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HIGHLIGHTS

FA0.9Cs0.1PbI3 absorber shows

reasonable thermal stability

FA0.9Cs0.1PbI3 absorber is

unstable under illumination or

operation

Cs-rich phase segregation

occurred in FA0.9Cs0.1PbI3
absorbers under illumination

Light-generated carrier injection

provides driving force to promote

phase segregation
Macroscopic device tests and microscopic material characterization show the

segregation of current-blocking Cs-rich phases in FA0.9Cs0.1PbI3 perovskite

absorbers under illumination, which is the major reason to cause optoelectronic

performance loss in corresponding perovskite solar cells. The underlying

degradation mechanism is linked to the light-generated carrier injection level,

resulting in a variation in size and density of segregated Cs-rich clusters across

stressors.
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Context & Scale

The instability of perovskite

absorbers under various

environmental stressors is the

greatest obstacle to commercial

deployment of corresponding

solar cells. Besides degradation,

phase segregation is prone to

occur in mixed cation perovskites,

which deteriorates device

performance rapidly and

significantly. An improved

understanding of the origins of

material instability during device

operation is expected to provide

guidelines for future material

design and processing for

prolonged device lifetime.
SUMMARY

The most important obstacle to widespread use of perovskite solar
cells is their poor stability under operational stressors. Here, we sys-
tematically monitor the evolution of the photovoltaic performance
of perovskite solar cells based on formamidinium-cesium lead
iodide (FA0.9Cs0.1PbI3) for 600 h, under a series of controlled oper-
ational stressors. Although these devices exhibit reasonable ther-
mal stability, their stability under illumination or stabilized power
output (SPO) is far from commercial demands. Synchrotron-based
nanoprobe X-ray fluorescence and X-ray-beam-induced current
measurements reveal that current-blocking Cs-rich phases segre-
gate during stress tests. The decrease in performance is in line
with the increasing density of the Cs-rich clusters in area upon illumi-
nation. Theoretical calculations indicate that light-generated car-
riers provide the thermodynamic driving force for that phase segre-
gation. Our findings correlate device performance to microscopic
behavior and atomistic mechanisms and shed light on inhibiting
the cation-dependent phase segregation during device operation.
In this study, we investigate

formamidinium-cesium lead

iodide (FA0.9Cs0.1PbI3)

perovskites and corresponding

devices under various stressors.

While devices exhibit reasonable

thermal stability, they show

considerable efficiency loss under

illumination or operation. The

efficiency loss correlates with the

occurrence of Cs-rich clusters

impacted by stress condition, and

the light-generated carriers

produce the driving force for this

phase segregation.
INTRODUCTION

The performance of organic-inorganic halide perovskite solar cells (PSCs) has

improved dramatically in the past decade,1–8 with the highest certified power

conversion efficiency (PCE) of 25.2% using a polycrystalline perovskite absorber,9

which is approaching state-of-art for crystalline silicon solar cells. However, the

poor stability of PSCs in environments of elevated temperature, high humidity,

and/or intense irradiation has delayed their commercial deployment.10–12 Although

packaging can extend the stability of PSCs by preventing moisture ingress and

reducing evaporation of volatile components in perovskite absorbers upon heat-

ing,13,14 the stability of PSCs under various stressors is still related to many factors,

such as the composition and film quality of perovskites, the selection of charge

transport layers and electrodes, as well as the device architectures, etc.12 Particu-

larly, the continuous operation under intense irradiation for PSCs indicates

that improving the illumination and operational stability of perovskites15,16 and un-

derstanding the degradation mechanisms accounts for the poor stability remains

crucial to the effort to harden PSCs for reliable commercial use.

Halide perovskites are generally in the form of ABX3, where the A-site contains

monovalent cations (i.e., methylammonium [MA+], formamidinium [FA+], and Cs+),
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the B-site contains divalent metal ions (Pb2+ or Sn2+), and the X-site contains halides

(I�, Br�, or Cl�). For illumination and operation-induced degradation pathways, early

works have shown that perovskites present a large amount of Schottky or Frenkel de-

fects,17,18 which are mainly attributed to the weak bonding in the crystal19–21 (such as

Pb-I ionic bonds, hydrogen bonds, and van der Waals interactions) and the soft crys-

tal lattice.22 Combined with the low energy barrier for ionic migration,23,24 halides

and organic cations readily migrate through perovskite films, leading to ionic redis-

tribution or even phase segregation upon prolonged testing in the presence of an

internal electric field, especially under illumination and/or applied electric load.25–

