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Abstract 

Operational and long-term stability of perovskite solar cells are critical for their 

commercialization at large scale. To mitigate the stability issues, the fundamental understanding 

of physicochemical processes associated with the degradation of perovskite materials is needed. 

Here, we measure time resolved mass spectrometry of the evolved gas species during the 

photoinduced degradation of organic-inorganic lead trihalide perovskites with commonly-used 

monovalent cations, including methylammonium (MA), formamidinium (FA), and Cs. Our 

results indicate that the hot-carrier-induced deprotonation of MA+ cations is the fundamental 

origin of the photodegradation, which inevitably leads to the release of volatile species such as 

ammonium (NH3), aminocarbyne fragments (CNH2), hydrogen (H2), and iodine/hydrogen iodide 

(I/HI) from methylammonium lead iodide (MAPbI3) at different rates under simulated one sun 

solar illumination. The photodegradation processes can be mitigated by applying ultra-violet 

(UV) filters with proper cutoff wavelengths to the light source. Additionally, we demonstrate 

that the incorporation of FA reduces the release of organic species but does not prevent the 

formation of I/HI. However, the addition of Cs effectively suppresses the release of all volatile 

gases. The best photostability is obtained from the FA/Cs mixed perovskites, showing that the 

complete removal of MA from mixed-cation perovskite is preferred for more photostable 

perovskites.   
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Introduction 

In the past few years, organic-inorganic metal halide perovskites have emerged as an exciting 

class of photovoltaic (PV) materials.1, 2 With high certificated power conversion efficiencies that 

exceed 23.3%3 and low-cost solution-based fabrication processes, perovskite solar cells (PVSCs) 

are projected to rival other more established PV technologies in the market, especially on the 

aspects of the levelized costs of energy (LCOE),4 life-cycle environmental impacts,5, 6 and 

energy payback time (EPBT).7, 8 Recent progress on large-area deposition techniques,9-11 

combining with advances in materials engineering to improve device performance and 

durability,12-17 makes PVSCs attractive for more practical, commercial applications. However, 

major obstacles remain before high volume deployment of perovskite PV modules becomes 

feasible.18 The most critical one is the lack of operational and long-term stability. To be 

commercially viable, PVSCs need to retain robust stability throughout their lifetimes. The fact 

that most established PV companies provide a 25-year warranty for their products sets a high bar 

for perovskite PV technology to enter the energy production market.19 

Over the last decade, lifetimes of PVSCs reported in literature have extended from few hours to 

over a year.20 However, most high efficiency perovskite solar cells based on triple-cation 

(methylammonium, MA; formamidinium, FA; Cs) lead trihalide perovskites exhibit a certain 

degree of degradation under continuous operational conditions.21 In an attempt to understand and 

eliminate degradation, the origins and processes of the device degradation are under intense 

investigation.22 Degradation mechanisms of metal halide perovskite materials and devices under 

different environmental conditions have been extensively explored.23-35 In general, a variety of 

extrinsic factors, including light,36-42 heat,43-45 atmosphere (e.g., oxygen and moisture),42, 46-48 and 

electric filed,49, 50 are attributed to the degradation of perovskite materials and devices. Among 
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them, heat, moisture, and electric filed related degradation can be mitigated by employing 

appropriate encapsulation and interface protection,16, 51-53 while solar irradiation that contains 

substantial energetic photons is an unavoidable stress during the operation of a solar cell.  

