
1

Mixing Matters: Nanoscale Heterogeneity and 

Stability in Metal Halide Perovskite Solar Cells 

Laura E. Mundt1,*, Fei Zhang2,3, Axel F. Palmstrom2, Junwei Xu1, Robert Tirawat2, Leah L. 

Kelly1, Kevin H. Stone1, Kai Zhu2, Joseph J. Berry2, Michael F. Toney1,4,5,*, Laura T. 

Schelhas1,2,* 

1SLAC National Accelerator Laboratory, 2575 Sand Hill Rd, Menlo Park, CA 94025, USA 

2National Renewable Energy Laboratory, 15013 Denver W Pkwy, Golden, CO 80401, USA 

3School of Chemical Engineering and Technology, Tianjin University, Tianjin, 300072, China 

4Department of Chemical and Biological Engineering, University of Colorado Boulder, Boulder, 

CO 80303, USA 

5Renewable and Sustainable Energy Institute (RASEI), University of Colorado Boulder, 

Boulder, CO 80303, USA 

AUTHOR INFORMATION 

Corresponding Author 

*Laura E. Mundt (lmundt@slac.stanford.edu), Michael F. Toney (michael.toney@colorado.edu),

Laura T. Schelhas (laura.schelhas@nrel.gov) 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

mailto:lmundt@slac.stanford.edu
mailto:michael.toney@colorado.edu
mailto:laura.schelhas@nrel.gov
mailto:lmundt@slac.stanford.edu
mailto:michael.toney@colorado.edu
mailto:michael.toney@colorado.edu
mailto:laura.schelhas@nrel.gov
mailto:laura.schelhas@nrel.gov


 2 

ABSTRACT 

The structural stability of the metal halide perovskite (MHP) absorber material is crucial for the 

long term solar cell stability in this thin-film photovoltaic technology. Here, we use mixed A-site 

FA0.83Cs0.17PbI3 to demonstrate that nanoscale compositional heterogeneity can serve as initiation 

sites for more macroscale, irreversible phase segregation which causes device performance 

degradation. Probing compositional heterogeneity on length scales that has not been detected with 

conventional characterization techniques, we analyze the tetragonal to cubic phase transition 

behavior to indirectly determine the level of nanoscale compositional heterogeneity in the initial 

films. Further, we show that the thermal annealing conditions of the MHP layer during film 

processing influence the initial nanoscale compositional heterogeneity and changing these 

processing conditions can be used to improve the device performance stability. The insights into 

structural degradation mechanisms initiated by nanoscale compositional heterogeneity and the 

proposed mitigation strategies will help guide the way towards long term stable MHP solar cells. 
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Metal halide perovskites (MHPs) are the most promising candidate for a high-efficiency, 

lightweight and cost-efficient thin film solar cell technology. With over ten years of intensive 

research, perovskite photovoltaics have reached efficiencies of over 25.5% for single junction 

devices and over 29.8% in tandem configurations with silicon1. One appealing property of MHPs 

is their ability to accommodate ions of different sizes into the crystal lattice, tuning the size of the 

lattice and thereby controlling optoelectronic properties such as the band gap2–7. The highest 

performing MHP solar cells, including the previously mentioned efficiency records, were achieved 

for mixed ionic systems. That means multiple ions of different sizes occupy the A-, B- or X-sites 

in the perovskite ABX3 lattice. These alloy-like materials not only enable tuning of the band gap 

across a wide range, but also offer superior structural stability compared to pure phase 

compositions like MAPbI3, FAPbI3 or CsPbI3
8–15.  

An important and well-established tool to predict structural stability in perovskites is the 

Goldschmidt tolerance factor tG
11,16. The tolerance factor is the ratio of the ionic radii and is a 

measure for the ability to maintain the perovskite crystal structure. For example, the mixed A-site 

cation perovskite FA1-xCsxPbI3 (FA = formamidinium) has a tolerance factor closer to the optimal 

range of 0.9 - 1 compared to the two single A-site compositions themselves11. This is consistent 

with numerous observations of the superior stability of the mixed system. However, the tolerance 

factor is not all-encompassing and not always sufficient to predict structural stability15,17–23. Even 

with a suitable tolerance factor, mixed composition MHPs can thermodynamically phase segregate 

into FA- and Cs-rich areas and then transition into their non-photoactive δ-phases15,17,18,24–26. 

