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ABSTRACT
Organic–inorganic halide perovskites (OIHPs) have the typical composition of APbX3, in which A is a cation such as methlyamine (MA)
and formamidine (FA) and X is a halide anion such as Cl, Br, or I. The mixture at the A or X site in OIHPs provides greatly improved
versatility in their compositions and therefore allows the enhancement of their performance in LEDs and solar cells. In real application
circumstances and deformable devices, the mechanical properties of OIHPs are of great importance. In this work, the mechanical properties
of three series of mixed OIHP single crystals, MAPbIxBr3−x, MAPbBrxCl3−x, and FAyMA1−yPbBr3, are studied by nanoindentation. The
results are summarized according to the composition of these mixtures. With the increase in the FA content at the A site, the average Young’s
modulus (E) of FAyMA1−yPbBr3 decreases greatly from 19.2 GPa to 11.5 GPa, which indicates that the influence of organic cations on the
mechanical properties of OIHPs is as important as that of Pb-X bonds. The mixture at the A or X site could also increase the hardness (H)
and the wear resistance (H/E ratio). The average values of hardness and wear resistance of MAPbI0.1Br2.9 are almost double (0.63 GPa, 0.033)
the values for undoped MAPbBr3 (0.32 GPa, 0.017). The dynamic mechanical responses of the OIHP single crystals show reduced creep stress
exponents and thus increased strain rate sensitivities in the mixture at the X site, thereby improving the ductility. The nanoindentation sites
are characterized using a scanning electron microscope and slip bands are observed, suggesting the plastic deformation mechanism governed
by the activation of dislocations.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0015569

I. INTRODUCTION

Organic–inorganic halide perovskites (OIHPs) provide an
enhanced power-conversion efficiency in solar cells, currently reach-
ing 25.2%.1 The OIHPs have also exhibited excellent performances
in light-emitting diodes,2 lasers,3 and photodetectors.4–7 The typ-
ical compositions of OIHPs can be expressed as ABX3, where A
= CH3NH3

+ (MA+), CH(NH2)2
+ (FA+), or Cs+, B = Pb2+ or Sn2+,

and X = I−, Br−, or Cl−. Compared with the traditional inor-
ganic energy materials, the OIHPs are even more suitable for wear-
able functional devices with high mechanical flexibility and robust-
ness.8 With the development of wearable electronics and perovskite

photovoltaic devices, flexible perovskite solar cells have become can-
didates for mobile power supply to drive the next generation of elec-
tronic products.9 The mixture of cations at the A site or halide anions
at the X site could allow the improvement in photovoltaic properties
and stability. Almost all perovskite solar cell records are achieved
with mixed A and/or X site hybrid OIHPs,10 which have also pro-
moted a better long-term stability in an ambient atmosphere,11,12

a higher hole mobility,5 and a longer carrier lifetime.13,14 In order
to apply the A-site or X-site mixed OIHPs on real devices and
flexible devices, it is also necessary to explore in depth their mechan-
ical behaviors. For instance, the discrepancy of Young’s modu-
lus (E) between the substrate and the functional thin films could
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cause severe strain concentration and then decrease the flexibility
of electronic devices.15

So far, some theoretical and computational methods, such as
the first-principle calculations or the force field-based molecular
dynamics simulations, have been introduced to predict the mechan-
ical properties of OIHP single crystals.16 However, the calculated
Young’s modulus using DFT methods, the PBEsol functionals, and
vdW approximations are much higher than the experimental results;
for example, the experimental Young’s modulus for MAPbBr3 on
(100) facet is 17.7 GPa, while the theoretical modulus is 29.1 GPa.17

This contradiction indicates that the mechanical properties of OIHP
materials are still difficult to predict based on a simple combina-
tion of bonding features of soft organic (van der Waals interactions
dominating) and hard inorganic (covalent or strong ionic inter-
actions dominating) components.16 Therefore, the experimental
measurements of OIHP mechanical properties with their single
crystals are necessary. As far as we know, until now only the
mechanical properties of six major OIHPs, the MAPbX3 (X = I, Br,
Cl), FAPbX3 (X = I, Br), and CsPbBr3 single crystals, have been
reported. The reports on the elastic modulus and hardness value
show differences in the literature. For example, for the cubic phase
MAPbBr3, the average Young’s modulus on (100) facet has three dif-
ferent measurement values of 21.4 GPa, 19.6 GPa, and 17.7 GPa.18–20

Regretfully, the fundamental understanding of the mechanical
behaviors of A-site or X-site mixed OIHP single crystals is also
lacking.

