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The two-dimensional on three-dimensional (2D/3D) perovskite
bilayer heterostructure can improve the stability and
performance of perovskite solar cells. We show that the 2D/3D
perovskite stack in a device evolves dynamically during its
end-of-life decomposition. Initially phase-pure 2D interlayers
can evolve differently, resulting in different device stabilities. We
show that a robust 2D interlayer can be formed using mixed
solvents to regulate its crystallinity and phase purity. The
resulting 2D/3D devices achieved 25.9% efficiency and had
good durability, retaining 91% of their initial performance after
1074 hours at 85°C using maximum power point tracking.

The development of two-dimensional on three-dimensional (2D/3D)
perovskite bilayer heterostructures has helped boost the performance
and durability of perovskite solar cells (PSCs) (7-8). The 2D interlayer
can passivate defects, control charge transport, create a built-in po-
tential, prevent external ingression from the environment, and block
ion migration (7-8). However, for these advantages to be retained, the
2D interlayer needs to be stable; the 2D interlayer must not evolve
structurally or compositionally to become nonfunctional. In this work,
we show that 2D interlayers can evolve dynamically during device
aging and that phase-pure 2D interlayers (9) can undergo different
evolution pathways. We also demonstrate how excess Pbl, can facili-
tate 2D formation to promote phase-purity and crystallinity.

We investigated the changes that can occur to 2D perovsKite inter-
layers during long-term illumination. We aged our baseline control
2D/3D device under full-spectrum 1-sun illumination with ultraviolet
(UV) included in a nitrogen atmosphere. The 3D perovskite was a
FAPDbI3-based composition (FA, formamidinium) with added MACI
and MAPDbBr; (MA, methylammonium) for improved crystallization
(10, 11) as well as excess Pbl,. The excess Pbl, has several roles that
will be discussed throughout this work. All devices are based on the
n-i-p structure with SnO, and 2,2!7,7'-Tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,9'-spirobifluorene (spiro-MeOTAD) as the charge trans-
porting layers. Under maximum power point (MPP) tracking, the
control 2D/3D device had poor photostability (fig. S1), where 74% of
its initial performance was maintained after 500 hours.

IDepartment of Chemistry, Massachusetts Institute of Technology (MIT), Cambridge, MA,
USA. 2Department of Nanoengineering and Department of Nano Science and Technology,
SKKU Advanced Institute of Nanotechnology (SAINT), Sungkyunkwan University, Suwon,
Republic of Korea. Chemistry and Nanoscience Center, National Renewable Energy
Laboratory (NREL), Golden, CO, USA. “Department of Physics, Marmara University, Ziverbey,
Istanbul, Turkey. *Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA,
USA. ®Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA.
7Department of Electrical Engineering and Computer Science, MIT, Cambridge, MA, USA.
83chool of Chemical Engineering, Sungkyunkwan University, Suwon, Republic of Korea.
9SKKU Institute of Energy Science & Technology (SIEST), Sungkyunkwan University, Suwon,
Republic of Korea. *Corresponding author. Email: kai.zhu@nrel.gov (K.Z.); mgh@mit.edu
(M.G.B.) {These authors contributed equally to this work.

Science 8 MAY 2025

W) Check for updates

RESEARCH ARTICLES

‘We used coupled-geometry x-ray diffraction (XRD) with sufficient
penetration depth to probe the buried 2D interlayer in a device stack.
Specifically for the control 2D/3D device (fig. S2), the initial n = 2
quasi-2D perovskite phase [L,APbyX5, hereafter referred to as 2D
(n = 2), where L, A, and X refer to the spacer organic ligand octylam-
monium (Oc), the A-site organic cation, and halide anion, respectively,
and n refers to the PbXs octahedra layer number] gradually disap-
peared, with partial transformation into Pbl, and the n = 1 2D phase
[“2PPX4 peferred to as 2D (n = 1)]. We postulated that the poor device
stability under MPP tracking was related to this disappearance of most
of the 2D interlayer. The bare 3D device had low power conversion
efficiency (PCE) because of abundant unpassivated defects. With the
loss of most of the 2D interlayer, the 2D/3D device lost its defect pas-
sivation and essentially reverted back to behave like a bare 3D device.
The PCE decreased through degradation because the 2D/3D device
slowly turned into a bare 3D device. This degradation process was also
evident in the changes of their carrier lifetimes before and after illu-
mination (fig. S3). Additionally, the bare 3D device underwent severe
initial decay. This so-called burn-in decay was caused by rapid defect
migration (12-14). As the 2D interlayer disappeared with time, defect
migration occurred over a longer duration. The burn-in was not rapid
but became an extended period degradation of the 2D/3D device.
Overall, the control 2D/3D device was not stable, and most of the 2D
perovskite layer disappeared under illumination (discussion in supple-
mentary text S1). These findings motivated us to create a durable 2D
interlayer.

