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Abstract


The toxicity of lead in conventional perovskites and their inherent chemical instability impede the commercialization of perovskite-based optoelectronics. Therefore, it is vital to develop chemically stable and environmentally friendly Pb-free alternatives. Recently, zero-dimensional (0D) all-inorganic Cs2ZnCl4 doped with Sn(II) has emerged as a promising candidate, exhibiting superior chemical robustness, minimal biotoxicity, and exceptional optoelectronic properties. In this work, pressure effects on structure and optical properties in Sn(II)-doped all-inorganic zero-dimensional halide perovskite are investigated both experimentally and theoretically. The structure–property relationship of Sn(II)-doped Cs2ZnCl4 is studied using high-pressure techniques. Piezochromism, accompanied by a remarkable change in emission color from orange/red and green to orange/yellow, was obtained from 1 atm to 22.5 GPa. Angle dispersive synchrotron X-ray diffraction (ADXRD) patterns and Raman spectra manifest that the material underwent an isostructural phase transition followed by amorphization with increasing pressure. The piezochromism and band gap engineering originate from the pressure-induced lattice compression and isostructural phase transition. This work advances STE emission studies and provides a robust strategy to boost emission efficiency and to construct multifunctional materials with piezochromism in environmentally friendly perovskites, thus facilitating diverse future applications.
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1. Introduction


Metal halide perovskites have attracted tremendous attention in the application of light-emitting diodes (LEDs) due to their high photoluminescence (PL) efficiency and tunable light emission [1,2,3]. Lead-based perovskites represent benchmark metal halide semiconductors due to their exceptional optoelectronic properties. However, severe environmental and toxicity concerns associated with lead critically hinder their commercial viability. Consequently, developing environmentally benign lead-free alternatives has become imperative. Inorganic perovskites offer distinct advantages over hybrid counterparts, exhibiting enhanced stability, scalable processability, broader application compatibility, and intrinsic eco-friendliness [4]. Recently, much research effort has been devoted to replacing the toxic Pb in the perovskite framework [5,6,7,8,9,10,11]. Sn2+, Bi3+, and Sb3+ represent three of the most promising Pb-substitution candidates in perovskite architectures, owing to their isoelectronic configurations with Pb2+ [12,13]. Among Pb-substitution candidates, Bi3+-based variants, refs. [14,15,16,17,18] constrained by indirect band gaps and low-dimensional electronic confinement, demonstrate inferior photovoltaic efficiency relative to lead-based analogs but have found utility in photodetectors, capacitors, and memory devices. Similarly, Sb3+-based perovskites underperform in optoelectronic applications compared to conventional lead halide systems [5,10,19,20]. Sn2+-based perovskites exhibit direct band gaps and competitive optoelectronic performance in photovoltaics and photodetectors, yet remain hampered by rapid oxidation. Despite these limitations, the vast compositional space of lead-free perovskites remains largely unexplored, warranting intensified investigation to unlock their untapped potential for next-generation optoelectronics. Recently, Zn2+-based perovskites offer key advantages, including non-toxicity (lead-free), exceptional chemical and thermal stability, and unique intrinsic broadband luminescence (particularly via self-trapped exciton emission). These properties make them promising candidates for stable optoelectronic devices, particularly deep-blue LEDs and scintillators. However, due to the large band gap of Cs2ZnCl4, Wu et al. introduced Sn(II) doping, creating impurity states that simultaneously reduce the band gap and localize band-edge orbitals [11]. Moreover, photoexcitation induces Jahn–Teller distortion in the [SnCl4]2− units, driving STE emission through symmetry-breaking lattice reorganization. Despite its significance for advancing solid-state emission studies and establishing a framework for developing lead-free perovskite variants in illumination applications, this work does not provide mechanistic depth in correlating structural evolution with optical responses critical gap that warrants targeted investigation.



Pressure, as a fundamental thermodynamic variable independent of temperature and chemical composition, enables precise modulation of interatomic distances without altering stoichiometry. This unique capability directly perturbs intermolecular interactions and modifies intrinsic atomic-scale properties through controlled lattice compression. As we all know, the crystal structure has a close correlation with the optical properties of all-inorganic lead-free halide perovskites [21,22]. The adjustable structure of perovskite can easily respond to most external pressure stimuli [4,23]. Thus, high-pressure techniques serve as a powerful strategy for probing the intrinsic structure–property correlations in functional materials, refs. [24,25,26], enabling non-destructive modulation of lattice parameters while preserving chemical composition [27,28,29,30,31]. Consequently, high-pressure methodology serves as a critical experimental paradigm for probing structure–optoelectronic property correlations in perovskite materials through controlled lattice compression without altering stoichiometry.



