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Stable perovskite—organic tandem solar cells
enabled by chloride-doped evaporated
wide-bandgap perovskites
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Wide-bandgap perovskites are critical for achieving high-efficiency perovskite-based tandem solar cells, yet
their practical deployment remains limited by stability challenges such as ion migration and halide phase
segregation. Herein, we demonstrate that introducing ~1% PbCl, as a vapor-phase additive during thermal
evaporation effectively stabilizes wide-bandgap perovskite devices. Detailed characterization studies reveal
strong chemical interactions between chloride anions and formamidinium cations, resulting in improved
crystallinity and enhanced photoluminescence quantum yield. The Cl-doped wide-bandgap perovskite films
exhibit suppressed halide phase segregation and mitigated ionic losses. As a result, a 1.75 eV single-junction
perovskite cell achieves a Tgo lifetime of 1639 hours under continuous maximum power point tracking,
along with improved efficiency and open-circuit voltage. When integrated with an organic subcell
(PCE-10:P2EH-2V), the resulting perovskite—organic tandem solar cell achieves a power conversion effi-
ciency of 24.86% and a maximum Tgg of 1979 hours, surpassing the stability of all the previously reported
perovskite—organic and perovskite—perovskite tandem devices.

In the context of global transition to cleaner energy sources, perovskites are revolutionizing photovoltaic technologies due to their remarkable properties. The

broad bandgap tunability of such materials enables perovskite-based tandem solar cells with efficiency threshold beyond the theoretical limit. Particularly,
wide-bandgap perovskites are essential for state-of-the-art perovskite-based tandem cells. However, their practical deployment is bottlenecked by multiple

stability and efficiency challenges. Herein, we demonstrate that introducing ~1% PbCl, as a vapor-phase additive during thermal evaporation effectively
stabilizes wide-bandgap perovskites. Characterization studies reveal strong chemical interactions between chloride and formamidinium cations, resulting in

improved crystallinity and enhanced photoluminescence intensity. The Cl-doped wide-bandgap perovskites exhibit suppressed halide phase segregation and
mitigated ionic losses. As a result, a 1.75 eV single-junction perovskite cell achieves a Ty, lifetime of 1639 hours under maximum power point tracking. When

integrated with an organic subcell, the perovskite-organic tandem achieves 24.86% efficiency and a Ty, lifespan of 1979 hours, surpassing all of the reported
perovskite-based thin-film tandem cells. This work underscores the significance of stabilizing wide-bandgap perovskites through a one-stop additive strategy,

and pushes the boundary of operational stability towards an unprecedented 2000 hours for perovskite-based thin-film tandem photovoltaics.
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Introduction

Perovskite solar cells (PSCs) have emerged as the most promis-
ing next-generation photovoltaic technologies, achieving rapid
progress in power conversion efficiency (PCE), with the current
record reaching 26.95%." Despite this remarkable achievement,
further closing the gap between the PCE and the Shockley-
Queisser limit> remains increasingly challenging within the
constraints of single-junction device architecture. In this con-
text, tandem solar cell configurations are considered the most
practical pathway to overcome the theoretical efficiency limit of
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single-junction cells, offering the potential to achieve PCEs
exceeding 30%.

Due to excellent semiconductor properties®® and broad
bandgap tunability”® of metal halide perovskites, numerous
types of perovskite-based tandem solar cells (TSCs) have already
demonstrated remarkable PCE values.”'* However, the com-
mon and essential wide-bandgap perovskite subcell of these
TSCs typically suffers from more severe stability and efficiency
losses compared to its narrower-bandgap counterparts,'* bot-
tlenecking further optimizations of the device performance of
perovskite-based TSCs. Actually, this fact is associated with
multiple harmful processes that occur inside wide-bandgap
perovskites. Hoke et al. first discovered a halide phase segrega-
tion phenomenon of wide-bandgap perovskites with Br con-
tents more than 20%,"’ and subsequent studies confirm its
adverse impact on device stability.""'> Mahesh et al. pointed
out the key role that the defect-assisted non-radiative recombi-
nation plays on the open-circuit voltage (Voc) loss of the
device.'® More recently, Thiesbrummel et al. correlated the
operational stability loss with the mobile ion-induced field
screening effect, which is created by the generation and migra-
tion of mobile ion species during aging.'” Shah et al. further
studied the influence of such effect on the stability of perovskite-
based TSCs."®