2D interlayer formation studies

We used time-resolved, in situ grazing-incidence wide-angle x-ray
scattering (GIWAXS) to study the formation dynamics of 2D/3D
perovskites. Hereafter, the phases present initially upon deposition,
excluding the 3D perovskite, are referred to as the initial phase. The
previously discussed control 2D/3D perovskites are labeled as the Oc
films. The initial phase consisted of the 2D (n = 1) perovskite and
unreacted Pbl, (Fig. 1, A and B, and fig. S4A). The Pbl, peak subse-
quently weakened when the annealing of the film began, but this Pbl,
was not fully consumed and was residual in the final film. The 2D
(n = 1) perovsKite only partially converted into the 2D (n = 2) phase, so
the final film contained an impure mixture of 2D (n = 1), 2D (n = 2),
and Pbl, phases. Further experiments indicate that the excess Pbl,
in the 3D perovskite composition facilitated 2D formation by provid-
ing a readily available PbI, source (fig. S5) but with the disadvantage
that unreacted Pbl, would remain. For the 3D phase with no
excess composition, although no unreacted Pbl, remained, the 2D
perovskite phase had low crystallinity, and the PCE was poor (fig. S6;
supplementary text S2). This trade-off presented an opportunity
to assess the interplay between 2D perovskite crystallinity and
residual Pbl,.

Unless otherwise stated, all 2D/3D perovskites were based on the
3D with excess Pbl, composition. Utilizing mixed solvent systems with
MA led to a stepwise progression to promote formation of the 2D
(n = 2) phase. First, Oc ligand with MA additive in isopropanol (IPA)
(OcMA) formed a 2D (n = 1) initial phase (Fig. 1, C and D), which
converted into the 2D (n = 2) phase upon annealing. Pbl, and 2D
(n =1) were fully reacted, unlike in the control Oc film. Next, the initial
phase formed with OcMA with mixed dimethylformamide and IPA
(OcMA:F) consisted of a multiphase mixture of 2D (n = 1) and 2D
(n = 2), and the 2D (n = 1) fully converted into 2D (n = 2) in the final
film (Fig. 1, E and F). Lastly, for OcMA with mixed dimethyl sulfoxide
and IPA (OcMA:S), the 2D (n = 2) perovskite now became the equilib-
rium phase, forming spontaneously (Fig. 1, G and H, and fig. S7);
neither Pbl, nor 2D (7 = 1) nor any other secondary by-products were
present. Despite the excess Pbl, in the 3D perovskite composition,
there was no unreacted Pbl, left after 2D formation, and a phase-pure
2D perovskite formed with high crystallinity (Fig. 1I).
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Fig. 1. 2D perovskite formation and crystallinity. (A to H) In situ GIWAXS measurements and initial phase GIWAXS patterns of the Oc [(A) and (B)], OcMA [(C) and
(D)1, OcMA:F [(E) and (F)], and OcMA:S [(G) and (H)] 2D/3D perovskites. Labels D and H denote the deposition time and annealing start time, respectively. g,
scattering vector. (1) Azimuthal integrated GIWAXS patterns of the 2D/3D perovskites. Top and bottom panels respectively show the initial and final 2D phases. cps,
counts per second. (J) Time-resolved photoluminescence (PL) spectra of the 2D/3D perovskites on glass. (K) Plot of carrier lifetime (in black) and 2D:3D integrated
area ratio (in red) of the 2D/3D perovskites. The 2D:3D integrated ratio was calculated as the ratio of the 2D (n = 2) (060) to 3D (001) integrated peak areas for the

final 2D/3D perovskites.