A recent literature review that surveyed 50 publications shows that the stability of PVSCs is 

strongly reduced under illumination,36 which hinders the practical application of PVSCs. To 

mitigate this photoinstability issue, the fundamental understanding of physicochemical processes 

associated with the photodegradation of perovskite materials is needed. Thus far, only a few 

studies have investigated the degradation processes of perovskite films under illumination via X-

ray photoelectron, diffraction, and absorption spectroscopies,40-42 with an emphasis on 

monitoring the chemical and structural changes in the perovskite films. Despite these efforts, 

little is known about the formation and escape rates of the volatile decomposition products 

during the photodegradation processes. Most recently, Nickel et al. reported an investigation on 

the photodegradation of MAPbI3 by analyzing the residual gas composition,39 providing insights 

on understanding the photodegradation mechanisms, However, the measurements of gas effusion 

were limited to few selected low atomic weight (< 32) gas molecules, and volatile species across 

the full spectrum of the photodegradation products, especially iodine or iodide vapors, are not yet 

unraveled. The missing information may hinder the accurate understanding of the degradation 

mechanism and underestimate the impact of MA on the stability of state-of-the-art triple-cation 

(FA/MA/Cs) perovskites, which have demonstrated much improved photostability than mixed 

FA/MA perovskites.13, 14, 54 Therefore, more detailed work is needed to develop a comprehensive 

understanding of the underlying degradation mechanisms and pathways.55 

Herein, we address this need, by employing high-resolution time resolved mass spectrometry 

(MS) to monitor the gas emission during the photodegradation of organic-inorganic halide 
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perovskites in vacuum and under different illumination conditions. Starting with the archetypal 

perovskite, methylammonium lead iodide (CH3NH3PbI3 or MAPbI3), we measure the escape 

rates of volatile photodecomposition products and identify the photon energy threshold for the 

photodegradation of MAPbI3 using a filtered light source. For the first time, we observed that 

MA gas is released faster than HI under illumination, indicating that photodegradation is likely 

originated from the hot carrier-induced deprotonation of MA+ cations. Moreover, we study the 

photostability of a series of FA/MA/Cs mixed-cation perovskites, demonstrating that the 

incorporation of FA does not fully stop the photodegradation, but the incorporation of 

nonvolatile Cs+ into perovskite films leads to improved photostability. The results show that the 

complete removal of MA from mixed-cation perovskites is preferred for more photostable 

perovskites.   

Results and Discussion  

We start our investigation with the archetypal perovskite material, i.e., MAPbI3. A built-in-house 

temperature programmed deposition spectroscopy system56 (Figure S1) was used to measure in-

situ evolution of MS, and to identify the chemical compositions of the released gases from 

MAPbI3 under simulated solar radiation. Figure 1a shows the evolution of mass-to-charge ratio 

(m/z) spectrum recorded as a function of light exposure time (See the Experimental Methods for 

details). A variety of gas species including H2 (m/z = 2), NH3 (m/z = 17), H2O (m/z =18), 

CH3NH2 (m/z = 28 - 31), HI (m/z = 64 or 128), and I2 (m/z = 127) were detected. By measuring 

these partial pressures as a function of time, the photodegradation dynamics of MAPbI3 was 

determined (vide infra). The comparison of the relevant peaks at the initial stage and at a time 

during the photodegradation are shown in Figure 1b-f. The significant increase in the partial 

pressures of the gas signals clearly indicates the presence of the volatile decomposition products 
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through photodecomposition of MAPbI3. It is worth noting that MS signals are comprised of the 

fragments of molecules due to the electron bombardment during the ionization process in the 

quadrupole ion analyzer. Multiple fragments from a gas content can be detected, and one 

fragment species may originate from different parent molecules. Because of this, the chemical 

compositions that revealed by MS are manifold, and chemical complexity needs considered 

while analyzing the data.  

 

 

Figure 1. (a) Evolution of mass spectrum (m/z) of the released gases during the photoinduced 

decomposition of CH3NH3PbI3. Comparison of the characteristic m/z peaks of the pristine and 

degrading sample, including (b) H+, (c) NH3
+/H2O

+, (d) CNH2
+/ CH2NH2

+/ CH3NH2
+, (e) HI2+, 

and (f) I+/HI+. 
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Turning to the detailed analysis of photodegradation process, the release of H2O was initiated 

after the MAPbI3 was exposed to light for ~ 5 min (300 s). Due to the hygroscopic nature of 