Herein, we have prepared 15 lead-based perovskite single
crystals, including a series of MAPbIxBr3−x, MAPbBrxCl3−x, and
FAyMA1−yPbBr3 single crystals. The nanoindentation is performed
to study the influence of the mixture of halide anions or organic
cations on the plastic deformation of OIHPs. The mechanical prop-
erties of A-site or X-site mixed OIHPs, including the Young’s mod-
ulus (E) and the nano-hardness (H), are thus measured. Addition-
ally, the time-dependent mechanical measurements are utilized to
research the dynamics mechanical performance. The creep stress
exponents (n) are calculated from the creep displacement curve,
which exhibits the flexibility of the materials. The results on these
ABX3 materials provide data for the research and fabrication of
OIHP flexible devices. The scanning electron microscopy (SEM)
characterization is also performed in order to understand the plastic
deformation mechanism in these OIHPs.

II. RESULTS AND DISCUSSION
A. The Young’s moduli and hardness of OIHP
single crystals

A series of MAPbIxBr3−x (x = 0–3), MAPbBrxCl3−x (x = 0–3),
and FAyMA1−yPbBr3 (y = 0–1) single crystals are measured by
nanoindentation. The values of x and y are evaluated by x-ray flu-
orescence (XRF) and nuclear magnetic resonance (NMR), respec-
tively (see Table S1 and Fig. S1 in the supplementary material). The
XRD patterns of these powders and single crystals, and the rocking
curves of different single crystals at different planes, show high crys-
tallization (see Figs. S2–S6, and Tables S2 and S3 in the supplemen-
tary material). For instance, the full width at half-maxima (FWHM)
of the rocking curves at the (001) diffraction plane of MAPbBr3 and
MAPbCl3 are 0.174○ and 0.093○, respectively.

The Young’s modulus and hardness as a function of the inden-
tation depth are shown in Figs. 1 and 2, respectively, and the corre-
sponding data are listed in Table S4 in the supplementary material.
Five MAPbI3 single crystals are measured by nanoindentation and
the results are consistent, proving the reproductivity in our work (see
Fig. S7 and Table S5 in the supplementary material). The Young’s
moduli as a function of indentation depths are calculated using the
Oliver–Pharr method.21

As for MAPbX3 (X = I, Br, or Cl) perovskite materials, the room
temperature crystal structure of MAPbI3 belongs to a tetragonal sys-
tem and those of MAPbBr3 and MAPbCl3 belong to a cubic system.
Therefore, it can be observed that the crystal structure transforms
from tetragonal to cubic by doping Br in MAPbI3 and the shapes of
these OIHP single crystals also change from polyhedron to quadri-
lateral. Consistent to the cubic structure of MAPbBr3 and MAPbCl3,
the shapes of the MAPbBrxCl3−x (x = 0–3) single crystals are all
cuboids.

The mechanical properties of MAPbIxBr3−x (x = 0–3) and
MAPbBrxCl3−x (x = 0–3) single crystals are shown in Figs. 1(a)–1(d).
As reported in the literature,20 the Young’s modulus and hardness
of MAPbI3 at [100] or [112] orientations are basically the same.
Therefore, although the MAPbI3 and MAPbI2.1Br0.9 single crystals
were measured at the [112] direction, which is different from that
of MAPbI0.1Br2.9 and MAPbBrxCl3−x (x = 0–3) at [100], the exper-
imental results can still be used to study the influence of the mix-
ture at the X site on the mechanical properties of perovskite single
crystals.

Figure 1(e) shows the Young’s moduli of MAPbIxBr3−x,
MAPbBrxCl3−x, and FAPbX3 (X = I, Br) single crystals. The aver-
age Young’s moduli of MAPbI3 and MAPbBr3 are almost equal to
the literature reports.19 The average moduli increase from 12 GPa
(MAPbI3) to 19.2 GPa (MAPbBr3) monotonously with the increase
in the Br contents at the X site. In comparison, by doping Cl to
MAPbBr3 at the X site, the average moduli decrease slightly from
19.2 GPa (MAPbBr3) to 17.7 GPa (MAPbCl3). The average modu-
lus of FAPbI3 is 12.8 GPa, which is higher than that of FAPbBr3
(11.5 GPa) (see Table S4 in the supplementary material).