In this work, Sn(II)-doped Cs2ZnCl4 was synthesized with a STE emission centered at ca. 678.0 nm and a full width at half-maximum (FWHM) of ca.120.0 nm. Piezochromism in Sn(II)-doped Cs2ZnCl4 was obtained by in situ pressure PL, with an emission color from orange/red to green and orange/yellow. Furthermore, the band gap exhibits a non-monotonic trend under pressure, undergoing three sequential stages: initial reduction followed by subsequent enlargement. This pressure-dependent band gap evolution originates from progressive lattice compression and an isostructural phase transition under hydrostatic loading. Angle dispersive synchrotron X-ray diffraction (ADXRD) patterns and Raman spectra manifest that the material underwent an isostructural phase transition followed by amorphization with increasing pressure. This study investigated pressure effects on structure and optical properties in Sn(II)-doped all-inorganic zero-dimensional halide perovskite, both experimentally and theoretically.




2. Results and Discussion


The Sn(II)-doped Cs2ZnCl4 was synthesized following the methodology reported in a previous study. Detailed information was provided in the Experimental section of the Supporting Information. Due to the identical valency of Zn(II) and Sn(II), a simple Sn/Zn substitution is introduced into a pristine Cs2ZnCl4 cell model, constructing an Sn(II)-doped model. After full optimization, the Cs2ZnCl4 and Sn(II)-doped Cs2ZnCl4 models are visualized as in Figure 1a. Figure 1b demonstrates the schematics of the preparation process of both the Sn(II)-doped Cs2ZnCl4 crystals, synthesized by the precipitation method. The required crystals are immediately precipitated by dropping CsCl powder into the clear hydrochloride precursor solution. Sn(II)-doped Cs2ZnCl4 is further investigated via X-ray diffraction (XRD). The XRD pattern of doped crystals is shown in Figure S1a. There is no new XRD peak or variation in the pattern observed, elucidating that the original lattice structure of Cs2ZnCl4 is unaltered with Sn(II) doping. Additionally, the XRD patterns of Cs2ZnCl4 are simulated, which are in accordance with the experimental ones, confirming the availability of our facile synthesis method. No phase transition of the lattice structure is observed, which is consistent with the experimental results (Figure S1). The synthesized Sn(II)-doped Cs2ZnCl4 crystallizes in space group Pnam, with lattice parameters a = 9.75251 Å, b = 12.9811 Å, c = 7.40238 Å, and α = β = γ = 90°. The unit cell of Sn(II)-doped Cs2ZnCl4 is schematically described in Figure 1a. Within the unit cell, each tetrahedron is separated from the other, forming a zero-dimensional perovskite structure.