Given the complex origins of stability and efficiency losses
in wide-bandgap perovskites, identifying the fundamental
mechanisms or dominant species responsible remains a sig-
nificant challenge. Cs—formamidinium (FA") mixed perovskites
are widely recognized for their enhanced thermal stability and
photostability against halide phase segregation and device
operational stability advantages, compared to their methylam-
monium (MA*)-containing counterparts."®* In such Cs-FA
mixed perovskites, the FA" cation has been identified as a key
contributor to instability through ion migration and loss
processes.”® Furthermore, volatile FABr escape from the per-
ovskite material is found to be responsible for thermal instabil-
ities of perovskites.”® Meanwhile, the incorporation of Cl-based
additives into Br-I mixed-halide perovskites has been shown to
suppress halide phase segregation® and reduce non-radiative
recombination losses in solution-processed wide-bandgap
perovskites.*® However, the controlled incorporation of Cl into
an evaporated Cs-rich, low-Br wide-bandgap perovskite—with
simultaneously reduced FA" and Br~ contents for mitigated
mobile ion-related losses and minimized halide phase segre-
gation—to collaboratively address both stability and efficiency
losses has yet to be realized.

Herein, in this work, we initially developed a Cs-rich (~70% Cs),
low-Br (~20% Br), and MA'-free wide-bandgap perovskite
enabled by thermal evaporation of Pbl,, CsBr and FAI to
minimize negative impacts brought by FA" and Br~ on device
stability as mentioned above. As a step further, we innovatively
incorporated a relatively limited amount (~1%) of PbCl, with
respect to Pbl, in molar ratio as an additive to the vapor.
Results from various characterization studies lead to the con-
clusion that CI” remains in the perovskite and influences
crystal and electronic structures of the perovskite, indicating
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the successful doping of Cl into the perovskite. More in-depth
analyses suggest that the incorporated ClI- manifests chemical
interactions with FA" and enhances crystallinity of the perov-
skite, suppresses halide phase segregation, reduces non-
radiative recombination, and mitigates ionic losses of the
PSC device. With these advantages, we demonstrate a PCE of
18.17% for the 1.75 eV Cl-doped evaporated perovskite single-
junction device with enhanced Voc. The Ty, lifetime of such
PSCs reaches 1639 hours under continuous maximum power
point (MPP) tracking. When integrating this subcell with a PCE-
10:P2EH-2V organic photovoltaic (OPV) subcell, we realize a
PCE of 24.86% for the perovskite-OPV tandem with a Ty, of
1979 hours under the same MPP aging conditions. To the best
of our knowledge, the achieved stability performance of our
tandem device surpasses previous reports on perovskite-based
thin-film TSCs, i.e., perovskite-OPV and perovskite-perovskite
tandem devices.

Results and discussion

Chloride-doping in evaporated perovskites and its impact on
material properties

We begin with confirming the successful doping of ClI™ and
determining the specific chemical compositions of our depos-
ited perovskite thin-films by thermal evaporation. Based on a
Cs-rich, low-Br, and MA-free recipe as a control that involves
sublimation of Pbl,, CsBr, and FAI precursor salts, we intro-
duced another source of PbCl, as an additive to the vapor
during the deposition process (Fig. S1, SI). The evaporation rate
of PbCl, is controlled at 5% of the rate of PbI, according to
quartz crystal microbalance (QCM) sensors. We then performed
X-ray photoelectron spectroscopy (XPS) to analyze the chemical
compositions of control and Cl-treated perovskite thin-films. As
illustrated in Fig. 1a, we found clear signals corresponding to Cl
2p in PbCly-incorporated thin-film confirming the existence of
chlorine elements remaining in the evaporated perovskite,
while the control sample shows no signs of peaks within this
specific binding energy range. This observation of the presence
of Cl in the perovskite is particularly interesting, considering
that the majority of previous studies employing chloride salts
into the bulk of perovskite do not yield detectable Cl signals
in XPS measurements.”’>* Soto-Montero et al. pointed out
that those other works reporting the existence of Cl in such
cases,*?® the observations of Cl signals in XPS are always
accompanied by other phases, such as CsPbCl; or MAPbCl;.>°
In fact, in our study, we did not observe such phases in
subsequent X-ray diffraction (XRD) results. Considering all of
these previous reports, we infer that it is our unique evaporated
Cs-rich, low-Br, and MA-free perovskite that leads to the detect-
able retention of Cl in perovskite without the co-existence of
other Cl-containing phases, rather than possible Cl losses in
the form of volatile MACL>”