perovskites,46 water molecules could either be adsorbed on the surface of the perovskite57 or 

infiltrate in grain boundaries to form the hydrated perovskite phases.58 The observation of photo-

induced desorption of water indicates the high physisorption affinity of water molecules to 

perovskites, which leads to substantial water adsorption even for a short time exposure (2 to 3 

min) to the air during the sample transfer. However, the amount of water desorbed from 

perovskite is challenging to quantify because water contributes significantly to the base pressure 

of a typical high vacuum (~10-7 Torr) chamber (Figure S2), and its partial pressure is sensitive to 

the subtle chamber condition changes and degassing of other gas species. Therefore, water is not 

used as the primary indicator for the photodegradation analysis in this study.  

The release of methylamine (CH3NH2 or MA) and HI signals commenced at ~20 min (1200 s), 

signifying the beginning of photodegradation of MAPbI3. The peaks observed at m/z = 2 (Figure 

1b) and m/z = 17 and 18 (Figure 1c), corresponding to H2 and NH3/H2O, respectively, could be 

directly produced by the photodecomposition of MAPbI3 or from the ionization byproducts of 

MA. The released MA was characterized by three aminocarbyne fragments at m/z ratios of 28 

(CNH2), 30 (CH2NH2), and 31(CH3NH2), as shown in Figure 1d, which is consistent with the 

reference MS of MA (Figure S3). The release of NH3 and MA gas molecules can break the phase 

equilibrium homogeneity in MAPbI3 and worsen the decomposition of pristine perovskite phase 

by triggering a phase transfer from the pure corner-sharing Pb-I octahedra perovskite network 

into an inhomogeneous combination of MAPbI3 perovskite, layered PbI2, and the low-
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dimensional perovskites.59, 60 This phase transition creates more vulnerable defect sites on the 

grain boundaries with loose bonding or dangling bonds that are prone to decomposition.  

The release of HI gas was evident in the single and double charged HI with m/z ratios of 128 and 

64, respectively (Figure 1e and f), which was not found in the previous photodegradation study.39 

The signal of m/z = 127 could be attributed to HI as well as the single charged I or double 

charged I2, indicating an equilibrium between I2 and I- exists in the perovskite films during 

photodegradation. The condensation of I2 residues on the inner wall of the sample conditioning 

tube (Figure S4) reveals the simultaneous formation of I2 gas with HI, consistent with a recent 

report on measuring optical absorption spectrum of I2 release from MAPbI3 in toluene under 

illumination.61  Both I2 and HI are detrimental to the stability of perovskite films. Iodine vapor 

could induce severe degradation of MAPbI3 due to chemical chain reactions.62 HI is a high 

corrosive acid which could cause severe damage to the perovskite crystals upon contact and 

accelerate the degradation of perovskites.  

The aforementioned results reveal that the MA derivatives and I2/HI gases are the primary 

volatile products during the photodegradation of MAPbI3. Interestingly, the photodegradation 

products of MAPbI3 differ from thermal degradation in which CH3I and NH3 were detected at 

above 300 ˚C by MS measuremensts.44 Although photo- and thermal degradation results in 

different products, there should be a chemical equilibrium between these gasses, which favors 

the formation of MA and HI at low temperatures (~60 ˚C under illumination) but tends to form 

CH3I and NH3 at high temperatures (> 300 ˚C). Nonetheless, for both degradation pathways, the 

decomposition of perovskite is associated with the release of volatile gases, especially MA and 

HI. It is noteworthy that while some work has demonstrated that photo-induced superoxide 

formed in presence of oxygen or oxide interface leads to the photodecomposition of 
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perovskite,37, 63-65 the results here show that oxygen is not necessary for the photodecomposition 

since no oxygen or superoxide signals were detected.     