28 Particularly, phase separation in the hybrid halide (Br and I alloying) system (which

can form Br-rich and I-rich phase in perovskites under continuous illumination) have

been widely investigated in the MAPbI3�xBrx perovskites.
28–30 Owing to the obvious

band-gap difference between Br-rich and I-rich perovskites (such as 1.59 eV for

MAPbI3 and 2.30 eV for MAPbBr3), the detection method on phase separation of

Br-I alloying system is commonly dependent on photoluminescence (PL) character-

ization. This phase separation in mixed halide perovskites potentially originated

from the localized strain induced by a single photoexcited charge interacting with

the soft and ionic perovskite lattice,26 and the unfavorable formation energies to

induce segregation are overcome by the band-gap reduction of iodide-rich do-

mains.31 Although there are some studies that demonstrate that based on carbon

electrode and triple mesoporous perovskite devices, the incorporation of additives

into MAPbI3 can largely extend the illumination lifetime of PSCs (even up to 1

year),32,33 the thermal instability of MA-containing perovskites is still the Achilles

heel to govern the long-term operation of the device.34

Recently, the FA1�xCsxPbI3 (FACs) system became popular due to its high perfor-

mance and respectful thermal stability.35 With the additional constituents, such as

Br and Rb, the thermal stability of FA1�xCsxPbI3-based PSCs was further

improved36,37 to pass standard 85�C/85% relative humidity (RH) accelerated testing

with encapsulation.38 Meanwhile, they also exhibit considerable stability either un-

der 1-sun illumination39,40 or in maximum power point (MPP) tracking36,41 condi-

tions. Although FA1–xCsxPbI3-based cells show high thermal stability and gradually

increased lifetime under operational conditions, the comprehensive understanding

of the stability of these PSCs under various stressors is still lacking. A pioneer study

done by Schelhas et al. showed that the degradation pathway of FA1–xCsxPbI3 pe-

rovskites was associated with phase segregation into the binary phase during oper-

ation within 12 h.42 However, up to now, there was no systematic monitoring of the

photovoltaic performance evolution of the FA1–xCsxPbI3-based PSCs under various

stressors, as well as a microscopic assessment on the magnitude of phase segrega-

tion upon different stressors, which is essential for understanding and evaluating the

driving forces behind segregation and whether these or similar perovskite materials

show promise for durable photovoltaic operation.

In this study, we systematically monitor the performance of high performing MA-free

(formamidinium-cesium lead iodide [FA0.9Cs0.1PbI3]) PSCs over 600 h under various

environmental conditions, including dark, heat, illumination, and stabilized power

output (SPO) (under illumination and fixed electric load). The evolution of the current

density-voltage (J-V) as a function of time shows that while FA0.9Cs0.1PbI3-based

PSCs exhibit respectable thermal stability, they show considerable performance

degradation under illumination and SPO conditions. Materials characterization of

the aged perovskite absorbers, using X-ray diffraction (XRD), PL- and synchrotron-

based X-ray fluorescence microscopy with nanoscale spatial resolution (nano-XRF),

provide evidence for a phase segregation of the original perovskites, where
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heterogeneous Cs and FA distributions are identified. Further experiments using in

situ XRF and X-ray-beam induced current (XBIC) show the Cs-rich clusters to be pho-

toinactive and current blocking, which is likely the main cause of performance loss in

FA0.9Cs0.1PbI3 PSCs. First-principles density functional theory (DFT) calculations

suggest a thermodynamic driving force for phase segregation, caused by funneling

of the photo-generated carriers into FA-rich regions under illumination. Our

approach, combining macroscopic device tests, microscopic materials characteriza-

tion, and atomistic modeling, provides a powerful tool to thoroughly understand the

instability of halide perovskites that are intrinsic to device operation, and opens the

possibility for designing new perovskite absorber compositions for the ultimate sta-

ble PSC.
RESULTS AND DISCUSSION

Device Performance

The PSCs used in this work have the conventional n-i-p architecture: indium tin oxide

(ITO)/SnO2/Perovskite/hole transport layer (HTL)/Au, using the composition of

FA0.9Cs0.1PbI3 for the perovskite absorber. More details regarding the device archi-

tecture and the fabrication procedure are described in Device Fabrication. The sta-

tistics of photovoltaic parameters for the freshly made PSCs (Figure S2; Table S1)

show an average PCE of 19.16 G 0.55 %, with the champion device achieving a

PCE of 20.12% (Figure S3).

To assess PSC instability and underlying failure modes under prolonged stressed

testing, we monitored device photovoltaic performance over 600 h of exposure to

four distinct stress conditions: 85�C heating in the dark (labeled Heat), 1 sun illumi-

nation at near room temperature (35 G 10�C) in open-circuit condition (labeled

Light), and a SPO atMPP under 1-sun illumination at near room temperature (labeled

SPO). The reference sample (labeled Ref) was stored in the dark at room tempera-

ture. Notably, all devices were unencapsulated and maintained in an N2

environment.

