAPbI; with Br (i.e. MAPb(I, Br,);) widens the bandgap from ~1.6 eV
(pure I) to ~2.3 eV (pure Br). However, photo-induced reversible halide demixing, in which
phase segregation into I-rich and Br-rich domains occurs under illumination, has been reported
for MAPb(I,.Br,); with 0.2 < x < 1. Such phase separation leads to a local reduction of the
bandgap and trapping of charge carriers in the I-rich regions. The result is a significant loss of

performance in wide bandgap photovoltaic devices due to reduced open-circuit voltage.

Despite the importance of overcoming halide demixing for achieving stable perovskite-based
photovoltaic devices, there remains uncertainty about the underlying mechanism(s) and most
studies have focused on MA-perovskites. Currently, strain- or carrier-induced lattice distortion,®

? and crystal domain size'

compositional inhomogeneity,” defect-mediated halide migration,**
are actively considered as contributing to halide segregation. In particular, Bischak et al. propose

that halide demixing is a consequence of localized strain generated from the interaction of charge

carriers with the lattice (polaron formation).® In this respect, they find that the combination of



mobile halides, long charge carrier lifetimes, and significant electron-phonon coupling are
prerequisites for halide demixing.® In a different study, Barker et al. suggest that defect-assisted
halide ion migration away from the illuminated surface, with a slower hopping rate of iodide and
a potential dependence on charge carrier generation gradients, results in formation of I-rich
regions at the surface.® Finally, Rehman er al. report that short-range crystalline order facilitates
halide demixing, possibly by releasing lattice strain between I-rich and Br-rich domains.'® In this
explanation, they argue that halide segregation in a single crystal would cause significant lattice
strain that may not be energetically favorable, while at grain boundaries lattice strain could be
more easily accommodated.'® Importantly, halide demixing is a complex phenomenon and these
hypothesized mechanisms are not necessarily mutually exclusive. In addition, vacancy-mediated
halide migration is a requirement for demixing processes and, thus, a reduction of defect

concentrations and rapid diffusion channels is expected to improve stability under illumination.®’

A potential strategy to circumvent halide demixing is by substitution of the A cation. However,

'""and Cs-perovskites'?, are not stable at

alternative monovalent cations, for example pure FA-
room temperature and slowly convert to the yellow non-perovskite phase under ambient
conditions. Fortunately, the simultaneous incorporation of MA and Br in FAPbI; perovskites
serves to stabilize the perovskite (i.e. alpha) phase," possibly due to a larger dipole interaction of
the smaller MA cation with the Pbls octahedra'’. As an indication of the high material quality of
mixed cation perovskites, the first reported power conversion efficiency of metal halide
perovskite solar cells exceeding 20% was demonstrated with a MAFAPb(I,.,Br,); composition."

Calculations suggest that Cs and Rb are more efficient than MA for stabilization of the FA-

perovskite phase'® and first principle computations show that the perovskite phase stabilization



by mixing the

A-cations stems from entropic gains."? Indeed, FACsPb(I,,Br,); perovskites have been
confirmed by recent reports to exhibit substantially improved stability under illumination'”'®,
moisture'’, and thermal stressing'®. Since there remains uncertainty about the underlying
mechanism of halide demixing in high Br-concentration lead halide perovskites, direct
comparison of the more stable FACsPb(I, ,Br,); to light-sensitive MA-perovskites provides
opportunity to improve understanding of the nature of such instabilities. Elucidation of the

mechanism(s) responsible for reversible photo-induced halide demixing is essential for devising

strategies for overcoming these processes and developing more stable mixed halide perovskites.