To determine the specific chemical compositions of evaporated
perovskites, we captured high-angle annular dark-field (HAADF)
images using scanning transmission electron microscopy (STEM)

This journal is © The Royal Society of Chemistry 2026
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Fig. 1

(a) Cl 2p XPS results of perovskites without and with Cl-doping. (b) HAADF-STEM image of FIB-cut cross-section of a Cl-doped PSC and STEM-

EDX mapping of Cl element, respectively. (c) STEM-EDX mappings of Pb and | elements, respectively. (d) EXAFS spectra plotted in R-space with phase
correction of perovskites without and with Cl-doping measured in transmission mode. (e) N 1s XPS results of perovskites without and with Cl-doping. The
signals are fitted by a Gaussian function and the peak positions marked are determined accordingly. (f) 'H-NMR results of FAI without and with PbCl,
mixed in DMSO-dg solvent. XRD diffraction patterns, perovskite (100) peak positions and FWHMs extracted of perovskites without (g) and with Cl-doping
(h). (i) Tauc-plots from UV-vis measurements showing optical bandgaps of perovskites without and with Cl-doping.

for a focused ion beam (FIB)-cut PSC with PbCl, introduced. As
shown in Fig. 1b and c and Fig. S2 (SI), the cross-section of the
PSC device is fully exposed after FIB cut, and we extracted energy
dispersive X-ray spectroscopy (EDX) mappings for multiple
elements. The revealed distribution of Cl elements further
confirms the successful introduction of Cl to the perovskite
layer. The atomic ratios of Pb, I, and Cl elements are determined
from EDX mappings and listed in Table S1 (SI). Specifically, the
Cl: Pb ratio is calculated as 2.39%. According to these ratios, we
managed to confirm that the perovskite composition with PbCl,
added is approximately Csy cFAg.34PD(Cly 01Brg2210.77)3, given
the condition that the incorporation of Cl into the lattice is
complete. As a result, the composition for control perovskite
should be between Csg goFAg31Pb(Brg23l0.77)3 t0 CSo.66FA0 34
Pb(Bry »,15.75)3- The specific PbCl, amount incorporated with

This journal is © The Royal Society of Chemistry 2026

the amount of Pbl, as a 100% reference is calculated to be
1.21% in molar ratio according to a Cl: Pb ratio of 2.39% (Note
S1, SI). We notice that this value is lower than the PbCl, to Pbl,
rate ratio of 5% according to QCM sensors, nevertheless, we
believe that the value determined from STEM-EDX rather than
QCM sensors is more realistic to reflect the actual Cl amount
incorporated into the perovskite layer.

Next, we conducted various characterizations to investigate
the role of introduced Cl in the perovskite from a microscopic
perspective. We start with analyzing the extended X-ray absorp-
tion fine structure (EXAFS) measurement results for the Pb L;-
edge of perovskites without and with Cl-incorporation (Fig. S3,
SI). The EXAFS Fourier transform plotted in R-space is exhib-
ited in Fig. 1d. The signals are phase corrected and fitted
according to the EXAFS equation using ARTEMIS, part of the

Energy Environ. Sci., 2026, 19, 2679-2689 | 2681
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IFEFFIT software package (SI).*® Via the fits, it emerged that the
derived Pb-I bond length is reduced from 3.16 A to 3.12 A for
perovskite after Cl-treatment, implicating a spatial distortion of
PbX, (X can be Cl, Br, and I) octahedron unit of perovskite
induced by Cl-introduction, given the smaller radius of Cl
compared to Br and I. This observation also suggests a poten-
tially stronger Pb-I bonding strength. Then, we proceed to
investigate the chemical interactions between introduced Cl
with perovskite compositions. We firstly analyze XPS results for
perovskites without and with Cl-treatment, as shown in Fig. 1e
and Fig. S4 (SI). Among all of the elements from the perovskite,
the sharpest contrast between the two conditions appears in N
1s XPS results. The N 1s peak for the control perovskite at
400.90 eV obviously shifted to 400.68 eV for the Cl-incorporated
perovskite. This binding energy change is in accordance with
the electron-donating effect brought by Cl~ to FA*, and visua-
lizing the chemical interactions between Cl~ and FA'. The 'H-
nuclear magnetic resonance (NMR) study further substantiates
this claim (Fig. 1f and Fig. S5, SI). The signal from the hydrogen
atoms of FA" at 8.80 ppm clearly moves towards a higher
chemical shift of 8.84 ppm upon addition of PbCl,, confirming
the formation of hydrogen bonding between Cl~ and FA'. This
kind of chemical interaction formed is also beneficial for
suppressing FA" migration and loss processes.* Additionally,
we also observed the influences of such interactions from
Fourier-transform infrared spectroscopy (FTIR) measurements
plotted in Fig. S6 (SI).

