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Screening Metal Halide Perovskite Solar Modules for Premature Field Failures
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Developing metal halide perovskite (MHP) photovoltaic (PV) devices into reliable large-area solar
modules could accelerate global solar energy deployment. Many MHP devices are susceptible to degrada-
tion under light and elevated temperature (LT). Published research on LT testing is limited at the module
level, and LT testing has not yet been developed for qualification testing of commercial PV products. This
report assesses whether results of LT testing at moderately elevated temperatures correlate with those of
field-tested modules from the same batch. Six batches of samples from four manufacturers are assessed.
It is shown that modules with a robust package that can maintain over 80% of their peak efficiency during
LT testing at 55 °C for 100 h are more likely to retain over 80% of their peak efficiency during outdoor
operation for 10 weeks. This finding is a step towards developing a validated test protocol that could be
incorporated into a qualification standard for the commercialization of MHP PV technologies.

DOI: 10.1103/g39z-lscx

I. INTRODUCTION

Metal halide perovskites (MHPs) are a promising class
of thin-film photovoltaic (PV) materials. Although photo-
conversion efficiency was the initial focus of many studies,
recently, more attention has been given to MHP thermody-
namic stability and overall device reliability [1,2]. There
have been multiple improvements in both the material-
level cell stack [3–12] and the module-level package
[13–17] that have improved material stability and mod-
ule reliability, but there is still much progress to be made
before MHPs can be a leading utility-scale technology
[18].
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Accelerated stress testing can be used to screen for
known field failures and provide confidence that a solar
module will not fail prematurely. The most well-known
and industry-accepted stress test protocols are outlined
in type-approval standards, such as the International
Electrotechnical Commission’s (IEC’s) 61 215 series [19].
These standards do not quantify lifetimes but, when
applied to the materials they have been developed for, can
increase confidence that a passing module design has a
higher chance of operating outside without early failure
[20,21]. The IEC 61 215 type-approval standard, however,
has not yet been validated for use on MHP modules. Devel-
opment and validation of standards requires modules to be
tested in the field and under various stress conditions to
confirm that the relevant degradation modes and mecha-
nisms are observed [22]. Thus, the presented study seeks
to develop a validated accelerated stress test, with a focus
on degradation modes that occur due to light and elevated
temperatures.

Light and elevated temperature (LT) is a combined stres-
sor that can drive significant degradation in MHP devices.
Studies have shown that light generates excess charge
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carriers that can lead to chemical reactions in an MHP
cell stack, with reactions accelerated at higher tempera-
tures [23–25]. Such reactions can include phase separation
of MHP layers, photooxidation of fullerene transport lay-
ers, and ion migration that can enable chemical reactions
between MHP and metal electrode materials [25,26]. LT
stressors in MHPs are distinct from light and elevated tem-
perature induced degradation in silicon solar cells, and
they are not meaningfully accounted for in any of the cur-
rent type-approval or safety standards published by the
IEC. Jiang et al. have demonstrated a strong correlation
between LT testing indoors and field performance for their
MHP solar cells [27]. Zhao et al. took a similar approach
to determine acceleration factors for LT testing on their
all-inorganic solar cells [28].

Here, we build on these foundational studies at the
cell level towards a module-scale protocol that is broadly
applicable across MHP formulations. While LT testing
with constant light and temperature is regularly used in
research development of MHP cells [29], published results
are scarce for larger-area modules, which can degrade dif-
ferently from cells due to the presence of scribes and other
effects [25,26]. In particular, comparative LT and field test-
ing on MHP modules will be needed to determine which
conditions (i.e., temperature, duration) allow LT testing to
replicate the same degradation modes that occur in field
operation. Our previous work described degradation pro-
cesses and chemical reactions that could occur during LT
testing [2].

