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® Dual SCN™/OCN™ alloying suppresses halide vacancies and
increases ion migration barriers

@ Dual pseudohalides reduce ionic conductivity 5-fold and
delay phase segregation 10-fold

® 1.78-eV cells retain 90% of initial PCE after 1,530 h of
continuous illumination at 65°C

® All-perovskite tandems achieve 27.2% efficiency with
improved stability
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In brief

Light-induced halide segregation remains
the principal stability bottleneck in mixed-
halide wide-band-gap perovskites. Here,
dual SCN"/OCN™ alloying induces an
emergent cooperative frustration within
the halide sublattice, creating a non-
additive distortion field that
simultaneously suppresses halide
vacancy formation and elevates ion
migration barriers. This cooperative
mechanism delays phase segregation by
an order of magnitude while preserving
optoelectronic quality, providing a
general design principle for stable wide-
band-gap absorbers in tandem
photovoltaics.

March 17,2027 © 2026 Elsevier Inc. All rights are reserved, including those for text

and data mining, Al training, and similar technologies.
https://doi.org/10.1016/j.joule.2026.102669

¢ CellPress


mailto:saiful.islam@materials.ox.ac.uk
mailto:bin.chen@northwestern.edu
mailto:ted.sargent@northwestern.edu
mailto:m-kanatzidis@northwestern.edu
https://doi.org/10.1016/j.joule.2026.102669

Please cite this article in press as: Nandi et al., Dual-pseudohalide engineering suppresses halide segregation in wide-band-gap perovskites, Joule
(2026), https://doi.org/10.1016/j.joule.2026.102669

Joule ¢? CellPress

Dual-pseudohalide engineering suppresses
halide segregation in wide-band-gap perovskites

Pronoy Nandi,’-* Chiung-Han Chen,’ Vikram,? Cheng Liu,” Yurui Wang,' Alekos Jackson,? Levi Hoogendoorn,®
Shreyash S. Hadke,® Mark C. Hersam,'-3* M. Saiful Islam,>* Bin Chen,’-** Edward H. Sargent,’-**

and Mercouri G. Kanatzidis'-%-*

1Department of Chemistry, Northwestern University, Evanston, IL 60208, USA

2Department of Materials, University of Oxford, Oxford OX1 3PH, UK

3Department of Materials Science and Engineering, Northwestern University, Evanston, IL 60208, USA

4Department of Electrical and Computer Engineering, Northwestern University, Evanston, IL 60208, USA

5Present address: Center for Sustainable Energy, Indian Institute of Technology Roorkee, Roorkee 247667, India

SLead contact

*Correspondence: saiful.islam@materials.ox.ac.uk (M.S.l.), bin.chen@northwestern.edu (B.C.), ted.sargent@northwestern.edu (E.H.S.),
m-kanatzidis@northwestern.edu (M.G.K.)

https://doi.org/10.1016/j.joule.2026.102669

CONTEXT & SCALE Mixed-halide wide-band-gap perovskites are essential for achieving high-efficiency all-
perovskite tandem solar cells. However, their long-term stability is limited by light-induced halide segrega-
tion, which is closely associated with vacancy-mediated halide migration. Most existing strategies focus
either on reducing defect densities or controlling lattice strain, while simultaneously suppressing vacancy
formation and hindering ion migration remains challenging. Here, we introduce dual-pseudohalide alloying
with thiocyanate (SCN™) and cyanate (OCN ) to simultaneously suppress vacancy formation and hinder
ion migration. Their incorporation into the halide sublattice induces local lattice distortions, increasing the
energetic barrier to halide migration. This strategy reduces ionic conductivity 5-fold and delays phase segre-
gation 10-fold under accelerated illumination.

SUMMARY

Mixed-halide wide-band-gap perovskites are essential for high-efficiency tandem photovoltaics, yet light-
induced halide segregation limits their operational stability. To address this, we demonstrate that incorpo-
rating bulky pseudohalide anions suppresses vacancy formation and inhibits ion migration pathways. Being
large, triatomic anions, thiocyanate (SCN™) and cyanate (OCN™) locally distort the perovskite crystal struc-
ture, effectively “stuffing” the lattice. This co-doping strategy elevates the ion migration barrier and leads
to a 5-fold suppression of ionic conductivity and a 10-fold delay in phase segregation under 10-sun illumina-
tion. Wide-band-gap (1.78 eV) solar cells based on this alloy deliver 20% efficiency, with 90% retention after
1,530 h of continuous operation at 65°C, placing it among the most stable wide-band-gap perovskites re-
ported at this temperature. When integrated into all-perovskite tandems, they achieve 27.2% efficiency
and retain 70% of their initial efficiency after 600 h at 65°C.

INTRODUCTION

Single-junction solar cells suffer energy losses due to the
mismatch between the solar spectrum and a fixed band gap,
causing high-energy photons to lose excess energy as heat
and low-energy photons to pass through unabsorbed. All-perov-
skite tandem solar cells, combining wide-band-gap (~1.78 eV)
and narrow-band-gap (~1.25 eV) perovskites, address this limi-
tation by capturing a broader spectrum, surpassing single-junc-
tion efficiencies (30.1% vs. 27.0%), although long-term stability
remains a key challenge for commercialization.'®

