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Importance of tailoring lattice strain in halide
perovskite crystals
Hui-Seon Kim 1 and Nam-Gyu Park 2

Abstract
In this review paper, the residual strain of a polycrystalline halide perovskite film is systematically studied based on its

structural inhomogeneity, which is closely correlated to the local carrier dynamics caused by a modulated electronic

band structure. Long-range collective strain ordering is responsible for the overall structural properties, consequently

determining the optoelectronic properties of the perovskite film. Notably, the perovskite phase stability is strongly

affected by the internal strain, favoring a lower energy state. The important parameters affecting the residual strain in a

real perovskite film, ranging from thermal stress to lattice mismatch and compositional inhomogeneity, are

subsequently introduced along with their impacts on the optoelectronic properties and/or the stability of the crystals.

Introduction
Interest in halide perovskite crystals has exponentially

increased since the very first type of solid-state per-
ovskite solar cell (PSC) was released in 20121,2,
demonstrating a promising power conversion efficiency
(PCE) of approximately 10% with 500-hour-long shelf
stability1. Tremendous efforts have been made to raise
the performance of PSCs, and the state-of-the-art
technology in PSCs drove its PCE into a remarkable
value, 25.5% in 20203, making PSCs highly competitive
with conventional photovoltaics and one of the most
promising next-generation solar cells4–6. Most of the
dominant progress in PSCs was achieved through the
compositional and morphological engineering of halide
perovskite crystals via a macroscopic approach7. The
composition of perovskite crystals, initially governed by
a single cation- and halide-based methylammonium lead
iodide (MAPbI3)

1,2, evolved into a cutting-edge mixed
cation- and halide-based system where formamidinium
cation (FA+) and iodide (I–) assume a majority in

composition along with cesium cation (Cs+), MA+ and
bromide (Br–)8–11. Furthermore, the morphology of the
perovskite was set as the bulk film12,13, complementarily
guided by fundamental studies revealing extremely
outstanding optoelectronic properties of halide per-
ovskites14–17. Though the PCE of PSCs has been sig-
nificantly raised by the aid of recent evolution with 2D/
3D hybrid perovskite architectures18–20, there is still
room for improvement. Sophisticated micro tuning of
the lattice strain of the perovskite film deserves atten-
tion for PSCs, aiming at a further boost to close to the
theoretical limit as well as ensured intrinsic phase
stability.
Strain engineering is a very useful strategy in crystals to

minutely modulate electronic properties by tuning the
band structure. Strain tailoring is frequently performed on
various crystals, such as germanium21, WSe2

22, and
GaAs23, to manipulate their optoelectronic properties.
Halide perovskite also provides substantial room for the
strain to be involved as a key parameter to alter its elec-
tronic band and thus affect the resulting properties. The
halide perovskite film shows a residual strain caused by
inhomogeneity mainly due to its polycrystalline nat-
ure24,25. Any strain in the lattice accordingly has an
impact on the electronic band structure by interfering
with the bonding strength of the PbI6-coner sharing
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octahedral frame26,27. Importantly, strain tuning can play
a key role in determining the intrinsic stability of the
photoactive perovskite phase from a thermodynamic
point of view28. Therefore, strain engineering would be a
demanding approach for current PSCs toward the next
breakthrough. In this review paper, the effect of lattice
strain on the relevant optoelectronic properties of halide
perovskites is discussed from the electronic band struc-
ture to the carrier dynamics and the crystal phase stability
as well. Subsequently, methods to perform strain engi-
neering are proposed for halide perovskites by addressing
the affecting parameters. Finally, the effective scope of the
strain-induced benefits and the expected limits are
examined from a practical point of view to provide an
overall perspective.

Effect of the lattice strain on optoelectronic
properties
The halide perovskite in PSCs shows polycrystallinity

due to its film growth at low temperature based on the
solution process29. Therefore, the inhomogeneity is
necessarily inherent in the perovskite film, where dis-
tinctive electronic properties are observed even in the
same grain30, which is indicative of the underlying lattice
mismatch. The strain induced by local lattice mismatch
tends to be relieved by a relaxation mechanism. As the
thickness of the perovskite film increases, the increased
elastic energy helps the perovskite film dissipate the
induced strain31. On the other hand, structural dislocation
may occur by generating defects to relieve the strain when
the film thickness is thinner than the threshold for elastic
relaxation31. The effect of elastic relaxation across the film
is negligible in real devices when considering that the
threshold thickness of the halide perovskite is far beyond
3 μm32, compared to the ca. 500 nm thick perovskite film
in PSCs. Accordingly, the polycrystalline perovskite film is
likely to exhibit residual strain and to be involved in
bonding hybridization33. The electronic properties of the
polycrystalline halide perovskite film are highly subject to
macroscopic internal strain, which is determined by the
overall localized residual strains on the microscale33–35.