OcMA, OcMA:F, and OcMA:S all attained a final phase-pure 2D
(n = 2) perovskite. This allowed us to exclude phase purity as a con-
tributing factor when comparing their material properties. The final
crystallinity of the 2D (n = 2) phase increased in the order Oc < OcMA <
OcMA:F < OcMA:S. This trend was consistent when evaluating the GIWAXS
integrated peak area (Fig. 1I and fig. S8), full-width half-maximum
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peak broadening, and Halder-Wagner analysis from lab-based grazing-
incidence XRD of the 2D/3D perovskites (fig. S9). We observed a cor-
relation between 2D crystallinity and carrier lifetime (Fig. 1, J and
K). The bare 3D film had a carrier lifetime of 1067 ns, which increased
by 244% to 2608 ns for the Oc film owing to defect passivation by
the 2D interlayer. The unreacted Pbl, left over likely contributed to
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the increased lifetime (75), convoluting with the 2D interlayer contri-
bution. Regardless, the OcMA:S film, even with no unreacted Pbl,,
showed the longest carrier lifetime of 4205 ns (394% increase over the
bare 3D film), demonstrating effective suppression of nonradiative
recombination.

We extended our study to understand the 2D formation mechanisms
(Fig. 2A and table S1). Different mixed solvents had varying conse-
quences (fig. S10). For OcMA with methyl glycol and IPA (OcMA:MG)
and OcMA with acetonitrile and IPA (OcMA:A), 2D crystallinity and for-
mation were similar compared with that of (IPA only). Meanwhile,
OcMACF (Fig. 1E), OcMA with 1-methyl-2-pyrrolidone and IPA (OcMA:N),
and OcMA with propylene carbonate and IPA (OcMA:PC) all formed
a mixed 2D (n = 1) and 2D (n = 2) initial phase, with final 2D (n = 2)
crystallinity improved compared with that of OcMA. This also sug-
gested OcMA:PC as a promising candidate, and the measured carrier
lifetime of 3842 ns trended with 2D crystallinity (fig. S11). The mixed
solvent and MA together synergistically regulated 2D formation.
Without MA, Oc:S showed comparable crystallinity and formation
relative to the control Oc (fig. S12). Without the mixed solvent and
regardless of the MA halide choice, the final 2D (n = 2) crystallinity
was only slightly improved over that of the control Oc (fig. S13). In this
work, only OcMA:S (Fig. 1G) spontaneously formed a 2D (n = 2) initial
phase and had the highest final 2D crystallinity. Lastly, increasing the
MA concentration in OcMA:S showed the possibility of forming the
higher-order 2D (n = 3) phase (fig. S14).

Preliminary theoretical calculations helped shed light on the experi-
mental observations (supplementary text S3 and tables S2 to S5). 2D
formation involved partial dissolution of the 3D perovskite surface,
followed by secondary recrystallization into the 2D phase (16-18). A
stronger solvent interaction assisted with this dissolution (Fig. 2, B to E,
and figs. S15 to S18), which was necessary to source the precursor
components (Pbl; and FA) from the 3D surface used for 2D formation.
Sourcing of FA also led to the formation of a FA-based 2D (n = 2)
perovskite. The MA additive functioned to thermodynamically pro-
mote 2D (n = 2) formation during its initial stage (fig. S19), followed by MA
volatilization and FA substitution, resulting in a high-crystallinity
FA-based 2D (n = 2) phase (supplementary text S4, fig. S20, and table
S6). This is akin to the role of MA to promote 3D perovskite inter-
mediate phase crystallization (10, 19, 20). Furthermore, a stronger
solvent interaction also slowed down drying and removal, which re-
duced the nucleation rate during recrystallization to promote higher
crystallinity (21, 22).

Grain potential homogenization and electronic structure

UV photoelectron spectroscopy measurements showed that the Oc
2D/3D perovskite created a type I band alignment relative to the bare
3D perovskite (fig. S21). This unfavorable energy offset impeded hole
extraction toward spiro-MeOTAD (23, 24). By contrast, the work func-
tion and valence band maximum shifts netted a type II alignment for
the OcMA:S 2D/3D perovskite and created an energy cascade to bridge
hole extraction. OcMA:S and OcMA had similar energetic shifts, con-
sistent with both films having phase-pure 2D (n = 2) interlayers, as
shown in GIWAXS results. In terms of topographical morphology, no
obvious difference was observed between the 2D/3D perovskites in
Fig. 2F and fig. S22 from atomic force microscopy (AFM). The surface
morphology of the 2D interlayer was not obviously visible in Fig. 2F
because the AFM measurement setup was optimized for electrical
sensitivity, which sacrificed topography resolution (supplementary text
S5). Potential maps measured with Kelvin probe force microscopy
(KPFM; Fig. 2G) showed that the bare 3D film had large intragrain
and grain-to-grain potential variations caused by abundant surface
defects that created localized charging effects (25). The potential pro-
file transformed into a different pattern for the Oc film as a result of
2D interlayer formation, but individual grains were not resolvable
because of intragrain potential inhomogeneity. In this case, the
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potential fluctuations were caused by the coexistence of multiple
phases: unreacted Pbl,, 2D (n = 1), and 2D (n = 2). For the OcMA:S
film, the intragrain potential uniformity was smoothened out (right,
Fig. 2G) by the phase-pure 2D (n = 2) interlayer and its long-range
structural ordering (i.e., high crystallinity). The AFM morphological
grain boundary now corresponded spatially with the KPFM potential
boundary, and individual grains were distinguishable because of the
homogenized intragrain potential.

