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ABSTRACT: Mixed tin−lead perovskites suffer from several degradation
pathways that hinder their effective implementation in tandem photo-
voltaic technologies. The main challenge involves removing the thermally
unstable methylammonium cation from the perovskite composition and
simultaneously increasing the oxidation resistance of the tin-based
material. This study employs a multicomponent approach to address
these issues, developing methylammonium-free tin−lead perovskite solar
cells with improved efficiency and stability. The incorporation of cations
that tune precursor solution properties enhances the quality of MA-free
perovskite films, while reducing agents and surface engineering
techniques enhance robustness and carrier dynamics. Consequently, the
methylammonium-free perovskite solar cells achieve over 22% efficiency
and demonstrate significantly enhanced stability, with minimal losses
after over 700 h of continuous operation under 1 sun illumination. This work evidences the potential of comprehensive
strategies to process fragile materials, such as tin-containing perovskites, with improved quality and brings them closer to
successful broad applications.

Mixed tin−lead (Sn−Pb) perovskites have recently
gained significant attention in the field of photo-
voltaics owing to their narrow bandgaps, as low as

∼1.25 eV,1,2 that allow them to play a critical role in the
successful integration of double- or multiple-junction perov-
skite tandem photovoltaics (PVs).3−8 For example, thanks to
the comprehensive advancement of the field, double-junction
all-perovskite tandems have reached power conversion
efficiencies (PCEs) of over 29%.9 This efficiency lies very
close to the radiative limit of the single-junction solar cells at
approximately 33%, while it is still far below their achievable
maximum, ∼45%, based on the principle of detailed balance.10

One of the main limitations for the further development of
the all-perovskite tandem PVs is the challenge of improving the
narrow bandgap mixed Sn−Pb perovskite materials, and thus
both their device efficiency and stability.8,11,12 For improving
the performance of perovskite solar cells (PSCs), one
significant trend has been to tune perovskite compositions,
most of the time by the rational combination of multiple
cations at the A-site, such as methylammonium (MA),
formamidinium (FA), guanidinium (Gua), and cesium
cations.4,13−17 FA is generally preferred as the main A-site

cation in almost every high-efficiency PSC,18 while another
conventional cation MA suffers from gaseous degradation
under elevated temperature.19,20 Thus, for improving the
device stability, it is of utmost importance to develop high-
quality MA-free perovskites. The main problem with removing
MA from these materials, including the case of mixed Sn−Pb
perovskites, is the worsening of the crystallinity, which leads to
films with a high density of defects and therefore limits the
efficiency of the photovoltaic devices. This sums up the
inherent instabilities that mixed Sn−Pb perovskites present in
terms of Sn2+ oxidation into Sn4+.21 The community has
proposed various methods to tackle these problems,22 such as
an alkylammonium pseudohalogen additive to improve the
quality of MA-free mixed Sn−Pb films23 or DMSO-free
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fabrication solvent(s) to reduce Sn2+ oxidation.24 However, the
complexity of these materials regarding their different
degradation pathways demands comprehensive strategies that
can address all of these issues collectively and not individually.
In this work, we present a multicomponent approach to

simultaneously enhance the quality of MA-free mixed Sn/Pb
thin films as well as their oxidation resistance. This holistic
study unveils the separate and synergistic roles of different
additives, rubidium (Rb) and dipropylammonium (Dip)
cations for improving thin film crystallinity, and sodium
borohydride (NaBH4) as reducing agent, in order to increase
the device stability. These compatible species allowed the
fabrication of mixed Sn−Pb PSCs with efficiency values of over
22% and long-term operational stabilities of over 700 h with
negligible efficiency loss. With this study, we highlight the
potential of multicomponent strategies for particularly
challenging materials mixed like Sn−Pb perovskites and
contribute toward the future application in fabricating stable
all-perovskite tandem PVs.
Different literature reports highlight the beneficial effect of