Subsequently, we used XRD to reveal the difference in crystal
properties brought by incorporating Cl into perovskite. As
shown in Fig. 1g, the control perovskite shows a peak intensity
of around 30000 counts with a peak position at 14.60° with a
full width at half maximum (FWHM) of 0.20°. In sharp contrast,
the Cl-treated perovskite exhibits a significantly enhanced peak
intensity of about 140 000 counts, over four times as high as the
control, with a slightly enlarged 26 of peak position to 14.62°
(Fig. 1h). The peak is also obviously narrowed with a FWHM of
0.16°. These features first indicate a drastic enhancement in the
crystallinity of the perovskite with the introduction of Cl.
Additionally, the slightly shifted peak position to a larger 20
direction reflects the crystal lattice changes of the perovskite
induced by Cl incorporation, which is consistent with our obser-
vations in the EXAFS study above. Furthermore, the Tauc-plots in
Fig. 1i created using UV-visible absorption (UV-vis) measure-
ments shown in Fig. S7 (SI) confirm that the introduction of ClI
into the perovskite also affects the electronic structure of the
perovskite. The optical bandgap of the perovskite determined
from the Tauc-plots is widened from 1.73 eV to 1.75 eV upon the
incorporation of Cl, and these values are in line with previous
reports with similar Cs-rich perovskite compositions.***"

Summarizing all of our findings above, we conclude that the
Cl is successfully introduced into the bulk of the perovskite,
interacting with a critical cation species FA" and doping the
perovskite, considering the observed crystal and electronic
structure changes of the perovskite. Consequently, we mark
the target condition of the perovskite with PbCl, as “Cl-doped”
for precisely describing the role of Cl throughout this work.
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Photoluminescence-related enhancements by Cl-doping

Next, we performed a series of photoluminescence (PL)-based
characterization to further investigate the effects that Cl-doping
brought on the PL emission properties of perovskite thin-
films. It is worth noting that the configuration of perovskite
thin-films we fabricated in this section is indium tin oxide
(ITO)/perovskite.

We begin with steady-state PL measurements for both con-
ditions of perovskite thin-films, as illustrated in Fig. 2a and Fig.
S8 (SI). It is found that the PL peak intensity of the perovskite
reveals a significant enhancement after Cl-doping, compared
with control. Furthermore, we also observed a peak position
difference between both conditions, which is consistent with
the optical bandgap changes we reported in Fig. 1i. The PL
emission peak for control perovskite is centred at 716.2 nm,
while the Cl-doped perovskite reveals a peak with a shifted
position towards a lower wavelength of 706.8 nm. Then, we
proceed to fit the quasi-Fermi-level splitting (QFLS) and calcu-
late the photoluminescence quantum yield (PLQY) accordingly
for both perovskite thin-films following the established method
in previous reports (Fig. 2b and Fig. S9, SI).'"** It turned out
that the fitted QFLS value for Cl-doped perovskite exhibits an
obvious increment of 41 meV, from 1.193 eV of the control to
1.234 eV. We note that the improved QFLS can be attributed to
both an enlarged bandgap and the enhanced PLQY: the deter-
mined PLQY values are 0.027% and 0.076%, respectively for the
two conditions. This nearly three-fold enhancement of PLQY
suggests that Cl-doping is beneficial in terms of reducing Voc
loss and suppressing non-radiative recombination processes,
marking the improved quality of the perovskite.

To provide spatial insight of PL emissions of perovskite thin-
films, we captured confocal PL mapping images for both
conditions, as shown in Fig. 2c and d. First of all, we noted
that both control and Cl-doped perovskite thin-films show very
uniform PL emission intensities under confocal PL mappings,
aligning well with previous reports of exceptional homogeneity
of perovskites deposited by thermal evaporation.**** Next, we
also observed distinct contrasts in terms of PL emission inten-
sity for the two samples. The Cl-doped perovskite shows
obviously enhanced PL intensity, confirming again the benefits
gained by Cl-doping of the perovskite.