To further elucidate the degradation mechanisms, we measured the photon energy dependences 

of the photodegradation of MAPbI3. Long pass filters with various cutoff wavelengths were used 

to remove the high energy photons that are known to be particularly detrimental to PVSCs.39, 64 

Figure 2 show the evolution of the MS traces of MA and HI from MAPbI3 films exposed to 

illumination with the spectra filtered with short wavelength photons being cut off at 280, 320, 

370, 395, 420, and 455 nm. The transmittance spectra of the filters and full spectra of the MS 

data are shown in Figure S5 and S6, respectively.  

 

Figure 2. Mass spectroscopy traces of CH3NH2 (28-31) and HI (126-127) during the 

photodecomposition of MAPbI3 films under the illumination of a xenon lamp equipped with a 

long pass optical filter with a cutoff wavelength of (a) 280, (b) 320, (c) 370, (d) 395, (e) 420, and 

(f) 455 nm. 
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Insights into the dynamics and kinetics of photodegradation of MAPbI3 can be obtained from 

analyzing the gas emission processes. First, the MS traces of MA and HI (Figure 2a-d) show a 

general trend of an increase in MA and HI partial pressures to the maxima followed by a decline 

to a residual level, indicating the photodegradation of MAPbI3 is a self-limiting process that 

likely initiates on the surface of the film or at grain boundaries, reaches the pressure maxima 

when most surface bonds are cleaved, and then slows down due to the formation of more 

photostable PbI2 on the surface. This finding is consistent with the report that photodegradation 

of MAPbI3 saturated after the decomposition of the surface layer.38 Beyond that, the escape rates 

of the residual gas determined by the time derivative of the partial pressure decreased with 

increasing the cutoff wavelength (Figure S7), likely due to the retarded photodegradation by 

removing highly energetic photons. The residual gas signals were in the minimum detectable 

range and negligible when the 420 (Figure 2e) and 455 nm (Figure 2f) filters were applied, 

respectively, indicating a minimum photon energy of 2.95 eV (~420 nm) is needed for triggering 

light-induced degradation of MAPbI3. Considering the bandgap of 1.55 eV for MAPbI3,
45 the 

excess kinetic energy of photoexcited charge carriers (~1.4 eV) is close to the energy associated 

with the deprotonation of MA+ cations (1.49 eV) reported in the literature.66 It is worth noting 

that our result is more accurate than the minimum energy of 2.72 eV required for the light-

induced dissociation of MAPbI3 perovskite reported by Nickel et al.39 To verify that the 

mitigation of photodecomposition is merely due to removal of high energy photons rather than 

reduction of light intensity, we performed the MS measurements under reduced illumination 

intensities (25%) achieved by using neutral density filter with ODs of 0.6. Figure S8 shows 

evidence of photodecomposition even under this weak illumination condition (~25 mW/cm2), 

confirming the high energy photons are responsible for photodegradation of MAPbI3.    
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The detailed analysis of in-situ MS measurement data provides insights into the kinetics of the 

photodecomposition process. Interestingly, MA exhibits higher partial pressure than HI at the 

early stage of photodecomposition process and reach the peak prior to HI in most cases (Figure 

2a-d), indicating that MA is released faster than HI when photodegradation occurs. The result 

reveals that MA+, i.e., CH3NH3
+ (the protonation of MA molecule), is more vulnerable against 

high energy photons than I- and is more likely to be the origin of photodegradation of perovskite. 

It is worth noting that a clear initial spike in the MA signal was observed in some MAPbI3 films 

(Figure 2a-c), likely due to the existence of MA+ cations on film surfaces and in grain 

boundaries.67 It is known that MAPbI3 surfaces contain under coordinated MA+ cations.68 

Photoexcitation could release those loosely bounded MA gas molecules by a deprotonation 

process, leading to the initial spike in the MA signal.  

