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ABSTRACT Long-term stability of perovskite solar cells (PSCs) remains a bottleneck for 

commercialization. While studies of PSCs stoichiometry and morphology with regard to 

performance are prevalent, understanding of these factors influence on long-term stability is 

lacking. In this work, we evaluate the impact of stoichiometry and morphology on the long- term 

stability of cesium formamidinium based PSCs. We demonstrate that the lead iodide (PbI2) to 

formamidinium iodide (FAI) ratio influences stability under various stress factors (elevated 

temperature and light). A high molar ratio (PbI2/FAI >1.1) in the perovskite precursor displays 

drastic degradation under ISOS-L1 (100 mW/cm2, 25 °C, maximum power point tracking) 

conditions. However, post-degradation analysis contradicts these results. Devices with PbI2/FAI 

≤1.1 are stable under light but intermittent current density-voltage characterizations indicate that 

device performance decreases during storage in the dark. Migration of iodide (I-) to the electron 

transport layer (ETL) and iodine vacancies (VI-
+) to the hole transport layer (HTL) forms localized 

shunts in the absorber layer. Pinhole formation, surrounded by FA+ rich regions, explains the 

extent of damage in comparably aged films. In summary, this work emphasizes the importance of 

reporting stability under different stress conditions, coupled with post degradation and dark 

recovery analysis of PSCs to better understand the complexities of perovskite instability under 

real-life conditions such as expected during outdoor operation. 

1. Introduction 

In the last decade, perovskite solar cells (PSCs) have been able to overcome many challenges : 

improving efficiency,1 demonstrating scalability,2,3 avoiding toxicity,4–6 among the others. One 

challenge this technology still needs to overcome is long-term stability.7,8 Organic metal halide 

semiconductor thin films have many suitable properties for opto-electronic applications but can be 

intrinsically and extrinsically unstable. The intrinsic stability of perovskites depends on the ionic 
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radii and percentage fraction of the cations or halides used for the formation of ABX3. The right 

choice of the percentage fraction of these constituent chemicals can give perovskites the desired 

phase stability.9 However, phase-stable perovskites can still undergo reversible or irrevers ib le 

degradation upon exposure to oxygen, moisture,10–12 light and elevated temperature.13–15  

Simultaneously, charge transport layers, electrodes, and interfaces between the perovskite layer 

and the charge transport layers can also undergo degradation in presence of the above mentioned 

stress factors.16,17 Due to the sensitive nature of the perovskite material and other additional layers 

implemented in the device, one needs to practice caution in the course of the different fabrication 

and characterization steps. During fabrication, the stoichiometry of the precursor solution and 

quenching technique controls the nucleation and crystallization in the wet perovskite film. Hence, 

stoichiometry and morphology can be key for fabrication of high performing PSCs and are more 

likely to demonstrate long-term stability.18 Standard testing protocols study the stability of PSCs 

under different stress conditions: light, elevated temperature, bias voltage, relative humidity, etc.19 

Testing the stability of PSCs under mutual stress factors instead of just one is important. 

Determining the origin of these instabilities during and post processing can help in understanding 

and resolving an issue as complex as perovskite instability.  

Material stoichiometry affects the crystallization kinetics during the perovskite processing, 

which is an important factor influencing the phase stability and long-term stability of PSCs. 

Stoichiometry is controlled by the molar ratio of the precursor ionic compounds in perovskites: 

AX and BX2. Here A and B are monovalent and divalent cations respectively and X is a halide. 

Extensive theoretical calculations and experimental study on the thermodynamics of the material 

has contributed to development of phase-stable hybrid and inorganic lead halide perovskites.9,20  

However, in-depth understanding of the effects of stoichiometry variations in the perovskite 
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processing and overall long-term stability still lags behind. Jacobsson et. al. explained that the 

devices with excess lead iodide (PbI2) had higher hysteresis and exhibited instability under light 

exposure, whereas devices using deficient PbI2 precursor generated excess organic species 

surrounding the grain boundaries that hindered charge-carrier transportation.21 Ulzii et. al. 

demonstrated that the photolysis of unreacted PbI2 crystals under continuous light results in 

formation of metallic lead (Pb0) and iodine (I2) in both MAPbI3 and formamidinium (FA) -based 

PSCs. The presence of Pb0 acted as a quencher and decreased the performance of PSCs under 

illumination.22 On the contrary, A-cation ionic compound excess in the precursor solution is 

demonstrated to boost the long-term stability of PSCs. To transform the residual PbI2 at the buried 

interface to the FA-based perovskite, Gao et. al. incorporated formamidinium iodide (FAI) and 

cesium bromide (CsBr) in tin oxide (SnO2). This strategy stabilized the lattice strain of the FA-

based perovskite near the buried interface, reduced the interfacial defects and increased the photo-

stability of device under illumination.23 Song et. al. reported optimum AX excess (<5% of FAI) 

can be beneficial for long-term stability while maintaining high performance. Perovskites with Pb-

rich surfaces exhibited high power conversion efficiency (PCE) but during maximum power point 

(MPP) tracking, their performance dropped. Though AX-rich perovskites had low initial PCE, 

their MPP tracking improved over time and stabilized.24  

Alongside stoichiometry, drying of the wet perovskite film can also control the nucleation and 

crystallization, determining the film morphology. The final film quality affects the performance 

and stability of the PSCs. Addition of anti-solvent reduces the solubility of perovskite solution and 

produces local super-saturation points from where crystallization of the wet film begins.25 Anti-

solvent-quenching (ASQ) is a very conventional technique and widely used for perovskite 

fabrication.26 However, this method is a limitation in the up-scaling process. Furthermore, 
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presence of wrinkles in anti-solvent-quenched films due to fast quenching can increase the 

roughness of the film. Vacuum quenching (VQ) is an alternative technique extensively used for 

quenching of large-area devices and modules. Nejand et. al. implemented VQ for drying of planar 

and smooth large-area perovskite films. All perovskite tandems and mini-modules (aperture area 

12.25 cm2) fabricated showed high performance and stability.27 The effect of different surface 

morphology due to the choice of quenching technique on the long-term stability has not yet been 

studied.  

