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ABSTRACT:
The structural phase transitions in hybrid perovskites are critical to their performance and stability, but controlling them remains a significant challenge. Here, we demonstrate that the dynamics of the low-temperature tetragonal-to-orthorhombic phase transition in laser-printed MAPbI3 films can be controlled by tailoring additive chemistry. We show that the choice of charge control agent (CCA) directly impacts the intrinsic defect and strain landscape of the resulting film: an ionic CCA promotes a low-strain lattice that facilitates the phase transition. In contrast, a molecular CCA induces a high-strain, defect-rich lattice, which creates a high kinetic barrier that suppresses the transition and effectively “pins” the tetragonal phase. This work establishes a strategy to engineer strain and manage phase behavior in perovskite films, demonstrating that the ability to “lock” or “enable” a specific crystal phase by selecting additives provides a pathway to mitigate degradation and engineer stable, high-performance perovskite devices.
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Methylammonium lead iodide (MAPbI3) stands as one of the most common hybrid organic-inorganic perovskites (HOIPs), a class of materials that has fundamentally reshaped the landscape of photovoltaic research. The power conversion efficiencies (PCEs) of perovskite solar cells have rapidly increased,1,2 currently competing with established technologies but at a fraction of the cost.3 Notable advancements have also been demonstrated in light-emitting diodes (LEDs), optically-pumped lasers, transistors, phototransistors, and photodetectors.4–11 The inherent material “softness”, characterized by a low Young's modulus (e.g., G ≈ 20 GPa),12 is advantageous for applications in flexible electronics, but it also results in low-energy phonon modes and strong electron-phonon coupling, which influence charge carrier dynamics, transport, and recombination pathways. Furthermore, the energetic ease with which the lattice can be distorted makes MAPbI3 particularly prone to temperature-, light- and pressure-induced structural phase transitions. During these transitions, the crystal lattice undergoes reconfigurations linked to the tilting of the PbI6 octahedra and the dynamic ordering/disordering of the methylammonium (MA+) cation within the inorganic framework (Figure 1).13,14 At temperatures below 160 K, it adopts an orthorhombic (γ-phase) centrosymmetric (space group Pnma, No. 62) structure. Upon heating, it transitions to a tetragonal (β-phase) structure (centrosymmetric space group I4/mcm, No. 140), generally stable between ~ 160 K and ~ 330 K, and above this temperature it transforms into a cubic (α-phase) structure (space group Pm-3m, No. 221).13,15–17 The transition temperatures can exhibit variability, often attributed to differences in defect density, internal strain, or grain size effects.14 These characteristics indicate that the phase transitions are not simple equilibrium switches but involve kinetic barriers, hysteresis, intermediate states, and a complex interplay of factors including intrinsic defects, crystal strain, and the entropy associated with cation dynamics. The potential for phase coexistence, especially near transition temperatures or under non-equilibrium conditions, is therefore significant. Since these changes are consequential to the physical properties, including the electronic band structure, optical absorption, photoluminescence (PL), electrical conductivity, charge carrier mobility, and dielectric response,15,18–20 a thorough understanding of phase transformation dynamics and control mechanisms is critical. This necessity is further underscored by the fact that these transformations are highly relevant to device operation, affecting both performance and stability. In particular, the presence of distinct structural states near ambient temperature creates stability challenges, especially when devices undergo temperature fluctuations across critical phase boundaries, such as the tetragonal-cubic transition.
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Figure 1. Temperature-dependent crystallographic phases of MAPbI3. The material transitions from a low-temperature orthorhombic phase (below ~ 160 K) to a room-temperature tetragonal phase, and finally to a high-temperature cubic phase (above ~ 330 K). 

