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a b s t r a c t

Hybrid organic-inorganic perovskites (HOIPs) have attracted significant attention in recent years attrib-
uted to their outstanding physical properties and striking application potentials in the fields of photo-
voltaic and optoelectronic devices. For the commercialization of devices employing hybrid perovskite
materials, their mechanical properties critically influence the manufacturing, processing as well as the
device durability, and hence need to be well understood. In this review, we summarize recent mechanical
studies of the known HOIPs. Firstly, we present a comprehensive account of the relationship between
crystal structures and properties, where the influence of different chemical and bonding factors on the
load response of HOIPs are extensively discussed. The functional abnormalities of HOIP materials under
the stress stimuli are also reviewed, addressing the effects of negative linear compressibility, negative
Poisson’s ratio and barocaloric effect. Finally, we briefly summarize the significant effect of strain and
stress in thin-film halide perovskite materials, which have been widely employed in solar cells and
Light-emitting diodes. This review aims to raise more awareness about the fundamental understanding
of the mechanical properties of hybrid perovskite materials, and attract more research attention to this
interdisciplinary field.
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Fig. 1. Overview of elastic moduli (E) Vs hardness (H) plots of HOIPs and several
well-known perovskite oxides (x and y-axes are in log scale). Among these HOIPs, E
and H lie in the ranges of about 5–30 GPa and 0.2–1.3 GPa, respectively. Data of
(GUA)[Mn(H2PO2)3], (DMA)[Mn(N3)3], (TPrA)[Co(dca)3] and (TPrA)[Ni(dca)3] were
added from unpublished work (Ref. [36]). Formates seem to be more rigid than
hypophosphites, azides, and dicyanometallates. Comparing with inorganic per-
ovskite oxides, such as BaTiO3 (E � 167.9 GPa and H � 13.6 GPa, Ref. [37]) and
CaTiO3 (E � 142 GPa and H � 5 GPa, Ref. [38]), HOIPs are much softer and possess
more excellent flexibility.
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1. Introduction

Since the discovery of the first perovskite mineral, CaTiO3

almost a century ago, materials with perovskite structure have
played an important role in a wide range of applications, such as
ferroelectrics, catalysis and more recently, in photovoltaics [1]. A
conventional perovskite structure consists of an ABX3 framework,
where the BX6 octahedra form a corner-sharing three-
dimensional network and the A-site cations sit in the cuboctahe-
dral cavity. Hybrid organic-inorganic perovskites (HOIPs) is a
sub-class of the perovskite family, where the inorganic A, B and/
or X-sites are replaced by organic ions [2,3]. For example, in CH3-
NH3PbI3, a monovalent organic amine and a divalent metal cation
sit on A and B-site, respectively [4], whereas in (CH3NH3)[Mn
(CHOO)3], ionic molecule groups occupy both A and X-sites [5].
Goldschmidt tolerance factor has been used to access the structural
stability of perovskite architecture for decades [6] and it has been
recently adapted to HOIPs with estimations on the size of organic
cations as spheres or cylinders according to their shapes [7–10].

The introduction of organic components in perovskite architec-
tures enables enormous structural and chemical possibilities, and
hence HOIPs exhibit tunable functionality and a wide range of
mechanical properties that are unachievable in purely inorganic
perovskite [3]. For example, HOIP-based semiconductors have rev-
olutionized the thin-film photovoltaic technology in the past a few
years [11]. The application of HOIPs in flexible solar cells is attribu-
ted to the high degrees of flexibility in response to a mechanical
perturbation in hybrid halide perovskites [12]. More recently, the
stress-stimulated functions such as piezoelectric responses and
barocaloric effects were also found in HOIPs, extending their func-
tionalities to a broader horizon [13,14]. Given these promising fea-
tures, the complex structural-mechanical property relationships of
HOIPs have attracted increasing attention since they are critical fac-
tors which determine materials’ long term stability and reliability
in service [15–17]. Nevertheless, the majority of published work
focused on the synthesis of novel HOIP structures and demonstra-
tion of optoelectronic functionalities, only a small amount of stud-
ies devoted to the understanding of the mechanical behavior of
HOIPs. The experimental and theoretical studies of HOIPs’ deforma-
tion mechanisms were mainly on the halide perovskites. Feng [18]
was among the first to use density functional theory (DFT) to calcu-
late the elastic moduli of CH3NH3MX3 (M = Sn, Pb; X = Br, I). Chee-
tham et al. and Cahen et al. provided experimental microscopic
insight in the structure-determined flexibility of bulk CH3NH3PbX3

(X = Cl, Br and I) single crystals [19–22]. Lomonosov et al. measured
the elastic constants of CH3NH3PbBr3 by laser ultrasonics technol-
ogy and found that both the low shear rigidity and high elastic ani-
sotropy of the HOIP were unexpected extreme than the
theoretically calculated results [23]. Létoublon et al. and Ferreira
et al. conducted neutron, Brillouin and ultrasound scatterings to
quantify the sound velocities of CH3NH3PbX3 (X = I and Br), [(NH2)2-
CH]PbBr3 and a-[(NH2)2CH]PbI3 single crystal which can convert
into elastic constants [24,25]. Mante and co-workers demonstrated
that the directional negative thermal expansion of CH3NH3PbI3 was
resulted from the strong coherent shear phonon generation [26].
Outside the field of halide perovskites, Gao [27,28] and Goodwin
[29] investigated the anomalous thermal expansion of formate
hybrid perovskites via X-ray crystallography. Inspired by above pio-
neers, nanoindentation [30], high-pressure crystallography [31],
density functional theory (DFT) calculations [32–34] and other
techniques have nowadays become more commonly used tools to
quantify the mechanical metrics of HOIPs [25,35].

In this review, we first focus on structure-property relationships
and discuss how different chemical and structural factors influence
the mechanical properties of HOIPs. The significant mechanical
diversities of HOIPs arise from the discrete bonding modes and
orbital states enabled by different A-, B-, and X-sites. We then
review the latest understanding of the mechanism of abnormal
mechanical behaviors of HOIPs, in which the load or pressure is
responsible for these predicted performances. In particular, we
summarize the recent investigations about negative linear com-
pressibility, negative Poisson’s ratio, and barocaloric effect. Finally,
we briefly discuss the importance of mechanical properties of per-
ovskite thin films widely used in solar cells and other devices.

2. Structure-property relationships

Understanding the structure and mechanical property relation-
ship [39] in HOIP materials is critical for rational materials design
with tailored mechanical properties. Stiffness and softness of
known hybrid perovskites can be reflected by conventional
mechanical metrics such as Young’s modulus (E) and hardness
(H). We plot the reported and recently acquired data of E and H
of HOIPs including formates, halides, dicyanamides, hypophos-
phites, and azides, as well as perovskite oxides in Fig. 1 to give a
brief overview of the distribution of E and H.

The flexibility of a hybrid perovskite is usually attributed to the
framework’s deformability, which is evident in phenomena such as
pressure-induced amorphization [39]. However, in some cases,
mechanical performances are also strongly influenced by host-
guest interactions and orbital effects [40]. The purpose of this sec-
tion is to facilitate the understanding of mechanical behaviors in
terms of different structural components. For most hybrid per-
ovskites, these influencing factors are coupled together in a coop-
erative manner.