Considering the impact of unreacted precursor, defect site, crystallization and lattice strain on 

the resultant film quality, it is important to quantify how these parameters affect the final device 

stability. The stability of a perovskite film or a device also depends on the stress factor. Domanski 

et. al. studied the stability of PSCs under different stress factors: light, temperature, relative 

humidity, electrical bias etc. They emphasized statistical and standardized reporting can help in 

making reliable comparison of the stability of PSCs. A set of testing protocols were recommended 

to facilitate a consensus for ageing of PSCs.28 Chen et. al. reported recombination centers formed 

due to elevated temperature and excess charge carriers were the reason behind rapid light- induced 

degradation in MAPbI3 solar cells.29 Li. et. al. also studied the effect of different stress factors 

(heat, light and stabilized power output) on cesium formamidinium lead iodide (Cs0.1FA0.9PbI3).30 

They concluded that the effect of light and stabilized power output was more severe than the effect 

of elevated temperature. Khenkin et. al have studied bias induced degradation of various types of 

previously developed solar cell technologies in detail.31 For some perovskite compositions, the 

effect of elevated temperature might be more detrimental while for others presence of light-

induced degradation or electrical bias might cause more damage. To avoid anomalies, 

implementing testing protocols under different stress conditions is highly recommended. The 
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international summit on organic photovoltaic stability (ISOS) protocols is tailored suitably by 

perovskite and organic solar cells community for accelerated testing of the next-generation solar 

technology.19  

Real-life outdoor operation of solar cells also includes night periods. Reversible degradation 

occurring during the day cycle under light and elevated temperature can be compensated for during 

the night cycle. The dynamics of PSC recovery in dark was first reported by Khenkin et. al.32 The 

origin of instability in PSCs such as trap formation, ion migration, etc. can affect their performance 

and determine their ability to recover in the dark affecting their overall long-term stability.32,3 3  

 

Figure 1: Schematic illustration of the underlying methodology of this study. 

In-depth understanding of materials stoichiometry and surface morphology of pure-iodide PSCs 

to achieve phase stability and high performance has progressed in recent times. However, the 

effects of varying stoichiometry and diverse morphology on the long-term stability is still not clear. 

PSCs implementing such variations in stoichiometry and morphology can respond differently to 

accelerated testing protocols under different stress conditions. Understanding the influence of such 

variations on degradation mechanism can aid in developing PSCs that are high in performance but 

also withstand longer durations under standardized tests. In this work, we critically assess 
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important material properties (stoichiometry and morphology) of Cs0.18FA0.82PbI3 PSCs to 

elucidate their impact on the long-term stability under different stress conditions i.e. light and 

elevated temperature as illustrated in Figure 1. We evaluate if high performing devices are 

“universally” stable. We also analyze if devices that are stable under accelerated testing, are also 

stable in the absence of stress factors, by placing them under dark storage and observing their 

performance over time. 

2. Experimental Section/Methods  

2.1. Materials:  

Details of the precursors used are as follows. [2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid 

(2PACz: TCI, CAS: 20999-38-6), Lead iodide (PbI2: TCI, CAS: 10101-63-0), Formamidinium 

iodide (FAI: Dyesol, CAS: 879643-71-7), Cesium chloride (CsCl: abcr, CAS: 7647-17-8), 

Fullerene (C60: 99.5% Sigma Aldrich, CAS: 99685-96-8), Bathocuproine (BCP: Lumtec, CAS: 

4733-39-5). Tetrakis (dimethylamino) tin (IV) (99.99%-Sn, TDMASn PURATREM) was 

purchased from Strem. All solvents namely, N,N-dimethylformamide, ≥99.9% (DMF, CAS: 68-

12-2), Dimethyl sulfoxide (DMSO) anhydrous, ≥99.9% CAS: 67- 68-5), ethyl acetate (EA 

anhydrous, 99.8%, CAS: 141-78-6), 2-Propanol, ≥98%, (IPA, CAS: 67-63-0) were purchased from 

Sigma‐Aldrich. Ethanol absolute 99.8% was purchased from VWR Chemicals.  

2.2. PSCs fabrication: 

The semi-transparent perovskite solar cells (PSC) with the architecture of glass/ ITO/ 2PACz/ 

Cs0.18FA0.82PbI3/ C60/ SnOX / IZO/ Au grid were prepared on 16x16 mm2-patterned indium doped 

tin oxide (ITO) substrates with sheet resistance 15 Ω/□ (Luminescence Technology). The 

substrates were cleaned in an ultra-sonic bath with acetone and isopropyl alcohol followed by 

oxygen plasma treatment. The concentration of 2PACz solution was 1.8mg /4ml of absolute 

file:///D:/2019/KIT/2%20A-B%20excess/manuscript/ACS%20AMI%20submission/revision/Figure%206
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Ethanol. 2PACz layer was deposited by spin coating at 3000 rpm followed by annealing at 100 °C 

for 10 minutes. Cs0.18FA0.82PbI3 perovskite solution was prepared by dissolving 1.1 mmol PbI2 and 

0.18 mmol of CsCl in 1 mL solvent mixture of DMF: DMSO in 4:1 ratio at 130 °C. In a separate 

glass vial, 1 mmol of FAI was weighed. The cooled solution of PbI2 and CsCl was added to this 

vial. The different stoichiometry solutions were prepared by varying molarity of FAI by 0.05M, 

while molarity of both PbI2 and CsCl was kept the same. For anti-solvent quenching (ASQ), the 

perovskite solution was spin coated using a two-step program of 1000-5000 rpm for 10 sec-30 sec. 