the use of Rb cation in MA-free compositions for neat Pb19

and mixed Sn−Pb perovskites.23,25−27 Although its effectivity
in reducing recombination losses has been discussed,27 its full
potential as well as the origin of its benefits in mixed Sn−Pb
perovskite preparation remain unexplored, especially from the
point of view of solution chemistry. Thus, we investigated a
mixed Sn−Pb perovskite based on a precursor solution with
the composition of Cs0.2FA0.8Sn0.5Pb0.5I3, where we added
rubidium iodide (RbI) from 1 to 10 mol % with the formula
Rbx(Cs0.2FA0.8Sn0.5Pb0.5I3)100−x (x = 0, 1, 3, 5, and 10). For
brevity, we respectively denoted these compositions as CsFA
and RbxCsFA (where x is the relative percentage of added
RbI). The preparation details are given in the Supporting
Information.
Morphology of Perovskite Films. To gain an under-

standing of how the introduction of Rb cations affects the
formation of thin films, we analyzed the morphological
alterations by scanning electron microscopy (SEM). We used
perovskite films containing CsFA and RbxCsFA. Top-view
SEM images (Figure 1) revealed that increasing the Rb content
leads to a slight enlargement in grain size (see Figures S1 for
grain size distribution histograms). Specifically, the composi-
tion consisting solely of CsFA exhibited an average crystal size
of ∼835 nm, uniformly distributed across the film surface.
Upon adding 1 mol % of RbI, we observed an ∼50 nm increase
in average grain size (∼882 nm). The introduction of 3 mol %
of RbI led to a further increase, reaching ∼1000 nm. At this
stage, Rb addition, however, started leading to agglomerations
at the film surface. In the case of 5 and 10 mol % RbI, we

observed an increase in the presence of these agglomerations.
Interestingly, the films with 5 mol % RbI exhibited a decrease
in grain size to ∼783 nm, while the 10 mol % one showed an
increase to ∼936 nm, which is presumably caused by Rb-
induced Ostwald ripening28 or varied film growth dynamics
with this certain big amount of Rb.
Figure 1 also includes cross-sectional SEM images of the

perovskite films. In the CsFA case, we observed the grain
boundaries at the cross section of the films. In contrast, the
perovskite films prepared with the addition of 1 mol % RbI
show a monolithic structure extending from the top to the
bottom contact together with a notable increase in the
thickness, from 824 to 1082 nm. With further addition of RbI
at 3, 5, and 10 mol %, the fabricated films present a multigrain
structure and voids form gradually at the buried interface. It is
important to note that the appearance of pinholes and voids in
the film is detrimental, increasing carrier recombination and
acting as centers, where the material degradation initiates.
These results evidence that too high concentrations of Rb
cation in the film can disrupt the perovskite film morphology;
however, reduced amounts as low as 1 mol % have a beneficial
impact, greatly improving grain size and film thickness.
Moreover, the increase in the thickness to over 1 μm is
critical to maximizing the light absorption ability of the mixed
Sn−Pb perovskite film due to its relatively lower absorption
coefficient, especially at the band edge, compared with the neat
Pb films.
We also compared our MA-free films with MA-containing

reference and investigated the effect of 1 mol % RbI in the MA-
containing perovskite films (see Figures S2 and S3). We
d e n o t e d C s 0 . 2 F A 0 . 7 M A 0 . 1 S n 0 . 5 P b 0 . 5 I 3 a n d
Cs0.2FA0.7MA0.1Sn0.5Pb0.5I3 + 1 mol % RbI perovskite films as
CsFAMA and RbCsFAMA, respectively. First, we also
observed that the addition of RbI causes a slight increase in
the grain size of the MA-containing films; however, there was
no significant change in the thickness of the MA-containing
perovskite films. Addition of Rb does not change the film
thickness in the case of MA-containing perovskite films (from
882 nm for CsFAMA to 891 nm for RbCsFAMA), in clear
contrast with MA-free systems (from 824 nm for CsFA to
1082 nm for RbCsFA). Nevertheless, the addition of MA leads
to a slight increase of film thickness (from 824 nm for CsFA to
882 nm for CsFAMA). These results show the ability of MA to
increase the film thickness compared to CsFA, but in this case,
Rb had no effect on this aspect when MA was present. This
result suggests that although obviously different, MA and Rb
cations may share, to some extent, a similar role in the
solution-based crystallization process of FA-dominated perov-