This paper addresses light-induced halide demixing in hybrid high Br-concentration lead
halide perovskites as a function of cation composition. We use in-situ photoluminescence and
synchrotron X-ray diffraction measurements to probe the differences of halide demixing in
FACs- and MA-perovskites. The benefit of using synchrotron radiation is its several orders of
magnitude higher flux and brilliance, which allows for significantly shorter data collection time
and in-situ experimentation. Our findings provide mechanistic insights into the enhanced
stability against halide demixing in high Br-concentration FACs-perovskites. Although light-
induced halide demixing is observed to occur in these FACs-perovskites (shown by
photoluminescence), synchrotron X-ray diffraction reveals the absence of peak asymmetry or
peak splitting. This suggests that FACsPb-perovskites accumulate strain during halide demixing,
whereas strain is relaxed in the case of MA-perovskites. Such accumulated strain is expected to
increase the free energy for the demixed state and the inability of the system to relax represents a

stabilizing force for high Br FACs-compounds. In both FACs- and MA-perovskites, the



dominant photocarrier recombination behavior is similar with respect to the low energy emission
but fundamentally different with respect to the high energy emission. In particular, a reduction of
point defect concentrations upon illumination of FACs-perovskites could be responsible for
enhanced PL emission compared to the quenching that is observed in MA-perovskites. Beyond
better stability, FACsPb-halide perovskites exhibit excellent intrinsic material properties, as
deterermined by photoluminescence quantum yield measurements. These results indicate that
enhanced stability is achieved alongside reduced non-radiative recombination in FACs-
perovskites, thus making them particularly promising wide bandgap semiconductors for

optoelectronic applications.

Results

MAPDB(I,..Br,); and FA(s;Cso17Pb(1,.Br,); (in the following shortened to FACsPb-halide or
FACs-perovskite) perovskite thin films on glass substrates were fabricated with varying I/(I+Br)
ratio by solution processing (see Supporting Information for details) and coated with PMMA to
avoid direct contact with atmosphere. For the case of FACsPb-halide perovskites, the Cs content
of 17% is chosen in accordance with recent work by Rehman et al.'” Attempts to synthesize films
in a wider composition space with respect to Cs/(Cs+FA)-ratio and halide-content (including Cl)
resulted either in a non-perovskite phase or less stable behavior under illumination (Supporting

Information, Table S1).
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Figure 1. a) X-ray diffraction patterns of the FACsPb(I, Br,); thin films, together with the
calculated reference pattern for the alpha (black) FAPbI; perovskite phase''. b) Absorption
coefficient (dashed lines) and PL spectra (solid lines) of the samples studied. The filled circles
illustrate the position of the PL maximum with respect to the absorption onset. c) Urbach
energies extracted from the low-energy PL tail as a function of the bandgap. Error bars in x-axis
represent the standard deviation caused by spectral fluctuations (see Supporting Information, Fig.
S1) and in y-axis averaging 3 different spots per sample. d) FWHM of the (100) x-ray diffraction
peak as a function of the bandgap. The color coding in ¢) and d) is the same as for panels a) and
b).

Structural and optical properties of FACsPb(I, Br,); films with increasing Br content are
presented in Figure 1. X-ray diffraction (XRD) measurements confirm crystallization in the
alpha (black perovskite) phase'' (Figure 1a). The samples show high absorption coefficients of
>4x10* cm™ above the bandgap (Figure 1b, dashed lines) and increasing bandgaps (E,) from 1.61
eV < E, < 1.87 eV for 0.1 < x < 0.6. The bandgaps were obtained using Tauc analysis of the
absorption coefficients extracted from UV-Vis spectroscopy. The photoluminescence (PL)
spectra are overlaid with the corresponding absorption spectra (Figure 1b) and show the PL
maximum to be slightly blueshifted with respect to the absorption onsets, with the most
pronounced shift of ~20 nm occurring for the sample with the highest Br content in this study (x
= 0.6). Such an anti-Stokes shift could be related to the exciton binding energy, self-absorption,

or Coulomb interaction." Figure Ic illustrates the Urbach energies extracted from the PL spectra




