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Unraveling the Degradation Pathway of Inverted Perovskite

Solar Cells Based on ISOS-D-1 Protocol

Bowei Li, Jun Deng, K. D. G. Imalka Jayawardena, Xueping Liu, Yuren Xiang, Aobo Ren,
Abayomi Titilope Oluwabi, Steven Hinder, Benjamin Putland, John F. Watts, Hui Li,

Shixuan Du, S. Ravi P. Silva,* and Wei Zhang*

Perovskite solar cells (PSCs) have shown rapid development recently, whereas
nonideal stability remains the chief obstacle toward commercialization. Thus,
it is of utmost importance to probe the degradation pathway for the entire
device. Here, the extrinsic stability of inverted PSCs (IPSCs) is investigated by
using standard shelf-life testing based on the International Summit on
Organic Photovoltaic Stability protocols (ISOS-D-1). During the long-term
assessment of 1700 h, the degraded power conversion efficiency is mainly
caused by the fill factor (53% retention) and short-circuit current density (71%
retention), while the open-circuit voltage still maintains 97% of the initial
values. Further absorbance evolution and density functional theory
calculations disclose that the perovskite rear-contact side, in particular for the
perovskite/fullerene interface, is the predominant degradation pathway. This
study contributes to understanding the aging mechanism and enhancing the

measurements,!® and excellent com-

patibility on tandem cells, such as
perovskite—perovskite,!”] perovskite—
copper indium gallium selenide
(CIGS),®] and  perovskite-silicon
(Si).’121 These advantages confer in-
verted PSCs (IPSCs) as one of the promis-
ing candidates in the solar market.!’]
However, long-term stability is the main
challenge impeding IPSC for further
development. To improve the device
stability, various approaches have been
reported, such as material or interface
engineering®>*l  and  encapsulation
processing.['>1¢]  Nonetheless, these
strategies have their intrinsic limitations.

durability of IPSCs for future applications.

1. Introduction

Over the past decade, tremendous progress has been achieved
in perovskite solar cells (PSCs), yielding power conversion ef-
ficiencies (PCEs) of 25.8% and 33.2% for single- and multi-
junction cells, respectively.l!] Among all types of PSCs, the de-
vice based on the positive-intrinsic-negative (p-i-n) configura-
tion is attracting more attention thanks to its negligible hystere-
sis at different scan rates or light intensities,!>?! robust perfor-
mance under operational,[*) damp-heatingl®! or thermal-cycling

The engineering methods generally

require precise control in the fabrication

process, such as the formation of a 2D

capping layerl>'’] or the water-insoluble
layer through surface reaction.['®] Certain interlayer materi-
als can have a contrasting impact on efficiency and stability
(e.g., lithium fluoride, LiFI?l). For encapsulation processing, it
can increase labor costs!*!! and introduce uncertainties during
the packaging, including the reaction between encapsulants and
perovskite.[?2] Furthermore, even after encapsulation, the devices
could still contact air via the electrical feedthrough.[*)! Due to
the presence of variable materials and protocols, encapsulation
processing causes difficulty in interlaboratory comparison, lead-
ing to an overestimation of the actual lifetime and hindering
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a comprehensive understanding of the underlying degradation.
For example, the significance of extrinsic stability, the device per-
formance under extrinsic factors (e.g., oxygen and/or moisture),
is normally undermined or exaggerated within the context of
encapsulation.**] Therefore, in order to accurately assess the ex-
trinsic stability and its related degradation pathway, it is advis-
able to investigate the tracking performance of the unencapsu-
lated and unmodified devices, like the control or benchmark cells
based on the optimized fabrication.

In this study, we conducted the shelf-life (dark storage) sta-
bility by using the standard International Summit on Organic
Photovoltaic Stability (ISOS-D-1) protocol.[’! All devices were
unencapsulated and stored under ambient conditions with con-
tinuously monitored temperature (T, with an average of 20.2 +
0. 4 °C) and relative humidity (RH, with an average of 40 +
7%). To evaluate performance stability, the photovoltaic param-
eters were measured for 1700 h. The long-term shelf-life testing
demonstrated that the PCE reduction is dominant by the fill fac-
tor (FF) and short-circuit current density (Jsc), while the open-
circuit voltage (V) did not show a noticeable decrease. To make
further knowledge of the degradation pathways, we tracked the
perovskite film for 1000 h under a humidity of over 66%. Based
on the evolution of ultraviolet—visible (UV-vis) absorption spec-
tra, the fullerene material shows a clear “protection effect” that
can retard the degradation of the buried perovskite. Further theo-
retical calculation demonstrated that the perovskite/PCBM inter-
face is the main pathway inducing device aging in the ISOS-D-1
testing.

