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Abstract
Perovskite solar cells with a wide bandgap (WBG) perovskite absorber of 1.68 eV are fabricated
and their performance evolution under accelerated stressing conditions are compared with
1.61 eV reference devices. The cells are processed entirely with scalable deposition methods, to
guarantee their relevance for industrial application. Different stress tests, following the
International Summit on Organic Photovoltaic Stability (ISOS) protocols, are performed,
namely prolonged exposure to light (ISOS-L1), heat (ISOS-D2) and a combination of these
(ISOS-L2). First, the ISOS-L1 test highlights the excellent stability of the chosen WBG
composition, with minimal degradation after 60h. Secondly, the ISOS-D2 test led to a more
significant degradation of the WBG cells, with only 80% efficiency retained after 95h. The
main cause of degradation was found to be interface-related, specifically the formation of a
charge transport barrier at the perovskite/electron transport layer interface, while the perovskite
absorption properties remained unaffected by the stress test. Finally, the ISOS-L2 test led to an
even faster degradation, with only 80% efficiency retained after 35h. There, the perovskite
absorber itself was found to be significantly degraded due to the combined action of light and
heat. Altogether, this study highlights the main degradation pathways in WBG perovskite cells
while showing the importance of diversified and combined stresses in evaluating their stability.
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1. Introduction

Wide bandgap (WBG) perovskites have lately attracted
increased attention, mainly due to their promising opto-
electronic properties making them suitable candidates to be
integrated as top cell absorber in tandem solar cells (TSCs).
Particularly good candidates for such application are the
hybrid-organic lead halide perovskites with a bandgap around
1.7 eV, since they can be combined with silicon cells to the-
oretically reach the highest possible efficiency in TSCs [1]. In
spite of this, theseWBG perovskites typically face poor stabil-
ity under light and at elevated temperatures. This is because,
to widen the bandgap of the perovskite, bromide (Br−) is
mixed with iodide (I−) to occupy the halide site of the per-
ovskite crystal. When submitted to light, these species segreg-
ate into Br-rich and I-rich domains, leading to the formation
of regions with a higher and lower bandgap, respectively. As
a consequence, photo-generated carriers are driven towards
the low bandgap regions, where their recombination is facilit-
ated, therefore causing significant device performance loss [2].
To mitigate this phenomenon, various techniques have been
explored, among which additive, composition and interface
engineering, as well as precise crystallization control [3–7].
However, while these approaches typically enable good sta-
bility of the perovskite film under continuous illumination,
there are only few reports of the stability of fully functional
devices under different stressing conditions. Moreover, the
vast majority of works where stability of devices is reported
focus on showcasing the performance evolution rather than
on understanding the root cause of the degradation. Finally,
most of the devices reported in the literature were manufac-
tured using lab-scale, non-scalable techniques such as spin-
coating, which limit their relevance for industrial application.
Therefore, an in-depth analysis of the degradationmechanisms
ofWBG perovskite devices, made by scalable deposition tech-
niques, under different stressing conditions is required.

In this work, perovskite solar cells with a bandgap of
1.68 eV are fabricated and their stability is compared with
stable 1.61 eV reference cells. These devices are made using
scalable techniques, and submitted to three standardized accel-
erated stress tests derived from the International Summit
on Organic Photovoltaic Stability (ISOS) protocols, namely
ISOS-L1, ISOS-D2 and ISOS-L2 [8]. To study and understand
the degradation mechanisms occurring in these devices, an
electrical characterization toolbox, combining current–voltage
(I–V), photoluminescence (PL) and capacity–frequency (C–f )
measurements is used.

In a first section, the WBG and reference devices are com-
pared in terms of stability under the three different stress tests
mentioned above. One sample of each type was selected for
each of the tests to be shown in this work, but these tests

were repeated over a larger amount of samples and the same
trends were consistently observed. As anticipated, the refer-
ence devices show a significantly higher stability in all three
tests. Interestingly, not all three tests lead to the same degrad-
ation rate. Therefore, in a second section, an in-depth analysis
is performed on samples submitted to the two stress tests lead-
ing to the fastest degradation, i.e. the ISOS-D2 and ISOS-L2
tests. This analysis reveals the distinct degradation pathways
that are occurring during these tests, highlighting the import-
ance of using diversified and combined stress tests when ana-
lyzing perovskite device stability.