Electronic band structure

Perovskite crystals in the form of the bulk film can be
exposed to relatively in-plane or out-of-plane strains,
indicating strains parallel or perpendicular to the sub-
strate, respectively. In halide lead perovskites, the valence
band edge is governed by the antibonding between Pb-6s
and halide (X)-p orbitals, while the conduction band edge
is mostly determined by nonbonding localized Pb-6p
orbitals26,27. The strain-induced lattice expansion/con-
traction modulates the bond strength in the lattice,
leading to a change in the electronic band structure,
particularly in the valence band edge. Figure 1a–c shows

schematic illustrations of the lattice structure bearing
concentrated in-plane strain, implying tensile strain at the
bottom surface in Fig. 1a, a strain-free state in Fig. 1b, and
compressive strain at the bottom surface in Fig. 1c.
Grazing incidence X-ray diffraction (GIXRD) is a well-
established tool to characterize the residual strain existing
within a material36,37. GIXRD adopts a small incidence
angle of ψ over a fixed 2θ corresponding to (hkl) and
detects the resulting diffraction intensity from different
orientations of the scattering vector (Nk)

35, which is not
parallel to the substrate normal, as illustrated in Fig. 1d.
The GIXRD patterns in Fig. 1e–g effectively reflect the in-
plane lattice change by tilting a substrate-loaded instru-
ment with an angle, ψ. In other words, the X-ray dif-
fraction (XRD) peak at ψ= 0 (no tilting) is directly
determined by the distance between lattice planes parallel
to the substrate, which thus involve no information about
the in-plane lattice expansion or contraction. As the tilt-
ing angle ψ increases, however, the in-plane lattice dis-
tance starts contributing to the beam path and
consequently affects the XRD peak position. The residual
strain, ε(hkl), can therefore be determined by the differ-
ence in the interplanar spacing of d between Nk and N0,
ε(hkl)= (dψ – d0)/d0. The tensile strain-induced film
shows a gradual peak shift toward a lower 2θ as ψ

increases (Fig. 1e), implying lattice expansion, whereas the
strain-free film shows constant peak positions regardless
of ψ (Fig. 1f). A peak shift to a higher 2θ is observed with
increasing ψ in Fig. 1g, which is in accordance with the
expected lattice contraction by the compressive strain.
Under tensile strain, lattice expansion occurs, resulting in
a downshift of the valence band edge as a consequence of
weakened antibonding26,27. On the other hand, the lattice
contraction by compressive strain strengthens the overlap
of the antibonding and thus lifts the valence band edge up
compared to the strain-free film.
The tendency is well described in Fig. 2, showing the

effect of strains on the calculated band structure (Fig. 2a)
and the estimated band gap (Vg) by experimental results
(Fig. 2c). A narrower band gap (Vg) is observed from the
compressive strain compared to the case of the strain-free
film. On the other hand, the tensile strain induces an
opposite effect on the band structures, leading to a wider
Vg with increasing strain (Fig. 2b). As expected, the effect
of strain on the valence band edge is more pronounced
than that of the conduction band edge26,27.
Furthermore, the observed difference in the band

energy level and Vg by varying the strain is dependent on
the composition of the perovskite films. Nevertheless, it is
found that a strain within ±2.5% (negative value for the
compressive strain and positive value for the tensile
strain) has been generally used as a feasible strain window
in various studies, providing a controllable margin of Vg

within 50meV25,32,35,38. Notably, the beneficial effect is

Kim and Park NPG Asia Materials (2020) 12:78 Page 2 of 14



mostly observed when the inherent strain of the per-
ovskite film ranges from a slight compressive strain
(−1.5%) to a strain-free condition (0%)25,32,35.
The effect of spin–orbit coupling (SOC) on the electronic

band structure can be reversed when a phase transition is
accompanied by intense strain, particularly under high
pressure in the GPa range39–41. The halide perovskite
crystals close to the cubic phase and pseudocubic phase
represent Pb-X-Pb with a bond angle of 180° as in the α-
phase lattice. Therefore, the tensile strain effectively weak-
ens the orbital coupling between Pb-6s and X-p, while the

compressive strain readily strengthens the orbital overlap, as
discussed earlier. On the other hand, the intense strain can
cause a phase transition from the cubic (α) to the orthor-
hombic (δ) phase. A stark distortion of the corner-sharing
octahedral structure of PbI6 occurs under the δ-phase due
to the Jahn–Teller effect40. The distortion makes the Pb-X-
Pb bond angle deviate from 180°, where the induced strain
exerts more influence on the bond angle than on the bond
distance. Consequently, the compressive strain reduces the
Pb-X-Pb bond angle, leading to a blueshift in the electronic
bandgap based on the reduced SOC39–41.