2. Results and Discussion

2.1. Photovoltaic Performance of IPSCs

The IPSC devices were fabricated using a perovskite light ab-
sorber with a strict stoichiometric ratio, without any excess
composition (see details in the Experimental Section, Support-
ing Information). The thickness of as-crystallized perovskite
film is around 550 nm, confirmed by a cross-sectional im-
age (Figure S1, Supporting Information) from scanning elec-
tron microscopy (SEM) and step measurement from a surface
profilometer (Figure S2a, Supporting Information). The optical
bandgap (E,) of the perovskite layer is ~1.64 eV (Figure S2b, Sup-
porting Information). The poly[N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine] (poly-TPD) and [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) layers are serving as the hole transport
layer (HTL) and electron transport layer (ETL), respectively (see
in Figure 1a). To avoid chemical residue and diffusion,?l UV-
ozone treatment is adopted for hydrophobic poly-TPD to enable
the full coverage of the perovskite film.?*! Aside from the HTL
and ETL, the bathocuproine (BCP) function layer (also called the
buffer layer) is introduced to suppress the charge recombina-
tion between ETL and metal electrodes.[?-8] All these functional
layers are solution-processed at low temperatures, making them
well-suited for the upscaling manufacture of minimodules (see
Figures S3 and S4, Supporting Information).

To accurately evaluate the device performance, we continu-
ously fabricated 36 devices in three separate batches and mea-
sured them outside the glove box. The data of 35 devices were
finally obtained (the yield of working devices is 97%) and their
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corresponding photovoltaic parameters are shown in Figure S5
(Supporting Information). The average V. is 1.08 + 0.01 V
(arithmetic mean + standard deviation), FF is 0.77 + 0.03, and
Jsc 18 21.14 + 0.32 mA cm~2, all of which contribute to an average
PCE of 17.57 + 0.77%. As shown in Figure 1b-e, the narrow dis-
tribution in the overall histograms indicated exceptional repro-
ducibility. The champion performance showed a PCE of 18.80%
(witha Vo 0of 1.09V, a FF 0f0.79, and a J5 0f21.94 mA cm™2). In
addition to negligible hysteresis in the current density—voltage (J—
V) curves (Figure 1f), these PCEs are higher than the previous re-
port based on the same UV-ozone-treated HTL,[*! suggesting an
optimized process for our fabrication. The difference between the
measured Jq. and integrated Js is within 6%, confirmed by the
external quantum efficiency (EQE) spectrum (Figure S6a, Sup-
porting Information). We determined the electronic bandgap of
~1.64 eV from the EQE plot (Figure S6b, Supporting Informa-
tion), in good agreement with the above optical bandgap. To ver-
ify the PCE value, the operational stability was performed at Vpp
(constant voltage at maximum power point, MPP). As shown in
Figure 1g, the stabilized PCE exhibits an average value of 18.57%,
which is close to the data extracted from the J-V curves. After
stabilized tracking, two stringent J-V characterizations were con-
ducted under various scan rates and light intensities. As seen in
Figure 1h,i, the negligible hysteresis is observed either from 25 to
400mV s7! or from 0.1 to 1 Sun (see details in Figure S7, Support-
ing Information), indicative of the independent performance!*!
and data reliability.

2.2. Shelf-Life Testing of IPSCs

Based on the statistical and operational data, the fabricated de-
vices show reliable photovoltaic parameters and excellent repro-
ducibility, both of which are beneficial for the stability study.
Hence, three independent substrates with nine devices (each sub-
strate has three devices) were randomly selected for long-term
shelf-life testing. Specifically, all devices were stored in a standard
petri dish without any encapsulations in dark under ambient con-
ditions (T'=20.2 + 0. 4 °C and RH = 40 + 7%, see inset of Figure
2a). According to the recent statement for stability assessment,[>*]
this measurement is classified as ISOS-D-1 protocol, which can
reflect the device tolerance to the atmospheric species.