However, wide-band-gap perovskites of the type APbXj;
(where A = FA, Cs; and X = |y _ yBry), which are typically bro-
mide-rich, suffer from intrinsic instability originating from their
soft lattice structure and rapid crystallization kinetics. These fea-
tures facilitate the formation of point defects, particularly va-
cancies that promote halide ion migration.”~® Under illumination,
such ion migration triggers light-induced halide segregation
(LIHS),"°""? where the material phase separates into iodide-rich
and bromide-rich domains, leading to reduced open-circuit
voltage (Vo) and shorter carrier lifetimes.'®™'” The driving forces
behind LIHS are multifaceted: photoinduced thermodynamic
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forces, polaron-induced strain, and partial lattice self-
healing processes involving recombination of halide vacancies
and interstitials.”>*®> Moreover, the low formation energies of
halide vacancies, especially iodide (V,-) and bromide (Vg,-),
further accelerate this process by increasing defect density
and enhancing halide diffusivity.”* These accumulated defects
not only degrade the optoelectronic performance of wide-
band-gap perovskites but also disrupt charge transport across
the interconnecting layer,”® ultimately compromising both the ef-
ficiency and long-term durability of all-perovskite tandem solar
cells.

To address LIHS in wide-band-gap perovskites, strategies
have been adopted that include solvent engineering, nanoscale
morphology control, quantum dot integration, mixed cation/
halide systems, and inclusion of functional additives. These
enhance crystallinity, reduce vacancy formation, and limit ion
migration.”®® Pseudohalide additives, such as thiocyanate
(SCN™),"" hexafluorophosphate (PFs7),%° tetrafluoroborate
(BF,7),%° and tetrahydroborate (BH,)*' have garnered particular
attention due to their comparable ionic radii to halides and effi-
cacy in controlling the crystallization kinetics, thereby reducing
the formation of halide vacancies. These approaches primarily
raise the formation energy of new vacancies and reduce trap-as-
sisted recombination; however, they leave the connectivity and
topology of the halide migration network largely unaltered, re-
sulting in only moderate improvement to ion migration barriers.

Partial substitution of halides with SCN™ or its structural
analog, cyanate (OCN™), has been shown to preferentially
occupy iodide vacancy sites (Vi-), forming randomly mixed
I/Br/SCN(OCN) alloys.'”*® This substitution induces lattice
contraction, widens the band gap, improves crystal orientation,
and elevates vacancy formation energies. Nevertheless, when
introduced singly and at low concentrations, these pseudoha-
lides only modestly perturb the linear Pb—X-Pb connectivity,
limiting their impact on octahedral distortion and halide migration
barriers.®® Excess loading further leads to dual-phase formation,
underscoring the narrow compositional window accessible for
single-pseudohalide incorporation. In contrast, efforts to in-
crease ion migration barriers have relied on A-site alloying or
strain engineering to distort the lattice through octahedral tilts,
tuning the tolerance factor.'®** These approaches increase
migration barriers but do not modify the halide sublattice chem-
istry, where defects originate and migrate. Critically, A-site-
induced distortion and X-site passivation operate on different
sublattices and are optimized under separate, often competing,
constraints such as phase stability, band gap, and carrier
mobility. As a result, their effects are not linearly additive, and
concurrent optimization often results in significant trade-offs.

Motivated by this disconnect, we sought to unify defect
passivation and lattice distortion within a single sublattice by en-
coding both effects directly at the X-site. To test this hypothesis,
we implemented a dual-pseudohalide co-alloying strategy in
which SCN™ and OCN™ are simultaneously incorporated into a
wide-band-gap perovskite (Figure 1A). Both pseudohalides
adopt bent, bridging configurations between neighboring Pb%*
centers, contrasting the linear Pb-X-Pb linkages of halides
and inducing pronounced local distortions (Figures 1B-1D).
Their complementary bonding chemistries—the n-delocalized,
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covalent S-C-N backbone of SCN™ and the compact, more
electronegative C-O linkage of OCN™ —generate distinct Pb-
additive-Pb coordination environments and heterogeneous
lattice distortions. This broader distribution of locally distorted
migration environments raises the barrier for iodide migration,
while pseudohalide incorporation also reduces the equilibrium
vacancy population relative to the undoped control, thereby sup-
pressing halide redistribution and phase segregation. The result-
ing SCN/OCN co-alloyed wide-band-gap perovskites enable
single-junction devices with 20% efficiency and retain 90% of
their initial performance after 1,530 h at 65°C, one of the best sta-
bilities for this band gap (Figure 1E). The corresponding tandem
devices deliver 27.2% efficiency with comparable operational
durability at 65°C, demonstrating that emergent cooperative
frustration provides a new mechanistic pathway to overcome
the intrinsic instability of mixed-halide perovskites and advance
stable all-perovskite tandem photovoltaics.

RESULTS AND DISCUSSION

Dual-pseudohalide doping into the perovskite lattice

To realize our strategy, SCN™ and OCN™ anions were incorpo-
rated into the CsgoFAg gPb(los3Bro.s7)s lattice by doping the
perovskite precursor solutions with Pb(SCN), and MAOCN,
respectively. Based on previous reports, Pb(SCN), is known to
undergo a reaction with FAI during thermal annealing, yielding
Pbl,, thiocyanic acid (HSCN), and volatile formamidine
gas.'”* Our preliminary tests indicate that all precursor solu-
tions remained uniformly transparent with a light-yellow hue,
indicating no visible changes in solubility or precursor stability
upon pseudohalide addition. X-ray diffraction (XRD) measure-
ments (Figure S1) revealed a progressive shift of diffraction
peaks toward higher 26 values with increasing pseudohalide
concentration, indicative of lattice contraction (unit cell volume
reduced from 235.8 to 228.1 AS) and successful incorporation
of pseudohalide anions into the perovskite framework
(Figures 2A and 2B)."""*> OCN~-doped films exhibited a more
pronounced shift than those doped with SCN™, suggesting
either a stronger lattice interaction or superior incorporation effi-
ciency. However, when the doping level exceeded threshold
concentrations, 3 mol % for SCN™ and 5 mol % for OCN™
peak splitting were observed, marking the solubility limit
and the onset of phase segregation and dual-phase domains
(Figure S1).