This work reports on comparative field and LT test-
ing of packaged MHP modules. Field testing is done
with modules held under maximum power point track-
ing (MPPT) with fixed-tilt open-rack mounting in Golden,
Colorado, USA (Fig. S1 within the Supplemental Mate-
rial [36]). The indoor LT test is done with constant light,
ambient air, and 55 °C ± 5 °C back module glass tempera-
tures, herein referred to as LT-55. 55 °C is the maximum
observed field temperature for the modules reviewed in
this report, as deployed in our test field in Golden, Col-
orado, so effectively we are accelerating with the harshest
condition that the fielded modules are subjected to at this
location.

The main question for this study is whether LT-55 effec-
tively screens for field failures: Will module batches that
retain 80% of their initial peak efficiencies after 100 h of
LT-55 testing, defined as a “pass” condition, also pass 10
weeks of field testing?

To contextualize the 10-week milestone, we reviewed
data for all of the modules tested in the field to date by
the Photovoltaic Accelerator for Commercializing Tech-
nologies (PACT) center [30]. We found that a majority of
the modules failed before 10 weeks (69%), while many
passed the 10-week mark (31%), which suggested that
it was a useful benchmark for the majority of module
makers.

We find that the 100-h LT-55 test can save time and
effort by screening modules that will fail before 10 weeks
in the field. This enables a more rapid feedback loop for
MHP module development. Furthermore, this examination
of the field relevance of LT-55 provides a framework for
developing future tests at higher temperatures that could
extend beyond 10 weeks of validated field performance.
The research community has increasingly recognized the
need for more and better durability testing of MHP mod-
ules [18,22]. Without valid qualification tests that screen
for premature field failure in MHP solar modules, this tech-
nology will struggle to become commercially competitive
with incumbent PV technologies.

II. METHODS

The LT test chamber simulates a subset of field-relevant
stressors—the purpose is not to recreate all field stressors
within the LT chamber. Modules in the field can fail from
a degradation mode that does not occur in LT testing. One
example is degradation from ultraviolet (UV) light, which
is at a lower intensity in the LT chamber utilized relative to
the AM1.5G solar spectrum. The light spectrum in the LT
chamber has a 400-nm cutoff, as detailed in Fig. S2 within
the Supplemental Material [36].

Figure 1 outlines the experimental stress testing proto-
cols used in our experiments. Samples in a batch are sep-
arated into test conditions, including LT-55, field testing,
package testing, and dark storage (for a control).

For batches with a unique package type, a “package
test” is used on a subset of the modules to assess whether
the module packages can mitigate moisture ingress dur-
ing applied thermomechanical stresses. The package test,
adapted from IEC 63 209 [31], incorporates damp heat
(85% relative humidity, 85 °C, 48 h) and thermal cycling
(−40 to 85 °C for 50 cycles), as depicted in Fig. 1. Fur-
ther details on the experimental methods are provided in
the Supplemental Material [36].

We tested modules from six different batches from four
different manufacturers with areas from 2.3–35 cm2 and
initial efficiencies from 11% to 17%, as measured on a
solar simulator. For field testing, “failing” is defined as
the daily irradiance-weighted average efficiency dropping
below 80% of its peak value for 3 consecutive valid days
before the 10-week point. For LT tests, “failing” is defined
as the 5-min-averaged efficiency dropping below 80% of
its peak value before the 100-h point. For the package test,
“passing” is defined as a lack of macroscopic color changes
to the MHP absorber material. The package test applies a
qualitative condition to focus on whether the module pack-
age can prevent moisture ingress. Because the package test
is focused on assessing the robustness of a specific package
type and because module samples are limited, each indi-
vidual package type is tested at least once but is not always
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FIG. 1. Experimental design for testing a representative batch of 10 modules. Parallel test conditions allow for the comparison of an
unstressed module to modules that went through field, LT-55, or package testing.

repeated for all batches using the same type. Here, pack-
age type β uses a UV-curing polyacrylate to attach a rear
cover glass to the cell, and package type γ uses a polymer
encapsulant and a desiccated polyisobutylene (PIB) edge
seal. Both package types are glass/glass modules.

III. RESULTS AND DISCUSSION

Table I summarizes the results of field and LT-55 testing
and identifies the package type of each module. Notably,
batches that passed both LT-55 and the package test also
passed 10 weeks of field testing, and batches that failed
either accelerated test also failed field testing sooner than
10 weeks.