As shown in Figure 2a, the devices were captured at 0, 700,
1300, and 1700 h, respectively. Although the silver (Ag) elec-
trode lost the metallic luster after 1700 h, it remained opera-
tional for J-V characterization. In Figure 2b—g, a clear “S shape”
is observed, with increased series resistance (Rg) and decreased
shunt resistance (Rgy). More R variations indicated the vulner-
able FF,?% which could be caused by degradation of the inter-
facial contacts.l*!] During the ISOS-D-1 testing, unencapsulated
devices were periodically measured and the corresponding initial
and final performances are listed in Table S1 (Supporting Infor-
mation). Based on the average data, the PCEs retained 37% of
their initial values (17.68 + 0.67% vs 6.47 + 0.75%). The reduc-
tion is mainly caused by the FF (from 0.78 + 0.03 to 0.42 + 0.03)
and Jy. (from 21.04 + 0.37 to 14.85 + 0.96 mA cm™2), while the
device V- remains largely unchanged, with a drop of only 3%.
These results indicate that the V. exhibits higher tolerance to
environmental stressors than Js. and FF.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. The device structure and performance. a) Schematic configuration. b—e) Histogram of statistical photovoltaic parameters: V¢, Js¢, FF, and
PCE. For each device, the results shown here are average values from the forward scan (FS, —0.2 to 1.2 V) and reverse scan (RS, 1.2 to —0.2 V). The
performance of the champion device, including the f) J-V curves and g) stabilized output determined at Vypp. J-V curves under different h) scan rates
and i) light intensities. Note that the devices were only scanned once and measured outside the glove box without any encapsulation. The temperature

(T) is 20.9 °C and the relative humidity (RH) is 50.1%.

The detailed photovoltaic parameters were recorded as a func-
tion of time. In Figure 3a—c, the FF and | degraded faster than
Voc- These different rates imply that the primary sources of in-
stability are stemming from the interfaces,*?! which will be dis-
cussed in the following sections. For V. evolution, the whole
process can be divided into three parts: a) from 0 to 600 h, the
Voc gradually decreases from 1.08 +0.01 to 1.06 + 0.01 V; b) from
600 to 1200 h, the V. climbs to a plateau of 1.11 + 0.01 V. This
increase could be attributed to the “self-healing effect” of the per-
ovskite film;**-*%] and c) from 1200 to 1700 h, the V. reduces
to 1.04 + 0.04 V, which is 97% of the initial values. The small
decrease in V,, indicates the perovskite film and poly-TPD are
stable as the V. is strongly determined by the film quality of the
light absorber!323¢1 and HTL.[]

In Figure 3d, the device PCEs show a rapid reduction in the
initial stage, also known as the “burn-in” region.l*®! Through the
post-burn-in method (Figure S8, Supporting Information), we
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extrapolated the data and estimated figures of merit for stabil-
ity assessment, in which the Ty, ;. (lifetime at the burn-in re-
gion) is ~240 h and the Ty, (lifetime at 80% of the initial effi-
ciency) is evaluated to be ~550 h. This “burn-in” effect is related
to the ion migration of the A-site cations in perovskite (with a
formula of ABX;)?%! or the interfaces between perovskite and
charge transport layers.??) To further understand the degrada-
tion pathway, a systematic analysis of the entire device, including
the six functional layers (ITO, poly-TPD, perovskite, PCBM, BCP,
Ag), and five interfaces (ITO/poly-TPD, poly-TPD/perovskite,
perovskite/PCBM, PCBM/BCP, BCP/Ag), is required.

The bottom ITO substrate and the poly-TPD HTL showed
high resistance to moisture ingress?®! and heating stimuli.'*]
We intentionally fabricated the poly-TPD-free device and
found a dramatically decreased V. (in Figure S9, Support-
ing Information). This confirmed the robust poly-TPD layer
during the ISOS-D-1 testing, which could be attributed to its

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. Shelf-life testing based on the ISOS-D-1 protocol. a) Aging process over 1700 h. b-g) The J-V curves measured at 0, 500, and 1700 h. The
measurements were conducted outside the glove box without any encapsulation. For each J-V curve, the devices were only scanned once, consisting of
the forward scan (FS, —0.2 to 1.2 V) and reverse scan (RS, 1.2 to —0.2 V). Note that the devices were stored in a petri dish without any encapsulation.
The temperature and relative humidity were recorded every 10 min. The inset photographs are the devices captured at the corresponding time. The
scratches on the silver electrodes are caused by the clips of the measurement holder.
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Figure 3. The photovoltaic parameters of devices during the shelf-life testing. a—d) Vo, Jsc, FF, and PCE. The data were collected from 6 to 8 devices.
For each device, the results shown here are averages from the forward scan (FS, —0.2 to 1.2 V) and reverse scan (RS, 1.2 to —0.2 V). The devices were
stored in the dark under lab conditions and measured outside the glove box without any encapsulation. The average Tis 20.2 + 0. 4 °C and RH is 40 +
7% for 1700 h. Ty m.in indicates the rapid initial degradation time. Tg, denotes the time of dropping to 80% of the initial efficiency.
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Figure 4. The degradation study of interfaces. a) Photographs of perovskite film with and without PCBM as the function of storage time. The samples
were dark stored in a normal petri dish without any encapsulation in ambient conditions. The average Tis 17.1 + 1.5 °C and the average RH is 66.9 =
8.8% (see more details in Figure S12, Supporting Information). Evolution of UV-vis light absorption spectra of perovskite film b) without and c) with
PCBM. d) Normalized absorbance decay at 720 nm for perovskite films with and without PCBM in ambient conditions without any encapsulation