Applying a filter to eliminate UV photons is an effective strategy to improve the photostability of 

perovskite materials and devices. Additionally, when the perovskite films are fully encapsulated, 

the volatile photodecomposition products cannot escape and thus persist in the films, retaining 

the perovskite phase. However, these approaches do not solve the intrinsic instability issue of 

MAPbI3. Alternatively, many studies suggest that incorporation of less volatile large organic 

(e.g., formamidinium (FA)) and monovalent metal cations (e.g., Cs+) can significantly enhance 

photostability.1, 14, 69  To explore the effect of the A-site cation on the photostability of perovskite 

materials, we performed MS measurements on a variety of single- and mixed cation perovskites. 

Figure 3a shows the accumulated MS signals of organic species (i.e. MA and FA derivatives) 

and HI for perovskite films with various (CsxFAyMA1-x-y)PbI3 compositions, including MAPbI3, 

FAPbI3, MA0.7FA0.3PbI3, FA0.95Cs0.05PbI3, FA0.9Cs0.1PbI3, FA0.8Cs0.2PbI3, and 

(MA0.7FA0.3)0.8Cs0.2PbI3, after 7 h light exposure. Detailed traces of the corresponding curves are 
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shown in Figure S9. As expected, we found MAPbI3 had the most severe photodecomposition. 

Interestingly, gravimetric analysis shows that MAPbI3 lost about ~30% of initial weight, more 

than the weight ratio (25.6%) of MAI (159 g/mol) to MAPbI3 (620 g/mol), indicating the further 

decomposition of PbI2 into metallic lead (Pb0) and I2 gas.41, 70 FAPbI3 show significantly lower 

emission of organic species (mainly in terms of CNH and CNH2) but comparable HI compared 

with MAPbI3 (Figure 3b). Although improved photostability of FAPbI3 was reported,69 the 

significant release of HI could still fundamentally limit the durability of FAPbI3. In contrast, 

incorporating Cs into FAPbI3 significantly suppressed the photodecomposition of perovskite 

materials. The photostability of perovskite increases with increasing Cs proportion, with 

FA0.8Cs0.2PbI3 showing the two orders of magnitude less materials loss during continuous 

illumination (Figure 3c). Interestingly, the addition of MA to the mixed-cation perovskites 

(FA/MA and FA/MA/Cs) shows worse photostability than their pure FA and FA/Cs 

counterparts, indicating the UV-photons induced degradation of the perovskites is mainly 

attributed to MA cations.  
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Figure 3. Total amounts of organic species and HI gases released from various perovskite films, 

including MAPbI3, FAPbI3, MA0.7FA0.3PbI3, FA0.95Cs0.05PbI3, FA0.9Cs0.1PbI3, FA0.8Cs0.2PbI3, and 

(MA0.7FA0.3)0.8Cs0.2PbI3 under the simulated illumination of 100 mW/cm2 for 7 h. Time-resolved 

mass spectra of (b) FAPbI3 and (c) FA0.8Cs0.2PbI3 under the simulated illumination of 100 

mW/cm2. 

 

The above observation leads us to hypothesize that the photodegradation mechanism of MA-

contained perovskites proceeds through a sequence of steps involving: (1) photoexcitation of hot 

carriers; (2) deprotonation of MA cations and formation of MA gas near surface or grain 

boundary regions; and (3) formation of HI gas and iodine vacancies (VI) (deterioration of PbI6 

octahedron), as described by Equation (1) - (3) and shown in Figure 4.  
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Figure 4. Schematic representation of photodegradation mechanism. (a) Hot carrier generation, 

(b) deprotonation and release of MA gas, and (c) formation of HI gas and VI.  