To balance phase stability with device performance, the SCN™
content was tuned from 1 to 5 mol %, revealing peak splitting
beyond 3 mol %, defining the solubility limit. Even below this
threshold, excess Pbl, emerged above 1 mol %, compromising
film morphology (Figure S2) and fill factor (FF) (Figure S3).
Accordingly, 1 mol % SCN™ was identified as the optimal con-
centration for co-alloying.

The pseudohalide doping induced a non-monotonic band-gap
trend, in contrast to the typical monotonic evolution in binary
halide alloys. Optical absorption spectra revealed an initial small
band-gap widening, peaking at 3 mol % for SCN™ and 5 mol %
for OCN™, then slightly narrowing at higher concentrations,
consistent with the emergence of dual-phase domains observed
by XRD (Figures 2D and S4).
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Figure 1. Formation process of SCN- and OCN-doped perovskite films
(A-C) (A) Schematic illustration of the processing pathways for ctrl, SCN™ - and OCN~-doped perovskites. Ab initio optimized local configurations of (B) SCN and
(C) OCN within the mixed-halide perovskite lattice, highlighting their structural compatibility. Atom colors: Pb (gray), | (purple), Br (brown), N (sky blue), C (wine), S

(yellow), O (red).
(D) Comparative ionic radii of relevant anions (Cl™, Br
(

associated references are summarized in Table S1.

Exploring potential synergistic effects, SCN™ was fixed at
1 mol % (to avoid the emergence of Pbl, as discussed), while
OCN™ was varied from 1 to 5 mol %. A single-phase structure
was maintained up to 3 mol % OCN", beyond which peak split-
ting and redshifted absorption indicated phase instability
(Figures 2A, 2B, and S1). Based on these results, four bench-
mark compositions were defined for consistency and will be
referred to as follows: CsgoFAg gPb(lpe3Broaz)s; SCN: ctrl +
1 mol % Pb(SCN),; OCN: ctrl + 5 mol % MAOCN; dual: ctrl +
1 mol % Pb(SCN), + 3 mol % MAOCN. Although the optimal
pseudohalide incorporation level may vary with A-site composi-
tion, the cooperative lattice-distortion mechanism identified here
is expected to be transferable to other FA-rich and MA-free
perovskite systems.

Coupled with experimental work, ab initio calculations were
performed to gain atomistic insights into the structure and en-
ergetics of pseudohalide incorporation (Figure S5). The rela-
tive formation energies for the pseudohalide ions substituting
at halide sites (Figures 2C and S6-S9) indicate that OCN™ ions
and dual doping are slightly more stable than SCN™ across all
three compositions (FAPDbls, FAPbIl4 75Brq 55, and FAPDbBry),
confirming a higher tendency of OCN™~ and dual SCN™/
OCN™ for incorporation, consistent with our experimental re-
sults. Both dopants are more stable in the mixed-halide pe-
rovskites, compared with pristine FAPbI3, and show a prefer-
ence for occupying Br-sites (Figure S6). The binding

,I7,CN~, OCN, and SCN"), illustrating steric effects.
E) Stability summary of wide-band-gap perovskites under 1-sun illumination at different temperatures: 25°C, 55°C, 65°C, and this work (star). These data and

geometries of OCN™ and SCN~ (Figures 1B, 1C, and S5)
adopt a bent, bridging configuration between adjacent Pb
atoms, in which the heteroatom (O or S) coordinates to one
Pb while the N atom interacts with the other. This Pb-
additive-Pb linkage deviates markedly from the linear, sym-
metric bonding of monatomic halides in an ideal perovskite
lattice and introduces pronounced local distortions.

X-Ray photoelectron spectroscopy (XPS) was employed to
probe the local electronic environment around Pb%* centers®®
(Figures 2E and S10). XPS analysis showed Pb 4f binding-en-
ergy shifts of 0.11 eV (SCN) and 0.32 eV (OCN) in the singly
doped films. In contrast, the co-doped films exhibited a
much larger 0.5 eV downshift, indicating increased electron
density at Pb?* sites and correspondingly weaker ligand-field
interactions. This trend suggests a synergistic electronic mod-
ulation effect from co-doping, likely arising from differential
coupling with the [Pblg]*~ octahedra.®” Supporting this, Four-
ier transform infrared (FTIR) spectra revealed redshifts in the
SCN™ and OCN™ stretching vibrations in dual films, compared
with their singly doped counterparts (Figures 2F and S11),
confirming enhanced interaction of both pseudohalides with
the perovskite lattice. These effects are confirmed by the
Bader charge analysis®®*° from the density functional theory
(DFT) calculations (Figure S5), showing that the charge trans-
fer increases by 10.3% for Pb—OCN bonds and by 7.7% for
Pb-SCN bonds relative to pristine FAPbI3, indicating that
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Figure 2. Structural and chemical characterization of SCN- and OCN-doped perovskite films
(A) X-ray diffraction (XRD) pattern of perovskite films doped with SCN™~ (0-5 mol %), OCN™~ (0-10 mol %), and dual (1 mol % SCN~ + (x — 1) mol % OCN")
additives, highlighting the Pbl, peak and the systematic shift in the <100> and <200> reflections. Peak bifurcation at higher additive concentrations is also

highlighted here.
(B) Corresponding lattice constants calculated from (A).

