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Interface intercalation into perovskite layer
improving performance of tin perovskite solar cells
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The interfaces play a critical role in determining the performance and stability of perovskite solar cells
(PSCs). In this work, we introduce a buried interface engineering strategy using phenylethylammonium
iodide (PEAI), which subsequently diffuses into the famadinium tin iodide (FASnlz) perovskite layer. This
improves the perovskite crystallisation process, resulting in reduced lattice microstrain and better film
microstructure. Consequently, the nonradiative recombination is supressed, suggesting an improved
charge carrier dynamics. This approach is particularly effective for tin perovskites processed without
dimethyl sulfoxide (DMSO), where controlling crystallisation remains a major challenge. DMSO-free tin-
PSC devices fabricated using this strategy deliver a power conversion efficiency exceeding 11%, retaining
90% of their initial efficiency after 3500 hours of storage. These findings underscore the critical role of
buried interface engineering in regulating bulk properties, marking a significant advancement in the
development of efficient and stable tin-PSCs.

Solar energy is considered clean energy and is expected to augment the world's energy supply in the future. In this context, perovskite solar cells (PSCs) are

considered the most promising candidates for their ease of fabrication. However, there is a need to design the interfaces to approach the theoretical limit for

these types of materials, as the main energy losses come from the interfaces. The most commonly used technique is the passivating strategy towards stability and

high-efficiency devices. Here, we report an interface design by a 2D passivation layer that intercalates in the perovskite layer that offers better crystallization

dynamics and trap free interface. This strategy will be helpful for interface design for tin perovskite solar cell, where crytalliazion is one of the challenges.

Introduction

The global need for sustainable energy solutions has increased
the demand for renewable energy sources worldwide. Among
emerging technologies, perovskite solar cells (PSCs) have
garnered considerable attention as a promising next-generation
photovoltaic technology due to their high efficiency and cost-
effectiveness.'™ The power conversion efficiency (PCE) of PSCs
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has shown a substantial improvement from 3.8% to over 27%
due to the exceptional properties of perovskite materials, such
as tunable band gaps, high absorption coefficient, and long
charge carrier diffusion lengths and lifetime.*® However, the
constituent metal lead (Pb) is recognised as one of the most
toxic elements to both the environment and human health, due
to its ability to mimic calcium in biological systems and its
severe impact on neurological development.’®** Furthermore,
the high costs associated with the recycling of lead-PSCs
compromise their viability for real-world applications, thus
highlighting the need to explore lead-free alternatives to
improve  sustainability and minimise environmental
impact.”™** Tin shares similar physicochemical properties with
lead, as both belong to the same group in the periodic table,
making it a viable substitute. With the advantage of a narrower
bandgap, Eg, high carrier mobility, low exciton binding energy,
and reduced toxicity, tin-PSCs have emerged as the most
promising substitute.**™"”

Tin-PSCs have recently achieved a certified PCE of over
17.71%, indicating a significant advancement in the field;
however, they still lag behind their lead-based counterparts.**>°
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Their performance is significantly hindered by self p-doping,
which is caused by the oxidation of Sn** to the unwanted
Sn**.2%22 Previously, it has been demonstrated by both our
research group and Saidaminov et al. that dimethyl sulfoxide
(DMSO), a commonly used solvent in the perovskite solar cells,
is contributing to tin oxidation.**** This uncontrolled oxidation
has been a critical challenge in achieving lab-to-lab reproduc-
ibility.”® In addition, DMSO causes microstructural voids,
catalyses the deprotonation of A-site organic cation, and coor-
dinates with iodide and extracts it from the perovskite lattice,
altogether limiting the photovoltaic performance. To address
such detrimental effects of DMSO, we demonstrated an alter-
native solvent system, a mixture of DEF (N,N-diethylformamide)
and DMPU (N,N'-dimethylpropyleneurea) for tin-PSC fabrica-
tion, which outperformed the DMSO-based devices without any
reducing agents or passivants.>** Importantly, the usage of this
solvent system prevents the Sn>" oxidation, resulting in no
detectable Sn*".?* Recently, we have achieved a PCE of 9.1%
using perfluoroarene-based molecules to form a 2D/3D hetero-
structure at the top interface of the DEF:DMPU-based tin
perovskite.> Hence, further research is needed to enhance the
performance of non-oxidising solvent-based tin-PSCs, which
hold the potential for efficient and stable tin-PSCs.