2. Experimental details

2.1. Device fabrication

Perovskite solar cells with a semi-transparent p–i–n device
architecture were fabricated with the following stack:
glass/ITO/hole transport layer (HTL)/perovskite/electron
transport layer (ETL)/ITO, using scalable methods. Each
9 cm2 sample is composed of 12 small pixel cells with an
area of 0.125 cm2. Two perovskite absorbers, both depos-
ited by blade-coating, were used: ‘reference’ 1.61 eV with
Cs0.2FA0.8Pb(I0.94Br0.06)3 composition and ‘wide-bandgap’
1.68 eV with Cs0.15(MA0.2FA0.8)0.85Pb(I0.8Br0.2)3 composi-
tion. For the HTL, a 15 nm layer of NiOx was deposited by
DC sputtering. For the ETL, a stack of LiF/C60/LiF with thick-
ness 0.8/15/0.8 nm was deposited on top of the perovskite by
thermal evaporation. The reference 1.61 eV perovskite layer
was previously demonstrated to be very stable under ISOS-
D2 accelerated testing [9], therefore motivating its choice as
a reference for this study. The IV curve and main figure of
merits for both a champion reference and WBG cell are given
in supplementary information figure S1.

2.2. Device characterization

Current–voltage (I–V) measurements were performed in a
N2 environment, using an Abet Sun 3000 solar simulator.
The light intensity was calibrated to 100mWcm−2 using
Fraunhofer ISE’s WPVS reference solar cell (Type: RS-ID-
4). A Keithley 2602A source meter was used to record the
I–V characteristic in both reverse and the forward directions,
with a scan speed of 0.13V s−1. PL measurements were per-
formed in ambient air, at 45% relative humidity and a temper-
ature of 22 ◦C, using a Picoquant Fluotime 300 lifetime and
steady state spectrometer. The emitter is composed of a 20mW
laser source of wavelength λ= 532nm, pulsed at 40MHz.
Capacitance–frequency (C–f ) measurements were carried out
in a N2 environment and in the dark, using the Fluxim PAIOS
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Figure 1. Performance evolution of the reference vs wide bandgap (WBG) samples under different stressing conditions: (a) ISOS-L1:
maximum power point tracking (MPPT) under 1Sun illumination at 25 ◦C, (b) ISOS-D2: dark storage at 85 ◦C and (c) ISOS-L2: MPPT
under 1 Sun illumination at 60 ◦C. All tests were performed in a N2 environment.

system. During measurement, the sample is kept at 0V DC
bias and a small AC signal of 30mV is applied.

3. Performance evolution under different stressing
conditions

A common step in evaluating the stability ofWBG perovskites
is usually to test the stability of the emission peak of the bare
absorber under continuous PL illumination at 25 ◦C in N2. The
red-shift of the PL emission peak with time is attributed to the
formation of I-rich domains in the absorber owing to light-
induced halide phase segregation [3]. A logical conclusion
emerging from these studies is that light-induced phase segreg-
ation is a major degradation pathway in WBG perovskites.

Since this work focuses on the stability of full devices,
a WBG perovskite solar cell was subjected to light-soaking
using the ISOS-L1 protocol, and the device maximum power
point (MPP) was tracked at 1Sun illumination, at a temper-
ature of 25 ◦C and in a N2 environment. The performance
evolution of the WBG cell, compared to reference, is shown
in figure 1(a). Both the reference and WBG cell exhibit a
strong improvement in performance during the initial period
(<5 h) of light-soaking. After this, while the reference cell

displayed a saturating and stable behavior with an over-
all improvement of 10%, the WBG cell showed a constant
degradation over the remainder of the test until 60h, albeit
not catastrophic. This shows that the perovskite composition
has a clear impact on the stability behavior under expos-
ure to light, and that only light-soaking might not be suffi-
cient to cause a significant and fast degradation of the WBG
perovskite absorber.

The WBG and reference samples were also submitted to
two other accelerated ageing tests, namely the ISOS-D2 pro-
tocol, where the performance evolution after dark storage at
85 ◦C and in N2 is followed (figure 1(b)) as well as the ISOS-
L2 protocol, where the MPP at 1Sun illumination, 60 ◦C and
in a N2 is tracked continuously (figure 1(c)). In both cases, the
performance of theWBG perovskite cells shows a much faster
degradation rate, with a time to 80% performance (t80) reached
after only 95h and 35h respectively. In the case of the ISOS-
D2 stress test, performance loss could also be observed for
the reference cell, though after a significantly longer time. In
the next section, further insight is gathered on the degradation
of WBG perovskite submitted to the ISOS-D2 and ISOS-L2
protocols. Specifically, the aim is to understand how the cells
degrade in both cases, and whether a different origin can be
identified for each case.