150 µL of EA was dropped on the center of the substrates at 18 sec of the second step. Vacuum 

quenching (VQ) was performed in a square vacuum chamber with inlet and outlet at 90 °. The 

vacuum time of ~30 s was optimized and used for all vacuum-quenched devices. The samples were 

annealed at 150 °C for 30 minutes in an inert atmosphere. 20nm of C60 was thermally evaporated 

(Angstrom, EvoVac) on top of the perovskite film followed by 30nm of SnOX deposited by atomic 

deposition layer (Picosun, r200-advanced). As a top contact, indium doped tin oxide (IZO) was 

sputtered on top of SnOX in a (Kurt  J.  Lesker Company, PVD 75). Finally, gold bands were 

evaporated (VacTec, COAT 320) on the edges for ease of probing during measurement.  

2.3. Measurements and Characterizations: 

The current density-voltage (J-V) characteristics of the semi-transparent devices were measured 

using a solar simulator (Newport, Oriel Sol3A) equipped with a source meter (Keithley, 2400) and 

a xenon lamp. The calibration was achieved using a certified silicon reference solar ce ll 

(Fraunhofer) with KG5 filter (Schott). Sample holders (fabricated in-house) with gold pins were 

used to contact the cells for electrical measurements. The active area of the cell was 0.105 cm2 and 

an illumination mask of 0.0784 cm2 active area was used as an aperture mask during measurement. 

J–V measurements were made at an intensity of 97 mW/cm2 and were later corrected to 100 
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mW/cm2. The temperature of all cells was controlled at 25 °C employing a Peltier element 

connected to a microcontroller while conducting J-V and MPP measurements. External quantum 

efficiency (EQE) spectra for PSC were measured in a Photovoltaic Device Characterizat ion 

System (Bentham, PVE300). A monochromatic was used to modulate the xenon lamp. The 

chopper frequency of 580 Hz with an integration time of 400 ms was used. Transmittance and 

reflectance of the perovskite films (glass/ ITO/ 2PACz/ Cs0.18FA0.82PbI3) were also measured using 

an integrating sphere in the same setup. Absorptance was calculated using the formula 

A = 1 – T – R, where, T is the transmittance and R is reflectance. X-ray diffraction (XRD) was 

conducted on the perovskite films using a Bruker D2Phaser system with Cu-Kα radiation (λ = 

1.5405 Å) in Bragg–Brentano configuration using a LynxEye detector. Scanning electron 

microscope (SEM) images of the perovskite films were taken using a Zeiss LEO1530 VP scanning 

electron microscope with an in-lens detector. SEM images were captured using a 5 kV acceleration 

voltage and an aperture size of 20 μm. Optical microscope (OM) images of the perovskite films 

were taken using ZEISS Axioplan 2 microscope. Atomic force microscopy (AFM) images of the 

perovskite films were taken using Nano Wizard II (JPK Instruments). The scanning area was 10 

μm × 10 μm. Electro-luminescence (EL) measurement of devices were performed in an in-house 

built setup with 775 nm short-pass and 760 nm long-pass filters. The modules were biased using 

a Keithley 2450. Cathodo-luminescence (CL) images of the perovskite films measurements were 

performed on an FEI Verios SEM equipped with a GatanMonoCL4 Elite. The measurements are 

performed at 3 kV / 25pA. The images were taken in panchromatic mode with appropriate dichroic 

filters. Charge extraction (CE), delay-time charge extraction by linearly increasing voltage (Delay-

time-CELIV) and Mott Schottky (MS) measurements were measured for devices on PAIOS 

system by Fluxim AG. Intensity of 69.2 mW/cm2 with a light-pulse length of 100 µs and a ramp 
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rate of 40 V/ms was used. Ideality factor was measured for devices on PAIOS system by Fluxim 

AG. The light intensity from an LED was varied upto 69.2 mW/cm2 and open circuit voltage decay 

was measured for the same. MPP tracking were performed under a class A++ LED-based solar 

simulator (Wavelabs, LS-2). The spectrum was a close match to the AM1.5G over the relevant 

spectral range.  

 

3. Results and discussion 

In order to understand the influence of stoichiometry and morphology on long-term stability of 

Cs0.18FA0.82PbI3 PSCs, we first vary the molar ratio used in our standard process with ASQ. Then, 

we introduce and compare an alternative solvent-free quenching technique VQ, which is known 

to produce more planar perovskite films. We study the impact of different surface morphology 

(grain size, presence or absence of wrinkles, surface roughness, etc.) and crystallization (crystallite 

size, strain, etc.) on the resulting perovskite films due to the variation of stoichiometry or 

quenching technique. Finally, by exposing films and complete devices to different accelerated 

degradation tests, we study the effect of different stress factors (light and elevated temperature) on 

the previously varied conditions.  

The effect of the precursor solution material stoichiometry is pivotal for the device performance 

and stability.22,34 In our reference devices Cs0.18FA0.82PbI3, the molarity of PbI2 and FAI are 1.1 M 

and 1.0 M respectively. We will refer to the resulting molar ratio (PbI2/FAI= MR= 1.1) as the 

standard recipe hereafter. The importance of having excess PbI2 in the precursor solution for the 

formation of pinhole-free perovskite layer has been reported previously.22,35 Cesium chloride 

(CsCl) is used as a Cs source. The details of device fabrication are explained in the supporting 

information. Although mixed halide perovskite has a wider appeal, with regard to application to 
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tandem solar cells, they also have an inherent problem: phase segregation. Hence, to study the 

effect of the molar ratio PbI2/FAI, we choose a system Cs0.18FA0.82PbI3 with enhanced stability 

that did not provide additional complexities such as phase segregation originating from halide 

components  

3.1. Impact of material stoichiometry and quenching technique on the initial performance   

In order to study if the performance and stability of the pristine device is affected by variations 

in stoichiometry, we vary the molarity of FAI in our precursor solution from 0.9 M to 1.1 M in 