Fig. 1 Schematic illustration of in-plane residual strain and its effect on the GIXRD patterns. Schematic illustration of the lattice structure

(a) with tensile strain, (b) without strain, and (c) with compressive strain at the bottom surface. d Schematic representation of the residual strain

measurement in the XRD system. The in-plane residual strain can be observed by adjusting the instrument tilt angle ψ with a fixed crystal plane. N0

indicates the sample normal direction, while Nk is the diffraction vector. GIXRD spectra with increasing tilt angles (ψ) of the (e) tensile-strained,

(f) strain-free, and (g) compressive-strained films at a depth of 50nm from the top surface. Reprinted with permission from Ref. 35. Copyright 2019

Nature Publishing Group.
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Carrier dynamics

Strain-induced lattice deformation can modulate the
electronic band structure and thus consequently affect the
carrier dynamics. Figure 3 simulates the effective mass
(m*) as a function of strain with corresponding band
curvature from first-principle calculation of α-FAPbI3

32,
taking majority components in the most recent mixed-
perovskite systems8–11,18–20. The E-k dispersion of the
valence band of α-FAPbI3 varies with changing strain,
showing a more dispersed configuration for the tensile

strain and less curvature for the compressive strain.
Therefore, a reduced hole effective mass (mh*) is expected
from the compressive strain, implying a better hole-
transfer characteristic in the perovskite layer. The elec-
tron effective mass (me*) is comparably constant based on
the small curvature change observed from the conduction
band structure. It is notable that the strain exerts an effect
on the overall carrier dynamics mostly by altering the
hole-related properties.
The hole mobility is increased under compressive strain

owing to the reduced mh* until the intense strain causes
considerable dislocations16. A compromise between the
lower mh* and the higher trap density due to the com-
pressive strain leads to the highest hole mobility at −1.2%
strain for α-FAPbI3 (Fig. 4a)32. The hole mobility ten-
dency is well in accordance with the transient photo-
current results, showing the best performance at −1.2%
strain for α-FAPbI3 (Fig. 4b)32. The carrier dynamics
observed from (FAPbI3)0.85(MAPbBr3)0.15, one of the
most widely used mixed-perovskite compositions, also
correspond to the strain effect shown in α-FAPbI3. The
(FAPbI3)0.85(MAPbBr3)0.15 under tensile strain demon-
strates lower hole mobility than the strain-free film
(Fig. 4c), as expected from the increased mh* of α-FAPbI3
with tensile strain. The substantial difference in the
measured hole mobility between α-FAPbI3 and (FAP-
bI3)0.85(MAPbBr3)0.15, even after considering the compo-
sitional difference, may arise from the different film
qualities and more significantly from the different analysis
methods42. Nonetheless, the observed tendencies of
the strain-induced hole mobility are well in line with
each other. In Fig. 4d, the transient photocurrent of
(FAPbI3)0.85(MAPbBr3)0.15 under tensile strain shows a

Fig. 3 Calculated electron effective mass (me*) and hole effective

mass (mh*) as a function of strain level (top panel). Simulated

electronic band structures (bottom panel) under three conditions, 3%

(yellow), 0% (purple) and −3% (red), where the dashed lines represent

the dispersivity of the valence band. The Z, R, and A points correspond

to high-symmetry points in the first Brillouin zone of the tetragonal

lattice. Reprinted with permission from Ref. 32. Copyright 2020 Nature

Publishing Group.

Fig. 2 Strain-induced electronic structure analysis. a Calculated band structures with compressive (−1%), strain-free (0%), and tensile (1%) strains

from first-principle density functional theory (DFT)-based approaches. The vacuum energy level is used as a reference for the band alignment.

b Estimated band-edge energies as the tensile strain in perovskite films increases. c Tauc plots of the perovskite film under tensile strain (blue), strain-

free (pink), and compressive strain (purple). Ultraviolet–visible absorption spectra for the Tauc plots by Kubelka–Munk transformation and PL spectra

are shown as inset figures. Reprinted with permission from Ref. 35. Copyright 2019 Nature Publishing Group.
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12.96 μs decay time, while it is highly reduced to 1 μs in
the strain-free film35, indicating that the tensile strain
effectively impedes hole extraction. Similarly, time-
resolved photoluminescence (TR-PL) results demon-
strate retarded hole extraction at the interface of (FAP-
bI3)0.85(MAPbBr3)0.15 with a longer quenching time under
tensile strain35.
The enhanced charge extraction is readily reflected in

the improved photovoltaic parameters, especially in the
fill factor (FF) and open-circuit voltage (VOC). The ideality
factor, n, is estimated by the slope of the VOC-light
intensity curve to evaluate the recombination behavior,
where n approaches 2 as trap-assisted recombination
prevails over ideal radiative recombination (n ≈ 1)43. n is
decreased from 1.55 to 1.05 when the tensile strain is
removed, which is responsible for the improved FF and
VOC in the device with the tensile strain-alleviated per-
ovskite film35. It is noted that the component variation in
each perovskite film and its singularity in the experi-
mental process should be considered with care for inter-
pretation of the results. The compressive strain in the
MAPbBr3 film leads to an increased carrier lifetime with
reduced trap density38, in accordance with the above

interpretation. In contrast, the MAPbI3 film and the triple
cation-based film (MA0.15FA0.79Cs0.06Pb(I0.85Br0.15)3)
show a decreased PL intensity under compressive residual
strain due to the predominant trap density30. The strain
effect from the perspective of defect generation will be
intensively discussed in the following section (“Crystal-
linity”) as closely related to nonradiative recombination.