Intermittent J-V measurements (Figure 1A) and average cell parameters (Table S2)

showed the evolution of the photovoltaic performance of the devices under Ref,

Heat, SPO, and Light conditions. Compared with the Ref devices with negligible

loss (�1.0%) after 600 h, the Heat, SPO, and Light samples all showed significant los-

ses in PCE (�18.4%,�47.7%, and�66.3%, respectively). Except for the Ref samples,

Heat caused the slowest PCE decay due to a slight decrease in fill factor (FF). On the

other hand, SPO and Light stressors affected device performance considerably, re-

sulting in significant declines in open-circuit voltage (Voc), short-circuit current (Jsc),

and FF (Figure 1A). The stability behavior variation between this study and other

recently reported works36,38,41,43 is likely attributed to the difference in device archi-

tecture (n-i-p or p-i-n), absorber composition and film quality (with or without

element doping, e.g., Rb or Br), fabrication method (one or two-step solution pro-

cess) and interface properties (with or without interface passivation layer), etc. Given

the competitive stability of Ref samples in this work, and the systematically evaluated

performance under various stressors, our result suggests that the FA0.9Cs0.1PbI3
absorber has good thermal stability but can become unstable either under illumina-

tion or at the SPO condition.

The photovoltaic performance loss of these devices was further analyzed by tracking

the evolution of the J-V curves (Figures 1B–1E). Series resistance (Rs) and shunt resis-

tance (Rsh) were extracted by fitting the J-V curves (Figure S1), and their change as a
Joule 4, 1743–1758, August 19, 2020 1745



Figure 1. The Evolution of Photovoltaic Performance for Perovskite Solar Cells under Different Environmental Stressors

(A) The evolution of the normalized Voc, Jsc, FF, and PCE of PSCs that aged under different environmental stressors. Eight individual devices were

tested for each condition with the mean and the standard deviation shown in the plot.

(B–E) The J-V curves of PSCs after keeping for 0, 192, 408, and 600 h in a nitrogen atmosphere (B) at room temperature under dark (Ref samples); (C) with

85�C heating under dark (Heat samples); (D) SPO tracking under 1 sun illumination at room temperature (SPO samples); and (E) 1 sun illumination at

room temperature with open-circuit state (Light samples).

(F and G) The extracted series resistance (Rs) and shunt resistance (Rsh) from light J-V curves (i.e., Figures 1B–1E) are shown in (F) and (G), respectively.

(H) The PCE comparison of initial (no-aged) devices, aged devices, and corresponding refabricated devices under different stressors.
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function of stressing time under various stressors is shown in Figures 1F–1G.While Rs

increased and Rsh decreased in all stressed devices, which were negative on devices

performance, the rate and magnitude of the change of these two parameters was

larger in the Light and SPO samples. The decrease in Rsh, indicative of more shunt-

ing paths in a solar cell, reduces the value of Voc and FF, as evidenced in Figure 1A.

Variations in Rs and Rsh provide information on system level failure of the layer-

stacked PSC devices, and further characterization is needed to isolate the impact

of environmental stressor on the multiple device layers to help understand decay

in performance within these devices.

To exclude the impact of stressing conditions on the Au back-contact and HTL (these

two layers are known to degrade under accelerated stressing conditions44,45), we re-

coated stressed devices with fresh HTL and Au (details are shown in Device Fabrica-

tion). Refabricated devices display a significant increase in PCE, compared with that

of stressed devices as shown in Figure 1H (details are also shown in Figure S4; Notes

S1 and S2), which suggests that stressing conditions indeed have a negative impact

on the HTL and Au. Note that the PCE does not recover fully in the refabricated sam-

ples that are subjected to Heat, Light, and SPO, indicating that perovskite absorbers
1746 Joule 4, 1743–1758, August 19, 2020



Figure 2. Basic Properties of Perovskite Films Obtained from the Aged Perovskite Solar Cells under Different Environmental Stressors

(A) TRPL decay.

(B) UV-vis spectra.

(C) Normalized steady-state PL spectra.

(D) XRD patterns.

(E) Enlarged XRD patterns from 13� to 15�, the peak around 14� represents the (001) lattice plane of FA0.9Cs0.1PbI3.

(F) Enlarged XRD patterns from 9� to 10�, the peak around 9.5� represents the d-phase of CsPbI3.
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are partially degraded during the aging process and contribute to the remaining

performance loss.

In addition, to exclude impact of extrinsic ion migrations, such as Li+ or Au from the

overlaying layers, on degrading absorber performance,46,47 we prepared half-cells

(ITO/SnO2/perovskite) and stressed them under Heat and Light stressors (half-cells

cannot be aged under SPO due to the incomplete device structure), respectively.

After 600 h of aging, we fabricated them into whole devices by applying the

HTL and Au on top and then measured their photovoltaic performance. There

are no obvious performance difference between aged half-cell-based and refabri-

cated devices under light and Heat stressing (Figure S5), indicating that mobile

additives within the HTL and Au did not affect the perovskite during the aging.

Thus we can conclude that the main source of perovskite degradation after aging

is the interaction between environmental stressors and the perovskite itself.
Materials Characterization

To gain insights into perovskite degradation under the different environmental

stressors, we characterized the optoelectronic, structural and morphological varia-

tions in aged perovskite absorbers (which were obtained by removing the Au

electrode and HTL of corresponding PSCs). For comparison, the basic properties

of a fresh perovskite film are shown in Figure S6. Time-resolved photoluminescence

(TRPL) was used to illustrate carrier lifetime within the stressed samples (Figure 2A

and Table S3), where other aged samples have shorter carrier lifetimes than

Ref with Light being the shortest followed by the SPO and the Heat. The trend in
Joule 4, 1743–1758, August 19, 2020 1747
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carrier lifetime from TRPL is consistent with the corresponding PSCs performance

evolution in Figure 1A.