Figure 1. Top and cross-sectional SEM images for Rbx(CsFASnPbI3)(100−x) (x = 0, 1, 3, 5, and 10) perovskite films. The scale bar is 1 μm.
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skite thin films. Thus, the more abundant MA would mask the
influence of Rb on the film formation.
Film Crystallinity. To obtain information about the impact

of Rb on the crystalline properties of the CsFA perovskite
films, we conducted XRD measurements. We compared our
MA-free compositions with the MA-based reference (see
Figures 2a and S4). Contrary to CsFA films, these MA-
containing films show the presence of PbI2, whose peak is
visible at 12.75°. Although some reports suggest that the
presence of PbI2 may not hinder the performance of the solar
cells,29 it is inevitably a source raising material degradation,30

and therefore, we aim to reduce it. In addition to this, MA has
low thermal stability, conditioning dramatically the long-term
operational stability of the devices.19 Thus, removing MA
content from the perovskite material is necessary to ensure
durable PSCs.19 This process is not trivial, however, as MA-
free perovskites typically suffer from lower film quality. In this
case, it is not lattice instability, a common phenomenon
occurring in FA-based neat Pb perovskites,31 thanks to the
stabilization from the replacement of Pb by Sn.32 Instead, MA-
free mixed Sn−Pb perovskites suffer from poorer morphology,
caused by less controlled rates of nucleation and crystal
growth.33 The MA content in the precursor solution may hold
an important role in the crystal growth mechanism, leading to
more reproducible film fabrication with larger grains.16 MA-
containing samples present a (100) preferential orientation, as
we can see in the high intensity ratio for (100) and (200)
diffraction peaks, in comparison to the also present (110),
(111), (210), and (220) reflections (see Figure S4a). After the

MA content was removed from the mixed Sn−Pb perovskite
composition (CsFA), we avoided the formation of PbI2
(Figure 2a). In contrast, adding RbI to an MA-containing
composition did not avoid PbI2 formation (Figure S4b), and
thus, this issue originates purely from MA introduction in the
processing. With 1 mol % RbI, the (100) preferential
orientation slightly increased. Interestingly, further increasing
the RbI concentration promotes a (110) preferential
orientation, except for the case of the sample with the highest
Rb content (Figure 2a). A recent study showed the arising of
the (110) peak when removing MA from the thin film.34 Thus,
MA-free compositions could potentially have a slight
preference toward this orientation, which would then be
exacerbated in the right conditions such as in the presence of
Rb cation. It is also important to highlight the analysis of full
width at half-maximum (fwhm) of the (100) diffraction peak,
which presents a clear minimum for sample Rb01CsFA,
indicating that this sample presents the largest crystalline
size. This sample does not present a clear preferential
orientation, however, which several studies reported that it is
not necessarily detrimental to the single junction and tandem
device performance.27,35−37 Consequently, considering the
morphological and structural properties of the different
analyzed films, Rb01CsFA is the sample with the highest
potential for the optimum PSC performance.
Properties of the Perovskite Precursor Solution. In

order to understand the origin of the improved morphological
and structural properties, we characterized the influence of RbI
addition in the perovskite precursor solutions by NMR (using