using the van Roosbroeck—Shockley equation, where the optical emission rate is linked to the
absorption coefficient.”**' To account for inhomogeneities (see Supporting Information, Fig. S1),
Urbach energies were extracted from three independent PL. measurements taken across each
sample and the standard deviation is included. We also show the Urbach energies of MAPb-
halide samples grown by low-pressure vapor-assisted solution process for comparison
(Supporting Information, Fig. S2).* The Urbach energy, which provides a qualitative
indication of the crystal lattice distortion caused by defects, dislocations, strain, and impurities, is
found to be small, especially considering the fact that these samples are processed at low
temperature with simple solution processing, and confirms high crystal quality. For all I/(I+Br)-
compositions investigated, the Urbach energy does not exceed 17 meV, which is consistent with
the literature value'® of 16.5 meV for the single composition FACsPb(I¢Br4);. Furthermore, we
find that the trend in Urbach energy with increasing x is similar for MAPb- and FACsPb-halide
perovskites, but tends to be slightly higher in MAPb-perovskites, particularly at high Br
concentration (Supporting Information, Fig. S2). Figure 1d shows the full width at half
maximum (FWHM) extracted from the (100)-x-ray diffraction peak of FACsPb-halide
perovskites as a function of halide content. Sharp diffraction peaks are observed for all
compositions, with highest crystallinity, corresponding to smallest FWHM, observed for the
highest Br content (x = 0.6). As shown in Figure S3 (Supporting Information), MA-samples are
characterized by somewhat smaller XRD FWHM than FACs-samples, indicating larger domain

sizes for MAPb-halide perovskites compared to FACs-perovskites.

The intensity of the PL spectra of FACsPb-halides gradually increases (within minutes) upon

monochromatic illumination with an Ar-ion laser (514.5 nm excitation wavelength, ~50



mW/cm?) as depicted in Figure 2. This photo-induced increase is reversible when re-measuring
the samples after they were kept in the dark for several minutes. A rise in PL signal (within
seconds®**) has been observed previously for low Br-content/pure I MA-perovskites (i.e. phase-
stable compositions) and is linked to a filling and stabilization of charge trap states by photo-
generated electrons; additionally, the long time constants associated with this process may
indicate contributions from the slow motion of ions.*** With higher Br-concentration (x = 0.6),
the clear appearance of an additional higher wavelength emission peak is observed (Figure 2c
and Supporting Information S4) and is attributed to formation of an I-rich phase with lower
bandgap. However, the threshold for photo-induced halide segregation occurs at significantly
higher Br content for the case of FACsPb-halide perovskites. In particular, the evolution of a
second long wavelength PL. emission peak (I-rich phase) in FACs-perovskites appears to only
evolve at Br compositions with x > 0.5 (Figure 2 and Supporting Information Figure S4). This is
in agreement with literature, where for the specific composition of x = 0.4, a complete
suppression of phase separation has been reported for FACs- but not MAPb-perovskites (note:
the power density in that study was as low as 0.03 suns; while we use more than 10 times higher

power density here).'®

A notable difference between the materials studied here is that, for the case of high Br content
FACs-perovskites, both the original and the emerging emission peaks (centered around 660-670
nm and 733-740 nm, respectively) increase in intensity with illumination time. In stark contrast,
previous studies of MAPb(I, Bry); films have shown an almost complete suppression of the short
wavelength (i.e. the mixed I-Br phase) emission as the long wavelength I-rich PL emission

increases to dominate the spectrum (see Supporting Information Figure S5).5%° The single PL
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emission in high Br-content MA-perovskites was explained by charge carriers that quickly reach
the low bandgap I-rich regions, which act as the main radiative recombination sites.”*” In this
respect, the difference between MA- and FACs- perovskites is surprising given that for both
classes of material, PL emission energy differences between the original mixed I-Br phase and
the newly formed I-rich domains is similar, suggesting similar energetic driving forces for charge
localization, though the relative band offsets are not yet known. Furthermore, photocarrier
diffusion lengths in both MAPb- and FACsPb-halides have been reported to be in the range of a