FromtheUV-vis absorption spectra (Figure2B), stressedabsorbers seemtohavea similar

absorption toRef in thewavelength rangeof550–850nm.However, adistinct absorption

drop in the range of 450–550 nm is present for all stressed absorbers compared with the

Ref sample.Wespeculate that thisabsorption loss inagedperovskitefilms isattributed to

the decreased amount of perovskite (whichpartially decomposed into PbI2), whereas the

PbI2 itself exhibits much lower molar absorptivity at 500 nm (Figure S7)48 compared with

that of perovskites, as also evidenced by XRD (Figure 2D): the aged Ref sample has the

least PbI2 present and almost no absorption drop, while the Heat sample has higher

PbI2 intensity in the XRD pattern with the largest absorption drop in UV-vis absorption

spectra among all the stressed samples. Both UV-vis and XRD measurements suggest

that Heat has the largest impact on the formation of PbI2, confirming heating is indeed

a primary cause for the decomposition of the perovskites. However, minor decomposi-

tion into PbI2 may not be detrimental (as shown in Figure 2D). The co-existence of PbI2
has proven tobeeffective inpassivatingdefects of perovskites49,50 and improving the ef-

ficiencyofPSCs.51Thus,weconsider that thepartial decompositionofperovskite inheat-

aged samples has no obvious adverse impact on the optoelectronic performance of cor-

responding PSCs.

In addition to PbI2 formation, the (001) perovskite peak shifts to smaller 2q for Light

and SPO samples compared with Ref and Heat films (Figure 2E), indicating an

enlarged lattice spacing. This XRD peak shift seems to be associated with a peak

shift in PL emission, where red-shifted emission is observed (Figure 2C). These phe-

nomena may be related to a relative enrichment of FA+ (large cation, compared with

Cs+) on the A-site of Light and SPO perovskites because FA-rich perovskites have

larger crystal lattices as well as smaller band gaps. The formation of such FA-rich

phase seems to be accompanied by the formation of the d-phase CsPbI3, evidenced

by a new XRD peak found at about 9.5� in the Light and SPO samples (Figure 2F).

Both XRD and PL results suggest that the degradation pathway of the FA0.9Cs0.1PbI3
absorber may be a phase transition from the original stoichiometry to an FA-rich

perovskite phase (FA>0.9Cs<0.1PbI3) and an FA-poor perovskite phase

(FA<0.9Cs>0.1PbI3), even to the formation of CsPbI3 upon Light and SPO stressed

conditions. This is further evidenced by PL mapping (Figures 3A–3D), which shows

a clear spatial heterogeneity in the Light and SPO compared with the Ref and

Heat films. If the PL signals of Ref and Heat samples are considered to originate

from FA0.9Cs0.1PbI3, then part of the inhomogeneous PL signals of Light and SPO

samples may correspond to FA-rich (yellow regions of PL maps) and FA-poor (brown

regions of PL maps) perovskites, respectively.

Furthermore, top view scanning electron microscopy (SEM) images give insight into

the micromorphology of aged samples (Figure S8; Note S3). As described above, to

exclude the influence of HTL and Au on perovskites under different stressing condi-

tions, the basic properties of aged half-cells (ITO/SnO2/perovskite) were also char-

acterized (Figure S9 and Table S4). The trend of property evolution in aged half-cells

is similar with aged whole devices (details in Note S4), which further exclude the

excess effect of HTL and Au on perovskites.

Nano-XRF is used to study, in greater detail, the spatial distribution of the film con-

stituents. Fluorescence maps were collected using a focused synchrotron X-ray

probe with a 250 nm full-width half maximum (FWHM). The X-ray energy was set

at 7 keV to maximize the measurement sensitivity for I and Cs L-line excitation.
1748 Joule 4, 1743–1758, August 19, 2020



Figure 3. Elemental Distribution of Cs and its Electronic Properties in Perovskites Devices

(A–H) The PL mapping images of perovskite films originated from PSCs (A–D) and X-ray

fluorescence (XRF) mapping of perovskite devices (E–H) that are subjected to Ref, Heat, Light, and

SPO stressing conditions. The scale bar is 5 mm.

(I–L) X-ray beam induced current (XBIC) mapping of the corresponding regions shown in (E–H). The

scale bar is 5 mm.

(M) Pixel-wise frequency distribution of the XBIC observed in each sample.

(N) Correlation of feature areas as measured by XRF (Cs-rich regions) and XBIC (current-poor

regions) in Heat, Light, and SPO-treated samples.
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The light elements (C, H, and N) in the FA+ cation were not observable in the

XRF measurement.