Lastly, to investigate the effects brought by Cl-doping on
suppressing halide phase segregation, we performed a PL
evolution study, where the perovskite thin-films were exposed
to 10 minutes of continuous 532 nm laser excitations with a
power density of 100 mW cm > and the PL spectra were
recorded every 30 seconds. In Fig. 2e and f, we use contour
plots to show the evolutions of PL peaks of both conditions. For
the control perovskite thin-film, shown in Fig. 2e, a new emer-
ging PL peak is observed at a longer wavelength position around
740 nm compared to the original PL peak, right after the
beginning of exposure to laser excitation. This phenomenon
indicates the formation of an iodide-rich segregated phase from
the original well-mixed phase and suggests the occurrence of
halide phase segregation."” It is common to expect and observe
such a process for a wide-bandgap perovskite with Br:I ratio

This journal is © The Royal Society of Chemistry 2026
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(a) Steady-state PL spectra of perovskite thin-films without and with Cl-doping. Both curves are smoothed by a FFT filter method with a point of

window of 15. (b) Calculated PLQY values for perovskite thin-films without and with Cl-doping. Confocal PL mappings of perovskite thin-films without (c)
and with (d) Cl-doping. Contour plots extracted from PL evolution study for perovskite thin-films without (e) and with (f) Cl-doping under continuous
100 mW cm~2 532 nm laser excitation. The configuration of all perovskite thin-films in this section is ITO/perovskite.

higher than 20%.'® However, in stark contrast, the halide phase
segregation process is significantly suppressed and becomes
negligible in Cl-doped perovskite, as depicted in Fig. 2f. This
leads to the conclusion that the Cl-doping of our control wide-
bandgap perovskite is helpful in regulating the halide phase
segregation process”® and brings an advantage to the stability of
wide-bandgap perovskites.*®

Performances of single-junction wide-bandgap PSCs

Leveraging the above-mentioned benefits of Cl-doping on
wide-bandgap perovskite, we fabricated single-junction wide-
bandgap PSCs utilizing an inverted p-i-n structure, which
is ITO/[4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid
(Me-4PACz)/evaporated wide-bandgap perovskite/Ceo/SnO,/Ag
from the bottom to the top, as revealed in the cross-sectional
scanning electron microscopy (SEM) image in Fig. 3a. In Fig. 3b
and Fig. S10 (SI), we display the champion current-voltage (J-V)
characteristics of fabricated single-junction wide-bandgap PSCs
for control and Cl-doped conditions. The champion J-V perfor-
mance of PSCs with Cl-doping exhibits a drastic improvement,
with the PCE from 16.75% to 18.17% and comprehensively
enhanced Voc, which is greater than the bandgap increment,
short-circuit current density (Js¢), and fill factor (FF), despite
the enlarged bandgap of the Cl-doped perovskite. We also
provide statistics of these parameters in Fig. S11 (SI) to further
confirm the reproducibility of advantageous effects from Cl-
doping in optimizing J-V performances of single-junction wide-
bandgap PSCs. Results of external quantum efficiency (EQE)
measurements depicted in Fig. 3c substantiate an enhanced

This journal is © The Royal Society of Chemistry 2026

photovoltaic response for the Cl-doped PSC device and reveal
the effect of bandgap-broadening induced by Cl-doping again.
The photovoltaic bandgaps of PSCs are determined from the
inflection points of EQE curves and displayed in Fig. S12 (SI),
agreeing well with the optical bandgaps derived from UV-vis
results (Fig. 1i).