0.05M increments. FAI variation is chosen as a method to vary stoichiometry as it ensures 

minimum increment of iodide ions (I-) in the precursor solution. The molarity of PbI2 and CsCl in 

all solutions are kept the same as in the reference devices (as demonstrated in Table S1). Five 

precursor solutions of different MRs: 1.2, 1.15, 1.1, 1.05 and 1.0 (for simplicity rounded to the 

nearest 0.05) are spin-coated and quenched by the ASQ technique. The annealed films are 

completed into semi-transparent devices with the following architecture: glass/ ITO/ 2PACz/ 

Cs0.18FA0.82PbI3/ C60/ SnOX/ IZO/ Au grid. Here, ITO is indium doped tin oxide, 2PACz is (2-(9H-

carbazol-9-yl) ethyl) phosphonic acid, C60 is fullerene, SnOX is tin oxide, IZO is indium doped 

zinc oxide and Au is gold. Changing MR in the precursor solution results in slight variation of 

PCE in the devices as shown in Figure 2 a. Devices with MR >1.1 exhibit higher VOC as excess 

PbI2 remaining in the precursor solution accumulates to the grain boundaries of the film and 

provides a passivating effect.21,35 This reduces non-radiative recombination and increases VOC 

(Figure S1 a). Fill factor (FF) and short circuit current density (JSC) of the devices remain 

unchanged upon changing MRs (Figure S1 b and Figure S1 c). JSC values are further verified by 

EQE measurements (Figure S2 a) and support the values shown in Figure S1 c. The absorbance 

of the perovskite films, as presented in Figure S2 b, ensures that changing MR does not change 

file:///C:/Users/fw6422/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/G9FP437O/Figure%202
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the thickness and hence the amount of light absorbed by the film. First derivative at the inflec t ion 

point of EQE of the devices provide valuable information about the bandgap of the perovskite 

material (Figure S3 a). It is evident that changing MR of the precursor solution, changes the 

perovskite material bandgap. For MR of 1.0, 1.1 and 1.2 the measured bandgaps are 1.58, 1.58 and 

1.59 eV respectively. This indicated a red shift with respect to increasing MR. This trend in 

bandgap is also verified by Tauc plot analysis from absorbance measurements (Figure S3 b). 

When the spin-coated films are annealed, the by-product formamidinium chloride (FACl) 

volatilizes. In a precursor solution with MR> 1.1 (more FAI), more formamidinium ion (FA+) is 

incorporated into the crystal lattice for the same amount of cesium ion (Cs+). This results in a blue 

shift of the bandgap in the resulting perovskite film.36 Semi-transparent PSCs are stable when 

tracked under MPP tracking at 100 mW/cm2 and 25 °C for up to 300 s as shown in Figure S4. In 

summary, while increasing MR slightly increases average and maximum PCE, minor changes of 

molar ratio from the optimum does not drastically change the device performance. Devices with 

higher MR >1.1 exhibit higher VOC because of grain boundary passivation due to excess PbI2. 

However, short-term stability (MPP tracking under illumination) is comparable for devices with 

different stoichiometries.  
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Figure 2: (a) Statistical distribution of power conversion efficiency (PCE) and (b) J-V 

characteristics of the PSCs using an anti-solvent quenching process. (c) Statistical distribution of 

PCE and (d) J-V characteristics of the PSCs using a vacuum quenching process.  

Having investigated the effect of stoichiometry, we examine in a second step the influence of 

quenching technique on device performance and short-term stability by comparing devices 

fabricated using ASQ and VQ. We fabricate vacuum-quenched devices for the same MRs as ASQ 

devices, which were fabricated concurrently. In ASQ orthogonal solvents such as chlorobenzene, 

ethyl acetate, γ-butyl acetone, etc., are dropped dynamically on the precursor solution covered 

spinning substrates.25 In VQ, instead of using orthogonal solvent, the spin-coated wet perovskite 

films are placed in a vacuum chamber and quenched using a vacuum pump.27 Figure 2  c shows 

that the PCE of vacuum-quenched devices follows the same trend in performance as anti-solvent-

Figure%202
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quenched devices for a specific MR. Champion device of each stoichiometry variation along with 

different quenching techniques are shown in Table S2. The J-V characterizations of the same are 

presented in Figure 2 b and Figure 2 d. The trend in VOC and FF for vacuum-quenched devices 

are identical with anti-solvent-quenched devices. However, the trend in JSC is slightly different 

(Figure S1 d, e and f). Profilometry measurements in Table S3 show that vacuum-quenched films 

are thinner than corresponding anti-solvent-quenched films of equivalent MR. While in ASQ film 

thickness remain constant with respect to MR, the thickness of vacuum-quenched films increases 

with decreasing MR. In anti-solvent-quenched films additional washing with anti-solvent washes 

off the excess precursor on the surface.37 In VQ, excess material stays on the film surface. Upon 

annealing, the presence of more FA+ in the precursor solution (with decreasing MR) contributes to 

formation of thicker films resulting in higher JSC.38 We also confirm the JSC values of vacuum-

quenched devices with EQE (Figure S2 c) and they comply with JSC values from J-V 

characterization. The performance of vacuum-quenched devices is on par with anti-solvent-

quenched devices with MR 1.0 performing much worse than other MRs for both quenching 

techniques does. An increase in molarity of FAI results in reduced current transport as discussed 

previously.21 In the following discussions, we will focus on only three MRs: 1.2, 1.1 and 1.05 as 

they allow the largest range in MR possible without a substantial loss of PCE. In summary, we 

confirm that devices quenched differently still have similar performance with comparable short-

term stability (MPP tracking under illumination). If the two quenching techniques result in 

similarly performing and stable devices, in which aspects are the techniques different? 