2.1. Effects of the A-site organic amine cations: hydrogen bonding

Li et al. first reported the significant difference in mechanical
properties (up to a factor of two) between two formate HOIPs,



Fig. 2. Structural diagram of (a) (GUA)[Mn(HCOO)3] (GUA-1) and (b) (AZE)[Mn(HCOO)3] (AZE-2) viewed along the (10�1) direction. Only H atoms bonded with N atoms are
shown for demonstration, and the N–H� � �O hydrogen bonds are represented as dashed lines. Color scheme: Mn, rose or aqua; N, blue; C, black; H, light gray. (c) Elastic
modulus (E) and (d) hardness (H) values of GUA-1 and AZE-2. The error bars represent the standard deviations of 10–20 measurements made on each facet.
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(GUA)[Mn(HCOO)3] (GUA-1, GUA = guanidinium) (Fig. 2a), and
(AZE)[Mn(HCOO)3] (AZE-2, AZE = azetidinium) (Fig. 2b). While
GUA-1 and AZE-2 crystallize in different orthorhombic space
groups with comparable cell parameters [41], such difference in
their mechanical performance was attributed to their distinct
modes of hydrogen bonding between the A-site amine cations
and the [Mn(HCOO)3]� framework host.

As shown in Fig. 2, nanoindentation measurements were per-
formed on the (10�1) planes of GUA-1 and AZE-2, respectively.
The elastic moduli of GUA-1 (24–29 GPa) are about twice as those
of AZE-2 (12–13 GPa) along the same indentation direction
(Fig. 2c). Both the two perovskites crystallize in an orthorhombic
symmetry and are only slightly different in density (GUA-1 is about
3.3% denser than AZE-2), the latter is expected to contribute
infinitesimally on their utterly different mechanical responses.
Each GUA+ ([(NH2)3C]+) in GUA-1 is tilted from (10�1) plane and
cross-links two perpendicular edges of each pseudocubic unit cell
by six N–H� � �O bonds, leading to strong bonding in three orthogo-
nal directions (Fig. 2a). By contrast, the AZE+ ([(CH2)3NH2]+) cations
in AZE-2 arrange bonds to two edges of the pseudocubic unit cell
by four hydrogen bonds (Fig. 2b), giving a few cross-linked bonding
only on one of the pseudocubic unit cell face. Hence, the GUA+ ions
in GUA-1 are constrained tighter by the [Mn(HCOO)3]� host and
can resist much larger mechanical deformation, leading to higher
elastic modulus (Fig. 2c) and hardness (Fig. 2d). Furthering DFT cal-
culations indicate that the hydrogen-bonding energy of GUA-1 (ca.
�4.63 eV) is about 55% greater than that in AZE-2 (ca. �3.01 eV).
High-pressure and variable temperature single crystal X-ray
results have drawn the same conclusions.

It is worth noting that the diverse sizes of A-site cations (about
15% difference between the size of GUA+ and AZE+) did not show
significant effects on the elastic moduli. A similar phenomenon
has also been observed in halide HOIPs. Kieslich and co-workers
reported that the effective radius of MA+ (MA = methylammonium)
is about 16% smaller than it of FA+ (FA = formamidinium) [8], how-
ever, the modulus of lead bromide perovskites is MA > FA [19]. In
both halide and formate perovskites, the effect of A-site cation size
is less significant than host-guest interaction and linker effects on
mechanical flexibility. The detailed functional mechanism is
reviewed in detail in Section 2.3.1.

2.2. Electronic states of the B-site

2.2.1. Jahn-Teller (JT) effect
Gui et al. [42] recently studied the influence of the JT effect on

HOIP’s flexibility by comparing the mechanical properties of (GUA)
[Zn(HCOO)3] (GUA-Zn) (Fig. 3a) with the JT active (GUA)[Cu
(HCOO)3] (GUA-Cu) (Fig. 3b). Both the GUA-Zn and GUA-Cu crys-
tallize in an orthorhombic symmetry. In contrast to Zn-O bonds
(range from 2.086 to 2.127 Å) (Fig. 3c), two Cu–O bonds in the con-
siderably deformed CuO6 octahedra are notably elongated, reach-
ing to 2.360 and 2.383 Å, respectively, while the four other Cu–O



Fig. 3. Structural diagram of (a) (GUA)[Zn(HCOO)3] (GUA-Zn) and (b) (GUA)[Cu(HCOO)3] (GUA-Cu) viewed along (0 0 1) directions. Coordination environments of (c) Zn2+ and
(d) Cu2+ ions in GUA-Zn and GUA-Cu. (e) The elastic modulus (E) and hardness (H) values of GUA-Zn and GUA-Cu are measured along the axial, face-diagonal, and body-
diagonal directions of their corresponding pseudo cubic unit cell, the error bars are small and covered by the experimental data marks. Color scheme: Zn, turquoise; Cu, dark
teal; N, azure; C, black; O, red; H, light gray. N–H� � �O bonds are shown as dashed lines. This figure is adapted with permission from Ref. [42], American Chemical Society.

Fig. 4. Young’s modulus of (a) (GUA)[M(HCOO)3] (M = Co, Ni or Zn (Ref. [42])),
colored in yellow), (b) (DMA)[M(HCOO)3] (M = Mn, Co, Ni or Zn, colored in olive),
and (c) (TPrA)[M(DCA)3] (M = Co or Ni, colored in magenta) as functions of LFSEs
and are fitted by linear correlations, respectively. H atoms for (b) DMA and (c) TPrA
based perovskites and H bonds for all structures are omitted for clarity. This figure
is adapted with permission from Ref. [43], Royal Society of Chemistry.
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bonds are compressed to 1.852–2.000 Å (Fig. 3d). Interestingly, the
adjacent JT axes in GUA-Cu (Fig. 3b) within ab plane, arranged
alternatively along [1 1 0] and [�110], giving rise to an anisotropic
packing manner with respect to that in GUA-Zn.

Nanoindentation experiments were performed to probe the
fundamental elastic and plastic properties of GUA-Zn and GUA-
Cu single crystals. The values of elastic modulus (E) and hardness
(H) are plotted in Fig. 3e. The moduli of GUA-Zn are strikingly
38.0%, 52.0%, and 49.0% higher than those of GUA-Cu along the
axial, face-diagonal, and body-diagonal directions, respectively.
As the small difference (less than 1.0%) between O-Zn-O and O-
Cu-O angles does not give rise to any evident influences in frame-
work robustness, the significant difference in mechanical strengths
between GUA-Zn and GUA-Cu primarily arises from the 10.0%
elongation of Cu–O bond length due to JT distortions, GUA-Cu is
thus softer than GUA-Zn. Notably, when contrasting the modulus
along individual directions, the smallest difference between GUA-
Zn and GUA-Cu emerges in the axial direction, while their face-
and body-diagonal directions exhibit larger modulus differences.
As demonstrated in Fig. 3b, when indenting the pseudocubic unit
cell of GUA-Cu axially and diagonally, half and all JT axis are
deformed, respectively. The former indentation involves less sub-
missive CuO6 octahedra than the latter, therefore leading to fewer
rigidity contrasts along axial directions than diagonal orientations.
Indeed, regarding the hardness, the weaker resistance of GUA-Cu
to plastic deformation also arises from the remarkable elongation
of the Cu–O bonds along JT direction, which are more sensitive
to external load and result in more ruptures, dislocations, and slip-
pages, further leading to much lower H values compared with its
GUA-Zn counterpart.

