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Introduction

Metal halide perovskite solar cells (PSCs) have achieved a rapid increase in the power
conversion efficiency (PCE) from 3.8% in 2009 to certified 27% recently.l'l However, the
inclusion of toxic lead in lead-based perovskites raises serious concerns in human health
and environment, which impedes the commercialization of PSCs. As a promising alternative,
tin halide perovskites (THPs) offer reduced toxicity while maintaining desirable
optoelectronic properties.[?l Cesium tin iodide (CsSnl3) has emerged as a promising
inorganic light-absorber for lead-free perovskite solar cells (PSCs) due to its ideal bandgap
of 1.3 eV and intrinsic thermal stability. However, its application is limited by random
crystallization and spontaneous 8-CsSnls phase transition, causing substantial photovoltaic
performance losses. Here, we employ lattice-matched 2D perovskite templates to induce
the oriented growth of 3D perovskites, enabling phase-pure 2D/3D perovskite
heterostructures for efficient and durable CsSnls-based PSCs. Compared to their alkyl
counterparts, 2D perovskites adopting aromatic spacer cations introduce additional
interlayer m-1m stacking to inhibit octahedral tilting and minimize their lattice spacing
mismatch with 3D CsSnls. This improved crystallographic compatibility promotes oriented
growth of 2D/3D heterostructures along the (110) plane, regulating the crystallization
kinetics and creating an additional energy barrier that suppresses 6-CsSnls phase formation.
As a result, the optimized CsSnls-based PSCs deliver a champion power conversion
efficiency (PCE) of 15.27% with a high open-circuit voltage of 0.90 V. Benefiting from
reduced trap states and eliminated 6-CsSnls phase impurities, the target devices exhibit
markedly improved operational stability, retaining over 95% of their initial PCE after 1,280
hours at maximum power point tracking under continuous one-sun illumination in nitrogen

without encapsulation.
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Methodology

PEAO perovskite precursor solution was prepared by adding Csl, CsBr, SnFz2, and NHsSCN
at a molar ratio of 0.6, 0.4, 0.1, 0.05 in the prepared Snlz precursor solution. PEAO.4
perovskite precursor solution was prepared by dissolving PEABr (molar ratio of 0.1, 0.2, 0.3,
0.4, 0.5), CsBr (molar ratio of 0.3, 0.2, 0.1, 0, 0), Csl (molar ratio of 0.6, 0.6, 0.6, 0.6, 0.5),
SnF2 (molar ratio of 0.1), and NH4SCN (molar ratio of 0.05) in the the prepared Snl2
precursor solution. 1.2 g Sn powder was added into the precursor solution to act as a
reductant.

Results
1. Hypothesis of 2D template 3D heteroepitaxy structure

According to the lattice matching principle, a smaller lattice difference (Ad < 0.5%) value
between two materials indicates better lattice compatibility, which facilitates coherent
epitaxial growth and minimizes strain-induced defects at the interface.® Figure 1a and 1b
show that the crystal structure of 3D CsSnl; and 2D PEA2CsSnzl7, with a focus on (110)
planes. di10 of 2D PEA2CsSnzl7 is 6.115 A, close to that of 3D CsSnl; (6.127 A), showing
potential to template the heteroepitaxy growth of 3D perovskite. The arrangement of in-plane
(110) and out-of-plane (001) of 2D perovskite and the in-plane (110) of 3D perovskite was
shown in Figure 1c.
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Figure 1. Schematic, theoretical hypothesis, and film demonstration of 2D template 3D
heteroepitaxy.