It should be noted that batches were deployed at differ-
ent times as they were received during a 1.5-year period,
but modules within a batch were always deployed together.
Modules’ field temperature and solar insolation measure-
ments are summarized in Tables S1 and S2 within the
Supplemental Material [36]. One of the two batches that
passed the 10-week field test (D1) received relatively
high temperature and solar insolation levels relative to
the batches that failed, so weather differences were not

expected to be a dominant factor in which batches failed
or passed 10 weeks of fielding.

A. Batches that failed the 10-week field test

Batches A1, A2, B1, and C2 failed the 10-week field
test. Figures 2(a)–2(d) show the change in module effi-
ciency during LT-55 and outdoor field testing for batches
A1 and A2. The field data show each day’s irradiance-
weighted average efficiency, i.e., the daily efficiency,
which is calculated as the energy produced by the PV
device in a day divided by the energy incident on the
device on that day. The LT data show the efficiency aver-
aged over a 5-min rolling window. To better understand
the behavior of a batch in LT testing, module efficiencies
are normalized to their peak efficiency value. The peak
efficiency is defined as the maximum 1-h median for LT
testing. For field testing, the peak efficiency is defined
as the maximum 5-day median calculated over accept-
able days. “Acceptable days” are days with plane-of-array
solar insolation over 4 kWh/m2, no snow on modules or
instruments, and no hardware malfunctions. In the field
testing plots, data from unacceptable days are blocked out
with gray bars. Days with plane-of-array solar insolation

043005-3



NICHOLAS P. IRVIN et al. PRX ENERGY 4, 043005 (2025)

TABLE I. Summary of stress testing results, initial efficiencies, and aperture areas for all modules tested. Batches named with the
same letter are from the same provider. Green highlights indicate passing (no moisture ingress in the package test for a package type,
and no sustained drop below 80% of peak efficiency for LT-55 and field tests), while red highlights indicate failing.

under 4 kWh/m2 are indicated by lighter blue bars. No
temperature correction is applied to any plots.

To simplify the visualization, a shaded region bounds
the maximum and minimum performing module in a batch,
with the average normalized efficiency of the batch plot-
ted as the dark curve. A horizontal dashed line of 80%
of peak efficiency is shown to identify the time until the
efficiency drops to 80% of peak efficiency (T80). The indi-
vidual unnormalized data for all modules are detailed in
Figs. S4 and S5 within the Supplemental Material [36] for
LT testing and field testing, respectively. Data for module
temperatures (Table S1) and daily solar insolation (Table
S2) are also presented in the Supplemental Material [36].

Batch A1 failed the 10-week field test but passed the
100-h LT-55 test. Batch A2 had two out of three modules
fail field testing before 10 weeks (module A2-03 failed at
10.5 weeks of field testing) and two out of three modules
failed LT-55 testing before 100 h (module A2-05 failed at
150 h of LT testing).

The discrepancy between A1 failing the 10-week field
test while passing the 100-h LT-55 test is attributed to this
batch not having a robust package; so, the batch failed out-
doors due to a degradation mode that was not accelerated
in LT testing. The failure mode of an A1 module of pack-
age type β is evident in Fig. 2(g). Modules in this batch use
a proprietary encapsulation material that has not been vet-
ted for field testing. Although the modules did not change
color during dark storage or LT-55 testing, they did turn
yellow during field testing and package testing, indicating
a failure due to moisture ingress [Figs. 2(e)–2(h)]. The effi-
ciencies of the modules also dropped from about 10% to
0%–5% after just 48 h of damp heat (85% relative humid-
ity at 85 °C). These results underscore the importance of
using a well-tested encapsulation scheme for field testing

MHP modules; modules must be able to withstand both
moisture and light under varying temperature conditions
to withstand field conditions in most environments.