hydrophobic nature and cross-linking process.[*l Furthermore,
our recent study demonstrated low non-radiative losses at the
poly-TPD/perovskite interface.’] Thus, we posit the bottom part
is not the major issue in ISOS-D-1 testing. Thanks to contacting
charge transport layers, the perovskite is protected by the adja-
cent functional layers (sandwich structure), without sacrificing
the grain size (see SEM images in Figures S10 and S11, Sup-
porting Information) and perovskite phase (see X-ray diffraction
[XRD] pattern in Figure S12, Supporting Information). In our
study, we adopted the precise stoichiometric perovskite with a
formula of Cs ,sFA(,0MA, ;;Pbl, ,Br,; (MA denotes CH;NH,™,
FA denotes CH(NH,),*, Cs denotes cesium, see more details
in the Supporting Information). We chose this composition
because the triple-cation perovskite (FAMACs) is more stable to
surroundings compared to single cation (MA) or binary cations
(FAMA).141

In light of the above findings, we shift our research focus to
the structural properties and performance of the upper parts in
devices. For top metal electrodes, the Ag offers excellent elec-
trical conductivity for device measurements (see the J-V curves
in Figure 2), despite tarnishing as a function of the storage
time. If the Ag electrode was damaged, the device cannot be
measured as normal (see Figure S13, Supporting Information).
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In addition, the time-of-flight secondary-ion mass spectroscopy
(ToF-SIMS) results indicated that Ag cannot diffuse through
the PCBM layer into the perovskite during long-term ISOS-D-
1 conditions (Figures S14-S16, Table S2, Supporting Informa-
tion). Hence, these phenomena exclude the Ag electrode as the
main degradation pathway for device performance. With the low
thickness (=5 nm), the BCP can be regarded as one of the in-
terfacial strategies between PCBM and Ag thanks to inhibit-
ing charge accumulation.”! From the chemical structure, the
BCP is air-stable at room temperature due to preventing water
permeation.[?#2] More importantly, a recent study found that the
solution-processed BCP showed better stability than the thermal
evaporated.['**3] Based on these advantages, the BCP layer is not
likely to be the main origin of instability in our device. There-
fore, we will focus on the PCBM ETL and the perovskite/PCBM
interface in the following sections.

2.3. Underlying Degradation Pathway of IPSCs
Aside from acting as ETL, PCBM can passivate the perovskite
traps and thus improve the device performance.l**! However, the

incomplete coverage or self-degradation of PCBM could cause

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 5. The DFT calculation of interaction between water and perovskite surface without and with PCBM. a) Theoretical models. b) The adsorption
energies. c) The electron localization function (ELF) for pure H,O and H,O at the interface of PCBM/perovskite and corresponding charge density

difference (CDD).

