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SUMMARY

Solar panels (modules) based on metal halide perovskites are
following a fast track to commercialization. Unlike more established
solar cell materials, there are not yet decades-long field observa-
tions to increase consumer confidence. The ‘‘physics and chemistry
of failure’’ approach is used in other industries and estimates prod-
uct degradation based on laboratory accelerated tests integrated
with an understanding of degradation mechanisms. This work uses
that approach to quantify the relationship between accelerated
tests and projected product behavior for metal halide perovskite
modules. Degradation involving photooxidation of methylammo-
nium lead iodide is used to illustrate the method. Acceleration fac-
tors in common accelerated tests are found to be low. Conclusions
emphasize that the accelerated tests on photovoltaics should not
be interpreted as equivalent across module types or as a green light
for commercialization unless supported by the appropriate field
data or physics and chemistry of failure analysis.

INTRODUCTION

Metal halide perovskite (MHP) photovoltaic (PV) devices have exhibited impressive

cell efficiencies. Furthermore, these solar absorbers have been deposited via

numerous solution and vapor deposition techniques that are viewed as less costly

than Si wafer processing for traditional PVs. This combination has led to expecta-

tions that MHP solar panels are following a fast track to commercialization.1–7

A key consideration in product development is ensuring that MHP modules can be

fielded for at least 20 years, like commercially available Si and CdTe modules, both

to keep the cost of generated electricity low8 and to meet customer expectations of

warranties.9 This need for decades-long stability has been identified as a pivotal

issue in bringing perovskite technology to commercialization.10,11 While early cham-

pion efficiency MHP solar cells based on methylammonium lead iodide (MAPbI3)
12

degraded significantly with minutes to hours of operation in air,13,14 researchers

have since made substantial progress in developing packaging and stabilizing ma-

terials and interfaces.15–18

The typical method for evaluating the durability of PV modules involves accelerated

tests, i.e., increasing stress levels (such as temperature and humidity) beyond the

highest values encountered in the field to speed up degradation and then using

behavior from a short test to understand susceptibility to degradation from these

stresses in a much longer field deployment. Accelerated tests for Si modules have
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been developed empirically, using decades of observation to identify degradation

mechanisms, important stresses, and appropriate pass-fail criteria in accelerated

tests and standards.19 A seminal study in the development of appropriate acceler-

ated tests for Si modules was the Jet Propulsion Laboratory (JPL) ‘‘block buy’’ pro-

gram.20,21 This study, executed from 1975 to 1986, saw lifetimes of Si modules in-

crease from 1 year at the beginning of the study to 10 years by the end.20 The

study involved successive cycles of

(1) Deploying modules outdoors,

(2) Waiting for them to exhibit failures,

(3) Identifying stresses likely to induce those failures in a test environment (e.g.,

applying heat and humidity might reproduce observed metal corrosion),

(4) Writing an accelerated test protocol to reproduce the observed failure,

(5) Purchasing improved modules that could pass those tests, and then

(6) Returning to step 1 with the improved modules.

This process was successful at identifying failure modes in Si modules and defining

accelerated tests to reproduce them, as evidenced not only by the increase in mod-

ule lifetime to >10 years over the course study but also by the recent documentation

of systems from that era exceeding 30 years of operation.22–24 The earliest surviving

PV arrays based on CdTe or CuInxGa1-xSe2 (CIGS) are also now approaching 30 years

of field observation.25 Standard warranties for existing products are around 25 years,

and decades-long performance and stability have a strong effect on the cost of

generated electricity26 and the value of the module.27

Understandably, optimism for commercial readiness increased when MHP test arti-

cles passed some accelerated tests typically used in commercial product design

qualification.28–31 However, even experienced stakeholders may misinterpret that

the results of such tests on MHP prototypes ‘‘allow for their commercial develop-

ment.’’32 Caution in the interpretation of early test results is warranted because

MHP modules will have unique degradation mechanisms that are accelerated differ-

ently than those in Si or CdTe.