Batch A2 exhibited a similar package failure to batch
A1. Batch A2 used a similar packaging scheme as A1, but
A2 incorporated a modification to the device layers that
resulted in higher initial efficiencies. The faster degrada-
tion of A2 in LT-55 testing compared to A1 could be due
to the failure of a chamber fan, which resulted in higher
module temperatures for A2 (63 °C on average) than for
A1 (56 °C on average). Individual module operating tem-
peratures for all batches are detailed in Table S1 within
the Supplemental Material [36]. In any case, comparing
the field and LT testing in batches A1 and A2 highlights the
fact that LT testing likely will not correlate to field testing
for MHP modules that do not have a robust moisture-proof
package.

Batches B1 and C1 failed both field and LT-55 tests
while having a packaging type that passed (type γ ). The
efficiency of batch B1 dropped to half its peak efficiency
within a few hours of fielding and did not recover (Fig. S6
within the Supplemental Material [36]). Batch C1 failed
both field and LT-55 tests (Fig. 3). Originally, two more
C1 modules were put into LT-55 testing (for a total of four
modules), but their efficiencies never went above 5%, as
shown in Fig. S4 within the Supplemental Material [36].
Those two samples were thus excluded from Table I and
Fig. 3, as they likely incurred degradation before stress
testing began.

The degradation of batch C1 modules is attributed to
the encapsulant used in the package. The encapsulant
is the only known manufacturing difference between C1
modules, which failed the 10-week field test, and C2
modules, which passed the 10-week field test. The C1
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(a)

(c)

(e) (f) (g) (h)

(d)

(b)

FIG. 2. Stress testing of batches A1 (deployed 2024-04-01) and A2 (2025-02-05). (a),(c) Irradiance-weighted average efficiency
versus day for field-tested modules. Horizontal red lines indicate 80% of the peak efficiency, and green arrows point to the 5-day
period that contains the peak efficiency. Thicker horizontal lines show the time between the day the efficiency reaches the peak
efficiency and the day it drops below 80% of the peak efficiency. (b),(d) Efficiency versus time under 1 sun and 55 °C for LT tested
modules, showing the minimum, average, and maximum efficiency normalized by peak efficiency. Photographs of batch A1 modules
after (e) dark storage, (f) LT-55, (g) field, and (h) package testing.
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(a)

(c) (d) (e)

(b)

FIG. 3. Stress testing of batch C1 (deployed 2024-05-13). (a) Daily efficiency versus test day for field-tested modules. Horizontal
red lines indicate 80% of the peak efficiency, and green arrows point to the 5-day period that contains the peak efficiency. Thicker
horizontal lines show the time between the day the efficiency reaches the peak efficiency and the day it drops below 80% of the peak
efficiency. (b) Efficiency versus time in LT-55 testing, showing the minimum, average, and maximum efficiency normalized by the
peak efficiency. Images of a C1 module taken with (c) a camera and (d),(e) an optical microscope with progressive magnification,
showing evidence of encapsulant delamination.

modules were encapsulated with poly(ethylene-co-vinyl)
acetate (EVA) with a desiccated PIB edge seal, which
was relatively impermeable to moisture ingress; thus, they
passed the package test as defined. However, patterns of
delamination are visible in the modules after encapsulation
[Figs. 3(c)–3(e)]. The delamination features indicate that
mechanical stress is high during encapsulation and likely
causes delamination between the cell layers, as interfaces
of MHP cells are known to have very low fracture energies
[14,32,33]. The varying mechanical properties of encapsu-
lant can result in higher or lower stresses on MHP films
[13,16]. A high mechanical stress in C1 modules likely
explains the low durability seen in the field [Fig. 3(a)]
and in LT-55 [Fig. 3(b)], as well as the large variation in

initial efficiencies (Fig. S3 within the Supplemental Mate-
rial [36]). While further investigation is required to identify
the various degradation mechanisms arising from internal
mechanical stresses in batch C1, it can be concluded that
the LT-55 test successfully screens for a batch that fails
prematurely in field testing.