Here, we demonstrate that phase transition pathways in MAPbI3 films can be manipulated during processing to enhance or suppress intermediate states, providing a direct route to tailoring final film properties by controlling the dynamics of phase coexistence. This control is enabled by our laser-printing fabrication, which uses specific charge-control agents (CCAs) as functional additives. These CCAs are integral components of the printing toner and play a dual role: they govern the electrostatic transfer of the toner to the substrate, while concurrently influencing crystal growth and the defect landscape through the specific chemical interactions they introduce. We elucidate the physical properties and uniformity of the printed films using Grazing incidence wide-angle X-ray scattering (GIWAXS), electrical measurements, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and PL mapping. Temperature-dependent PL measurements reveal the influence of CCAs on the phase transition characteristics and stress-relaxation dynamics of MAPbI3. These results have several important implications in linking material processing, photophysics, and performance in soft perovskites. By controlling phase-dependent properties such as carrier lifetimes, mobilities, and diffusion lengths, our approach provides a pathway to mitigate performance fluctuations and manage residual stress, leveraging the material’s inherent “softness”. Furthermore, this control is achieved using a deposition method that presents profound technological advantages: the laser printing process is scalable, operationally safe, and sustainable, eliminating toxic solvents while simultaneously yielding films with high environmental and operational stability via in-situ self-encapsulation.21–23
The films were fabricated using the solvent-free laser-printed technique established in our laboratory.21,22,24 The process starts with the mechanochemical synthesis of MAPbI3 powder, which is subsequently blended with carnauba wax (for rheology modification), fumed silica (flow-control agent), and specific CCAs (for electrostatic transfer) to form the toner. This mixture is then ball-milled to achieve the fine particle size essential for print resolution. The laser printing process consists of the following steps: charging an organic photoconductor (OPC) drum, selective laser-induced discharging to create a latent image, toner development on the discharged areas, electrostatic transfer of the toner to the substrate, and thermal fusing of the toner to form the film. To investigate the influence on film properties, we selected two distinct CCAs: Solvent Black 7 (Orient Corporation, commercially known as Bontron N07) and Benzyltributylammonium 4-hydroxynaphthalene-1-sulfonate (Orient Corporation, referred to as P51); details on their chemical structures are included in Figures S1 and S2. Bontron N07 is a dye characterized by a nigrosine/azine-class structure that incorporates coordinated metal ions. In contrast, P51 is a quaternary ammonium salt composed of the bulky organic cation benzyltributylammonium, and the organic sulfonate anion 4-hydroxynaphthalene-1-sulfonate. Both CCAs function as positive charge toners, facilitating the acquisition and stabilization of a positive electrostatic charge on toner particles during the electrophoretic transfer from the developer unit to the discharged areas of the OPC drum during the laser printing process. However, given their distinct chemical compositions, we expect fundamentally different interactions with the perovskite. The structure of N07, with its multiple nitrogen heteroatoms and coordinated metal center, is anticipated to interact with the perovskite surface primarily through Lewis acid-base interactions, potentially involving coordination of nitrogen lone pairs or the chromium center with undercoordinated Pb2+ sites or iodide vacancies at the crystallite surface. Furthermore, the large, extended aromatic/heterocyclic ring systems inherent to its nigrosine/azine nature could lead to significant van der Waals forces and π-interactions (including potential π-π stacking if suitable surface ligands or dye self-assembly occurs) with the perovskite surface. Conversely, the interaction of P51 with MAPbI3 is likely governed by a combination of electrostatic forces and more specific chemical interactions involving its constituent ions: the bulky benzyltributylammonium cation most likely exerts steric influences and/or engages in van der Waals interactions at the interface, potentially modifying surface energy or passivating certain defects, while the sulfonate anion offers sites for Lewis base interactions with surface Pb2+ ions or hydrogen bonding with the organic methylammonium (MA+) cations of the perovskite. These distinct interfacial chemistries are expected to yield different outcomes in perovskite crystal growth, surface defect densities, and strain, ultimately influencing the optoelectronic properties and phase transition behavior of the resulting films. For simplicity, we will refer to the interactions of P51 with the perovskite as “ionic”, and to those with N07 as “molecular”, driven by a combination of Lewis acid-base interactions and π-π stacking.
