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Methylammonium chloride (MACIl) enhances the performance of
Dion—-Jacobson quasi-2D tin perovskite solar cells by suppressing
low-dimensional phases and defects. The addition of an optimal
amount of MACIL (20 mol%) improves the crystallinity, film morphol-
ogy, and charge transport of the quasi-2D tin perovskite layer and
enhances the power conversion efficiency (PCE) from 2.9% to 6.2%.

Tin perovskites (TPs) have emerged as a promising alternative
to lead perovskites due to their lower toxicity and favorable
electronic properties, such as a narrow bandgap and high
carrier mobility, which makes them attractive for optoelectro-
nic applications including solar cells, light-emitting diodes,
and photodetectors."> However, the instability of TPs has hindered
their widespread commercialization and application.* A promis-
ing strategy to enhance the structural and environmental stability
of perovskite materials is the introduction of a two-dimensional
(2D) structure.°® Monovalent or divalent organic cations are
employed to separate the three-dimensional (3D) perovskite slabs,
whereby two general 2D perovskites, Ruddlesden-Popper (RP) and
Dion-Jacobson (DJ) types, are formed.” ™" These types, denoted by
the respective formulas of Ay’'A, 1B, Xs,+1 and A’A,, 1B, X341, USe
organic cations (A’ = monovalent, A” = divalent) and various
combinations of metal (Sn** or Pb*") and halide (CI~, Br~, and
I") components. Here, n represents the number of inorganic layers
between two organic spacers (n = 1 for pure 2D perovskite, n > 1
for quasi-2D perovskite, n = co for 3D perovskite).'**

Among these, DJ-type perovskites exhibit enhanced stability
compared to RP-type perovskites due to their unique structural
characteristics. These include a more uniform and compact
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inorganic stack with better alignment and less displacement,
strong hydrogen bonds within unit cells, intrinsic hydrophobi-
city of organic spacers, and reduced ion migration rates.”'*
More importantly, the shortened inter-slab distance between
the inorganic plates lowers the charge transfer barrier, which
promotes charge transport in these 2D perovskites. Despite
these advantages, quasi-2D TPs face significant challenges
during formation, such as a non-uniform phase distribution,
low-n phases with wide bandgaps and poor charge transport,
defects at grain boundaries and tin vacancies.'® These issues
lead to increased defect densities, which affects both the PCE
and the stability of the overall tin perovskite solar cell
(TPSC).'**®

Additive engineering has emerged as an effective solution to
control crystallization, enhance film quality, and suppress
undesired phases.'® Sheikh et al. showed that chloride played
an important role in improving surface coverage of perovskite
films with large and uniform grains.>® Among the various
chloride-containing additives, MACI] has shown promise for
improvement of the crystallization dynamics and structural
properties of lead perovskites. Zhao et al. reported that MACI
may enhance the absorption and coverage of CH;NH;Pbl;.>!
Mu et al. showed that MACI acts as a transitional stabilizer that
preserves the crystal structure and facilitates the formation of
black-phase formamidinium (FA)-based perovskites.”> Min
et al. reported that the MACI additive could stabilize an inter-
mediate phase that led to the formation of pure «-FAPbI;
without annealing through cationic site substitution.>® How-
ever, the effect of MACI on lead-free quasi-2D TPs remains
unexplored.

Here, we systematically investigate the role of MACI in DJ-type
quasi-2D TPs to address the dual challenges of low-dimensional
phase suppression and defect passivation. The quasi-2D perovs-
kites with high 7 value (n = 4 in our case) used in this study were
prepared by a spin-coating method with antisolvent treatment. The
DJ-type spacer ortho-phenylenediamine (0-PDA) with a large dipole

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic representation of estimated DJ structure of quasi-2D

perovskites using o-PDA. (b) UV-vis absorption spectra, (c) PL spectra, and
(d) XRD patterns of the quasi-2D TP with different concentrations of MACL.

moment, which can reduce dielectric mismatch and exciton
binding energy, was used as a large organic cation spacer to
form 0-PDAFA;Sn4l;;.>* The envisaged schematic structure is
shown in Fig. 1a. The incorporation of MACI at different molar
ratios (3, 10, 20, and 30 mol%) improved both the optical and
structural properties of the DJ-type quasi-2D TPs.