3.2. Impact of material stoichiometry and quenching technique on morphology and 

crystallization of perovskite films  

Figure%202
Figure%202
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To investigate the distinction between the different quenching techniques, we delve further into 

the details of surface morphology of perovskite films quenched using ASQ and VQ. SEM images 

of annealed anti-solvent-quenched films presented in Figure 3 a, b, and c reveals that for MR 1.2, 

bright PbI2 grains are visible along with dark perovskite grains.39 As the molarity of FAI in the 

precursor solution increases, the perovskite grain size grows and the presence of PbI2 grains 

decrease. For MR 1.05 the bright PbI2 grains completely disappear. CL images provided in Figure  

S5 further supports this observation. Hence, PbI2 assists in crystallization and formation of 

pinhole- free films and FAI contributes to growth of larger perovskite grains. A similar trend in the 

formation of perovskite and PbI2 grains is also observed in vacuum-quenched films as seen in 

Figure 3 d, e and f. Surface roughness measurements using AFM verify that surface roughness 

does not change with stoichiometry (Figure S6). OM images in the supporting information 

(Figure S7 a, b and c) show the presence of wrinkles in films quenched by ASQ. ASQ technique 

is a fast process, where orthogonal solvent is dynamically dropped onto the spinning substrate. 

The intermediate phase during film formation produces an in-plane compressive stress. 

Meanwhile, the rigid substrate prevents the film from expanding horizontally due to an order of 

magnitude difference in thermal expansion coefficients for the transparent conductive oxides or 

glass substrate40 compared to the perovskite. The resulting stress is released vertically forming 

hills and valleys, i.e., wrinkles.41 Wrinkles are not observed in optical microscopy images of 

vacuum-quenched films (Figure S7 d, e and f), resulting in wrinkle formation being a 

distinguishing feature between anti-solvent-quenched and vacuum-quenched films. The hills and 

the valleys in the wrinkle formation have different carrier lifetime, which could affect the long-

term stability of anti-solvent-quenched devices.42 In summary, changing MR affects the grain size 

Figure%203
Figure%202
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and residual PbI2 on the film surface while different quenching technique results in presence or 

absence of wrinkles on the perovskite film.  

To understand if changing MR and quenching technique also affects the crystallization of 

perovskite films we perform XRD. The XRD pattern of ASQ films of MR 1.2, 1.1 and 1.05 are 

shown in Figure 3 g. The peak at a 2θ of 12.7° corresponds to the PbI2 (100) peak. MR 1.2 exhibits 

the highest intensity at 12.7°, confirming the presence of unreacted PbI2. This ratio also has the 

lowest intensity for the perovskite PSK (100) plane of α-FAPbI3 at 14.2°. The intensity of PbI2 

(100) peak decreases as the MR decreases while the FAI content in the precursor solution and the 

intensity of PSK (100) plane increases. This change explains that more FAI is available for reaction 

with PbI2 and CsCl to form Cs0.18FA0.82PbI3. With decrease in MR, we also observe PSK (100) 

plane shift towards lower 2θ. This shift is caused due to the change in d-spacing. As more of the 

large FA+ cation is incorporated into the crystal structure, compressive strain is released resulting 

in peak shift to lower 2θ.43 Along with the shift in 2θ peak, the full width at half maximum 

(FWHM) of the PSK (100) plane also gets broader with decreasing MR, suggesting larger 

crystallite size.44 Formation of secondary phases like δ-FAPbI3 at 11.6° is not observed in this 

work. Figure 3 i confirms that vacuum-quenched films also show a similar trade-off between PbI2 

(100) and PSK (100) peaks. The trend in shifting of the PSK (100) peak to low 2θ and the 

broadening of FWHM with decreasing MR is observed. In summary, changing MR affects the 

crystallization of perovskite films. A decrease in MR (more FAI) results in larger crystallite size 

and release of compressive strain in the crystal lattice. Nevertheless, in differently quenched 

samples of the same MR, the process of crystallization remains the same.  

Figure%203
Figure%203
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Figure 3: Scanning electron microscope (SEM) images of perovskite thin films with molar ratio 

(a) 1.2 (b) 1.1 (c) 1.05 quenched using anti-solvent quenching (ASQ) and molar ratio (d) 1.2 (e) 

1.1 (f) 1.05 quenched using vacuum quenching (VQ). X-ray diffraction (XRD) pattern of (g) molar 
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ratio 1.2, 1.1 and 1.05 quenched using ASQ. (h) Peak ratio of lead iodide PbI2 (100)/ perovskite 

PSK (100) with molar ratio 1.2, 1.1 and 1.05 quenched using ASQ. XRD pattern of (i) molar ratio 

1.2, 1.1 and 1.05 quenched using VQ. (j) Peak ratio of PbI2 (100)/PSK (100) with molar ratio 1.2, 

1.1 and 1.05 quenched using VQ. 

