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(2D/3D)
structures have been extensively employed for effective interfacial
defect passivation, enabling highly efficient perovskite solar cells
(PSCs). At the same time, encapsulation plays a vital role in ensuring
the long-term stability of PSCs toward commercialization. However,

Two-dimensional/three-dimensional perovskite hetero-

conventional lamination-based encapsulation processes involve
elevated temperatures and mechanical pressure, and the resulting
thermal and mechanical stress on the 2D/3D heterostructure within
the device remains largely underexplored. Herein, we investigated
how encapsulation affects 2D/3D perovskite heterostructures by
probing the photoluminescence properties of films before and after
encapsulation. In particular, we compare encapsulation effects for
(100)- and (111)-oriented perovskites using various 2D passivants to
form 2D/3D heterostructures. The results suggest that encapsulation-
induced degradation in 2D/3D heterostructures based on conven-
tional mixed-oriented perovskites primarily originates from those
formed on (100)-oriented perovskites, whereas those on (111)-
oriented perovskites are more tolerant to the thermal lamination
conditions used during encapsulation. This work provides critical
insights into perovskite structural evolution during the encapsulation

process, advancing their path toward stable commercial applications.

1 Introduction

Perovskite photovoltaics (PVs) have emerged as one of the most
promising candidates for next-generation solar technologies
owing to their outstanding power conversion efficiency (PCE,
over 27%)," facile and low-cost manufacturing processes, tune-
able bandgaps, mechanical adaptability, and, notably, recent
improvement in long-term operational stability, which are
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Broader context

2D/3D perovskite heterostructures are widely used to passivate interfaces
and boost the efficiency of perovskite solar cells, yet their robustness
under industrial encapsulation conditions is rarely considered. Practical
encapsulation involves heat and mechanical pressure, which can intro-
duce substantial stress to perovskite layers and compromise device
stability. This work shows that the crystallographic orientation of the
perovskite critically influences the encapsulation tolerance of 2D/3D
heterostructures, with (111)-oriented perovskites exhibiting markedly
higher resilience than their conventional (100)-oriented counterparts. By
linking interface design with encapsulation-induced structural evolution,
these findings provide a concise design guideline for developing perov-
skite solar cells that combine high efficiency with the durability required
for commercial deployment.

bringing them increasingly closer to commercial viability.>
The performance-boosting effect of two-dimensional (2D)
passivation on perovskite solar cells (PSCs) is evident, with
organic salts such as phenethylammonium iodide (PEAI) and
octylammonium iodide (OAI) being commonly employed as
passivating agents.®® For example, a study reports that PEAI
forms a 2D layer on the 3D perovskite surface, which passivates
defects and suppresses non-radiative recombination, resulting
in record level efficiency.” Although the 2D/3D perovskite
heterostructure can combine the superior environmental
stability of a 2D perovskite with the high optoelectronic
performance of a 3D perovskite, recent studies have revealed
that 2D perovskite films are not composed of a homogeneous
phase. Instead, they consist of vertically stacked phases with
varying layer numbers (n = 1, 2, 3, ...).*' The resulting films
exhibit uncontrolled phase composition and thickness, with
poorly defined n-values."* Furthermore, studies show that
conventional spacer cations often struggle to form stable 2D
layers on inorganic perovskites because they cannot replace
tightly bound Cs" ions. Under heat, these cations tend to diffuse
into the 3D lattice, which negatively affects the structural and
electronic properties of the perovskite, ultimately reducing
device performance.”>** These findings reveal that the 2D/3D
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interface is not inherently stable, which can potentially be more
pronounced under external stresses, such as stresses induced in
the encapsulation process.