Fig. 1b and Fig. S1 (ESIt) presents UV-vis absorption spectra
of quasi-2D perovskite films with various MACI concentrations,
defined by the molar ratio of MACI to formamidinium iodide
(FAI) in the precursor solution. The pristine film without MACI
(W/O) exhibits characteristic 3D absorption at approximately
830 nm, with no distinct peaks observed in the low-wavelength
region, which is typically associated with low-dimensional
phases. This phenomenon is attributed to the high formation
energy of the ortho-structure of phenylenediamine. Further-
more, the substantial mismatch between the -CH,~CH,-NH,"
group in the ortho-structure and adjacent octahedral voids in
the perovskite lattice impedes structural compatibility, which
suggests that it is difficult for the ortho-structure to form a
perovskite with an n = 1 phase. The geometric incompatibility
of the ortho-system hinders the formation of low-dimensional
phases.’®® The UV-vis absorption spectra show a significant
enhancement in absorption in the 800-900 nm wavelength
range upon the addition of MACI, whereby a maximum is
reached at 20 mol% MACI. Fig. 1c presents steady-state photo-
luminescence (PL) spectra of pristine films and those with
MACIL The PL intensity of the emission peak at 830 nm is
enhanced in the films that contain the additive, which is likely
due to suppressed non-radiative recombination.>® However, the
PL spectra of the quasi-2D TP film with 30 mol% MACI
suggested that excessive additive induces non-radiative recom-
bination states within the films; additional defect states or
traps promote non-radiative recombination, which leads to
energy loss as heat instead of light emission, thereby diminish-
ing the PL intensity.””*® To demonstrate the role of MACI in the
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perovskite precursor solution, the crystallinity of as-spun quasi-
2D TP films was examined using X-ray diffraction (XRD), as
shown in Fig. 1d. Diffraction peaks were observed at 4.2° and
7.8° for the pure o-PDA-based film, which correspond to the
n =2 and n = 1 phases, respectively. Peaks at 14° and 28° were
attributed to the (101) and (202) crystalline planes of high-n
phases with a structure like 3D FASnI;. The intensity of these
low-n phases peaks is notably reduced with increasing MACI
concentration. Although the intrinsic properties of 0-PDA limit
the formation of low-n phases, their occurrence remains inevi-
table during perovskite film fabrication. However, the introduc-
tion of MACI effectively suppresses the formation of these low-n
phases. Furthermore, the intensity of high-angle peaks
increases in MACl-treated films compared to the pristine films.
The variations in peak intensity observed in the XRD patterns
indicate that crystallization in quasi-2D TP films is enhanced by
the presence of MACI during annealing. This modification can
most likely be attributed to the influence of MACI in the
precursor solution on the crystal growth orientation for the
respective perovskite film.

Scanning electron microscopy (SEM) observations were con-
ducted to gain deeper insight into the morphological effects
that contribute to enhanced performance with the MACI addi-
tive. For simplicity in this analysis, all MACI relevant measure-
ments were performed based on the optimal concentration
(20 mol%). The SEM images in Fig. 2a and b compare perovs-
kite films without MACI and those treated with 20 mol% MACI
(for other concentrations, see Fig. S2, ESIt). The surface SEM
image of the film without MACI reveals pinholes and poor film
coverage, which are detrimental to the overall performance of
the perovskite layer.>® In contrast, the SEM image of the film
with MACI reveals significant improvements in surface cover-
age and film uniformity. The enlarged grain size also has the
potential to improve the performance of the quasi-2D TP layer.
MACI plays a crucial role in improving the perovskite film

Ion substitution

Strong interaction

Fig. 2 Top-view SEM images of (a) perovskite film without MAC|, and (b)
perovskite film treated with 20 mol% MACL. (c) Schematic diagram of effect
of MACL
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quality by reducing pinholes and defects. The presence of fewer
defects and more complete surface coverage enhances charge
transport, which ultimately improves the optoelectronic proper-
ties of the film. The observed improvements can be attributed
to a dual role of MACI during the fabrication process. First,
MACI reduces the crystallization rate during the antisolvent-
assisted spin-coating process, which suppresses grain bound-
ary formation and enhances film uniformity.*® Second, the
effect of MACI in TPs differs from that in lead systems due to
the unique interaction between Sn** and Cl~ (Fig. 2c). In TPs,
the stronger affinity between Sn>" and Cl, as explained by the
hard and soft acids and bases (HSAB) theory, allows Cl~ ions to
partially remain in the final perovskite structure rather than
volatilizing completely during annealing.

These Cl~ ions act as a bridge between Sn>* centres on
separate crystallites, which promotes the merging of crystallites
and the formation of larger grains. This bridging effect not only
enhances the compactness and uniformity of the film but
also contributes to the reduction of pinholes and defects,
which improves the overall quality and performance of the
perovskite layer.

The quasi-2D TP films were investigated using X-ray photo-
electron spectroscopy (XPS) to further evaluate the influence of
MACI addition on the electronic structure. The XPS spectra
(Fig. 3a and b) show characteristic peaks associated with the Sn
3d core at 485.2 and 493.5 eV for Sn**, and at 486.2 and 494.3 eV
for Sn**.*"3> Analysis of the deconvoluted peaks reveals that the
perovskite film without MACI exhibits a higher ionic percentage
(12.31%) of Sn*" compared to the film with 20 mol% MACI
(3.90%). This suggests that MACI effectively mitigates the
oxidation of Sn**, thereby enhancing the overall quality of the
perovskite film. The I;4 binding energy for the perovskite film
with 20 mol% MACI was also shifted to higher position com-
pared to the film without MACI, which confirms the passivation
of electronic defects (Fig. S3a, ESIt). Moreover, the XPS results,
and cross-sectional elemental mapping (EDX) confirm the
successful incorporation of chloride ions into the perovskite
lattice (as shown in Fig. S3b and S4, ESIf), which provides
critical insight into their role in d effect passivation and the
suppression of Sn** oxidation.

