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SUMMARY
Mixed lead halide perovskite solar cells have been demonstrated to benefit tremendously from the
addition of Cs+ and Rb+ but its root cause is yet to be understood. This hinders further improvement
and processing approaches remain largely empirical. We address the challenge by tracking in situ the
solidification of precursors and linking the evolutions of different crystalline phases to the presence
of Cs+ and Rb+. In their absence, the perovskite film is inherently unstable, segregating into MAI-rich
and FABr-rich phases. Adding either Cs+ or Rb+ is shown to alter the solidification process of the
perovskite films. The optimal addition of both Cs+ and Rb+ drastically suppress phase segregation and
promotes the spontaneous formation of the desired  phase. We propose that the synergistic effect
is due to the collective benefits of Cs+ and Rb+ on the formation kinetics of the  phase, and on the
halide distribution throughout the film.
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INTRODUCTION
On the quest for high-efficiency solar cells at affordable cost, hybrid organic-inorganic metal-halide
perovskites have emerged as promising thin-film photovoltaic materials, owing to their outstanding
optoelectronic properties for photon-to-electron conversion and tunable bandgap. 1-4 Since their first
use as sensitizers for solar cells in 2009, 5 perovskite solar cells have rapidly achieved impressive
power conversion efficiencies (PCE), now stands at 24.2% for single-junction solar cells.6 These
results underline the remarkable progress both from the perspectives of chemical compositional
engineering7 (or solid-state alloying8,9), as well as process and device optimization. 10,11
The AMX3 crystallographic structure of these perovskites is characterized by a monovalent
cation (A) such as methylammonium (MA+), formamidinium (FA+), or Cs+; a divalent metal cation (M)
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such as Pb2+ or Sn2+; and a halide anion (X) such as Cl-, Br-, or I-. Record efficiencies require the
perovskite to crystallize in the -phase which has a trigonal symmetry (space group P3m1, often
called black phase,9,12,13 for the color of the perovskite film). Unwanted non-perovskite phases such
as the hexagonal symmetry (P63mc) -phase (or yellow phase9,12) often lead to poor photovoltaic
performance.
Currently, optimal perovskite compositions are based on FA+ as the majority cation. The cubic
perovskite -FAPbI3 phase has a band gap of 1.48 eV, which is closer to the ideal single-junction device
Shockley-Queisser bandgap (1.34 eV) than MAPbI3 (1.57 eV).13 However, the -FAPbI3 phase is
thermodynamically unstable in ambient conditions, and undergoes a phase transition to a non-perovskite,
photo-inactive, yellow -FAPbI3 phase. Notwithstanding recent progress in stabilizing the pure -FAPbI3
phase using reduced dimensional and molecular passivants,14 incorporation of MA+ has been shown to
alleviate this phase instability issue, resulting in significantly more stable and efficient solar cells.15 In
addition, mixing well-controlled Br- concentrations in the MAPbI3 lattice results in mixed-halide (I-, Br-)
perovskites with a more stable crystal structure, and better long-term durability. This can be attributed to
the smaller ionic radius of Br- compared to I-, which transforms the tetragonal phase I4/mcm symmetry of
MAPbI3 into the Pm3m cubic phase.16 Therefore, despite the fact that the widened bandgap somewhat shifts
away from the Shockley-Queisser optimum, the mixed-halide (I-,Br-) perovskites offer better performance
when compared to triiodide perovskites, as well as tunable bandgaps which are critical in tandem application
of wider bandgap perovskites. The latter depends on the halide ratio in the precursors. It is noted, however,
that mixed-halide compositions are not a necessity for achieving high-performance devices, as recent reports
on FAPbI3-based devices demonstrate.17 Instead, mixed halides appear to significantly facilitate the
processing and manufacture of high-quality perovskite thin films. Solar cells prepared from mixed-cation
(MA+, FA+) and mixed-halide (I-, Br-) precursors are more reproducible and thermally stable when adding ~
5% (molar) Cs+ to the perovskite precursor formulation.18 Addition of Cs+ was found to enhance phase
stabilization by tuning the tolerance factor through solid-state alloying.8 In parallel, Cs+ suppresses the photoinactive -phase of pure FAPbI3, and facilitates the formation of the desired photoactive -phase, resulting
in more homogenous, low-defect perovskite films.18 Gratia et al. showed that the crystallization sequence of
mixed-halide perovskite films is 2H-4H-6H-3C and unveiled that the addition of 3% Cs+ provides a shortcut to
the 3C phase by inhibiting the hexagonal intermediate phases.19 We adopt here the Ramsdell notation,
widely used for oxide perovskites and also used by Gratia et al.19, to accurately describe the intermediate
phases during perovskite film formation. The classical AMX3 perovskite structure shows various poly-types
depending on the stacking sequence of the close-packed AX3 layers. For example, the well-known yellow 
phase observed in lead halide perovskites is composed of pure hexagonal closed-packed AX3 layers, resulting
in a 1D array of BX6 face-sharing octahedra, namely the 2H phase. Moreover, the photoactive  phase is
composed of cubic closed-packed AX3 layers, resulting in a 3D framework of BX6 corner-sharing octahedral,
namely the 3C phase. The perovskite can also crystallize in a 3R phase, resembling the 3C phase but with
rhombohedral symmetry instead of cubic symmetry. The other two common intermediate phases, 4H and
6H, are composed of a combination of a hexagonal and cubic closed-packed AX3 stacking sequence, resulting
in a 3D framework of both face-sharing and corner-sharing BX6 octahedra.19
Recently, Rb+ addition has been reported to further improve the performance of mixed-halide
mixed-cation lead perovskite solar cells, exhibiting a PCE of 21.6% with remarkable stability under
continuous illumination at elevated temperature.20 Subsequently, several studies investigated the
effect of Rb+ and Cs+ on the resulting perovskite films. 21-25 Kubicki et al. found that Rb+ is not
incorporated into the perovskite structure as initially thought but may rather “passivate” the
resulting thin film.21 Philippe et al.23 employed hard X-ray photoelectron spectroscopy to investigate
the chemical composition and chemical distribution at different probing depths of the perovskite
films. They found that along with the unreacted FAI, ~ 3% Rb + and ~ 8% Cs+ are homogeneously
distributed up to 18 nm below the surface, resulting in an overall improvement of the cell’s open2

circuit voltage (VOC).23 Using a combination of characterization techniques, Hu et al.24 found that Rbaddition enhances the film’s carrier mobility whereas Cs +-addition leads to a significant reduction of
trap density in the perovskite crystals. In a recent study,26 improvements in the VOC and fill factor (FF)
were found for solar cells with Rb + addition, which was argued to originate from lower recombination
and improved extraction of holes at the perovskite/spiro-OMeTAD interface. However, collectively,
these studies have only probed the residual effect of added Cs+ and Rb+ on the properties of
perovskite films and devices via ex situ characterization techniques, i.e. by characterizing the final
state of the resulting films.