Transient reflection spectroscopy (TRS) allowed us to decouple sur-
face versus bulk carrier dynamics in the 3D perovskite by optically
generating carriers with short and long wavelengths and modeling the
carrier diffusion from the surface (Fig. 2H) (26). For the OcMA:S film,
the carriers diffused away from the 2D/3D interface more efficiently.
For example, with 3.54-eV excitation light, 50% of photocarriers moved
away from the surface within 50 ps for the OcMA:S film, whereas it
took 100 ps for the Oc film, consistent with the homogenized surface
potential profile and reduced nonradiative recombination. Conversely,
by using time-resolved microwave conductivity (TRMC), we found that
the carrier lifetime for the OcMA:S film was marginally improved over
that for the Oc film (17.7 to 19.0 ps, 7.3% increase ) (Fig. 21 and fig. S23).
Because TRMC is a bulk technique lacking surface sensitivity, these
results implied that the 2D perovskite had minimal impact on the bulk
3D perovskite. Direct visualization was obtained by cross-sectional
scanning electron microscopy (SEM) imaging, where the 2D perovskite
was seen as a conformal layer formed on top of the 3D perovskite (fig.
S24). This result was also consistent with time-of-flight secondary ion
mass spectrometry (ToF-SIMS) profiling of the elemental distributions
(fig. S25). Moreover, the optical bandgap of the 2D/3D perovskites was
also comparable (fig. S26). These results suggest that the 2D perovskite
was mostly confined to the 3D perovskite surface with no appreciable
bulk diffusion.

Device characterization

We compared the performance of devices based on the 2D/3D
perovskites that had the longest carrier lifetimes and found that the
PCE increased as bare 3D < Oc < OcMA:F < OcMA:PC < OcMA:S
devices (Fig. 3, A and B; fig. S27; and table S7). This trend was primarily
due to an increasing open-circuit voltage and fill factor, consistent
with the increasing carrier lifetime. 2D phase purity contributed to
the improvement when comparing between the Oc device versus the
other 2D/3D devices, whereas 2D crystallinity accounted for the dif-
ferences between the OcMA:S, OcMA:PC, and OcMA:F devices, which
were all phase-pure and differed only in crystallinity. Generally, the
chemical bath-deposited SnO; (CBD-SnO,) devices had higher PCE
than that of the nanoparticle SnO, (NP-Sn0O2) devices (fig. S28). The
OcMA:S devices had the best performance overall, with the champion
device based on CBD-SnO, reaching a PCE of 25.9% with minimal
hysteresis (Fig. 3C and table S8).

The device stability was assessed through MPP tracking under full-
spectrum 1-sun AM 1.5G illumination (UV included). We emphasize
that all devices for all stability tests were of the n-i-p structure based
on spiro-MeOTAD. No active cooling or heating was applied, and
we measured the actual device temperature to be 40°C to 45°C.
The target OcMA:S device (Fig. 3D), with a peak PCE of 24.3%,
sustained its performance with minimal degradation and retained
96.4% of its initial PCE after >1700 hours. The control Oc device de-
graded the most rapidly, dropping to 74.1% of its initial performance
after 500 hours. The OcMA:PC and OcMA:F devices had stability in-
termediate to those of the OcMA:S and Oc devices (fig. S29). Both the
OcMA:PC and OcMA:F devices showed the same decay behavior (linear
decrease after initial rise for ~75 hours), which was distinct from that
of the OcMA:S device.