Encapsulation is indispensable for the commercialization of
perovskite photovoltaics, as it protects the device from moisture
and oxygen ingress and mechanical damage."* However, while
the stabilizing role of encapsulation is well established, its
impact on the structural integrity and interfacial dynamics of
2D/3D perovskite heterostructures remains insufficiently
understood, largely because de-encapsulation is experimentally
challenging and, even when feasible, the process itself may
induce film damage. Existing encapsulation studies have
primarily focused on the selection of encapsulant materials,
such as polyisobutylene (PIB) and ethylene-vinyl acetate (EVA),
and the development of strategies to improve long-term device
reliability.”>"” Despite these advances, the potential impact of
the encapsulation process itself has been largely overlooked,
especially the thermal, mechanical, and chemical stresses
associated with lamination or curing, which can compromise
interfacial stability and trigger phase transitions, ionic redis-
tribution, or interlayer decoupling in 2D/3D perovskite

2D Perovskite
3p Perovskite
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heterostructures. Additionally, most of the encapsulation
strategies employ lamination-based processes developed from
silicon solar cell encapsulation. The lamination process typi-
cally involves external factors such as elevated temperatures and
mechanical pressure.”® While these external stimuli exert
minimal influence on stable silicon solar cells, they warrant
careful consideration in the context of the comparatively
sensitive PSCs."**°

In this regard, we introduce a pre-inserted spacer layer prior
to encapsulation,”” which facilitates subsequent de-
encapsulation without compromising sample integrity and
thereby enables systematic elucidation of the thermal-
lamination impact on 2D/3D perovskite heterostructures
formed with PEAI and OAI on mixed-, (100)-, and (111)-oriented
3D bulk perovskites. We found that the thermal-lamination
process compromises the performance of PSCs and simulta-
neously drives the disappearance or transformation of smaller-n
2D perovskites phases toward larger-n phases. By comparing
mixed-orientation films with those predominantly exhibiting
(100) and (111) dominated orientations, we reveal orientation-
dependent degradation behaviours of low-dimensional
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(@) Schematic illustration of the preparation of hot-pressed encapsulated samples for characterization. (b) PL spectra of PEAI treated

perovskite films before and after thermal-lamination (all contour plots share the same colour scale).
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perovskite phases (n = 1, 2, 3) under thermal stress. Notably,
(100)-oriented perovskites exhibited the most pronounced
transformation of the 2D perovskite layer, whereas (111)-
oriented structures exhibited minimal changes. These findings
provide new insights into the structural evolution of perovskite
interfaces during encapsulation and underscore the critical role
of crystallographic orientation of perovskite in determining
device stability, offering valuable guidance for the encapsula-
tion of robust PSCs.

2 Results and discussion

A delamination approach was employed to systematically
investigate the effects of thermal lamination on various 2D/3D
perovskite heterostructure film samples (Fig. 1a). In this
approach, a spacer layer was incorporated to form a multilayer
structure consisting of Transparent Conductive Oxide (TCO)
substrate/3D  perovskite/2D  perovskite/spacer/encapsulant/
cover glass. Thermal lamination was applied to facilitate the
even spreading of the encapsulant and to eliminate residual air
between layers, replicating the practical encapsulation process
for PSC fabrication (@95 °C, 0.5 mbar for 5 min and then 500
mbar for 5 min). Following lamination, the encapsulated
sample can be separated as the spacer layer does not adhere to
the underlying layers, enabling clean separation of the encap-
sulant without any environmental and mechanical damage.
Considering the anisotropic nature of perovskite materials,
these 2D/3D perovskite heterostructures were fabricated on
(100)- and (111)-oriented 3D bulk perovskite films, respectively.
Previous studies indicate that (100) and (111) facets exhibit
distinct carrier transport and photocurrent behaviours, with
(100) generally offering higher mobility.* The distribution of
(100) facets within predominantly (111)-oriented films strongly
affects optoelectronic performance and stability.”> While
a higher fraction of (100) orientation favours power conversion
efficiency,” increasing (111) orientation enhances moisture
resistance due to its denser atomic packing and limited expo-
sure of reactive sites.>** Notably, to get a pure (111)-oriented
film we have incorporated a limited amount of Br in the film,
which may compromise the perovskite stability. In this regard,
if a pure (111)-oriented film without compositional change
could be obtained, we would expect its stability to be at least
comparable to, and possibly better than that of the current Br-
containing (111)-oriented film. The orientation of the 3D
perovskite films for 2D/3D construction is confirmed by X-ray
diffraction (XRD, Fig. S1). The mixed-orientation 3D perov-
skite films exhibit multiple peaks, including (100) at 14.1°, (200)
at 28.4°, and (111) at 24.5°, indicating the coexistence of various
orientations. In contrast, (111)-oriented films show a dominant
(111) peak with minor (100), (200), and PbI, peaks, while (100)-
oriented films display prominent (100) and (200) peaks with no
noticeable impurities. Subsequently, PEAI was deposited via
spin-coating on 3D perovskite films with mixed, (100), and (111)
out-of-plane orientations, constructing 2D/3D perovskite
heterostructures.