3
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4. In-depth analysis of the device degradation

4.1. ISOS-D2 stress test

During the ISOS-D2 stress test, the reference and WBG
samples were periodically characterized using IV, PL and
C–f measurements. In figures 2(a) and (b), showing the IV
curves at different stages of degradation, a similar behavior is
observed for both the reference and the WBG cells, although
on a much shorter timescale for the latter. Initially, only a
reduction in open-circuit voltage (Voc) is observed. With long
durations of dark storage, an ‘S-shape’ starts to appear close to
the Voc point, heavily impacting the fill-factor (FF). The short-
circuit current (Jsc) varies little with time, suggesting that the
absorber layer is not much affected by the stress test. Finally,
the hysteresis of the IV curve seems to increase with degrad-
ation in the WBG cell but not in the reference cell. This last
observation could indicate a possible link between degradation
in the WBG cell and mobile ionic charges, which is further
discussed below.

The formation of an S-shape characteristic in the IV curves
has previously been reported in the literature for perovskite
solar cells, and each time attributed to the formation of a bar-
rier at one of the perovskite/transport layer (TL) interfaces
[10–12]. This barrier can typically either be an extraction bar-
rier, caused by a highly resistive TL, or an injection barrier,
formed in the presence of a band alignment mismatch at the
interface. As explained by W. Tress and O. Inganäs in [10],
performing light-dependent IV measurements enables to dis-
tinguish between these two cases. This was done for the WBG
sample, as shown in figure S2 of the supplementary inform-
ation. At lower light intensities, the FF increases and the S-
shape disappears, which is a clear sign of an extraction bar-
rier. Such a barrier typically appears in the presence of low-
mobility TLs. In these circumstances, a potential drop occurs
over the highly resistive TL, which then behaves similarly to
a dielectric layer in a capacitor. This has the effect of redu-
cing the built-in electrical field in the perovskite, affecting the
photo-generated current at high light intensities. Eventually,
this leads to a lower FF and to a slight reduction in Jsc. One
plausible origin for this extraction barrier would be the deteri-
oration of the ETL after the thermal stress test. The ETL stack,
and specifically the C60 layer, is prone to degradation under
these conditions, which could eventually result in an increased
layer resistivity [13, 14]. This conclusion was moreover con-
firmed in a recent work, that used TCAD simulations to
uncover the origin of the degradation in devices using a similar
architecture [15]. The perovskite morphology and its rough-
ness are known to exacerbate this degradation issue, possibly
explaining the difference in stability between the reference and
the WBG samples.

To delve further into the origin of the degradation and
understandwhether the same degradationmechanism is occur-
ring in the reference and WBG cells, PL measurements are
performed on the pristine vs degraded devices, as shown
in figures 2(c) and (d). Neither the reference nor the WBG
sample exhibits PL shift over time, indicating that no phase

segregation is taking place in these cells during the dark stress
test. The PL intensity, however, changes with time, which usu-
ally corresponds to a change in quasi–Fermi level splitting [16,
17]. This result is partly in line with the observations from
the IV measurements in figures 2(a) and (b), in the sense that
there is indeed a reduction in Voc occurring between the first
and second measurement. However, between the second and
third measurement, a difference in PL intensity is observed,
whereas no difference in Voc is recorded for both cell types.
This suggests that the PL intensity can also depend on other
factors, the most significant being interface recombination
properties, as already reported in [17–19]. This would corrob-
orate the hypothesis formulated earlier that an interface issue
would be the main cause of degradation in these samples, bey-
ond the initial loss in Voc.

Finally, to go one step further in understanding the degrada-
tion of these cells,C–f measurements are performed. As previ-
ously discussed in [20, 21], this type of measurement provides
more information on the perovskite absorber itself, enabling
the extraction of its geometric capacitance as well as the ana-
lysis of its mobile ions dynamics. The measurement for both
the reference and WBG sample is represented in figures 2(e)
and (f), respectively. First, the geometric capacitance (Cgeo) is
extracted in the medium frequency region (102 − 105Hz), and
is computed as

Cgeo =
ε0εpero
tpero

(1)

εpero being the dielectric permittivity of the perovskite layer
and tpero its thickness. Since Cgeo stays constant with time and
because it is an intrinsic parameter to that layer, a logical
deduction is that the perovskite layer properties remained
unaffected by the stress test, which is in line with earlier inter-
pretations. This is also further motivated by x-ray diffraction
(XRD) measurements performed on these samples (supple-
mentary information figure S3) which do not exhibit any sign
of phase segregation or decomposition of the active perovskite
phase into inactive amorphous phases.