In this work, we investigate in detail the impact of Cs+ and Rb+ addition upon perovskite film
formation by in-situ tracking the evolution of the crystal phases with the help of time-resolved grazing
incidence wide angle x-ray scattering (GIWAXS) measurements performed during spin coating.27-32 Supported
also by time-of-flight secondary ion mass spectrometry (ToF-SIMS) halide mapping, we reveal that the phasesegregation-induced chemical segregation– which inherently occurs in pristine formulations – can be
suppressed when Cs+ and Rb+ are added together in the right amount. In doing so, Cs+ and Rb+ also promote
the direct transformation of the precursor into the photoactive 3C (often known as ) phase without
requiring thermal annealing to initiate the conversion process. This is reflected in the significantly improved
photovoltaic performance of devices made from the optimal combinations of Cs+ and Rb+, reaching 20.1%
PCE as opposed to 15.3% from the pristine precursor. We go on to show a direct link between the ease of
direct transformation of the perovskite phase and the achievable PCE within mixed-halide mixed-cation solar
cells. Such detailed knowledge of the crystallization processes highlights the key role of controlling phase
segregation, and benefits the development of new design rules for compositions containing atomic additives
intended to mitigate halide segregation, facilitate phase transformation and overall ease of processing, and
ultimately yield hybrid perovskite films with excellent optoelectronic properties and reproducibility.
RESULTS AND DISCUSSION
We synthesized a set of perovskite films containing different amounts of CsI and/or RbI adding into the
pristine precursor. The pristine perovskite precursor serving as the control sample has a stoichiometry of
(FA0.83MA0.17)Pb(I0.83Br0.17)3. Thin films resulting from the addition of Cs+ and/or Rb+ are coded for
convenience as (%Cs, %Rb), where %Cs and %Rb are, respectively, molar percentages of added CsI
and RbI solution relative to the mixed cations. All test samples have a total addition of 10% of Cs+
and/or Rb+ [e.g., (1,9), (3,7), (5,5), (7,3), (9,1)], with the exception of three cases: (5,0), (0,5) and the
control (0,0). All perovskite films are prepared using a one-step spin-coating process with so-called
antisolvent drip and used chlorobenzene as quenching solvent,10 followed by annealing at 100oC for
20 min. We refer to the Experimental Procedure for more details on solution preparation and device
fabrication.
Phase segregation revealed during pristine film growth
To unveil the mechanism underlying the improved efficiency, as well as the roles of added Cs+ and
Rb+, we took advantage of time-resolved GIWAXS to diagnose the solution-to-solid transformation
of the various perovskite precursors, both with and without the addition of Cs+ and/or Rb+. To mimic
the perovskite crystallization in as-cast films, we performed these measurements during spin coating
using an earlier developed setup,28,32-34 and also dripped chlorobenzene (CB) as solvent quencher
during in-situ measurements.29,35-38 See Experimental Procedure and Figure S1 for more details on
GIWAXS measurements.
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The time-evolution of the 2D intensity map with respect to the scattering vector q and process time
t for the pristine (control) precursor is shown in Figure 1a. The 2D intensity map was constructed by cake
integration (Figure S2). Prior to CB dripping, the initial dominant scattering feature is characterized by a halo
at low q values (~ 4 - 7 nm-1) associated with the colloidal state of the sol-gel precursor.28 Upon CB dripping
(indicated in Figure 1a with a vertical arrow), the sol-gel halo disappears and diffraction peaks appear instead.
Scattering peaks at lower q, namely ~ 5 nm-1 and ~ 7 nm-1 are associated with the presence of a solvated
crystalline phase (S solvate phase).28,39 We detect a comparatively faint diffraction signal at ~ 10 nm-1, where
the hexagonal 6H and 3R/3C phases are known to be.28 In the region between 8-9 nm-1, we see a broad
scattering feature composed of two contributions at q = 8.4 nm-1 and at q = 8.8 nm-1. These two phases have
distinct peak positions and compositions, and will later be discussed to be the 2H and 4H hexagonal phases.
Our GIWAXS results are supported by X-ray diffraction (XRD) measurements of the as-prepared thin films
(see Figure S3) where solvated, 4H, 2H, and 6H crystalline phases are, respectively, located at 2 values of ~
(6.8o, 9.2o), (11.6o, 13.0o), 11.8o, and (12.2o, 14.0o). We note that peaks of the 6H (102) and 3C (100) phases,
both observed at q ~ 10nm-1 in the GIWAXS, are positioned at very close 2 values of 14.0o and 14.1o
respectively, in the XRD of thin films (Figure S3). We therefore distinguish the two phases by the presence of
an additional 6H (101) peak at 12.2o. Briefly, we found that the 3C phase is observed in films prepared from
Cs+-added precursors whereas the 6H phase is observed in other films (pristine, as well as 5% Rb+- and 10%
Rb+- added films). Figure 1b shows 2D GIWAXS snapshots at select moments (10, 40, and 350 s) after initiating
the spin coating of the precursor, revealing more details about the in-plane texture of the different phases
in the as-cast film.
Figure 1. Time-evolution of crystallization of mixed-halide mixed-cation pristine perovskite precursor

The identity of the solvate (S) and intermediates, including so-called  phases, are not always well-defined in
the literature,7,40,41 mainly due to the singular composition of the studied perovskite precursors and the
presence of only one diffraction peak. We have therefore prepared films of different compositions, for
instance by adding or removing halides, cations and using different solvents (DMF and DMSO) and their
mixtures, to unambiguously assign the different diffraction features to the respective precursors and phases.