It is well established that heterogeneity in MHPs exists across multiple orders of magnitude in 

size27–32 and it has been suggested that initial compositional heterogeneity can further drive de-

mixing and A-site or halide segregation during illumination33–38. Compositional heterogeneity 
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refers to isolated pockets of 10-100 nm size of compositional distinct regions39, deviating from the 

average/targeted perovskite composition in the film (e.g. regions with more or less FA/Cs). These 

pockets are likely ubiquitous through the film, a schematic illustration is shown in Figure S1. Local 

compositional heterogeneity in the A-site cation was explicitly found to be one cause for halide 

segregation after exposure to light20. However, also in single-halide FA1-xCsxPbI3 perovskites, de-

mixing and A-site segregation during operation was found to be a main cause for performance 

loss17,18. Evidence found by thermodynamic calculations suggested that the observed de-mixing 

was driven by initial compositional heterogeneity on the micrometer range17. While 

characterization techniques for measuring compositional heterogeneities at the micrometer length 

scale are well established and widely used to study MHPs40, probing these materials on shorter 

nanometer scales has proven challenging. With their soft lattice, MHPs can quickly change/ 

degrade under the external stimulus of probes used in nanoscale measurements. Chemical analyses 

on the nanometer length scale, such as X-ray fluorescence (XRF) and energy-dispersive X-ray 

spectroscopy (EDS), have been used to study the local composition and ion distribution. However, 

the samples have been prone to beam damage and the detected local clusters of varying 

compositions were on the micrometer scale and large enough to show up in X-ray diffraction 

(XRD) measurements as secondary phases18,40–42. This still leaves the question of the potentially 

detrimental effect of heterogeneities on shorter length scales, which cannot be detected with widely 

used characterization techniques such as X-ray diffraction (XRD), micro-photoluminescence 

mapping or time-of-flight secondary ion mass spectroscopy (ToF-SIMS). Recently, photoemission 

electron microscopy (PEEM) has successfully been used to analyze grain boundaries and local 

defects and the technique will likely provide further crucial insights into defects and heterogeneity 

on small length scales near the surface43,44. Additionally, complex measurement techniques such 
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as nano-infrared spectroscopy45,46 and scanning probe microscopy47,48 is used to characterize 

compositional heterogeneity in MHPs on the nanoscale. However, beyond the question of 

detection, it remains to be explored how to tune or mitigate compositional nanoscale 

heterogeneity.  

In recent work by Barrier et al., the team demonstrated an X-ray scattering based method to 

characterize small length scale compositional heterogeneity39. They show that nanoscale 

compositional heterogeneity manifests in broadening of the tetragonal to cubic phase transition. In 

their study, they compare pure perovskite compositions, MAPbI3 and MAPbBr3, to mixed 

compositions, FA1-xCsxPb(I1-yBry)3. The basis of their approach relies on the observation that the 

reversible tetragonal to cubic phase transition temperature is a function of perovskite composition, 

therefore a system with a distribution of compositions (FA:Cs, Br:I) will result in an superposition 

of multiple phase transition temperatures and as a smeared tetragonal to cubic phase transition 

when averaging over the probed volume. Simply put, well-mixed systems should present a sharp 

phase transition over a small temperature range, whereas a poorly mixed system will transition 

over a wider window, providing an indirect measure for the nanoscale compositional 

heterogeneity.  Therefore, the nanoscale compositional heterogeneity can indirectly be measured 

through a simple in situ scattering experiment examining the tetragonal to cubic phase transition, 

compatible with even lab scale diffractometers, making this quantification easily accessible.  