few hundred nm to a few micrometers'®?®

, suggesting that, for both cases, they interact with large
volumes of material, including regions of the newly formed I-rich phase. To gain more insights
in the two phases that form under illumination the Urbach energies of the original phase are
compared to the formed phase(s) under illumination (Supporting Information Figure S6). There
appears to be a small drop in Urbach energy upon illumination for x = 0.2 and 0.5, which implies
reduced crystal lattice distortion caused by defects, dislocations, strain, and impurities. However,
for higher Br-content, x = 0.6, the I-rich domain exhibits a significantly lower E, compared to the
original phase and the Br-rich domain. While these findings are consistent with the improving
PL efficiency with time, it remains surprising that PL from the wide bandgap phase is not
quenched by charge injection and recombination in the lower bandgap phase, as is observed for
the case of MAPb-halide perovksites. Barker et al., explain the much higher PL signal of the I-
rich phase compared to the mixed I-Br phase by reduced non-radiative recombination due to the
accumulation of carriers in the low-bandgap regions leading to a significant local carrier

enhancement. Consequently, the photoluminescence quantum yield from these regions is

expected to be very high. This describes the behavior for both the MA- and FACs-perovskites,

11



where there is significant growth of sub-gap PL emission. However, the PL growth of the high
energy peak in the FACs-perovskite cannot be described by this mechanism since funneling of
charge carriers to the low bandgap region should: i) overall quench the PL by providing an
alternative radiative recombination pathway, and ii) reduce the local carrier concentration such
that the degree of state filling is lower and, thus, non-radiative recombination is more probable.
From these considerations, it is hypothesized that photo-induced halide demixing in the FACs-
perovskite case actually leads to a reduction of recombination centers, not via electronic
processes of state filling but rather via the reduction of point defect concentrations. This

hypothesis deserves additional studies in the future.

To summarize the in-situ PL findings: comparison of MA- versus FACs-perovskites indicates
that both material classes exhibit photo-induced halide segregation at sufficiently high Br-
concentration, with a threshold composition for halide demixing of approximately x = 0.2° and x
= 0.5, respectively. For the case of MA-perovskites, halide segregation results in quenching of
emission from the mixed I-Br material and yields a single PL. emission dominated by the I-rich
phase, while in FACs-perovskites both the I-rich and mixed I-Br PL emission peaks increase in
intensity with illumination time. The rates of PL intensity increase with illumination vary with

Br content in FACsPb-perovskites and are shown in Supporting Information Figure S7.

Another fundamental difference between MAPb-halides and FACsPb-halides is the changing
crystal structure upon halide substitution. MAPbI; crystallizes in the tetragonal and MAPbBr; in
the cubic structure®, while both iodide and bromide FA-perovskites adopt the cubic structure. !

Previously, Barker et al. noted that for the MA-perovskite case, the composition of the I-rich

domains is x = 0.2, irrespective of the initial composition,” which is similar to the composition at

12



which the stable phase changes from cubic to tetragonal. Therefore, they hypothesized that the I-
enrichment could be limited to compositions of stable cubic phase since transformation to the
tetragonal phase could introduce an energetic barrier to additional I-enrichment. However, our
results suggest that such an explanation is unlikely, since for the FACs-perovskite case, all
compositions are cubic and, nevertheless, the emission wavelength of the low energy peak
appears to be constant at ~740-750 nm (Fig. 2 and Supporting Information Fig. S4c), which
corresponds to x ~ 0.3, assuming any internal strain or quantum size effects in the newly formed
phase are negligible. Thus, it appears that iodide enrichment occurs to a limiting composition