Assignment of the S diffraction peaks
The diffraction peaks associated with the solvated S phase are only observed in films made from Ionly perovskite precursors containing MA+ cations; they are absent in the film made from FA- and I-only
precursors (Figure 2a), in mixed-cation FA/MA Br-only systems (Figure 2b), and in FA-based mixed-halide
(I/Br) systems (Figure 2d). In addition, the intensities of these ordered solvate peaks increase upon having
either more I- (Figure 2c) or more MA+ in the perovskite precursors (Figure 2d). This agrees with recent
observations regarding the loss of solvated phases in the presence of Br- in simpler mixed-halide MA-only
perovskites.28 We conclude that the solvates as observed in the mixed-cation and mixed-halide film originate
from a solvated phase based on MA+ and I-. Further investigation comparing different solvents (Figure S4)
also shows that DMSO dominates the MA- and I-rich solvated phase, even in mixtures containing DMF and
DMSO. This is likely due to the preference of Pb2+ complexation with DMSO as compared to DMF.42
Assignment of the 2H, 4H, 6H, and 3C diffraction peaks:
2H phase: In Figure 2a, the 2H (100) phase at 11.8o is often referred to as yellow  phase (for its color),
which is often observed as an intermediate during the formation of the black MAPbI3 perovskite phase. XRD
data on I-only films (Figure 2a) reveal the formation of an intense 2H (100) diffraction feature in MA/FA Ionly films. This peak is not observed in as-cast mixed-halide films. This suggests that the 2H phase here is a
MA/FA and I-only compound, a 1D array made from stacked sequences of hexagonal closed-packed PbI3
layers with face-sharing MAI6 or/and FAI6 octahedra. In case of mixed-halide films, the presence of Br- in the
precursor hinders the formation of this 2H phase.
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6H phase: A strong diffraction feature corresponding to the 6H phase is presented in FA-rich, Br-only
films (Figure 2b). This 6H phase is also observed in mixed-halide films (Figure 2c and 2d) at 12.2o (101) and
14.0o(102). The position of 6H phase remains unchanged when varying the Br- (Figure 2c) or MA+ (Figures 2d)
content, indicating a pure Br-compound 6H phase which does not incorporate any MA+. We observed that
the presence of MA+ in the perovskite precursor promotes the formation of the 6H (101) phase, and
suppresses the lead complex phase located at 10o (labelled with # in Figure 2d, see Figure S5 for its
assignment).
4H phase: XRD diffraction peaks of the 4H phase are observed in mixed-halide films (Figure 2c and 2d)
at around 11.6o (100) and 13.0o (101). These peak positions shift to higher 2 values with increasing Br- or
MA+ contents in the perovskite composition. This suggests that the 4H phase incorporates small quantities
of either Br- and/or MA+ in the presence of mixed-cation and mixed-halide formulations. This shift can be
rationalized by considering the smaller size of the Br- ion (~196 pm) compared to I- ion (~220 pm), as well as
the smaller size of the MA+ ion (~217 pm) compared to the FA+ ion (~253 pm).25 I- substitution with Br- or FA+
substitution with MA+ thus results in a contraction of the lattice volume.43,44 This shifts the 4H reflection to a
larger 2 angle compared to that of FA- and I-only phases, as the lattice incorporates all or part of the MA+
and Br-. As shown earlier in Figure 1a, we regard this mixed-halide mixed-cation 4H phase as an intermediate
between the 2H and 6H phases.
3C phase: This phase is typically known as the black  perovskite phase (for its color in MAPbI3). It is
observed either in as-cast Br-only films (Figure 2b) or in annealed mixed-halide mixed-cation films (Figure
S6). We note a shift of the position of the 3C (100) phase diffraction at 14.1o to higher 2 values upon
increasing the Br- or MA+ contents, i.e., smaller ions (Figure S6). This confirms that the 3C phase is indeed a
mixed-halide mixed-cation phase.
Overall, as depicted in Figure 1a, a significant phase segregation occurs in as-cast films: formation of
a MA- and I-based solvates phase on the one hand, and formation of a FA- and Br-rich 6H phase on the other
hand, along with a mixed-halide mixed-cation 4H phase. This indicates the presence of very significant driving
forces for halide and cation segregation throughout as-cast films. Upon thermal annealing, this non-uniform
chemical distribution of cations and halides can easily lead to three variants of the perovskite 3C phase, two
of which are the I-rich and Br-rich phases, exhibiting lower and higher band gap than the mixed-halide phase,
respectively. This very likely causes significant carrier recombination and limits the solar cell performance, as
will be discussed below.
Roles of Cs+ and Rb+ addition on the growth and controlling phase segregation of perovskite films
We shift our discussion now to the impact of Cs+ and Rb+ additions on the crystallization process of
mixed-halide mixed-cation perovskite films. Figure 3 shows the time-evolution map of the GIWAXS
intensity for perovskite precursors featuring the control (0,0), 5% Cs+-added (5,0), 5% Rb+-added
(0,5), and addition of both (7,3). All experiments included a CB antisolvent drip at 25±0.1 s after
spinning the precursors. The complete set of GIWAXS intensity time-evolutions are summarized in
Figure S7 for all combinations studied herein.
Rb+ and Cs+ additions control the phase formation during spin-coating
Comparing first the propensity of the desired perovskite phase to form in as-cast films, it is clear that
Cs+ and Rb+ additions promote direct 3C and 6H crystallization, respectively. The pristine film, as
discussed earlier in Figure 1, shows sharp peaks of the solvated and hexagonal (2H 6H) phases.