Leveraging these recent findings, we conducted a thorough and systematic study to investigate 

initial nanoscale compositional heterogeneity in mixed MHPs synthesized with different annealing 

conditions and its correlation to device stability. We postulate that initial nanoscale compositional 

heterogeneity, and consequently device instabilities caused by operationally induced A-site 

segregation, can be mitigated by tuning the synthesis thermal annealing conditions. In order to test 
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our hypothesis, we carefully characterize the initial nanoscale compositional heterogeneity, based 

on the method presented by Barrier et al., in a set of MHP thin film samples annealed at different 

temperatures and times. Subsequently, we conduct in situ wide angle X-ray scattering (WAXS) 

experiments to measure the tetragonal to cubic phase transition behavior on these annealed films. 

We chose the mixed A-site cation system FA1-xCsxPbI3 to separate the effects of halide vs. the A-

site cation segregation. More specifically, we selected a 17% Cs composition for its established 

performance and stability in PV devices3,49,50. Device stability data over 1000 hours is presented 

along with synchrotron X-ray diffraction data of the degraded devices, establishing the structure-

function relationship between the loss in device performance and irreversible compositional de-

mixing initiated by initial nanoscale compositional heterogeneity. Confirming our hypothesis, we 

find that well-mixed systems show superior device stability and that performance loss is related to 

de-mixing. Thus, these results show that the processing conditions determine the initial 

heterogeneity of the active layer and thereby provide a key to enabling the synthesis of stable high 

efficiency MHP cells and modules. 

EXPERIMENTAL APPROACH 

In order to understand the influence of thermal annealing conditions on initial nanoscale 

compositional heterogeneity and the resulting device performance stability, we combine thorough 

structural characterization with device stability testing. For simplicity, we will use the term 

“nanoscale heterogeneity” for the nanoscale compositional heterogeneity in the MHP thin films 

after deposition and subsequent annealing. We analyze fully annealed FA0.83Cs0.17PbI3 thin films 

and full devices where the perovskite absorber layer was processed with differing annealing 

conditions after spin coating, summarized in Table 1, to intentionally vary nanoscale 

compositional heterogeneity across the samples. The remainder of the device and film stacks are 
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processed identically. The films and devices were prepared using previously published methods 

and more details can be found in the methods section. We vary both the annealing temperature 

(TA), ranging from 100°C to 180°C, and the annealing time (tA), ranging from 15 min to 90 min. 

Throughout the manuscript we will refer to samples using “TA-tA" format. For example a sample 

annealed at 100°C for 15 min will be noted as “100-15”. We systematically investigate how the 

thermal annealing conditions influence heterogeneity and performance stability in fully annealed 

films and devices. To analyze the performance stability, we prepared full devices with the 

FA0.83Cs0.17PbI3 absorber layer. The schematic n-i-p device architecture is shown in Figure 1a, 

using compact TiO2 as electron transport layer (ETL) and spiro-OMeTAD/ MoOx/ Au as hole 

transport layer (HTL) and metal electrode, respectively. We note that the additional processing 

steps in the device fabrication beyond the initial annealing step can have an impact on the level of 

mixing in the perovskite absorber layer. To avoid any changes in the nanoscale heterogeneity 

during the measurements, the temperatures during the WAXS experiments are kept below the 

initial annealing temperature. 

 

Table 1. Overview of all tested annealing conditions with the respective sample IDs in “TA-tA" 

format, indicating which systems appeared well-mixed or heterogeneous. Blue backgrounds 

represent conditions that lead to a sharp tetragonal to cubic phase transition, green backgrounds 

represent conditions leading to a smeared phase transition. Grey background represents 

insufficiently high or long annealing conditions, leading to an incomplete conversion of precursor 

to perovskite. 

  
Annealing Temperature (TA) [°C] 

100 120 130 140 180 
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Annealing 

Time (tA) 

[min] 

15 100-15 120-15 130-15 140-15 180-15 

30  120-30 130-30 140-30  

60 100-60 120-60 130-60   

90  120-90 130-90   

 

For the structural part of our study, we use FA0.83Cs0.17PbI3 perovskite thin films deposited on 

