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Abstract (50-250 words):
Rapid improvement of the stability of metal halide perovskite materials is required to enable their 
adoption for energy production at Terawatt scale.  To understand the role of the active layer 
stability in these devices we use in-situ x-ray diffraction to observe the evolution in structural 
stability across mixed A-site APbI3 materials where the A-site, is a combination of formamidinium, 
Cs, and/or methylammonium.  During device operation we observe spatial de-mixing and phase 
segregation into more pure constituent phases. Using complementary first-principles calculations 
of mixed A-site halide perovskites, a hypothesized framework explaining the experimentally 
observed mixing and de-mixing in these systems is presented and then validated using in-situ X-
ray diffraction and spatially resolved time of flight secondary ion mass spectrometry.  Taken 
together, these results indicate that stability is not only a function of device architecture or 
chemical formulation, but that the processing strategy is critically important in synthesizing the 
most energetically favorable state and therefore the most stable device systems. This study 
reconciles disparate reports within the literature and also highlights the limitations of shelf life 
studies to ascertain stability as well as the importance of testing devices under operational 
conditions.

Broader Context:
Perovskite solar cells appear poised on the brink of commercial success, yet there exist several 
potential roadblocks which could derail the prospects of this promising technology. At the forefront 
of these obstacles stands the strenuous stability demands for grid-scale photovoltaic applications. 
The perovskite, AMX3, structure of halide perovskites has been shown previously to be amenable 
to extensive mixing at all three crystallographic sites. Particularly, mixed A-site compositions have 
been found to provide improved operational device stability relative to pure compositions; 
however, here we show, through a combination of experimental and theoretical results, that even 
these more stable mixed A-site perovskites can de-mix or phase segregate under stress into purer 
phase compositions, or constituent phases, which results in device degradation. Moreover, the 
developed theoretical framework indicates that processing strategy, as well as composition, will 
play a critical role in establishing homogeneity of the active layer materials during fabrication and 
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its subsequent maintenance during device operation to produce more stable halide perovskite 
devices.

Introduction:
In recent years, halide perovskite solar cells (PSC) have rapidly reached competitive power 
conversion efficiencies (PCEs) with certified values now in excess of 23% for single junction 
cells.1,2  The potential of PSCs to reach the terawatt level of renewable energy production is a 
result of their ability to be rapidly processed via solution or other scalable techniques3 as well as 
having highly tunable band gaps opening an avenue to high efficiencies at low cost.4 Although, 
halide perovskite semiconductors crystallize quite readily, the synthetic pathways taken during 
formation can greatly affect the resulting optoelectronic properties and ultimately the stability and 
performance of the devices.  The synthetic complications can include but are not limited to 
precursor composition, ink concentrations and aging, heating profiles used during annealing, and 
the addition of additives to the precursor solutions. Optimizing these synthetic conditions is 
required to reproducibly generate high quality homogeneous films and has been the topic of many 
studies.5–12 Beyond the active layer, careful control over the different interfaces within the 
completed device is also very important.  Ion mobility, resulting from the details of the active layer 
formation, and associated chemical incompatibilities with the contacting layers, makes the 
interfaces a region with high potential to initiate device failure.13,14 At the device level, stresses 
due to operation, such as varying temperature and electric fields can preferentially drive one or 
several degradation mechanisms simultaneously depending on the specific conditions.15–17 As the 
rapid increase in the power conversion efficiency of halide perovskite solar cells has begun to 
slow, a deeper mechanistic understanding of the PSC active layer formation and its integration 
into a high performance device stack is required.  Additionally, understanding the materials 
subsequent behavior in operation has become integral in developing highly efficient, durable solar 
cells.18