2.2.2. Ligand field stabilization energy (LFSE)
Tan and co-workers reported the elastic moduli of four isomor-

phous formate perovskites (DMA)[M(HCOO)3] (DMA = dimethyl
ammonium), where M = Mn, Co, Ni or Zn (Fig. 4b) [43]. The results
of nanoindentation experiment on single crystals show that the
moduli values increase in the sequence of Mn/Zn < Co < Ni, indicat-
ing that a small increase in radius (about 1%) between the Co2+ and
the Zn2+ corresponds to the significant difference (about 16%) in
elastic modulus. Moreover, the Zn2+ differs distinctly from Mn2+
in size (about 9%) while their moduli along (0 1 2) orientation are
almost identical (about 19 GPa). Tan and co-workers found that
the LFSE of these divalent metal cations can reasonably explain
the moduli variation among these HOIPs. The LFSEs of Mn2+ (3d5)
and Zn2+ (3d10) are both zero arising from the half or full filled
3d electron configurations, while those of Co2+ (3d7) and Ni2+

(3d8), by contrast, are 71.5 and 122.6 kJ mol�1, respectively
(Fig. 4d). The elastic deformation of the (DMA)[M(HCOO)3] per-
ovskites has been reported as a result combing the distortions of
the formate linker, the MO6 octahedra distortion, and the M-O-C
bridging angle. For the four isostructural HOIPs, these contributed
factors are checked to be identical except for the MO6 octahedra
distortion. The large LFSE values of the Ni2+ and the Co2+ lead to
the higher resistance against the MO6 octahedra distortion, leading
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to the stiffer mechanical feature of the perovskite framework, and
vise versa.

Another study on the impact of LFSE on mechanical impact was
conducted in the (GUA)[M(HCOO)3] (GUA = guanidinium) family
by Feng and co-workers [44], where Co2+ or Mn2+ cation occupied
the metal center and form the analogous framework structures
with organic ions (Fig. 4a). The nanoindentation measurements
were performed on the natural {0 1 0} facet for both the two HOIPs.
The (GUA)[Co(HCOO)3] framework is about 12% stiffer than its Mn
counterparts (Fig. 4d) as expected. Moreover, in order to demon-
strate that the LFSE theory can be used to outline the mechanical
nature of isostructural HOIP families based on various metal cen-
ters, the stiffness of the (TPrA)[M(DCA)3] analogue perovskites
(TPrA = tetrapropylammonium, M = Co or Ni, DCA = dicyanamide)
(Fig. 4c) also have been probed as supplementary [36]. The elastic
modulus value of (�110) plane of (TPrA)[Co(DCA)3] is about 16% lar-
ger than it of (TPrA)[Ni(DCA)3] (Fig. 4d).

2.3. Linker (X-site) effects: bonding strength and flexibility

2.3.1. Electronegativity and B–X bond strength
Considering the mechanical properties of hybrid halide per-

ovskites, the electronegativity of the bridging halogen atoms and
metal-halide bond strength play a major role in framework stiff-
ness. This has been extensively studied in halide HOIPs. Sun et al.
[21] report the elastic and plastic behaviors of MAPbX3

(MA = methylamine, X = Cl, Br or I) single crystals (Fig. 5a–c).
The experimental Young’s moduli present a general trend of
ECl > EBr > EI, which is consistent with the trend of theoretical bulk
modulus calculated by Giorgi et al [45]. From Cl to Br to I, the elec-
tronegativity of the halogen decreases, resulting in a reduction in
Pb–X bond strengths and the decreasing Young’s moduli
(Fig. 5d). Surprisingly, the hardness varies in an opposite trend,
HCl < HBr < HI, probably due to the reduction of structural symme-
try (Cl > Br > I), which generates more dislocation systems under
the external indentation pressure. In addition to this, Cahen et al.
[22] also quantified the mechanical properties of APbX3 (A = Cs,
Fig. 5. Structural diagrams of (a) cubic MAPbCl3, (b) cubic MAPbBr3, and (c)
tetragonal MAPbI3. Color scheme: Pb, violet; Cl, lime; Br, lavender; I, light blue; C,
dark; N, azure; H, light gray. (d) Young’s moduli along orientations of MAPbX3 as a
function of bond strength (Ref. [46]). The dotted line gives a guide to the eye. This
figure is adapted with permission from Ref. [21], Royal Society of Chemistry.
MA, X = I and Br) via nanoindentation and obtained the same con-
clusion. Moreover, Feng [18] provided theoretical insight of MABX3

(B = Sn and Pb, X = Cl, Br and I) by density functional theory (DFT),
the mechanical metrics extracted from elastic constants agree well
with the above experimental results.

Several years later, Sun and co-workers reported the mechani-
cal properties of the FAPbX3 analogue (FA = formamidinium,
X = Br or I) [19], where both the FA based bromine lead HOIP and
iodine lead HOIP crystallized in cubic system. The effect induced
by electronegativity of X-site linker has been observed here as well,
which prolongs the Pb–X bonds and weakens the elastic modulus
and hardness of FAPbBr3 in contrast to its I-based counterpart
(Fig. 6a). More importantly, it was found that the replacement of
MA cation by larger FA cation can unexpectedly weaken the rigid-
ity of its inorganic framework along all indentation directions,
which results from the small increase in the length of Pb-Br bond
by about 1%. Furthermore, the high tolerance factor of FAPbBr3
(about 1.01) indicates that this structure has reached the threshold
of maintaining stability for 3D perovskites. The approximately 41%
lower phase transition pressure of FAPbBr3 with respect to
Fig. 6. Young’s modulus (E) of (a) single MA and FA based halide perovskites as
functions of Pb-halogen bond distance, the inset indicates the typical crystal
structure of MA/FA halide HOIPs. E Vs M-halogen bond distance of double hybrid
MA2MBiX6 (M = K, Tl or Ag, X = Cl or Br) are plotted in (b), the inset indicated the
typical crystal structure of double MA-based halide perovskites. This figure is
adapted with permission from Ref. [19], Wiley-VCH.



ig. 8. Structures of a formate and a hypophosphite molecule. Color scheme: C,
lack; O, red; H, light gray; P, orange. This figure is adapted with permission from
ef. [49], American Chemical Society.

Fig. 9. Typical nanoindentation P-h curve normal to the (1 0 1) face of a single
crystal of (GUA)[Mn(H2PO2)3] (Ref. [36]) measured via a Berkovich indenter. Inset:
structure diagrams of (GUA)[Mn(H2PO2)3] viewed along different orientations.
Color scheme: Mn, pink; P, light orange; O, red; C, black; N, azure. N–H� � �O bonds
are shown as purple dash lines. The H atoms of hypophosphite ligand are omitted
for clarity.
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MAPbBr3 further verifies the larger mechanically flexibility of the
former [19].