even in the absence of crystal structure differences.
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Figure 2. Time evolution of steady-state PL spectra of FACsPb(IosBro,); (a),
FACsPb(IysBrys); (b), and FACsPb(I4Brye); (c) thin films taken at ~50 mW/cm? illumination
density collected in 1 min increments.
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In order to provide additional insight into the underlying mechanisms of halide segregation and
the effects of these processes on perovskite films, synchrotron X-ray diffraction was performed
at the Advanced Light Source, beamline 12.3.2. Unlike conventional lab sources, synchrotron
radiation has several orders of magnitude more flux and brilliance, allowing for significantly
shorter collection times and in-situ characterization of illumination-induced halide demixing.
The grazing-angle geometry, in combination with an area detector, enables full XRD patterns to
be recorded in the range of 5 < 20 < 57° within only 60s. Structural analysis of FACs- and MA-
halide perovskite thin films (Figure 3) was performed under constant white light illumination
with a Xe lamp at ~400 W/m? (see Supporting Information Figure S8 for lamp spectrum). In
order to enable observation of diffraction peaks from both the original perovskite phase and of
potential secondary phases that may evolve during halide demixing, we collected a wide range in
20 spacing. In the following, we compare a MAPb- to a FACsPb-halide sample, both containing
60% bromide. Figures 3a and 3d show the (100) peaks of the MAPb(I,4Bros); and
FACsPb(Ip4Br6); samples, respectively. Measurements were collected before illumination,
during illumination with the Xe lamp, and after ~7 min of relaxation in darkness. Full diffraction
patterns can be found in the Supporting Information (Figure S9) and additional diffraction

patterns for MA-perovskites with x = 0.5, 0.6, and 0.7 are provided in Figure S10.

Constant illumination of the MA-sample leads to a significant peak broadening and evolving
peak asymmetry (Figures 3a), while the FACs-sample does not show a change in peak shape but
do exhibit a slight broadening (Figures 3d). Diffuse scattering on either side of the (100)-MA-
peak leads to a more Lorentzian profile that is typically associated with either strain or defects.

The appearance of a new peak towards smaller angles observed in the MA-sample can be related

14



to a new I-rich phase with different lattice parameters. As mentioned before, the PL. emission of
the I-rich phase formed under illumination of the FACsPb-sample with x = 0.6 would correspond
to x = 0.3. A change of Ax = 0.3 translates to a A(2 theta) of approximately 0.3° (peak position
difference of the original [-Br phase to the I-rich phase with x = 0.3; compare Supporting
Information Fig. S3b), which is well within the instrument resolution. This reveals a significant
difference between the MA- and the FACs-samples. Namely, there is halide demixing in both
samples (seen in PL). However, while the I-rich phases structurally relax in the case of MA, they
are not relaxed in the case of the FACs-perovskite. Simultaneously, the (100)-peak integrated
intensity (peak area) of the MAPb(I,4Br,6); sample decreases by almost 20% within 30 min of
constant illumination (Figure 3b) while the (100)-peak area of the FACsPb(I,4Brys); sample
drops by only ~5% within 60 min of illumination. This may be another indication of either loss
of crystallinity or peak splitting caused by some statistically significant portion of the crystallites
taking on a tetragonal symmetry upon illumination in the MA samples. Please note the different
time intervals of 30 and 60 min for the MA- and FACs-samples, respectively. Aside from
broadening of existing peaks and the emergence of peaks indicating small changes of lattice

spacing, no entirely new phases (e.g. Pbl, or non-perovskite) were observed.

15
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Figure 3. Synchrotron X-ray diffraction data and analysis of the a-c) MAPb(I,4Br,6); and d-f)
FACsPb(Iy4Brs); samples. Both samples in cubic symmetry, indexing according to Ref.?-.
a+d) (100) diffraction peaks before illumination, during, and after relaxation in the dark. b+e)
Normalized peak area under illumination over time. The data points are connected as a guide for
the eye. c+f) 2D diffraction patterns after 30 min and 60 min white light illumination,
respectively.

The 2D diffraction patterns after white light illumination (Figures 3c+f) illustrate that FACs-
perovskites exhibit continuous diffraction rings, reflecting small domain sizes, while the MA-
perovskite patterns are spotty, indicating larger domain sizes. The FACs sample has a domain
size < 50 nm (using the Scherrer equation) as compared to around 100 nm in the MA-sample. It
appears that the halide demixing under illumination shown in the PL measurements (Figure 2) is
reflected as a small peak broadening in the X-ray diffraction measurements, but no diffraction

peak asymmetry or evidence of peak splitting due to halide demixing as observed for the MA-
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sample. For even higher Br-concentration (x = 0.7), the FACs-perovskite does not show any peak
asymmetry (Supporting Information S11). One suggestion to explain this finding is that I-rich
domains nucleate, as evidenced from PL, but remain within individual grains by forming strained

grains. The accumulation of stress may act as a stabilizing force against segregation.