Figure 1(f) illustrates the hardness of MAPbIxBr3−x,
MAPbBrxCl3, and FAPbX3 (X = I, Br) single crystals. The
average hardness increases from 0.47 GPa (MAPbI3) to 0.57 GPa
(MAPbI2.1Br0.9) when Br is doped in MAPbI3 at the X site. The
average hardness reaches 0.63 GPa (MAPbI0.1Br2.9) with the
increase in Br doping, which is nearly double that of MAPbBr3
(0.32 GPa). The same results are also observed in the MAPbBrxCl3−x
(x = 0–3) system that the mixture of Br/Cl could significantly
improve the hardness.

The experimental results indicate that the Young’s moduli of
mixtures (MAPbIxBr3−x or MAPbBrxCl3−x) are between the val-
ues of corresponding terminal materials (MAPbI3 and MAPbBr3
or MAPbBr3 and MAPbCl3), respectively. It should be noted that
the OIHP structure is linked by a network of Pb–X bonds as a
skeleton, which in turn provides their mechanical support, showing
the Young’s moduli. It is well known that the Pb–I bond is longer
than the Pb–Br bond and the Pb–Br bond is longer than the Pb–Cl
bond, while their bond energies and strengths are in the opposite
sequence, therefore, it is well understood that the Br doped mate-
rials are stronger than the pure I materials. However, this do not
explain the similar and reverse Young’s moduli of Br/Cl OIHPs,
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FIG. 1. (a) and (c) The Young’s moduli of MAPbIxBr3−x (x = 0–3) and MAPbBrxCl3−x (x = 0–3) as a function of the indentation depth. (b) and (d) The hardness of
MAPbIxBr3−x (x = 0–3) and MAPbBrxCl3−x (x = 0–3) as a function of the indentation depth. (e) and (f) Comparison of the Young’s moduli and hardness of MAPbIxBr3−x
(x = 0–3) and MAPbBrxCl3−x (x = 0–3) with FAPbI3 and FAPbBr3 perovskite single crystals with different x values.

which may probably be more dominated by the variation in different
single crystal samples.

The XRD patterns of MAPbIxBr3−x (x = 0–3) and
MAPbBrxCl3−x (x = 0–3) indicate that the mixed halide per-
ovskites are well crystallized. The modulus is mainly determined by
the Pb–X bonds and the halide mixtures provide intermediate Pb–X
bond compositions. The halide mixture could obviously increase
the hardness and the discussion is shown below.

The organic cation mixtures also affect the mechanical prop-
erties due to the hydrogen bonding. The mechanical properties of
the FAyMA1−yPbBr3 (y = 0–1) single crystals are shown in Figs. 2(a)
and 2(b), and the results are presented in Figs. 2(c) and 2(d) with dif-
ferent y values. A repeated batch of FAyMA1−yPbBr3 (y = 0–1) single

crystals are measured by nanoindentation and the results are consis-
tent, proving the reproductivity in our work (see Fig. S8 and Table
S6 in the supplementary material).

As is known, the crystal structures of MAPbBr3 and FAPbBr3
at room temperature belong to a cubic system (space group
Pm-3m) and the corresponding grown single crystals usually have
the same typical surface orientation (100).22 As for FAyMA1−yPbBr3
(y = 0–1) perovskite materials, the crystal structures at room tem-
perature are also determined to be cubic phases according to their
XRD patterns and the exposed surfaces are {100} facets (see Fig. S5
in the supplementary material).

As shown in Fig. 2(c), the moduli of FAyMA1−yPbBr3 sin-
gle crystals are presented. The average Young’s modulus of
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FIG. 2. (a) and (b) Young’s moduli and hardness of FAy MA1−y PbBr3 (y = 0–1) as a function of the indentation depth. (c) and (d) The Young’s moduli and hardness of
FAy MA1−y PbBr3 (y = 0–1) with different y values.