B. Batches that passed the 10-week field test

Next, we present the results of modules that passed 10
weeks of field testing. Figure 4 shows the efficiency during
LT-55 and outdoor testing for two batches [C2, Figs. 4(a)
and 4(b); and D1, Figs. 4(c) and 4(d)] that retained over
80% of peak efficiency after 10 weeks of field testing.
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(a)

(c) (d)

(b)

FIG. 4. Stress testing of batches that passed 10 weeks of field testing: batches C2 (deployed 2023-09-15) and D1 (2024-06-17).
(a),(c) Daily efficiency versus test day for field-tested modules. Horizontal red lines indicate 80% of the peak efficiency, and green
arrows point to the 5-day period that contains the peak efficiency. Thicker horizontal lines show the time between the day the efficiency
reaches the peak efficiency and the day it drops below 80% of the peak efficiency. No arrows or thicker lines are shown for C2 because
C2 modules reach their peak efficiency after 100 days (Fig. S5 within the Supplemental Material [36]). (b),(d) Efficiency versus time
in LT-55 testing, showing the minimum, average, and maximum efficiency normalized by the peak efficiency.

The C2 modules had nominally the same device stack as
C1 and used the same packaging type, γ (polymer encap-
sulant with a PIB edge seal), except the C2 modules were
encapsulated with a polyolefin elastomer-based polymer,
whereas the C1 modules were encapsulated with an EVA-
based polymer. While C1 failed both field and LT-55 tests

(Fig. 3), batch C2 passed both tests (Fig. 4). Moreover, the
C2 modules experienced an increase in efficiency during
the 70-day field test [Fig. 4(a)] and the 100-h accelerated
test [Fig. 4(b)].

The increasing efficiency of the C2 modules during the
field and LT-55 tests came primarily from an increasing
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fill factor and secondarily from an increasing open-circuit
voltage, which was attributed to charge accumulation and
passivation effects during light soaking [34]. The three
fielded modules in C2 did, however, drop below 80% of
their peak efficiency by 318–382 days of fielding (Fig. S5
within the Supplemental Material [36]). More information
on the eventual degradation of C2 can be found in Uličná
et al. [2]. In summary, C2 provides evidence that an MHP
module batch that retains more than 80% of its peak effi-
ciency over 100 h under LT-55 is likely to last over 10
weeks outside—but more stringent stress tests are needed
for longer-term field evaluation.

Batch D1 also passed both the 10-week field and the
100-h LT-55 tests [Figs. 4(c) and 4(d)]. The fielded mod-
ules from D1 achieved a T80 of 366–412 days (Fig. S5
within the Supplemental Material [36]). Batch D1 uses
the moisture-resistant γ package type (polymer encapsu-
lant and PIB edge seal) but uses a different encapsulant
material than the other batches. Another batch from the
same manufacturer of D1 with the same packaging as D1
passed the package test with no moisture ingress or vis-
ible delamination. Taken together, the results of C1, C2,
and D1 emphasize the importance of selecting the correct
encapsulant [13].

In summary, two batches passed all stress tests, while
four batches failed the field test and partly failed the
accelerated test sequence. It should be noted that batches
were deployed at different times of the year (Fig. S5
within the Supplemental Material [36]), but batch D1
passed despite being deployed during the hottest period of
summer (Table S1 within the Supplemental Material [36]).

C. Considering early field data to predict failure

A useful accelerated test must give information sooner
than field testing alone. To confirm that the LT-55 test
could screen for field failures more rapidly than early field
data, we checked how quickly early field data could predict
the outcome of 10 weeks of field testing. The evaluation
was based on whether modules dropped below a certain
efficiency by a certain day. To make predictions, we chose
a number of days of field testing X and a threshold for
the normalized efficiency Y; if the efficiency, η, on day
X normalized to the peak efficiency, η(X )/ηpeak, drops
below threshold Y, then the module is predicted to drop
below 80% peak efficiency by 10 weeks. In other words,
(η(X )/ηpeak) ≥ Y predicts passing and (η(X )/ηpeak) < Y
predicts failing before 10 weeks.