Crystallinity

The local strain is naturally expected from the poly-
crystalline perovskite film, where the strain-induced
structural defects readily govern the nonradiative
recombination44,45. The local structural properties on the
microscale can be studied by using micro-XRD (μXRD).
Figure 5 shows the spatial maps of the peak scattering
vector, q, of the azimuthally integrated <220> planes
(Fig. 5a) and <222> plane (Fig. 5b) of the MAPbI3 film
with a grain size of 0.5~1 μm. The q mapping apparently
confirms the local structural heterogeneity in the MAPbI3
film. The two horizontal slices (indicated as d and e) taken
from <220> show subtle shifts in the peak position
accompanied by irregular peak broadening, indicating a
microscale structural inhomogeneity of ~0.15% in the

Fig. 4 Effect of strain on the carrier mobility and extraction. a Carrier mobility-strain plots where the time-off light carrier mobility (μ) is based on the

inset equation (d= sample thickness, V= applied voltage, and t= carrier transit time). The sample used for mobility measurement is shown in the inset

figure. Five samples are used at each strain level. Colored symbols are matched with the strain level indicated in (b). b Transient photocurrent decay of

α-FAPbI3 under different compressive strain levels. The inflection point, indicated by a solid red circle, reflects the switching moment of the charge

transporting carriers from the majority to the minority carriers. c Current–voltage curves including the space-charge-limited current (SCLC) region,

measured from a hole-only device with (blue) and without (pink) tensile strain. d Transient photocurrent decay of PSCs with blue and without (pink) tensile

strain. Reprinted with permission from Ref. 32. Copyright 2020 Nature Publishing Group and Ref. 35. Copyright 2019 Nature Publishing Group.
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local q vector for <220>. The μXRD patterns from the two
horizontal lines exhibit parallel coupling over a long range
(~10 μm), while the two lines from <222> represent
antiparallel coupling, which suggests the presence of a
long-range region across several grains, sharing similar
structural properties across subtle q variations.
The locally oriented strain feature over the long range is

more specifically studied by performing nanofocus XRD
(nXRD) on the nanoscale. A quiver plot of the <110>
orientation of the MAPbI3 film is shown in Fig. 6a, where
the diffraction information is represented as a colored
arrow in the spatial position. The blue and red parts in the
quiver plot indicate supergrains sharing similar crystal-
lographic properties. Figure 6b, c, corresponding to the
blue and red supergrains, respectively, reveal a similar
strain feature over the large supergrains, though a subtle

strain inhomogeneity still exists, as observed from the
μXRD results. Remarkably, the largest supergrain for
<210> of the MA0.15FA0.79Cs0.06Pb(I0.85Br0.15)3 film is as
large as ~25 μm2, far beyond a single grain size of ~1 μm2,
overlaid with the SEM image in Fig. 6d. Consequently, the
supergrain concept based on a similarity in crystallinity is
more important than other concepts in determining the
local collective strain boundaries to evaluate structural
properties.
The residual strain in the crystal is responsible for

defect formation. Confocal PL measurements in the same
μXRD region help directly correlate the local strain with
the local radiative recombination behavior. Figure 7(a)
represents the (compressive) strain mapping estimated
from the μXRD map of the MAPbI3 film, where the
indicated correlation region in the map matches the

Fig. 5 Local q vector for <220> and <222> of MAPbI3 film. Local q maps from an MAPbI3 film, indicating (a) <220> and (b) <222> diffraction

peaks from μXRD. d, e Diffraction patterns along the line (indicated with green for <220> (red) in (a) and for <222> (blue) in (b)) chosen from q maps.

Vertical dashed lines in (d, e) represent peak positions. Reprinted with permission from Ref. 30. Copyright 2019 Royal Society of Chemistry.

Fig. 6 Similarity in strain over supergrains. a Quiver plot from nXRD of MAPbI3, where highlighted two largest regions indicate supergrains with

<110> reflection. The scattering vector q maps corresponding to the (b) blue and (c) red supergrains shown in the quiver plot. d Overlay image of

the <210> supergrains (purple) from the quiver plot of MA0.15FA0.79Cs0.06Pb(I0.85Br0.15)3 and the corresponding SEM image. Reprinted with permission

from Ref. 30. Copyright 2019 Royal Society of Chemistry.
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confocal PL mapping in Fig. 7b. Importantly, the mon-
itored local PL heterogeneity is subjected to local strain
distributions over the map. The comparably high com-
pressive strain results in a low PL intensity (red open
circle), while a high PL intensity is measured at the local
point with negligible strain (blue open circle). The cor-
relation between the carrier lifetime from TR-PL and the
local strain is plotted in Fig. 7c, where the PL lifetime is
seen to gradually decrease as the compressive strain is
increased, suggesting structural defects with the com-
pressive strain. Figure 7d depicts the local defect con-
centration as a function of the compressive <110> strain
by using a first-principle atomic model. It is assumed that
the charged iodide vacancy (VI