Figure 3. Cs+ and Rb+ additions dictate the growth of perovskite films
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Upon addition of 5% Cs+ only shown in Figure 3b, the solvated phase remains, but the hexagonal
phases (2H and 6H) disappear whereas the 3C phase is significantly enhanced. In the case of 5% Rb+
addition only shown in Figure 3c, however, the solvated phase is significantly suppressed, while the
hexagonal (2H, 6H) phases increase in intensity. Interestingly, simultaneous addition of Cs+ and Rb+
(Figure 3d) results in the suppression of both the solvated and hexagonal phases, boosting the
desired 3C phase signal significantly and leading to the direct conversion of the entire formulation
into a single perovskite phase. This suggests that Cs+ and Rb+ target different phase-segregation
phenomena and, when mixed together, synergistically promote the direct formation of the 3C
perovskite phase, free of other phases. As highlighted earlier, the position of the 3C phase depends
on both the cation and halide content in the perovskite precursor. Similarly, a broader peak for the
3C phase suggests a certain distribution of unit cell sizes due to the presence of cation and halide
mixtures.
Rb+ and Cs+ additions affect the growth kinetics of perovskite films
Figures 3 (e-g) show the dependence of the film’s crystallization onset and its kinetics on the additive
compositions. Figures 3e and 3g give the time-evolution of the 3C phase during spin-coating, with
and without CB dripping, respectively. Interestingly, without the use of CB, even with the addition of
both Cs+ and Rb+, the ordered solvate peaks dominate the scattering even after ~200 s. However,
with CB dripping, the 3C phase forms immediately, confirming that CB depletes the solvated phase
of excess DMSO and thus facilitates the conversion to the perovskite phase.10,36
Measurements without CB drip reveal the natural crystallization behaviour of the perovskite
precursor during spin coating. Figure 3g shows that the 3C phase does not form without drip for the control
(0,0) and when only Rb+ is added for the duration of the experiment (400 s). In contrast, we observe the
formation of the 3C phase much earlier and more prominently when adding Cs+ (~180 s). Interestingly, in
films with combinations of the two, the 3C phases appear ~120 s later than the case of pure Cs+ addition.
Addition of Rb+ together with Cs+ stabilizes the as-cast precursor film, delaying it from crystallizing. The direct
crystallization into the desirable perovskite phase and enhanced stability of the precursor are the likely
reasons for extending the processing window and making this composition amenable for scalable and
reproducible fabrication of high-quality perovskite films.45 This also explains the improved reproducibly of
devices already reported elsewhere as well as in this study when combining Cs+ and Rb+ addition.20,24,46
Moreover, when CB is used, Figure 3e shows that combinations of Cs+ and Rb+ result in a much higher
intensity of 3C phase compared to the control or single-additive films. Figure 3f further shows that the
intermediate 6H phase is suppressed faster upon more Cs+ added into perovskite precursors. This indicates
the ability of the additions to prevent phase segregation and helps to promote the easy and rapid formation
of 3C phase in as-cast films.
Rb+ and Cs+ additions in controlling phase segregation
UV-Vis absorption, PL spectra of as-cast and annealed films made from different compositions are
provided in Figure S8. Three films appear to be “yellowish”: the pristine, 5% Rb+ and 10% Rb+. This
observation is consistent with the presence and promotion of hexagonal (4H and 6H) phases in these
films observed earlier in Figure 3. Additional UV-Vis measurements (Figure S8) on films prepared
from the FA/MA-I (2H phase dominated, Figure 2a) and FA/MA-Br composition (6H phase dominated,
Figure 2b) further reveal that the appearance originates from the presence of 6H (Br-rich) phase with
the wavelength onset at ~550 nm.
6

Figure 4a shows the XRD spectrum of as-cast films prepared from selected Cs + and Rb+ additions. As
expected from GIWAXS results, the as-cast pristine films contain crystalline solvates (MA-I rich), 4H
(mixed-halide, mixed-cation), 6H (FA-Br rich) phases. The (7,3) film shows a singular intense 3C
(mixed-halide, mixed-cation) phase. The 5% Cs+-added film shows the presence of 3C phase and
crystalized solvates. The 5% Rb +-added film shows the presence of 4H and 6H phases. This result
again indicates the phase segregation occurring in the as-cast films, even before thermal annealing.
In Figure 4c, thermal annealing increases the intensity of the 3C phase, which is in line with the
expectation that the remaining solvated and hexagonal phases convert into the 3C phase upon
annealing. The presence of solvated peaks in the annealed control film indicates incomplete
conversion of this film. The pristine, 5% Cs+, and 5% Rb+ added films also show the presence of
residual PbI2 in addition to 4H phases. The incomplete conversion of intermediate phases into the 3C
phase is likely the reason for the presence of PbI 2 after thermal annealing. On the other hand, a single
3C phase, with almost similar intensity before and after annealing, is observed for (7% Cs +, 3% Rb+)
films, indicating that the 3C perovskite phase is already dominantly present prior to annealing. This
result is consistent with the 1D and 2D GIWAXS snapshots of as-cast and annealed films (see Figure
S3 and S9 for all investigated compositions).
We note that Hu et al.25 reported the formation of Rb-I-Br compounds upon exposure of the
perovskite to moist air. We here only observe non-perovskite Rb-rich compounds at 2 values of
10.1o, 10.3o, and 10.5o in annealed films with precursors made from > 5% Rb+ addition. Rbcompounds, however, are not detected during our GIWAXS measurements (Figure S3 and S9). Topview SEM images of as-cast and annealed films, XRD of the stored as-cast films are provided in Figure
S11 and S12.
Figure 4. Cs+ and Rb+ additions control the phase segregation of perovskite films

We now turn our attention to explaining the roles of Cs+ and Rb+ addition on the crystallization
dynamics of perovskite films. Several studies have already reported that Cs+ is incorporated into the
perovskite unit cell,21 where it stabilizes the perovskite structure through solid-state alloying.8,47 This
is due to its suitable smaller size compared to FA + and MA+, thus facilitating the emergence of the 3C
perovskite phase, as observed. In Figure 4b, the 5% Cs+-added film shows a shift to higher 2 angle
in the XRD of the 3C perovskite peak (Figure 4d), and a blue shift in the photoluminescence (PL) (Figure
4e) compared to the pristine film. This is consistent with earlier works,18,25 which may indicate a
higher Br- content in the 3C phase as compared to the control film. Given the fixed total Br- amount
in the starting precursor, a higher content of Br- in the 3C phase correlates to less Br- in the remaining
phases. This agrees with the persistence of solvates upon Cs + addition only, similar to the effect of
decreasing the Br- content in the perovskite precursors shown earlier in Figure 2c.