In addition to the single ABX3 hybrid perovskite, Sun and co-
workers also summarized the reported mechanical properties of
double perovskites with a formula of A2MBiX6 [19,47], in which
the A and M are MA+ and monovalent K/Tl/Ag cation, respectively.
The K, Tl or Ag metal cations alternatively locate on the B-site with
trivalent Bi cation, and the Br or I halogen atom locate on the X-
site. Compared with MA/FAPbX3 families, the replace of B-site Pb
cation with monovalent and Bi3+ metal cation lower the overall
framework stiffness of double perovskites (Fig. 6b). This trend pos-
sibly results from the weaker bonding between the monovalent ion
and the halide, leading to an elastic deformation at relatively low
stress. Moreover, the nonlinear plots are shown in Fig. 6b suggests
that the presence of mono- and tri-valent metal cations in MA2-
MBiX6 perovskites deranges the uniformity of the bonding mode
and the elastic response of the double perovskites, which cannot
be represented by a single-bond distance.

Further work by Reyes-Martinez et al. [48] gave an insight into
the rate-dependent mechanical behavior in the bulk MAPbX3

(X = Br and I) single crystals, especially the creep and stress relax-
ation behavior. These results show that the viscoplastic behavior
may arise mainly from the soft anionic perovskite frameworks.
As the plastic deformation can nucleate dislocations when it occurs
in the single crystals during nanoindentation, the strain hardening
may responsible for the reduction in the rate of penetration for all
tested materials. The creep displacement of MAPbBr3 is much lar-
ger than that of MAPbI3, indicating the former possesses more slip-
ping systems than the later (Fig. 7a). Moreover, the discrete
magnitudes of relaxation for MAPbBr3 and CsPbBr3 (Fig. 7b) indi-
cate that the stiffness of Pb–X framework is a dominant factor
influencing the dynamic mechanical response of these hybrid per-
ovskite single crystals.

2.3.2. Linker configuration and flexibility
The flexibility of HOIPs frameworks is not only affected by

metal-linker bonding strength but also the chemistry ingredient
and geometry shape of the linkers which furthering constitute
the configuration. In this part, we review how the distortion of
M-X-M bonding mode, such as bending and twisting, tunes the
macro performance of perovskites under the external load.

Wu et al. [49] reported a new family of hybrid perovskites (Am)
[Mn(H2PO2)3] (Am = GUA, FA, imidazolium), where the hypophos-
phite ligand is chemically and structurally similar with formate
ligands (Fig. 8). (Am)[Mn(H2PO2)3] show significantly greater cage
distortions in contrast with their formate counterparts, leading to
Fig. 7. Typical (a) creep displacement curves and (b) load relaxation curves for MAPbX3 (
Wiley-VCH.
F
b
R

additional symmetry-breaking elements in the form of classically
forbidden Glazer tilts and columnar shifts [50]. We here exemplify
this transformation through the monoclinic (GUA)[Mn(H2PO2)3], in
which the GUA+ cations off-centring occupy the [Mn(H2PO2)3]�

cage and lie parallel to one plane (Fig. 9a). Since we can not directly
compare this hypophosphite perovskite (GUA)[Mn(H2PO2)3] due to
their different crystal system, Wu et al. definite a ‘‘distortion fac-
tor”, d (Eq. (1)), to index the structural deviation from the cubic
aristotype.
X = Br and I), CsPbBr3 and KBr. T
d ¼ Videal

Vreal
� 1 ð1Þ
his figure is adapted with permission from Ref. [48],
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Vidal is the volume of an idealized cubic cage that the length of the
sides equal to the average crystallographic M-M distance, and Vreal

is the actual volume of a single [Mn(H2PO2)3]� cage. The d of
hypophosphite perovskite is about 20% larger than it of formate
perovskite, revealing the H2POO� is easier to be flexed under inden-
tation. It may explain the weak stiffness of hypophosphite per-
ovskites with Young’s modulus and hardness of about 16.57 GPa
and 1.20 GPa (Fig. 9) [36], respectively, when loading external stress
normal to the plane of GUA+ cations (Fig. 9b). The same rule applies
to FA and imidazolium hybrid perovskites, for which the adoption
of formate or hypophosphite on X-site makes a significant
difference.

The mechanical behavior of a highly distorted azido-bridge per-
ovskite (DMA)[Mn(N3)3] also has been investigated by performing
the nanoindentation normal to its two naturally grown facets of
single crystals [36]. The average values of Young’s moduli (E) and
hardness (H) extracted from the P-h curves (Fig. 10d) are 10.38
and 0.53 GPa for (1 0 0) face (Fig. 10a), and 11.78 and 0.39 GPa
for (0 0 1) plane (Fig. 10b), respectively. In this case, the azido
ligands serve as holders and form a stiffer morphology between
the (0 0 1) faces than between the (0 0 1) planes. The underlying
crystal structure was examined by measuring the deviation
between the azido ligands atoms and the load direction. For exam-
ple, as shown in Fig. 10c, the ligand along c-axis is formed by nitro-
gen atoms N1, N2 and N3 which depart from (0 0 1) orientation by
6.7�, 9.7� and 18.6�, respectively. While the N4, N5, and N6 deviate
from (1 0 0) direction with larger magnitudes of 4.1�, 12.7� and
20.7�, respectively, leading to a softer resistance of deformation
and smaller elastic modulus along (1 0 0) orientation. As the plastic
deformation in non-twinnedmolecular crystals occurs via slip [41],
the substantial contrast between the hardness of (1 0 0) and (0 0 1)
plane can be ascribed to the disparity in their hydrogen-bonding
modes (Fig. 10a-b).

The effect of M-X-M bending on the framework rigidity is also
observed in the prototypical MA lead halide perovskite [19], in
which the unit cell of tetragonal MAPbI3 is smaller than that of
cubic FAPbI3, while the Pb–I bond lengths are similar for both
structures. The Pb–I–Pb bond angles of MAPbI3 are found to be
deflected from 180� due to the PbI6 octahedral tilting, which is
liable for the easy occurrence of its elastic deformation along
h1 0 0i. In addition, the bending of angles also reveals the fact that
this tetragonal structure is more densely packed than its tolerance
factor predicts.
Fig. 10. Structural diagrams of orthorhombic (DMA)[Mn(N3)3] viewed along (a) (1 0 0) a
scheme: Mn, pink; C, black; N, azure; H, dark gray. (c) Asymmetric unit and its principa
direction. (d) Load-indentation depth (P-h) curves of indentation normal to the (1 0 0) a
3. Behaviors of halide perovskites under pressures

The reported high-pressure studies of HOIPs to date mainly
focus on hybrid halide perovskites, and few works refer to other
classes of hybrid perovskites [51]. In general, halide perovskites
undergo phase transition under hydrostatic pressure of �0.2 GPa.
In their review article, Lu et al. have summarized the recent
advances of behaviors of halide perovskites under high pressure
[52], which includes the pressure-stimulated structural evolutions
and associated property changes [31,53–65]. Therefore, the
authors do not repeat the summary here.
4. Abnormal mechanical properties and the barocaloric effect