To assess the photovoltaic performance of quasi-2D TPSCs,
inverted solar cells with an indium tin oxide (ITO)/poly(3,4-
ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/
quasi-2D TP/[6,6]-phenyl-Cs;-butyric acid methyl ester (PCBM)/

a [— sn? 87.69% WI0 b[—sn?"96.10% 20 mol% MACI
— Sn**12.31% — Sn** 3.90%

—~|— Sum ~—~[— Sum

3 3

s 8
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Fig. 3 XPS spectra: (a) and (b) Sn 3d of the perovskite without and with
20 mol% MACL
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Fig. 4 (a) Device structure for quasi-2D TPSCs. (b) J-V curves, (c) EQE,
and (d) dark J-V curves for champion devices for quasi-2D TPSCs treated
with and without 20 mol% MACL.

bathocuproine (BCP)/Ag structure (Fig. 4a) were fabricated. The
corresponding J-V curves and photovoltaic parameters are
presented in Fig. 4b, Fig. S5 and Table S1 (ESIt). The device
based on the perovskite layer without MACI exhibited a PCE of
2.90% with an open-circuit voltage (Voc) of 0.36 V, a short-
circuit current density ( Jsc) of 14.29 mA cm ™2, and a fill factor
(FF) of 0.55. The incorporation of 20 mol% MACI significantly
increased the PCE to 6.20%, with enhanced parameters (Vo to
0.48 V, Jsc to 19.62 mA cm >, and FF to 0.66). 20 mol% of
MACI induces preferential orientation during perovskite
crystallization and suppresses defect formation, improving film
morphology and crystallinity, resulting in higher Voc in the
respective PSCs. MACI also suppresses low-dimensional
phases, leading to more efficient charge transport and facil-
itates improved Jsc and FF. These combined effects contribute
to the significant enhancement of photovoltaic performance in
the 20 mol% MACI-based devices. However, excessive MACI can
disrupt the film uniformity, as illustrated in Fig. S2 (ESIt), by
the formation of more defects or uneven crystallization that
negatively impact device performance. Although MACI
improves performance by passivating defects, hysteresis per-
sists due to ion migration, charge accumulation at interfaces,
and perovskite film properties. Chloride ion migration may
affect charge distribution, while interfacial charge accumula-
tion and recombination contribute to hysteresis, especially
under reverse bias. The statistical data in Fig. S6 (ESI{) demon-
strates that devices with incorporated MACI exhibit narrower
parameter distributions across batches compared to the control
device, which suggests enhanced reproducibility and improved
overall performance. Fig. 4c shows the external quantum
efficiency (EQE) of the device without MACI and the best
quasi-2D TPSCs with 20 mol% MACI. The EQE spectrum for
the device with 20 mol% MACI reveals a noticeable enhance-
ment across the entire spectral range, which indicates the
suppression of recombination activity in the bulk and at the

This journal is © The Royal Society of Chemistry 2025
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interfaces in the device.*® The Js¢ values (14.15 mA cm > for
W/O and 17.12 mA ecm ™~ for the device with 20 mol% MACI)
obtained by integration of the EQE spectrum are close to those
obtained from the j-V curves. The lower dark current for the
device treated with MACI further supports effective defect
passivation (Fig. 4d) because a high dark current is typically
associated with an increased defect density. Light intensity-
dependent Vo measurements (Fig. S7, ESIT) yielded slopes of
1.79kT/q and 3.35kT/q for the devices with and without MACI,
respectively. Deviation from k7/q suggests trap-assisted Shock-
ley-Read-Hall (SRH) recombination, where a smaller slope
indicates reduced trap-assisted recombination. These results
confirm that 20 mol% of MACI suppresses non-radiative recom-
bination, which explains the high V¢ of the respective PSC. A
long-term stability was investigated on unencapsulated devices
in an ambient environment and the results are shown in Fig. S8
(ESIT). The PCE for the quasi-2D TPSC with 20 mol% MACI
retained over 85% of its initial value after storage for 600 h,
whereas that for the untreated device decreased to 70% under
the same conditions. This enhanced stability is attributed to
the incorporation of MACI, which effectively passivates defects
and charge traps within the perovskite film, thereby reducing
non-radiative recombination and improving film durability.

In conclusion, this study demonstrates that MACI plays a
critical role in enhancement of the performance of DJ-type
quasi-2D TPSCs by suppressing low-dimensional phases and
passivating defects. The optimized incorporation of MACI
(20 mol%) improves film crystallinity, reduces non-radiative
recombination, and enhances charge transport, which leads to
a significant increase in power conversion efficiency from
2.90% to 6.20%. Structural and optical analyses confirm that
MACI modifies the crystallization process, suppresses the for-
mation of low-n phases, and enhances film morphology. These
results offer a viable strategy for improving the performance of
DJ-type quasi-2D TPSCs.
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Technology Agency (JST)-ALCA-Next Program (Grant No.
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