 PSCs crystallize in the perovskite, AMX3 crystal structure where A is the monovalent cation 
(methylammonium, MA; formamidinium, FA; Rb, and/or Cs), M is the metal cation (Pb2+ and/or 
Sn2+), and X is the halide anion (I−, Cl−, and/or Br−). As the field has progressed, formulations of 
PSCs have evolved from the prototypical MAPbI3 formulation to more complex mixed A-site 
and/or mixed halide compositions, (e.g. CsxMAyFA1-x-yPb(IzBr1-z)3).19–23 With complex 
formulations, understanding the operation and stability of these materials becomes more 
challenging. For example, it is important to understand the geometric constraints of the lattice, 
commonly approximated by the Goldschmidt Tolerance Factor, when formulating new mixtures 
in order to target stable structures.19,24 Additionally, the composition and phase homogeneity 
within the film can also influence device performance.25

PSCs of increasing complexity have been adopted for two main reasons.  First, as previously 
noted, the band-gap is highly variable based on composition; therefore, these materials can be 
site-specifically tuned for use in tandem solar cell configurations.26–30 Second, despite the great 
initial PCE of PSCs, long term stability has been a challenge.  MA has often been attributed as 
an unstable component of the prototypical MAPbI3 formula, being relatively volatile and moisture 

Page 2 of 15Energy & Environmental Science



sensitive. Replacing MA with either FA or Cs alleviates the volatility issues, but at the expense of 
phase stability of the corner sharing octahedral perovskite phase. Pure FAPbI3 tends to favor a 
hexagonal non-perovskite phase with edge sharing PbI64- octahedra, whereas pure CsPbI3 favors 
a non-perovskite orthorhombic phase with face sharing octahedra. Compositional mixing (e.g., 
mixing FA and Cs) to create ideal “average A-site radius values” that tune the tolerance factor 
has had success addressing these phase stability issues and in achieving shelf-stable 
compositions.19 Despite the success of the more complex mixtures, these materials can be 
susceptible to de-mixing and phase segregation into more pure compositions.

It is now well known that X-site substitutions of Br for I can both increase the bandgap but also 
result in photo-induced phase segregation, that while reversible is still problematic.31–34  However, 
it has been largely assumed that the success of the A-site mixing does not induce similar 
instabilities based on initial shelf-life studies.19 These systems also appear to have superior 
operational stability although the results are somewhat more mixed. Mixed cation devices have 
shown improved performance and stability21,35,36; however, Domanski et al. have proposed that 
mobile cation vacancies can affect the long-term performance of PSCs.37  Therefore, it is 
important to gain deeper understanding of the phase stability in mixed A-site PSCs and how the 
device performance and structure evolve over time under the stresses of operation.  Here, utilizing 
a multi-modal approach, we simultaneously measure both the device output characteristics and 
structural properties to identify if and how phase segregation, or loss of crystallinity correlate with 
the device performance while in operation.  

Using this multi-modal approach, we monitor the phase stability of mixed A-site, APbI3 PSCs 
where A = FA, Cs, and/or MA in devices as they are subjected to constant illumination in humid 
conditions (~50% relative humidity), at room temperature for up to 15 hours.  In the in-situ X-ray 
diffraction (XRD) measurements, taken while performing current/voltage (I-V) sweeps under 
illumination, we observe composition dependent degradation pathways which result in various 
degrees of phase segregated films depending on the PSC formulations.  To identify the underlying 
energetic driver of this behavior, we calculated the Gibbs free energy of mixing in mixed A-site 
halide perovskites. We subsequently examine the implications of the developed theory-driven 
explanation to interpret other observations and elucidate the potential implications of the role of 
processing on enabling more structurally stable PSC materials and devices.

Results and Discussion:
The devices used for this study include a series of mixed A-site active layer compositions 
prepared using previously published methods.19,21  It should be noted that all perovskite materials 
discussed in this work contain only iodide at the X-site of the crystal structure to avoid 
complications arising from potential iodide/bromide phase segregation as discussed above. 
Details of the device preparations can be found in the SI.  In summary, a compact TiO2 layer of 
approximately 30 nm was deposited on patterned fluorine-doped tin oxide (FTO) coated glass 
substrates by spray pyrolysis at 450 °C. The perovskite active layer was deposited on the TiO2 
layer in a nitrogen flow box. Following annealing of the perovskite layer, a spiro-OMeTAD hole 
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transport layer was deposited by spin-coating. The films were then stored in dry air overnight and 
completed by deposition of an Au contact. 

