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accordingly narrower bandgap upon compressive stress, which
results in a stronger optical absorption in the visible region
(Fig. 11a). In contrast, the absorption edge blueshifts when
applying tensile strain on a perovskite material. Calculations
show that the bandgap range of CsPbI3 can be tuned from 1.03
eV to 2.14 eV by adjusting the strain varying from �5% to 5%.74

Moreover, other inorganic perovskite materials, such as CsGeI3
and CsSnI3 show similar tendency change of bandgap under
strain effect (Fig. 11b).75

Besides the 3D perovskite films, according to several reports,
the bandgap of low-dimensional perovskites can also be modu-
lated through the application of strain. Tu et al.76 observed that
the bandgap of 2D Ruddlesden…Popper (RP) lead iodide hybrid
organic-inorganic perovskite film flakes with a general formula
of (CH3(CH2)3NH3)2(CH3NH3)n�1PbnI3n+1 responds significantly
to uniaxial tensile strain, especially at large n (4 3). Bandgap
increases with the increment of the strain induced, owing to
the rotation of the inorganic framework of [PbI 6]

4� octahedra,
which consequently stretched the Pb…I bond and lead to an
increase in Pb…I…Pb bond length. First-principles calculations
also show that the bandgap of 2D MAPbI3 presents a linear
relationship toward biaxial strain, which increases with tensile
strain and decreases with compressive strain. However, the
bandgap of 1D MAPbI3, on the other hand, exhibits near

parabolic response upon strain, which increases under both
compressive and tensile strain.22

4.2 Effect on carrier transport

Studies have demonstrated how residual strain in a PSC a�ects
the hole carrier dynamics and revealed its impact on energy
band alignments at the interface between the perovskite and
hole-transporting layers.32,66 Ultraviolet photoelectron spectro-
scopy (UPS) illustrates the band structure evolution of a-FAPbI3
without strain and with �2.4% strain.66 The results show that
compressive strain lifts the anti-bonding valence band maxi-
mum (VBM) more upward than it does the conduction band
minimum (CBM). This is because VBM consists mostly of Pb
6s and I 5p orbitals and interaction between these orbitals
becomes stronger under compressive strain, thus pushes the
VBM upward.77 In contrast, the CBM mainly consists of non-
bonding localized states of Pb 6p orbitals, which is less
sensitive to the [PbI6]

4� octahedral deformation. 78 As a result,
the better energy alignment between the VBM of the perovskite
and the Fermi level of the Au contact combined with a
higher carrier mobility under compressive strain provides an
enhancement in photocurrent of the PSCs. Similarly, through
first-principles calculations, Zhu et al. found that the bandgap
decreases as the perovskite film experiences compressive strain

Fig. 11 (a) Calculated optical spectra of CsPbI3 under different strains. Reprinted with permission.74 Copyright 2019, Elsevier. Calculated (b) VBM, CBM
and bandgap of CsGeI3 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. Reprinted with permission,75

Copyright 2019, Royal Society of Chemistry. (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). Reprinted with
permission,32 Copyright 2019, Springer Nature.
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trimethylolpropane triacrylate (TMTA) into the antisolvent of
chlorobenzene (CB) to confine the thermal expansion.99

Remarkably, they found that the concentration of TMTA in
CB can precisely regulate the lattice strain of the perovskite film
during annealing process, as presented in Fig. 14b. As a result,
the CSRC approach improved a PSC in terms of PCE and long-
term stability under storage, thermal and light conditions.

5.3 Interfacial engineering

Compensation of intrinsic tensile strain in the perovskite film
by adjusting its adjacent layers with lower or higher a has been
proved as a promising and e�ective approach for strain man-
agement in PSCs. Although using a substrate with higher a or
decreasing the annealing temperature of the perovskite layer
can indeed reduce the a mismatch between the perovskite and
the substrate as discussed in Section 5.1, these strategies
normally result in either low quality perovskite films or unsa-
tisfied interconnection with inferior carrier collection, which
is therefore unfavorable for the potential device e�ciency
and long-term stability. 66 Thus, it is important to control the
residual strain of the perovskite but concurrently tuning the
strain at the interfaces of ETL/perovskite and perovskite/HTL.
Several studies have shown encouraging enhancement in
device performance and stability utilizing strain-compensate
strategy by applying suitable functional layers at the interfaces
of the perovskites.