The pressure-dependent PL spectra of Sn(II)-doped Cs2ZnCl4 crystals were measured using in situ PL spectroscopy during both compression and decompression processes. The Sn(II)-doped Cs2ZnCl4 crystals exhibit broad emission, associated with the inorganic lattice’s local distortion, which was detected at ambient conditions in Figure 2a. The single PL peak centered at ca. 678.0 nm, with a full width at half-maximum (FWHM) of ca.120.0 nm, was observed at ambient conditions. This PL peak could be attributed to the STE emission of the disphenoidal [SnCl4]2− units in the host matrix. For certain ions with ns2 outer electronic configuration (Sn2+ with 5s2), the singlet electronic ground state was denoted as 1S0 and the nsnp excited state was split into singlet 1P and triplet 3P states [12]. The triplet 3P state further splits into three non-degenerate states denoted as 3Pn (n = 0, 1, 2) [32]. The transition rule indicates that the 1P1 to 1S0 transition is allowed and the 3P1 to 1S0 transition is partially allowed due to the spin–orbit coupling of heavy atoms. However, 3P2 to 1S0 and 3P0 to 1S0 are forbidden transitions. Under UV radiation, the emission of Sn(II)-doped Cs2ZnCl4 is centered at approximately 678 nm, which is consistent with the previously reported results [11]. With the increase in pressure, the STE emission experienced an unambiguous pressure-sensitive evolution. The PL intensity decreases significantly, and the PL peak blue-shifts from 678 nm to 560 nm at 1.9 GPa (Figure 2a–c). The increase in PL intensity observed at 5.7 GPa is attributed to an increase in the concentration of self-trapped excitons (STEs), resulting from lattice compression. When the pressure was increased to 8.0 GPa, the PL intensity continued to rise, accompanied by a red shift from 560 nm to 635 nm, originating from a pressure-induced isostructural phase transition occurring at approximately 8.0 GPa. When the pressure reaches 11.5 GPa, the original emission at λ = 678 nm gradually disappears. After that, the PL intensity decreases again, while the peak position remains almost unchanged. As shown in Figure 2d,e, the normalized spectra revealed the shift in peak positions during the pressure variation process. When the pressure was increased to 22.6 GPa (Figure 2f), the PL peak position remains virtually unchanged, accompanied by a gradual decrease in fluorescence intensity. In addition, the fluorescent micrographs of Sn(II)-doped Cs2ZnCl4 clearly demonstrated the PL brightness changes with increasing pressure. Upon completely releasing pressure to the ambient conditions, a pressure-driven PL peak reversibility of Sn(II)-doped Cs2ZnCl4 was identified (Figure S2). While the PL intensity shows a slightly smaller value than the initial state, which should be related to the incomplete recrystallization process.



Likewise, in situ high-pressure ultraviolet−visible (UV-vis) absorption spectroscopy experiments were conducted to investigate the band gap evolution of Sn(II)-doped Cs2ZnCl4 under high pressure (Figure 3a). The absorption edge was observed to be approximately located at 287 nm under ambient conditions and experienced an obvious red shift with an increase in pressure. The Tauc plot was fitted to assess the band gap values of Sn(II)-doped Cs2ZnCl4 as a function of pressure by considering the direct band gap nature (Figure 3b). The pristine Sn(II)-doped Cs2ZnCl4 presents a large direct band gap of about 4.31 eV. The band gap of the Sn(II)-doped Cs2ZnCl4 underwent a reduction from 4.31 to 3.80 eV upon compression. At a relatively low pressure of 1.5 GPa, the band gap initially displayed a gradual decrease. The band gap began to increase from 1.5 to 4.3 GPa, which is in accordance with the blue shift in PL. Upon further pressure increase to about 5.0 GPa, the band gap decreased once more. Subsequently, the band gap increased again until around 8.0 GPa. As the pressure exceeded 11.0 GPa, the band gap continued to decrease, a trend that corresponds to the red shift in the PL peak. As demonstrated in Figure 3c, the band gap underwent significant modifications under applied pressure, with its values systematically shifting as pressure increases. Upon the complete release of pressure, the band gap shows a slightly smaller value than the initial state (Figure S3), which should be related to the incomplete recrystallization process.



First-principles calculations of the band structure of Cs2ZnCl4 and Sn(II)-doped Cs2ZnCl4 were performed using density functional theory (DFT). The band structures and density of states (DOS) are exhibited as depicted in Figure 3d,e. The pristine Cs2ZnCl4 presents a large direct band gap of about 5.06 eV. The VBM is derived from a mixture of Cl p and Zn p orbitals, and the CBM is mainly contributed by the p-orbital of Cl. The band gap decreased with Sn2+ doping, introducing an impurity band above the VBM (Figure S4), which is mainly composed of Sn s orbitals, and the CBM is mainly composed of Sn p orbitals. Thus, the band gap is reduced to 3.54 eV. It is indicated that both the pristine and doped samples will mainly absorb photons in the ultraviolet (UV) region, which is per our experimental results. It is readily observed that both the VBM and CBM are localized near the disphenoidal [SnCl4]2−, indicating that the transitions mainly exist near [SnCl4]2− units, and distortion will influence the radiative energy.



