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Introduction 

Tin-halide perovskites (THPs) are among the most compelling lead-free absorbers for thin-film 
photovoltaics, yet their record efficiencies still trail those of Pb-based devices primarily because THP 
films are difficult to crystallize into dense, low-defect microstructures. Faster crystallization kinetics, 
facile Sn²⁺ oxidation, and uncontrolled film growth commonly yield rough morphologies, pinholes, 
and high trap densities that suppress carrier lifetimes and stability. Mixed-dimensional 2D/3D 
heterostructures have improved THP film formation by using bulky organic cations to template 
growth; however, conventional 2D/3D routes often suffer from phase segregation because 2D 
colloids nucleate more slowly than their 3D counterparts. This kinetic mismatch drives vertical 
gradients of 2D phases, defect-prone 3D grains, and compromised device durability. 

Here we introduce a Cs-incorporated colloidal chemistry engineering strategy to regulate the 
nucleation kinetics of mixed-dimensional perovskites, enabling THPSCs with a homogeneous 2D/3D 
bulk heterostructure and thus improved PCE values that exceed 17%. On ionic diffusion, small 
inorganic Cs+ can partially substitute bulky organic PEA+ cations in the electrical double layers (EDLs) 
of PEA-rich colloids, reducing their aggregation barrier with FA colloids for enlarged 2D/3D THP 
clusters in the precursor solutions. This approach successfully facilitates evenly distributed 2D/3D 
perovskite nuclei across the bulk film matrix, where 2D THPs template the growth of 3D THPs with 
improved crystallinity and preferential out-of-plane orientation. Benefiting from decreased 
morphological and crystallographic defects in the bulk film, the resultant homogeneous 2D/3D 
heterostructured THPSC with an optimal Cs+ molar ratio of 5% demonstrated an excellent PCE of 
17.13% (certified 16.65%) and exceptional shelf and operational stability, retaining 93.3% and 92.0% 
of their initial peak PCEs after 6,000 h dark storage and 1,500 h under continuous one-sun 
illumination in nitrogen without encapsulation, respectively. 
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Figure 1. Colloidal stabilization and crystallization kinetics of THP films with and 
without Cs+ incorporation. 

 

The impact of Cs+ in the 2D/3D system was examined by preparing triple-cation (Cs–FA–PEA) 
precursor solutions with different Cs+ ratios for DLS analysis, where the Csx notation refers to the 
varying precursor compositions of (CsI)x/100(PEA0.15FA0.85SnI2.85Br0.15)1–x/100. Multiple in-situ and ex-
situ measurements substantiate the colloidal and crystallization picture. Dynamic light scattering 
(DLS) of triple-cation precursor solutions shows that introducing Cs⁺ enlarges average cluster sizes 

markedly up to an optimal ~5 mol% Cs (Cs0 → Cs5: ~369 to ~934 nm), consistent with Cs⁺ replacing 
bulkier cations in the EDL and easing coagulation into larger pre-nuclei. In-situ X-ray diffraction (XRD) 
reveals that Cs-containing wet films show premature appearance of 2D (n=2) reflections immediately 
after spin-coating and stronger, narrower 3D reflections after annealing, indicating synchronized 
nucleation and improved crystallinity without forming CsSnI₃ impurities. At higher Cs loading the 
XRD peaks broaden, signaling excessive lattice mismatch and reduced crystallinity—an observation 
that defines the same ~5 mol% window as optimal (Figure 1). Owing to the reduced crystal lattice 
spacing by cationic substitution, incorporating 5% Cs+ results in an upshifted valence band and thus 
a narrowed energy bandgap of the THPs from 1.435 to 1.415 eV.  
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Figure 2. 2D/3D THP phase distribution and crystal orientation. 

The final microstructure is resolved by GIWAXS and depth-profiling. In Cs-optimized films, 2D 
reflections are present across a wide range of incident angles (depths), showing 2D segments 
distributed from near-surface to bulk rather than bottom-enriched. The azimuthal full-width at half-
maximum of the 3D (110) reflection narrows, consistent with preferential out-of-plane orientation and 
lower mosaicity. TOF-SIMS and XPS depth profiles corroborate homogenized phase distribution and 
reduced surface/bulk Sn⁴⁺, respectively—both signatures of improved microstructure and 

suppressed oxidation. Together, the data confirm that Cs⁺ incorporation homogenizes 2D/3D phase 
distribution and lowers trap density throughout the film (Figure 2).  
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Figure 3. Device performance and stability. 

Devices fabricated in a p–i–n stack (ITO/PEDOT:PSS/THP/ICBA/BCP/Ag) capitalize on these 
materials advances. Under AM1.5G, the optimized Cs (≈5 mol%) devices reach 17.13% PCE 
(certified 16.65%), among the highest reported for THPSCs. J–V curves exhibit low hysteresis, and 
EQE integrates consistently with the photocurrent. The gains are reproducible across batches, 
mapping directly onto the microstructural uniformity and reduced trap density of the homogeneous 
films. In addition, unencapsulated Cs5 devices retain 93% of initial peak PCE after 6,000 h stored in 
N2 and 92% after 1,500 h continuous illumination inside N2.  

 

Conclusion 

We have developed a facile colloidal regulation strategy to synchronize the nucleation kinetics of 2D 
and 3D THPs, enabling the fabrication of homogeneous 2D/3D heterostructures for high-quality THP 
thin films. Whereas the improved microstructure effectively suppresses defect formation within the 
bulk film, residual trap states at the top surface and the buried interface could be further eliminated 
through interfacial engineering, such as bilayer 2D/3D heterostructures and surface ligand 
decoration. Beyond PVs, this approach could also be applicable for other THP devices that require 
high-quality perovskite thin films, including light-emitting diodes, photodetectors, lasers and 
transistors, facilitating high-performance lead-free perovskite optoelectronics in the future. 
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