The local Cs:I stoichiometry is homogeneous within the Ref device, but Cs-rich

clusters are observed in all stressed devices (Figures 3F–3H). The number density

and size of Cs-rich clusters vary across these three stressors. A few large Cs-rich

clusters are seen in the Heat sample, while the clusters become increasingly

small and numerous in the SPO and Light conditions. The chemical nature of the

Cs aggregates is likely to be a Cs-rich phase (such as CsPbI3, which is detected in

Light and SPO samples as shown in Figure 2F) with the highest Cs:I molar ratio of

0.27, which is almost an order of magnitude higher than the ratio in originally

prepared perovskite, where the nominal Cs:I molar ratio is expected to be 0.033

for the FA0.9Cs0.1PbI3 stoichiometry.

To reveal the electronic role of these Cs-clusters, XBIC was conducted for Ref and

stressed devices simultaneously with XRF measurements. The closed correlation
Joule 4, 1743–1758, August 19, 2020 1749
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between local Cs enrichment and reduced current collection indicates that the Cs-

rich clusters observed in the Heat, SPO, and Light-treated devices suppress charge

collection (Figures 3J–3L). For example, XBIC-poor areas in the centre of Figure 3J

are found to align well with the large Cs-rich clusters in the centre of Figure 3F. Simi-

larly, small current suppressing areas in Figure 3K correspond to Cs-rich regions in

Figure 3G. The overall effect of the appearance of current suppressing areas is illus-

trated by histograms of the XBIC signal in each sample shown in Figure 3M. To avoid

misinterpretation, the XBIC data shown were corrected to the extent possible for

variations in X-ray absorption and subsequent carrier generation due to absorber

thickness and morphology variation (Figure S10). This procedure does not remove

the effect of morphology fully (e.g., variations remain in the relatively homogeneous

Ref sample in Figure 3I), likely due to experimental uncertainty of local film thickness

and variation of carrier collection probability with film thickness.

We conclude that the Cs-rich clusters are current-blocking and photoinactive. This

was determined by performing a cluster analysis and comparing the feature size

of XBIC-poor and Cs-rich areas. A correlation plot of the Cs cluster feature sizes as

measured by XRF and XBIC is shown in Figure 3N, in which data from all stressed de-

vices are distributed along the guideline with a slope of 1. The cluster analysis makes

explicit the positive correlation and reveals that the XBIC feature size is very close to

the size of Cs aggregates in the elemental map.

This microscopic assessment using nano-XRF and XBIC of A-site instability in

FA0.9Cs0.1PbI3 devices reveals that the stability of the mixed A-site perovskite phase

deteriorated because of thermal and optical energy inputs. Interestingly, a high

density of Cs-rich clusters nucleate upon continuous light soaking (light and SPO

conditions), while Cs aggregates are larger in size and fewer in number after

elevated thermal exposure (85�C). This finer distribution after illumination compared

with the Heat sample suggests that there is a smaller critical nucleus size for nucle-

ation of the Cs-rich phase under illuminated conditions. The temperature difference

(between the illuminated sample and Heat sample) is not enough to substantially

enhance ripening kinetics.52 On the contrary, illumination is known to enhance ionic

conductivity by orders of magnitude.53 Such enhancements in ion transport

would, in principle, facilitate the illuminated sample reaching high density of nuclei

relative to the Heat sample within the same stressing time. The Cs-rich particles are

smaller and more numerous in the illuminated sample, suggesting that a larger

energetic driving force exists for phase segregation under illumination than at

85�C, as in classical nucleation theory the critical radius is inversely related with

the thermodynamic driving force.54

Mechanism Discussion

The thermodynamic driving force for phase segregation can be identified theoreti-

cally, using DFT calculations. We start by computing the mixing enthalpy DU(x)

of FA1-xCsxPbI3 perovskites as DU(x)=Ux�(1�x)UFA�xUCs, where Ux, UFA, and UCs

are the energies (per formula unit) of FA1�xCsxPbI3, the pure FAPbI3 and CsPbI3
perovskites, respectively. An example of a FA1�xCsxPbI3 structure used in the DFT

calculations is shown in Figure 4A (more details are shown in Table S6). For each

composition, we generated a number of structures with FA and Cs cations placed

at different random lattice positions. Computational details are given in the DFT

Calculations.

The calculated DU(x) curve is shown in Figure 4B. Estimating the entropy contribu-

tion by the usual mixing entropy expression DS(x)=�kB[xlnx+(1�x)ln(1�x)]
1750 Joule 4, 1743–1758, August 19, 2020



Figure 4. Theoretical Analysis of the Phase Separation Mechanism

(A) Example of a cell of a periodic structure, where 4 out 32 lattice A-sites are occupied by Cs ions,

modeling the mixed perovskite FA1-xCsxPbI3, with x = 1/8.

(B) Calculated enthalpy (DU), the entropy contribution (�TDS), and free energy (DF) of mixing at

room temperature (T = 300 K) under dark conditions, as a function of x. The symbols are the

averaged calculated values, the error bars represent the spread found for different random

structures, and the solid lines represent polynomial fits.