For a given technology, how a degradation mechanism responds to a certain stress

condition is captured by the acceleration factor (AF). For a given degradation mech-

anism and accelerated test, it is defined as

AF =
time in field to achieve a given degradation from this mechanism

time in test to achieve the same degradation from this mechanism
:

(Equation 1)

The AF is specific to each degradation mechanism and technology. A given test can

result in different AFs for different technologies. For example, the potential-induced

degradation test in IEC 61215 was found to have an AF of 2,000 for Si modules,33 395

for CIGSmodulesmounted using clips with standard rubber,34 and 23 for CIGSmod-

ules mounted using clips with high-resistivity rubber.34 Thus, to interpret whether

passing a design qualification test means that a product is ready for market, we

must understand what the relevant failure mechanisms are, and whether they are

adequately accelerated by the test to probe the desired product lifetime, as a func-

tion of both the solar cell and the packaging used.

Tests with known AFs for a given product type can provide customer confidence in

reaching the expected fielded lifetime. In contrast, tests without known AFs tend to pro-

vide only a relative comparison (i.e., formulation A is more stable than formulation B).
2 Cell Reports Physical Science 5, 101969, May 15, 2024
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Deriving AFs is particularly important for risk reduction in MHP-based modules

compared to modules based on other absorbers (e.g., Si or CdTe) due to the desire

for rapid commercialization and lack of multi-decade MHP field demonstrations.

Some examinations of perovskite test articles outdoors have begun,35–42 and other

studies have compared such observations with accelerated tests43 or provided predic-

tions of behavior based on empirical fits to accelerated test data.15 However, estab-

lished AFs for MHP devices are lacking due to the short history of outdoor exposure

(compared to the desired product lifetime) and incomplete knowledge of the relevant

degradationmechanisms. In other words, it is unknown whether the important degrada-

tionmechanisms that may occur over decades have been identified, and for eachmech-

anism, the number to put in the numerator in Equation 1 is unknown.

Predicting decades of performance behavior without decades of field observation

thus requires utilizing the physics and chemistry of failure.9 This approach involves

(1) using field observation or test-to-failure to identify degradation mechanisms

and stresses that accelerate them; (2) for each degradation mechanism, hypothesiz-

ing physics- and chemistry-based models that relate stress level and time to degra-

dation amount; (3) evaluating and validating these relationships with experimental

data; (4) evaluating models with inputs that represent the desired use environments;

and (5) predicting longer-term fielded behavior. The need to use a physics of failure

approach is encountered in other industries where technology changes quickly. For

example, in the integrated circuit industry, as in PVs, standards for product qualifica-

tion have been developed empirically and typically involve fixed stress exposures.

However, a compressed product development cycle introducing new technology,

or a requirement to predict product lifetime more quantitatively, can benefit from

the incorporation of a physics and chemistry of failure approach.44,45

In this work, we use a physics and chemistry of failure approach to calculate the AF

for some accelerated tests that are commonly used on MHP. There are many

different compositions of MHP absorbers, with different chemical considerations

that can lead to different primary degradation mechanisms. In this work, we analyze

the most well-studied MHP absorber for which the primary degradation mechanism

is relatively well characterized—photooxidation of MAPbI3.
46 While there are more

modern formulations of MHPs topping the efficiency charts, using MAPbI3 provides

a useful case study to illustrate the necessary information and methods for calcu-

lating AF in this and other MHP structures. The analysis indicates that, for this degra-

dation mechanism, more rigorous accelerated testing of MAPbI3 is needed to pro-

duce results that probe the timescale of the expected product lifetime.

We focus specifically on dry photooxidation (DPO) ofMAPbI3 because the relationship

between test and field conditions for water ingress through desiccant-filled PIB (poly-

isobutene) has already been documented thoroughly in other publications47–50 aimed

at applications in CdTe or CIGS modules. However, the impact of O2 in MHPs differs

from that in chalcogenides. In MHPs, O2 causes degradation, whereas, in chalcogen-

ides, O2 is isovalent with the chalcogen anion and improves device performance.51,52

Thus, in this work, we focus on O2 ingress, which is not absorbed by the desiccant in a

traditional edge seal and has not been studied for earlier types of thin-film modules.
RESULTS AND DISCUSSION

Methodology

We utilize a two-step model where O2 diffuses into the module package and then

photooxidizes the MHP at a rate that is dependent on the local O2 concentration,
Cell Reports Physical Science 5, 101969, May 15, 2024 3



Figure 1. Schematic of module package used to calculate diffusion and reaction

Gases will diffuse through the PIB (shown in black) into the interlayer (shown in yellow) and

eventually into the device (shown in red).
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temperature, and free electron concentration. We use experimentally derived, pub-

lished diffusion-related and kinetic constants. While this paper performs such pre-

dictions for one degradation mechanism, the physics and chemistry of failure

approach can be applied more widely as degradation modes for new cell and mod-

ule types are identified and degradation kinetics are quantified.