(C) Formation energies of 2.47 mol % SCN~, OCN ", and dual-additive (SCN™~ + OCN")-incorporated systems relative to pristine FAPDI;.

(D) Relative band-gap changes (AEg) with respect to ctrl, derived from Tauc plots of UV-vis spectra; dual = 1% SCN™ + (x — 1) mol % OCN".

(E and F) (E) Pb4f X-ray photoelectron spectra and (F) FTIR spectra of ctrl, SCN~, OCN ™, and dual (1 mol % SCN~ + 3 mol % OCN ") films, showing chemical and
vibrational shifts indicative of coordination between pseudohalide anions and the perovskite lattice.

OCN™ forms a stronger interaction with Pb in accord with the
XPS results.

Suppression of ion migration and halide segregation

Photostability and halide segregation in wide-band-gap perov-
skite films were monitored using time-dependent absorption
(Figure S12) and photoluminescence (PL) (Figure S13) under
continuous illumination. The ctrl film showed a gradual loss of
the mixed-halide excitonic feature and emergence of iodide-
rich domains, indicating LIHS."®'® This was quantified by the
bleaching magnitude of the absorption peak (Figure S12A),
with the ctrl showing the largest signal. In contrast, SCN and
OCN films showed reduced bleaching, while the dual film ex-
hibited minimal spectral change and a significant decrease in
segregation rate constant (Figure S14), indicating effective sup-
pression of halide migration. PL measurements under intense
photoexcitation (10-sun equivalent, 633-nm laser) further sup-
ported this trend (Figures 3A-3C and S13). The ctrl film displayed
a large redshift (~53 nm) and broadening, consistent with phase
segregation. SCN and OCN films showed smaller shifts (~40 and
~22 nm, respectively), while the dual film maintained exceptional
spectral stability (~5 nm shift, no broadening), confirming mitiga-
tion of LIHS."*™'" To evaluate compositional tolerance, SCN~/
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OCN™ ratios of 1:4 and 2:3 (mol %) were tested and showed
improved stability over 5 mol % OCN but signs of phase hetero-
geneity and reduced device performance (Figures S15 and S16).
Therefore, the 1:3 (mol %) SCN/OCN~ composition was
selected for device fabrication.

The incorporation of both pseudohalides into the perovskite
lattice resulted in enlarged grain sizes (Figure S17), likely owing
to modified crystallization kinetics and reduced halide vacancy
formation during film growth.'”-*?

Space-charge-limited current (SCLC) measurements per-
formed on hole-only devices (Figure 3D) showed a progressive
reduction in hole trap density from 2 x 10" cm™2 in ctrl
to 1x10"™®cm™ in SCN, 9x10™em™ in OCN, and
7 x 10" cm~2 in dual, as extracted from the trap-filled limit
voltage (V1r) using Equation S2.° Consistent with this trend,
the doped films exhibited lower dark current and enhanced
time-resolved PL (TRPL) lifetimes, indicating reduced trap-assis-
ted non-radiative recombination. Capacitance-voltage (C-V)
measurements analyzed using the Mott-Schottky approach
yielded a higher apparent built-in potential (Vy,;) for the dual de-
vices (1.10 V) than for the control devices (1.04 V) (Figure S18).
Although the absolute values extracted from Mott-Schottky
analysis in halide perovskites should be interpreted cautiously
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Figure 3. Mechanistic investigation of LIHS suppression via dual-pseudohalide doping

(A and B) PL spectra of ctrl and dual films under continuous 10-sun AM 1.5G illumination for 140 min, showing enhanced spectral stability in the dual system.
(C) Temporal evolution of PL spectral centroids for ctrl, SCN, OCN, and dual films, indicating the extent of halide segregation.

(D) Space-charge-limited current (SCLC) measurements of devices; inset shows the device architecture.

(E) Conductivity plots and activation energies for ion migration in ctrl and dual devices, extracted from temperature-dependent impedance spectroscopy.

(F) First-principles-calculated iodide vacancy formation energies, relative to the ctrl, for SCN~, OCN~, and dual-doped systems in the mixed-halide perovskite

composition.

(G-1) Box-and-whisker plots of numerous local (G) iodide migration energy barriers, (H) I-I distances, and (I) I-Pb-I angles for these migration pathways derived
from atomistic simulations; boxes represent interquartile ranges (middle 50% of the data), with whiskers extending from the undoped ctrl mean values (0.38 eV for
migration barrier, 4.3 Afor Il distance, and 84° for I-Pb-| angle) up to the maximum values for SCN~, OCN ™, and dual (OCN~ + SCN ") systems. The inset displays
a schematic highlighting key structural descriptors: |- distance and I-Pb-I angle (orange), used to assess local lattice distortion.

because of ionic contributions, the observed trend is consistent
with the reduced trap density, enhanced carrier lifetimes, and
increased Vog of the dual devices.*' TRPL (Figure S19) showed
carrier lifetimes increasing from 16.5 ns (ctrl) to 91.9 ns (SCN),
98.4 ns (OCN), and 124.6 ns (dual), confirming reduced non-
radiative recombination (Table S2). Notably, the lifetime of the
control film is comparable to previously reported values
(~21 ns)” for wide-band-gap perovskites of similar composition
and band gap.