Figure 2. (a) X-ray diffraction (XRD) for MA-free CsFA-based perovskite films featuring varying concentrations of rubidium, (b) with the
corresponding fwhm from 100 peak for CsFA, 1, 3, 5, and 10 mol % Rb. (c) 1H NMR spectra at the FA N−H protons range with and without
RbI addition for FAI solutions (in DMSO-d6:DMF-d7 at 1:3 volume ratio). (d) ToF-SIMS results of depth-dependent material content for
Rb01CsFA perovskite showing the distribution of perovskite material and Rb. The full compositional distribution description is given in
Figure S9.
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a Bruker 400 MHz Spectrometer at 298 K) and dynamic light
scattering (DLS). First, in the 1H NMR spectra of the different
perovskite precursor solutions (see Figures 2c and S5a−d), we
can identify the corresponding peaks for FAI protons. We
additionally prepared only FAI as well as neat Sn and neat Pb
perovskite solutions in order to identify a potential selectivity
depending on the specific nature of the perovskite materials.
The C−H signal is around 8.0 ppm, and the N−H protons
appear in the 8.6−9.0 ppm range. The latter shows as a single
signal for FAI and FAPbI3 solutions, but as two split signals for
FASnPbI3 and FASnI3 ones, suggesting that the presence of
Sn-based precursors modifies the way the charge distributes
around FA and the behavior of its aminic groups in solution. In
a scenario in which the charge of the FA cation and thus its
coordination to other components is unbalanced to one amine
group, the signals at 8.7 and 9.0 ppm would respectively
correspond to the more neutral and more charged amines,
referred to as NH2 and NH2

+ in Table S1. When RbI is added
on FAI solution, we observed a small decrease of 0.02 ppm in
the chemical shift of the amine protons signal (see Figures 2c
and S5a and Table S1). This shielding of the protons indicates
a larger electronic density around them, which may originate
from a higher coordination with the iodides in the
iodidometalate [MIn]2− species. This fact suggests that Rb
cations may promote the degree of coordination of FA to
perovskite and overall the prearrangement of perovskite
precursors in solution and increasing colloidal stability, as
previously discussed as a common nature of alkali cations.38

This phenomenon would be explained by the ability of Rb
cations to regulate the environment of halide anions, in this
case, iodide, through coordinating them. This coordination
may explain the formation of the increased repulsive
interactions, increasing colloidal stability. For this particular

reason, the role of alkali cations and, in general, A-site-like
cations may actually vary depending on the nature of the
anionic species in solution. This effect can have positive effects
in thin film fabrication by facilitating a homogeneous
nucleation. This shift was also present for the FAPbI3 sample
(see Figure S5b), with an additional slight shift of the C−H
signal toward lower values. For the cases of FASnPbI3 and
FASnI3 samples, where the NH protons split into two different
signals, after RbI addition, we only observed a small shift of
0.01 ppm for the most deshielded signal at ∼8.9 ppm, while
the more shielded one remained invariable at ∼8.7 ppm. This
reveals that the Rb cation has an influence in the environment
and coordination by FA and that it is dominated by the more
deshielded amine. According to these results summarized in
Table S1, this shift is consistent and present in all FAI and Sn
or Pb perovskite samples after the addition of RbI, confirming
the direct influence of Rb on the coordination of FA within the
perovskite. As stated before, though the shift of 0.02 ppm is
small, it suggests that Rb cation addition can influence and
interact with prearranged perovskite precursors in solution.
Meanwhile, DLS results did not show any significant variation
in the distribution of colloidal size in perovskite precursor
solutions with different RbI amounts, suggesting that the Rb
cation would not impact strongly on the as-prepared precursor
solutions but would influence latter stages of the crystallization
through its ability to interact with different perovskite
components (see Figure S6).
Multicomponent Approach. All of these results suggest

that rubidium cation opens the door to a more controlled
crystallization process and better film morphology, a critical
advancement for mixed Sn−Pb perovskite materials and
particularly for MA-free compositions. However, the enhance-
ment of the perovskite optoelectronic properties requires the