In addition to the low oxidation barrier, the rapid crystal-
lisation of tin perovskites, a consequence of the high Lewis
acidity of Sn*", results in a high defect density and random
grain orientation.’>*! Various strategies, such as additive engi-
neering and top and bottom interface modifications, have been
adopted to improve the crystallisation dynamics. Importantly,
the perovskite/charge transport layer interface plays a critical
role in the charge carriers extraction, thereby boosting photo-
voltaic performance.**** In addition, it controls the crystal-
lisation dynamics, resulting in suppression of defect density.
The interface can be modified by forming a 2D/3D perovskite
heterostructure through introduction of  phenyl-
ethylammonium (PEA") salts either as an interlayer or additive
in precursor solution, which improves the photovoltaic
performance.***® To improve the morphology and crystallinity
of the perovskite, NH;SO; has been employed as an addition to
enhance the device performance.*** The devices without
encapsulation exhibit excellent long-term stability, and the PCE
has increased from 13.08% to 16.02% for the champion
device.* Wang et al. used 4-bromo-2,6-diaminopyridine (4BrDP)
as a multifunctional additive for Sn-based perovskite, which
enables a champion power conversion efficiency (PCE) of
13.40% by improving the film quality.*® Given that DMSO-free
tin-PSC is still in its infancy, we applied this strategy to
enhance its performance.

In this work, we have introduced a unique interface diffusion
strategy, where bulky PEA" cations from the bottom interface of
perovskite diffuse into the bulk during film formation. To
ensure the diffusion process, PEAI was spin-coated using the
same non-oxidising solvent system as the perovskite precursor
solution, DEF: DMPU (6:1 v/v). This approach enhances the
crystallisation dynamics, evidenced form improved micro-
structure and reduced lattice microstrain. In addition, it
suppresses the defect density and slows down the charge carrier
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recombination. Using these approaches, we have achieved
a state-of-the-art PCE of 11% for DEF: DMPU-based tin-PSCs.
Furthermore, these devices demonstrated excellent long-term
stability retaining 90% of their initial efficiency after 3500
hours of storage in N, atmosphere, indicating the critical role of
eliminating DMSO and interface modifications.

Results and discussion

The interface of perovskite often suffers from poor crystal-
lisation, defect accumulation, and energy level mismatch,
limiting the device performance.***” We have introduced
a bulky organic cation, phenylethylammonium (PEA") cation at
the bottom of the perovskite layer (Scheme 1). First, time-of-
flight measurements were applied to probe the introduction
of PEAI layer. We have measured the control device stack with
configuration (glass/ITO/PEDOT-complex/Al,03/FASnI;/Cgo/
BCP) and target configuration (glass/ITO/PEDOT-complex/
Al,O3/PEAI/FASNI;/Ceo/BCP). We have used a Cs-cluster to
detect both positive and negative ions in this measurement so
that all layers could be addressed (see details in SI). The Cqo and
BCP layer was described by the Cs;C,'-cluster, FASnI; by
CH;N,", Sn" and CsI', EDAI by C,H,N,", Al,O; by Al", PEDOT by
Cs3C,S", ITO by In* and glass by Si*. For a better understanding,
sputter time was transformed to a normalized depth and the
detected signals were normalized to the maximum value
(Fig. 1). The depth 0-1 covered the C60 and BCP layer, 1-2 the
FASnI; absorber, 2-3 the Al,O; layer, 3-4 the PEDOT and 4-5
finally the ITO. PEAI was identified by the fragment CgH,",
which lost the ammonium group. There is no signature of PEAI
in the control devices as shown in Fig. 1b. In contrast, in the
target devices, PEAI is located at both the bottom and bulk
region of FASnI;, indicating its incorporation into the perov-
skite. We infer that PEAI layer partially diffuses into the
perovskite bulk during the spin-coating process due to solvent
miscibility and distributes non-homogeneously. This incorpo-
ration of PEAI improves the crystallisation dynamics, followed
by a decrease in grain boundary defect density, resulting in
improved interfacial carrier dynamics without altering the
energy level alignment at the interface, as discussed in the
subsequent sections.