Having studied the influence of MR and quenching technique on surface morphology and 

crystallization, we now investigate how different stress factors like light and elevated temperature 

affect these differently quenched perovskite layers. In two separate experiments, annealed 

perovskite films (glass/ ITO/ 2PACz/ Cs0.18FA0.82PbI3) are exposed to light (100 mW/cm2 and 25 

°C) and elevated temperature (dark, 85 °C) for a period of 500 h. XRD is measured on the films 

before and after the testing period of 500 hours. In a real life scenario, the two mutual stress factors 

will affect PSCs simultaneously. However, we study their effects separately to understand the 

different degradation mechanisms triggered by different stress factors. Figure 3 h shows the peak 

ratio of PbI2 (100) and PSK (100). Increment in the PbI2 (100)/ PSK (100) peak ratio is inferred as 

degradation of perovskite layer; with PbI2 being one of the by-products.45 Under both testing 

conditions, there is formation of PbI2 on aged films. Notably, while full devices with MR 1.2 and 

MR 1.1 achieved slightly higher PCE than MR 1.05, their corresponding half-stacks exhibit 

substantially more degradation, counter to initial expectations of higher PCE correlating to 

increased stability.18 For both tested stress factors, PbI2 (100)/ PSK (100) peak ratio was correlated 

to increasing MR. However, whether the increase in this ratio is correlated to decreased device 

performance stability is not yet demonstrated. Under light, the increment in ratio of PbI2 (100)/ 

PSK (100) is subtle. Elevated temperature testing shows a prominent increment in the peak 

intensity ratio of PbI2 (100)/ PSK (100) for MR 1.2. MR≤ 1.1 shows only slight increments in peak 

intensity ratio under elevated temperature condition. Figure 3 j confirms that the PbI2 (100)/ PSK 
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(100) peak ratio for vacuum-quenched films also shows similar trend, both in increment intens ity 

and in correlation between degradation and MR. This confirms that, although differently quenched 

films appear to have different surface morphologies, the same stress condition affects their 

crystallinity in a similar manner. It should be noted that studying films might not give us complete 

knowledge about the degradation mechanism that unfolds when complete devices are aged under 

standard testing protocols. Among the different standardized tests, two tests are chosen for 

understanding the role of light (ISOS-L1: 100 mW/cm2, 25 °C, MPP tracking) and elevated 

temperature (ISOS-D2: dark, 85 °C, intermittent J-V) on PSCs. 

3.3. Stability of PSCs under ISOS-L1 

To compare if the previously observed effects of light on perovskite films also exist with full 

devices, we expose anti-solvent-quenched semi-transparent devices (glass/ ITO/ 2PACz/ 

Cs0.18FA0.82PbI3/ C60/ SnOX / IZO/ Au grid) to the ISOS-L1 test condition. Details of the 

experimental setup are explained in the supporting information. Figure 4 a shows normalized 

power density at MPP (Pm) in devices with different MRs. MR 1.2 devices initially exhibit some 

light soaking effect in the first 50 h, however their PCE is overall unstable. This instability is 

attributed to current density at MPP (Jm), which decreases over the entire 500 h of testing duration 

(Figure 4 b). We attribute the reason for the decreasing Jm to ionic accumulation.22,46,47 Ionic 

migration is more pronounced for MR 1.2 because they have a smaller grain-size and more grain 

boundaries. Grain size affects the activation energy of ionic migration as the activation energy for 

this process requires a higher energy at the grain interior compared to grain boundaries.48 The Pm 

plot of MR 1.1 and 1.05 confirms that ionic migration is severely reduced in devices with a larger 

grain size, and hence these devices exhibit no ionic accumulation. Therefore, their measurement 

for the entire duration of 500 h under identical conditions shows stable performance. While a 
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precursor solution with MR 1.2 (20% excess PbI2 because of less FAI) boosts performance of the 

devices due to grain boundary passivation, it also reduces the stability of the devices during MPP 

tracking under illumination (~10% loss in Jm in 500 h). Voltage at MPP (Vm) for different 

stoichiometries does not change during the testing period (Figure S8). J-V characterization and 

EQE of devices with different stoichiometries before and after ISOS-L1 is compared in Figure  

S9. Hence, we verify that MR 1.2 in the precursor solution is detrimental to the stability of PSCs. 

However, MR 1.1 (10% excess PbI2) is an acceptable range resulting in a stable performance as 

seen in our reference devices. Degradation of vacuum-quenched devices of different 

stoichiometries are similar to the trend reported above and are presented in Figure S10 in 

supporting information. 

 

Figure 4: Normalized (a) power, (b) current density at maximum power point (MPP) tracking of 

anti-solvent-quenched devices of different stoichiometries under ISOS-L1 test condition (100 

mW/cm2, 25 °C, MPP tracking) for 500 hours. 

3.4. Stability of PSCs under ISOS-D2 
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To understand if the effect of having MR >1.1 (less FAI) in the precursor solution is as 

detrimental on stability under elevated temperature as under illumination; we aged semi-

transparent devices of the previously mentioned architecture under the ISOS-D2 condition. 

Normalized PCE from intermittent J-V for MR 1.2, 1.1 and 1.05 are shown in Figure 5 a. It is 

notable that while devices with MR >1.1 and MR <1.1 show a drop in performance, reference 

devices with MR =1.1 are stable over a period of 500 h. From Figure 5 b and Figure 5 d, we 

observe that a drop in VOC and FF is the main reason for decreasing PCE (~10% loss for MR 1.2 

and ~5% loss for MR 1.05). Under elevated temperature over a period of 500 h, non-radiative 

recombination either in the perovskite layer or at interfaces of perovskite layer with charge 

transport layers, result in a decrease in these parameters.49,50 Ideality factors calculated for full 

devices as shown in Figure S11 support this finding, for MR = 1.1 devices there is no change in 

the ideality factor before and after ISOS-D2 testing. Comparison of J-V characterization and EQE 

of devices with different stoichiometries before and after ISOS-D2 testing is present in Figure  

S12. Elevated temperature affects vacuum-quenched devices of different stoichiometries in a 

similar manner and results are presented in Figure S13. 
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Figure 5: Normalized (a) PCE (b) VOC (c) JSC and (d) FF from J-V measurements of ASQ devices 

of different stoichiometries under ISOS-D2 testing (dark, 85 °C, intermittent J-V) for 500 hours. 