Figure 3. (a) PL data for the perovskite with different additives, (b) UV−vis absorption spectrum for RbCsFA-Multi film and Tauc plot
(inset) resulting in a ∼1.21 eV absorption band edge energy, (c) PLQY for each additive, and (d) TRPL decay for perovskite films.
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integration of additional additives to comprehensively address
all challenges posed by the nature of MA-free Sn−Pb materials.
Here, we introduced dipropylammonium iodide (DipI), where
Dip+ is an organic bulky cation additive that can be used to
improve the performance and stability of PSCs. Dip+ has larger
size and a longer alkyl chains than the commonly used MA and
FA cations,39,40 which can affect the crystal growth,
morphology, and electronic properties of the perovskite
layer.39 Particularly, the addition of Dip+ induces the formation
of slightly larger crystals with more defined shapes and lower
surface roughness compared to the pristine films. Simulta-
neously, we also included sodium borohydride (NaBH4) to
counteract the oxidation of Sn2+ into Sn4+ and the potentially
formed I2

40 that can degrade the perovskite layer.41

The multicomponent combination of these two additives
DipI and NaBH4 together with RbI, denoted as RbCsFA-
Multi, has no negative impact on the morphology of CsFA
perovskite, as evidenced in Figure S7, where we observe
perovskite structures characterized by large grains and a
relatively uniform surface. Furthermore, separate XRD analyses
of this perovskite film revealed an influence of each additive,
individually or collectively, on the perovskite preferential
orientation (Figure S8a). However, the use of the additives in
Rb01CsFA does not decrease the crystallite size (see Figure
S8b).
Compositional Distributions. After confirming the

involvement of Rb in the crystallization process of MA-free
Sn−Pb perovskites, we looked for its spatial distribution within
the film and assessed any potential depth-dependent character-
istics. We utilized time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS) to analyze perovskite films containing all
additives. Our findings revealed a uniform distribution of all
perovskite constituents throughout the thin film (see Figure
S9), with a slight predilection for Rb at the lower interface (see
Figure 2d). Furthermore, we observed a preference for Na at
the bottom interface and Dipl presence at the top interface
(see Figure S9). The similar behavior of Na and Rb cations in
this aspect highlights the similar nature of alkali cations and
probably a comparable role in the crystallization process, as
discussed in a previous work.38 Moreover, aside from assisting
crystallization for larger and denser grain formation, Dip+ and
Na+ cations may function as potential defect mitigators, with a
preference for localization at the interfaces, encompassing
buried surfaces, top layers, and grain boundaries. These
materials can react with surface defects or dangling bonds on
perovskite crystals, reducing the density of trap states within
the material.
Photophysical Properties. For effective charge extraction,

high-quality perovskite films with long charge carrier lifetimes
are necessary. We evaluated the improvements in the carrier
dynamics using steady-state photoluminescence (PL) and
time-resolved PL (TRPL). For PL analysis, all the different
perovskite films analyzed in previous sections were deposited
on glass. The perovskite films were excited from the top surface
of the perovskite film. In each condition, a single PL peak
around 1008 nm was observed, with PL lifetimes on the order
of a few nanoseconds. Note that the PL spectrum is slightly
blue-shifted for Rb-contained films (see Figure 3a). Compar-
ison of CsFA-based samples is in Figure S10a. One of the
possible origins for such small blue shift of bandgap increase
(∼10 meV) can be an Rb-derived compositional deviation at
the film surface. We showed previously how introduction of Rb
can affect the composition of the crystal in the bulk.19,42,43

These assumptions are reasonable, considering that the surface
quality of the films without Rb is likely somewhat worse than
the treated materials. One more possible explanation of PL
blue shift for Rb-containing samples is that these samples are
less scattering (due to their better optical quality) and thus less
subjected to the PL red shift because of multiple scattering and
reabsorption (photon recycling effect). We also observed an
increase of the PL intensity for all Rb-containing samples, with
and without MA (see Figure 3a). Absorption onset does not
show any shifting for any of the samples, but it is possible to
see and increment on the absorption edge; see Figure S10b,
mostly due to the higher thickness of the films with Rb.
Moreover, in Figure 3b, the Tauc plot indicates an absorption
band edge energy of ∼1.21 eV for the RbCsFA-Multi sample,
confirming that this material has the ideal narrow bandgap for
application on all-perovskite tandem solar cells. On the other
hand, we observed an increase in intensity for all Rb-containing
samples, with and without MA (Figure 3a). We evaluated also
relative photoluminescence quantum yield (PLQY) for all
samples (see the method for the evaluation in the Supporting
Information), observing a significant increase of 4-fold for
every perovskite containing Rb cation (see Figure 3c and Table
S2). Furthermore, the TRPL spectra agree well with the
observed trend in the PLQY, because the PL decay time
increases from 1.19 ns for CsFA to 1.71 ns for the RbCsFA
films. Particularly interesting is the case of RbCsFA-Multi
films, for which an increase to 3.57 ns is observed (see Figure
3d). These results point to a decrease of nonradiative
recombination rate. Moreover, this result confirms that RbI
and DipI additives reduce the nonradiative recombination rate
in the perovskite film, also on films containing MA (see Table
S2 and Figure S11).
Device Performance. We statistically evaluated the