(C) Band alignment of CsPbI3, FAPbI3, and FA0.9Cs0.1PbI3, the numbers represent the ionization

potentials and electron affinities (in eV).55

(D) Calculated free energy curves ðDF�Þ as a function of x, at room temperature (T = 300 K), for

different photoexcited carrier densities (n). The inset zooms is on the range 0 < x < 1/8.
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allows for calculating the free energy of mixing DF(x)=DU(x)�TDS(x). The DF(x)

curve for T=300 K is also shown in Figure 4B. From this figure, it is clearly observed

that entropy stabilizes the mixed FA1�xCsxPbI3 perovskite for x % 1/4, with a min-

imum free energy for a composition x�1/8. This result agrees with our experi-

mental findings that FA0.9Cs0.1PbI3 (x = 0.1) is stable at room temperature and

in dark conditions (see the curves marked ‘‘Ref’’ in Figures 1A and 3E; they demon-

strate that in the Ref perovskite the Cs ions remain distributed uniformly). Figure 4B

also shows that the mixed perovskite becomes unstable for x >1/4, which is consis-

tent with a previous report limiting the amount of Cs that can be incorporated in

FAPbI3.
56

We then modeled the influence of photoexcitation on possible phase segregation

in FA1�xCsxPbI3 perovskites.31 Upon illumination, we assume that pairs of charge

carriers are generated uniformly in the material at a density (per formula unit) n.

This adds a term nEgðxÞ to the energy, where EgðxÞ is the band gap of the mixed

perovskite (for an expression, see Band Gap of FA1-xCsxPbI3 Perovskites, Supple-

mental Information). For the unmixed state: (1�x) FAPbI3 + x CsPbI3, we assume

that all charge carriers funnel into the compound with the lowest band gap, which

in this case is FAPbI3, see Figure 4C. This adds a term nEFA
g =ð1�xÞ to the total energy

of the unmixed state. In summary, under illumination, the mixing energy becomes
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DU�ðxÞ = n½EgðxÞ � EFA
g � + DUðxÞ, the last term being the mixing energy under dark

conditions, as discussed above.

The mixing free energy DF�ðxÞ = DU�ðxÞ� TDS, calculated for different values of n,

is shown in Figure 4D. Photoexcitation favors phase segregation, essentially

because EgðxÞ>EFA
g for all compositions 0 < x < 1, making it always energetically

favorable to collect all charge carriers in a pure FAPbI3 compound. Of course, in or-

der to demix FA1�xCsxPbI3 into FAPbI3 and CsPbI3, the mixing entropy (Figure 4B)

has to be overcome. Figure 4D shows that this happens for n sufficiently large.

Over the whole range 0 < x <1, we have an increase of the mixing free energy

upon illumination. For n sufficiently large, the mixing free energy becomes positive

over the whole range, indicating that phase separation is favorable at all Cs concen-

trations. Similarly, for compositions with a higher concentration of Cs, a larger band-

gap difference between the FA1�xCsxPbI3 alloys and FAPbI3 is expected, which

leads to a higher driving force for phase segregation.

The results of this thermodynamic analysis are consistent with the phase segregation

under illumination as observed by XRF elemental mapping (Figures 3G and 3H). The

light-treated sample (Figure 3H) shows the largest number density of Cs-rich aggre-

gates. This agrees with the notion that light-generated charge carriers provide a

thermodynamic driving force for phase separation. There are fewer Cs-rich aggre-

gates in SPO devices (Figure 3G). We rationalize this by assuming that the average

carrier concentration in such devices is lower than that in the light-treated samples,

because they are continuously extracted, resulting in a smaller driving force for

phase separation.

It should be noted that carrier densities used in these calculations are higher than the

typical carrier concentration (� 1016/cm3) under 1 sun illumination (see Free Energy

upon Photoexcitation, Supplemental Information for details).57,58 The main reason is

that in the simple model explained above we have assumed a uniform carrier den-

sity, whereas it is highly likely that even in themixed perovskite FA1�xCsxPbI3, charge

carriers funnel into statistically FA-rich regions and are concentrated there, before

phase separation starts. That this is indeed the case, is indicated by the redshift of

PL peak in Figure 2C. Modeling such a non-uniform carrier density is outside the

scope of the present paper.

Our focus on the thermodynamics of FA1-xCsxPbI3 does not exclude a role for ki-

netics. Particularly for samples under long-term light soaking, the ion migration ki-

netics are faster upon illumination than in dark, due to enhanced ionic conductivity

and a reduced migration barrier.59 The fast ion migration kinetics enhance nucle-

ation rate under illumination.

Unlike the illuminated sample, the origin of secondary phase formation in the Heat-

treated sample (85�C) seems to be different. We speculate that the large spots of the

Cs-rich phase observed in Figure 3F are the products of a thermally induced decom-

position. We note that the calculated decomposition energies (Table S5) of FAPbI3
and FA0.9Cs0.1PbI3 perovskites are markedly smaller than that of the CsPbI3
perovskite.