Besides, regarding the obviously suppressed Voc loss of the
Cl-doped wide-bandgap PSC devices, we conducted a Vi loss
analysis to elucidate the origins of mitigated Vo loss. To begin
with, we performed high-resolution external quantum effi-
ciency (HREQE) characterization, which allows us to extract
the radiative-limit Voc (Voc,raa) and calculate the Urbach energy
of the PSCs (Fig. S13 and S14, SI), following previously reported
methods.'"*®*” 1t turned out that the fitted Urbach energies
is 37.01 meV and 36.73 meV for control and Cl-doped PSC,
respectively. This reduced Urbach energy for Cl-doped PSC
indicates that the incorporation of Cl to form a triple-halide
perovskite reduced the sub-bandgap electronic state density.
This is consistent with previous observations that an appro-
priately small amount of Cl can help decrease trap state density
and Urbach energy.*® Together with the fitted QFLS (Fig. S9, SI)
from steady-state PL results, measured Vo of champion PSCs
and the Shockley-Queisser limit Voc (Vsq), we visualized the
Voc loss mechanism of control and Cl-doped PSCs, in Fig. 3d. It
can be concluded that apart from about 20 meV of bandgap
difference, the remaining 28 mV improvement of device Vo is
majorly from the alleviated loss between qVocraq and QFLS,
which is 185 meV for Cl-doped compared to 211 meV for
control. This sharp QFLS contrast supports the claim that the

Energy Environ. Sci., 2026, 19, 2679-2689 | 2683
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(a) Cross-sectional SEM image of single-junction wide-bandgap PSCs. (b) Champion J-V curves and photovoltaic parameters in reverse scan

directions of single-junction wide-bandgap PSCs. (c) EQE curves and integrated Jsc values for single-junction wide-bandgap PSCs. (d) Voc loss analysis
for single-junction wide-bandgap PSCs. Jsc (e) and PCE (f) measured at different J-V scan speeds in both of the reverse and forward scan directions for
wide-bandgap PSCs. "F" denotes forward scan direction while “R"” denotes reverse scan direction. (g) The evolution of ionic loss for wide-bandgap PSCs
plotted against MPP aging time. (h) Long-term MPP stability assessment for single-junction wide-bandgap PSC. The device is unencapsulated and there is
no active temperature control, which leads to an actual temperature of about 45 °C. The full spectrum refers to a spectrum from 350 to 900 nm for the

white LED light.

Cl-doping of the control wide-bandgap perovskite enhances the
quality of the perovskite and leads to a better device Vpc. Con-
sidering the relatively more severe Vo deficits for evaporated-
based PSCs compared to solution-processed ones,*® this result is
particularly encouraging.

Subsequently, we performed fast hysteresis j-V measure-
ments'”*? to reveal the advantages of Cl-doping in mitigating
ion migration-related losses and instabilities for our single-
junction wide-bandgap PSCs. This methodology is based on
changing the sweeping speed of J-V scans in a broad range to
determine the ‘steady-state’ and ‘ion-freeze’ -V characteristics
of PSCs under slow and fast scan rates, respectively. When the
scan speed is significantly faster than the ion diffusion rate, the
ions will be effectively immobilized and their contributions to
device performance will be excluded. Therefore, the gap that
can be observed in J-V curves between ‘steady-state’ and

2684 | Energy Environ. Sci., 2026, 19, 2679-2689

‘ion-freeze’ states corresponds to the influences of ion migra-
tion on photovoltaic parameters of PSCs, namely the ionic
losses. Given that the Jsc of PSCs is typically the most sensitive
to mobile ion-induced losses rather than others,'” we first
analyzed the Jsc values of control and Cl-doped PSCs derived
from different /-V scan rates, as shown in Fig. 3e. The Jsc losses
due to ion migrations are visualized and calculated based on
slow and fast scan speeds of 0.272 V s ' and 2720 V s,
respectively. The result proves that the Cl-doping can help
reduce the ionic Jgc loss from 1.15 mA em™? to 0.88 mA cm ™2,
suggesting an alleviated ionic loss of the PSC devices. Indeed,
we also included the PCE values obtained from various scan
rates as well (Fig. 3f), and the outcome confirms again the
conclusion that the Cl-doping brings positive effects for mitigat-
ing performance losses induced by mobile ions. This is further
substantiated by bias-assisted charge extraction (BACE)

This journal is © The Royal Society of Chemistry 2026
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measurement®' results in Fig. S15 (SI). The calculated mobile
ion concentrations for control and Cl-doped PSCs are 2.61 X
10" and 4.68 x 10"® cm 3, respectively, further supporting the
conclusion above.