In the low-frequency region, clear differences are
observed between the two samples. For the reference sample
(figure 2(e)), the low-frequency response stays constant with
degradation time. On the other hand, for the WBG sample
(figure 2(f)), the transition frequency at which the capacit-
ance starts increasing is shifted to the higher frequencies with
degradation. As discussed by Messmer et al in [21] regarding
C–f measurements performed on similar samples, this indic-
ates that the ionic diffusivity increases with degradation in the
WBG sample. Moreover, since the low-frequency capacitance
is also higher in absolute value than for the reference case,
a higher density of mobile ionic charges in the WBG cell
is also very likely. This is an important observation, which
was not possible to deduce from the previous measurements,
and which is moreover independent of the phase segregation
mechanism, shown not to occur in these cells.

Overall, these different results enable to conclude on
the nature of degradation occurring in the dark and under
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Figure 2. Evolution of the IV curve with time for (a) the reference cell and (b) the wide bandgap cell stored in the dark, at 85 ◦C and in N2

(ISOS-D2 test). The solid and dashed curves represent respectively the forward and reverse IV scans. Steady-state photoluminescence
measurements of the (c) reference and (d) wide bandgap sample at different degradation times. The dashed line highlights in both cases the
position of the PL peak, not shifting with degradation time. Capacitance–frequency measurements of (f) the reference and (g) the wide
bandgap samples at different degradation times. The dashed line highlights in both cases the position of the geometric capacitance Cgeo.

85 ◦C thermal stress. Under these conditions, the perovskite
layer absorption properties remain unchanged, for both the
reference and WBG samples. The main cause for degrada-
tion of these samples is found to be interface-related, likely

at the perovskite/ETL interface. The IV characteristic shows
the formation of an S-shape, pointing towards the existence
of a charge extraction barrier at that interface. For the WBG
samples, a higher density of ions is moreover observed,
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Figure 3. (a) Evolution of the wide bandgap cell IV curve before and after being tracked at its maximum power point under 1Sun
illumination, at 60 ◦C and in N2 (ISOS-L2 test) for 60h. The solid and dashed curves represent respectively the forward and reverse IV
scans. (b) Normalized steady-state photoluminescence measurements of the wide bandgap sample before and after the ISOS-L2 stress test.
The dashed line highlights the position of the initial PL peak, shifting with degradation time. (c) Capacitance–frequency measurements of
the wide bandgap samples at before and after the ISOS-L2 stress test.

with increasing diffusivity with stressing time. This might
potentially be related to the interface issue, as the redistribu-
tion of these ions has the ability to modify the interface prop-
erties, by changing its extraction properties [22] or by chem-
ically reacting with the TL material [23, 24]. This would how-
ever require further investigation to be confirmed. In the next
section, the same characterization methodology is applied to
study the degradation of these cells under light and heat.

4.2. ISOS-L2 stress test

For this stress test, as previously mentioned, the MPP of the
sample was tracked under light, at 1Sun intensity, and at a con-
stant temperature of 60 ◦C. Since very little performance loss
is observed for the reference sample (figure 1(c)), the analysis
focuses on the WBG cell that is at the core of this study. The
IV plots in figure 3(a) for the WBG sample before and after
the ISOS-L2 test show that in addition to a reduction in Voc

and FF (as was in the case of ISOS-D2), there is also a strong
reduction in Jsc. The most plausible explanation for the strong
Jsc loss is a degradation of the absorber itself, and hence a

lower ability to generate electrical charges. This current loss is
furthermore confirmed by external quantum efficiency meas-
urements realized on a similar sample submitted to the same
protocol (supplementary info, figure S4).

The steady-state PL spectrum of the cells before and after
degradation shows a clear red shift after degradation, as depic-
ted in figure 3(b). Again, this is likely a sign of the formation
of I-rich domains in the absorber. Moreover, since these meas-
urements are not performed directly after the ISOS-L2 stress
test, the formation of these domains seems to be permanent.
It indicates that the absorber layer has irreversibly degraded,
contrary to what was observed for the stress test in the dark.