Impedance spectroscopy (Figure S20) using an equivalent cir-
cuit model*® for mixed ionic-electronic conductors revealed
increased ionic resistance (Rion) upon pseudohalide doping, indi-

cating suppressed ion migration. This was further supported by
variable-temperature measurements (300-380 K), where the
activation energy (En), extracted from Arrhenius fitting (Note
S2; Equation S4), increased from 0.29 eV (ctrl) to 0.45 eV (dual)
(Figures 3E and S21); this was accompanied by a notable
decrease in ionic conductivity at room temperature, from
3.64 x 1077 S m™" (ctrl) t0 8.05 x 1078 S m~" (dual).

The underlying atomic-scale mechanism of the observed sup-
pression of ion migration, however, is not fully understood. Here,
we extend our related ab initio simulations*'**? to compare the
local structural changes and halide vacancy formation energies
for three doped systems: OCN™ alone, SCN™ alone, and dual

Joule 11, 102669, March 17, 2027 5




(2026), https://doi.org/10.1016/j.joule.2026.102669

Please cite this article in press as: Nandi et al., Dual-pseudohalide engineering suppresses halide segregation in wide-band-gap perovskites, Joule

¢? CellPress

SCN™/OCN™ (Figures 3F-3l and S22-S27). We focused on
pseudohalide doping in both FAPbIl; and FAPDb(lgeBro.4)s as
this allowed us to probe trends systematically to capture
effects relevant to experiments. The local structure analysis
examined changes in numerous iodide—iodide (I-I) distances
and |-Pb-l angles of the octahedral framework near the pseudo-
halide ions since they will affect iodide ion migration path
lengths.

Two key features emerge. First, substantial local structural
changes are found for all three cases, but the dual SCN™/
OCN™ co-doping system shows the greatest degree of local
lengthening in |- distances (up to 22% increase) and significant
widening of I-Pb-I angles (up to 28% increase) for iodide migra-
tion pathways. This is consistent with the higher-activation-en-
ergy pathways observed across all additive compositions
(Figure 3G), since ion migration is strongly associated with the
migration jump distance between adjacent iodide sites. An
example distorted pathway for the dual composition with an acti-
vation energy barrier of 0.75 eV is illustrated in Figure S27.
Hence, it is the substantial local octahedral lattice distortion
and steric constraints due to the dual SCN™/OCN™ incorporation
that contribute to the reduction in ion migration. Such atomic-
scale mechanistic features are difficult to extract from experi-
ments alone.

Second, such pseudohalide doping leads to higher unfavor-
able energies for iodide vacancy formation for all doped systems
(Figures 3F, S22, and S23), leading to a quantitatively lower equi-
librium population of vacancy defects. Using the Boltzmann
expression for the equilibrium defect concentration, the increase
in vacancy formation energy relative to the ctrl system corre-
sponds to vacancy concentrations that are at least 3-fold lower
for the mixed-halide composition at 300 K, with an even larger
reduction for pristine iodide compositions (see Note S1). This
substantial decrease in the vacancy population is consistent
with the observed reduction in trap density. The reduced number
of mobile vacancies further limits the ionic carriers available for
transport, which is another contributing factor in the observed
decrease in ionic conductivity.

We note that when performing the same analysis for the pure
iodide system (Figures S23-S26) and where pseudohalide ions
were clustered versus randomly distributed (Figure S8), the
trends in energetics and structural distortions are consistent,
confirming the robustness of our findings. Interestingly, the bro-
mide vacancy formation energy across all doped compositions
was consistently much higher, translating into a bromide va-
cancy concentration 10%-fold lower than for iodide vacancies,
validating the focus on iodide vacancy migration within the
mixed-halide system. Overall, these modeling results confirm
that pseudohalide co-doping effectively minimizes iodide ion
migration and vacancy defect formation, contributing to
enhanced device stability.

Photovoltaic devices

Following the suppression of LIHS via SCN™ and OCN™ co-
doping, we fabricated wide-band-gap perovskite solar cells
with the architecture ITO/NiO,/[4-(3,6-dimethyl-9H-carbazol-9-
ylbutyl]phosphonic acid (Me-4PACz)/perovskite/C60/atomic
layer deposition (ALD) SnO./silver (Ag),>>** where Me-4PACz is
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a self-assembled monolayer. Device comparisons showed a
clear power conversion efficiency (PCE) increase from ctrl to
SCN/OCN, with the highest efficiency achieved in the dual device
(Figure 4A), driven by enhanced V¢ and FF. The optimized best-
performing dual device (active area 0.049 cm? achieved a
20.05% PCE, with Voc = 1.34 V, Jgc = 17.83 mA cm™2, and
FF = 83.8% (Figure 4B), as well as a steady-state efficiency of
19.9% (Figures S28-S30).