Having developed understanding about the individual effect of light and elevated temperature 

stress on the stability of PSCs, it is important to understand the role of mutual stress (simultaneous 

light and elevated temperature stress) affects the performance of PSCs as such conditions are more 

realistic to real-life outdoor operation. To understand the same, we performed MPP tracking of 

anti-solvent-quenched reference (MR 1.1) semi-transparent devices at 100 mW/cm2 and 85 °C as 

shown in Figure S14 a. As a combined effect of both light and elevated temperature, from Figure  

S14 b we see drop in both Jm and Vm for the champion device. The drop in the former is attributed 

to ionic accumulation as discussed in ISOS-L1 and the latter is an effect of elevated temperature 

on the absorber, the charge transport layer or the interfaces as reflected in drop in VOC and FF in 
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ISOS-D2. Both stress factors contribute to more pronounced ionic accumulation and loss in 

performance during MPP tracking. 

In summary, the degradation mechanisms under different stress conditions are dissimila r, 

affecting different photovoltaic parameters. Reference devices are stable under both light (ISOS-

L1) and elevated temperature (ISOS-D2). Under ISOS-L1 testing, MR >1.1 (less FAI) suffer from 

ionic accumulation and show a drop in Jm. Under ISOS-D2 for non-standard devices (MR >1.1 

and MR <1.1) either the perovskite layer or interfaces of perovskite layer with charge transport 

layers degrade affecting VOC and FF.  

3.5. Analysis of recovery after stress of PSCs  

To understand the influence of different stress factors on the recovery dynamics of PSCs, 

degraded devices are stored in dark under N2 atmosphere. Intermittent J-V characterizations of the 

degraded devices at intervals of 24 h and 250 h are performed. This time scale is chosen 

considering stress factors can have either a transient effect on PCE (which recovers on removal of 

stress factors) or a more permanent effect (which does not recover).51 There are many reports 

claiming that PSCs can undergo recovery during storage in the dark, where the effects of 

degradation can be reversed. 33,52,53 They observe that a PCE decline to 80% of the initial value 

can be primarily attributed to transient degradation, occurring due to reversible ion migration or 

metastable defect formation. However, such recovery was not observed beyond when the PSC 

experienced extensive degradation of up to 50% of the initial PCE.32 Both transient and permanent 

trends have been observed in the same devices dependent on the stage of degradation.54 The radar 

plot in Figure 6 a summarizes the average PCE of devices with different stoichiometries tested 

under ISOS-D2 and ISOS-L1. The performance of devices post accelerated testing under ISOS-

D2 (labelled in red) follows the same trend as during the accelerated testing period. The best 
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performing reference devices (MR 1.1) show negligible drop in PCE during and after 500 h of 

testing. However, devices with MR >1.1 (less FAI) and MR <1.1 (more FAI) exhibit reduction in 

PCE after 24 h (in purple) and 250 h (in brown) of dark storage. This reduction in performance is 

mainly due to the loss in VOC as shown in Figure 6 b. FF of the devices also decreases after 24 h, 

which recovers partially after 250 h (Figure S15 b).  
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Figure 6: (a) Radar plot of average PCE and (b) radar plot of average VOC of devices with different 

stoichiometries aged under ISOS-D2 (red) and ISOS-L1 (blue). Devices are measured by J-V 

characterizations before the accelerated testing (brown), after 24 h (purple) and 250 h (orange) of 

dark storage. (c) Electro-luminescence (EL) images of devices with MR 1.2 and MR 1.05 after 

dark storage of 250 h post ISOS-L1 testing (d) Extracted charge carrier density of devices with 

different stoichiometries aged under ISOS-L1 and dark storage of 250 h measured by charge 

extraction by linearly increasing voltage (CELIV). 

During ISOS-L1 testing, we observe that the Jm of devices with MR 1.2 (less FAI) exhibits 

continuous reduction. However, EQE performed after 24 h of dark storage in Figure S9 does not 

show a corresponding reduction in JSC. Redistribution of ionic accumulation during dark storage 

could possibly cause such behavior.55 Moreover, the sub-linear dependence of the short-circuit 

current density on light intensity has been reported previously. The expected decrease in integrated 

JSC from EQE corresponding to the decrease in Jm from MPP tracking can be observed with 

increasing incident light intensity during EQE measurement.56 Figure S15 b also confirms this 

hypothesis, as the FF for MR 1.2 exhibits partial recovery after 250 h of dark storage. Recovery 

of bias-induced degradation is characterized by improvement of the degraded FF with dark 

storage.51 The ability of PSCs to recover in the dark depends on the reason behind the drop in 

performance. The decrease in performance observed under ISOS-L1 for MR 1.2 can be considered 

transient degradation due to ionic accumulation at the interface, which are known to be recoverable 

due to redistribution during dark storage.57 Simultaneously, deep traps are formed in the perovskite 

layer under illumination. However, while under persistent illumination, their effect can be masked 

with photo-generated charge carrier passivation. In dark, with de-trapping of the photo-generated 

charge carriers, their effect becomes more evident. We report that for FAI-rich stoichiometry, 
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molar ratio (MR) ≤1.1 the increased deep traps result in drastic decrease in open circuit voltage 

(VOC) along with drop in short-circuit current density (JSC) and fill factor (FF) when stored in the 

dark. The drop in the latter two parameters could originate from shallow traps at the interface. The 

damage done by such deep traps in the perovskite bulk at later stage of degradation are non-

recoverable.32 Performance of devices with MR ≤1.1 (reference devices and devices with more 

FAI) is severely impacted under dark storage. This reduction in performance can be attributed 

mainly to formation of deep traps and corresponding loss in VOC.32 It is noticeable that no recovery 

of FF of devices with MR ≤1.1 is observed.51 In summary, all MRs exhibited reduction in 

performance during storage in dark conditions. 