MAPbBr3 and FAPbBr3 is 19.2 GPa and 11.5 GPa, respectively,
although the Pb–Br bond length increases by about 1% by replac-
ing the MA cation with the larger FA cation.23,24 Furthermore,
the FA0.23MA0.77PbBr3, FA0.54MA0.46PbBr3, FA0.67MA0.33PbBr3, and
FA0.84MA0.16PbBr3 single crystals are also prepared and the average
modulus is 17.7 GPa, 14.9 GPa, 14.7 GPa, and 13.3 GPa, respectively.
There is nearly a linear relationship between the average moduli and
FA contents at the A site. As reported in the literature,24 the hydro-
gen bonding between the H atoms of the MA cations and the halide
ions in MAPbBr3 is stronger than that between the H atoms of the
FA cations and the halide ions in FAPbBr3. The weaker hydrogen
bonding in FAPbBr3 contributes to its low stiffness. Additionally, the
density functional theory calculation suggests that the more delocal-
ized charge density contributes to a smaller dipole moment of FA,
the smaller dipole moment of FA can contribute to the lower acous-
tic phonon speeds. The lower acoustic phonon speeds reflect the
lower Young’s modulus. Accordingly, the differences of hydrogen
bonding between the H atoms of the organic cations and the halide
ions, the size, and the dipole moment of molecules could be the
origin of the difference in the Young’s modulus. Therefore, the aver-
age moduli of the cubic phase FAyMA1−yPbBr3 can be controlled by
adjusting the FA/MA ratio.

Figure 2(d) illustrates the hardness of FAyMA1−yPbBr3 single
crystals from MAPbBr3 to FAPbBr3. The average hardness increases
from 0.32 GPa (MAPbBr3) to 0.37 GPa (FA0.23MA0.77PbBr3) and
continues to increase to 0.43 GPa (FA0.54MA0.46PbBr3). Finally, the
average hardness decreases to 0.36 GPa for FAPbBr3. In summary,

the mixture of organic cations (FA/MA) at the A site could also
increase the hardness, just like the mixture of halide (I/Br, Br/Cl)
at the X site.

As shown above, the mixture at the A or X site increases
the hardness of OIHP single crystals and the hardness tested by
nanoindentation represents the resistance to plastic deformation
of the material.25 The increased hardness due to the mixture at
the A site or X site is usually ascribed to the lattice distortion of
OIHP materials. This result is consistent with the previous litera-
ture reports, for example, the mixture at the A site of CsPbBr3 with
I that formed CsPbBr1.2I1.8 could enhance the distortion of the octa-
hedral PbX6 units.26 Mixing 5% Cs concentration at the A site of
FA0.7MA0.25Cs0.05PbI3 will also lead to inorganic framework distor-
tion.27 The severe lattice distortion can increase the energy barrier
for dislocation slip through the crystals and increase the resistance
of the plastic deformation.8 Therefore, for the crystals with the sim-
ilar crystal structure, the hardness of these organic and halide mixed
perovskite-type compounds drastically increases.

Herein, the Young’s moduli and hardness of the 15 kinds of
lead-based OIHP single crystals, including a series of MAPbIxBr3−x,
MAPbBrxCl3−x, and FAyMA1−yPbBr3 single crystals, have been
studied. As presented in Fig. 3(a), the MAPbIxBr3−x and
MAPbBrxCl3−x single crystals greatly enrich and enlarge the distri-
bution of E and H as Li reported in the literature.28 The area I (red)
represents the original E vs H plots, including MAPbX3 (X = I, Br,
Cl), FAPbX3 (X = I, Br), and CsPbBr3 perovskite single crystals. The
mixture at the A site basically could not give E values beyond the
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FIG. 3. (a) and (b) Elastic moduli (E) vs hardness (H) plots and the H/E ratio of
OIHP single crystals as prepared.

original range illustrated in area II (blue). However, the mixture at
the X site could greatly extend the corresponding E–H area range
(area III, pink). For example, by doping I into MAPbBr3 at the X site,
the average modulus of MAPbI0.1Br2.9 is basically unchanged from
19.2 GPa to 19 GPa, while the hardness is greatly increased from
0.32 GPa to 0.63 GPa.