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Figure 2. (a) 2D GIWAXS patterns of melt-cast MAPbI₃ films prepared with molecular CCAs (left column) and ionic CCAs (right column). The diffraction features corresponding to the tetragonal MAPbI₃ phase are indexed. (b) Phase contrast images of laser-printed perovskite films’ cross sections containing different charge control agents.

Structural characterization of the films was performed using grazing-incidence wide-angle X-ray scattering (GIWAXS). Because the laser printing process yields films with significant surface roughness, which makes them challenging for GIWAXS analysis, these samples were prepared by melt-casting the identically formulated toner, serving as a direct analogue of the printer's final thermal fusing stage. Experimental details of film preparation and GIWAXS measurements are provided in Supplementary Information. The resulting structural analysis, therefore, represents the crystalline phases formed during printing. The 2D GIWAXS patterns for films employing molecular and ionic as CCAs are shown in Figure 2a. The broad features observed in both films are due to their macroscopic roughness, which causes significant beam scattering. While both are rough, the film prepared with the molecular CCA is evidently rougher as several of the features which can be observed as separate from one another in ionic CCA perovskite film (Figure 2a, right) (e.g., features at q ≈ 2 Å, q ≈ 2.2 Å-1, and those at q > 2.5 Å-1) appear only as thick bands in molecular CCA perovskite films (Figure 2a, left). We note that neither film shows evidence of perovskite orientation, as the reflections appear as continuous rings in both cases. Azimuthally-integrating the 2D patterns and comparing them to reference patterns for tetragonal MAPbI3, PbI2, ‘molecular CCA only’, and ‘ionic CCA only’ films, as shown in Figure S3, allows us to assign many of the reflections further. Crystalline features from the CCA used in each film are present in its spectrum, as are features from PbI2. The intensity of the PbI2 features in the molecular CCA perovskite film is greater than that of the ionic CCA perovskite film, while the MAPbI3 crystalline features are generally better resolved in the film with ionic CCA. Thus, structural analysis suggests that the perovskite film prepared with an ionic CCA is less rough than the film prepared with a molecular CCA and contains a larger fraction of tetragonal MAPbI3 and a lower fraction of unreacted PbI2.
Microstructural characterization of the films’ surface by SEM (Figure S4) revealed that both films exhibit a similar morphology. Phase-contrast images (Figure S4) revealed the presence of a small number of perovskite crystallites at the surface of the layers. XPS analysis (Figure S5) confirmed the presence of Pb and I, albeit at low levels, due to XPS's surface-sensitivity. To examine the films’ bulk structure, the cross sections of the layers were phase imaged (Figure 2b). A direct comparison of the phase-contrast images shows that, while both layers exhibit a composite microstructure comprising wax, silica, perovskite, and carbon-based particles, the main difference lies in the behavior of the charge-control agent particles. In the case of the molecular CCA, the absorption of heavy elements (e.g., Pb and I) occurs unevenly. Some particles have a uniformly increased content of heavy elements, some have a zonal structure, and some large particles show no such absorption (Figure 2b, left), which can lead to an uneven distribution of the elements in the film and a local distortion of the perovskite stoichiometry both during the preparation process and during the lifetime of the composite. At the same time, the ionic CCA leads to a uniform structure in which all carbon-based particles are zonally enriched with heavy elements via a similar mechanism, providing the film with a more uniform composition (Figure 2b, right).
Electrical characterization was conducted on films printed directly onto glass substrates. Gold (Au) contacts were thermally evaporated through a shadow mask on top of the films, defining lateral devices with a channel length of 30 µm and a width of 400 µm in an Au/MAPbI3/Glass planar architecture.6,25,26 All current density-voltage (J-V) characteristics were acquired in the dark under ambient laboratory conditions using a probe station. Representative J-V curves for films incorporating the ionic and molecular CCAs are presented in Figure 3a, and it can be observed that they exhibit symmetrical behavior for positive and negative biases. While the overall electrical response was broadly comparable and no statistically significant differences in conductivity were resolved between the two CCA types within our measurement resolution, films formulated with the ionic CCA tended to exhibit slightly higher median current densities. However, these films also showed a notably larger statistical spread in current density at the maximum applied bias, as illustrated in the box plot in Figure 3b. These findings were consistent across multiple devices fabricated on the same substrate and on different substrates.