To understand the stability and degradation pathways of these devices we utilize in-situ X-ray 
diffraction (XRD) methods following previously published methods38 and using the considerations 
outlined by Hoye and colleagues.39 Within a custom built chamber (figure S1) at the Stanford 
Synchrotron Radiation Lightsource (SSRL), IV/XRD measurements are collected in a climate 
controlled chamber with relative humidity of ~50% (detailed experimental setup information can 
be found in the SI).  The samples are illuminated using approximately 1-sun intensity from an 
Asahi Spectra Hal-320 Solar Simulator and I-V curves (forward and reverse) are collected, 
followed by a XRD scan.  X-ray exposure is limited to 30 seconds per scan to limit beam induced 
degradation.  The X-ray spot is positioned to collect data through the operating contact and this 
cycle is repeated every 15 minutes. To confirm the reproducibility of the synchrotron results, 
devices prepared under the same conditions were subjected to ex situ degradation, meaning 
there was no synchrotron X-ray exposure, at NREL under 1 sun illumination and similar 
environmental conditions using standard methods (ISOS-L1 conditions).40 Non-synchrotron 
based XRD was taken before and after aging (figure S5) to verify that the results presented herein 
were not induced by the high intensity synchrotron radiation.
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Figure 1. In-situ X-ray Diffraction of mixed A-site PSCs. X-ray diffraction profiles versus time 
of (a) FAPbI3, (b) FA0.85Cs0.15PbI3, and (c) FA0.758MA0.152Cs0.091PbI3. The peak at ~ 0.8 Å-1 (a) and 
0.7 Å-1 (b) is associated with a hydrate phase (marked by *). (d) XRD profile of 
FA0.758MA0.152Cs0.091PbI3 device after 15 hours of operation.  Q is related to the diffraction angle 
(θ) and incident wavelength (λ) by Q= (4π/λ) sinθ. The X-ray wavelength used here was λ = 0.9919 
Å. 

The in-situ XRD results are summarized by contour plots in figure 1, and corresponding 2D 
scattering patterns of the initial and final scans are shown in figure S4.  The scattering vector, Q, 
is plotted versus time to illustrate the evolution of crystalline phases in the active layers as a 
function of time.  All samples show the presence of PbI2 within the active layer.  This excess PbI2 
has been observed previously and at low amounts does not significantly impact device PCE.19 
The corresponding in-situ I-V curves for the devices in the reverse direction are shown in figure 
2a-b, and figure S6 and the forward direction data are shown in figure S7, while complete device 
characteristics under AM1.5G irradiation can be found in Table S1.  Corresponding IV curves for 
the data presented in Table S1 can be found in figure S3.  PV performance metrics (PCE, FF, 
Voc, and Isc) versus time are reported in figure S8 for the devices measured in-situ. These device 
data show consistent degradation trends to those seen using the in-situ system, validating this 
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unconventional method for device measurement and provides confirmation of the reproducibility 
of the results. The FAPbI3 device (figure 1a and figure S6) initially shows the presence of the 
photoactive, corner-sharing “black” cubic, α-FAPbI3 phase, and also a hydrate phase, consistent 
with previous results.19 During operation the film begins to convert to the non-perovskite, edge-
sharing “yellow”, hexagonal δh-FAPbI3 as expected.  Degradation in this device is seen rapidly as 
the conversion begins within the first hour of operation under the moderately humid conditions of 
this experiment.  This conversion to the yellow phase is correlated with a reduction in the device 
performance, particularly the short-circuit current, as this phase has a wide bandgap and thus 
does not strongly absorb visible light.

The FA0.85Cs0.15PbI3 device composition is tuned to have a tolerance factor within the range to 
stabilize the photoactive black, cubic α-FACsPbI3, perovskite phase.  Previously, we have shown 
these samples to have long shelf life stability compared to their pure FA counterpart which we, 
and others, have attributed to their tolerance factor.19  The in-situ data (figure 1b, and figure 2a) 
shows that their operational stability is quite different. After approximately 90 minutes, under the 
stresses of light and humidity, the mixed A-site α-FA0.85Cs0.15PbI3 material partially phase 
segregates into its constituent phases: “yellow” hexagonal δh-FAPbI3, and orthorhombic δo-
CsPbI3.  This results in loss of device performance, particularly photocurrent, which is slower but 
similar to that seen in pure FAPbI3 as these phases are not photo-active. 