+) concentration is
increased by applying compressive strain30, indicative of
pronounced nonradiative recombination assisted by gen-
erated defects under the high compressive strain level in
the crystal.
It is worth noting that the collective structural/strain

properties should be considered to correlate with the bulk
properties over the local crystalline heterogeneity with a
subtle variation, as discussed earlier. A peak broadening in
PL and XRD is usually expected with residual strain owing
to a reduced crystallinity on the macroscale. The α-
FAPbI3 film under compressive strain results in PL peak
broadening32, which is attributed to the reduced crystal-
linity coupled with the enhanced carrier-phonon cou-
pling, as confirmed by temperature-dependent PL
studies32. Similarly, peak broadening in high-resolution
XRD patterns is also observed for α-FAPbI3 with
increasing compressive strain and with reducing film
thickness32. When a film is thinner than a critical thick-
ness for plastic relaxation, the compressive strain level is

directly reflected in the reduced crystallinity. After passing
through the critical thickness, however, plastic relaxation
occurs to relieve the compressive strain by generating
dislocations16. Therefore, the increased PL intensity and
the increased Vg are observed from a thick film whose
thickness allows the compressive strain to be relieved by
dislocations32. In the meantime, the increased trap density
results from the increased compressive strain level as a
consequence of defect propagation into the α-FAPbI3 film
by plastic dislocations32, which is in accordance with the
microscale defect tendency under compressive strain for
the MAPbI3 film.

Crystal phase stability

One of the most important merits in tailoring lattice
strain lies in ensuring the phase stability of the metastable
perovskite film. The composition of recent perovskites
has converged toward α-FAPbI3 as a major component in
mixed-perovskite crystals8–11,18–20. The α-FAPbI3 phase
shows a spontaneous transition to the nonperovskite δ

phase (photoinactive yellow phase) at room tempera-
ture46. The instability of the α-FAPbI3 phase, therefore,
promotes the incorporation of foreign ions (e.g., MA+,
Cs+, Br-) to inhibit the transition to the δ phase by
establishing an energetically stable α phase of the per-
ovskite crystals with mixed components47. Notably, the
residual strain in the lattice significantly influences the
phase stability of α-FAPbI3, leading to superb phase sta-
bility under compressive strain even in the absence of
foreign ions32. Two α-FAPbI3 films with the internal
compressive strain (pink lines) and without strain (black
lines) are prepared, and their long-term stabilities
are monitored by XRD (Fig. 8a), PL (Fig. 8b), and Raman

Fig. 7 Correlation between the residual strain and defect density. a Strain map converted from q map of μXRD from an MAPbI3 film. (strain=

(qmin−q)/qmin). The dashed line indicates the spatial region used for the PL study shown in (b). b Confocal PL intensity map defined as the dashed

box in (a). The red and blue open circles in (a) correspond to the red and blue open circles in (c). c Statistical carrier lifetime assumed by TR-PL decay

as a function of compressive strain level. d Relative defect density calculated by the concentration ratio of charged iodide vacancies (VI
+ defects) in

<110> strained perovskite crystals to that of a strain-free crystal. Reprinted with permission from Ref. 30. Copyright 2019 Royal Society of Chemistry.
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(Fig. 8c). The compressive strain is induced by using a
lattice-mismatched substrate with a lower lattice para-
meter (please see section “Heteroepitaxial interface”.
Heteroepitaxial interface for details), while the strain-free
property is simply acquired by increasing the film thick-
ness above the critical thickness for elastic relaxation. The
critical thickness of the perovskite film for elastic relaxa-
tion is approximately 3 μm. Therefore, the 10 μm-thick
film is suitable to be used as a strain-free film through
elastic relaxation. In Fig. 8a, the XRD patterns of the α

phase, <001> and <002 > , consistently remain even after
360 d under −2.4% (compressive) residual strain. On the
other hand, the strain-free α phase immediately turns into
the δ phase only after one day. The outstanding phase
stability of α-FAPbI3 with compressive strain is confirmed
by the PL and Raman results. The stable α phase under
compressive strain can be understood in terms of the
removal of the driving force for the phase transition.
The residual tensile strain in α-FAPbI3, inherited from
the film annealing process32, acts as a driving force and
thus strongly drives the α phase to transform into the δ

phase48. The compressive strain nullifies the driving force
and inhibits the structural deformation for the phase
transition from occurring32,48. Furthermore, the lower

interface energy between the same α phases may also
contribute to phase stabilization to some extent. The
interface energy between the cubic substrate and the
cubic α phase is lower than that with the δ phase, ener-
getically favoring the phase. Interestingly, the improved
stability of the MAPbI3 film is also observed under strain
in a certain direction25. Figure 8d shows schematic illus-
trations of the strained MAPbI3 films in different ways by
using bendable substrates. The strained films on the
convex, flat, and concave substrates are exposed to
~50mW/cm2 at 65 °C with encapsulation. After 500 h of
stress, the strained film on concave substrates demon-
strates outstanding phase stability, while decomposition
into PbI2 is observed for the flat film as well as (to a more
pronounced extent) for the convex film (Fig. 8e). The
underlying mechanism is closely correlated to the ion
migration energy (Ea). The Ea values of the convex, flat,
and concave MAPbI3 films are 0.29, 0.39, and 0.53 eV,
respectively, in the dark and 0.046, 0.074, and 0.083 eV,
respectively, under 25mW/cm2 illumination, as plotted in
Fig. 8f. Therefore, the reduced Ea of the convex MAPbI3
film accelerates ion migration, facilitating decomposition
as well as strain relaxation, whereas the increased Ea of the
concave MAPbI3 film effectively suppresses ion migration.