5.3.1 ETL/perovskite interface. Zhang et al. adopted a pro-
tonated amine silane coupling agent (OC2H5)3…Si…(CH2)3…
NH3Br (PASCA-Br) as an interlayer between TiO2 and perovs-
kite, which can not only anchor to the TiO 2 layer through Si
terminals but also supply as structure component in mutilated
octahedra of the perovskite unit through the R…NH3Br
terminals, in comparison with the traditional (OC 2H5)3…Si…
(CH2)3…NH2) (APTES), leading to a reduced lattice distortion
(Fig. 15a).100 Remarkably, the stretchable R…NH3Br growth
sites help to release the perovskite lattice stress, thus leading
to inhibited interfacial strains. As a result, the target
devices delivered PCEs of 21.6% on glass substrate and
outstanding long-term stability (Fig. 15b). Guanidinium bro-
mine (GABr) has been applied by Zhu•s group to assist a
secondary growth at the surface of the perovskite film, which

reduced the film microstrain and suppressed non-radiative
recombination, leading to a significant increase in device
VOC.101

In addition, passivating 3D perovskite by forming an addi-
tional 2D layer on top is a widely used strategy to enhance
surface hydrophobicity, reduce surface recombination and
defect states toward more e�cient and stable PSCs. However,
Zhang et al. found instability of such 2D/3D heterostructure
under regular thermal processing conditions, due to the lattice
expansion of the strained 2D PEA2PbI4 perovskite layer.85

Therefore, they proposed a strain-compensation strategy by
introducing PCBM with a low thermal expansion coe�cient
than that of PEA2PbI4, as an external compressive strain layer to
counteract the lattice expansion. Meanwhile, [PbI6]

4� octahedra
in PEA2PbI4 embedded between the 3D perovskite and PCBM
layer can suppress the ion migration due to the strong inter-
action with both layers. HRTEM revealed that the di�usion of
small ions caused by thermal annealing forms 2D passivating
structures along grain boundaries, thus reducing the recombi-
nation velocity. Due to the combinative e�ect of di�usion
passivation and stress compensation, they have boostedVOC

to 1.1 V, along with a JSC of 22.76 mA cm�2 and FF of 79.3%,
resulted in a PCE of 21.31% measured in the laboratory and an
independently certified PCE of 20.22%.

5.3.2 Perovskite/HTL interface. Xue et al. utilized a HTL,
poly[5,5-bis(2-butyloctyl)-(2,2-bithiophene)-4,40-dicarboxylate-
alt-5,50-2,20-bithiophene] (PDCBT), with rich carbonyl anchoring
groups to build a strong perovskite (CsPbI2Br):HTL interface for
strain transfer and found a linear correlation between stress and
annealing temperature of the HTL as shown in Fig. 16a, where
the increased annealing temperature of HTL o�sets the residual
tensile strain of the perovskite. 46 An eliminated tensile strain is
observed in the perovskite film when the PDCBT layer was spin-
coated at around 80 1C, which becomes compressive strain as
the spin-coating temperature increases (Fig. 16b). Remarkably,
both devices with strain-free and compressive-strained perovs-
kite films show outstanding stability under both MPP tracking
at continuous one sun illumination (Fig. 16c) and elevated
temperature (85 1C) conditions (Fig. 16d). These results indicate
that the residual tensile strain in the perovskite film can be
modulated by depositing the top hole transporting layer at

Fig. 15 (a) Lattice structure of APTES and PASCA-Br modified interfaces. (b) Stability of the devices with and without PASCA-Br modification after ageing
for 1 month. Reprinted with permission100 Copyright 2020, Wiley-VCH.
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higher temperatures to introduce a more stable strain-free or
compressive-strained perovskite films. In addition, Cui•s group
employed a polymerizable propargylammonium (PA+) at the 3D
perovskite surface and grain boundaries to form cross-linked
1D/3D perovskite heterostructure, which changes the residual
3D perovskite film from tensile strain to compressive strain and
thus benefits the corresponding device performance and long-
term stability. 102

Despite of only considering interfacial strain relaxation with
functional materials, our group recently realized that the
combined solvent could also play an important role in releasing
the residual strain of a perovskite film. 103 We found that
comparing with isopropanol (IPA), employing cyclohexylmethyl-
ammonium iodide (CMAI) in chloroform (CF) for post-treatment
on a perovskite film, can create a strain-free surface owing to the
slow ion exchange between the CMA+ and FA+, leading to an
enhanced long-term stability of the PSCs.

5.4 External strain

Oyeladeet al. have demonstrated the possibility to enhance the
performance of the PSCs by pressure-assisted fabrication
technique.104 The PCE of manufactured devices improved from
9.84% to 13.67%, by applying additional pressure in the range
of 0…7 MPa (Fig. 17a). The authors attributed growing initial
trends in the PCE (for pressures below 7 MPa) to a better
interfacial contact and densification of the mesoporous layer.
However, for the pressure values beyond 7 MPa, the reduction
of PCE was affiliated with perovskite layer fragmentation. 87

While the mentioned mechanisms can partially explain the
PCE change, it is clear that applied pressure also causes strain
in perovskite lattice, which affects the opto-electronic proper-
ties of perovskite films and device performance. Luo et al. also
demonstrated pressure-assisted solution processing (PASP)
method to control the perovskite nucleation and growth for
controllable fabrication of highly crystallized perovskite films