4.1. Abnormal mechanical properties

Unconventional mechanical properties of materials, such as
negative Poisson’s ratio (NPR), negative linear compressibility
(NLC), and negative thermal expansion (NTE), remain the active
areas of research and have made significant progress in the past
decade on understanding the exotic nature of physics and detect-
ing the performance [66–68]. Materials with NPR expand in the
perpendicular direction when they are stretched. This macroscopic
behavior is connected to a material’s properties on the microscale.
For example, the auxetic metal electrodes can improve the sensi-
tivity of NPR/piezoelectric composites by enlarging the effect of
an applied in-plane uniaxial strain on the sensor sheet area [69].
Moreover, NPR can also enhance the materials’ toughness to resist
fracture [70]. Taking this perspective, the NPR materials have
potential applications in pressure detector, robust shock absorbing
materials, and body armor [71]. Notwithstanding the NPR effect
does not violate thermodynamics, it is rare in crystalline solids
[72]. The pioneering investigation is typified by foams with reen-
trant honeycomb [73], zeolites [74], and cubic lattice metallic
alloys [69,75]. Dong and co-workers firstly took stock of NPR in
BaTiO3 ceramic near the Curie point in ferroelastic transition
[76]. Huang et al. further demonstrated that these analogous per-
ovskite oxides possess anisotropic PR (Poisson’s ratio) range from
negative to large positive values beyond isotropic upper limit
[66,77]. However, no direct observation of NPR in HOIPs or theoret-
ical predictions on their NPR were reported to date. Another hith-
erto undetected mechanical behavior in HOIPs is NLC, referring to a
material that expands along a specific direction when it is exposed
nd (b) (0 0 1) orientations, the purple dash lines represent the N–H� � �O bonds. Color
l axis are presented to quantify the deviation of the azido ligand from indentation
nd (0 0 1) planes of (DMA)[Mn(N3)3] single crystal (Ref. [36]).
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to hydrostatic pressure and undergoes an anisotropic shrinkage
[78]. Similarly, as an accurate macro reaction lies on mechanical
stimulus, NLC also comes into play in many interesting research
areas, for instance, tailoring the coupling performance of NLC and
other properties by tuning this abnormal pressure dependency.
By comparison, NTE describing material’s compression behavior
upon heating is relatively common in HOIPs. The HOIPs with NTE
effect have been systematically discussed on account of the rela-
tionship between framework flexibility and chemical compositions
by Goodwin et al, and the work critically analyzed the influences
formed from metal cation size, organic amine cation size and the
associated asphericity type [29]. In this section, we will review
the complementary studies on NPR and NLC of HOIPs based on cal-
culations derived from elastic constants of single crystals which
provided by preceding reports [44,46] and the supplementary cal-
culations carried by the authors of this manuscript.

4.1.1. Negative Poisson’s ratio (NPR)
For mechanically anisotropic perovskites, the PR varies with

stress/strain orientation and can no longer be predicted like in iso-
tropous systems, Evans et al. carried out a solution based on tenso-
rial operations (inversion, rotation, and diagonalization) [79]. As
shown in inorganic perovskites, structures with a higher degree
of anisotropy usually exhibit larger orientation-dependent
extremes and easily give rise to NPR performance [66], PRs of five
HOIPs were presented in Table 1, including (MA)MX3 (M = Pb or Sn,
X = Cl, Br or I) and the more flexible (MA)[Mn(HCOO)3] from
reported elastic constant tensors [18,44] of single crystals.

The orientation dependent PRs of the five HOIPs (Table 1) are
exemplified through the orthorhombic MAPbI3 (Fig. 11). Based
on the symmetrically distributed PR values in 3D sphere space
(Fig. 11a), the rotational angles are restricted in an asymmetry
region [66]. For example, the value of a was discussed in the range
from 0� to 90� (Fig. 11b), the same as b and c (Fig. 11c-d). The value
of PR plotted in Fig. 11b-d as a function of the orientation. The min-
imum part of PR distributes in (1 0 0) plane (Fig. 11b) with positive
values at 0�, and further gets closer to zero and gradually becomes
negative at a = 54�. While the minimum part of PR distributing in
(0 1 0) plane (Fig. 11c) contains two discrete NPR regions, which
Table 1
The minimum and maximum values of Poisson’s ratio, the extreme values’ orientation, an

HOIPs Phase mmin

MAPbI3 [18,36] Ortho. �0.64
MAPbBr3 [18,36] �0.12
MASnI3 [18,36] �1.60
MASnBr3 [18,36] �0.29
[MA][Mn(HCOO)3] [36,44] �0.19

Ref. [81] A ¼ 5GV

GR þ KV

KR � 6:0.

Fig. 11. Poisson’s ratio (PR) of orthorhombic MAPbI3. (a) 3D distribution of PR values is sc
part of PR values in sphere space symmetrically forming the transparent and the opaque
normal to (b) (1 0 0) plane, (c) (0 1 0) plane, (d) (0 0 1) plane. a, b and c (0–90�) are the or
respectively. Color scheme: maximum part of PRs, green and blue; minimum part of PR
ranges from 30� to 60� and 67� to 90�, respectively, and further
reaches the minimum magnitude of �0.61 at b = 90�. Notably,
the minimum part of PR continuously stays negative in the entire
angle range (Fig. 11d) and reaches the minimum magnitude of
�0.64 at c = 18.5�. Interestingly, such NPR is not found in other
phase halide perovskites, such as tetragonal or cubic MAPbI3,
which does not conform to the previous report that the NPR perfor-
mance can be detected in 69% cubic metals. In addition, it was
found that the gaps between the two extreme positive values of
PR for these HOIPs are narrowed as the symmetry rises. For exam-
ple, the PR of tetragonal and cubic MAPbI3 range from 0.07 to 0.77
and 0.23 to 0.32, respectively, the gap is lessened from 0.7 to 0.09.
This is probably led by the higher crystallographic symmetry,
which gives more constraints on elastic tensors and intrinsically
favors isotropy [80]. Likewise, for MAPbBr3, the PRs in tetragonal
and cubic phase range from 0.62 to 0.16 and 0.53 to 0.10, respec-
tively, and the gap narrows from 0.46 to 0.43.

The extremums values and corresponding orientations of the
NPR for each orthorhombic halide hybrid perovskites are listed in
Table 1. The universal anisotropic index (A) was introduced to ana-
lyze this diverse PR values in different perovskite systems, where
GV, GR, KV, and KR are the shear and bulk moduli calculated by Voigt
and Reuss approximations [81], respectively. As shown in Table 1,
the values of A for the HOIPs cover a large numerical scope while
the magnitudes of PRs fluctuate feebly in a relatively small range.
Among these HOIPs, MASnI3 with largest anisotropy 28.59 shows
the minimal NPR value along [0 2 �1] and maximum auxetic
behavior along [1 0 2], MAPbBr3 with most moderate anisotropy
exhibits a largest NPR value and a minimum PR range. The range
of PR value of (MA)[Mn(HCOO)3] is unexpectedly smaller than that
of MAPbI3 while the anisotropic index of the former is larger than
the latter, it is probably due to the flexibility of formate linker.

Rigid mechanical model, rotating hinged rectangles, is estab-
lished based on the MAPbI3 structure projected along b-axis
(Fig. 12a) to typically replicate auxetic behavior for halide per-
ovskite analogue. The azure rigid rectangles (Fig. 12b) correspond
to the 2D projections of PbI6 octahedron which are linked by
Pb–I–Pb hinges to form a columnar structure arranged parallel to
(0 1 0) direction. Therefore, the rotation of rectangles will result
d the anisotropic indexes of HOIPs by calculations.

mmin Dir. mmax mmax Dir. A [81]

[3 1 0] 1.36 [1 0 1] 5.19
[0 1 1] 0.69 [2 3 �4] 1.13

[0 2 �1] 2.13 [1 1 0] 28.59
[0 1 0] 0.88 [1 0 0] 1.65
[3 1 3] 0.89 [1 1 1] 5.42

aled by radian in the spherical coordinate system, the maximum part and minimum
surfaces, respectively. 2D plots in rectangular coordinates system of PR (m) projected
ientations of PRs deviated from a-, b- and c-axis in (1 0 0), (0 1 0) and (0 0 1) planes,
s, orange, and red.