After constructing the 2D/3D heterostructures, photo-
luminescence (PL) spectra of the films were immediately
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measured, followed by repeated measurements after 1 h, 24 h,
and 48 h to obtain contour plots for a better understanding of
the temporal evolution of the 2D/3D heterostructures (Fig. 1b).
For the unencapsulated 2D/3D heterostructure based on
a conventional perovskite film with mixed orientation, photo-
luminescence (PL) peaks assigned to 2D perovskite phases with
different n values are observed, and their intensities decreased
with increasing n value. After encapsulation, the intensities of
these 2D-phase PL peaks decrease markedly, indicating
disruption of the surface 2D passivation layer. Meanwhile, the
PL peak of the 3D phase at ~800 nm also diminishes substan-
tially, implying increased non-radiative recombination. To
decouple facet-specific contributions, we fabricated (100)-
oriented and (111)-oriented films and performed identical
measurements with PEAIL The results show that after PEAI was
deposited on the perovskite film surface, the (100)-oriented film
more readily forms a 2D perovskite than the (111)-oriented film.
However, the 2D perovskites constructed on the (100)-oriented
film are unstable under thermal-lamination, with their PL
signatures becoming barely detectable after encapsulation. In
contrast, although 2D formation on the (111)-oriented film is
less favourable, it is far less affected by the thermal-lamination
process. After encapsulation, only a subtle kinetic reversal is
observed, shifting from a slightly time-dependent increase to
a weak decay, which suggests that the potential ingress of the
bulky cations into the 3D perovskite is activated by a thermal
lamination process. Overall, the 2D PL intensity shows no
significant change when comparing measurements before and
after encapsulation. Therefore, it is reasonable to infer that, for
conventional mixed-orientation perovskite films, the post-
encapsulation reduction in the PL signature of a PEA-based
2D perovskite arises predominantly from the loss of the 2D
perovskite formed on (100) facets, whereas the residual 2D
perovskites are mainly formed on (111) facets.