TiO2-coated Silicon substrates (Fig. 1b). This aids the analysis because the characterization of the 

tetragonal to cubic phase transition is based on the t(210) superlattice peak (“t” indicates that we 

are using  the tetragonal phase peak indexing and the numbers correspond to the relevant miller 

indices (hkl)), which has a low intensity (c.f. Fig. 1d). In Figure S2, we show exemplary data to 

demonstrate the reduction in intensity and disappearance of the t(210) peak across the tetragonal 

to cubic phase transition. When the structure is nearly cubic (i.e.  presenting very small tilt 

angles/degree of tetragonality) the t(210) peak intensity will be low. Insufficient sensitivity in the 

diffraction measurements (i.e. the signal to noise ratio is small, impeding the detection of the t(210) 

superlattice peak associated with the tetragonal phase) can lead to a misjudgment of the actual 

phase transition temperature. However achieving a sufficient signal to noise ratio and collecting a 

few data points at temperatures across the phase transition suffices to classify the phase transition 

behavior into “sharp” or “smeared”. Aspects of this were addressed by Barrier et al.39. Typical 

glass/TCO substrates can further hamper the quantification of the t(210) peak intensity due to the 

superimposed background scattering from glass. By using Silicon substrates, the background 

scattering is reduced, improving the signal to noise ratio. By using Silicon substrates, the 

background scattering is reduced, improving the signal to noise ratio. The additional layer of TiO2 

was chosen to standardize the substrate formation surface and associated interfacial chemistry. 

This was done as the role of this lower interface on formation kinetics and defect structure for the 

metal halide perovskites is not well established and we strived to keep this as constant as possible.  
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For the sake of clarity, we will focus the main part of our discussion on a pair of samples and 

devices with different annealing times of the perovskite absorber layer, namely 15 (“140-15”) and 

30 (“140-30”) minutes, at a moderate annealing temperature of 140°C. Following the initial 

discussion, results for additional annealing conditions will be presented. 

 

Figure 1. Schematic device stack used for performance and stability tests (a) and schematic 

layer stack of thin film configuration used for structural characterization (b). Current-voltage 

characteristics of two devices with different annealing times of the FA0.83Cs0.17PbI3 absorber layer 

(c). XRD pattern indexed to the tetragonal phase as a function of the X-ray energy-independent 

scattering vector q (q=4π/λ*sin(2Θ/2), with X-ray wavelength λ and scattering angle 2Θ) for 

corresponding, fully annealed thin film samples on Silicon substrates (d). 
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Figure 2. Device performance tracked over 1000h: The devices were kept under N2 atmosphere 

at 33.2 ± 0.7°C and held under a resistive load of 510 Ohms, placing the cells near maximum 

power point. Power conversion efficiency η (a), short-circuit current Jsc (b), open-circuit voltage 

Voc (c), and fill factor FF (d) for MHP devices with different annealing conditions used for the 

absorber layer. Plotted data show average over 6 (for 140-15) and 4 (for 140-30) devices per 

annealing condition as solid lines, shaded areas represent standard deviation. Superior performance 

stability can be observed for the longer annealed samples. 

 

DEVICE STABILITY 
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Starting with the device characterization, we find the initial device performance for both devices 

(140-15, and 140-30) is reasonably high with 18.2% and 21%, respectively (Fig. 1c, Table 2). The 

current-voltage characteristics show a slightly higher open circuit voltage (Voc) and fill factor (FF) 

in the case of the longer annealed sample. Notably, the short circuit current (Jsc) is nearly identical 

for both devices. Comparing the structural data of the two corresponding thin film samples, we 

find that the diffraction patterns reveal rather similar patterns (Fig. 1d).  

Despite these similar electrical and structural characteristics in the initial state of the two thin films/ 

devices, a distinct difference in device performance stability over 1000 hours is found.  To measure 

the stability, the devices were kept under N2 atmosphere at approximately 33.2 ± 0.7°C (the 

temperature is calibrated on the absorber side of the device substrate) during the test and held under 

a resistive load of 510 Ohms, placing the cells near maximum power point. The conditions exclude 

the influence of oxygen, moisture and heat, enabling insights into intrinsic degradation 

mechanisms. Figure 2 shows the current-voltage parameters over time for an average over 6 (for 

140-15) and 4 (for 140-30) analyzed devices: efficiency η (Fig. 2a), Jsc (Fig. 2b), Voc (Fig. 2c) and 

