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A B S T R A C T

Organicinorganic halide perovskite (OIHP) thin ﬁlms at the heart of the burgeoning thin-ﬁlm perovskite
solar cells (PSCs) technology possess poor mechanical properties, which is likely to limit the long-term reliability of PSCs as they are poised for commercialization. In an effort to address this issue, here we demonstrate that through-thickness cracks induced by bending-tension in thin ﬁlms of the two prototypical OIHPs,
methylammonium lead triiodide (MAPbI3) and formamidinium lead triiodide (FAPbI3), can be healed easily.
This is through the application of either a moderate compressive stress (bending-compression) at room temperature or a simple heat-treatment at modest temperatures. The crack-healing process is found to be timedependent, which indicates that facile mass-transport in OIHPs plays a key role in this phenomenon. An
explanation for this phenomenon is provided, one based on the fundamentals of brittle fracture. This discovery has broad implications for the prevention and/or restoration of the overall performance, environmental
stability, and mechanical reliability of PSCs, and other devices.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Organicinorganic halide perovskites (OIHPs), at the heart of
the burgeoning thin-ﬁlm thin-ﬁlm perovskite solar cells (PSCs)
technology, are a fascinating family of true hybrid materials with
unprecedented optoelectronic and defect-tolerance properties
[15]. As such, there is widespread interest in PSCs where the
record efﬁciency has now topped 25% [6], rivaling silicon photovoltaics (PVs). Another important feature of OIHP thin ﬁlms driving the interest in PSCs, and for other potential applications of
OIHPs [7], including light-emitting diodes [8], lasers [9], and
detectors [1012], is that they can be deposited using low-cost
solution-based methods [13]. This is due to their low formation
energies [14,15], but this also makes OIHPs unstable [16,17].
Thus, much of research in the PSCs ﬁeld has expanded to improving not only performance [2,4,5] and scalability [18], but also stability [16,17], where signiﬁcant progress has been made.
However, PSCs will also need to be mechanically reliable if they
are to operate efﬁciently for decades, but there is paucity of
research in this area [16,1922]. This is particularly important in
the case of PSCs because OIHPs, owing to their low formation
energies, are also inherently compliant (low Young’s modulus, E),
soft (low hardness, H), and brittle (low fracture toughness, KIC)
[19,2124]. For example, MAPbI3 has E~17.8 GPa, H~0.58 GPa,
and KIC~0.22 MPa m0.5 [21]. By comparison, silicon, the
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workhorse material used in myriad devices including PVs, has
E~170 GPa, H~10 GPa, and KIC~0.7 MPa m0.5 [25]. However, the
critical strain energy release rate, GC = KIC2/E, also referred to as
toughness or cohesion energy, is similar for the two materials:
MAPbI3 GC~2.7 J m2 and silicon GC~2.9 J m2. The sources of
mechanical stresses that drive fracture in OIHP thin ﬁlms within
the multilayer PSCs include: (i) internal residual stresses due the
coefﬁcient of thermal expansion (CTE) mismatch with the substrate and other layers; (ii) thermo-mechanical stresses due to inservice thermal excursions; and (iii) externally applied stresses, e.
g. bending, stretching, twisting of ﬂexible devices.
It is noteworthy that, historically, most commercial devices, including PVs, have gone through a familiar research/development sequence
 increasing performance, upscaling, improving stability, and enhancing
reliability  before making it to the marketplace successfully. In this
context, PSCs are likely to be no exception. Thus, to address some of
the issues related to enhancing reliability, here we report the ﬁrst demonstration of facile healing of through-thickness cracks in thin ﬁlms of
two prototypical OIHPs, methylammonium lead triiodide (CH3NH3PbI3
or MAPbI3) and formamidinium lead triiodide (a-HC(NH2)2PbI3 or
a-FAPbI3), that can be deleterious to their properties. This is through
the application of either a moderate compressive stress at room temperature or a simple heat-treatment at moderate temperatures. Thus,
while OIHP thin ﬁlms crack readily because of their brittleness, they
can also be healed readily  a discovery that has broad implications for
the prevention and/or restoration of the overall performance, environmental stability, and mechanical reliability of PSCs, and other devices,
as they are poised for commercialization.