Fig. 12. The schematic illustration for achieving negative Poisson’s ratio in orthorhombic MAPbI3. (a) The geometric features in MAPbI3 viewed along [0 1 0] direction, iodine
atoms and the azure linkages between adjacent iodine atoms forming the ‘hinges’ and the ‘rectangles’, respectively. (b, c) An idealized model shows the molecular level
behavior for performing NPR, the azure ‘rectangles’ is the simplified 2D mode of PbI6 octahedron projected norm to (0 0 1) plane, the ‘rectangles’ is assumed to be non-
deformed upon loading. h and w are the angles between the ‘rectangles’ edges and the principal axes. The area marked by the yellow frame is expanded as the red frame
marked area after auxetic behavior. Color scheme: Pb, violet; I, lavender; C, black; N, blue; H, light gray. H bonds are represented by purple dash lines.

Fig. 13. Structure diagram of (TPrA)[Mn(dca)3] in (a) low-temperature phase (TPrA-
1) and (b) high-temperature phase (TPrA-2). Color scheme: Mn, magenta; C, light
gray and black; N, blue. The H atoms are omitted for clarity.
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in Pb–I–Pb deformation when loaded [82,83]. Considering the
‘rectangles’ are quadrilaterals in the original structure, the angles,
h and w, are introduced to quantify the rotation in synergy [84].
When loading stress along directions in the (0 1 0) plane off-
axially, both h and w increase gradually to 90� (Fig. 12b) to achieve
auxetic performance (Fig. 12c). Moreover, the load along a-axis
gives rises to the NPR in (1 0 0) plane (Fig. 11b) and reaches max-
imum auxeticity at a = 90� (along c-axis). When loading along c-
axis, the auxetic behavior occurs on the (0 0 1) plane (Fig. 11d)
and with a magnitude of �0.61 at c = 0� (along a-axis). For different
HOIPs, the initial angle between the rectangles varies. All the NPR
values in this manuscript are extracted from elastic constants ten-
sors calculated by the first-principles calculation.

4.1.2. Negative linear compressibility (NLC)
The above HOIPs are also found to have anisotropic NLC in their

orthorhombic phase based on the same elastic stiffness tensor
matrixes used in NPR calculations [18,44]. However, the high
hydrostatic pressure XRD experiments have not detected any
diffraction peak shift to the low diffraction angle, namely axially
or off-axially expansion. The lack of the experimental evidence of
NLC in hybrid perovskite may arise from three main factors: the
structure of materials, the resolution of diffraction light source
and the range of hydrostatic pressure applied in the experiments.

4.2. The barocaloric effects

The barocaloric effect is known as the isothermal entropy
change or adiabatic temperature change in response to the applica-
tion or withdrawal of external pressure. The term is originally used
in gas cooling technologies. The barocaloric effect in solid-state
refrigeration [85] is first observed in a polycrystalline ceramic
Pr1�xLaxNiO3, where the application of hydrostatic pressures up
to 0.5 GPa led to a small effective cooling with comparable elastic
heating losses [86,87]. Recent efforts, therefore, have been focused
on searching for materials showing large caloric effects close to
room temperature when stimulated by a moderate pressure. For
example, the magnetic alloy Ni-Mn-In was found to show a large
barocaloric effect of 24.4 J kg�1 K�1 under a pressure of 0.26 GPa
that is comparable to the giant magnetocaloric effect of this mate-
rial [88]. Considering the caloric effects usually occur at the first-
order phase transition of materials [89], hybrid perovskites with
structural phase transition nature furthering attract attention for
their solid-state cooling potential expanding their possibility for
new applications.
Recently, (TPrA)[Mn(dca)3] was reported to exhibit big isother-
mal entropy change of 37.0 J kg�1 K�1, driven by relatively small
hydrostatic pressure less than 0.007 GPa slightly above room tem-
perature [14]. (TPrA)[Mn(dca)3] shows first-order phase transition
at around 330 K (Tc), during which the TPrA-2 (T > Tc) possesses
much more disorders than TPrA-1 (T < Tc) (Fig. 13) [90]. Based on
these two structures, the configurational entropy (DSconfig) can be
calculated as R In(n1/n2), where n1 and n2 are numbers of configu-
rations in the two HOIPs and R is the gas constant [91]. In this
report, the DSC (differential scanning calorimetry) are performed
as a function of pressure, the measured large entropy change
(DStrains) of about 42.5 J kg�1 K�1 at ambient pressure agrees well
with the value of calculated DSconfig, suggesting the configurational
factor dominate the total entropy change in this hybrid perovskite.
Moreover, under pressures from 1 to 1000 bar (that is 0.0001–



Fig. 14. The barocaloric effect of (TPrA)[Mn(dca)3]. (a) Isobaric entropy changes
(DSib) as a function of temperature in the low-pressure range (1 to 68.9 bar). (b)
Barocaloric effect quantified via isothermal entropy changes (DSit(q-d)) by a quasi-
direct method. Note: The DSit(q-d) curves have been offset the depletion arising from
the additional entropy change at each pressure. This figure is adapted with
permission from Ref. [14], Nature Publishing Group.

Fig. 15. Structure diagram of (DMA)Mg[HCOO]3 in (a) high-temperature phase
(DMA-1) and (b) low-temperature phase (DMA-2). Color scheme: Mg, olive; N,
blue; C, black; H, light gray. H atoms in the formate ligands are omitted for clarity.
hydrogen bonds N–H� � �O are indicated by the dashed lines.
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0.1 GPa), the resulted phase transition temperature (Tc) gradually
rises as pressure (P) increases, giving a barocaloric coefficient (oTc/-
oP) of 231 K kba�1. The almost invisible deviation between the Tc Vs
P in heating and cooling indicates a small hysteresis of about 0.9 K.

The barocaloric effect for this material was probed in two pres-
sure regions: low pressure (P < 70 bar) and higher pressure (up to
1000 bar). In the low-pressure region, the temperature-
dependent isobaric entropy change, DSib, increases up to a plateau
of about 38.1 J kg�1 K�1 (Fig. 14a) when the perovskite undergoes a
phase transition from TPrA-1 to TPrA-2, suggesting the maximum
value of entropy attainable in this structural transition. Moreover,
the entropy curves progressively move toward higher temperature
when pressurized. The isothermal entropy change (DSit(q-d)), calcu-
lated as the difference between the isobaric entropy change (DSib)
at different pressures by quasi-direct method, was defined to
quantify the barocaloric effect of this materials and reached a max-
imum value of 37.0 J kg�1 K�1 when the isothermal application of
pressure up to 68.9 bar. Meanwhile, the associated adiabatic tem-
perature change (DTad(q-d)) was calculated as about 5.0 K. The
authors also investigated the higher pressure region, where the
entropy started to diminish significantly and resulted in a decrease
of the barocaloric effect due to the suddenly increased losses from
additional changes in isothermal entropy related to elastic heat
(Fig. 14b). For example, the reduction of about 32% for DSib at
P = 1000 bar gives rise to a DSit(q-d) of about 26.5 J kg�1 K�1. The
challenges raised from thermal hysteresis and reversible entropy
changes are also referred to in this work, we will not cover these
aspects again.