photovoltaic potential of the FTO/PEDOT:PSS/perovskite/
C60/BCP/Ag stack. In Figure S12 is reported the observed
significant improvement in the average JSC of CsFA (26.59 mA
cm−2) after Rb addition (31.23 mA cm−2). VOC gradually
decreased with increasing amounts of Rb, from 0.75 to 0.38 V.
The average fill factor (FF) increased from 64 to 70%, finally
translating into an improved average PCE from 12.15 to
13.24% when comparing CsFA reference with Rb01CsFA
samples. Most importantly, the Rb improves the reproduci-
bility as particularly noticeable in the FF. Incorporating long
organic cations like DipI, which do not easily fit into the
octahedral structure, serves as a “barrier” and effectively “caps”
the three-dimensional perovskite, leading to the formation of a
layered structure.44 The materials under investigation share a
c ommon s t r u c t u r a l f o rm u l a r e p r e s e n t e d a s
Dip2FAn−1(Sn0.5Pb0.5)nI3n+1.

39 Within this structural represen-
tation of layered perovskites, the variable “n” denotes the
dimensions of the two-dimensional slabs. In this structural
formula for the layered perovskites, n indicates the size of the
two-dimensional slabs. We then prepared PSCs with varying
concentrations of DipI for nominal n = 0, 10, 20, 30, 40, and
50 in order to find the best n. In this case, n = 30 yielded the
best performance (see Figure S13). After identifying the
optimal conditions for Rb and DipI to enhance the results, we
evaluated RbCsFA-Multi at varying molarities. As we show in
Figure S14, perovskite solution concentration had an impact
on the final device performance, where we found the optimal
molarity of 1.9 M for the total solution (see more details in the
Supporting Information). The photovoltaic characteristics of
the best PSCs for CsFA and RbCsFA-Multi are plotted in
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Figure 4a,b. The Rb-free control device presented a PCE of
19.12%, where we noticed a particularly low current density.
Upon addition of 1% Rb into the mixed perovskite RbCsFA-
Multi, the JSC increased from 30.67 to 32.17 mA cm−2.
Consequently, the multicomponent devices showed improved
efficiencies of up to 20.08% in comparison to the other
compositions. The most significant improvements were in the
JSC and FF (see Figure S15). The materials showed
improvements also when separately added, such as the FF
increase for CsFA-DipI, or the higher Jsc for CsFA-Na and
RbCsFA, though with lower reproducibility.
Beyond PCE, stability is one of the main challenges for