For the 2D/3D heterostructure constructed on a conventional
mixed-orientation perovskite film, the encapsulation-induced
changes lead to measurable variations in device performance.
We compared the photovoltaic characteristics before and after
encapsulation, using devices with a conventional p-i-n archi-
tecture of FTO/SnO,/FA, oCsg.1PbI;/PEAI/spiro-OMeTAD/Au,
where PEAI was employed as a 2D passivation layer. As shown
in Fig. 2, after encapsulation, a more pronounced performance
loss in PEAI passivated devices is observed compared to the
devices prepared without PEAI. Specifically, the power conver-
sion efficiency (PCE) decreased by 6.55%, the open-circuit
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Fig. 2 Relative performance changes of PSCs prepared with mixed
orientation perovskites before and after thermal-lamination.
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voltage (Voc) by 4.79%, the fill factor (FF) by 2.78%, and the
current short-circuit density (J/sc) by 3.05% (full data provided in
Fig. S2). In contrast, the PEAI-free devices exhibited relatively
minor changes in performance, with PCE, FF, and V¢
decreasing by 2.83%, 0.27%, and 0.94%, respectively, while Jsc
showed a slight increase of 1.71%. Such a modest rise in Jsc is
likely associated with thermally induced, thermomechanical-
stress-related structural relaxation occurring during the heat-
ing and encapsulation processes.”**” Meanwhile, morphology
changes of the PEAI-based 2D/3D heterostructure before and
after encapsulation can also be identified by SEM measure-
ments (Fig. S3), whereas unpassivated 3D perovskite films
exhibit no discernible encapsulation-induced changes
(Fig. S4).*® These observations indicate that encapsulation-
driven materials change in the 2D/3D heterostructure identi-
fied by PL measurements is coupled with morphology changes,
such as increased surface roughness (Fig. S5). And the
combined encapsulation-driven reconstruction disrupts the
optimized state of the original 2D passivation, thereby being
responsible for the observed performance degradation.*
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Furthermore, we extended the study to a broader set of
passivation agents, probing their corresponding 2D/3D hetero-
structures formed on different facets and how they evolve upon
encapsulation. By increasing the alkyl chain length from PEA
(two carbons) to PPA (three) and PBA (four), larger bulky cations
can be obtained.”®* The corresponding iodides of PPAI and
PBAI are then deposited onto (100)- and (111)-oriented 3D
perovskite surfaces. The temporal evolution of their PL spectra
before and after encapsulation is shown in Fig. 3a. For both
PPAI and PBAI samples without applying encapsulation, the PL
peaks associated with smaller-n 2D phases decrease markedly
with extended storage time, whereas those associated with
larger-n 2D phases become stronger. This inverse trend suggests
that the low-dimensional perovskite initially present in the 2D/
3D heterostructure gradually turned into higher-dimensional
perovskite, which is also known as invasive passivation."® This
could be possibly because of bulky cations diffusing into the 3D
lattice, thereby allowing more layers to be present in between
them. Although this phenomenon can also be observed on both
(100)- and (111)-oriented perovskites, the overall intensity of PL
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Fig. 3 PL spectra of perovskite films before and after thermal lamination: (a) PAAI- and PBAI-treated films and (b) BAI- and OAl-treated films.
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emission on the (111)-oriented perovskite is still much weaker
than that on the (100)-oriented perovskite, which is consistent
with the PEAI case shown in Fig. 1. For both PPAI and PBAI
samples with encapsulation applied, their PL spectra are much
more stable with extended storage time. And at 0 h, their
smaller-n 2D phases are less evident and larger-n 2D phases are
enhanced compared to the unencapsulated counterparts at 48 h
(Fig. S6), which suggests that the conversion of smaller-n 2D
perovskites into larger-n 2D perovskites has been accelerated by
the thermal lamination process during encapsulation. This is
possibly because the thermal lamination supplies sufficient
energy that drives the redistribution of the bulky cations,
thereby yielding a more stable 2D/3D heterostructure after
encapsulation. Notably, for both PPAI and PBAI samples on the
(100)-oriented perovskite, the PL peaks in the 2D region are
almost bleached after encapsulation, whereas for the (111)-
oriented sample, the 2D signatures are largely retained, indi-
cating that the 2D/3D heterostructure formed on the (111)-
oriented perovskite is more stable under encapsulation.
Although this phenomenon is observed on both (100)- and
(111)-oriented perovskites, the overall intensity of the PL peak
on the (111)-oriented perovskite is still much smaller than that
on the (100)-oriented perovskite, which is consistent with PEAI
For the 2D/3D heterostructure formed on the (100)-oriented
perovskite, the PL peaks in the 2D region are almost bleached
after encapsulation, whereas for the (111)-oriented sample, the
2D signatures are largely retained. Notably, the 2D invasion
behaviour is no longer observed after encapsulation, while the
2D peak in the larger-n region (650-750 nm) becomes stronger
and more stable. We speculate that thermal lamination
supplies sufficient energy that drives the redistribution of the
bulky cations, thereby yielding a more stable 2D/3D
heterostructure.

We also studied the 2D bulky cations without aromatic rings,
as BAI and OAI are also widely used for 2D passivation in
perovskite solar cells.***> As shown in Fig. 3b, on the (100)-
oriented perovskite, the PL intensity of BAI and OAI treated
samples in the 2D perovskite region is weaker than that of the
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PEAI-, PPAI- and PBAI-treated samples; whilst on the (111)-
oriented perovskite, their PL intensity in the 2D region is
comparable. After encapsulation, the 2D PL peaks on the (100)-
oriented perovskite are markedly weakened, whereas those
formed on the (111)-oriented perovskite show much smaller
changes, consistent with the trends observed previously for the
PEAI-, PBAI- and PPAl-treated samples. From the above PL
probing results, it is evident that 2D perovskite passivation
layers form more easily on (100)-oriented perovskites than on
their (111)-oriented counterparts irrespective of the passivating
cation, but the 2D layers formed on (100)-oriented perovskites
are unstable under the thermal-lamination conditions during
encapsulation. In contrast, 2D perovskite passivation layers
formed on (111)-oriented perovskites exhibit much greater
tolerance to the encapsulation process.