To elucidate the influence of PEAI diffusion on crystal-
lisation behaviour, we performed X-ray diffraction (XRD)
measurements, and the resulting diffraction patterns. FASnI;
crystallises in a cubic structure with the Pm3m space group,
which is preserved following the incorporation of PEAI at the
buried interface. No additional diffraction peaks were observed
after PEAI treatment, confirming the absence of secondary
phases or impurity. PEAI is generally known to form a thin two-
dimensional (2D) perovskite layer at the interface. However, in
this case, no distinct reflection was detected at lower 26 values,
suggesting that the 2D perovskite phase either did not form or
remains below the detection limit of the instrument. For further
understanding of the microstructural impact of PEAI incorpo-
ration, Le Bail fitting was carried out on the diffraction data
(Fig. 2a) to extract the microstrain values of the films. Strain is
defined as the relative change in the dimensions of a material in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A schematic representation of buried interface modifications of tin-PSCs by introducing PEAI at buried interface: (a) higher defect
density at the bottom interface of perovskite without the PEAI interlayer. (b) Defect passivation by introducing PEAI at the bottom interface.

response to external forces. In crystalline solids, microstrain
arises from local lattice distortions, typically induced by struc-
tural defects and crystallographic imperfections.*® Following
the introduction of the PEAI interlayer, the microstrain
decreased from 11.5% to 7.7% (Fig. 2b), indicating a reduction
in lattice disorder and an enhancement in crystal ordering. This
improvement in structural quality is further supported by the
narrowing of the full width at half maximum (FWHM) of the
XRD peaks. Specifically, the FWHM of the first diffraction peak
decreased from 0.123° in the control film to 0.115° in the PEAI
incorporated film (Table S1), reflecting improved crystallinity.
The crystallisation dynamics are further supported by per-
forming scanning electron microscopy (SEM) measurement and
the top view images of control and target films are presented in
(Fig. 2¢). A significant increase in average grain size is observed,
from 188 nm in the control film to 271 nm in the PEAI-diffused
film. Statistical analysis confirms that the target films exhibit an
improved microstructure with larger grain domains (Fig. S1). In
addition, we conducted a cross-sectional SEM analysis to
examine the variation in perovskite thickness. This resulted in
a significant increase in the average film thickness from
234.1 nm in control to 310.9 nm in the target film (Fig. S2). This
enlargement in grain size and film thickness can be attributed
to a slower crystallisation rate induced by the PEAI interlayer,
which facilitates more ordered crystal growth and contributes to
improved photovoltaic performance. In general, surface
roughness enhances the self-nucleation process due to a higher
nuclei density in the vicinity of rough regions.*® We believe that

© 2026 The Author(s). Published by the Royal Society of Chemistry

the introduction of PEAI salt as a bottom layer increases the
surface roughness, acting as a site for nucleation. This lowers
the energy barrier for crystallisation, thereby enhancing the
crystallisation dynamics, which in turn leads to improved
microstructure and photovoltaic performance. Collectively, the
non-uniform distribution of PEAI in perovskite layer, intense
diffraction peaks without shifting the peak position and
enganced grain sizes suggest that PEAI is not affecting the
perovskite crystal lattice. Rather it passivates vacancy and grain
boundary defects.