On the other hand, Rb+ is not expected to incorporate the perovskite unit cell.21 It rather forms a
Rb-rich mixed-halide phase, as reported earlier.25 In addition, as shown in Figure S10, XRD data of ascast films made from Rb-Pb-I/Br compounds (without MA+ and FA+) show peaks at 2 values of ~5.4o,
6.4o, 8.0o. These disappear upon thermal annealing, suggesting that these Rb-compounds are in
solvated states. Thus, in the mixed-halide mixed-cation perovskite system, the Rb-I/Br compounds are
arguably present in solvated states, increasing the local Br- content in solvates. This effect is similar
to increasing the Br- content in the perovskite precursors, as shown earlier in Figure 2c, leading to
the suppression of MAI-rich ordered solvates. In line with the expectation of a lower Br- content in
the non-solvated phases, the 5% Rb+-added film, for example, shows a shift of the 3C phase peak to
lower 2 angle in the XRD data (Figure 4d), and a red shift in the PL (Figure 4e), compared to the
pristine film. This result is consistent with earlier work,21,25 suggesting that less Br- is present in the
3C phase compared to the control film due to Rb-induced Br- depletion from the perovskite.
7

Moreover, XRD data (Figure 4d) and PL (Figure 4e) of the (7,3) film made from an optimal Cs + and Rb+
combination indicate that the formed 3C phase is situated at a middle position between the two films
of singular additions. This suggests the absence of notable halide depletion in these films.
Figure 4c shows the halide heterogeneities observed by ToF-SIMS via mapping of halide ions on select
as-cast perovskite films. Notable Br-rich (and I-poor) regions are observed in the pristine film, indicative of
severe halide segregation. In contrast, much more uniform Br- and I2- distributions are observed in the (7,3)
film. This confirms that films prepared from the optimal addition of Cs+ and Rb+ improve the halide
distributions by suppressing the formation of Br-rich and I-rich phases. In addition, the 5% Cs+-added and 5%
Rb+-added films show fewer I-rich regions than in the pristine film. Isolated Br-rich regions in the pristine and
the 5% Rb+-added films testify the segregation of pure Br-compound 6H phase, as observed earlier by in-situ
GIWAXS (Figure 3a and Figure 3c). In addition, the observed I-rich regions in the pristine and 5% Cs+-added
films also indicate the presence of solvates which are pure I-compounds, as revealed earlier in Figure 3b.
Overall, we find that an optimal combination of Cs+ and Rb+ suppresses both solvates (Rb+
effect) and hexagonal (4H, 6H) phases (Cs+ effect), while facilitating 3C phase formation (combined
effect). We propose that this synergistic effect is due to the collective benefits of Cs+ and Rb+ on the
formation kinetics of the 3C perovskite phase, and on the halide distribution throughout as-cast films.
Temperature-dependent XRD study of as-cast perovskite films
In situ XRD measurements of selected as-cast films was carried during thermal annealing to
investigate the effect of pre-existing phases in the as-cast film on the microstructure of annealed
films employed subsequently in solar cell devices.

Figure 5. Thermal annealing of selected perovskite films

Figure 5 shows the temperature-dependent XRD spectrum of selected films when the as-cast
films are in-situ heated in a N2-filled chamber. For the pristine, i.e. (0,0) film shown in Figure 5a, the
solvated phases are present throughout the heating process with very high intensities, whereas the
3C phase only emerges at ~ 80 oC. Residual intermediate hexagonal phases (4H, 6H) are still observed
in the pristine film when the temperature reaches 100 oC, indicative of incomplete conversion into
the 3C phase. In contrast, for the 5% Cs+-added film (Figure 5b) the 3C phase is already clearly
observed at room temperature, with a notable change in intensity at ~80 oC, indicative of the facile
formation of the 3C phase upon Cs+ addition into the precursor. The solvated phase, however, is
retained until ~50oC. This suggests the formation of stable solvates in the as-cast film, as observed
via GIWAXS measurements. For the 5% Rb+-added film (Figure 5c), there is a significant conversion
of the hexagonal 6H phase into cubic 3C phase at ~ 50oC. However, this conversion is incomplete as
the 6H phase is still present in the film at 100 oC. The XRD spectrum of the 7% Cs+, 3% Rb+- added film
(Figure 5d) shows a behavior that is a combination of the trends seen for the 5% Cs+-added and 5%
Rb+-added films. There are distinctly strong 3C phase peaks present at the beginning of the heating
process. This suggests the already formed 3C phase in the as-cast film similar to 5% Cs+-added film.
There is a notable disappearance of 6H phase at ~ 50oC, as observed in the 5% Rb+-added film. We
note that these films are heated to 100 oC at 2oC/min., different from immediate placing on a 100oChot plate during device fabrication. In summary, the resulting phases in annealed films are dictated
by the presence of phases in the as-cast film. Cs+ and Rb+ additions into the perovskite precursors
collectively suppress the inherent phase segregation, and promote the formation of the desired 3C
(also called ) phase, resulting in annealed perovskite films devoid of PbI2 and intermediate phases.
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Device performance dependence upon phase transformation pathway
To investigate the performance of perovskite solar cells with different Cs + and Rb+ contents, we
fabricated standard n-i-p devices using a ~60 nm thick Cl-capped titanium dioxide (Cl-TiO2)48 as
electron extraction layer and spiro-OMeTAD (2,2’,7,7’ 0-tetrakis-(N,N-di-4-methoxyphenyl-amino)9,9’-spirobifluorene) as hole transport layer, covered by a gold electrode.