Fig. 8 Effect of in-plane strain on the crystal phase stability of α-FAPbI3 and MAPbI3. (a) XRD patterns, (b) PL spectra, and (c) Raman spectra of

α-FAPbI3 on MAPbCl1.50Br1.50 substrates with thin film for compressive strain conditions (sub-100 nm, −2.4% strained; pink) and thick film for strain-

free conditions (approximately 10μm, strain-free; black). The films are remeasured after 1 day or 360 days to confirm the perovskite phase stability. In

the XRD and PL spectra, α, δ, and S indicate α-FAPbI3, δ-FAPbI3, and substrate, respectively. The inset figures in (b) show photographs of two samples

(black for a compressively strained film and yellow for a strain-free film). In the Raman spectra, peaks at 108 and 143cm−1 indicate δ- and α-FAPbI3,

respectively. d Schematic illustration of the experimental setup applying different strains and resulting photographs of the corresponding MAPbI3
films after 500h of illumination. e Out-of-plane XRD patterns of the MAPbI3 films with different strains by bending, as shown in (d). f Activation energy

of ion migration as a function of the strain level in the MAPbI3 films. Reprinted with permission from Ref. 25. Copyright 2017 American Association for

the Advancement of Science and Ref. 32. Copyright 2020 Nature Publishing Group.
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Indeed, the strain-involved MAPbI3 stability behavior is
closely in line with the strain effect on α-FAPbI3 phase
stability from the perspective of the strain tendency itself.
The bending process for the MAPbI3 film varies the
strain, particularly along the in-plane direction. The per-
ovskite film typically has a tensile strain, emerging from
the annealing process followed by cooling (see “Annealing
process” for discussion)25,32,35. The compressive strain
applied by concave bending hence effectively cancels the
residual tensile strain in the flat MAPbI3 film, while
convex bending aggravates the existing strain by intensi-
fying the tensile strain. In conclusion, the in-plane com-
pressive strain is beneficial for the phase stability of the
overall halide perovskite films.
Notably, the tensile strain formed at the interface enables

the black γ-phase of CsPbI3 to be energetically preferred
over the yellow δ-phase at room temperature49. When α-
CsPbI3, formed at 300 °C, is cooled to room temperature,
free-standing isotropic α-CsPbI3 crystals turn into the
photoinactive δ-phase because the unstrained yellow δ-
phase is thermodynamically more stable than the γ-phase,
showing Eγ–Eδ= 85meV. However, a more pronounced
volume reduction is required for the δ-phase (229 Å3 at
0 K) than for the γ-phase (241 Å3 at 0 K), which introduces
different energy penalties for the strained films. The ani-
sotropic (in-plane tensile) strain effectively hinders the
black γ-CsPbI3 from converting to the δ-phase, ensuring
the phase stability of the black CsPbI3

49.

Affecting parameters
The residual strain existing in the perovskite film is

significantly determined by experimental conditions,
including the perovskite material composition35, a sub-
strate for film growth32, and external stimuli50–52 during
the process and the measurement. In this regard, various
affecting parameters during the experiments are discussed
in the following paragraphs to understand their effect on
the crystal and establish a strategy for deriving the most
beneficial optoelectronic properties from halide per-
ovskite films by tailoring the strain.

Annealing process (thermal stress)

As shown in Fig. 9a, various forms of MAPbI3 per-
ovskite crystals are prepared based on different methods
to modulate the lattice strain and subsequently studied by
XRD. It is apparent that the annealed perovskite film
(indicated as AF), prepared by a routine annealing process
at 100 °C, exhibits a strain, leading to a slight XRD peak
shift compared to the case of the single-crystal powder
(SCP), which is a standard control sample for the strain-
free crystal. The residual strain is formed by the annealing
process because the nonannealed film (NAF) shows peak
positions consistent with those of the single-crystal
powder (SCP). The strain in the annealed film is readily

removable by scraping the film to a powder form (SP),
implying that the residual strain is maintained by adhe-
sion to the substrate. It is notable that the XRD patterns
of films mostly represent out-of-plane diffraction, as
shown in Fig. 9c, which mainly reflects the plane distance
parallel to the substrate. On the other hand, the in-plane
information can be obtained as illustrated in Fig. 9d. A
strain in a certain direction usually brings about an
opposite strain component in the other direction for
overall relaxation25. The tensile (compressive) in-plane
(out-of-plane) strain induces a minor compressive (ten-
sile) out-of-plane (in-plane) strain or vice versa. There-
fore, the increased in-plane lattice distance (d⊥), indicative
of tensile strain, is accompanied by the reduced out-of-
plane lattice distance (d∥), indicating compressive
strain, as evidenced by the opposite XRD peak shift fea-
ture in Fig. 9b.
A gradual peak shift to a higher 2θ angle is observed