To estimate the change in MHP performance over time, the O2 concentration within

themodule fromdiffusion through the edge seal53 is coupled with the kinetics for the

absorber photooxidation46 and the resulting photon absorption loss. The structure

used for calculation is shown in Figure 1 and is similar to the package used by com-

mercial CdTe modules54 and some perovskite test articles.17 A glass top sheet and

back sheet are sealed around the perimeter by a desiccant-filled PIB edge seal that is

1 cm wide (in the direction of O2 ingress) and 450 mm thick. These edge seal dimen-

sions are typical for commercial CIGS and CdTe modules. The interior of the module

consists of two layers: an MHP device stack with a solar absorber that is%2 mm thick

and a polymer or inert gas interlayer that fills the area behind the solar cell. Themod-

ule size was chosen as 1 3 2 m, similar to current thin-film products.
Diffusion model

For the O2 diffusion portion of the model, we assume Fickian diffusion, i.e.,

vC

vt
= D V2C; (Equation 2)

where C is the concentration of O2 in the solid, D is the diffusivity, and t is the time.

Surface concentrations are taken to be consistent with Henry’s law. Thus, at a gas-

solid interface,

P =
C

S
; (Equation 3)

where P is the partial pressure of the diffusing species, C is the concentration of the

diffusing species within the solid at the gas-solid interface, and S is the solubility of

the diffusing species in the solid.

At an interface between two solids (1 and 2),

C1

S1
=

C2

S2
: (Equation 4)

The concentration may be discontinuous at the interface: C1 and C2 are the concen-

trations at the interface but on the solid 1 or solid 2 side of the interface, respectively.

Solubility and diffusivity are a function of temperature, T, in the typical form

D = D0$e
�Ead
T (Equation 5)
4 Cell Reports Physical Science 5, 101969, May 15, 2024
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S = S0e
�Eas= T : (Equation 6)

Values for the activation energies (Ead, Eas), prefactors (D0, S0), and other properties

needed for calculations are taken from the literature and documented in Table S1.

Published properties of PIB are listed under the brand name ‘‘Oppanol.’’53 The

format of Equations 2, 3, 4, 5, and 6 are the same as those used in widely applied,

well-known expressions55,56 for the water vapor transmission rate (WVTR) in solar

modules47,57,58 and other barriers.59,60

In this work, we assume that O2 is evenly distributed in the interlayer, and Equation 2

then reduces to a single dimension in the edge seal. The accuracy of this assumption

for a given packaging type depends on the relative diffusivities and widths of the

edge seal and interlayer. For modules utilizing an inert gas as the interlayer,61–63 uni-

form O2 distribution is always a valid assumption because the self-diffusivity of O2 in

N2
64 is �106 times greater than that in PIB. In a different example, the diffusivity of

O2 in typical polymer encapsulants is �10 times greater65,66 than that in PIB. Thus,

cells or mini-modules packaged with a PIB edge seal and polymer interlayer (for

example, Toniolo67 or Cheacharoen68) are well approximated by uniform O2 distri-

bution in the interlayer, but a large module is expected to exhibit non-negligible de-

viations from the simplified approximation.

In this study, we encounter the unique situation where the concentration of the

diffusing species in the module interlayer varies with time, depending on how

much O2 has diffused through the desiccant-filled PIB edge seal and how much

O2 has been consumed by the MHP. A further boundary condition based on the con-

servation of mass is thus required:

moles O2 flowed into the interlayer = moles in the interlayer

+moles consumed by the MHP;
(Equation 7)

which can be stated mathematically as

APIB

Z t

0

�D
dCPIB

dx
dtjx at PIB inner edge = CinterlayerVinterlayer +

1

4
AMHP

Z t

0

rateMHPdt;

(Equation 8)

where APIB is the area of the entire PIB edge seal perpendicular to the diffusion di-

rection, Vinterlayer is the volume of the interlayer, AMHP is the surface area of the

MHP film, and rateMHP is the surface reaction rate46 betweenMHP andO2. The factor

of 1/4 in the rate term occurs because each mole of O2 consumes 4 mol of MHP.69
Oxidation model

The rate of MHP oxidation as a function of exposure conditions is taken from work by