Figure 6a and Figure 6b show J-V curves and the statistical distribution of the PCE of solar cells made
from mixed-halide mixed-cation perovskite films (FA0.83MA0.17)Pb(I0.83Br0.17)3 with the addition of different Cs+
and/or Rb+, respectively. We found the best-performing cells to be based on the (7,3) sample, i.e. 7% Cs+ and
3% Rb+, which reach a PCE of 20.1% with notable improved photovoltaic parameters, as opposed to ~ 15.3%
PCE for the pristine, i.e., (0,0), cell. Cells made from the best-known empirical (5,5) combination20 also
outperformed the control (0,0) cells, but showed a slightly lower JSC and a larger performance spread
compared to the (7,3) cells. Detailed performance of devices preparing from various compositions and
characterization of the champion device are provided in Figure S13 and Figure S14. Briefly, the addition of
Cs+ is shown to benefit all the device parameters, whereas cells made with Rb+ addition only showed marginal
improvement of the VOC in some instances. Only the (0,5) sample showed an increase of ~100 mV in VOC but
a lower JSC, and a lower and less reproducible FF, compared to that of the control sample (0,0). Our findings
are in line with the latest reports looking at the effects of Cs+ and Rb+ addition on the performance of
perovskite solar cell devices.18,21,23,26,49
Interestingly, Figure 6b reveals a matching trend between the 3C phase intensity presented in as-cast films
and the outcome efficiency of associated solar cells, highlighting the impact of the film’s history on the final
film quality. Figure 6c further shows a strong correlation between the 3C phase intensity before and after
thermal annealing to the average efficiency of various Cs+ and Rb+ additions. It indicates that the
optoelectronic quality of the final perovskite film is dictated by the phase transformation pathway and
whether intermediate phases with distinct halide and cation compositions formed prior to thermal
annealing. We dove further into this by plotting, in Figure 6d, the crystallization kinetics of the 3C/6H phases
(as well as 2H) by fitting the initial slope of intensity vs. time in Figure 3e (and Figure S15 for 2H) upon
antisolvent dripping. We note that with respect to the control film (0,0), Cs+ addition suppresses the growth
of intermediate (2H and 6H) phases and promotes 3C phase formation, whereas Rb+ addition promotes both
2H and 6H phases. The synergistic effect of added Cs+ and Rb+ is evident from a much larger growth slope of
the 3C phase formation at the expense of the hexagonal phases, which disappear after initial formation,
peaking at around 5% Cs+ and 5% Rb+ addition, in agreement with some of the best devices shown here.
Importantly, we see that the rate of formation of 3C phase directly relates to the overall intensity of the 3C
diffraction in Figure 6b and that the trends in crystallization kinetics directly link to the achievable PCE in
solar cell devices made with these samples.
This is not surprising as the presence of both Cs+ and Rb+ promotes formation of a single 3C
perovskite phase which results in a uniform incorporation and distribution of halides by suppressing
the formation of halide- and cation-segregating phases, such as PbI 2, PbI2-based solvates and the FAbased hexagonal phases. Subsequently, thermal annealing of films with optimal Cs+ and Rb+ additions
results in films free of halide-segregated regions, which explains the significant improvement on all
photovoltaic parameters of the (7% Cs +, 3% Rb+) solar cells compared to the control (pristine, without
Cs+ or Rb+) cells. These results also explain why Cs+ or Rb+ alone do not have the same beneficial
effect upon solar cell devices in the conditions investigated in this study.
Figure 6. Device performance dependence on the film history

Recently, the addition of various monovalent ions such as K +, Rb+, Cs+ have shown benefit in
obtaining high-quality mixed-halide mixed-cation lead perovskites.50-54 Given the fact that K+ and Rb+
are both not incorporated into the perovskite crystal structure,21 and similarly “passivate“ the
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perovskite film,53 we expect that added K+ affects the film crystallization similar to that of Rb+ where
the homogenized formation of halide compounds is facilitated thanks to the formation of mixedhalide Rb-or K-compounds. Figure S16 shows the XRD comparison of a mixed-halide mixed-cation
film with 10% KI addition and the roles of Cs+ and Rb+ on the formation of MA-free mixed-halide films.
We conclude that phase segregation control (such as halide management) is achieved by preventing
formation of compositionally diverse phases at the expense of the 3C phase regardless of the specific
additives used. This is the key to achieving superior optoelectronic properties, ease of processability,
and reproducibility of the perovskite semiconductor.

CONCLUSIONS
We revealed the distinctive roles of Cs+ and Rb+ addition in the crystallization of mixed-halide mixedcation perovskites by in-depth investigation of the formation of various crystal phases during
solution-casting and solidification. First, we found that the segregation of cations and halides during
the growth of mixed-halide lead perovskite films is influenced by the formation of two competing
phases: an MA/I-rich solvated phase and FA/Br-rich hexagonal phases. Secondly, we revealed
the roles of Cs+ and Rb+ addition, individually and collectively, on the crystallization pathways of the
perovskite thin films. These components, when added together, enable the uniform distribution of
halides which in turn prevents the formation of isolated halide- and cation-rich phases. However,
they do not perform by themselves. An optimal combination of Cs+ and Rb+ additions into the
perovskite precursor (7% Cs+, 3% Rb+) results in well-defined mixed-halide mixed-cation perovskite
crystals correlating with excellent device performance (~20.1% PCE) as opposed to the control cells
of ~15.3% PCE. The enhanced performance is attributed to the synergistic effect of Cs + and Rb+ on
suppressing the inherent segregation of halides by promoting the singular formation of the desired
3C (also called ) phase during antisolvent dripping. We go on to demonstrate a strong correlation
between the performance improvement of solar cells above 15% and the kinetics of formation of the
3C phase and indeed its total scattering prior to annealing. Our findings explain the specific roles of
Cs+ and Rb+ in forming the hybrid perovskite films. They also provide critical insights into the
crystallization process of this multi-component systems where phase segregation control is the key
toward high performing perovskite-based devices.

EXPERIMENTAL PROCEDURES
Solution Preparation and Device Fabrication
Pristine Solution: The organic cation salts methylammonium iodide (MAI), formamidinium iodide (FAI),
methylammonium bromide (MABr), formamidinium bromide (FABr) were purchased from Dyesol, the lead
halide compounds (PbI2, PbBr2) from Sigma-Aldrich and additive compounds (RbI, CsI) are from Alfa Aesar.