The color map in Fig. 5 details the accuracy of these
predictions compared to the actual day-70 field results as a
function of possible days X and thresholds Y. This is done
for the 18 fielded modules in Table I. Data are only cal-
culated for acceptable days (days with plane-of-array solar
insolation over 4 kWh/m2, no snow on modules or instru-
ments, and no hardware malfunctions). For times when a

FIG. 5. Accuracy of using early field data to predict whether a
module will retain 80% of its peak efficiency through day 70 of
field testing. Predictions are based on whether the efficiency on
a given day has dropped below a threshold (given as a fraction
of the peak efficiency). 100% accurate predictions (in white) are
generally only seen after day 60.

module is fielded on an unacceptable day, the prediction is
calculated with data from the last acceptable day.

It takes 60 days of field testing to predict the day-70
result for all modules, as indicated by white in Fig. 5 for
a range of Y values at day 60 and beyond. Before day 34,
the early field data generally leads to multiple inaccurate
predictions for these modules. In contrast, the LT-55 test
takes only a few days to predict whether a failure will occur
before 70 days in the field. For instance, the modules in
batch C1 took 27–67 days to reach T80 in field testing, but
they took less than half a day to reach T80 in LT-55 testing.

IV. CONCLUSIONS

The purpose of this work was to develop an acceler-
ated light and elevated temperature stress test that could
be completed within 1 week and would inform whether an
MHP module would be likely to retain over 80% of peak
efficiency during 10 weeks of field operation. While the
common LT tests that are currently used for MHPs (such
as those outlined by International Summit on Organic Pho-
tovoltaic Stability [29]) are useful for comparing changes
in device formulations and processes, what they mean for
actual field performance is not yet understood.

Six different batches of modules were subjected to par-
allel LT-55 and field testing to verify the field relevance of
the LT-55 test. Of the four batches that had modules that
failed within 10 weeks of field deployment, they all either
had modules that failed a 100-h light and elevated temper-
ature test at 55 °C (batches B1 and C1) or they were shown
not to have a moisture-proof package (batches A1 and A2).
Of the two batches that had all modules pass the 10-week
field test (batches C2 and D1), all of their modules passed
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the 100-h LT-55 test and had a moisture-proof package.
In conclusion, we determined that modules that could mit-
igate moisture ingress during sequential damp-heat and
thermal-cycling tests, and could retain over 80% of their
peak efficiency after 100 h of LT testing at 1 sun and 55 °C,
would be much more likely to retain over 80% of their peak
efficiency after 10 weeks of field exposure. This work is an
important step towards developing a validated test protocol
that can be incorporated into a qualification test standard,
which does not yet exist for MHP PV products.

It should be noted that the test protocol introduced here
(Fig. 1) is not a certification standard. The accelerated tests
considered here (100 h of LT-55, 48 h of damp heat, and
50 thermal cycles) are considered to screen for only 10
weeks of fielding. While 10 weeks is decidedly a useful
benchmark for the current readiness level of this tech-
nology, it will be necessary to develop tests that could
provide confidence in module operation of >1 and >5
years. While not yet determined, it could be expected that
fielded MHP modules at larger sizes in some locations
could have operating temperatures of 75 °C or more. Such
higher temperatures must be accounted for in LT testing
in any qualification tests. Another variable to consider in
future testing is whether the continuous light used in the
presented LT test creates distinct degradation modes com-
pared to the light cycling that occurs outdoors, or if it
only changes the degradation rate [35]. Understanding is
needed on whether UV should be included in combination
with LT testing, or if there are separate degradation mech-
anisms that should be examined separately or sequentially.
Ultimately, we anticipate that qualification tests that can
provide confidence for longer lifetimes will, at a minimum,
require increased temperatures and longer durations, and
may also require additional stress conditions to be applied
in sequence or combination to tease out unique synergies.

The tests in Fig. 1 do not reproduce all degradation
modes that could occur outside. UV light as well as
hail damage, wind load, and other external mechanical
forces were not considered. Commercial PV modules are
expected to need to pass the IEC qualification tests, which
include such stressors as well as others. Finally, new degra-
dation modes and temperature onsets can change with per-
ovskite composition, transport layer materials, and scribe
designs, so the relevance of accelerated testing protocols
to field testing should continue to be assessed as MHP
module technology changes.
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