Siegler et al.46 The expression for the rate of DPO is

rateMHP = k0;DPO e
�Eeff

A;DPO=kBT
PO2 I0:7in

1+K2D PO2

�
1+K3D I0:7in

� : (Equation 9)

This expression yields a rate for a surface reaction (moles oxidized per cm2 of film

area per s). The constants k0,DPO, Eeff
A;DPO , K2D, and K3D are constants derived from

experiment in Kempe et al.46 PO2 relates to the output of the diffusion portion of

the simulation (Equations 2, 3, 4, 5, and 6). The quantities kBT and Iin relate to the

exposure variables temperature and free carrier density, respectively. Iin is included

in the rate equation because the reaction requires a free electron.70 Iin is given in

terms of the experimental incident flux of photons with energy greater than the

band gap for a film of fixed thickness,46 tfilm. In a module or solar cell, excess carrier
Cell Reports Physical Science 5, 101969, May 15, 2024 5
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density also depends on the voltage operating point, not just the incident photon

flux. To relate these two quantities, we approximate for a film71

Dnzt ðIin = tfilmÞ; (Equation 10)

where t is the minority carrier lifetime and Dn is the excess carrier concentration. An

estimate of cell or module Dn at a given operating point thus allows approximating

the equivalent Iin to use as an input in Equation 9.
Performance model

Device performance is impacted by decreasing absorption as MHP is lost to photo-

oxidation, essentially decreasing the effective film thickness,46,72 l, according to

lðtÞ = lð0Þ � W

r

Z
rateMHPðtÞdt; (Equation 11)

whereW is the MHP molar mass and r is the density. The time at which testing starts

and the module package is first exposed to O2 is defined to be t = 0.

If the AM1.5 global spectrum is expressed in terms of photons per wavelength per

second, then the fraction of photons transmitted through the film, fT, is

fT ðtÞ =

Rhc
l

> Eg
AM1:5ðlÞe�aðlÞlðtÞdl

Rhc
l

> Eg
AM1:5ðlÞdl

: (Equation 12)

Absorption data a are taken from the literature.73 The integral in Equation 12 proceeds

only for photons with energy
�
hc
l

�
greater than the band gap Eg. Approximating that the

short-circuit current Jsc is proportional to the number of absorbed photons,

JscðtÞ
Jscð0Þz

1 �
Rhc
l

> Eg
AM1:5ðlÞe�aðlÞlðtÞdl

Rhc
l

> Eg
AM1:5ðlÞdl

1 �
Rhc
l

> Eg
AM1:5ðlÞe�aðlÞlð0Þdl

Rhc
l

> Eg
AM1:5ðlÞdl

z
PðtÞ
Pð0Þ : (Equation 13)

Equation 13 also includes an expression for the fraction of power retained at any

time, as it is assumed that current loss is the dominant performance consequence

of photooxidation. This assumption is consistent with experiment,72 though it is a

conservative estimate of degradation because it does not account for possible

simultaneous decrease of the fill factor.

Numerical calculations using Equations 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 were

performed. The subsections below examine results, building in complexity from con-

centration profiles and associated lag times, to performance degradation and result-

ing AFs, to limiting cases and the implications for packaging and flow.
Lag times

Concentration profiles indicate that DPO of packaged MAPbI3 will initially be slow

due to two lag times. The first lag time occurs because O2 does not penetrate the

PIB immediately, as shown in Figure 2. In this example, calculated for 75�C test con-

ditions, the solubility of O2 in PIB allows little O2 to reach the module interior during

the first day of exposure. This trend can be seen by examining the spatial
6 Cell Reports Physical Science 5, 101969, May 15, 2024



Figure 2. Illustration of lag time in O2 diffusion through PIB at 75�C
(A) Calculated O2 concentration as a function of distance into PIB at five different times. The inset shows, in green lines, the region of the structure

described by (A).

(B) O2 concentration in the interlayer as a function of time, shown at both 75�C and 50�C. Arrows mark lag times and constant flow regions.
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concentration profile of O2 in the PIB (Figure 2A) or the cumulative concentration of

O2 in the interlayer as a function of time (Figure 2B). In general, lag times and flow

rates are a function of temperature. In Figure 2B, the cumulative O2 concentration

is also shown at both 75�C and 50�C. Both curves are qualitatively similar, but the

lag time is longer and the flow is slower when temperature is reduced.