device aging.!’] Here, the PCBM layer is found to fully cover
the perovskite film (Figure 4a) so the degradation induced by
environmental factors could be the origin of instability.**] We
thus tracked the perovskite and perovskite/PCBM film in ambi-
ent conditions with a high humidity of 66.9 + 8.8% (see details in
Figure S17, Supporting Information). As shown in Figure 4a, the
PCBM did not show the film change after 1000 h, indicative of the
stability in ambient conditions. For an extended storage time, the
PCBM layer was found to physically protect the buried perovskite
film, as compared to the obvious color change from dark to yellow
at the edge area for a neat perovskite film (see the photographs
in Figures S10 and S11, Supporting Information). The film sta-
bility can be further evaluated by analyzing the evolution of the
absorbance spectra.l'8#] In Figure 4b,c, both samples showed a
redshift in the absorption edge, which could be attributed to ei-
ther mixing of the halides or environmental stressors.['*] Given
that the films are stored in a dark environment (ISOS-D-1), de-
void of any heat or bias, we posit that the phase segregation is not
a predominant concern. The EQE spectrum of the aged devices
exhibited only a minor redshift (Figure S18, Supporting Informa-
tion). When PCBM was deposited on the surface, the perovskite
film did not show an absorbance loss after 850 h (Figure 4d).
By contrast, the perovskite film only maintained ~80% of its
initial absorbance. This observation implies that the presence
of PCBM can effectively mitigate the impact of environmental
stressors on the perovskite film, which is also supported by the
steady-state photoluminescence (PL) spectra (Figure S19, Sup-
porting Information). The “protection effect” can be ascribed to
the multiple functions of the PCBM layer, consisting of passi-
vating the trap states, preventing electrode damage and resisting
moisture.[*+48]
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The above results suggested that the PCBM layer is not
the main degradation pathway. We thus focus on the per-
ovskite/PCBM interface, which plays an important role as the in-
terfacial losses could impair the device performance.>*! Due to
the readily volatilized organic cations or halides in the annealing
process, the perovskite surface or grain boundaries inevitably ex-
ist many defects, such as the undercoordinated leads or halides,
lead clusters, and organic or halide vacancies.*®! In addition,
these defects are electrically charged, which can accelerate the de-
vice aging under environmental stressors. In the ISOS-D-1 test-
ing, the environmental stressors involve temperature, oxygen,
and moisture. Given that the temperature is similar to the room
temperature (Figure S17, Supporting Information) and that expo-
sure to pure oxygen has shown minimal damage or weak interac-
tion to the perovskitel?!! or PCBM[*31] at dark storage, we high-
light moisture as the potential cause of instability. The degrada-
tion pathway can be discerned through the examination of the in-
teraction between water and perovskite, PCBM, or their interface.

To probe the possible interactions, we conducted density
functional theory (DFT) calculations based on a cubic formami-
dinium lead halide (FAPbI;) model.? As illustrated in Figure
5a, one water molecule (H,0) was introduced on the perovskite
surface with and without PCBM treatment. The considered
geometrical structures can be found in Figure S20 (Supporting
Information). As shown in Figure 5b, the adsorption energy
(AE,4) is —0.6 eV (water on perovskite surface), —0.2 eV (water
on PCBM surface with perovskite at the bottom), and —0.7 eV
(water lies at the interface between PCBM and perovskite),
separately (Table S3, Supporting Information). By comparing
their adsorption energy (—0.6 eV vs —0.2 eV), the water is more
readily adsorbed on the perovskite surface than on the PCBM

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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layer. This observation suggests that the presence of PCBM can
effectively inhibit water damage to the buried perovskite film,
consistent with the previous discussion. However, the water can
deteriorate the perovskite film through the perovskite/PCBM
interface. This adsorption process is even faster than the pure
perovskite film due to the lower AE,, (—0.6 eV vs —0.7 eV).
Compared to pure water, the water at the interface has a par-
ticular characteristic, in which the lone pair electrons of O and
the electrons of H are more easily polarized. This is evidenced
by the electron localization function (ELF) and charge density
difference (CDD) as illustrated in Figure 5c. The O atoms could
form hydrogen bonds with FA* ((NH,),CH") and H atoms
would form a hydrogen bond with I". In addition, there is a weak
interaction between water and PCBM (existing charge transfer
in CDD, Figure S21, Supporting Information). These charac-
teristics enable facile water adsorption at the interface. Given
the theoretical and experimental results, we demonstrated that
the PCBM/perovskite interface is an important pathway during
the ISOS-D-1 testing. The adsorbed water could decompose the
perovskite film to form halide ions, which can diffuse through
the ETL or ETL/Ag interface to react with the Ag (also see Figure
S15, Supporting Information).l>*>*] Compared to the buried
interface (perovskite/poly-TPD), the ion migration tends to occur
at the upper interface. As shown in Figures $22—-S24 (Supporting
Information), cross-sectional SEM images of the aged devices
exhibited voids near the perovskite/PCBM interface, confirming
the main degradation pathway under environmental stressors.

3. Conclusion

In summary, the extrinsic stability of IPSCs was systematically in-
vestigated. Our findings demonstrated that the perovskite/PCBM
interface is the main degradation pathway, which is more vulner-
able to the moisture stressor and thus induces more interfacial
losses for the entire device during the long-term ISOS-D-1 test-
ing. This degradation pathway causes a pronounced impact on
the FF and ., while only mildly influencing the V.. There-
fore, it is crucially important to strategically optimize the per-
ovskite/PCBM interface in order to achieve stability in devices.
Our study offers valuable insights into the advancement of high-
performance IPSCs.

4. Experimental Section

Experimental details are provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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