To further explore the stability of mixed A-site PSCs we performed in-situ measurements on a 
FA0.758MA0.152Cs0.091PbI3 device (figure 1c,d and figure 2b).  The sample composition of this 
ternary mixed A-site film is such that the lattice spacing, and thus the Goldschmidt tolerance 
factor, closely mirrors that of the FA0.85Cs0.15PbI3 (Figure S10).  Keeping the tolerance factor nearly 
identical between the two materials by judiciously selecting the compositions allows us to rule out 
gross differences in stability related to geometric tolerance factor arguments.  This more complex 
ternary cation mixture shows much greater operational stability and resistance to phase 
segregation.  Figure 1d shows the XRD profile of the FA0.758MA0.152Cs0.091PbI3 device after 15 
hours.  From this data we can see only very weak peaks associated with the phase segregation 
into the “yellow” δh-FAPbI3, and δo-CsPbI3 phases. Figure 2b shows that this improved phase 
stability does indeed appear to translate to improved device stability, clearly shown by the slowed 
photocurrent decay, though of course the design of the surrounding device layers also impact 
stability under these conditions.40  Complementary ex-situ device performance and stability 
characterization of perovskite active layers with the same compositions measured in-situ are 
shown in figure S9 for comparison and display a similar stability trend as that seen during the in-
situ measurements presented in figures 2.  However, we would like to note that the shape of the 
in-situ IV curves appears to be a result of electrical contact issues resulting due to the complex 
setup required for the in-situ experiments (figure S1) which requires the contacts to be placed in 
a way to not obstruct the x-ray scattering signal. When measured ex-situ in a conventional testing 
setup these same devices perform as expected with low series resistance and high shunt 
resistance (figure S3, table S1, and figure S9).
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Figure 2: Device performance degradation vs time.  Reverse scan IV curves for (a) 
FA0.85Cs0.15PbI3 and (b) FA0.758MA0.152Cs0.091PbI3 devices taken in-situ. Devices from this sample 
set had initial recorded PCE of ~18% for the FA0.85Cs0.15PbI3 and ~16% for 
FA0.758MA0.152Cs0.091PbI3 the reverse direction J-V characterized ex-situ at NREL and shown in the 
figure S3 and summarized in Table S1.

Figure 3. DFT calculated thermodynamics of mixing of mixed A-site halide perovskites. 
Calculated/Modeled Gibbs free energy of mixing (ΔGmix = ΔEmix - TΔSmix) for Cs1-xFAxPbI3 and FA1-
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xMAxPbI3 in the assumed pseudo-cubic structure as a function of A-site composition (x) is shown. 
Details on how we model temperature dependence to Gibbs free energy of mixing is provided in 
the text and SI. Briefly, for a given A-site composition, Gibbs free energy of mixing (ΔGmix) is 
calculated with respect to the constituent, or pure, phases in different crystal structures. The 
phase transition temperature of constituent phases are obtained from refs41–43. For each A-site 
composition more than one structure, varying in the orientation of the FA and or MA molecules in 
the lattice, is simulated in DFT calculations (represented by dots on the plot). 