All chemicals were used without further purification. The perovskite solutions were prepared by modifying
the previous recipe.25 In detail, 1 mL of the pristine solution (without any Cs+ or Rb+ additives) was prepared
by dissolving 508 mg PbI2 (99.99%, Sigma Aldrich); 80.7 mg PbBr2 (99.99%, Sigma Aldrich); 159 mg of MAI
(99.99%, Dyesol); 25 mg of FABr (99.99%, Dyesol) in the mixed solvent of DMF:DMSO (4:1 v/v). The FAMA
solution was stirred at 60oC for 2 hrs. and then at room temperature overnight, followed by filtering by 0.45
um PTPE filter before usage. CsI (1.0 M) and RbI (1.0 M) solutions were prepared by dissolving RbI (99.99%,
Alfa Aesar) and CsI (99.99%, Alfa Aesar) in DMF: DMSO (4:1 v/v). Precursor solutions with various Cs+ and Rb+
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additions were prepared by adding an appropriate amount of CsI and/or RbI solutions to the pristine solution
as shown in Table S1 (Supplemental Information).
Perovskite solutions with various cation and halide contents: Modified from the pristine solution described
above, the precursors are made with various cation (change MA) and halide (change Br) contents are detailed
in Table S2 and table S3 (Supplemental Information).
Substrates: All substrates were cleaned by sequential sonication in soap, acetone, ethanol for ~20 min. each
and followed by 15 min. of UV-Ozone exposure. For GIWAXS measurements, polished glass (1 cm x 1 cm)
substrates (Sigma Aldrich) are coated with two layers of Cl-TiO2 to mimic the cell fabrication; patterned ITO
glass substrates (2.5 cm x 2.5 cm) were used for solar cell fabrication and for obtaining SEM images; glass
substrates of 2.5 cm x 2.5 cm were used for steady-state PL and UV-Vis measurements.
Sprio-OMeTAD: The 1mL solution was prepared by dissolving 80 mg of Sprio-OMeTAD (1 Material) in 1 mL of
chlorobenzene, followed by adding ~ 30 L of 4-tert-butylpyridine (tBP, Sigma-Aldrich), 30 L of Co stock
solution, (tris2-1H-pyrazol-1-yl) -4-tert-butylpyridine) cobalt (III) tri [bis(trifluoromethane) sulfonimide)]
(FK209, Aldrich, 300 mg/mL in acetonitrile); ~ 20 L of lithium bis(trifluoromethanesulfonyl) imide (LiTFSI,
Sigma-Aldrich, 520 mg/mL in acetonitrile). The solution was stirred for ~3 hrs. at room temperature, kept
inside the nitrogen-filled glovebox, and filtered with 0.45 m PTFE filter before usage.
Cell fabrication: Two layers of Cl-capped TiO2 (synthesized using previously reported procedure48) were spun
on the cleaned patterned ITO glass substrates at 3000 rpm for 30 sec., followed by annealing in air at 150oC
for 30 min. The perovskite films were prepared inside a nitrogen-filled glove box (< 0.1 ppm O2, < 10 ppm
H2O). Typically, a ~ 80 L of perovskite solution was spun at 2000 rpm (acceleration 200 rpm/s), then 4000
rpm (acceleration 1000 rpm/s) for 25 s. A ~ 200 L of CBZ was dripped continuously within several seconds
on to the spinning film at ~ 10 s. before the end. The as-cast films were checked for visual defects such as
cracks or rings, then placed on top of a pre-heated 100oC hot plate for ~20 min. After cooling down to room
temperature, the films were spun with ~ 70 L of Spiro-OMeTAD at 2200 rpm for 30 s and left inside the
glove box overnight at room temperature. Subsequently, cells were transferred to the evaporation glove box
for thermal depositing of ~ 100 nm gold, at ~ 10-6 Torr.
Solar Cell Characterizations: The solar cells were tested inside the nitrogen-filled glovebox by employing ABET
solar simulator system with an illumination intensity of 1000 mW/cm2 (AM 1.5G), as checked with a
calibrated reference solar cell (RERA Technologies).The J-V curves of cells were obtained by Keithley 2400
source, on an active area of 10 mm2 for each pixel, without any pre-conditioning, at a scan rate of 380 mV/s
in the voltage range from -0.1 V to 1.2 V. The reversed scan (from 1.2 V to -0.1 V) was reported for device
comparison. We note that there is still a ~ 5 - 10% hysteresis associated with all our solar cells.
Grazing incidence wide angle X-ray scattering (GIWAXS)
Experiment Procedure: The glass substrates were first coated with 2 layers of Cl-capped TiO2 as described in
the solar cell fabrication. In a typical experiment, a ~ 80 L of the perovskite precursor solution was casted
on the substrate, followed by spinning parameters similar to the solar cell fabrication (2000 rpm then 4000
rpm). A custom-built spin coater is controlled by a computer outside the X-ray hutch, equipped with a Kapton
tape to guard solvent splashing. For experiments without using the antisolvent (chlorobenzene), the films
were dried by spinning extendedly at the final speed (4000 rpm) for ~ 350 s. For experiments with antisolvent,
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the chlorobenzene drip was controlled outside the hutch by employing a syringe pump automatically
pumping 200 L of chlorobenzene at a pre-set time (after spinning for 25 ± 0.1 s). Experiments were
conducted in an ambient atmosphere with a relative humidity of 20 – 25%.
GIWAXS measurements: GIWAXS measurements were performed at the D1 beamline at Cornell High Energy
Synchrotron Source (CHESS). See Figure S1 for detailed GIWAXS setup. A 0.5 mm X 0.1 mm monochromated
X-ray beam (double-bounce multilayer monochromator) with a wavelength of 1.16 Å (10.6 keV) was used.
GIWAXS data was collected with a Pilatus 200k pixel array detector (Dectris, Baden-Dättwil, Switzerland; 100
frames per second) placed at ~ 173 mm away from the sample. To balance between time resolutions and
signal quality, an incidence angle of 0.5° with respect to the substrate plane and an exposure time of 0.2 s
were employed. The photon flux is 1012 photons/s mm2. As the X-ray hutch needs closing prior to data
collection, there is an estimated ~ 30 s delay between solution casting and the start of spin-coating and
simultaneous GIWAXS measurements.