As is known, studying the relationship between the structure
and the mechanical property is essential for rational materials design
with tailored mechanical properties. The Young’s modulus (E) and
hardness (H) are introduced to reveal the stiffness and softness.
For the low E of most substrates utilized in deformable devices,
compared with other metal oxide perovskites, the low elastic mod-
ulus of the OIHPs was presumed more beneficial for relieving the
strain concentration of the interface and suitable for high flexibility
devices.29

Due to the ionic bonding nature of OIHPs, we must take into
consideration their poor wear resistance and vulnerability against
high local stress or impacts in device fabrication and service. The
wear resistance is related to the ratio of H/E, which gives an indi-
cation of the strain that a material can tolerate without exceeding
its elastic limit.30 The H/E ratios of the 15 kinds of lead-based OIHP

single crystals in our experiments are presented in Fig. 3(b). The H/E
ratio of 0.040 for FAPbI3 is higher than that of 0.031 for MAPbI3,
and the H/E ratio of 0.031 for FAPbBr3 is higher than that of 0.017
for MAPbBr3. That is, FAPbX3 (X = I, Br) have a higher H/E ratio
than MAPbX3 (X = I, Br), representing a higher wear resistance.
Meanwhile, the mixture at the X site greatly increases the wear resis-
tance, such that the H/E ratio of MAPbI0.1Br2.9 is 0.033, which is
almost twice that for MAPbBr3 (0.017).

In summary, the FAPbX3 (X = I, Br) single crystals present
higher wear resistance and the mixture at the X site could also
increase the wear resistance. In our study, FAPbBr3 has the lowest
modulus (11.5 ± 0.2 GPa) among all the samples, significantly lower
than that of the MA-based halide perovskites, and it shows a high
carrier mobility (μ), carrier lifetime (τ), and carrier diffusion length
(LD). Therefore, the FA-based halide perovskites may be the better
candidate for photovoltaic flexible devices.

B. The time-dependent mechanical measurements
of OIHP single crystals

To further clarify the influence of the organic cation or
halide mixture to the dynamic mechanical behaviors of these
materials, the rate-dependent creep mechanical behaviors of the
bulk MAPbIxBr3−x, MAPbBrxCl3−x, and FAyMA1−yPbBr3 were also
studied.

Figures 4(a) and 4(d) show the plots of creep displacement
against time for MAPbIxBr3−x (x = 0–3) and MAPbBrxCl3−x (x
= 0–3), and FAyMA1−yPbBr3 (y = 0–1), respectively. The changes
of the indentation strain rate as a function of creep time are quan-
titatively shown in Figs. 4(b) and 4(e). All the curves exhibit a steep
initial creep at first and then display an evident reduction in the rate
of penetration. After the system is in a quasi-steady state that the
creep velocity has been stabilized, the creep stress exponent (n) can
be obtained as the slope of a plot of the logarithm of the indenta-
tion strain rate against the logarithm of the Mayer hardness. Mayo
and Nix confirmed that the creep stress exponent (n) can be deduced
as31

n = Δln(ε̇indentation)
Δln(H) , (1)

where ε̇indentation is the indentation strain rate and H is the Mayer
hardness. This creep stress exponent (n) by definition is in fact
equal to the inverse of strain rate sensitivity, namely, n = 1/m. For
Berkovich tip, the indentation strain rate for deep indent can be
derived as

ε̇indentation = ḣ
h
= 1

h
dh
dt

, (2)

and the Mayer hardness, which is equal to the indentation contact
stress, can be defined as

H = P
Ac
= P

24.5h2 , (3)

where h is the indentation depth, t is the creep time, P is the applied
load, and Ac is the indentation contact area.

The creep stress exponents n of the bulk MAPbIxBr3−x,
MAPbBrxCl3−x, and FAyMA1−yPbBr3 single crystals are derived

APL Mater. 9, 041112 (2021); doi: 10.1063/5.0015569 9, 041112-5

© Author(s) 2021

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

FIG. 4. (a) and (d) Creep displacement curves for MAPbIxBr3−x (x = 0–3), MAPbBrxCl3−x (x = 0–3), and FAy MA1−y PbBr3 (y = 0–1) single crystals. (b) and (e) Strain rate
as a function of time during creep. The ramp time to the maximum load was tR = 30 s and the maximum load at Pmax = 3 mN was held for 40 s. (c) and (f) Creep stress
exponent (n) vs MAPbIxBr3−x , MAPbBrxCl3−x , and FAy MA1−y PbBr3 with different x and y values.