S.K. Yadavalli et al. / Acta Materialia 187 (2020) 112121

2. Experimental procedure
2.1. Thin ﬁlm synthesis
MAPbI3 thin ﬁlms (~400 nm thickness) were synthesized using
the solvent-engineering method [26]. Brieﬂy, the MAPbI3 precursor
solution was prepared by dissolving MAI (Greatcell, Australia) and
PbI2 (Alfa Aesar, USA) in stoichiometric (1:1) ratio in dimethyl formamide (DMF; Sigma Aldrich, USA) to obtain a 40 wt% solution. Polyethylene terephthalate (PET) substrates (15 £ 15 mm2, ~178 mm
thickness) coated with indium-doped tin oxide (ITO; ~100 nm thickness) transparent-conducting oxide (TCO) obtained commercially
(Sigma Aldrich, USA) were ﬁrst cleaned. The precursor solution was
spin-coated onto the substrates at 4000 rpm for 20 s, during which
250 mL of antisolvent chlorobenzene (Sigma Aldrich, USA) was
dripped quickly at the end of 6th second at the center of the ﬁlm. The
resulting ﬁlms were heat-treated using a hotplate at 115 °C for
10 min, to result in fully-crystallized standard MAPbI3 thin ﬁlms used
in this study. In order to study the effect of the ITO coating on the PET
substrate, some MAPbI3 thin ﬁlms were deposited on bare PET substrates without the ITO coating using the same procedure.
a-FAPbI3 OIHP thin ﬁlms (~500 nm thickness) were synthesized
using a method reported elsewhere [27]. Brieﬂy, the FAPbI3 precursor
solution was prepared by dissolving 0.086 g FAI (Greatcell, Australia)
and 0.23 gm PbI2 (Alfa Aesar, USA) in a mixture of 0.29 g DMF (Acros
Organics, USA) and 47 mL of n-methyl-2 pyrrolidinone (NMP; Acros
Organics, USA). The precursor solution was spin-coated on precleaned ITO/PET substrates at 4000 rpm for 30 s, during which
130 mL of antisolvent diethyl ether (DEE; Sigma Aldrich, USA) was
dripped quickly at the end of 8th second at the center of the ﬁlm. The
resulting ﬁlms were heat-treated using a hotplate at 80 °C for 1 min,
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followed by 160 °C for 10 min, to result in the standard a-FAPbI3 thin
ﬁlms used in this study.
All thin-ﬁlm synthesis was performed in a N2-ﬁlled glovebox.
2.2. Scanning electron microscopy (SEM)
Fig. 1 shows the overall scheme for the cracking and healing
experiments. The as-synthesized, cracked, mechanically-healed, and
thermally-healed OIHP thin ﬁlms, corresponding to states I, II, III, and
IV in Fig. 1, respectively, were observed in a SEM (LEO, Zeiss, Germany) operated at 5KV accelerating voltage. SEM imaging was performed using a prolonged e-beam exposure of ~3 min, as explained
later in Section 3.1. Some rapid SEM observations were also performed by limiting the e-beam exposure to few seconds. In some
cases, ITO/PET substrates by themselves, and ones with MAPbI3 thin
ﬁlms, were also observed in the SEM in situ while under the bendingtension (see Fig. S1 in Supporting Materials (SM)).
2.3. Mechanical testing
The OIHP thin ﬁlms on ITO/PET substrates were subjected to a uniform stress by wrapping them around a glass mandrel of known radii
(R), as shown in Fig. S1 in SM. This procedure, rather than bending
the substrate without the mandrel, ensures constant bending radius
over the entire specimen and, thus, a uniform applied uniaxial stress.
This applied stress is either tensile (s T) or compressive (s C) when the
curvature is positive (OIHP ﬁlm facing the outside) or negative (OIHP
ﬁlm facing inside, in contact with the mandrel), respectively. Fig. 2(A)
shows SEM images of MAPbI3 thin ﬁlm while under bending
(R = 7.4 mm) with ‘channeling’ cracks. Under the same conditions,
the bare ITO of the ITO/PET substrate, without the MAPbI3 thin ﬁlm,

