Navigating the Structural Landscape of Lead-Free Two-Dimensional Germanium Hybrid Perovskites through Molecular Engineering
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ABSTRACT
Two-dimensional (2D) hybrid perovskites, in which organic spacer cations separate layers of corner-sharing metal-halide octahedra, provide a versatile platform for tuning structural, electronic and polar properties through both inorganic and molecular degrees of freedom. In particular, breaking inversion symmetry can generate spontaneous polarization, offering a route towards self-powered optoelectronic functionalities.
Germanium-based hybrid perovskites are particularly interesting as a lead-free platform for exploring these phenomena. The stereochemically active 4s² lone pair of Ge²⁺ can promote pronounced off-centering and distortion of the Ge–halide framework, providing an opportunity to investigate the relationship between local structure, crystallographic symmetry and polar behaviour. However, 2D Ge-based polar and ferroelectric perovskites remain relatively underexplored, and the influence of molecular design on their structural and polar properties is not yet fully understood.
Here, we develop a systematic molecular-design approach to 2D Ruddlesden-Popper (R-NH₃)₂GeI₄ perovskites, using a family of organic spacer cations with distinct chemical functionalities and structural characteristics to probe how molecular packing shapes the inorganic framework and its distortion. Crystals are grown by controlled slow cooling, and a dedicated post-synthetic washing protocol was implemented to remove residual hydroiodic acid and preserve their integrity. Powder X-ray diffraction confirms that the layered framework is retained across the series, while the interlayer spacing responds systematically to the identity and position of the substituent. Time-dependent diffraction shows no structural change over more than 24 h, providing a reliable window for single-crystal X-ray diffraction, which is now underway to quantify octahedral distortion and determine crystal symmetry.
Combined with spectroscopic and physical-property characterisation, these structural studies will separate the roles of molecular geometry, packing and octahedral distortion in the emergence of polar structures and identify the most promising compositions for ferroelectric functionality. By linking molecular design to crystallographic symmetry, this work aims to establish design principles for lead-free polar and ferroelectric germanium perovskites, laying the foundation for their use in self-powered optoelectronics.