from the free-standing MAPbI3 crystals during the cool-
ing process from 100 °C to 25 °C, owing to lattice
shrinkage (Fig. 10a, c). Remarkably, the out-of-plane lat-
tice contraction during cooling is more prominent in the
perovskite film (Fig. 10b, d), which is accordingly ascribed
to the lattice strain induced by film adhesion to the sub-
strate. The shrinkage in the out-of-plane interplanar dis-
tance is more pronounced, resulting in a significant Δd∥,
to compensate for the restrained in-plane contraction,
leading to substantial in-plane tensile strain with negli-
gible Δd⊥. In other words, the induced strain in the per-
ovskite film is greatly governed by a difference in the
thermal expansion coefficient (α) between the perovskite
and the substrate. The α of MAPbI3 is 6.1 × 10−5 ~ 1.57 ×
10−4 K−1 25,53, which is approximately one order of
magnitude higher than that of common substrates (e.g.,
αglass= 3.7 × 10−6 K−1, αITO= 8.5 × 10−6 K−1)54. The
perovskite film crystallized at high temperature should be
cooled down to room temperature. Consequently, it is
reasonable to expect the residual tensile strain along the
in-plane direction of the annealed perovskite. The greater
strain is induced not only by a larger difference in αT
between the perovskite and the substrate but also by a
higher temperature used for perovskite annealing,
regardless of the perovskite composition (MAPbI3, α-
FAPbI3, or any mixed composition) and the fabrication
method (one-step, two-step, or antisolvent)25. Otherwise,
a low-temperature-based process for perovskite crystal-
lization can be another option to form a perovskite film
with negligible strain dominated by the interface.

Heteroepitaxial interface

The residual tensile strain induced during the cooling
process after annealing is unfavorable, especially for the
phase stability of the perovskite film. Furthermore,
the optoelectronic properties of the perovskite film are
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tunable in a sophisticated manner by modulating its
internal strain. To take advantage of strain engineering for
perovskite-based electronics, the induced strain should
remain at the device operating conditions, usually room
temperature and ambient pressure. In this regard, tuning
the strain of the perovskite is attempted by the lattice
mismatch at the interface with a substrate, which has a
significant impact on the crystal growth of the epilayer
(the perovskite film)32. Single-crystalline MAPbClxBr3−x
crystals with cubic phase, synthesized by the inverse
temperature growth method55, are used as substrates for
α-FAPbI3. The lattice parameter of the single-crystalline
substrate (dsub) is controlled by the ratio between Cl and
Br in MAPbClxBr3−x, where the increase in x results in
the XRD peak shifting toward a higher 2θ angle, indi-
cating a reduction in the lattice parameter of the substrate
(Fig. 11a). The α-FAPbI3 film grown on the single-
crystalline substrate shows a gradual peak shift as a
function of dsub. The lattice mismatch between α-FAPbI3
and the substrate is increased by decreasing dsub based on
lattice parameters of 6.35 Å for strain-free α-FAPbI3 and

5.83–5.95 Å for MAPbClxBr3−x
32. The increase in lattice

mismatch leads to a α-FAPbI3 (001) peak shift to a lower
2θ angle (Fig. 11a), implying an increased lattice para-
meter along the out-of-phase direction as the in-plane
compressive strain is applied by the lattice mismatch. The
lattice strain level of α-FAPbI3 ranging from −0.8% to
−2.4% is determined by the compositional variation of
MAPbClxBr3-x (0 ≤ x ≤ 1.5). Qx and Qz shown in Fig. 11b
correspond to the in-plane and out-of-plane reciprocal
space coordinates, respectively. The reciprocal space
mapping shows a decreased in-plane lattice parameter as
well as an increased out-of-plane lattice parameter under
the high strain level. A pronounced tetragonality of α-
FAPbI3 is therefore estimated by increasing the lattice
mismatch from 0% (strain-free) to −1.2% and −2.4% due
to lattice deformation by epitaxial compressive strain.
Thus, epitaxial crystal growth for strain-engineered per-
ovskite films seems very effective and intuitive. The limit
of this approach is the difficulty in acquiring a feasible
highly crystalline substrate with the required lattice
parameter for perovskite-based electronics.

Fig. 9 Effect of annealed film on in-plane and out-of-plane lattice distance. a Out-of-plane XRD patterns of MAPbI3 crystals in the form of

annealed film (AF), scraped powder (SP), single-crystal powder (SCP), and nonannealed film (NAF). b In-plane and out-of-plane XRD patterns of the AF

and out-of-plane XRD pattern of SCP as a reference. Schematic illustrations of the (c) out-of-plane and (d) in-plane XRD measurement setup.

Reprinted with permission from Ref. 25. Copyright 2017 American Association for the Advancement of Science.