Fig. 1. Schematic illustration (cross-sectional) of the procedures used for the cracking and crack-healing in OIHP thin ﬁlms (400500 nm thickness) on ﬂexible ITO/PET substrates
(~180 mm thickness): (I) as-synthesized, (II) cracked, (III) mechanically-healed, and (IV) thermally-healed. 3D schematic illustration of II included (right). Not to scale.
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Fig. 2. Top-surface SEM images of MAPbI3 thin ﬁlm while under tension-bending (see Fig. S1 in SM) at: (A) R = 7.4 mm and (B) R = 6.0 mm. Top-surface SEM images of bare ITO/PET
substrates while under bending-tension at: (C) R = 7.4 mm and (D) R = 6.0 mm. Insets: higher magniﬁcation images. ‘Channeling’ cracks marked by arrows.

does not show cracking (Fig. 2(C)). This implies that the ‘channeling’
cracks are conﬁned to the MAPbI3 thin ﬁlm. At sharper bending
radius (R = 6.0 mm) both the MAPbI3 thin ﬁlm (Fig. 2(B)) and the bare
ITO of the ITO/PET substrate (Fig. 2(D)) show extensive channelingcracking. Thus, in Fig. 2(B) and (D) it appears that the cracking of the
ITO in the ITO/PET substrate governs the cracking of the MAPbI3 thin
ﬁlm above. Therefore, the bending radius was limited to R = 7.4 mm
in this study, where this applied bending-tension (for 0.5 min) corresponds to a uniaxial tensile stress of s T = 214 MPa in the OIHP thin
ﬁlm, calculated using:

sT ¼

Eh
;
2R

ð1Þ

where E = 17.8 for MAPbI3 [21] and h = 178 mm (neglecting the
extremely thin ITO and OIHP ﬁlms). In the case of a-FAPbI3, reliable
mechanical properties data are scarce, but they are not expected to
be substantially different from that of MAPbI3 as the mechanical
behavior of OIHPs is governed primarily by the 3D framework inorganic of the (PbI64) octahedra, where the Pb-I bond distance in both
OIHPs is almost the same [24]. Therefore, the same E = 17.8 GPa is
assumed for a-FAPbI3 thin ﬁlm for calculating s T and s C.
For mechanical-healing, the mandrel radius was R = 7.4 mm
(s C = 214 MPa), and the duration was 0.5 min. In order to expand the
mechanical-healing timescale for studying possible time-dependent

effects, a shallower R = 13.5 mm was used for bending-compression
(s C = 117 MPa) for 0.5 min and 1 min, while the same R = 7.4 mm for
bending-tension (s T = 214 MPa, 0.5 min) was used to induce cracking
beforehand.
For thermal-healing, the heat-treatment conditions for MAPbI3
and a-FAPbI3 thin ﬁlms were 100 °C for 5 min and 140 °C for 10 min,
respectively. To study the time dependence of thermal healing effect
in MAPbI3 thin ﬁlms, a lower annealing temperature (80 °C) was
used, and the residual stress was measured as a function of time.

2.4. X-ray diffraction
The as-synthesized MAPbI3 and a-FAPbI3 thin ﬁlms were characterized using a laboratory diffractometer (Cu Ka radiation; D8 Discover, Bruker, Germany) in ambient atmosphere to conﬁrm their
phase purity. The equi-biaxial residual tensile stresses (s R) in the
MAPbI3 thin ﬁlms in the various states (I, II, III, and IV) were measured at room temperature using the well-established and internally-consistent sin2c method. Here XRD patterns were collected
using the same diffractometer as a function angle c, which is perpendicular to the axes normal to the scattering and the specimen planes.
The d-spacings for the well-deﬁned (224) Bragg peak at the 2u40.68
were used to generate the d-spacing vs. sin2c plots. The residual
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Fig. 3. Top-surface SEM images of MAPbI3 thin ﬁlms corresponding to the various states: (A) as-synthesized (I), (B) cracked (II), (C) mechanically-healed (III), and (D) thermallyhealed (IV). Arrows in (B) mark ‘channeling’ cracks. SEM e-beam exposure is ~3 min, and the accelerating voltage is 5 kV. See Figs. S4A-S4C in SM for corresponding SEM images
(same regions) for few seconds SEM e-beam exposure.

stress is calculated using the following relation [28,29]:


 
E
m
;
sR ¼
1 þ n h 224 i dn

ð2Þ

where m is the slope of the linear ﬁt to the data in Fig. S2(A)S2(D) in
SM, dn is the d224 spacing at c = 0 (y-intercept), E is the Young’s modulus, and n is the Poisson’s ratio. Since the elastic constants of MAPbI3
in the h224i directions are not known, the average values for E
(=17.8 GPa) [21] and n (=0.33) [23] are used, which is a good approximation considering that {224} are high-index planes. In the case of
a-FAPbI3 thin ﬁlms, since m~0 in Fig. S3 in SM ((003) Bragg peak at
2u~40.38), s R is assumed to be negligible.
As-synthesized (state I), cracked (state II), and mechanicallyhealed (state III) a-FAPbI3 thin ﬁlms were exposed to 80% relative
humidity (RH) at 23 °C for 12 and 18 h. XRD patterns of these thin
ﬁlms were obtained using the laboratory diffractometer to study
their degradation.
In order to conﬁrm the mechanical-healing effect in a MAPbI3 thin
ﬁlm, synchrotron grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were carried out at the undulator beamline
sector 12-ID-D of the Advanced Photon Source at Argonne National
Laboratory. The sample was mounted on a Huber six-circle

Fig. 4. Measured s R in MAPbI3 thin ﬁlms corresponding to states I, II, III, and IV. Each
circle is an individual measurement.
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Fig. 5. Synchrotron XRD patterns (same Intensity scale) from a MAPbI3 thin ﬁlm ((110)
Bragg peak) corresponding to the various states: (I) as-synthesized, (II) cracked, and
(III) mechanically-healed.

diffractometer that can precisely control the X-ray angle of incidence
to achieve the grazing incidence condition for GIWAXS. The thin-ﬁlm
Bragg peak intensity was used to align the optimal angle of incidence.
All GIWAXS measurements were conducted at room temperature at
X-ray energy of 20 keV, with the beam proﬁle of 500 mm
(horizontal) £ 70 mm (vertical). An optical laser alignment was utilized to locate the same X-ray spot and footprint between different
states (I, II, and III) on the same MAPbI3 thin ﬁlm.

3. Results
3.1. MAPbI3 thin ﬁlms
Fig. 3(A) is a top-surface SEM image of the as-synthesized MAPbI3
thin ﬁlm (state I) after prolonged e-beam exposure. A few grainboundary micro-cracks of random orientation are observed. Fig. 3(B)
is a SEM image of the MAPbI3 thin ﬁlm top-surface after applying
bending-tension (s T = 214 MPa, 0.5 min) and ﬂattening the sample
(state II), where oriented large ‘channeling’ cracks are seen upon prolonged e-beam exposure. After bending-compression (mechanicalhealing) the same MAPbI3 thin ﬁlm (s C = 214 MPa, 0.5 min), and
then ﬂattening the sample (state III), the cracks appear to have been
healed (Fig. 3(C)). These same experiments were repeated at several
arbitrary locations within a region (~0.1 £ 0.12 mm2) before and after
healing the cracked MAPbI3 thin ﬁlm specimen, and also repeated in

several different specimens, where similar SEM results were obtained
in all the cases.
It should be pointed out that during the SEM observation of OIHP
thin ﬁlms, micro-cracking is often seen to occur, even at the low
accelerating voltage of 5 KV. Typically, the micro-cracking is limited
to opening up random grain boundaries in the as-synthesized thin
ﬁlms. In Fig. S4(A) in SM the top and bottom images show the same
area of an as-synthesized MAPbI3 thin ﬁlm (state I) after 0 min and 3
min exposure to the SEM e-beam, respectively. While no grainboundary micro-cracks are observed in the top image, they open up
in random orientations, and are marked in the bottom image. In the
case of cracked MAPbI3 thin ﬁlm (state II) in Fig. S4B in SM, after 3
min SEM e-beam exposure (bottom), oriented cracks (‘channeling’
cracks) appear, although they are not visible in the top image (fewseconds SEM e-beam exposure). In the case of the mechanicallyhealed ﬁlm (state III), no ‘channeling’ cracks are visible, only random
grain-boundary micro-cracks are observed in Fig. S4(C) (bottom) in
SM, similar to the as-synthesized thin ﬁlm (Fig. S4(A) (bottom) in
SM). Thus, the SEM e-beam exposure leads to grain-boundary microcracks in the as-synthesized and the healed MAPbI3 thin ﬁlms, and
opens up preexisting ‘channeling’ cracks in the cracked MAPbI3 thin
ﬁlm. The SEM e-beam-induced delineation of preexisting cracks is
also observed in a-FAPbI3, but it is typically not observed in all-inorganic halide perovskites, such as CsPbI3. The origin of this interesting
and useful phenomenon is related to the partial volatilization of the
organic molecules (MAI or FAI) under the SEM e-beam due to knockon damage [30]. This results in volume shrinkage of the grains that
pull away, generating local tensile stresses that help generate microcracks or open up the preexisting ‘channeling’ cracks. Unfortunately,
this approach is ‘destructive,’ making it impossible to image the same
area through the cracking and crack-healing cycle in situ or ex situ.
While SEM observations are useful, they are qualitative, highly
localized, and limited to the surface, which limits the ability to delineate cracking and healing clearly. Note that, electrical-conductivity
measurement is also unable to differentiate between cracks that are
closed (crack walls in physical contact) and cracks that are truly
healed (chemical bonding of crack walls). In this context, the manifestation of true crack-healing is the ability of the healed material to
sustain large-scale tensile stresses. Here, we make use of the fact that
most MAPbI3 thin ﬁlms are under moderate equi-biaxial in-plane
tensile residual stress (s R) as a result of the large CTE mismatch with
the substrate and cooling from the processing temperature [21]. The
average linear CTEs of MAPbI3 and the ITO/PET substrate are
aOIHP~50 £ 106°C1 [31] and aITO/PET~12 £ 106 °C1 [32], respectively. Thus, a tensile s R~93 MPa is calculated using:

sR ¼

EDaDT
;
1 n

ð3Þ

Fig. 6. Measured tensile residual stress in MAPbI3 thin ﬁlms as a function of healing duration: (A) mechanically-healed (III) at a lower s C = 117 MPa and (B) thermally-healed (IV)
at a lower temperature T = 80 °C. Note the time-dependence of the crack-healing process in both cases. The as-synthesized (I) and cracked (II) data are from Fig. 4. Each circle is an
individual measurement.
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Fig. 7. Top-surface SEM images of a-FAPbI3 thin ﬁlms corresponding to the various states: (A) as-synthesized (I), (B) cracked (II), (C) mechanically-healed (II), and d) thermallyhealed (IV). Arrows in (B) mark ‘channeling’ cracks. SEM e-beam exposure is ~3 min, and the accelerating voltage is 5 kV.

where Da = aOIHP-aITO/PET = 38 £ 106 °C1, DT = 92 °C (11523 °C),
and n=0.33 [2123]. This is assuming that the crystallization of the
ﬁlm from the solution and its chemically-bonding to the substrate
occur at the heat-treatment temperature, and that there is no stressrelaxation during cooling.
The residual stresses in the MAPbI3 thin ﬁlms in states I, II, III, and
IV measured over a large area using the XRD sin2c method are plotted in Fig. 4. An s R~45 MPa is found in the as-synthesized MAPbI3
thin ﬁlms (state I), which is lower than the calculated value of
~93 MPa. This is most likely due to the partial crystallization/attachment of the ﬁlm before reaching the heat-treatment temperature.
Note that a s R~50 MPa is measured for MAPbI3 deposited on bare
PET substrate without the ITO (see Fig. S5 in SM), conﬁrming that the
ITO does not play a role in determining the residual stress. The relaxation of average s R to ~8 MPa (average) in the cracked ﬁlm (state II)
is conﬁrmed in Fig. 4. After bending-compression and ﬂattening of
the ﬁlm (state III), the residual stress is mostly restored (average
s R~38 MPa). These results conﬁrm that the cracks have been healed,
and that the ﬁlm is once again able to sustain the tensile residual
stresses. Fig. 5 presents the results from synchrotron XRD, where the
shift of the MAPbI3 Bragg peak (110) from higher 2u~14.02° for assynthesized ﬁlm (state I) to lower 2u ~13.97° for cracked ﬁlm (state