This observation is confirmed by the C–f measurements,
as shown in figure 3(c). There, the flat region at medium fre-
quencies (102–105Hz), where Cgeo is extracted, is very clearly
impacted by the ISOS-L2 stress test, showing a strong reduc-
tion for the degraded sample. Based on equation (1), this
indicates that the dielectric permittivity of the perovskite, εpero,
is significantly affected by degradation. Following the Drude
model of semiconductors, changes in the chemical composi-
tion of a material directly affect its bandstructure, its density of

6
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states and therefore also its dielectric constant [25]. Moreover,
εpero is also directly related to the intrinsic polarisability of the
perovskite layer [26]. Therefore, if the chemical composition
of the perovskite is altered, e.g. by the appearance of differ-
ent phases, the polarisability can also be modified. More spe-
cifically in this case, new phases with lower crystallinity and
a higher lattice disorder, as confirmed by XRD measurements
(supplementary information figure S5), could lead to a reduced
response of the perovskite to the displacement field which then
results in a lower εpero. This shows that a reduction in Cgeo is
a good way of confirming the modification of the perovskite
layer. The low-frequency response of the device, on the other
hand, seems to be much less affected by the degradation, as
observed when normalizing the capacitance response by Cgeo

(supplementary info, figure S6). Following our previous ana-
lysis, this indicates that there is little variation in the ionic dif-
fusivity of the layer, which is an interesting observation since
ions have often been reported to be at the root of degradation
in perovskite-based devices.

Overall, this analysis clearly shows that the degradation
of perovskite devices submitted to light and high-temperature
conditions, following the ISOS-L2 protocol, is very different
from the one occurring in the dark and at elevated temper-
atures. Under light and heat, the degradation is most likely
absorber-related, with a significantly reduced ability to gen-
erate a photo-current and clear phase segregation. Moreover,
when comparing the MPP tracking under light and at elev-
ated temperatures to the results under light but at lower tem-
peratures from figure 1, it appears very clearly that the com-
bined action of light and heat is needed in order to observe fast
degradation of the WBG perovskite absorber when embedded
in a full cell stack. This is another important finding, since
previous studies tend to mainly link illumination with phase
segregation as being the principal degradation mechanism in
WBG perovskites.

5. Conclusion

In this work, the stability of WBG perovskite solar cell under
different stressing conditions was thoroughly investigated.
First, MPP tracking of these devices at room temperature and
1Sun irradiance was found to cause relatively minimal per-
formance loss, against the common knowledge that light is the
main degradation factor inWBGperovskites. Then, the impact
of dark storage at 85 ◦C temperature was studied, and found to
not cause degradation of the perovskite absorber. Instead, the
fast performance degradation observed for the WBG devices
in these circumstances was attributed to the deterioration of the
perovskite/ETL interface, possibly due its weak thermomech-
anical stability. Finally, the combined impact of the exposure
to 1Sun light intensity and to an elevated temperature of 60 ◦C
on the WBG cell was investigated, and found to cause signi-
ficant degradation of the perovskite absorber. This important
finding emphasizes the role of heat on the phase segregation
process and on the degradation of WBG perovskites under
operational conditions, which was overlooked in many pre-
vious studies. As next steps, non-destructive characterization

such as GIWAXS, LBIC, and EBIC can be applied to fur-
ther probe the structural and chemical state of the device.
Altogether, this study shows the importance of carrying out a
set of diversified accelerated ageing protocols and a thorough
study beyond the sole analysis of performance evolution to
unravel the key degradation mechanisms in WBG perovskite
solar cells.

6. Future perspectives

In this work, similarly to others before, the systematic lower
stability of WBG perovskite solar cells compared to sim-
ilar narrow bandgap perovskite devices was demonstrated.
Furthermore, it emerged that different degradation modes are
observed in different stressing conditions, emphasizing that
‘perovskite stability’ may not be an absolute concept. For this
reason, several steps are yet to be undertaken before this mater-
ial becomes suitable for industrial-scale deployment. First, a
more detailed understanding of the nanoscale-level degrad-
ation in different stressing conditions is required. This goes
in parallel with efforts to improve the stability of the WGB
perovskite, not only at material but also at cell and module
level. Secondly, these devices should be tested in a wider
range of stressing conditions, potentially leading to the dis-
covery of new degradation modes. Outdoor field deployment
is central among these tests, as it mimics the real-life opera-
tion of devices and should highlight which accelerated tests are
the most representative to reproduce these conditions. Finally,
when moving towards the commercialization of this techno-
logy, clear industrial standards for stability should be set and
coupled with adapted and standardized accelerated stress tests.
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