We then investigate the long-term operating stability of encap-
sulated devices by maximum power point (MPP) tracking under
continuous air mass 1.5 global (AM 1.5G) illumination at 65°C in
an ambient atmospheric condition. The dual device shows a T90
lifetime (representing the time it takes to reach 90% of the initial
PCE) of 1,530 h (Figure 4C), considerably surpassing the ctrl de-
vice, which exhibited T80 within 330 h. Notably, this stability ex-
ceeds previously reported benchmarks for wide-band-gap pe-
rovskites of a similar band gap, including T88 = 300 h at 65°C
and T90 = 1,050 h at 55°C.**** Dual devices also showed
improved stability during ISOS-D-2 aging at 65°C in the dark,
consistent with suppressed thermally activated ion migration
(Figure S31). The larger gain under illumination suggests an addi-
tional reduction of photoinduced ionic redistribution and halide
segregation. The beneficial effects of SCN/OCN" co-alloying
extend to ~2.0 eV Br-rich perovskites (Figure S32), indicating
the broader applicability of this strategy to ultra wide-band-
gap absorbers for triple-junction photovoltaics. The optimized
wide-band-gap layer was then integrated into monolithic all-
perovskite tandem solar cells, paired with a 1.26 eV narrow-
band-gap Csg.05FA9.7MAg.25Pbo 5SNg 515 absorber
(Figures S33-S35). The tandem structure (Figure 4D) achieved
matched Jsc values of 15.8 and 16.0 mA cm 2 for the top and
bottom cells (Figure 4F), with band gaps of 1.77 and 1.26 eV.
As shown in Figures 4E-4G, the best-performing all-perovskite
tandem device (active area = 0.049 cm?) with the dual wide-
band-gap subcell reached 27.2% PCE, surpassing the ctrl
(25.7%), with steady-state efficiencies of 26.9% (dual) and
24.7% (ctrl) (Figure S29). Although Jsc and V¢ remain slightly
below the best-reported values, these results suggest that effi-
ciencies approaching 30% are achievable.

Long-term MPP tracking under continuous AM 1.5G illumi-
nation at 65°C in ambient air showed that the all-perovskite
tandem device with the dual wide-band-gap subcell achieved
a T70 lifetime of 600 h, substantially outperforming the ctrl,
which reached T70 within 250 h (Figure 4H). To the best of
our knowledge, this represents the longest reported MPP
tracking for all-perovskite tandems under continuous illumina-
tion at 65°C (Table S1). While the narrow-band-gap Pb-Sn
subcell remains a stability bottleneck, the improved durability
is primarily attributed to the enhanced stability of the dual
wide-band-gap layer, enabled by suppressed halide migration
through increased lattice distortion and mitigation of LIHS
under illumination.

Conclusions

This study addresses the persistent challenge of LIHS and ion
migration in wide-band-gap perovskites that critically
limits device durability and tandem integration. We introduce
a dual-pseudohalide co-doping strategy in which SCN™ and
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Figure 4. Device performance and stability of single-junction and tandem perovskite solar cells

(A) Efficiency statistics distribution of wide-band-gap encapsulated devices based on ctrl, SCN™~, OCN ", and dual compositions (12 devices each).

(B) J-V curves of the optimized wide-band-gap dual device measured under reverse and forward scans.

(C) MPP tracking of ctrl and dual wide-band-gap encapsulated devices with area of 0.049 cm? measured under a white LED solar simulator with simulated 1-sun
illumination at 65°C.

(D) Schematic of the monolithic all-perovskite 2T tandem device architecture.

(E) J-V curve of ctrl and dual tandem devices.

(F) EQE spectra of the dual tandem.

(G and H) (G) Stabilized power output of ctrl and dual tandem devices, and (H) MPP tracking results of ctrl and dual tandem devices under a white LED solar
simulator with simulated 1-sun illumination at 65°C in ambient air.

OCN™ are simultaneously incorporated to engineer a synergistic
lattice distortion. Unlike previous single-anion approaches, the
two pseudohalides interact with Pb?* through distinct coordina-
tion geometries and create an asymmetric, chemically frustrated
sublattice. This cooperative distortion raises halide vacancy for-

stabilized absorber delivers 27.2% efficiency with excellent
thermal endurance. These findings establish dual-pseudohalide
alloying as a fundamentally new materials-design principle for
durable, high-performance all-perovskite tandem photovoltaics.

mation energies, perturbs |-l jump pathways, and increases ion METHODS
migration barriers, which cumulatively suppress LIHS by nearly
an order of magnitude. The resulting quadruple-anion framework  Materials

yields films of superior structural and optoelectronic stability,
enabling wide-band-gap devices with 20.05% efficiency that
retain 90% of their initial PCE after 1,530 h of continuous illumi-
nation at 65°C. When integrated into all-perovskite tandems, the

All materials were used as received without further purification.
Commercial ITO substrates (20 Q per square, 25 x 25 mm?)
were purchased from TFD. Organic halide salts (FAI, FABr,
MAI) and 4-fluorophenethylammonium bromide (4F-PEABr)
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were purchased from GreatCell Solar Materials. PEDOT:PSS
aqueous solution (no. Al 4083) was purchased from Heraeus Cle-
vios. Pbl, (99.99%), PbBrs (99.999%), Csl (over 99.0%), CsBr
(over 99.0%), and Me-4PACz were purchased from TCl Chemi-
cals. Snly (99.99%), SnF, (99%), glycine hydrochloride (99%),
guanidine thiocyanate (GuaSCN, 99%), and ethane-1,2-dia-
mmonium iodide (EDAI,, 98%) were purchased from Sigma-
Aldrich. C60, bathocuproine (BCP), and PDAI, were purchased
from Xi’an Polymer Light Technology. All solvents used in the
process were anhydrous and purchased from Sigma-Aldrich.

Perovskite precursor solutions

Wide-band-gap perovskite

To prepare the wide-band-gap perovskite precursor solution
(1.15 M, FAqgCsqsPb(lgeBro.4)s), stoichiometric amounts of
Csl, FAIl, PbBr,, and Pbl, were dissolved in a solvent blend of di-
methylformamide (DMF) and dimethyl sulfoxide (DMSO) mixed
at a 4:1 volume ratio. The solution was stirred at 60°C for 1 h
and subsequently filtered through a 0.22-pm polytetrafluoro-
ethylene (PTFE) membrane filter.