II), and then back to 2u~14.01° for mechanically-healed ﬁlm (state III)
further conﬁrms the crack-healing effect in MAPbI3.
Fig. 6(A) plots the measured s R in MAPbI3 thin ﬁlms (state II) as a
function of bending-compression healing duration (s C = 117 MPa)
where only partial recovery of s R (~18 MPa average) is observed at
0.5 min, and full recovery of s R (~47 MPa average) at 1 min. These
results conﬁrm the time-dependence of the mechanical-healing
effect at room temperature, and suggest that stress-induced masstransport (e.g. ionic diffusion) processes are at play during crack-healing. In this context, ionic diffusion is known to be facile in MAPbI3
[33,34], with the following estimated ionic diffusivities:
DI~2.4 £ 108 cm2 s1 (at 298 K) [35] and DMA,Pb~4 £ 1015 cm2 s1
(at 343 K) [36]. Since diffusion is a thermally-activated process,
crack-healing should be possible using heat-treatment alone. Also,
upon heating, the higher CTE of the MAPbI3 relative to the ITO/PET
substrate will lead to net expansion of the thin ﬁlm, inducing compression on the open cracks in the cracked ﬁlms. Thus, the cracked
MAPbI3 ﬁlms (state II) were subjected to a simple heat-treatment of
100 °C for 5 min (state IV). The SEM image in Fig. 3(D) shows healed
cracks after heat-treatment. Full restoration of the residual stress
(average s R~51 MPa) in Fig. 4 conﬁrms thermal-healing of cracks.
Lower temperature (80 °C) heat-treatment for 5 min results in only
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Fig. 9. (A) Schematic illustration of the energy landscape of crack-healing in brittle
materials, where g i is the driving force for healing and EA is the activation energy. (B)
(F) Cross-sectional schematic depiction (not to scale) of the steps in the cracking and
healing (mechanical and thermal) processes, where s R is the tensile residual stress (in
MAPbI3, but not in a-FAPbI3), s T is the applied tension (tension-bending), s C is the
applied compression (bending-compression; mechanical-healing), and s H is the compression induced due to the heat-treatment (thermal-healing).

a-FAPbI3. After bending-compression (mechanical-healing) the same
a-FAPbI3 thin ﬁlm (s C = 214 MPa, 0.5 min), and then ﬂattening the
Fig. 8. XRD patterns (same Intensity scale) of a-FAPbI3 thin ﬁlms corresponding to the
various states: (A) as-synthesized (I), (B) cracked (II), and (C) mechanically-healed (III),
subjected to environmental exposure (80% RH, 23 °C) for 0 h (dashed), 12 (solid black),
and 18 h (solid red). Bragg peaks for a-FAPbI3 (001) and d-FAPbI3 (010) are marked.

partial restoration of the residual stress (s R~30 MPa average), and a
prolonged treatment for 10 min (80 °C) fully restores the residual
stress (s R~44 MPa average), as seen in Fig. 6(B). This further conﬁrms
the time-dependent nature of the crack-healing process.
3.2. a-FAPbI3 thin ﬁlms
To investigate the generality of this phenomenon in OIHPs, the
same experiments were repeated on thin ﬁlms of a-FAPbI3, an
important OIHP material that is also being researched heavily for
PSCs and other optoelectronic devices, as it has more desirable thermal stability and optical properties relative to MAPbI3 [5,37]. Fig. 7
(A) is a top-view SEM image of the as-deposited a-FAPbI3 thin ﬁlm
(state I) showing no oriented ‘channeling’ cracks upon prolonged ebeam exposure. Upon applying bending-tension (s T = 214 MPa,
0.5 min) and ﬂattening the sample (state II) oriented large ‘channeling’ cracks are seen in Fig. 7(B) upon prolonged e-beam exposure.
‘Channeling’ Cracks in a-FAPbI3 thin ﬁlms propagate primarily
through the grains (transgranular), whereas those in MAPbI3 are
mostly conﬁned to grain boundaries (intergranular). This could be
due to the CTE-anisotropy induced micro-stresses present in grain
boundaries in the tetragonal MAPbI3 [21], but are absent in the cubic

sample (state III), the cracks appear to have been healed (Fig. 7(C)). In
the case of thermal-healing (140 °C, 10 min), the cracks also appear
to have been healed in Fig. 7(D) (state IV).
Unlike MAPbI3, FAPbI3 is known to exist as two polymorphs, the
OIHP a-FAPbI3 ‘black’ phase and the non-perovskite d-FAPbI3 ‘yellow’
phase [1]. During the processing of these thin ﬁlms, the initial
d-FAPbI3 attached to the substrate converts to a-FAPbI3 at the heattreatment temperature (160 °C). Associated with that d-to-a transformation is volume expansion, where the molar volumes of the