Kim and Park NPG Asia Materials (2020) 12:78 Page 10 of 14



Compositional material inhomogeneity

The chemical pressure induced by employing foreign
ions is represented as lattice strain in crystals56,57. The
inhomogeneity in a mixed perovskite film occasionally
leads to a vertical gradient in residual strain35. The crystal
structure of the (FAPbI3)0.85(MAPbBr3)0.15 perovskite film
is investigated by measuring depth-dependent nanobeam
electron diffraction patterns. Depths of 50 nm (b), 200 nm
(c), and 500 nm (d) from the top surface are chosen for
the probe, as indicated in Fig. 12a. The nanobeam elec-
tron diffraction patterns reveal that the lattice distance, d,

is increased from 1.60 Å to 1.64 Å and 1.67 Å as the probe
spot varies from 50 nm to 100 nm and 500 nm deep,
respectively (Fig. 12b–d). Furthermore, the depth-
dependent GIXRD also confirms the microscopic crystal
inhomogeneity, where a peak shift to a lower 2θ, indica-
tive of the increased d along the out-of-plane direction, is
monitored as the probe depth is increased. The slope and
the sign of the linear plot, 2θ as a function of sin2φ,
correspond to the residual strain level and its direction,
respectively36,37. In Fig. 12e, the fitted lines have a nega-
tive slope regardless of the probe depth, which indicates

Fig. 10 Effect of temperature on out-of-plane interplanar distance. Schematic illustration showing the temperature effect on the perovskite

structure (a) in the form of scraped powder and (b) as a film in the presence of substrate. In situ out-of-plane XRD patterns of (c) the scraped powder

and (d) the film at different temperatures. Reprinted with permission from Ref. 25. Copyright 2017 American Association for the Advancement of Science.

Fig. 11 Control of residual strain by lattice mismatch between perovskite film and substrate. a High-resolution XRD ω−2θ scan of the (001)

peaks of α-FAPbI3 films grown on different substrates to modulate lattice mismatch. b Reciprocal space maps with (104) asymmetric reflection of the

α-FAPbI3 films depending on the lattice mismatch with the substrate. Qx and Qz are the in-plane and out-of-plane reciprocal space coordinates,

respectively. Reprinted with permission from Ref. 32. Copyright 2020 Nature Publishing Group.

Kim and Park NPG Asia Materials (2020) 12:78 Page 11 of 14



that d starts increasing by reflecting the in-plane strain
component, corresponding to an in-plane tensile strain
across the entire film. On the other hand, the strain level
is highly governed by the probe depth, showing a higher
absolute value of the slope near the top surface (50 nm
deep) and a lower absolute value of the slope near the
substrate (500 nm deep). The gradient in the in-plane
tensile strain emerges vertically in the (FAPbI3)0.85
(MAPbBr3)0.15 film, where the intense strain at the top
surface is gradually relaxed with increasing depth to the
bottom substrate. The observed gradient in the residual
strain is well matched with the PL depth profile in Fig. 12f,
where a gradual PL peak shift reflects the gradually
decreasing tensile strain from the top to the bottom,
leading to a lower Vg toward the bottom due to the
increased antibonding overlap by relaxing the tensile
strain. It is quite unusual for the in-plane tensile strain to
be more intense at the top than at the bottom. The
induced tensile strain usually prevails at the interface
adjacent to the substrate because the tensile strain is
highly governed by the α difference between the per-
ovskite and the substrate, which typically results in the
opposite trend25,32. This distinctive strain gradient, par-
ticularly in the mixed perovskite film, seems to originate
from the evolution of the different perovskite composi-
tions depending on the depth, as evidenced by the time-
of-flight secondary ion mass spectrometry (TOF-SIMS)
results shown in the inset of Fig. 12f. These results show
an inconsistent depth profile of MA+ with an
MA+-deficient region near the bottom substrate, in
accordance with the decreased d along the out-of-plane
direction near the top surface by employing a higher
concentration of MA+. Therefore, the estimation of the
residual strain should be carried out with care, especially

in mixed perovskites, after considering the compositional
inhomogeneity and distribution.

Summary and perspective
Halide perovskite films based on polycrystalline crystals

exhibit strain inhomogeneity, which readily interferes
with the bonding strength and thus changes the optoe-
lectronic properties as well as the phase stability. The
tensile strain along the in-plane direction arises in the
perovskite film during cooling after the film is annealed.
The residual tensile strain is mostly responsible for the
unfavorable carrier dynamics and the phase stability as
well. The overall characteristics of the perovskite crystals
are improved by relieving the internal in-plane tensile
strain and even further enhanced by inducing the residual
compressive strain along the in-plane direction. Inability
to control the residual strain would be a great barrier for
perovskite-based electronics, whereas strain engineering
is a powerful strategy for a sophisticatedly tailored lattice
structure to derive demanding properties. Therefore, it is
highly necessary to develop a strain tailoring method that
is practically compatible with the process conditions for
real devices where the intended residual strain remains
intact under the device operating conditions. A low-
temperature process, epilayer growth on a pre-expanded
substrate, or lattice-mismatched substrate compatible
with carrier extraction can be an option to fully control
the residual strain and thus tune the optoelectronic
properties with the ensured stability.
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