from their creep data and the values are shown in Table I. Figure 4(c)
and 4(f) show the variation of the creep stress exponents n due to the
halide anion mixture at the X site and the organic cation mixture at
the A site, respectively. These creep stress exponents (n) for nearly all
samples are between 3 and 8, suggesting that the predominant defor-
mation mechanism during quasi-steady-state creep is controlled by
dislocation climb.32 It has been well documented that the ductility
of the material decreases with the increasing n.33 As the most com-
monly studied perovskite solar cell material, MAPbI3 has extreme
mechanical fragility and the n value reaches 11.7 by our calcula-
tion. By doping Br, when the molar ratio of Br/(I + Br) is 30%,
the n value decreases from 11.7 to 7.4. Furthermore, the n values of
MAPbBr3 and MAPbCl3 are much lower and the mixture of Br/Cl
could further reduce the n value to 5.1 (MAPbBr1.8Cl1.2). The results
reveal that the halide mixture at the X site causes the decrease of the
creep stress exponent. On the contrary, the organic cation mixture

of could slightly increases the stress exponent in FAyMA1−yPbBr3 at
a lower level compared to MAPbI3. Therefore, the halide mixture
at the X site can improve the ductility of the perovskites, while the
organic cation mixture at the A site causes the deterioration of the
ductility.

C. The electron microscopic characterization
of residual indents

As shown in Figs. 5(a) and 5(b), the plane morphologies around
the residual indents of MAPbBr3 and CsPbBr3 are characterized by
SEM, indicating that some traces clearly appear around indenta-
tions. The traces in Fig. 5(a) are confirmed as traces of slip planes
{110} according to their geometry in comparison with the literature
reports.18 Furthermore, the traces in Fig. 5(b) indicate the nanoin-
dentation test conducted on the (101) plane simultaneously activates

TABLE I. The measured creep stress exponents n of APbX3 (A = MA or FA; X = I, Br, or Cl).

OIHPs MAPbI3 MAPbI2.1Br0.9 MAPbBr3 MAPbBr2.85Cl0.15

n 11.7 7.4 6.5 6.0
OIHPs MAPbBr2.46Cl0.54 MAPbBr1.8Cl1.2 MAPbCl3
n 5.9 5.1 6.9
OIHPs MAPbBr3 FA0.23MA0.77PbBr3 FA0.54MA0.46PbBr3 FAPbBr3
n 6.5 8.3 6.7 5.4
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FIG. 5. SEM images of nanoindentation sites performed on the surface of (a)
MAPbBr3 and (b) CsPbBr3 single crystals at room temperature showing diverse
slip steps.

at least three slip systems in CsPbBr3 crystals (the analysis of the
slip traces is shown in Fig. S9 in the supplementary material). In
other words, the slip of dislocations is the predominant deformation
mechanism of MAPbBr3 and CsPbBr3 during the nanoindentation
test. These results verify the rationality of the creep stress exponent
(n) shown in Figs. 4(c) and Fig. S9 and Table S7 in the supplementary
material. Additionally, it also unravels the reason for the hardening
effect caused by the organic or halide mixture. The hardening effect
depends on whether the organic or halide mixture can evidently
increase the lattice distortion of OIHPs. The severe lattice distor-
tion can increase the resistance of the dislocation slip.34 Therefore,
the hardness of these organic and halide mixed OIHPs drastically
increases.

The strain introduced by nanoindentation is constrained in
a local region for the bulk sample and the nucleation and propa-
gation of cracks are suppressed. On this premise, dislocations are
activated to coordinate the deformation. However, cracks can nucle-
ate and propagate before the activation of slip systems when the
materials with the ABX3 perovskite structure are subjected to macro-
scopic deformation at room temperature, according to the literature
reports.35 Therefore, it is meaningless to declare that MAPbBr1.8Cl1.2
with a low creep stress exponent (n) of 5.1 can exhibit similar macro-
scopic flexibility to Al–10%Zn (at. %) alloy (n = 5 obtained from
a tensile test).36 However, the flexibility can still be improved with
the decrease in n. We can safely conclude that the halide mixture
at the X site can improve the flexibility of the perovskites, while the
organic cation mixture at the A site causes the deterioration of the
flexibility.

III. CONCLUSIONS
In this work, the mechanical properties of MAPbIxBr3−x,

MAPbBrxCl3−x, and FAyMA1−yPbBr3 single crystals have been stud-
ied by the nanoindentation techniques. The results show that
the organic cations (FA and MA) greatly affect the moduli of
FAyMA1−yPbBr3 single crystals. The mixture at the A or X site
significantly increases the hardness and the wear resistance of the
OIHPs. FAPbX3 shows better mechanical properties for devices
requiring high flexibility than MAPbX3. The dynamic mechanical
responses indicate that the mixture at the X site could obviously
reduce the creep stress exponent (or increase the strain rate sensi-
tivity), improving the ductility. By studying the static and dynamic
mechanical properties of the A site or X site mixed OIHP single

crystals, we obtain comprehensive information about the modulus
and hardness distribution and guiding the manufacturing flexibility
devices. The data suggest that the mixture in cations and anions in
OIHPs could be a way to improve the mechanical properties.