PL measurements under continuous illumination (Figure 2) have shown that the dominant
recombination processes for MA- and FACs-perovskites are very similar regarding the low
energy emission, but not the high energy emission. To shed further light on photocarrier
recombination as a function of composition, we study the charge carrier injection dependent
recombination behavior by quantitative PL quantum yield measurements (PLQY). Two
measurements on different spots were performed for each sample (Supporting Information
Figure S12). Figure 4a shows the PLQY curves for FACsPb(I,.,Br,); thin films with 0.1 <x < 0.6
versus the injected 1-sun equivalent illumination density. The trend for all Br-compositions is the
same: increasing PLQY at low illumination densities up to ~100 suns where the external PLQY
reaches a maximum of ~1%, followed by a PLQY drop at illumination densities = 1000 suns.
At illumination densities ~1-sun, samples with x = 0.2 and 0.4 exhibit the highest external
PLQY, about 4 times higher than x = 0.1. We have previously reported similar results for the
MAPb-halide perovskites.” A rise in PLQY at low excitation densities, as observed by multiple

4,24,26,33

groups for MAPb-halide perovskites, is characteristic of the filling of trap states until

radiative recombination dominates.** At 1-sun, the performance of FACsPb-halides is limited by

non-radiative trap-assisted recombination, as is the case for MAPb-halides®*.
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Quantitative PLQY measurements allow for the extraction of the implied open-circuit voltage

(V,e) as a measure for the upper limit of the achievable V,. purely based on material quality,
35,36

circumventing contact formation:
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where V3° is the V,. in the Shockley-Queisser limit in which only interband radiative
recombination occurs’’ and is approximated here as E, - 0.26 eV*®, J_ is the short-circuit
current density, and J, is the ideal reverse saturation current density for a given material.
Figure 4b summarizes the implied V,. calculated for MAPb- and FACsPb- halide perovskites
with increasing bandgaps due to Br-alloying, which follow a linearly increasing behavior. The
implied V,, for the same bandgap halide perovskite, but MA- versus FACs-cation is similar and
slightly superior for FACs-perovskites with E, > 1.7 eV. Thus, replacement of MA by FACs

leads to enhanced stability without sacrificing the material quality.
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Figure 4. a) PLQY of FACsPb(I,.,Br,); thin films with 0.1 <x < 0.6 at increasing illumination
densities. b) Implied V,. versus bandgap of FACsPb- and MAPb- halide perovskite samples. The
maximum achievable V3? in the radiative limit is drawn as well.

In conclusion, mechanistic insights into the reduced photo-induced halide demixing in high Br-
concentration FACsPb-perovskites were provided by combining PL and synchrotron X-ray
diffraction measurements. For this study, the evolution of light-induced phase and composition
changes in MA- and FACsPb-halide perovskites were directly compared. As a result, we find
that FACsPb-halides do show light induced halide demixing, which is not accompanied by a
XRD peak broadening nor splitting as typically observed in MA-perovskites. These results
suggest that FACs-perovskites are unable to relax strain accumulated during halide demixing,
which could serve to partially stabilize the material against phase separation. Although the
dominating recombination processes for the low energy emission are similar for MA- and FACs-
perovskites, the high energy emission shows the opposite behavior. In particular, the emission is
fully quenched in the case of MA-perovskites but increases under illumination for the case of
FACs-perovskites. One hypothesis to explain this could be the reduction of the point defect

concentration. Beyond better stability, FACs-perovskites exhibit excellent intrinsic material
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properties as shown by PLQY measurements comparable to MA-perovskites. Our findings
indicate the promise of FACsPb-halide perovskites as stable and efficient top cells for future
photovoltaic tandem devices and provide insights into the factors affecting stability of high Br-

concentration hybrid lead halide perovskites.
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