Shortly after in another report, the large barocaloric effect of
39.9 J kg�1 K�1 was witnessed in the formate (DMA)[Mg(HCOO)3]
perovskite by applying pressure up to 0.206 GPa [92]. DMA cations
in high temperature (DMA-1) was disordered in a threefold way
(Fig. 15a) [93], while the DMA cations at low temperature (DMA-
2) was solved and refined by taking into account the crystal twin-
ning due to the presence of ferroelastic domains (Fig. 15b). This
structural variation is compatible with the configurational entropy
change of 9.13 J kg�1 K�1, whereas the experimental transition
entropy gain is somewhat higher. This discrepancy might result
from the additional degrees of disorder, including the rotations of
methyl CH3 groups about the N-C bonds, the change of volume
during the transition and other processes affecting the free energy
of the crystal. In addition, the DMA cations’ disordering engages all
proton-accepting sites of the carboxylate groups in N–H� � �O hydro-
gen bonds, which dynamically formed and broken, but it averages
the attracting guest-host interactions, while bonds Mg–O and the
MgO6 octahedra volume are not affected by the transition. There-
fore, the temperature-dependent unit cell volume shows a step-
wise drop of 0.36% at the transition point in the heating run.
Moreover, this volume change indicates a negative barocaloric
coefficient (oTc/oP) in accordance with the Clausius-Clapeyron
equation. The transition temperatures (Tc) read from DSC curves
decreases for both cooling and heating runs with pressure
increases (from 0.1 to 887 MPa). In the pressure range of 0.1 to
400 MPa, the oTc/oP for cooling and heating are �45.9 and
�40.2 K/GPa, respectively, indicating a gradually dissipating ther-
mal hysteresis, which finally vanishes at about 400 MPa, namely
tricritical point (TCP) [94].

The pressure-induced degeneration in isobaric entropy change
(DSib) is observed both in heating and cooling runs with increasing
pressure (Fig. 16a), which can fully reverse during decompression
cycles and thus might originate from the elastic heat effect. These
additional entropy changes (DS+(p)) induced by the pressure of
887 MPa, at 245 and 290 K, are estimated to be �28.9 and
�38.7 J kg�1 K�1 by Maxwell relation m�1(oV/oT)p = �(oS/op)T,



Fig. 16. Barocaloric effect in (DMA)[Mg(HCOO)3]. (a) Isobaric entropy change (DSib) runs as a function of temperature at pressures ranging from 0.1 to 887 MPa. (b)
Barocaloric effect (DSit) at a certain pressure (Po) is quantified as the difference betweenDSib (Po – 0.1 MPa) andDSib (P = 0.1 MPa) curves by a quasi-direct method. This figure
is adapted with permission from Ref. [92], American Institute of Physics.
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respectively. Taking these aspects, the discrepancy of about
9.8 J kg�1 K�1 in elastic heat can be expected between the low-
and high-temperature phases, however the experimentally
observed decrease in DSib amounts to 34 and 36.6 J kg�1 K�1 for
cooling and heating, respectively. The changing character of the
transition associated with the step-wise volume reduction at the
transition temperature partly contribute to the large decrease of
the transition entropy magnitude. The isothermal entropy change
(DSit) derived from DSib (Fig. 16a) reach the maximum value of
41.2 J kg�1 K�1 at 151 MPa (Fig. 16b). For (DMA)[Mg(HCOO)3] at
262 K, the DSib of 39.9 J kg�1 K�1 was motivated by pressure up
to 206.5 MPa significantly outperforming among barocaloric mate-
rials. Furthermore, the specific heat Cp = 1291 J kg�1 K�1 in this
temperature results in a large adiabatic temperature change DTad
of 8.1 K. In these terms, the entropy change in the vicinity of TCP
remains large and the dilution of thermal hysteresis can also be
considered for barocaloric applications.

Very recently, a new hybrid perovskite (TPrA)[Cd(dca)3] was
synthesized and exhibits three distinct phase transitions induced
by temperature changes. When this material transforms from
non-isochoric orthorhombic to tetragonal phase at Tc (385 K), the
reversible barocaloric effect (DSit = 11.5 J kg�1 K�1) was stimulated
by a giant caloric coefficient of 382 K GPa�1 which is much larger
than this value observed in other solid refrigeration materials
[95]. For instance, the values of oTc/oP for (NH4)2SO4 and (TPrA)
[Mn(dca)3] are 57 and 231 K GPa�1, respectively. It reveals the out-
performance of (TPrA)[Cd(dca)3] in terms of pressure-induced bar-
ocaloric tunability. In addition, the volume changes by about 0.4%
in the phase transition.
5. Thin-films and strain engineering

Owing to their promising optoelectronic properties, hybrid per-
ovskites have been fabricated into thin-films and applied as light-
harvesting layers in photovoltaic devices [12]. These perovskite
absorber films are fabricated into two forms: the large-area poly-
crystalline films scarred by numbers of grain-boundaries, and the
independently distributed single-unit-cells with some structural
defects. Both the intrinsic boundaries and defects limit the stability
of encapsulated devices significantly, and various preparation
methods have been developed to mitigate this problem [96]. Due
to the compliant nature of HOIP thin film, the internal lattice strain
or external stress-strain disturbances can induce phase transitions
[97–99], reduced crystallinity and defects formation [100], and
hence lead to undesired consequences in the electronic properties
of devices [101–105].

The initiation and propagation of cracks or defects were identi-
fied as a major trigger of material’s failure. Yu et al. studied the
fracture mechanical behavior and microstructural evolution of
the defective CH3NH3PbI3 thin films by large-scale molecular
dynamics simulations [106]. The polycrystalline CH3NH3PbI3 films
possess only 34–53% elastic modulus of that from pristine single
crystals and undergo continuous amorphization during tensile
loading (Fig. 17). On the other hand, the inverse Hall-Petch relation
was detected in these films, where the yield stress decreases with
the grain size increasing. Further simulation work suggests that
plastic deformation originates from the transformation of partial
edge dislocations to nanovoids, and comparing to pristine samples,
polycrystalline CH3NH3PbI3 films with low Poisson’s ratio has more



Fig. 17. (a) Calculated stress-strain curves of the cubic single and polycrystalline MAPbI3 (consisting of 6, 10 and 14 grains) under tensile loading. The simulated structure of
(b) mono-crystal and (c) poly-crystal. rzz and e are the effective tensile stress and the engineering strain, respectively. Both rzz and e are along the z-axis. This figure is
adapted with permission from Ref. [106], American Chemical Society.
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merits in strain energy absorption. Apart from the inherent defects
and amorphization, the stress-strain states such as residual or
thermal stresses, bending, and in-plane compression or tension
also affect the stability of solar cells. Lattice strain caused by the
uncoordinated thermal expansions between the CH3NH3PbI3 layer
and the substrate surface leads to lower ion migration energy and
accelerate the material’s degradation [101]. Furthermore, the ani-
sotropic thermal expansion in the annealing process can induce
bi-axial tensile stress in each grain of polycrystalline CH3NH3PbI3
films [103]. Bush et al. found that the in-plane isotropic compres-
sive stress of HOIPs in perovskite alloys such as CsxFA1�xPb(Bry-
I1�y)3 family could result in film wrinkling and reduce the light
harvesting efficiency [107]. Taking these perspectives into consid-
eration, methods to relax the lattice strain of HOIP architectures
are desired. For instance, CH3NH3Br alloying has shown to cause
lattice contraction, thereby balancing the lattice strain [108].