Besides the static comparisons between ionic Jsc and PCE
losses of control and Cl-doped PSCs, as shown in Fig. 3e and f,
the fast hysteresis characterization can also assist in monitor-
ing the evolution of ionic losses during the aging of PSC
devices. This dynamic process was reported to be correlated
with the generation of mobile ions and their accumulation in
perovskite during aging.'” Therefore, the result is strongly
correlated with the operational stability of the PSC devices.
Here, in Fig. 3g and Fig. S16 (SI), we summarize the evolution of
ionic loss quantified in the form of 1-PCEgjow/PCEgs: within
120 minutes of aging time. During this period, the PSCs are
aged by exposure to continuous 100 mW cm ™2 light illumina-
tion and under MPP tracking. It can be seen that the Cl-doped
PSC exhibits an obviously lower, and much more stable ionic
loss of about 7% throughout the whole aging period. However,
the control PSC shows a larger ionic loss of nearly 8.5% at the
beginning of aging, and the ionic loss keeps increasing to an
elevated level of more than 12% at the end of the aging. This
comparison supports that Cl-doping can not only reduce the
ionic loss compared to the control, but also suppress the
development of enhanced ionic losses during continuous
operation of PSCs. This highlights another significant advan-
tage gained by Cl-doping for the enhancement of operational
stability of PSCs based on Cl-doping.

Furthermore, as shown in Fig. 3h, we tracked the long-term
stability of a Cl-doped unencapsulated single-junction wide-
bandgap PSC, which continuously operated at its maximum
power point under 1-sun full spectrum (350-900 nm) white LED
illumination in a N,-filled glovebox. The temperature of the
device is not actively controlled and can be up to 45 °C. Under
such an environment, the Cl-doped PSC can maintain 80% of
its initial PCE for as long as 1639 hours (Tgo). This outstanding
performance enabled by Cl-doping is among the best stabilities
achieved so far for PSCs with a wide bandgap of 1.75 eV.

Transferring Cl-doped wide-bandgap PSCs to stable
perovskite-OPV TSCs

Based on the above-discovered enhancements of the perfor-
mance of singlejunction wide-bandgap PSCs enabled by Cl-
doping, we integrated this optimized subcell to the fabrication
of monolithic perovskite-OPV TSCs. To realize a balanced
current-matching condition considering the 1.75 eV bandgap
of Cl-doped perovskite and maximize the operational stability
of perovskite-OPV TSC, we selected a narrow-bandgap non-
fullerene acceptor P2EH-2V (Fig. S17, SI) with an optical band-
gap of 1.20 eV,>*> mixed with a donor polymer of poly([2,6"-4,8-
di(5-ethylhexylthienyl)benzo[1,2-5;3,3-b]dithiophene{3-fluoro-
2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PCE-10)
to form a tailored OPV subcell of PCE-10:P2EH-2V (Fig. S18
and S19, SI). Fig. 4a reveals the cross-sectional device structure
of the fabricated perovskite-OPV TSC, which is ITO/Me-4PACz/
perovskite/Cg0/SNO,/ITO/M00,/OPV/2,9-bis[3-[[3-

This journal is © The Royal Society of Chemistry 2026
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(dimethylamino)propyl]Jamino]propyl]-anthra[2,1,9-def:6,5,10-
d'e'f'|diisoquinoline-1,3,8,10(2H,9H)-tetrone (PDINN)/Ag from
the bottom to the top. We summarized the champion -V
characteristics and photovoltaic parameters in both forward
and reverse scan directions in Fig. 4b. The champion perovs-
kite—-OPV TSC reached a PCE of 24.86% with a V¢ of 1.813 V, a
Jsc 0f 16.69 mA cm 2, and a FF of 82.16% in reverse scan. This is
the first demonstration of a perovskite-OPV TSC based on a
thermally evaporated wide-bandgap perovskite subcell. We then
performed EQE characterization for each subcell and showed
the results in Fig. 4c. The integrated Jsc values for the two
subcells are 16.26 and 16.08 mA cm ™2, respectively. These values
indicate a balanced current-matching achieved in our perovs-
kite-OPV TSC. Next, to check the reproducibility of our perovs-
kite-OPV TSC, 18 cells are included in forming statistics of PCEs
(Fig. 4d). It turned out that the distribution of PCEs generally
follows a normal distribution centered at about 24.51%.