We have employed steady-state photoluminescence spec-
troscopy (stPL) for control and target thin films, employing an
excitation wavelength of 520 nm LEDs inside the N-filled glove
box. These films were deposited on the glass substrates. Both
control and target films exhibit a similar emission spectrum
with a maximum of around 851 nm (Fig. 3a), which is in
agreement with the previous report.>® With PEAI diffusion, the
target film shows higher photoluminescence intensity
compared to the pristine FASnI; sample, suggestive of reduced
defect density in the PEAI-modified films. This reduction in
defects can be attributed to the improved crystallinity, as evi-
denced by the relaxed lattice microstrain and enlarged grain
size. Further, the transient photoluminescence (trPL)
measurements were conducted on the sample deposited on
PEDOT/AL,O; as a substrate (Fig. 3b and S3). The trPL spectra
follows a decay that has been fitted with the bi-exponential
equation (details in SI). The target film demonstrates a longer
average PL lifetime (35.8 ns) than the control film (26.1 ns),
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Fig.1 Normalized ToF-SIMS depth profile measured with Cs-gun: (a) selected species for the control device stack (glass/I[TO/PEDOT-complex/
Al,O3/FASNIs/Ceo/BCP) with their respective fragments. (b) FASnls perovskite region of the control device stack with EDAI, (ethylene di-
ammonium diiodide) as an additive. (c) Selected species for the target device stack (glass/ITO/PEDOT-complex/Al,Oz/PEAI/FASNIz/Cgo/BCP)
with their respective fragments. (d) FASnls perovskite region of the target device stack containing EDAI, as an additive with PEAI located in the

perovskite region of the stack.

indicating less interfacial non-radiative recombination upon
PEAI introduction. The suppression in non-radiative recombi-
nation originating from the decrease in defect densities,
leading to enhancement of PL lifetime.

We further focused our investigations on the interface and
its charge-selective properties. Charge extraction is a crucial
parameter for an interface, which depends on its quality. To
access this, we employed the transient surface photovoltage
technique (trSPV) that was introduced by our group to study the
charge extraction in the interfaces (Fig. 3c).** In this measure-
ment, we use a nanosecond laser pulse to excite carriers in the
perovskite layer. The excited carriers can be transferred in an
adjacent charge-selective layer if present, causing a charge
separation that is detectable as a surface photovoltage
(SPV).This process induces a charge separation in the materials
stack, that is detectable as the change in capacitance by a probe.

EES Sol.

An ideal trSPV signal exhibits a fast rise, indicating efficient
charge injection of photogenerated carriers into HTL, followed
by a slow decay, which suggests slow interfacial recombination
and low defect density.”>** We measured transient SPV for both
control (ITO/PEDOT/Al,O3/FASnl;) and target (ITO/PEDOT/
Al,O3/PEAI/FASNI;) films. The initial rise and peak amplitude
are similar for the two samples, with the signal amplitude of the
target samples being slightly higher than the control sample.
Importantly, the target samples show a significantly slower
decay under all excitation wavelengths (Fig. 3d and e), indi-
cating reduced trap density at the interface. Notably, the shape
of the decay curves is similar for both samples (Fig. 3f), sug-
gesting similar charge injection mechanisms. Overall, trSPV
measurements confirmed the reduction in interfacial defects
upon PEAI diffusion, as previously indicated by XRD, PL, and
TRPL analyses, without altering the energy alignment.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00022c

Open Access Article. Published on 17 April 2026. Downloaded on 4/18/2026 3:38:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Intensity (a.u.)

. v, b
i Target —Yc: ( )12_
—Yobs-Ycal
| Bragg Plane
10
S|
=
@©
=
i Control 8 6
1
9
= 4}
21
i ‘l | | | 0 LAY
10 20 30 40 50 Control Target
26 (degree)

View Article Online

EES Solar

Target

Fig.2 Crystallographic and microstructural and analysis: (a) Le Bail fitting of X-ray diffraction patterns of control and target films. (b) Decrease in
microstrain in target film upon introduction of PEAI interlayer. (c) Top view of SEM images of control and target films.