To better understand the stability of these mixed A-site halide perovskites we have computed the 
Gibbs free energy of mixing (ΔGmix = ΔHmix - TΔSmix) of these materials as a function of A-site 
composition (figure 3).  A negative value for ΔGmix, suggests that the constituent phases will 
readily mix into each other to form a stable mixture. The modeled ΔGmix has two components, (1) 
Enthalpy of mixing, and (2) Entropy of mixing. Enthalpy of mixing (ΔHmix) is calculated from density 
functional theory (DFT) by taking the difference between the total energy of the mixed A-site 
halide perovskite with respect to the total energy of the constituent, or pure, phases (Eq.S3 in SI). 
The calculations on the mixed A-site halide perovskites assume a pseudocubic crystal structure 
with random distribution of atoms at the A-site modeled using the special quasi-random structure 
(SQS) approach.44 All SQS structures are fully relaxed (all cell parameters as well as the atomic 
positions) within DFT calculations and following the relaxations mixed A-site structures at various 
compositions are found to retain the overall cubic symmetry (Figure S2). The temperature 
dependence (TΔSmix) to Gibbs free energy is incorporated by only considering the entropic 
contributions associated with the configurational and rotational degrees of freedom (Eq.S5 in SI). 
The phonons are assumed to not contribute appreciably to the ΔGmix, i.e. it is approximated that 
the phonons contributions are similar in magnitude between the mixed A-site halide perovskites 
and the constituent phases and therefore cancel to a large degree when computing 
thermodynamics of mixing.45 We note that the binary FA1-xMAxPbI3 system is energetically very 
similar to the MAxFAyCs1-x-yPbI3 ternary mixture. In order to better visualize the thermodynamics 
of mixed A-site halide perovskites, we first will present the results of the binary mixtures (Figure 
3).  Finally, we will discuss these results in context with the calculations of the MAxFAyCs1-x-yPbI3 
ternary mixture.

Calculations show that the free energy of mixing for both FA1-xCsxPbI3 and FA1-xMAxPbI3 in the 
photo-active cubic, perovskite structure is significantly negative (figure 3a and 3b) at high 
temperatures (T ≥ 600 K) for the whole range of A-site compositions. Based on our calculations 
we find that FA1-xCsxPbI3 perovskite phase has large negative enthalpy of mixing with respect to 
the cubic constituent phases, and its stability is not driven by entropy changes as previously 
suggested.22 This large negative enthalpy of mixing suggests that the constituent phases will 
readily mix into each other to form a complete homogenous mixture at high temperature.  These 
calculations then indicate that processing involving annealing, should be done at temperatures at 
which the pure end point compositions have the same crystal structure in order to have ideal 
mixing and production of uniform films. The current desire for homogeneity is presumed due to 
the impact of compositional disorder on the electronic structure of the film.  It is of note that, for 
both binary A-site compositions, the largest free energy gain, in the order of 200 meV/f.u., is found 
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to occur for FA-rich compositions. Further, as the mixed A-site halide perovskite is cooled to room 
temperature its stability can change because now the phase equilibrium needs to be established 
between the mixed A-site halide perovskite in the cubic phase with respect to its constituent 
phases in their stable low temperature structures. 

Next for the purpose of investigating the room temperature stability of the mixed A-site halide 
perovskites at various compositions, we evaluate ΔGmix slightly above T=300 K with respect to 
the orthorhombic CsPbI3 and cubic FAPbI3 and MAPbI3, and slightly below T=300 K with respect 
to the hexagonal FAPbI3, tetragonal MAPbI3 and orthorhombic CsPbI3.  Slightly above 300 K, the 
thermodynamics of mixing of the FA1-xCsxPbI3 mixed A-site halide perovskite relative to the 
orthorhombic CsPbI3 and cubic FAPbI3 changes (figure 3c) such that the mixed A-site phase is 
now energetically stable (ΔGmix < 0) only for compositions with the FA mole fraction larger than 
0.33. For Cs-rich compositions (x<0.33) the mixed A-site phase has a positive enthalpy of mixing 
that will drive the system to phase segregate into the orthorhombic CsPbI3 and FA-rich FA1-

xCsxPbI3. This suggests that local structural inhomogeneity can drive the mixture to phase 
segregate placing a premium on establishing a homogeneous film and quenching it before 
segregation can occur. Previous experiments19 have found that the mixed A-site FACs at the Cs-
rich composition adopts the orthorhombic structure rather than the cubic, at temperatures above 
300 K, which is consistent with our predictions. FA1-xMAxPbI3 in the cubic structure however, 
remains energetically stable (negative ΔGmix) at T≳300 K for the whole range of A-site 
compositions with cubic FAPbI3 and MAPbI3 being the constituent phases (figure 3d), which is 
also consistent with the experimentally observed solubility and the cubic structure of FA1-xMAxPbI3 
studied here (Figure 1c). 