Thin film characterization
SEM images were taken using Nano-SEM with in-lens detector using a 10 kV accelerating voltage and a 5 mm
working distance. XRD spectra of perovskite films were obtained at Brucker D8 equipped with small angle
kit, from 5o to 45o in -2 configuration with a scan rate of 3o/min. (X-ray source: Cu K,  = 1.54 Å). Steadystate photoluminescence (PL) spectra were recorded by employing Horiba-Fluromax 4 with excitation at 460
nm, slit size of 3 nm on freshly prepared perovskite films. UV-Vis data was acquired by the Carry 5000 UVVis NIR from 300 nm to 900 nm. Temperature-dependent XRD was carried out using an X‐ray diffractometer
(Empyrean, PANalytical, Almelo, Netherlands) equipped with a N2-filled heating chamber. The as-cast films
are heated at the rate of 2oC/min. from room temperature to 100oC, XRD patterns are collected at every 6 oC
increment.
ToF-SIMS experiments were performed using an ION TOF-SIMS V (ION TOF, Inc. Chestnut Ridge, NY)
instrument equipped with a bismuth liquid metal ion gun (LMIG), Cs+ sputtering gun, and an electron flood
gun for charge compensation. Both Bi and Cs ion columns are oriented at 45° with respect to sample surface
normal. For high lateral resolution mass spectral images acquired in this study, a burst alignment setting of
25 keV Bi3+ ion beam was used to raster a 50 μm x 50 μm area. The spatial resolution of the image acquired
under this setting is around 300 nm. The analysis chamber pressure is maintained below 5.0×10 -9 mbar to
avoid contamination of the surfaces to be analyzed.

SUPPLEMENTAL INFORMATION
Supplemental Information includes 16 figures and 4 tables and can be found with this article online.
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CONTEXT & SCALE
Having recognized the potential of hybrid organic-inorganic perovskites solar cells, the photovoltaic
community has shifted its focus in recent years away from efficiency improvements to simplifying the
processing and improving the stability of devices. In this work, we utilize in situ and time-resolved Xray scattering to track various phase evolutions during the perovskite film solidification to link the
microstructure to the composition. In particular, we unravel the crucial roles of Cs+ and Rb+ in promoting the
in situ formation of the perovskite phase prior to thermal annealing, thus preventing segregation of halides
and cations. Our study points to a significant new guideline for designing mixed-halide mixed-cation
perovskites: the sol-gel formulation must possess the ability to convert directly into the targeted perovskite
phase without transitioning through compositionally distinct intermediate phases in order to minimize halide
segregation and yield homogenized films.
KEYWORDS
Hybrid perovskites, solar cells, in-situ characterization, phase transformation, phase segregation.

eTOC blurb
Inherent phase segregation occurs during the pristine film crystallization, resulting in non-uniform halide and cation
compositions, including MA/I-rich ordered solvates and FA/Br-rich 6H phase. Addition of Cs+ and Rb+ jointly conducts
the perovskite orchestra: they synergistically promote the crystallization of a single 3C perovskite phase with excellent
optoelectronic properties when used collectively, but promote multiple competing phases when used alone or absent,
resulting in halide segregation and deficient solar cell performance.

Highlights:
- Reveal phase segregation in mixed halide perovskite films via in situ observation
- Cs+ and Rb+ additions dictate the crystallization pathways and solar cell performance
- Direct formation of perovskite phase is beneficial in minimizing halide segregation
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Figure 1. Time-evolution of crystallization of mixed-halide mixed-cation pristine perovskite precursor
(A) Time-evolution of GIWAXS intensity map of a pristine film at different q values showing the start of spin coating, CB drip at
25±0.1 s (black arrow) and subsequent crystallization of phases identified as 2H, 4H, 6H, and solvates. The GIWAXS measurement is
carried out at room temperature in air (20-25% relative humidity).
(B) 2D GIWAXS snapshots of a pristine film at different stages.
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Figure 2. XRD of as-cast films prepared from various perovskite precursors
(A) I-only perovskite precursors.
(B) Br-only perovskite precursors.
(C) Perovskite precursors of different Br- content.
(D) Perovskite precursors of different MA+ content.
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Figure 3. Cs+ and Rb+ additions dictate the growth of perovskite films
(A-D) Time-resolved GIWAXS intensity map of selected perovskite films.
(E-F) Time-evolution trace of 3C and 6H phases with CB drip at 25 s (indicated by a black arrow).
(G) Time-evolution trace of 3C phase without CB drip.
The films are made from mixed-halide mixed-cation lead perovskites containing different amounts of Cs+ and Rb+ (0,0), (5,0), (0,5),
and (7,3). The bottom part of each film in (A-D) represents the 3D intensity map of q vs. time, in addition to the corresponding
projection on the xy-plane on top. The GIWAXS measurement is carried out at room temperature in air (20-25% relative humidity).
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Figure 4. Cs+ and Rb+ additions control the
phase segregation of perovskite films
(A) XRD of selected as-cast films
(B) XRD of selected annealed films
(C) ToF-SIMS halide mapping selected as-cast films. The scale bar for SIMS images is 10 m.
(D) XRD of selected perovskite annealed films
(E) PL of selected perovskite annealed films
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Figure 5. Thermal annealing of selected
perovskite films
Temperature-dependent XRD of selected films:
(A) Pristine, (B) 5% Cs+-added film, (C) 5% Rb+-added film, (D) 7% Cs+ and 3% Rb+-added film.
The as-cast films are in-situ heated in a N2-filled chamber while being heated to 100oC from room temperature at the rate of 2oC/min.
The composition of each film is indicated in the upper part of the 2D XRD intensity map including two XRD patterns selected at 34oC
and 94oC.
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Figure 6. Device performance dependence on the film history
(A) J-V curves of perovskite solar cells made from selected perovskite precursors with various Cs+ and Rb+ additions.
(B) Statistic PCE of perovskite solar cells made from precursors with various Cs+ and Rb+ additions,
(C) Correlation between the 3C phase intensity of films and the average PCE of corresponding solar cells
Rates of formation and degradation (initial linear slope) of 2H, 6H, and 3C phases upon CB drip. All cells are made with the same
configuration: glass/ITO/TiO2/Perovskite/Spiro-OMeTAD/Au. See Supplemental Information (Figure S14 and Table S4) for detailed
parameters of the devices.
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