In order to investigate the recombination dynamics, space
charge limited current (SCLC) method was explored by using
p—n-p stack devices with the structure ITO/PEDOT/Al,O5/
perovskite/PTAA/Ag and ITO/PEDOT/Al,Oz/PEAI/perovskite/
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PTAA/Ag for both the control and target films respectively.
There was an approximately 70% lower trap fill limit voltage
(Vo) recorded for target device Vpp, = 0.31 V compared to
control device where Vg, = 1.06 V (Fig. S4a and b). The trape-
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Fig. 3 Optical spectroscopy: (a) steady state photoluminescence spectroscopy measured for glass/FASnlz and glass/PEAI/FASnI3 thin films. (b)
Time-resolved photoluminescence (trPL) decay spectra of FASnls and PEAI/FASNIs films (fitted spectra are shown in Fig. S3). (c) Charge extraction
model and working principle of trSPV technique describing carrier transport to the PEDOT hole transport layer. Spectral dependence of transient
SPV mapping, (d) FASnls, (e) PEAI/FAShIs on glass, demonstrated in contour plots. (f) trSPV measurements, at an excitation source of 885 nm (1.4
eV) with the light intensity of 1 sun illumination for FASnls and PEAI/FASNI5 films covered with glass on the top. The films were deposited on ITO/
PEDOT/ALO3 substrates. SCLC measurements of hole-only devices based on the perovskite films (g) control and (h) target.
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state defect density (Niap) for devices was reduced from 7.48 x
10" em™ to 1.24 x 10'® em™>. Consequently, these results
confirms that the diffusion of PEAI into perovskite effectively
passivates the defects located within the perovskite films and
leads to a significant improvement in film quality, which is
aligned with the previously stated PL, TRPL, and trSPV
results.>*

Finally, the solar cell devices were fabricated using the p-i-n
configuration with device structure ITO/PEDOT-complex/Al,O;/
PEAI/FASNI;/Ceo/BCP/Ag (Fig. 4a). First, to optimise the PEAI
concentration, devices were fabricated with different concentra-
tions of PEAI solutions such as 0.07, 0.1, and 0.5 M. Fig. S5
demonstrate that devices incorporating 0.5 M PEAI exhibited
better photovoltaic performance among all tested concentra-
tions. Fig. 4b represents the J-V curves of the best-performing
control (without PEAI) and target (0.5 M PEAI) devices
measured under 1-sun (AM 1.5G) illumination conditions. The
champion control device exhibited a J,. of 21.4 mA cm™>, a V. of
0.6 V, FF of 70%, and an overall PCE of 8.9%. After the interface
diffusion, the target devices achieved a state-of-the-art PCE of
11% for the DMSO-free tin perovskites with an enhanced V. of
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0.69 V, Jo. of 21.3 mA cm 2, and FF of 75% (Table S2). The
observed J;. was also verified by the incident photon to current
efficiency (IPCE) measurement where the integrated current
density Jin. (Fig. 4c) and in agreement with the J-V measurement.
The distribution of the photovoltaic parameters shows better
statistics for target devices compared to control (Fig. 4d-g). Upon
light exposure, the perovskite material generates electrons and
holes, which are then transported to the electron transport layer
(ETL) and HTL, respectively. However, some holes may become
trapped at the interface due to the presence of undercoordinated
ions and structural discontinuities that act as defects, leading to
unwanted charge carrier accumulation. These trapped holes are
more likely to recombine with free electrons, resulting in a loss of
carriers and a decrease in photocurrent.>**” The incorporation of
PEAI molecules at the interface effectively passivates these hole
traps, reducing charge recombination and facilitating charge
extraction at the interface. Interestingly, this approach led to
enhancements in both Voc and FF, further indicating a reduction
in interfacial defect density, which in turn governs the observed
improvement in PCE. It is worth noting that the PCE of 11%
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Fig. 4 Device performance under AM 1.5G illumination (1-sun): (a) Schematic of tin-PSC device architecture with pin configuration. (b) J-V
curves of champion devices (control and target) in forward and reverse scan modes, and the corresponding (c) IPCE plots and integrated current
density Jint. The box chart of 46 individual pixels in forward and reverse scans (d) Voc, (e) Jsc. (f) FF, and (g) PCE for the control and target devices.
(h) DEF : DMPU-based FASnhIs devices reported previously (Table S3) and this work (red star mark). (i) Long-term stability in N, storage.
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represents the highest value reported to date for DEF : DMPU-
based tin PSCs (Fig. 4h).