To analyze the phase stability below 300 K, we calculate the Gibbs free energy of mixing of mixed 
A-site halide perovskite in the cubic structure (figure 3e and 3f) with respect to the constituent 
phases in their ground state structures, that is, relative to orthorhombic CsPbI3, hexagonal FAPbI3 
and tetragonal MAPbI3. The FA1-xMAxPbI3 mixture remains stable for the larger part of the 
compositional range with ΔGmix = -159 meV/f.u. at the FA-rich (x=0.17) side. The FA1-xCsxPbI3 on 
the other hand is relatively less stable than FA1-xMAxPbI3 below T=300 K with the minimum ΔGmix 
= -91 meV/f.u. at x=0.75. At the composition studied here (Figure 1b, x=0.85) the calculated Gibbs 
free energy of mixing of the FA1-xCsxPbI3 is even less negative (about -47meV/f.u.). The fact that 
FA rich composition (x=0.85) is stable to synthesize experimentally is consistent with the predicted 
negative Gibbs free energy of mixing, and it is likely that over time exposure to sunlight and/or 
phonon contributions could be sufficient to drive the cubic mixed A-site FA0.85Cs0.15PbI3 to phase 
segregate into its constituent phases, hexagonal FAPbI3 and orthorhombic CsPbI3, and 
deteriorate the device performance when compared to the much more stable homogeneous 
phase of the FA1-xMAxPbI3.

In addition to the binary mixed A-site halide perovskites, we also modeled ΔGmix for the 
MAxFAyCs1-x-yPbI3 ternary mixture in the cubic structure at specific compositions of interest (see 
figure S11). The Gibbs free energy of mixing in FA0.75MA0.167Cs0.083PbI3 (ΔGmix ≈ -180 meV/unit) 
is similar to the FA1-xMAxPbI binary mixture, FA0.833MA0.167PbI3 when compared to the cubic 
FAPbI3 and MAPbI3 at temperature slightly above 300 K. Similar to the previous comparison of 

Page 9 of 15 Energy & Environmental Science



the binary A-site mixtures, the ternary FA0.75MA0.167Cs0.083 (ΔGmix = -102 meV/unit) is also found 
to be much more stable than the mixed A-site FA1-xCsxPbI3 when compared with the non-cubic 
constituent phases at temperatures below 300 K. The overall gain in the Gibbs free energy of 
mixing for the MAxFAyCs1-x-yPbI3 ternary is larger than the FA1-xCsxPbI3 binary. Therefore, we 
hypothesize that this gain in free energy will help stabilize the cubic ternary much more than the 
FA1-xCsxPbI3 binary to temperatures lower than the transition temperatures (around 300 K) of the 
constituent phases. These predictions are also consistent with the experimental work presented 
here (see Figure 1 and Figure S4) showing improved structural stability of the ternary MAxFAyCs1-

x-yPbI3 compared to binary FA1-xCsxPbI mixed A-site halide perovskites.  This theory prediction is 
also consistent with other experiments confirming better stability of a MAxFAyCs1-x-yPbI3 ternary 
mixture over a FA1-xMAxPbI3 binary mixture21, and better stability of the binary FA1-xMAxPbI3 over 
pure FAPbI3.

46
 

Figure 4: In situ annealing of FA0.7Cs0.3PbI3 and TOF-SIMs. (a) The observed phases are 
labeled on the plot, the peaks at 0.82, and 0.98 Å-1 are associated with the precursor phase 
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(marked by x) and the peak at 0.7 Å-1 is associated with a hydrate phase (marked by *). TOF-
SIMS mapping of FA in films exposed to (a) 100 °C and (b) 180 °C.