It should be noted that the most significant performance loss for our FAC PSCs

occurred under illumination and operational (SPO) stressors, while the effect of

heat on PSC performance (Figure 1A, especially excluding up-layers influence which

shown in Figure S4) is comparably small. Generally, it seems that the thermal
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decomposition of perovskite absorbers can be largely overcome by composition en-

gineering and device encapsulation. Photodecomposition, however, is considered

to be a more challenging issue, not only due to the ionic nature of perovskite ab-

sorbers, but also the strong interaction between light and perovskites (such as light

induced ionic migration and defect formation). Considering that deployed PSCs

must operate under continuous irradiation, a deep understanding of the interaction

between perovskites and light is required. Cation-dependent phase segregation in

FACs perovskites under illumination is evident in the present work. This provides

useful guidance to further modify this system to obtain more efficient and stable

PSCs. Possible strategies could include, using functionalized additives to enhance

the chemical interaction between ions; doping other elements (such as Br, Rb,

etc.) to change the band structure of perovskites; or modifying the energy levels

of the charge transport layers to extract photo-carriers more efficiently. Notably,

phase segregation is not the sole reason to cause performance loss of FAC-based

PSCs, while the cell degradation pathways could be complicated, such as perovskite

defects formation, the degradation of other functional layers, bad interface contact,

ion migration through whole devices, etc.12 Even so, our work still provides an effec-

tive method to gain insight into determining the relationship between PV perfor-

mance parameters and absorber degradation at a microscopic level. Most impor-

tantly, the combination of optoelectronic performance monitoring, advanced

characterization, and theoretical analysis can be expanded to other perovskite sys-

tems upon different aging conditions, to deepen the understanding of PSCs, as well

as fabricate the optimum PSC.

Conclusion

In summary, we have monitored the evolution of photovoltaic performance in MA-

free FA0.9Cs0.1PbI3 PSCs aged over 600 h under stressors intrinsic to PV operation,

namely heat, illumination, and SPO. Although FA0.9Cs0.1PbI3-based PSCs exhibit

reasonable thermal stability, exposure to 1-Sun illumination induces significant

degradation over hundreds of hours of operation. We have established that this

degradation correlates with a microscopic phase separation, whereby a Cs-rich

phase is formed that is photoinactive and current-blocking. Moreover, we have

shown that such a phase separation under illumination is to be expected on the ther-

modynamic driving force originating from light-generated carriers. Our findings pro-

vide a microscopic insight to the performance loss of PSCs under stressors typical for

operating conditions, which is vital if designing perovskite materials that are better

suited for those conditions.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the Lead Contact, Huanping Zhou (happy_zhou@pku.edu.cn).

Materials Availability

This study did not generate new unique materials.

Data and Code Availability

This study did not generate or analyze (datasets or code).

Materials

SnO2 colloid precursor (tin(IV) oxide, 15% in H2O colloidal dispersion) was pur-

chased from Alfa Aesar. PbI2 (99.999%), CsI (99.9%), N,N-dimethylformamide
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(99.9%), dimethyl sulfoxide (99.5%), isopropanol (99.5%), and chlorobenzene

(99.9%) was purchased from Sigma-Aldrich. Spiro-OMeTAD (99.8%) and Poly

[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) (MOS) was purchased from

Xi’an Polymer Light Technology in China. ITO substrate was purchased from

Advanced Election Technology Co., Ltd.

Materials Synthesis

FAX (FAI and FACl) were synthesized using the methods reported previously.16 The

details including: 8.8 g formamidine acetate ethanol solution (0.1 mol) was added

into a 100 mL three neck flask that was immersed in a water-ice bath. A certain

amount (0.12mol) of HX acid was slowly dropped into the bottle with continuous stir-

ring. The mixture was refluxed for 2 h under N2 atmosphere. Subsequently, the so-

lution was concentrated to a dry solid by using rotary evaporation at 90�C. This crude
product was re-dissolved into 20 mL ethanol, then 100 mL diethyl ether was slowly

dropped along the bottle wall, and a white product would deposit. This recrystalli-

zation was repeated three times, and the obtained precipitation was dried in a vac-

uum oven for 24 h at 40�C. The final products were sealed in a N2-filled glove box for

future use.

Device Fabrication

The ITO substrate was cleaned with ultrapure water, acetone, ethanol, and isopro-

panol, successively. After 30 min of UV-O3 treatments, a SnO2 nanocrystal solution

(2.5%, diluted by water) was spin coated onto the substrate at 4,000 rpm for 30 s and

then annealed at 150�C for 30 min in air. The perovskite film was fabricated by a two-

step solution process: the PbI2 (1.3 M, dissolved in DMF:DMSO [9:1, v:v]) mixed with

10% CsI was spin coated onto ITO/SnO2 at 2,300 rpm for 30 s and annealed at 70�C
for 1 min in a nitrogen glovebox. After cooling the PbI2-coated substrate to room

temperature in a nitrogen glovebox, a mixed organic cation solution (FAI 0.35 M;

FACl 0.07M, dissolved in isopropanol) was spin coated with 2,000 rpm for 30 s

and then annealed at 150�C for 30 min in air. Then the HTL solution, in which a

spiro-OMeTAD/PTAA (36/5 mg mL�1, dissolved in chlorobenzene) mixed solution

was employed with the addition of 35 mL Li-TFSI (260 mg mL�1, dissolved in aceto-

nitrile), and 30 mL 4-tertbutylpyridine, was deposited by spin coating at 1,500 rpm for

30 s. The device was finished by thermal evaporation of Au (100 nm) under vacuum.