d-FAPbI3 and the a-FAPbI3 phases are 255.8 A3 and 257.5 A3, respectively [38]. This translates into a linear tensile strain (e) of ~0.0022,
and due to the constraint of the substrate, results in a bi-axial residual
compressive stress (s ) in the thin ﬁlm of about 59 MPa (s =Ee/(1n)) at the heat-treatment temperature. This negates the CTE-mismatch strain that accumulates during the cooling of the thin ﬁlm to
room temperature, where the a-FAPbI3 is retained as a metastable
phase. This is the reason for the absence of s R in as-deposited
a-FAPbI3 thin ﬁlms (see Fig. S3 in SM), and hence the XRD-based s R
measurement approach used in the case of MAPbI3 thin ﬁlms cannot
be applied to a-FAPbI3 thin ﬁlms. However, the a-FAPbI3 phase is
known to degrade to the undesirable d-FAPbI3 ‘yellow’ phase upon
exposure to ambient atmosphere [16,37], which is expected to be
accelerated with the presence of cracks which allow facile moisture
ingression. Thus, to assess the relative stabilities of as-synthesized
(state I), cracked (state II), and mechanically-healed (state III)
a-FAPbI3 thin ﬁlms, they were exposed to 80% relative humidity (RH)
at 23 °C for 12 and 18 h, and characterized using XRD. The XRD patterns in Fig. 8(A) (state I) and 8C (state III) show slower a-to-d
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degradation, conﬁrming the absence of the cracks. In contrast, faster
a-to-d degradation is observed in the cracked thin ﬁlm (state II) in
Fig. 8(B). Note that results from parallel experiments in MAPbI3 thin
ﬁlms, which also degrade (typically to PbI2) upon exposure to humid
environment, were inconclusive. This is because the s R present in
uncracked MAPbI3 thin ﬁlms, which is absent in a-FAPbI3 thin ﬁlms,
can also accelerate moisture-induced degradation [39,40]. Thus, the
effect of cracking alone on the degradation cannot be isolated in the
case of MAPbI3 thin ﬁlms.
All the results demonstrate the generality of the crack-healing
phenomenon in OIHPs, although it is found to be more facile in
MAPbI3 compared to a-FAPbI3, which may be related to the higher
formation energy of a-FAPbI3 [14,15].
4. Discussion
The interesting cracking-healing observations in OIHP thin ﬁlms
can be explained based on the fundamentals of brittle fracture. The
original Grifﬁth theory of brittle fracture is couched in thermodynamics, where for equilibrium fracture to occur, the decrease in the
mechanical energy (UM) of the system is balanced exactly by the corresponding increase in the surface energy (US) of the material [25]:
dU/dC = 0, where dU = dUM+dUS and dC is the inﬁnitesimal crack area
(length dc £ unit width). Here dUM and dUS identify with GdC and
+GCdC, respectively, where G is the applied strain energy release rate.
In an in vacuo closed system, GC is the same as the speciﬁc surface
energy of the material, 2g S [25]. (In the case of intergranular fracture
in a polycrystalline material, GC = 2g S-g GB, where g GB is the grain
boundary energy [25]). Thus, in such an ideal situation, the crack will
propagate when dU/dC0 (loading), but implicit in the Grifﬁth theory
is the fact that the crack will retract and heal when dU/dC>0 upon
unloading [25]. However, in real systems, there are several dissipative elements that can prevent cracks from healing completely upon
full unloading of the external load, some of which that are relevant to
thin ﬁlms are listed as follows [25]. First, relaxation of any residual
stresses that may be present can prevent the cracks walls from coming in contact despite full unloading. Second, atomic and/or molecular species from the atmosphere can adsorb onto fresh fracture
surfaces, which are trapped when the crack walls are brought back
together in contact. Third, there is always slight misalignment
between the two relaxed mating crack-wall surfaces, compared to
the original material before fracture, when they come together in
contact upon unloading during healing. (Small bits of material and
other debris can also fall in between the crack walls during the fracture process, which can serve as ‘wedges’ when the crack walls come
together for healing. However, this effect is relevant to bulk materials, not thin ﬁlms, where the cracks are deep and crack-mouth openings wide.) Thus, additional energy is needed to force the crack walls
together in intimate contact, and to drive mass-transport across that
contact for restoring the chemical bonds and heal the cracks [25].
Furthermore, the healed crack is now an ‘interface,’ and not ‘pristine’
material, which may comprise relaxed/misoriented lattice and