IV. EXPERIMENTAL METHODS
The MAPbX3 (X = I, Br, Cl), FAPbX3 (X = I, Br), and CsPbBr3

single crystals were grown using the inverse temperature crystalliza-
tion (ITC) method. The OIHP powders were firstly synthesized in a
water bath at 80 ○C. The organic and inorganic salts (formamidine
acetate, methylamine water solution, or cesium acetate), lead (II)
acetate trihydrate [Pb(Ac)2⋅3H2O], and halogen acid (HI, HBr, or
HCl) with a molar ratio of about 1.1:1:6 are used. The mixed-halide
perovskite powders are prepared by mixing hydroiodic acid with
hydrobromic acid or hydrobromic acid and hydrochloric acid as a
source of halogen. Finally, MAPbIxBr3−x and MAPbBrxCl3−x per-
ovskite powders are obtained. The mixed-organic cation perovskite
powders are prepared by mixing formamidine acetate salt and
methylamine as organic cation sources. Finally, FAyMA1−yPbBr3
perovskite powders are obtained.

For the crystallization of OIHP single crystals, the OIHP pow-
ders were dissolved in different kinds of organic solvents at different
growth temperatures. The FAPbI3 and MAPbI3 powders are dis-
solved in γ-butyrolactone (GBL) (CFAPbI3 or CMAPbI3 = 0.75 g/ml)
and the growth temperature is 90 ○C. The MAPbBr3 powder is dis-
solved in N, N-dimethylformamide (DMF) (CMAPbBr3 = 0.375 g/ml)
and the growth temperature is 90 ○C. The MAPbCl3 and CsPbBr3
powders are dissolved in dimethyl sulfoxide (DMSO) (CMAPbCl3
= 0.5 g/ml; CCsPbBr3 = 0.35 g/ml) and the growth temperature is
25 ○C. The FAPbBr3 powder is dissolved in GBL/DMF (v:v = 1:1)
(CFAPbBr3 = 0.4 g/ml). The solvents of GBL/DMF, DMF/DMSO,
and GBL/DMF are for the crystallization of MAPbIxBr3−x,
MAPbBrxCl3−x, and FAyMA1−yPbBr3, respectively.

The halide compositions of the samples were measured on a
SHIMADZU (XRF-1800) x-ray fluorescence (XRF) spectrometer.
The nuclear magnetic resonance (NMR) spectra were collected on
a Bruker 400 MHz NMR spectrometer and the spectra were ana-
lyzed in the software of TOPSPIN. All crystals were glued on the
stage of the nanoindentation without any polishing. The mechanical
small-scale deformation behavior of these crystals was investigated
by the nanoindentation test system (Agilent G200) by using differ-
ent modes at room temperature. A Berkovich-type nano-indenter
with a tip radius of 20 nm was used for all nanoindentation tests.
The hardness and modulus of all crystals were collected using a
continuous stiffness measurement (CSM) with a maximum depth
of 1500 nm and a strain-rate of ε̇ = ḣ/h = 0.05, and were calculated
using the standard Oliver and Pharr method. The superposed force-
frequency for the CSM was 45 Hz and the amplitude was 2 nm. To
avoid the surface effect and the shape effect of the nano-indenter tip,
the data were analyzed and averaged over 800 nm–1300 nm depths.
To test the dynamic mechanical behavior, such as creep measure-
ments, quasi-static load-controlled indentation experiments were
performed to a constant load of 3 mN at a loading rate of 0.1 mN/s
with a 100 s holding segment at the maximum load. For each test on
one sample, at least 10 experimentally valid indentations were per-
formed with a spacing of 30 times the indentation depth between
two adjacent indentation sites.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed informa-
tion about the following: the experimental results of XRD, NMR,
XRF investigations, and the nanoindentation test of MAPbIxBr3−x,
MAPbBrxCl3−x, and FAyMA1−yPbBr3 single crystals.
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