For refabricated devices mentioned in Figures 1H and S4, before depositing new

HTL and Au layers (same processing as previous) on those aged absorbers, we

removed the existing Au electrode with adhesive tape and washed off the HTL

with chlorobenzene.

Basic Material Characterization

The morphology of perovskite thin films was measured using a cold field-emission

SEM equipment (Hitachi S-4800). The XRD patterns were collected using a PANalyt-

ical X’Pert Pro X-ray powder diffractometer with Cu Ka radiation (l = 1.54050 Å).

Steady-state PL was measured by FLS980 (Edinburgh Instruments Ltd.) in air (tem-

perature was about 20�C, humidity was about 15% RH) with the excitation wave-

length at 470 nm, and we collected the emission signal in the wavelength range

from 600 to 900 nm. TRPL was measured by FLS980 (Edinburgh Instruments Ltd.)

in air (temperature was about 20�C, humidity was about 15% RH) with the excitation

wavelength at 470 nm, to minimize the photo brightening phenomenon.60 In addi-

tion, the TRPL signal collection time for each sample was controlled at about 30 min,

so the results were obtained under a relatively stable state. All of these samples are

measured under the same process (same excitation wavelength and signal collection
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time) and environmental conditions, to ensure the comparability of testing results.

PL mapping was measured by a Laser Scanning Confocal Microscope (Enlitech,

SPCM-1000) equipped with a 470 nm pulse laser and galvo-based scanner in air

(temperature was about 18�C, humidity was about 10% RH). The excitation wave-

length was also 470 nm, and we collected the emission signal in the wavelength

range from 375 to 1,025 nm. The signal collection area for each sample was 1,225

(35 3 35) mm2. The UV-vis absorption spectra obtained by an UV-visible diffuse

reflectance spectrophotometer (UV-vis DRS, Japan Hitachi UH4150). The J-V charac-

teristics of perovskite devices were obtained using a Keithley 2400 source-measure

unit under AM1.5G illumination at 1,000 W/m2 with a Newport Thermal Oriel 91192

1,000 W solar simulator.
Nano-XRF Characterization

Functional PSCs were investigated by means of synchrotron-based nanoproble X-

ray fluorescence (nano-XRF) with a 250 nm FWHM-focused beam at 7 keV at beam-

line 2-IDD in a helium environment of the Advanced Photon Source (APS) at Argonne

National Laboratory. The nano-XRF measurement was conducted with the backside

Au contact facing the incident X-ray beam, with a full fluorescence spectrum

collected point by point during mapping. MAPS software was used to fit and decon-

volute overlapping peaks and background removal from the fluorescence data.61 Cs

and I XRF signals were quantified using XRF standards purchased fromMICROMAT-

TER Tech Inc. Au and Pb signals were quantified using NIST-1832/1833.
In Situ nano-XRF and XBIC Characterization

The in situ nano-XRF and XBIC characterization was conducted using a similar setup

as previous studies,62 where the focused X-ray beam penetrates through the back-

side Au contact, allowing collection of both elemental distribution (nano-XRF) and

XBIC simultaneously, with 250 nm step size and a dwell time per point of 50 ms. A

lock-in amplifier (Stanford Research SR380) and a current pre-amplifier (Stanford

Research SR570) at the beamline were used together to collect the induced current

signal for XBIC. To acquire a higher signal-to-noise elemental XRF map, a second

‘‘elemental’’ map was collected using a step size as small as 150 nm (oversampling)

with dwell time per point of 150 ms.
Density Functional Theory Calculation

To model the mixed-A-cation perovskites, FA1-xCsxPbI3, we started from a periodic

tetragonal supercell containing 32 formula units of FAPbI3 with an initially random-

ized orientation of FA cations.63 We then replaced FA cations by Cs cations at

different concentrations (x = 0, 1/8, 1/4, 1/2, 3/4, 7/8, and 1). We considered three

possible configurations of Cs ions at each concentration. An example of a structure is

given in Figure 4A of the main text.

All the calculations were performed using the DFT approach. We used the projected

augmented wave (PAW) method and the Perdew, Burke and Ernzerhof (PBE) ex-

change-correlation functional within the generalized gradient approach (GGA)64,65

functional, as implemented in the Vienna ab initio simulation package (VASP).66

The plane-wave cutoff energy is set at 500 eV, and the Brillouin zone was sampled

with the G point only. An accuracy of 0.01 meV was adopted for the electronic loops.

The shape and volume of the supercell, as well as the atomic positions of each

configuration were fully optimized. The convergence criteria on total energy and

forces are set at 0.01 meV and 0.02 eV/Å, respectively.
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