The optical properties of the Sn(II)-doped Cs2ZnCl4 strongly depend on the response of the structure. In order to figure out the relationship between the optical properties and structure of Sn(II)-doped Cs2ZnCl4, the in situ high-pressure angle dispersive synchrotron X-ray diffraction (ADXRD) experiments were performed at room temperature. The ADXRD data under pressure are shown in Figure 4a. Under ambient conditions, the refined ADXRD pattern (Figure S5) demonstrated that the initial Sn(II)-doped Cs2ZnCl4 crystallized in orthorhombic structure (Table S1), with the space group Pnam (lattice parameters a = 9.75251 Å, b = 12.9811 Å, c = 7.40238 Å and α = β = γ = 90°). Upon compression, all Bragg diffraction peaks of the Sn(II)-doped Cs2ZnCl4 shift toward higher diffraction angles, owing to the contraction in the volume under pressure. When the pressure reaches about 8.0 GPa, the splitting of the initial two diffraction peaks at about 9.5° occurs without concomitant emergence of new diffraction peaks, indicating that the pressure-induced isostructural phase transition begins. When the pressure exceeds 8.0 GPa, the diffraction peaks exhibit obvious broadening and weakening, and tend to disappear at 11.0 GPa, demonstrating that the original ordered crystal structure of the material is destroyed under high pressure, leading to the transition of the crystal to amorphization. Furthermore, Sn(II)-doped Cs2ZnCl4 is reverted into its original phase after fully releasing pressure (Figure S6). The diffraction peaks of the recovered sample are obviously broadened and weakened, as well as partially disappeared, illustrating the incomplete recrystallization and the presence of residual amorphous phase in the quenched sample. The variations in unit cell parameters were shown in panels Figure 4b–d. With the increase in pressure, the lattice parameters of the a-axis and c-axis decrease continuously. An abrupt change in the pressure response of the b-axis lattice parameter of Sn(II)-doped Cs2ZnCl4 crystals occurs at about 8.0 GPa, originating from a pressure-induced isostructural phase transition (Table S1). In addition, the experimental pressure−volume (P−V) curves are fitted using the third-order Birch−Murnaghan equation of state (Figure 4e):


  P =   3 2    B 0            V 0   V       7 / 3   −         V 0   V       5 / 3       1 +   3 4      B 0 ′  − 4             V 0   V       3 / 2   − 1      








where V0 is the volume at 1 atm, B0 is the bulk modulus at 1 atm, and B0′ is the derivative of the bulk modulus with respect to pressure. With increasing pressure, the bulk modulus of the unit cell for Sn(II)-doped Cs2ZnCl4 gradually decreases from B0 (39.7(1) GPa) to B0 (25.3(2) GPa) near 8.0 GPa, which can be attributed to the pressure-induced electronic structural phase transition. This phenomenon is consistent with the aforementioned fluorescence variation pattern. The decrease in bulk modulus indicates the weakening of the material’s compressibility.



The in situ high-pressure Raman scattering spectra of the Sn(II)-doped Cs2ZnCl4 are collected in Figure 4f. The main vibration modes of Sn(II)-doped Cs2ZnCl4 are related to the [ZnCl4]2− cluster and [SnCl4]2− cluster. Among them, the Raman band at about 118.18 cm−1 corresponds to the bending vibration of Cl-Zn-Cl, the Raman band at about 286.51 cm−1 corresponds to the stretching vibration of Zn-Cl, and the Raman band at about 297.01 cm−1 corresponds to the stretching vibration of Sn-Cl. The Raman band at about 279.10 cm−1 corresponds to the stretching vibration of Cs-Cl (Table S2). As can be discerned, with the increase in pressure, Raman peaks collectively shift toward higher wavenumbers, accompanied by the shortening of chemical bond lengths under compression, as well as the increase in vibration frequency and the decrease in interplanar spacing. When the pressure exceeds 15.0 GPa, partial Raman peaks vanish, originating from the amorphization of crystals. When the pressure is increased to about 8.0 GPa, the bending vibration mode of Cl-Zn-Cl exhibits an inflection point, indicating a new structural transition, which is associated with the change in the inorganic Sn(II)-doped Cs2ZnCl4. After the pressure was fully released, the Raman scattering spectra eventually returned to the original crystal structure (Figure S6).