FF (Fig. 2d). The data clearly shows that the shorter annealed sample 140-15 very quickly degrades 

and shows losses in all metrics, most severely in Jsc and FF. We note that both devices show 

significant losses in the Voc, likely caused by burn-in effects as a result of the TiO2 contact 

layer51.  With all non-perovskite layers in the device deposited and processed identically, this result 

raises the question why one device completely degraded while the other showed a reasonable 

stability. 
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Table 2. Current-voltage parameters of champion devices for two annealing conditions: 140°C 

for 15 min (“140-15”) and 140C for 30 min (“140-30”). Data based on reverse IV scans. 

  
140-15 140-30 

initial degraded initial degraded 

Jsc [mA/cm2] 23.42 10.36 23.85 23.25 

Voc [mV] 1.01 0.93 1.07 1.03 

FF 0.77 0.42 0.82 0.74 

η [%] 18.18 4.02 21.04 17.61 

 

A-SITE PHASE SEGREGATION 

We hypothesize that the performance loss in the 140-15 samples is due to irreversible de-mixing 

and subsequent phase segregation, driven by the testing conditions and nucleated by a 

compositional heterogeneity on the nanoscale17. We further hypothesize that the level of this initial 

heterogeneity is larger in the case of the shorter annealed 140-15 samples, compared to the 140-

30 samples. From the device stability measurements, we know that the longer annealed sample 

140-30 shows superior stability. The degradation of the active layer in case of the shorter annealed 

sample 140-15 is even visible by eye, as photos of two degraded devices show in Figure 3b. While 

140-30 shows no visible signs of degradation, the 140-15 device turned fully transparent on large 

parts of the substrate area. To investigate the structural stability and check for macroscale de-

mixing and A-site phase segregation, we conducted synchrotron WAXS measurements on the 

degraded devices, probing the perovskite absorber layer through the top metal electrode. The 

structural analysis of the degraded devices reveals that irreversible phase changes into the photo-

inactive delta phases are causing the device performance degradation. Figure 3a shows the 140-30 

azimuthally integrated 2D-WAXS data in blue (details of the integration limits can be found in the 

experimental section) together with reference patterns for the tetragonal perovskite phase (black), 
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FTO (orange), δ-phase of CsPbI3 (bright red) and the δ-phase of FAPbI3 (dark red). The scattering 

data reveal crystalline mixed A-site perovskite as the primary phase (marked with black cubes) 

with small contribution of the orthorhombic δ-phase of CsPbI3 as seen from XRD peaks between 

1.75 Å-1 and 1.95 Å-1 (marked with triangle). In addition, Bragg peaks corresponding to the FTO 

substrate are visible at 1.87 Å-1 and 2.37 Å-1 (marked with rhombus). The 140-15 data on the other 

hand, shown in green in Figure 3a, shows no contribution of the initial perovskite phase but rather 

exclusively the non-photo active δ-phases of FAPbI3 (marked with star) and CsPbI3 (marked with 

triangle). Based on the intensities, the hexagonal δ-phase of FAPbI3 is the dominant phase, which 

is consistent with the significantly higher FA content in the initially mixed perovskite composition 

(FA:Cs = 83:17).  
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Figure 3. Degraded FA0.83Cs0.17PbI3 devices after 1000h. XRD patterns of  140-15 (green), 140-

30 (blue) as well as reference patterns for the tetragonal perovskite phase (black/cube), FTO 

(orange/ rhombus), δ-phase of CsPbI3 (bright red/ triangle) and the δ-phase of FAPbI3 (dark red/ 

star) (a) and photographs of 140-30 (top) and 140-15 (bottom) (b). The shorter annealed device 

shows visible degradation. Comparison with reference structures shows the decomposition in the 

δ-phases of CsPbI3 and FAPbI3. Additional reference structures include the mixed A-site 

perovskite phase and the substrate (FTO). 