Comparing the devices with or without excess Pbl, demonstrated
the role of the 2D interlayer. The “Oc no excess” device had no excess
Pbl, in the 3D composition, but its stability and PCE were still far
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Fig. 2. Expansion to different 2D fabrication systems, potential uniformity, and carrier dynamics. (A) Plot of the 2D crystallinity (vertical axis) and the initial phase
species (color coded). The 2D crystallinity was quantified by the 2D (n = 2):3D integrated area ratio. (B) Interaction energy per solvent molecule with the 3D perovskite surface
or 3D perovskite components. (C to E) Slab models of the 3D perovskite surface bonded with acetonitrile (C), propylene carbonate (D), and dimethyl sulfoxide (E). (F and

G) AFM topography (F) and KPFM potential mapping (G) of the 2D/3D perovskites. Scale bars, 1 pm. (H) TRS carrier dynamics of the control Oc (left) and target OcMA:S (right)
2D/3D perovskites on glass. The probe energy was 1.53 eV. Solid lines were fitted using a diffusion model. Any decay in the TRS dynamics represents surface carrier dynamics
and not recombination, i.e., transient absorption dynamics show no decay in 1000 ps. AR/R, reflectivity change relative to initial reflectivity. (I) TRMC transients of the control
Oc and target OcMA:S 2D/3D perovskites on quartz. ¢=p, product of the quantum efficiency (¢) of free carrier generation with the sum of electron and hole mobilities (Zp).
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Fig. 3. Device performance and stability. (A) Current density-voltage curves of the best devices based on CBD-SnO for the different 2D/3D perovskites. (B) Histogram of the
device PCE distribution based on CBD-SnO;. (C) Current density-voltage curves of the champion OcMA:S device based on CBD-Sn0,. Vic, open-circuit voltage; Jsc, short-circuit
current density; FF, fill factor. (D) MPP tracking under 1-sun AML.5G illumination (UV included) of the devices at 40°C to 45°C in a nitrogen atmosphere. T96, time taken for

efficiency to degrade to 96% of its initial value. (E) Thermal stability test of the devices

in the dark. Error bars represent the standard deviation of eight devices. (F) Sixty-five

degrees Celsius MPP tracking of the OcMA:S device under 1-sun AM1.5G illumination (UV included) in a nitrogen atmosphere. (G) Eighty-five degrees Celsius MPP tracking of
the OcMA:S device under 1-sun AM1.5G illumination (UV included) in a nitrogen atmosphere.

short of the target OcMA:S device (Fig. 3D). The “OcMA:S no excess”
device was more durable than the “Oc no excess” device (fig. S30). Yet,
the target OcMA:S device (excess Pbl, composition but no residual
Pbl, after 2D formation) showed the greatest durability improvement.
These comparisons demonstrate the interplay between the 2D inter-
layer and excess Pbl, to stabilize the device and simultaneously main-
tain a high PCE. None of the 2D/3D devices underwent the rapid initial
burn-in degradation seen for all the bare 3D devices (fig. S31), so
burn-in was not caused by residual Pbl, (supplementary text S6). The
2D interlayer passivation of defects accounted for the absence of burn-
in, which was caused by rapid defect migration (12-14). Additionally,
the solvent alone without 2D interlayer formation did not improve
stability (fig. S32).
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Conventional spiro-MeOTAD is doped with 4-tert-butylpyridine
(tBP) and lithium bis(trifluoromethane )sulfonimide (LiTFSI). Such
dopants are hygroscopic, highly diffusible, and lower the glass tran-
sition temperature of spiro-MeOTAD (27-29), causing a variety of
device degradation problems especially at higher temperatures. The
spiro-MeOTAD used in this work contained neither tBP nor LiTFSI,
which motivated us to assess our devices at elevated temperatures. We
first tested the thermal stability in the dark, progressively increasing
the temperature from 65°C to 75°C (Fig. 3E). After >2100 hours, on aver-
age (eight devices), the OcMA:S devices preserved 86% of their initial
PCE. The most stable OcMA:S device retained 91% of its initial perform-
ance. We then performed MPP tracking of the OcMA:S device actively
heated at 65°C (Fig. 3F). The lower initial PCE was caused by the
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negative temperature coefficient of PSCs, consistent with literature
reports of -0.15% per degree Celsius (30, 3I). The device retained
95% of its initial PCE after >800 hours. We further increased the
heating temperature to 85°C under 1-sun AM 1.5G illumination (UV
included). This n-i-p device based on our spiro-MeOTAD retained 91%
of its initial performance after 1074 hours of illumination (Fig. 3G).
All devices in this work were of the n-i-p structure based on spiro-
MeOTAD, which generally have poorer stability than their inverted
p-i-n counterparts (29, 32). Especially at higher temperatures, fewer
n-i-p devices have been reported. We demonstrate durable n-i-p de-
vices, competitive with state-of-the-art inverted p-i-n devices (table S9).