A second lag time occurs related to device performance. In a thick absorber, a small

change in thickness due to oxidation has little effect on overall absorption and short-

circuit current. Thus, power degradation is initially slow—even if the MHP is being

consumed quickly—and speeds up as the absorber becomes optically thin. The

net effect of these two lag times is that a short accelerated test results in very little

degradation.

AFs for several test conditions

Expected degradation due to photooxidation of MAPbI3 was calculated for several

relevant or common test conditions, which are summarized in Table 1. These condi-

tions include an approximation of fielded exposure in a temperate climate

(‘‘fielded’’), fielded exposure omitting the nighttime conditions (‘‘always day’’), light

and heat test,74 ISOS-L-2 at 65�C,75 ISOS-L-2 at 85�C,75 and the IEC 61215 damp

heat test (MQT 13).76 ‘‘Fielded’’ conditions are approximated by an 8 h daytime con-

dition, where temperature is mildly elevated (50�C) and the voltage operating point

is non-zero. The remaining 16 h of the day are nighttime conditions, which are cooler

and without voltage. The operating point is important to the photooxidation rate, as

the reaction requires a free electron.70 Simulation inputs associated with the test

protocols of Table 1 are graphed as a function of time in Figure 3.

The AFs in the rightmost column of Table 1 are derived from Figure 4, which shows

the evolution of power output for each test condition. Each curve in Figure 4 results

from a numerical solution of Equations 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13, with the

temperatures and excess carrier densities input according to Figure 3. The results in

Figure 4 are shown for two different MAPbI3 thicknesses. AFs were calculated by
Cell Reports Physical Science 5, 101969, May 15, 2024 7



Table 1. Accelerated test conditions and resulting AFs calculated in this study

Condition

Temperature (�C) Operating point

Resulting AF8 h per day 16 h per day 8 h per day 16 h per day

Fielded 50 25 maximum power dark 1

Always day 50 50 maximum power maximum
power

2

Light and heat 75 75 short circuit short circuit 3

ISOS-L-2 65 65 65 maximum power dark 4

ISOS-L-2 85 85 85 maximum power dark 10

IEC 61215 DH 85 85 dark dark 0
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comparing the time to reach 80% of the initial power under each test condition to

that for the fielded condition. Several conclusions can be drawn from Figure 4.

(1) AFs are low. Even themost aggressive condition in Table 1 can only screen for

early failures. In contrast, some degradationmechanisms in Si modules can be

induced with a much higher AF. For example, commonly used test conditions

for potential-induced degradation shunting have been shown to produce an

AF of 2,000.33 Thermal cycling to test solder bond fatigue produces an AF of

around 500.77

(2) Neither wet photooxidation nor DPO ofMAPbI3 can occur without charge car-

riers. Thus, IEC 61215-2 MQT 13 (red line in Figure 4), and dark tests in gen-

eral, is not expected to accelerate the primary degradation mode for MAPbI3.

The excess carrier density in the dark is orders of magnitude lower than that

encountered at maximum power or open-circuit operating points.

(3) The power degradation rate for DPO depends on film thickness, but AFs are

approximately (within 10%) independent of thickness for a given test condi-

tion.

(4) Temperature is the most important variable differentiating the test condi-

tions. For either film thickness, the degradation curves are ordered from left

to right approximately in order of decreasing average temperature. There

are two exceptions to the ordering, both related to excess carrier density.

In the fully dark case, the degradation rate is limited almost to zero because

the free carrier density is very low—nearly six orders of magnitude lower than

that at the maximum power voltage, Vmp. For the light and heat test condi-

tion, at short circuit, the carrier density is �1003 lower than at Vmp, which
Figure 3. Simulated test conditions

(A) Temperature and (B) excess carrier density as a function of time for the accelerated test conditions of Table 1.

8 Cell Reports Physical Science 5, 101969, May 15, 2024



Figure 4. Simulated power output

Predicted evolution of power output under several test conditions for two different MAPbI3
thicknesses.
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has a modest effect on the degradation rate. The 75�C light and heat curve

(blue) is swapped with the 65�C ISOS-L-2 65 curve (purple), compared to a

temperature-only ordering. In other words, for an edge-sealed package un-

der operating conditions, the availability of O2 is the limiting factor in the

DPO rate. Only for carrier densities well below operating conditions does

the degradation rate depend on excess carrier density.