TETRAGONAL TO CUBIC PHASE TRANSITION BEHAVIOR 

We further hypothesize that the observation of the operational induced de-mixing and the 

consequent A-site phase segregation and performance loss is nucleated by initial nanoscale 

heterogeneities. Therefore in this section we will focus on the analysis of nanoscale heterogeneity 

of the films prior to degradation using the technique introduced by Barrier et al.39. As discussed 

briefly in the introduction, the technique is based on characterizing the tetragonal to cubic phase 

transition, schematically depicted in Figure 4. This phase transition is a reversible structural change 

that is distinct from the de-mixing and segregation into FA-/Cs-rich areas observed under operation 

or illumination. Figure S3 shows in situ XRD data during heating and cooling, demonstrating the 

reversible nature of the tetragonal to cubic phase transition as the tetragonal superlattice peaks fade 

during heating and emerge during cooling. The tetragonal phase of the perovskite is a distortion 

from the cubic lattice where the lead-iodide octahedra are tilted off axis from the cubic lattice. The 

tilt angle off the cubic lattice is defined here as the “degree of tetragonal distortion.”  When heated 

the tilt angle or “degree of tetragonality” is reduced until the system is fully cubic (Fig. 4). The 

tetragonal phase will have all the reflection from the cubic phase but because of a symmetry 

breaking, these will be split (generally to a degree not resolvable) and there will be additional 
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reflections (superlattice peaks). We determine the degree of tetragonality by comparing the 

intensity of one tetragonal superlattice peak and one peak that is also present in the cubic phase. 

The peak at 0.99 Å-1 corresponds to the t(001)/t(110) reflection when indexed to the tetragonal 

phase (Fig. 1d), and to the c(100) reflection, when indexed to the cubic phase. The t(210) reflection  

at 1.57 Å-1 is a superlattice peak and disappears during the tetragonal to cubic phase transition. 

The square root of the ratio between the intensities of these two peaks √𝐼(𝑡(210)) 𝐼(𝑐(100))⁄   is 

a measure for the degree of tetragonality. We define the transition temperature T0 to be the 

temperature when the t(210) peak disappears, and we consider the system fully cubic39. With this, 

we can determine the degree of tetragonality from the diffraction data.  

 

Figure 4. Schematic illustration of reduction of degree of tetragonality (left to right), which is 

proportional to the octahedral tilt angle off the cubic lattice, with increasing temperature. 

Transition temperature T0, which is material specific, is here defined as the temperature when the 

degree of tetragonality is zero (cubic phase). Iodine atoms are represented in purple, the lead-

iodine octahedra in dark gray. Cs/FA is depicted in light green/white, respectively. 
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Here we use the approach described above to determine the initial heterogeneity in fully annealed 

thin film samples synthesized at different annealing temperatures and annealing times as described 

in Table 1. The annealed films were slowly heated in 2°C steps from room temperature (RT) up to 

140°C, taking WAXS data at every step. We found a strikingly different tetragonal to cubic phase 

transition behavior for the two annealing conditions; the results are shown in Figure 5. The 

waterfall plots (a,c) show the integrated in situ XRD patterns as a function of the scattering vector 

q, with increasing temperature on the y-axis and the color indicating the intensity. It can easily be 

seen that the tetragonal superlattice peak t(210) at 1.57 Å-1 persists across a much larger 

temperature range for the shorter annealed sample, while the other peaks maintain their intensity, 

demonstrating that the tetragonal to cubic phase transition happens more gradually for the shorter 

annealed sample. We note that there are no other structural changes besides small shifts in the peak 

positions towards lower q caused by the thermal expansion of the lattice (corresponding to slightly 

larger lattice parameters). Specifically, no secondary phases from degradation products, such as 

lead iodide, emerge during the in situ heating experiment. An exemplary comparison of the XRD 

patterns close to RT and 135°C is shown for 140-30 in the SI (Fig. S4) to clearly demonstrate the 

absence of secondary phases due to thermal degradation or beam damage. Figure 5 (b,d) shows 

the degree of tetragonality as a function of temperature. As already seen from the waterfall plot, 

the two samples reach the cubic phase at very different temperatures. Both systems start at the 

same level of degree of tetragonality, however the tetragonal to cubic transition is far sharper for 

the longer annealed sample. The structure is fully cubic at 50°C for 140-30, while the shorter 