In this scenario, we further compared the in-plane lattice parameters of commonly used 2D
perovskites, Oleylammonium (OA), Butylammonium (BA), Phenylethylammonium (PEA)-
based (crystal structures are shown in Supplementary Figure 1), with those of 3D CsSnl,.
the Ad between the (110) plane spacing of the 2D perovskites and that of 3D CsSnl;, as
shown in Figure 1d. The Ad values of OA, BA, and PEA based 2D n = 2 perovskites are
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0.4%, 0.8%, and -0.2% and Ad values for 2D n = 1 are -0.5%, -0.9%, and -0.3%, where the
negative sign denotes compressive strain. This indicates that the PEA-based 2D perovskites
exhibit a quite good lattice match with 3D perovskite. To validate this hypothesis, we
fabricated 3D and PEA-based 2D/3D perovskite films. XRD results of the final films (Figure
1e) show that the main diffraction peaks of the 2D/3D perovskite film exhibit a significantly
narrower full width at half maximum (FWHM) and much higher intensity compared to that of
the 3D perovskite film, indicating an improved crystallinity and orientation with 2D template.
The main peaks (110) and (220) lattice planes of the 2D/3D perovskite undergo slight
contraction to better align with the lattice spacing of the 2D template, accommodating slight
strain at the 2D/3D interface. This lattice-guided alignment not only provides a structured
platform for subsequent crystal growth, ensuring a more controlled and oriented assembly,
but also stabilizes the structure via suppressing the undesirable phase transition. However,
without a 2D template, the XRD of 3D perovskite shows a peak at 25.8° corresponding to
the (121) plane for undesirable & phase (PDF#01-043-1162).1*1 The structural compatibility
between PEA-based 2D and 3D perovskites is expected to: (i) Promote heteroepitaxy
growth of the 2D/3D perovskite through lattice matching 2D template (Figure 1f). (i)
Suppress the undesirable y to & phase transition via minimizing octahedra tilting. (iii) Reduce
pinhole defects through orientation growth of heteroepitaxy structures.

2. Dynamic crystallization kinetics of perovskite films

The crystallization kinetics of perovskite films were tracked by real-time imaging, in situ XRD,
and in situ PL (Figure 2a—f). Pristine 3D films showed a yellow-to-black transition with &-
phase peaks at 25.8° (Figure 2c), random growth, dendritic morphology (Figure 2b), and
severe PL quenching (Figure 2e), indicating high defect density. In contrast, 2D/3D films
turned reddish-brown, displayed suppressed &-phase, steady 3D peak growth (Figure 2d),
and a four-stage “up—down—up—down” PL evolution (Figure 2f). These results confirm that
2D/3D heteroepitaxy suppresses 0-phase formation, reduces defects, and promotes
oriented, high-quality crystallization.
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Figure 2. Dynamic crystallization kinetics of perovskite films.

Table 1 Photovoltaic parameters for 3D and 2D/3D PSCs.

Swee Hysteresis

Sample direct?on Voc (V) Jsc (mAlcm?)  FF (%) PCE (%) in)(,iex

FS 0.613 15.36 56.64 5.33
3D 0.060

RS 0.630 15.40 58.40 5.67

FS 0.865 22.66 73.04 14.31
2D/3D 0.012

RS 0.878 22.71 72.64 14.49

PCE(reverse)—PCE(forward)

The active area was 0.08 cm?. The hysteresis index was calculated by eq S8: HI =
PCE (reverse)
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Figure 5. Photovoltaic performance of 3D and 2D/3D PSCs.
3. Photovoltaic performance of perovskite solar cells

The photovoltaic performance of 3D and 2D/3D devices with a p—i—n architecture (Figure 5a) was
compared. The 2D/3D device achieved a Voc of 0.878 V, Jsc of 22.71 mA cm™2, FF of 72.64%, and
PCE of 14.49% (Figure 5b), far exceeding the 3D device (Voc 0.630 V, Jsc 15.40 mA cm™2, PCE
5.67%). Negligible hysteresis was observed (HI = 0.012 vs 0.060). EQE spectra (Figure 5¢) showed
enhanced photocurrent (22.50 vs 14.70 mA cm™2) due to oriented 2D/3D growth. Statistics from 20
cells confirmed reproducibility, with average PCE of 13.78% and Voc of 0.854 V (Figures 5d—f).

Conclusions:

In summary, the lattice-matched 2D perovskite serves not only as a structure template but also
suppresses the undesirable phase transition, facilitating the orderly arrangement of octahedra and
oriented vertical crystal growth. This strategy achieves a record V. of 0.87 V, an impressive PCE of
14.49%, and outstanding operational stability exceeding 1280 hours, with long-term stability over
4800 hours under nitrogen (N2). These findings provide valuable insights into the 2D/3D
heteroepitaxy growth, offering a pathway to achieving large vertical grains and suppressing
undesirable phase transition during one-step solution deposition, which are crucial for enhancing the
performance of CTHP solar cells.
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