(5) The 0.5 mm absorber is expected to degrade to 80% performance after

approximately 10 years (accounting for DPO only). However, even the most

aggressive test on the 0.5 mm film will not produce measurable power degra-

dation in less than 4 months. For a fielded module, the time to degrade to

80% performance will be less than those calculated here in the likely event

that multiple degradation mechanisms (such as thermal decomposition or

ion migration16) proceed in parallel.

Calculated degradation rates could be decreased via a variety of design changes,

including wider edge seals, use of novel sealing techniques like laser welding, incor-

poration of an O2 getter, or thicker MAPbI3.

Some situations could cause degradation to occur more quickly than that shown in

Figure 4. For example, packaging material is often saturated with O2 during

handling prior to module assembly, meaning that some O2 will enter the absorber

without needing to diffuse through the edge seal. Additionally, other degradation

mechanisms may be less forgiving to the amount of O2 ingress than that examined

in this study. Consumption of a large fraction of the MAPbI3 via photooxidation re-

quires O2 to act on the absorber in amounts similar to the molar density of the

absorber itself, i.e., 1021 cm�3. However, if O2 can cause a deep electronic defect

(e.g., Meng et al.78), or degrade a critical interface, a much lower amount of O2

(e.g., 1015 cm�3) could create a large decrease in performance. Also, multiple degra-

dation mechanisms typically occur in parallel.18
Packaging controls photooxidation rate

Simulations described below indicate that DPO of MAPbI3 is limited by how fast O2

can flow into the module package, not by how fast an accumulation of O2 reacts with

the MAPbI3. In DPO of MAPbI3, each mole of O2 consumes 4 mol of MAPbI3.
46,69

Thus, at long timescales (i.e., much longer than the lag times), if the limiting process

is diffusion through the PIB, then the moles of photooxidized MAPbI3 will equal
Cell Reports Physical Science 5, 101969, May 15, 2024 9



Figure 5. Cumulative O2 flow calculations

Simulation output showing various O2-related amounts for a packaged 1 mm MAPbI3 film at 50�C.
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about four times the amount of O2 that has diffused through the PIB. Calculations

related to moles of O2 diffused and perovskite reacted are shown in Figure 5. Fig-

ure 5 is calculated using the always-day conditions defined in Figure 3, but the

conclusion that packaging limits the degradation rate holds true for all test

conditions examined in this work. The blue line (moles MAPbI3 consumed) con-

verges with the yellow line (43 moles O2 through the PIB) after approximately

1,000 days. Furthermore, for a fast reaction, O2 in the module interior is depleted

to a low pressure, and the O2 flow through the PIB can be approximated by a solu-

tion to the diffusion equation that has a fixed O2 concentration on the atmosphere

side of the PIB and none inside the package (Equation 4.4 in Crank55). The flow

through the barrier is given by

flow =
D C At

L
= 7:23 10� 7moles per day (Equation 14)

for the PIB edge seal of Figure 1. At is the area perpendicular to O2 flow (PIB

thickness 3 module perimeter) and L is the length parallel to O2 flow (i.e., the

1 cm edge seal width). This algebraic approximation appears in Figure 4 as a dotted

green line and provides a good long-term estimate of the amount of O2 that has

flowed through the PIB and thus the reaction rate. At short timescales, the algebraic

expression does not agree well, as it does not account for solubility-related lag time.

Because diffusion through the PIB is the rate-limiting step, the simulation results are

not very sensitive to approximations of the lesser-known quantities in the reaction

rate, such as excess carrier density at maximum power point.

As described in the experimental procedures, our results rely on the simplifying assump-

tion of uniformO2 distribution in the interlayer. This assumption is violated in the case of

full-sizemodules with a polyolefin elastomer (POE) interlayer. In suchmodules, photoox-

idation near the edge of the modules (�10 cm) is expected to proceed similarly to our

results, and this remains a substantial degradation concern. Diffusion through the

edge seal remains the rate-limiting stepeven for full-sizedmoduleswith a POE interlayer.