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Figure 3. Electrical properties of MAPbI3 films laser printed from toners with different charge control agents. (a) Current density versus voltage (J-V) plots for representative devices incorporating either the molecular CCA (black) or the ionic CCA (red). The inset is a photograph of a film. (b) Statistical distribution of current densities measured at ±50 V bias for multiple devices, comparing the performance of films made with the molecular versus the ionic CCA. Scalebar size is 1 cm.

Spatially resolved PL mapping was performed over a nominal area of 0.8 mm x 0.6 mm to assess the uniformity of the films. The results are presented in Figure 4a, b, which compares films printed with the molecular CCA (a) and the ionic CCA (b) at 300 K (top row) and 80 K (bottom row). A discernible PL signal was detected across all scanned regions for both sample types, confirming complete substrate coverage by the laser-printed perovskite films. Variations in PL intensity across the mapped area are primarily attributed to local fluctuations in film thickness and defect density. Discrete regions of high PL intensity were observed, likely corresponding to well-formed perovskite domains or agglomerates where radiative recombination is more efficient. Conversely, areas exhibiting lower PL intensity correspond to regions with a reduced volume fraction of active perovskite material, potentially intermixed with non-luminescent toner constituents (e.g., wax, SiO2, or unreacted precursors like PbI2), a finding consistent with SEM results. Visual inspection of the PL maps suggests differences in the spatial distribution of luminescence between films fabricated with molecular- and ionic-CCA, with the latter exhibiting greater heterogeneity in highly and poorly emissive regions. At 80 K, the PL maps (Figure 4a,b, bottom row) confirm the CCA’s impact on the tetragonal-to-orthorhombic phase transition. These images, filtered at the 1.66 eV orthorhombic-phase emission, reveal a clear difference: the molecular CCA film (Figure 4a) displays only weak, localized orthorhombic emission, while the ionic CCA film (Figure 4b) shows a strong and widely distributed orthorhombic-phase signal. Detailed spectra from representative spots (Figure S6) confirm this conclusion. In the molecular CCA film, the spectra remain dominated by the tetragonal phase, with the 1.66 eV orthorhombic peak appearing only as a weak shoulder (Figure S6a), suggesting a largely suppressed transition. The ionic CCA film, however, shows high-intensity regions dominated by the 1.66 eV peak (Figure S3b), indicating a pronounced, albeit incomplete, transition with clear phase coexistence. This conclusion is reinforced by complementary phase-specific maps (Figure S7), which spatially deconstruct the tetragonal (T, ~ 1.58 eV) and orthorhombic (O, ~ 1.66 eV) contributions. The visualization confirms that the molecular CCA film is predominantly tetragonal (T), whereas the ionic CCA film is dominated by the emergent orthorhombic (O) phase.
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Figure 4. PL map obtained on the films laser printed using molecular CCA (a) and ionic CCA (b), respectively. Top panel corresponds to 300 K, bottom panel to 80 K. PL images for the samples at 80 K belong to the PL distribution at 1.66 eV. Bar size is 100 µm. Normalized PL photon flux spectra vs temperature of (c) molecular and (d) ionic CCA perovskite films.