Fig. 16 (a) Calculated and (b) measured CsPbI2Br perovskite film stress variation under different spin-coating temperature of PDCBT. Stability of the
devices with compressive-strain, non-strain and tensile-strain under (c) MPP tracking with AM1.5G illumination and (d) annealing temperature at 85 1C.
Reprinted with permission,46 Copyright 2020, Springer Nature.
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with micron-sized grains and microsecond-range carrier
lifetimes. 105 It is expected that such crystallization route also
results in specific grain orientation spread and modulation of
strain, as we have shown earlier in Section 2.2.2. This crystal-
lization approach also resulted in higher tolerance of perovskite
films to moisture-induced degradation and to ion migration.
Consequently, PSCs madevia PASP method had a champion
PCE of 20.74% under applied pressure of 4.9 kPa and extra-
ordinary stability against humidity and continual light illumi-
nation. Notably, from GIXRD measurements in Fig. 17b and c,
the pressure-assisted films exhibit Debye…Scherrer rings more
homogeneous in intensity, meaning that scattering is less
influenced by incident angle, which is usually a signature of
a better lattice isotropy. Therefore, the 2D XRD data of the
PASP-sample (Fig. 17c) looks more like 1D, unlike the control
perovskite film (Fig. 17b).105

The continuous light soaking by standard one-sun
(100 mW cm�2) has also been reported to cause a large and
uniform lattice expansion of hybrid perovskite films as shown
in Fig. 6c.56 Evidence shown in the in situ GIWAXS measurements
on the FA0.7MA0.25Cs0.05PbI3 perovskite film with increasing illu-
mination time from 0 to 180 min. No phase segregation or
degradation emerged under light illumination, however, a uniform
shift toward lower scattering vector q values is clearly observed in
all di�raction peaks, which corresp onds to an isotropic increase in
lattice constant d (lattice expansion), as plotted in Fig. 6b. As a
result, they found that the relaxat ion of local lattice strain upon
light soaking can not only enhance the crystallinity of the per-
ovskite film, but also lead to a lower energetic barrier at the
interface between perovskite and the adjacent contact layer to
guarantee an e�cient charge collection and suppress the non-
radiative recombination in the bulk. Consequently, it boosts the
solar cell performance without detrimental e�ect to its stability.

6. Summary and perspective
6.1 Summary

Strain in halide perovskites and perovskite solar cells is increas-
ingly gaining attention of the research community. To be able
to control its impact on the optoelectronic properties and
device stability, a deeper understanding of the concept and

its e�ect on halide perovskites is necessary and important to
investigate. Herein, we presented a systematic overview of the
definition, origin, various characterization methods for prob-
ing the strain, implications on perovskite films, as well as
regulation strategies for strain engineering in improving PSCs
device performance and long-term stability.

Strain in perovskites is normally generated by:
(1) internal stress induced by the non-periodicity of crystal

lattice;
(2) external stress caused by lattice and thermal expansion

mismatch or external stress sources such as light, temperature,
pressure or applied bias.

Such strain can be detected by various of characterization
methods, on both macro-scale techniques with high spatial
averaging, such as XRD/GIXRD, Raman spectroscopy, PFM,
TEM, GIWAXS, PL, TRPL, TPC, and also micro-/nano-scale
techniques, such as SED and nano-XRD and CDI, which allow
highly-resolved analysis of strain.

Various implications of strain on perovskite films have also
been summarized, in terms of its e�ect on bandgap, charge
carrier transport, defect properties and non-radiative recombi-
nation, as well as crystal film stability. From the discussed
literature reports, we can recognize the following trends:

(1) A dramatic redshift with accordingly narrower bandgap
upon compressive stress, however, a blueshift with accordingly
wider bandgap upon tensile strain on a perovskite material.
Exceptions such as bandgap of 1D MAPbI3 exhibit near para-
bolic response upon strain, which increases under both com-
pressive and tensile strain.

(2) A more upward lifting of VBM than CBM under com-
pressive strain, leading to a higher carrier mobility and a better
energy alignment between the VBM of the perovskite and HTL.
In contrast, a VB downward bending under tensile strain would
induce an unfavorable energy level gradient for hole extraction
and di�usion, causing deeper level defects in perovskites.

(3) A decreased bulk conductivity of perovskite under tensile
strain, however, an increase under compressive strain based on
DFT calculations.

(4) An increase in formation energy of halide vacancies upon
compressive strain, and a decreasing formation energy under
tensile strain, the latter leading to an increase in non-radiative
recombination of a perovskite film.

Fig. 17 (a) Change in PCE as a result of applied pressure. Reprinted with permission.104 Copyright 2021, Wiley-VCH. GIXRD patterns of (b) reference
sample and (c) sample manufactured via PASP method. Reprinted with permission.105 Copyright 2020, Elsevier.
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