Implications for thin-film cell barriers

Incorporating a barrier into unpackagedMHP devices has been observed to dramat-

ically improve longevity in accelerated tests.79–82 Such barriers block diffusion

perpendicular to the MHP absorber layer. They are placed on the non-glass side

of the MHP and block diffusion directly from the atmosphere in an unpackaged de-

vice or from the interlayer in a packaged device. The geometric factors in Equation 14
10 Cell Reports Physical Science 5, 101969, May 15, 2024



Table 2. Measured WVTRs for three examples of advanced barrier coatings

Barrier
Measurement temperature
for WVTR (�C) WVTR (g/m2/day)

Implied O2 flow into the
module (moles/day)

Atomic layer deposition of SnOx
85 70 3 3 10�6 3 3 10�7

Atomic layer deposition of stack: 1 cycle
Al2O3 + 4 cycles ZnO86

85 6 3 10�6 6 3 10�7

Commercial multi-layer product, materials and
deposition techniques not specified84

50 6 3 10�5 7 3 10�6

Results in the rightmost column should be compared to a maximum rate of 7.2 3 10�7 mol per day derived for permeation through an edge seal.
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imply that, for gases diffusing into the device stack, such barriers will improve test

results on bare devices but are not likely to strongly improve the long-term behavior

of modules with edge seals. For example, for the PIB of Figure 1, the geometric fac-

tors in Equation 14 are

At;PIB

LPIB
=

450 mm3 6 m

1 cm
= 0:27 m: (Equation 15)

In contrast, for a thin-film cell barrier, assuming a maximum barrier thickness similar

to that of the interlayer,

At;cell� top

Lcell� top
=

23 1 m

<450 mm
>4;400 m: (Equation 16)

Thus, for similar barrier material diffusivities, the flow will be more than 10,000 times

faster through the thin-film cell barrier than through the edge seal. In practice, thin-

film cell barrier layers coated directly onto the cell may be substantially thinner than

the 450 mm assumed in Equation 16, causing an even large geometry-related differ-

ence between the impact of the edge seal versus that of the cell barrier.

Incorporatingmeasured diffusion properties in the comparison of thin-film cell barriers

and edge seals can provide further insight. Examples of some of the lowest WVTRs re-

ported for research-sized83 and commercial84 barrier films are shown in Table 2. The

implied daily flow of O2 into a 2 m2 module is calculated in the last column, assuming

that the diffusivity of O2 is similar to that of H2O. The value in the last column can be

compared with 7.2 3 10�7 mol per day derived for the edge seal in Equation 14 and

Figure 5. Even the best research-sized coatings limit O2 flow only to a similar magni-

tude as the edge seal. Furthermore, for PVs, taking advantage of the low WVTRs

achieved in the research-size samples will require the difficult task of nearly eliminating

localized defects like pinholes in the barrier over square meters of area.

The calculations of this section do not consider barriers that are meant to keep vol-

atile absorber constituents trapped87 within the solar cell.

In summary, this work illustrates the application of a physics and chemistry of failure

approach to calculating AFs for MHP modules. Such AFs can help build confidence

for a robust market despite a short product history. Product degradation is predicted

by integrating accelerated tests with understanding of the degradation mecha-

nisms. While this paper performs such predictions for one degradation mechanism,

the physics and chemistry of failure approach can be applied more widely as degra-

dation mechanisms for new cell and module types are identified and degradation ki-

netics are quantified.

A two-step physical model, including O2 diffusion and the photooxidation of

MAPbI3, was developed. Temperatures and carrier densities encountered during
Cell Reports Physical Science 5, 101969, May 15, 2024 11
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commonly used module accelerated stress tests or fielded conditions were input to

the model. The following results were found:

(1) AFs are low, and these tests are thus only useful to screen for early failures, not

to probe decades of performance potentially impacted by photooxidation of

MAPbI3.

(2) Dark damp heat tests are not expected to accelerate the primary degradation

mode for MAPbI3.

(3) Even the most aggressive test considered will not producemeasurable power

degradation from DPO in less than 4 months. Fielded modules, on the other

hand, will degrade within the desired 20–30 year product lifetime. For

example, a module with a 0.5 mm MAPbI3 absorber and a 1 cm edge seal is

expected to degrade to 80% performance after approximately 10 years under

fielded conditions.

(4) Actual degradation rates will be larger than those calculated, in the likely

event that multiple degradation mechanisms proceed in parallel.

(5) Module design choices, such as edge seal width or absorber thickness, will

affect the degradation rate.

(6) Degradation mechanisms that form an active electronic defect with O2 expo-

sure are likely to cause power loss at lower O2 concentrations and thus shorter

time periods than DPO.

(7) Diffusion of O2 into the package is shown to be the limiting step in the photo-

oxidation rate of MAPbI3.

(8) Due to package geometry, thin-film barriers coated onto the solar cell may

dramatically improve test results on bare devices but are unlikely to markedly

decrease the diffusion of gas to the absorber when using an edge-sealed

package.
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