Figure 4c,d  presents the evolution of normalized PL spectra with temperature for films fabricated with molecular (c) and ionic (d) CCAs. Both films exhibit the expected tetragonal-phase peak (~ 1.60-1.62 eV) at room temperature, but the ionic CCA film exhibits a higher PL intensity than its molecular counterpart. The photon flux of the molecular CCA perovskite film increases by three orders of magnitude, while the ionic CCA film exhibits a two order of magnitude increase in photon flux over the temperature range of 370 K to 80 K (Figure S8 and S9). As the temperature decreases, nonradiative defect centers are mostly frozen out, and therefore, radiative recombination becomes more dominant. According to the comparison of photon flux variations of perovskite films, molecular CCA perovskites include more defects. Hence, freezing these defects results in a much larger enhancement in photon flux compared to the ionic CCA perovskite film. Since the emission in both samples originates from MAPbI3, we attribute the weaker emission in the molecular CCA film to a higher density of non-radiative recombination centers in agreement with the structural analysis (Figure 2b). We attribute this difference to the specific chemical nature of the additives. The ionic CCA introduces two effects: its quaternary ammonium cation neutralizes negatively charged iodide-related defects, while its sulfonate and hydroxyl-containing anion can coordinate with and passivate undercoordinated Pb2+ (Lewis acid) sites. In contrast, the molecular CCA interacts primarily through Lewis-base (nitrogen) and broader van der Waals/π-interactions. This mechanism is likely less comprehensive, as the larger, more complex structure of this molecular additive may result in less specific binding and incomplete surface coverage. Consequently, the higher PL intensity of the ionic CCA film is a direct indicator of a lower density of non-radiative recombination centers, signifying a more effectively passivated, higher-quality perovskite film. In both sample types, the PL spectra exhibit a red-shift and spectral narrowing as the temperature is lowered; the temperature dependence of the PL peak position is plotted in Figure S8. The positive temperature coefficient of the band gap (dEg/dT > 0), where it increases with temperature, is consistent with the literature reports,16,27–31 contrasting with the behavior observed in most conventional inorganic semiconductors.32 This behavior, while not yet fully understood, is attributed to factors including thermal expansion and strong electron-phonon coupling effects, particularly interactions with low-energy optical phonons associated with the organic cation dynamics and octahedral tilting.16,29 Other suggested mechanisms involve temperature-dependent changes in orbital overlap and electronic band structure arising from the dynamic orientational disorder of the MA+ cation and the tilting of the PbI6 octahedra.28 For both film types, the PL peak position exhibits no distinct discontinuity at the T-C phase transition, which is a result of the dynamic structural fluctuations (local octahedral tilting and MA+ disorder) that make the instantaneous electronic structure resemble that of the tetragonal phase on the ultrafast timescale relevant for optical transitions.31,33 As the temperature is lowered below the O-T transition temperature (~ 130 K), the PL spectra show distinct behavior, revealing apparent differences between the two samples: The ionic-CCA film undergoes a tetragonal-to-orthorhombic phase transition, as indicated by the appearance of a second, higher-energy PL peak and phase coexistence. In contrast, the molecular-CCA film exhibits a reduced transition, retaining a single tetragonal peak with only a weak orthorhombic shoulder at the lowest measured temperature. Additionally, the PL peak shift toward higher energies associated with orthorhombic phase formation in the molecular-CCA film occurs at lower temperatures than in the ionic-CCA film, indicating suppression of the O-T phase transition by the molecular CCA.  
	In conclusion, we have established that the phase transition pathways in MAPbI3 can be actively suppressed or enabled by tailoring the chemical additives used during film fabrication. We demonstrate that these additives function as modulators of the film's final defect and strain profile, which in turn governs the kinetic barrier for the tetragonal-to-orthorhombic transition. Specifically, an ionic additive yields a low-strain lattice that readily transforms, whereas a molecular additive yields a high-strain, defect-rich lattice that kinetically arrests the transition. This control over phase behavior has direct implications for the critical challenges facing perovskite optoelectronics. The ability to manage internal strain and stabilize a desired crystal phase provides a promising strategy to mitigate the performance fluctuations and degradation pathways that currently hinder long-term operational stability. This work thus identifies a new, processing-level strategy to engineer the optoelectronic and mechanical properties of soft hybrid perovskites for stable, high-performance devices.
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