The mechanism of piezochromism for Sn(II)-doped Cs2ZnCl4 was illustrated in Figure 5. Under ambient conditions, a broad PL spectrum was observed in the measurement, which also exists widely in multiple different STE emission systems. The broad STE emission of Sn(II)-doped Cs2ZnCl4 originated from the electron and hole being bound to form an exciton trapped in the distorted disphenoidal [SnCl4]2− units. [SnCl4]2− will act as the radiative recombination center for STE emission, and STE emission can be regarded as the 3P1 → 1S0 transition of Sn2+ from excited to ground states. A pressure-driven reverse intersystem crossing (RISC) from triplet excited states back to singlet states was established principally by the difference (∆E) between the two states. With increasing pressure up to 2.0 GPa, the adjacent [SnCl4]2− moved closer, and Sn(II)-doped Cs2ZnCl4 was compressed under pressure, resulting in a gradual decrease in ∆E. Therefore, more excitons were trapped in high-energy excited singlet states, which is consistent with the change in PL peak blue-shift from 678 nm to 560 nm. As the pressure further increased and exceeded 5.7 GPa, the STEs exhibited an obvious increase, which is attributed to an increase in the concentration of self-trapped excitons (STEs), resulting from lattice compression. When the pressure reaches 8.0 GPa, an abrupt change in the pressure response of the b-axis lattice parameter of Sn(II)-doped Cs2ZnCl4 crystals occurs. The PL intensity continues to rise, accompanied by a red shift from 560 nm to 635 nm, originating from a pressure-induced isostructural phase transition occurring at approximately 8.0 GPa. Therefore, the band gap increased again, and the emission with two PL peaks centered at ca. 560 nm and 678 nm, respectively. As pressure further increased and exceeded 13.6 GPa, due to the further compressed structure, the highly structural distortion and the strong electron–phonon coupling led to a high crossover between STE states and the ground state, making the trapped excitons easily annihilated through the phonon-assisted pathway. Thus, facilitating the formation of bound excitons to dominate the decrease in PL intensity.




3. Conclusions


In summary, pressure effects on structure and optical properties in Sn(II)-doped Cs2ZnCl4 all-inorganic zero-dimensional halide perovskite were methodically studied by high-pressure technology. The considerable piezochromism, accompanied by a remarkable change in emission color from orange/red to green, then to orange/yellow, and band gap engineering, originates from the pressure-induced changes in the lattice parameters resulting from the isostructural phase transition. First-principles calculations and comprehensive characterizations, including PL spectra, UV/Vis absorption, Raman spectroscopy, and synchrotron ADXRD, were performed on Sn(II)-doped Cs2ZnCl4. These results indicated that Sn(II)-doped Cs2ZnCl4 experiences an isostructural phase transition at about 8.0 GPa, which was responsible for the piezochromism phenomenon and the change in band gap. The results of the analysis agree very well with the experimental results. Our work provides a robust strategy to boost emission efficiency and to construct multifunctional materials with piezochromism in environmentally friendly perovskites, thus facilitating diverse applications in display technologies.
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Figure 1. (a) The crystal structure diagrams of Cs2ZnCl4 and Sn(II)-doped Cs2ZnCl4; (b) A schematic diagram of the synthesis process of the pristine and Sn(II)-doped Cs2ZnCl4 crystals. 
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Figure 2. (a–c) High-pressure PL evolution of Sn(II)-doped Cs2ZnCl4 upon compression to 22.5 GPa; (d–f) Normalized PL spectra of Sn(II)-doped Cs2ZnCl4; (g) PL micrographs of Sn(II)-doped Cs2ZnCl4 at ambient conditions and under compression up to 22.5 GPa. 
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Figure 3. (a) UV-vis absorption spectroscopy of Sn(II)-doped Cs2ZnCl4 under high pressure; (b) Band gap evolution of Sn(II)-doped Cs2ZnCl4 upon compression; (c) Absorption heatmap of Sn(II)-doped Cs2ZnCl4 upon compression; (d) DFT-calculated band structure and projected density of states of Cs2ZnCl4 and (e) Sn(II)-doped Cs2ZnCl4 under ambient conditions. 
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Figure 4. (a) Typical XRD patterns of the Sn(II)-doped Cs2ZnCl4 at different pressures; (b–d) cell parameters and (e) cell volume under high pressure; (f) in situ Raman spectra under high pressure; (g) shift in Raman peaks for different vibrational modes with pressure. 
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Figure 5. Configuration coordinate models for Sn(II)-doped Cs2ZnCl4 at (a) 1 atm, (b) 2.0 GPa, (c) 8.0 GPa, and (d) 13.6 GPa. STEs: self-trapped states; GS: ground state. 
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