Arobust 2D interlayer

The control Oc device lost most of its 2D interlayer under illumination,
whereas the bare 3D perovskite under illumination did not undergo
any sort of decomposition (fig. S33). Thus, problems with the 2D in-
terlayer limited the overall durability of the 2D/3D Oc device. For the
target OcMA:S device, the 2D (n = 2) phase was in a stable state both
structurally (crystalline long-range ordering) and thermodynamically
(spontaneously formed single phase). The 2D interlayer was still intact
after >2500 hours illumination without any sort of phase transforma-
tion (Fig. 4A and fig. S34). Long-term retention of this robust 2D in-
terlayer was key to stabilizing the device. During aging, the 2D
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OcMA:S
< . Control Oc
2,516 h o —I1
- illumination 8 10
3 Al = —F
2 £ Au
>
£ 1,148 h S 102
@ illumination = Target OcMA:S
£ M 3 ceee]
£ & 3D c
B £ 107 -F
N Pristine = Au
@ L 3D 32_ )
! 1 1 h 10-4 ' L g N
5 10 15 20 25 0 100 200 300 400 500
20 (degrees) Sputter time (s)
c -
Loss of 2D interlayer
Transformation Passivation, barrier layer loss
Low crystallinity, multiple phases during aging
n=2 ¢/ ! / n=1
spacer Ilgands / gumeacted MX X unreacted
Formation | POl — el
i passivation ' i I passwatlontm
\ ! - 3;} P lost 18t gt
e )= $4449999444499
2 906666666 3D 13 0666606660606606600

excess Pbl,

[plplp  lpip gl

[plpte Dyl Tyl .
Formation

3D

530000000

Robust 2D interlayer

Highly crystalline, phase-pure,
unchanging

3D

0000000000000 00

Fig. 4. Evolution of 2D perovskite interlayers. (A) XRD patterns of the target OcMA:S 2D/3D perovskite aged under 1-sun AM 1.5G illumination under open-circuit
condition in a nitrogen glovebox. The XRD was performed on devices of structure spiro-MeOTAD/2D perovskite/3D perovskite/Sn0,/fluorine-doped tin oxide (FTO). The 2D
perovskite was thus buried under the spiro-MeOTAD layer for these measurements. (B) Postmortem ToF-SIMS elemental depth profiling of the devices of structure Au/
spiro-MeOTAD/2D perovskite/3D perovskite/Sn0,/FTO. The devices were aged simultaneously together for 528 hours under 1-sun AM 1.5G illumination under open-circuit
condition in a nitrogen glovebox. Note that the fluorine signal marks either the spiro-MeOTAD layer or FTO substrate layer. The former corresponds to the TFSI™ counteranion in
spiro(TFSI),. (C) Schematic illustrating the formation and transformation of 2D perovskite interlayers, representing the Oc (top) and OcMA:S (bottom) 2D/3D perovskites.
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interlayer passivated defects and suppressed ion migration, function-
ing like a blocking barrier. When the 2D perovskite degraded, ions
penetrated into the transport layer unimpeded, as observed through
postmortem analysis of the aged devices (Fig. 4B).

Initially phase-pure 2D interlayers could degrade differently. For
both the OcMA:PC and OcMA:F devices, although the pristine 2D
perovskite was phase-pure 2D (n = 2), it transformed into the 2D
(n =1) phase (fig. S35). Nevertheless, further decomposition into Pbl,
did not occur, unlike with the control Oc device. We further attempted
to generalize our results. For the “Oc no excess” device (fig. S36), a
phase-pure 2D (n = 2) perovskite transformed into 2D (n = 1) under
illumination, so the 2D interlayer transformation was not caused by
excess Pbl,. By contrast, the “OcMA:S no excess” device (fig. S37) was
durable under the same conditions, so our method worked without
excess Pbl,. Our strategy also worked on alternative 2D interlayers
based on different widely used spacer organic ligands (fig. S38 and
S39). This work showcases the importance of attaining a robust 2D
interlayer (Fig. 4C).
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