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Abstract

Metal halide perovskites (MHPs) are a new class of semiconductor materials with excellent optoe-
lectronic properties and have achieved remarkable success in optoelectronic devices. However, the
practical application of perovskites is limited due to the instability of their intrinsic structure, the
strong volatility of organic components, the propensity for ion migration and phase separation, and
degradation induced by defect states. In recent years, it has been found that strain engineering can
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effectively improve the optoelectronic properties and device performance of perovskite materials,
providing a new research perspective for the optimization of perovskite device performance. This
review summarizes the sources of strain, characterization techniques, the impact of strain on the
energy bands of halide perovskites, and various strategies to control strain. We believe that this
review will further promote researchers’ deeper understanding of strain effects and strengthen
their research activities in strain engineering to improve performance, particularly the stability of
devices, for commercialization.
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Figure 1. Illustrations of strain origins in halide perovskites [17]
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Figure 2. Goldschmidt tolerance factor. (A) The combination of A, B, and X ionic radii with a tolerance factor of 0.9 and 1.0
is indicated by the magenta and cyan planes and shows the minimum and maximum of the stable tolerance range for the cubic
perovskite phase. (B) Tolerance factors for APbX3 perovskites. Magenta and cyan lines show the intersection with the planes
in part A [19]
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Figure 3. Common characterization methods for analyzing strain in halide perovskites [17]
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Figure 4. (a) Differentiation between an out-of-plane and in-plane diffraction-based characterization (b) Illustration of how
tilting the instrument angle ¢ allows to obtain difference between the sample normal vector (NO) and scattering vector (Nk).
XRD reflections of the same sample at different grazing angles under (c) tensile strain. (d) no strain and () compressive strain
[25]-[27]
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Figure 5. Micro/and nano-characterization techniques of strain (a) SED patterns of triple/cation perovskite corresponding to
[001] ¢ zone axis demonstrating the presence of superlattice reflections (white arrows), which are normally forbidden in a
cubic Pm3m structure, often assumed for halide perovskite materials, as shown in (b) Analyzing SED pattern near [110]c zone
axis in (c) allows to conclude that perovskite has a P4/mbm structure shown in (d) Scalebar is 0.5 A-1 .Spatially-resolved
nano-XRD measurements using synchrotron radiation, allowing to map variations in scattering vector along specific planes
and in d-spacing. This example demonstrates (e and g) n-XRD map along (e) <220> and (g) <222> planes with a change in
lattice constant along lines d and e (f and h, respectively) [28] [31]-[35]
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B, MIESEHOEL dMe (FFh, M) (28] [31]-[35]
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Figure 6. (a) Calculated optical spectra of CsPbI3 under different strains. (b) VBM, CBM and bandgap of CsGel3 as a function
of strain. PBE denotes that the DFT calculation was performed using Perdew—Burke—Ernzerhof functional, the accuracy of
which could be improved by using a hybrid functional Heyd-Scuseria-Ernzerhof (HSE06) calculations. (c¢) Calculated band
structures of perovskite film under compressive (1%), strain-free (0%) and tensile (1%)strains based on the first-principle DFT
approaches. (d) Band-edge energies evolution of perovskite films under gradually increasing tensile strains (left panel), and
the schematic of band alignment between hole transporting layer and tensile-strain/strain-free perovskite film (right panel) [27]
[37]1[38]
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