future PSC commercialization. However, relatively few stability
data sets exist for the Sn−Pb PSCs. To analyze the impact of
our multicomponent strategy on device stability, we tracked
CsFA and RbCsFA-Multi devices at the maximum-power point
(MPP) at room temperature for 750 h under continuous
illumination (100 mW cm−2, AM1.5G) at a constantly applied
voltage of 0.67 for CsFA and 0.68 V for RbCsFA-Multi
devices, with encapsulation of 2 μm SiOx at 60% RH.45 See
Figure S16 and Tables S3 and S4 for the MPP tracking analysis
during the measurement time. Figure 4c shows that the CsFA
device performance deteriorates fast, starting at 19.50% and
finishing at 10.54% PCE after 750 h, with a T80 of 140 h.
Following the initial component, there is approximately a 30%
efficiency loss. The initial efficiency is sustained at 100% for
several hours before a gradual decline sets in, reaching values of
98%, 95%, and 90% of the initial PCE after 10, 20, and 30 h,
respectively. Beyond the 30 h mark, a more rapid performance
decrease occurs, delineating two distinct efficiency drop
regions: (1) a gradual PCE decrease linked to the loss of fill
factor (FF) due to device heating (temperature reaching 60 °C
due to lamp heat radiation) and (2) a swift reduction in PCE
attributed to the oxidative degradation of FASnI3. Regardless,
the evident correlation between the loss of PCE and the
decline in current density (Figure S16b) suggests that both
phenomena�FF loss due to heating and oxidative degradation

of FASnI3�temporarily coexist during the initial 5 h under the
measuring conditions. Nevertheless, the RbCsFA-Multi devices
exhibited markedly enhanced stability performance. The
absolute PCE initiates at 20.64%, experiences a modest drop
of approximately 13% after the initial 30 h, and subsequently
demonstrates a sustained recovery in the long-term compo-
nent, stabilizing at a final PCE of 20.21%. While both devices
initially followed a similar trend, the RbCsFA-Multi device
began to degrade within the first 30 h, resulting in a 13% loss
of the initial PCE. In contrast, the PCE of the RbCsFA-Multi
device progressively increased, reaching up to 94% of the initial
PCE after 700 h of light exposure (Figure 4c). Similar trends
were observed for the RbCsFA-Multi devices, albeit at slightly
different rates. The decline in PCE was predominantly
attributed to fill factor (FF) loss. Notably, there were
insignificant variations in Voc and Jsc (Figure S16c). Although
the positive impact of light-soaking in Sn-based solar cells has
been reported previously,46 its exact origin remains unclear.
We also carried out XRD analyses of films after thermal

stress at 130 °C for 3 h inside the glovebox under N2 (see
Figures S17 and S18), in order to see the impact on thermal
stability of the additives and the MA content. All samples
exhibited a reduction of diffraction peak intensities after
thermal stress, which were higher for samples without Rb.
RbCsFA-Multi presented significantly the best thermal stability
with practically no decrease on diffraction peak intensity
(Figure S18). This analysis is a clear motivation for avoiding
MA and using original additive combinations in future
compositions for ensuring long-term stability especially under
thermal stress. These stability data highlight the significance of
multicomponent strategies to comprehensively address degra-
dation sources and enhance long-term stability of Sn−Pb
PSCs.
We included a surface treatment of the perovskite layer with

4-fluoro-phenylethylammonium chloride (4FPEACl), as a
further step to increase device PCE. In recent times, significant
advancements have been achieved in optimizing perovskite

Figure 4. Best performing device J−V and stability. (a) J−V curves of the CsFA device, (b) J−V curves of the RbCsFA-Multi device, and (c)
MPP measurement of control and target devices aged for >700 h after encapsulation.
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interfaces by employing an ammonium ligand-composed buffer
layer. These layers play a crucial role in passivating the
perovskite, diminishing recombination, alleviating the adverse
effects of pinholes, and preventing the migration of metal
electrodes at elevated temperatures.47 This approach has been
applied at the perovskite/electron transporting layer (ETL)
interface with organic cations like phenethylammonium iodide,
ethylenediammonium, and 4-fluoro-phenylethylammonium
iodide (4FPEAI).37,48−50 Therefore, we explored the potential
of surface engineering for the perovskite/ETL interface by
using our optimized films.
Devices modified with FPEACl showed significantly

improved efficiency (Figures 5). The top-performing devices
with 4FPEACl modification delivered an efficiency of 20.71%
for CsFA and 22.03% for RbCsFA-Multi (see Figure 5a,b,
respectively). The JSC of 30.71 mA cm−2 for CsFA and 32.03
mA cm−2 for RbCsFA-Multi are in good agreement with those