Narrow-band-gap perovskite

A narrow-band-gap perovskite precursor solution (1.8 M,
Cso.05FA0.7MAg 25Pbgo 5SNg 5l3) was prepared by dissolving Csl,
FAI, MAI, Snl,, and Pbl, in a 3:1 (v/v) mixture of DMF and
DMSO. Additives, including tin powder (5 mg), GuaSCN (4 mg),
SnF, (14 mg), 4F-PEABr (2 mg), and glycine hydrochloride
(4 mg), were subsequently introduced. The solution was stirred
for 1 h at room temperature and filtered through a 0.22-pm
PTFE membrane before use.

Solar cell fabrication

Single-junction wide-band-gap perovskite solar cells
ITO-coated glass substrates were sequentially cleaned in a lab-
oratory-grade detergent solution, deionized (DI) water, isopropa-
nol (IPA), and acetone, with each cleaning step conducted for
15 min in an ultrasonic bath. Following the cleaning process,
the substrates were dried under a nitrogen (N,) stream and sub-
jected to a 30-min UV-ozone treatment to enhance surface
wettability and remove residual organic contaminants.

For the hole transport layer (HTL), a NiOx nanoparticle disper-
sion (Avantama) in ethanol was diluted at a 1:9 volume ratio and
spin-coated onto the cleaned ITO substrates at 4,000 rpm for
25 s in ambient conditions. No post-deposition annealing was
applied. Immediately after deposition, the substrates were trans-
ferred to an No-filled glovebox.

A self-assembled monolayer of Me-4PACz (0.3 mg/mL in
ethanol) was subsequently deposited onto the NiOx layer by
spin-coating at 4,000 rpm for 25 s, followed by thermal annealing
at 100°C for 10 min.

For perovskite film fabrication, the precursor solution was
deposited onto the substrate, which was then spin-coated at
4,000 rpm for 32 s with an acceleration of 1,000 rpm/s. During
the final 8 s of spinning, 150 pL of anisole was dispensed as an
antisolvent to induce crystallization. The resulting film was an-
nealed at 100°C for 15 min on a hotplate.

Organic surface passivation solutions were prepared by dis-
solving EDAIl, and phenylethylammonium iodide (PEAI) in IPA
at varying concentrations. For the passivation step, a solution
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containing 0.5 mg EDAI, and 1 mg PEAI in 1 mL IPA was spin-
coated onto the perovskite layer at 4,000 rpm for 25 s with an ac-
celeration of 1,000 rpm/s. The film was then thermally annealed
at 100°C for 5 min to complete the treatment.

After cooling to room temperature, the substrates were trans-
ferred to a vacuum evaporation system for deposition of a
27-nm-thick C60 electron transport layer via thermal evapora-
tion at a rate of 0.2 A/s. Next, ALD was performed to deposit
a 15-nm SnO, layer at 90°C using tetrakis(dimethylamino)tin(IV)
(99.9999% purity) and DI water as precursors in a Savannah
ALD system. The Sn precursor was pulsed for 0.5 s and purged
for 15 s, while DI water was pulsed for 15 ms and purged for
15 s, both under a constant 20 sccm N, flow. Finally, a
140-nm Ag electrode was deposited via thermal evaporation
at a deposition rate of 1 A’s to complete the device structure.
All-perovskite tandem solar cells
Fabrication of the wide-band-gap perovskite solar cell pro-
ceeded as previously described up to the deposition of the
SnO, electron transport layer via ALD. Following the SnO, depo-
sition, a 1-nm gold (Au) interconnection layer was thermally
evaporated onto the surface.

Subsequently, a layer of PEDOT:PSS (diluted in IPA at a 1:2
volume ratio) was spin-coated onto the wide-band-gap subcell
at 4,000 rpm for 30 s and annealed at 120°C for 10 min under
ambient conditions. Once cooled, the substrates were trans-
ferred to an N,-filled glovebox to enable fabrication of the
narrow-band-gap perovskite subcell. The narrow-band-gap
perovskite precursor solution was deposited in a two-step
spin-coating process: first at 1,000 rpm for 10 s, followed by
3,800 rpm for 45 s. During the second step, 400 pL of toluene
was dynamically dispensed onto the spinning substrate 20 s
before completion to facilitate antisolvent-assisted crystalliza-
tion. The resulting film was annealed at 100°C for 10 min. Post-
deposition surface treatment was performed using EDAI.
A 0.5 mg/mL solution of EDAI in a 4:3 (v/v) mixture of IPA and
toluene was spin-coated at 4,000 rpm for 25 s, followed by a
5-min annealing step at 100°C.

To complete the device, subsequent layers, C60 (27 nm),
ALD-deposited SnO, (15 nm), and thermally evaporated Ag
(140 nm), were sequentially deposited using the same conditions
as previously described.

Device testing

Current density-voltage (J-V) measurements were conducted
using a Keithley 2450 source meter under simulated AM 1.5G
solar illumination provided by a Class A solar simulator (New-
port). The light intensity was calibrated to 100 mW cm~2 using
a certified reference cell (Newport 91150V). J-V curves were ac-
quired in an No-filled atmosphere at a scan rate of 100 mV s,
with a voltage step size of 10 mV and a delay time of 200 ms.
The active area was determined by the aperture shade mask
(0.049 cm? for small-area devices) placed in front of the so-
lar cell.

External quantum efficiency (EQE) spectra were recorded in
ambient conditions using a QuantX-300 Quantum Efficiency
Measurement System (Newport). Monochromatic light was
focused onto the active pixel of the device, with a chopper
frequency of 20 Hz employed for signal modulation. For tandem
solar cell characterization, EQE measurements were carried out
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under ambient conditions using bias illumination from high-in-
tensity LEDs. Specifically, 850- and 450-nm LEDs were em-
ployed to isolate and characterize the rear and front subcells,
respectively. No external bias voltage was applied during EQE
acquisition for tandem devices to ensure unperturbed spectral
response.