The XRD experiments reported above, during aging, show how the mixed A-site PSCs can de-
mix, consistent with our theoretical calculations. To further validate these theoretical calculations 
we choose to explore the route these materials take during formation to better understand the 
initial mixing of FA and Cs in the as formed films.  In situ XRD during annealing of a 
FA0.70Cs0.30PbI3 film is shown in figure 4a.  Initially the XRD data show the presence of a precursor 
phase, which is likely a complex structure containing dimethyl sulfoxide (DMSO) solvent 
molecules (0.82, and 0.98 Å-1),  and δo-CsPbI3 0.92 Å-1.  The δo-CsPbI3 phase persists past the 
disappearance of the precursor peak at 0.82 Å-1 at 122 °C.  This CsPbI3 eventually mixes with the 
FAPbI3 phase at 160 °C consistent with our theory calculations.  To explore the spatial 
composition of these mixed A-site PSCs we use time of flight secondary ion mass spectrometry 
(TOF-SIMS) which has been shown to be a useful tool in determining the spatial distribution of 
the PSC subsituents.47  TOF-SIMS tomography data (figure 4b, figure S12) shown for a 
FA0.70Cs0.30PbI3 film annealed using the same conditions as the in situ XRD (figure 4a), show clear 
differences in the homogeneity of the cations as a function of processing temperature (100 °C 
and 180 °C).  The data show a clear decrease in heterogeneity as the process temperature is 
elevated which is evident visually.  Analysis of the distribution for FA and Cs is consistent with 
improved homogeneity and the improved mixing apparent visually. To further validate the 
theoretical calculations we performed TOF-SIMs on an annealed FA0.75MA0.167Cs0.083PbI3 film 
(figure S12).  As predicted by theory we observe a homogenous distribution of the A-site atoms. 
These data also validate the ability of theory calculations to aid in the choice of process conditions 
to realize more homogeneous uniform films, consistent with the observed phases in the XRD.

Conclusions:
In light of the theory-driven predictions derived in this work, we can explain the new experimental 
data presented here, as well as that in older reports regarding mixed A-site PSCs.19  The guiding 
principal which results, is that the ability to create a homogeneously mixed film depends on both 
the end member structures as well as the stable phase of the mixed A-site PSC at the processing 
temperature during film formation.  This principle, exposed by theory, is consistent not only with 
the experimental data presented here but also with other experimental observations using XRD 
and TOF-SIMS in which structural/compositional inhomogeneity is observed in as deposited and 
subsequent operated devices.47,48 We note that other considerations such as the solvent, 
stoichiometric variation, and the atmospheric chemistry, which can modulate the mobility of the 
different components within the film, along with the extent to which mixing or segregation is 
allowed prior to rapid quenching of the film into a fixed metastable state, are also crucial.  We also 
note other studies by photoluminescence (PL) and IR imaging that indicate in homogenaity at 
smaller lengthscales which are reported to appear in as deposited films which again point to the 
processing details playing an important role.43  Similarly we anticipate that similar although 
perhaps somewhat modified considerations will govern systems in which mixed halides are used 
(e.g. FA1-α-βMAαCsβPbI3-xBrx compounds). Taken together, these observations emphasize the 
importance of processing and compositional choices when developing stable active layer 
materials.
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In summary, we have presented a deeper look into the behavior of mixed A-site PSCs under 
operational conditions.  We observe a greater structural instability (phase segregation) in the 
binary FA0.85Cs0.15PbI3 compared to the ternary, FA0.758MA0.152Cs0.091PbI3, with near-identical 
tolerance factor.  With DFT we calculate the Gibb’s free energy of mixing for these mixed A-site 
halide perovskites and show the role of local structure in the mixing/stability of these PSCs by 
validating predictions of de-mixing from these calculations using in situ XRD and TOF-SIMS 
measurements.  This work highlights the importance of the thermodynamic behavior of these 
complex mixed A-site PSCs, and the insight which understanding the thermodynamic landscape 
can provide when designing new device materials and fabrication processes.  By using this 
experimentally validated theoretical perspective it is thus possible to target real and relevant 
processing strategies that will produce well-mixed structures, which are expected to have 
improved stability and performance.
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The structural stability of mixed A-site perovskite solar cells during operation is observed by in-situ XRD 
and the de-mixing behavior is described by calculating the Gibbs free energy of mixing.
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