Other than DEF:DMPU, there are some other solvent
systems which have been reported for tin-PSCs processing.
Our group used the mixture of dimethylformamide (DMF),
1,3-dimethyl-2-imidazolidinone (DMI), and 4-(tert-butyl)
pyridine (tBP) and achieved maximum PCE of 7.8%.°® Hayase
and coworkers reported a PCE of 4.77% for DMSO-free tin
perovskite using a mixture of DMF and 2-methyl-
aminopyridine solvents.>* Wakamiya and co workers have
achieved a PCE of 11.6% using an antisolvent-free and DMSO-
free approach where they used vacuum-quenching with
crystal growth regulator (V-CGR) method for drying the
perovskite film and a mixture of DMF and 1-vinylimidazole
for tin perovskite processing.®® In our work, we have achieved
PCE of 11%, representing one of the leading performance for
DMSO-free tin perovskite. In addition, the target devices
exhibited a narrower hysteresis distribution, with an average
hysteresis index (HI) of —0.01, compared to —0.14 for the
control devices, as shown in (Fig. S6). The reduced hysteresis
supports the role of PEAI in suppressing interfacial ion
migration and stabilising interfacial energetics. Further, the
target device exhibited low dark current compared to the
control device, indicating reduced leakage current (Fig. S7).

Finally, we have explored the long-term stability of the
DMSO-free devices for the first time under storage in a N, filled
glovebox (O, < 0.1 ppm, H,0 < 0.1 ppm) and continuous 1-sun
illumination following the ISOS-1 protocol for stability
measurement.®* The PEAl-incorporated devices demonstrated
outstanding stability, retaining approximately 90% of their
initial PCE after 3500 hours of storage, whereas the control
devices retained only around 80% (Fig. 4i). This superior
stability was also reflected under continuous illumination,
where the performance of both control and target devices was
tracked for 500 hours (Fig. S8) under maximum power point. It
is important to note that no reducing or scavenging agents were
used in the perovskite precursor solution. Since a DMSO-free
solvent system was employed, which does not oxidise Sn**,
the intrinsic chemical stability of the perovskite layer was
preserved, resulting in comparable operational stability
between the control and target devices.

Conclusion

We have improved the photovoltaic performance of DEF:
DMPU-based tin perovskite solar cells by introducing a novel
interface diffusion strategy. With this approach, we have ach-
ieved a record PCE of 11% for a non-oxidising solvent-based tin-
PSCs. The enhanced device performance originates from
improved crystallisation dynamics, as evidenced by the larger
grain size and reduced lattice microstrain. This improved
crystallinity results in a lower defect density, which is reflected
by the higher stPL intensity and longer decay lifetime. The
charger carrier dynamics are further verified by trSPV
measurement, which shows slightly better charge extraction
with much slower recombination upon PEAI buried interface
modification. For the first time, we also investigated the long-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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term stability of DMSO-free tin PSCs devices, which retain
approximately 90% of their initial power conversion efficiency
after 3500 hours of storage without using any reducing or
scavenging agents, revealing excellent stability. This highlights
the intrinsic advantage of the non-oxidising solvent system in
mitigating tin oxidation. We believe that these findings will
stimulate further research on non-oxidising tin-based perov-
skites and interface modification, advancing the development
of stable, efficient, and environmentally sustainable lead-free
photovoltaic technologies.
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