values integrated from the EQE spectra of 28.95 and 31.06 mA
cm−2 (see Figure 5c,d, respectively). Notably, the voltage
drastically increased upon the insertion of 4FPEACl. The
22.03% PCE champion device exhibited a VOC of 0.86 V and a
FF of 80%. Moreover, in Figure S19 we see that devices with a
4FPEACl interlayer show some of the highest PCE and exhibit
more reproducible device parameters, especially in terms of Voc
and FF, and these results highlight the potential of interfacial
engineering and the compatibility with multicomponent
strategies for combined benefits.
To rationalize the performance differences after 4FPEACl

modification of the RbCsFA-Multi devices, we measured the
devices by impedance spectroscopy under 1 sun illumination.
The spectra were fitted using an equivalent circuit previously
presented,51 with a series resistance (Rs) to model the
transport resistance of cables and contacts, a recombination
resistance (Rrec) to account for the charge recombination

Figure 5. J−V curves of the best performing devices with interfacial engineering. (a) J−V curve of CsFA device with 4FPEACl, (b) J−V curve
of RbCsFA-Multi device with 4FPEACl, and (c and d) the corresponding EQE spectra.

Figure 6. (a) Recombination resistance and (b) ionic-related resistance extracted from impedance spectroscopy for the RbCsFA-Multi
devices with and without 4FPEACl surface modification.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c02426
ACS Energy Lett. 2024, 9, 432−441

438

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02426/suppl_file/nz3c02426_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02426?fig=fig6&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


considering negligible the transport resistance at perovskite
layer, a geometric capacitance (Cg) for the whole device, and a
parallel branch where a resistor (Rdr) and a capacitor (Cdr)
model the ionic phenomena. The evolution of the parameters
across the relevant bias region displays a significantly higher
Rrec for the 4FPEACl-modified devices (Figure 6a), which
indicates a lower recombination rate and explains its improved
VOC. The geometric capacitance presents equivalent values for
both devices (Figure S20), as expected for devices with the
same thickness. Interestingly, the 4FPEACl device also displays
lower Rdr and marginally higher Cdr (see Figures 6b and S20,
respectively). This fact indicates, in combination, a slightly
lower vacancy concentration and higher diffusion coefficient
for the ions in the control sample.52 These results suggest that
4FPEACl may act as a surface passivation agent, mitigating
surface defects and traps in the perovskite film. This can
enhance the charge carrier lifetime and reduce recombination,
leading to an improved overall device performance. Liu et al.
recently showed that 4F-PEACl acts as a positive dipole layer
to reduce recombination losses and that it has an impact on the
barrier for carrier transport.53 Accordingly, the VOC and FF of
our devices were positively influenced by the insertion of this
surface modifier.
Narrow bandgap mixed Sn−Pb perovskites for tandem

technologies face complex degradation processes that require
innovative solutions. In this work, we proved the potential of
multicomponent methodologies to address them in a
comprehensive manner. A carefully optimized combination
of organic and inorganic compounds led to greatly enhanced
morphological, structural, and optoelectronic properties of
MA-free Sn−Pb perovskite films. Remarkably, even a minimal
1 mol % addition of RbI to the precursor solution resulted in
improved film morphology and thickness. We observed the
critical role of the Rb cation in manipulating precursor solution
characteristics. Moreover, when combined with other additives
such as NaBH4 and DipI, the films presented enhanced exciton
recombination lifetimes, and the use of 4FPEACl as an
interlayer material substantially increased film mobility. We
believe this enhancement plays a crucial role in recombination
suppression. The systematic use of multicomponent additives
consistently resulted in improved optical (or carrier-recombi-
nation) properties, higher VOC and FF, and negligible loss of
photovoltaic efficiency under MPPT measurement for over
700 h under N2 atmosphere. Our work represents a significant
advancement in comprehending and improving the quality of
MA-free Sn−Pb perovskites, bringing them a step closer to the
development of stable and efficient all-perovskite tandem solar
cells in the near future.
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