annealed sample 140-15 shows a smeared out tetragonal to cubic phase transition, reaching the 

cubic state close to 130°C.  
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It is evident that there are subtle structural differences caused by the difference in annealing 

conditions that cannot be detected by a single XRD measurement. From the work done by Barrier 

et al., we conclude that the smeared tetragonal to cubic phase transition is evidence for a higher 

level of nanoscale heterogeneity, as it represents a superposition of a range of compositions, which 

undergo the tetragonal to cubic phase transition at different phase transition temperatures. As 

shown in Figure 5, this means that there is a direct correlation between the thermal annealing 

conditions of the perovskite absorber layer and the resulting nanoscale heterogeneity. The finding 

that the nanoscale heterogeneity correlates with the thermal annealing conditions, further suggest 

that the heterogeneity can be mitigated by adapting optimal annealing conditions. In this case, we 

find that annealing longer will lead to a well-mixed state. Together with our findings about the 

device stability and the structural decomposition in the degraded devices, we conclude that the 

irreversible phase changes into the photo-inactive δ-phases (Fig. 3) are induced by compositional 

heterogeneity in the initial perovskite layer (Fig. 5). Thus, we have identified the structure-function 

relationship between the level of initial nanoscale compositional heterogeneity and device-level 

stability. 
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Figure 5. Temperature-dependent in situ XRD data from room temperature to 140°C for fully 

annealed MHP thin film samples on Silicon substrates synthesized with an annealing time of 30 

min at 140°C (a-b) or 15 min at 140°C (c-d). Waterfall plots (a,c) with highlighted t(210) peak. 

Degree of tetragonality across the tetragonal to cubic phase transition, derived from the 

temperature-dependent WAXS measurements, showing a sharp (b) or smeared (d) phase transition, 

each plot shows the phase transition behavior for 4 repeat samples. 

 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 19 

 

Figure 6. Degree of tetragonality across the tetragonal to cubic phase transition, derived from 

temperature-dependent WAXS measurements of fully annealed thin film samples synthesized at 

different annealing temperatures and annealing times: 140-15, 140-30, 130-60 and 130-90 (degree 

of tetragonality averaged over 4 repeat samples for each annealing condition) (a). Normalized 

power conversion efficiency η tracked over 1000 h for 140-15, 140-30, 130-60 and 130-90 

(efficiency averaged over 6 (for 140-15 and 130-90) and 4 (for 140-30 and 130-60) devices). Solid 

lines represent averaged efficiency data, shaded areas represent standard deviation (b). 

As mentioned earlier, we tested other conditions in addition to the two presented annealing 

conditions, varying both the annealing temperature and time (c.f. Table 1). We found that great 

care has to be taken when choosing annealing conditions to ensure full conversion of precursor to 

perovskite and also to ensure reproducibility as the nanoscale compositional heterogeneity is very 

sensitive to subtle changes in the processing conditions. Insufficient annealing can lead to residual 

precursors in the final thin film. Secondary phases, as shown in Figure S5 for 100-15, are a clear 

indicator for macroscale compositional heterogeneity, rather than the more subtle nanoscale local 

variations in composition we are looking to characterize. We conducted no further analysis on the 

samples showing residual precursor phases. The incomplete conversion in some samples further 
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highlights the pronounced process sensitivity of the compositional heterogeneity. In Table 1, all 

annealing conditions tested within this study are summarized, differentiating groups of well-

mixed, heterogeneous, and not fully converted films. We find that at lower temperatures, the films 

require a significantly longer annealing time to reach a state without a measurable precursor phase 

present. We further find that reduced initial nanoscale heterogeneity, characterized by a sharp 

tetragonal to cubic phase transition, can be reached when annealing hotter, requiring a shorter 

annealing time, or with sufficiently long annealing time even at moderately low temperatures 

(Table 1 and Fig. S7). For the 130-60 and 130-90 samples specifically, we observe a sharp phase 

transition for an annealing time of 90 min (130-90) while after 60 min annealing the phase 

transition occurs over a larger temperature range (Fig. 6a). However, in the latter case, the phase 

transition behavior is still different from the stretched out phase transition for the 140-15 samples. 