Stability testing

Device stability was monitored using a custom-built stability
tracking system. Both single-junction and tandem perovskite so-
lar cells were illuminated with a white light LED source, calibrated
to deliver an intensity equivalent to AM 1.5G 1-sun conditions.
During testing, devices were placed on a temperature-controlled
hotplate maintained at 65°C to simulate accelerated aging con-
ditions. Encapsulation was carried out using a glass capping
system, sealed with UV-curable adhesive (Lumtec LT-U001) to
prevent moisture and oxygen ingress. For MPP tracking, mea-
surements were conducted under ambient atmosphere in the
testing chamber. The operating voltage corresponding to MPP
was determined from forward and reverse J-V scans prior to sta-
bilization. Devices were then biased at this fixed voltage, and the
output current was recorded at 2-min intervals to evaluate oper-
ational stability over time.

Characterization

XRD patterns were recorded using a Rigaku Miniflex600 diffrac-
tometer equipped with D/tex detector and an Ni-filtered Cu Ka
radiation source. Ultraviolet-visible (UV-vis) transmittance
spectra were measured using a Cary 5000 UV-vis-NIR spectro-
photometer operating in the 300- to 800-nm region at room tem-
perature. Halide segregation studies were conducted under
white light LED illumination, calibrated to simulate AM 1.5G
1-sun conditions. Steady-state PL spectra were acquired with
a Horiba LabRAM HR Evolution confocal Raman microscope,
using a 473-nm laser for excitation, a 5x objective lens, and a
neutral density (ND) filter (transmission: 0.01%). The laser power
density at the sample surface was estimated to be ~1,000 mW/
cm?. Scanning electron microscopy (SEM) images were ob-
tained using the Hitachi S8030 microscope operated at an accel-
erating voltage of 3 kV. The XPS instrument was calibrated using
Ag metal, setting the Ag 3d5/2 peak at 368.2 eV. A low-energy
electron gun was used throughout to neutralize surface charge.
In post-processing, the adventitious carbon peak at 284.8 eV
was used to calibrate spectra and mitigate charging effects.
Each sample was grounded using copper conductive tape,
and charge compensation was performed before each measure-
ment. Nyquist plots were measured using a Solartron 1260A fre-
quency response analyzer, and ionic resistance was extracted
from the plot using equivalent circuit fitting to determine the ionic
conductivity . The activation energy E, was obtained from
variable-temperature ionic conductivity measurements and
determined using an Arrhenius plot of log(c x T) and inverse of
temperature (1,000/T). SCLC measurements were conducted
by measuring the dark |-V characteristics of hole-only devices
with the structure ITO/NiO,/self-assembled monolayer (SAM)/
perovskite/PTAA/Au using a Keithley 2410 high-voltage source
meter and a Keithley 6517 electrometer. C-V measurements
were conducted using a Wayne Kerr 6440B LCR meter inte-
grated with a SemiProbe PS4L automatic probe station. The
measurements were carried out in the dark using an AC pertur-
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bation amplitude of 50 mV over a frequency range of 20 Hz-1
MHz. The V},; was extracted from the intercept of the linear region
of the Mott-Schottky plots according to Equation S3. TRPL
measurements were performed using an FL920 spectrometer
(Edinburgh Instruments) operating in the time-correlated sin-
gle-photon counting (TCSPC) mode. Thin films of perovskite
samples were excited with a pulsed 375-nm diode laser, and
the PL decay was recorded by accumulating photon arrival
events relative to the excitation pulse. The resulting decay pro-
files were analyzed to extract the carrier lifetimes.
Computational modeling

First-principles calculations were performed using DFT in Vienna
ab initio simulation package (VASP) 6.4.1 with the projector
augmented-wave (PAW) method and Perdew-Burke-Ernzerhof
(PBE)-generalized gradient approximation (GGA) exchange-cor-
relation functional. DFT-D3 dispersion correction was included
to account for van der Waals interactions. A plane-wave cutoff
of 500 eV and I'-centered k-point meshes (spacing 0.20-
0.15 A”) were employed. All structures were fully relaxed until
forces were <0.01 eV A" and electronic energies converged
to 107° eV. lodide migration barriers were obtained with the
climbing-image nudged elastic band (CI-NEB) method, acceler-
ated by a machine-learned interatomic potential trained on
r’SCAN reference data. Further details of computational
modeling are given in Note S1.

RESOURCE AVAILABILITY

Lead contact

Requests for further information, resources, and materials should be directed
to, and will be fulfilled by, the lead contact, Mercouri G. Kanatzidis (m-
kanatzidis@northwestern.edu).

Materials availability
All materials generated in this study are available from the lead contact with
reasonable requirements.

Data and code availability

All data and code supporting this study are publicly available in the GitHub
repository dual_pseudohalide_additives (https://github.com/vikram89v/dual
pseudohalide_additives), archived at Zenodo: https://doi.org/10.5281/
zenodo.21733656. The archive contains the source data plotted in
Figures 1, 2, 3, and 4, the DFT-optimized structures and VASP input parame-
ters, the structure sets used for training, and the message passing atomic clus-
ter expansion (MACE) foundation model, fine-tuned model, and training pa-
rameters. Additional data supporting the findings of this study are available
from the corresponding authors upon reasonable request.
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