To shed light on the non-recoverable degradation of MR ≤1.1 (reference devices and devices 

with more FAI) during dark storage, EL was measured on degraded samples. EL images presented 

for MR 1.2 and MR 1.05 in Figure 6 c clearly show that even though devices with MR 1.2 (less 

FAI) suffer transient degradation under accelerated testing, after dark storage they still show some 

luminescence related to the local voltage. However, MR 1.05 devices that performed well under 

ISOS-L1 testing show severe defect distribution during storage in dark and no luminescence. 5 8  

The EL images also exhibits other features.The lines on the top-bottom are gold busbars 

evaporated to facilitate charge collection from the IZO semi-transparent top contact. The light from 

the bottom are reflected from the gold busbars and hence they seem more brighter. The variation 

of luminescence from corner to center is due to the thickness variation of perovskite. Since the EL 

image provided in Figure 6 c is for ASQ, the force of the anti-solvent drop at the center could 

cause such gradient in the thickness and hence, the variation in the luminescence.  

In Table S1, we present the reason behind this peculiar behavior of devices tested under ISOS-

L1. The existence of localized shunts in devices with different MRs correlates to the amount of 
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iodide present in the precursor solution. Devices implementing MR ≤1.1 (reference devices and 

devices with more FAI) have a higher concentration of I- ions. I- ions have been reported to exhibit 

a lower activation energy of 0.1eV as compared to organic cation MA+ (0.5eV) or Pb2+ (0.8eV) 

ions.59 According to literature, the I- ion migration can be  activated at room temperature under 

illumination in presence of bias voltage.60 It was previously shown that degradation due to I- ion 

migration is more prominent in “encapsulated” devices where I2 species are unable to escape, 

similar to our semi-transparent devices.61 As discussed in prior reports in our devices too, I- ions 

move towards the electron transport layer (ETL) and iodide vacancies (VI-
+) migrate towards the 

HTL.59 In case of higher concentration of iodide ions like in MR 1.05, excessive ion migration can 

worsen the quality of perovskite. The resulting localized shunts formation visible in optical 

microscope images of perovskite films on HTLs aged under identical conditions (100 mW/cm2  

light at 25°C) as presented in Figure S16. Pinhole formation surrounded by light hued FA+ rich 

region in films gives a clearer picture of the damage that occurs inside a complete device, 

especially at the HTL side. The migration of I-/VI-
+ and their accumulation at the ETL/HTL 

respectively promotes non-radiative recombination in the PSCs as observed in our devices with 

loss in VOC and FF. Further inspection of the loss in VOC with MS analysis (depicted in Figure  

S17) reveals that the built-in potential (Vbi) of the MR 1.2 devices show the most impressive 

recovery to 1.00 V during dark storage after Vbi drops drastically to 0.89 V post ISOS-L1 testing. 

In comparison, while MR 1.1 and MR 1.05 exhibited an initial higher Vbi, they do not show any 

recovery in Vbi post dark storage. This trend in recovery of Vbi are further backed by the EL results. 

Formation of localized shunts could cause a drop in Vbi resulting in increase in minority charge 

carrier recombination and reduction in VOC as observed in Figure 6 b.62,63 CELIV measurements 

in Figure 6 d also supports this hypothesis. With delayed extraction time, recombination in MR 
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1.1 and 1.05 results in fewer charge carriers being extracted as compared to MR 1.2. Figure S18 

confirms that such decay in the charge carrier extraction is not observed for devices degraded 

under ISOS-D2. Recent literature provides many options to cater the problem of iodine migrat ion 

reported in this article. Increased large and small cation incorporation or inclusion of Cl-, can help 

mitigate the challenge of iodide ion migration.64–67 Recovery of PSCs under mutual stress factors 

is beyond the scope of this study. 

Hence, we encourage the community to observe the impact of such a phenomenon occurring 

under dark conditions more carefully by performing post degradation and dark recovery analysis. 

The consequences are highly relevant for outdoor measurements as the effects are most likely to 

propagate to the next diurnal cycle.52,68 Proper reporting of post degradation and dark recovery 

analysis aids in understanding the impact of material stoichiometry of PSCs and tackling the 

repercussion of such ambiguous phenomenon.  

4. Conclusion  

This work reports the influence of material properties (stoichiometry and morphology) on the 

long-term stability of PSCs under different stress conditions (light and elevated temperature). Our 

investigations reveal that in spite of the stability in presence of light, I- ion migration and VI-
+

 

creation can affect the device performance in the dark. The impact of I- ion migration and VI-
+

 

creation can go unnoticed while performing outdoor operation due to the existence of mutual stress 

factors. However, its effect can propagate to the next diurnal cycle and have severe consequences 

on long-term stability.  

By comparing quenching techniques that result in the presence of wrinkles (ASQ) or in their 

absence (VQ), we demonstrate that the long-term stability of the equivalent composition 

perovskites is independent of film morphology. Comparing different stoichiometries, we show 
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that, for similar perovskite stoichiometries, the highest initial PCE (MR = 1.2) does not correlate 

to long-term device stability under light or elevated temperature exposure. These results runs 

contrary to established theory,18 and indicate that ancillary effects are responsible for previously 

reported correlations between performance and stability.  

Furthermore, we illustrate the need for more robust stability testing by demonstrating that 

devices which are initially stable under light exposure show formation of localized shunts during 

storage in dark. We isolate the mechanism for this degradation as being due to I- ions migrat ing 

towards the ETL under illumination (in presence of bias). Resultant VI-
+

 defects move towards the 

HTL inducing non-radiative recombination.in the perovskite absorber The presence of I- species, 

which is a boon for harvesting photons in the infrared range, making PSCs viable in the PV 

industry, is actually a bane on the long run, and the reason behind their permanent degradation. 

Hence, proper reporting of stability under different stress factors (light and elevated temperature) 

is imperative. Emphasis on post degradation as well as dark recovery analysis can contribute to 

understanding and mitigating the influence of such undesirable phenomena occurring in the dark.  
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