Considering the effect of stress-strain states in flexible devices,
Park et al. measured the elastic modulus of the mixed halide
perovskite layer CH3NH3PbI3�xClx (�13.5 GPa) by multicycle
nanoindentation tests, the additional simulation results of the
finite element analysis indicated that the device could sustain a
bending radius of 1 mm, while the power conversion efficiency of
the device dropped at the bending radius of 0.5 mm [105]. This
bending behavior of HOIP solar cells has been shown to contribute
to the solar cell current-voltage characteristics, for which the
out-of-plane current of CH3NH3PbI3 was increased by 196% at 1 V
with an application of compressive strain (0.088%) while
decreased by 49% with an application of tensile strain (0.088%)
[102] Spina et al. revealed the elastic modulus and hardness of
CH3NH3PbI3 can degraded up to five-fold when exposed to
moisture [109].

2D non-van der Waals-type CH3NH3PbI3 with mono single unit
cell thickness were also successfully prepared [110] and their
mechanical properties need to be explored. Their emergence sug-
gests the possibility of realizing the 2D monolayer architecture
for many ABX3-type HOIPs, which possess better photovoltaic per-
formance and a broader range of applications. The mechanical
properties of these new arisen 2D ultrathin non-van der Waals-
type HOIPs are still less well understood, and only few nanoinden-
tation studies were conducted to access the out-of-plane mechan-
ical metrics of 2D non van der Waals-type HOIPs (A2BX4 and
A2A
0
n�1BnX3n+1) [111]. Further mechanical studies are strongly

required to complement the little knowledge of these striking
monolayer perovskite halides, particularly in addressing their flex-
ibility desirable for a variety of optoelectronic applications.

Apart from halide perovskites, several studies also investigated
the role of stress-strain states in formate perovskites. As shown in
Fig. 18a, the Cr atoms in (GUA)[Cr(HCOO)3] (Cr-HOIP) (Pna21

phase) perovskite formed a pseudo-cubic sub-lattice. Ghosh et al.
[112] found that the magnetic spin configuration of this sub-
lattice transforms from AFM-A to AFM-G and then to AFM-C
(AFM = antiferromagnetic) when the compressive strain increased
from 0 to 4%. The shrinking Cr–O bonds and Cr� � �Cr distances are
responsible for the enhancement of the in-plane antiferromagnetic
interactions. Under tensile stress, Cr–O bonds in Cr-HOIP trans-
formed into two equivalent ferrodistortive sub-lattices due to the
Jahn-Teller distortion of CrO6 polyhedra, for which one sub-
lattice can transform to the other by rotating 90�. This arrangement
of Cr–O bonds agreed well with the anti-ferrodistortive orbital
ordering of the 3d3x2�r2 and 3d3y2�r2 orbitals, which gave rise to a
ferromagnetic coupling in the ab plane but an anti-ferromagentic
coupling along the c-axis (AFM-A). More significantly, the in-
plane ferroelectric polarization (PCr-HOIP) of was found to increase
by more than 300% (from �0.22 to �0.92 lC/cm2) when the com-
pressive strain increases from 0 to 4%, while the PCr-HOIP rose first
then reached stable with the tensile strain increasing. When
decomposing PCr-HOIP into different functional groups: A-site GUA
amine polarization (PA) and BX3 framework polarization (PBX3),
the contribution from PA exhibited dominance in PCr-HOIP due to
the strain-dependent canting angle of GUA cation dipoles which
resulted in a nonzero dipole moment along c-axis (Fig. 18b). By
contrast, PBX3 showed an efficient contribution at the �4% com-
pressive strain. It is notable that A-site GUA cations were more
sensitive than BX3 frameworks to the applied compressive strain.
The polarization tunability via simulated epitaxial strain also has
been witnessed in (FA)[Mn(HCOO)3], the compressive strain up
to 4% increased the polarization by more than 100% which majorly
caused by the tilting of FA, the BX3 framework was more sensible
to strain than the FA amine. The above studies highlight the vital
importance of strain engineering which can be facilely utilized to
tune the magnetic ordering and ferroelectric polarization in these
multiferroic hybrid perovskites.



Fig. 18. (a) Strain dependence of magnetic spin configurations of Cr sub-lattice in (GUA)[Cr(HCOO)3] (Cr-HOIP). The magnetic spin configurations such as ferromagnetic, and
antiferromagnetic C-type (AFM-C), G-type (AFM-G) and A-type (AFM-A) were all taken into consideration to find out the lowest energy magnetic state for each strain state in
Pna21 phase. (b) Total (PCr-HOIP) and partial polarization of A-site GUA amine (PA) and BX3 framework (PBX3) for Cr-HOIP. The strain-dependent PCr-HOIP (=PA + PBX3) was
calculated under the lowest energy magnetic state of Cr sublattice. Inset: the canting angle U of the molecular dipole in A-site GUA amine in polar Pna21 phase. Uwas plotted
as a function of strain. Figures are adapted with permission from Ref. [112], American Chemical Society.
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6. Conclusion and outlook

The mechanical properties of HOIP materials with ABX3 archi-
tectures are different from their oxide counterparts in two key
ways: one is that the mechanical behavior of HOIPs can be tuned
by the enormous diversity of organic molecules to achieve desir-
able assembly; the other way is that the additional degrees of free-
dom in the crystal structure enable HOIPs with significant
mechanical flexibility. As been reviewed in this paper, abnormal
anisotropic responses of halide HOIPs such as negative linear com-
pressibility (NLC) and negative Poisson’s ratios (NPRs) are pre-
dicted by first-principles calculations based on these two facts,
however, experimental validation is critical and needs further
investigation prior to proposing any kinds of applications. Further-
more, the rise of barocaloric effects from large entropy changes of
phase transitions in HOIPs show potential applications for solid
state cooling in comparison with traditionally used metallic and
inorganic materials. On the other hand, more complex studies
about the topics, for instance, how stress-strain in sub-lattice
would regulate the intrinsic properties [113–123] of HOIP materi-
als at the nanoscale is little known experimentally. Further inves-
tigations are required to promote the applications of HOIPs
utilizing their pressure-induced property changes.

It was pointed out that there is a strong correlation between the
stress-strain state and the intrinsic flexibility and stability of HOIP
materials. Theoretical models have been proposed to simulate
HOIP materials in the device-relevant forms, whilst an increasing
number of experimental methods were developed to solve
the performance loss due to strain effectively. These studies are
benefiting the commercialization of HOIP materials, in particular,
the perovskite solar cells. Overall, the exploration of HOIP mechan-
ics is still in its infancy, and many challenges for HOIP applications
suggest that their mechanical properties will continue to be a
growing area of research which involves expertise in multidis-
plinary fields.
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