To further elucidate the above observations and understand
the formation and evolution of the 2D/3D heterostructures, we
carried out density functional theory (DFT) calculations to
examine the kinetics of 2D perovskite formation on (100)- and
(111)-oriented 3D perovskite surfaces. As shown in Fig. 4, lattice
models of FAPbI; with (100) and (111) orientations are first
constructed. Because the formation of a 2D perovskite relies on
the 3D framework supplying Pbls octahedra as the inorganic
core, we calculated the formation energies for both the original
3D structure and the structure in which the surface Pbl, octa-
hedra are exfoliated. The exfoliated PbIg octahedra can serve as
the core of a 2D perovskite with n = 1. By comparing the
formation energies, it is found that the exfoliation energy of the
surface Pblg octahedra requires 1.24 eV on the (100) orientation,
and 1.63 eV on the (111) orientation. Therefore, the 2D perov-
skite can be formed more easily on (100)-oriented surfaces than
on the (111) counterparts, which well explained our observa-
tion. Furthermore, we also calculated the structure with two
layers of Pbl, octahedra exfoliated. The formation of an n =2 2D
perovskite on the (111)-oriented surface proceeds via a two-step
pathway (Fig. S7). Specifically, surface Pbls octahedra first
detach while largely retaining their original orientation,
requiring an energy input of 0.7 eV. Subsequently, exfoliation of
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(a) Schematic illustration of 2D perovskite formation on the (100) facet. (b) Schematic illustration of 2D perovskite formation on the (111)
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a second Pbls octahedral layer together with the already
detached first layer releases 0.36 eV, resulting in a net energy
cost of 0.34 eV for n = 2 formation on the (111)-oriented surface.
The results indicate that additional energy inputs of 0.24 and
0.34 eV are required for the (100)- and (111)-oriented surfaces,
respectively, to exfoliate a second Pblg octahedral layer in
addition to the already detached first layer, thereby forming the
inorganic framework of an n = 2 2D perovskite. Obviously, the
second exfoliation step requires much less energy than the first
one, indicating that it is energetically more favourable to
convert the existing smaller-n 2D perovskite into larger-n 2D
perovskite phases. Based on the above calculations, it is
reasonable to predict that direct formation of a larger-n 2D
perovskite inorganic core from the 3D perovskite requires more
energy than the formation of a smaller-n core. This is consistent
with our experimental observation that spin-coating bulky
organic halides on 3D perovskite films preferentially produces
smaller-n 2D perovskites, while the extra energy provided by the
thermal lamination step promotes their conversion into larger-
n 2D perovskites and ultimately approaching quasi-3D perov-
skites. Moreover, the higher exfoliation energy of the (111)-
oriented surface further leads to larger energy barrier for the
conversion of 2D perovskite phases, which explains its superior
resilience to encapsulation-induced structural changes
compared with the (100)-oriented surface as observed from our
PL probing results.

3 Conclusions

In summary, it is demonstrated that the 2D/3D heterostructure
in perovskite solar cells can be significantly affected by the
thermal-lamination applied to the device during the encapsu-
lation process. Encapsulation can substantially disrupt the 2D
perovskite passivation layer, leading to a noticeable deteriora-
tion in device performance. In particular, the 2D perovskite
formed on (100)-oriented surfaces is more severely damaged by
encapsulation, whereas the 2D layer formed on (111)-oriented
surfaces is considerably more stable, though it is relatively more
difficult to form. Furthermore, the thermal lamination process
accelerates the conversion of smaller-n 2D perovskites into
larger-n 2D perovskites, thereby promoting the formation of
higher-dimensional perovskite structures. These findings
provide valuable insights into the mechanisms governing the
evolution of 2D/3D heterostructures and will benefit the devel-
opment of reliable encapsulation strategies for perovskite-
based photovoltaic devices and broader optoelectronic
applications.
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