The 130-60 samples reach the pure cubic phase at 115°C, showing a more narrow temperature 

range in which the phase transition occurs up to the indicated phase transition temperature 

(identified as T0 in Fig. 6a). We propose that this suggests the 130-60 and 140-15 samples do not 

have the same level of nanoscale heterogeneity and that the 130-60 samples may be more mixed 

than the 140-15 samples. 

When comparing the device stability of the 130-60 and 130-90 devices, a very similar trend is 

observed for both annealing times (Fig. 6b and Fig. S8a-d for all IV parameters). Similar results 

are also found for the post-stability testing XRD analysis of the devices, showing minor 

contributions from the δ-CsPbI3 phase but not the severe, irreversible de-mixing and complete 

phase change into the δ-phases observed after operation for the 140-15 devices (Fig. S6). These 

observations suggest that there is a threshold for the degree of nanoscale heterogeneity to induce 

further A-site phase segregation. It is also feasible that the 130-60 devices would have segregated 
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into FA-/Cs-rich areas and changed into the pure δ-phases if run beyond 1000 hours as will be 

done in real operational conditions52. Previous work reporting calculations of the free Gibbs energy 

of mixing for FA1-xCsxPbI3 systems suggested that mixing in compositions with high Cs-contents 

>66% is thermodynamically unfavorable.17 Thus, if the nanoscale heterogeneity is sufficiently 

severe, it is likely to drive further phase segregation. This hypothesis is consistent with the 

observed higher transition temperature T0 in the 140-15 sample compared to the 130-60 sample 

(temperature at which the system is fully cubic), since the pure CsPbI3 perovskite has a higher 

tetragonal to cubic phase transition temperature than the pure FAPbI3 perovskite.   

A key takeaway from these observations is that heterogeneity is not binary but rather a continuum 

and this approach may be sensitive to varying degrees of heterogeneity. Determining a quantitative 

level of nanoscale heterogeneity will likely remain difficult and the extreme sensitivity to subtle 

modifications in the processing conditions resulting in micro-changes in the films and ultimately 

devices present challenges to this type of analysis. The sensitivity to the level of nanoscale 

heterogeneity in MHP to annealing temperature as well as time further emphasizes the need for 

careful process control to ensure reproducibility. This then lends merit to examinations of novel 

approaches to processes that can enable or otherwise ensure process reproducibility. 

 

In conclusion, we find that monitoring the tetragonal to cubic phase transition behavior indirectly 

yields valuable insights into initial nanoscale compositional heterogeneity in mixed A-site MHPs. 

Further we show that a single XRD measurement cannot provide a complete picture of the 

structural properties in a system. Instead, we confirm that nanoscale compositional heterogeneity 

can indirectly be probed by measuring the cubic phase transition by in-situ X-ray scattering on 
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fully annealed films39. This provides valuable insights into processing conditions and their 

reproducibility, by analyzing the width of the tetragonal to cubic phase transition. Heterogeneous 

films exhibit a phase transition that is smeared out over a large temperature range while well-

mixed films exhibit a sharper phase transition. We show that initial nanoscale compositional 

heterogeneity in mixed A-site perovskites can be intentionally tuned and mitigated by adapting the 

thermal annealing conditions in the thin film processing. A well-mixed state can be reached for a 

sufficient thermal budget, i.e. annealing either long enough or hot enough. We further found 

evidence that in the presence of initial nanoscale compositional heterogeneity, the level strongly 

depends on the details of processing conditions. We highlight the significance of controlling initial 

nanoscale compositional heterogeneity as we find for these MHP materials it is correlated to 

performance stability. Device stability data over 1000 hours confirm that well-mixed films result 

in superior device stability, while under-annealed films with a high level of heterogeneity tend to 

de-mix and irreversibly segregate into FA-/Cs-rich areas during operation and subsequently form 

secondary, photo-inactive phases, leading to a severe loss in device performance. Thereby, we 

establish the structure-function relationship between initial nanoscale compositional heterogeneity 

and device stability. The insights generated in this study provide crucial information to guide 

manufacturing processes to enhance the stability of MHP solar cells. 
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