 

The generation of long lived hot electrons is a requisite for the observed photodegradation of 

MAPbI3 (Equation (1) and Figure 4a). Recent studies reported that hot carriers in perovskite 

have a relatively long lifetime (~100 ps) and can migrate a long distance (up to 600 nm) in 

perovskite crystals.71-73 A hot electron may interact with a MA cation via columbic coupling. The 

hot electron may transfer its excess energy to the MA cation and deprotonate it, releasing free 

protons and volatile MA gas (Equation (2) and Figure 4b). The free protons then pair with under 

coordinated I atoms on the surface, forming HI gas and iodine vacancies (i.e., deteriorated PbI6 

octahedra) (Equation (3) and Figure 4c). We speculate that HI formation is the most detrimental 

species to the stability of perovskite because the continuous loss of HI can cause the breakdown 
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of the Pb-I framework via an equilibrium phase transfer from the corner-shared to the face 

shared Pb-I octahedra, leading to the catastrophic decomposition of MAPbI3 into PbI2. The loss 

of HI completely changes the morphology of MAPbI3 films, turning the compact and smooth 

perovskite films into discrete PbI2 crystals (Figure S10). Although the primary gas products of 

the photodegradation are MA and HI, other gas species, such as H2, NH3, and I2, may coexist via 

a photochemical equilibrium in the atmosphere. Nonetheless, preventing the formation of 

volatile gases could be an effective strategy to mitigate the photoinstability issue of perovskite.  

The mechanism of improved stability of Cs contained perovskite is attributed to the low 

volatility of Cs. Due to its small ionic size (167 pm) compared with MA+ (217 pm) and FA+ (253 

pm),74 it is reasonable to expect Cs+ ions to segregate into surface and grain boundaries, a 

process that reduces strain and, therefore, is energetically favorable. As discussed earlier, organic 

MA and FA cations tend to deprotonate and vaporize after receiving energy from hot carriers 

generated by high energetic photons. In contrast, Cs has much lower vapor pressures and has no 

proton. Preserving monovalent cations limits the formation and release of HI gas, locking iodine 

atoms in the perovskite framework. Therefore, the intrinsic decomposition of iodine-based 

perovskites can be eliminated, showing the potential for long-term stability. However, the triple 

cation (MA0.7FA0.3)0.8Cs0.2PbI3, unlike its FA/Cs counterpart, still released substantial amounts of 

organic species and HI gases under continuous illumination (Figure 3), indicating the intrinsic 

instability of perovskite materials incorporating MA cations. To overcome the instability issue, 

the MA contents in the perovskites should be reduced or eliminated. 

 

Conclusion 
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In summary, we have investigated the photodecomposition of MAPbI3 under different 

illumination conditions using MS. We demonstrated that photodecomposition is a self-limited 

process, identified the photon energy threshold of ~ 3 eV to trigger the decomposition of 

MAPbI3, and showed that the release of MA is prior to HI. Lastly, we found that incorporating 

Cs and removing MA can improve photostability of perovskite materials. Our findings suggest 

that compositional engineering of perovskite materials and UV filtering can prevent the 

photodegradation of the organic components and thus increase the operational and long-term 

stability of organic-inorganic halide perovskite solar cells. 

 

Experimental  

Synthesis of perovskite thin films 

The perovskite films were synthesized following a previously published method. Details are 

included in the Supplemental Information.  

Time-resolved mass spectroscopy measurements 

Mass spectra of perovskite films were obtained using a custom dynamically-pumped temperature 

programmed desorption system. For each degradation measurement, a perovskite film (1 inch by 

0.25 inch) was placed in a quartz tube that connected to the primary chamber of the system. The 

system was pumped down for ~20 h to allow degassing of the specimen prior to the photon 

induced degradation measurement. The chamber was evacuated to <10-7 Torr before each 

measurement. The degradation process was monitored using a quadrupole mass spectrometer 

(Stanford Research System, RGA 300). The mass spectrum with a range of 1 to 150 atomic mass 
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unit (AMU) was recorded in a 5 s interval. Prior to the illumination, background signals were 

first collected for 10 min in dark and the averages were subtracted from the main signals. After 

that, the sample was exposed to a simulated solar irradiance of ~100 mW/cm2 generated by a 

Xenon arc lamp. For the spectroscopic-dependent measurements, a long wavelength filters with 

the cutoff edge at 280, 320, 370, 395, 420, or 455 nm were used to eliminate the influence of 

high energy photons.  
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