To comprehensively disclose the stability of our fabricated
perovskite-OPV PSCs, we initially begin with a short-term MPP
tracking of the TSC in a N,-filled glovebox and at a room
temperature of 25 °C under 1-sun simulated air mass 1.5 global
(AM1.5G) light illumination, following the ISOS-L-11 protocol.*>
As depicted in Fig. 4e, within the 300 seconds of continuous
tracking, we did not find any signs of noteworthy PCE degrada-
tion of our perovskite-OPV TSC. Furthermore, when shifted to
long-term MPP stability assessment in a N,-filled glovebox with
an actual temperature of ~45 °C under 1-sun full spectrum
(350-900 nm with UV) white LED light illumination, our TSC
device manifests an outstanding performance where the Tg,
lifespan can be as long as 1979 hours (Fig. 4f). To the best of our
knowledge, this operational stability lifetime is the best among
all of the reported perovskite-OPV TSCs. What’s more, we also
elevated the testing temperature to 65 °C and applied active
temperature control to maintain such a high temperature, in
accordance with ISOS-L-2I protocol.> This is the first time that
a perovskite-OPV TSC has been subjected to such a high aging
temperature continuously. This strict thermal stress, together
with UV-containing illumination, poses a challenge for the
durability of our TSC device. However, under such harsh
conditions, the T, lifetime for our perovskite-OPV TSC can
still reach 195 hours, as illustrated in Fig. S20 (SI). Finally, in
Fig. 4g, we summarized previous reports of MPP stability of
perovskite-OPV TSCs, and included perovskite-perovskite and
perovskite-copper indium gallium selenide (CIGS) TSCs to
complete a comparison of our result with dual-junction
perovskite-based thin-film TSCs. The plot shows the remaining
PCEs versus time elapsed of different TSCs at different testing
conditions (Table S2, SI). We also include our MPP stability
result as red circles with a time interval of 100 hours from
Fig. 4f in the same plot for ease of comparison. It can be clearly
seen that our perovskite-OPV TSC based on Cl-doping exhibits
remarkable MPP stability, outcompeting previously reported
stabilities of perovskite-OPV and perovskite—perovskite TSCs.
This observation suggests the stability benefits gained by
applying our Cl-doping strategy to evaporated wide-bandgap
perovskite and significantly advances the device MPP stability
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(a) Cross-sectional SEM image of perovskite—OPV TSC. (b) Champion J-V curves and photovoltaic parameters in forward and reverse scan

directions of perovskite—OPV TSC. (c) EQE curves and integrated Jsc values for perovskite and OPV subcells in perovskite—OPV TSC. (d) Statistical
distribution of PCEs from 18 perovskite—OPV TSCs. The red line represents the fitted distribution by a Gaussian function. (e) Short-term MPP tracking
result of perovskite—OPV TSC within 300 seconds following ISOS-L-1I protocol. (f) Long-term MPP stability assessment for perovskite—OPV TSC. The
device is unencapsulated without active temperature control, which leads to an actual temperature of about 45 °C. The full spectrum refers to a
spectrum from 350 to 900 nm for the white LED light. (g) Comparison between our results and previously reported MPP stabilities of perovskite-based
thin-film TSCs. The red circles represent our MPP stability result of perovskite—OPV TSC in (f) with a time interval of 100 hours.

beyond the previous reports of dual-junction perovskite-based
TSCs in literature, paving the way towards further development
and commercialization of such kind of TSCs.

Conclusions

In summary, targeting the enhancement of the durability of
wide-bandgap PSCs and perovskite-OPV TSCs, we intentionally
incorporate ~ 1% PbCl, as a vapor additive to a Cs-rich, low-Br,
and MA-free evaporated wide-bandgap perovskite. It is observed
that the introduced CI~ interacts with FA" in the perovskite,
enlarges the bandgap of the perovskite, improves its crystal-
linity and suppresses non-radiative recombination in the per-
ovskite. The resulting Cl-doped perovskite thin-films and
devices show resistance to halide phase segregation and ionic

2686 | Energy Environ. Sci., 2026, 19, 2679-2689

losses, leading to a Tg, lifetime of 1639 hours with optimized
PCE and V¢ for a 1.75 eV single-junction PSC. When paired
with a tailored OPV subcell with suitable photovoltaic proper-
ties, we demonstrate a champion PCE of 24.86% with an
extended Ty, lifetime of 1979 hours under continuous MPP
tracking. This result is the best stability performance among
reported perovskite-OPV and perovskite-perovskite TSCs and
sheds light on designing effective strategies to advance the
stability of perovskite-OPV TSCs towards further development
and commercialization in the future.
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