trapped atoms/molecules from the environment. If the speciﬁc
energy associated with that new ‘interface’ is g i, then the energy of
the overall healed crack is GC0 = GC-g i. This energy-landscape discussion is depicted schematically in Fig. 9(A), where the difference
between the free energy of the healed system (GC’) and the unhealed
system (GC), g i, represents the driving force for crack-healing. The
activation energy, EA, is then provided by a combination of compressive stress (applied or CTE-mismatch induced) and temperature
(room temperature or elevated temperature). By corollary, the healed
crack ‘interface’ will have a lower toughness compared to the ‘pristine’ material.
This mechanism is illustrated schematically in Fig. 9(B)(F),
where Fig. 9(B) depicts the as-deposited MAPbI3 thin ﬁlm with the
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in-plane biaxial tensile residual stress (s R), which is absent in the
a-FAPbI3 thin ﬁlm. Upon the application of external uniaxial tensile
stress (s T) during bending, the ﬁlm fractures at multiple locations
when the applied strain energy release rate GGC (Fig. 9(C)). The
experimental evidence (Fig. 4) has shown that the cracking relaxes
the s R in MAPbI3 (Fig. 9(D)). Due to the reasons mentioned above,
upon unloading, the cracks are not healed, in both MAbI3 and
a-FAPbI3 thin ﬁlms. In the case of mechanical-healing, an externally
applied compressive stress s C = 214 MPa is sufﬁcient to bring the
crack walls in intimate contact in both MAPbI3 and a-FAPbI3 thin
ﬁlms. Restoration of chemical bonding can then occur as a result of
stress-induced, thermally-activated ionic-diffusion across the closed
interface (Fig. 9(E)), which is sufﬁciently rapid at room temperature
in OIHPs [3336]. The time-dependence experiments (Fig. 6) conﬁrm
the thermally-activated nature of the crack-healing process. In the
case of thermal-healing, where no external compression is applied,
the CTE-mismatch compressive stress s H is estimated at 79 MPa for
MAPbI3 (DT = 23100 °C) using Eq. (3). In the case of a-FAPbI3,
assuming the same E and aOIHP values, s H is estimated at 118 MPa
(DT = (23140 °C)), where the a-to-d phase transformation is not
occurring during the heat-treatment. These internal compressive
stresses induced due to the heat-treatment (Fig. 9(E)) are lower than
the applied stress of s C = 214 MPa in the room-temperature
mechanical-healing case, but the higher temperature is expected to
accelerate ion-diffusion, resulting in the crack healing in the OIHP
thin ﬁlms (Fig. 9(F)), and the restoration of the tensile residual
stresses in the case of MAPbI3.
The allure of regaining the mechanical integrity of cracked brittle
materials has driven sporadic studies of crack healing for almost a
century. The earliest report of crack healing in brittle materials by
Oberimoff dates back to 1930, where cleaving and healing of mica
was studied [25,41]. While most of the later studies were focused on
bulk oxide ceramics and glasses, where heat-treatments at very high
temperatures were used to heal cracks [42,43], there have been only
a couple of low-temperature crack-healing studies on all-inorganic
halides such as KCl, KBr, and LiF [44,45]. For example, in KCl, a compressive stress was used to partially heal large cracks in bulk KCl single-crystals at room temperature, where about 2025% of the initial
KIC is regained in the healed crystals depending on the loading rate
(time-dependent) [45]. While this healing effect is modest, it was
found to be more pronounced in irradiated KCl single-crystals containing higher concentration of point defects [45]. These results indicate that ionic-diffusion, which is facilitated by point defects, plays a
key role in crack-healing in KCl. It is likely that similar mechanisms
are at play in the crack-healing of OIHP thin ﬁlms with its even higher
point-defects concentration and more facile ionic diffusion compared
to all-inorganic halides [3336].
The formation of through-thickness vertical cracks in the brittle
OIHP thin ﬁlm due to the various sources of internal and external
stresses certainly compromises the integrity of the PSCs, leading to
the degradation of their performance, environmental stability, and
mechanical reliability. More importantly, these vertical cracks provide a proliferation of internal free-surfaces, which, over time, facilitate the nucleation and propagation of the more damaging horizontal
delamination cracks at the interfaces between the OIHP thin ﬁlm and
the other layers. In this context, the crack-healing of OIHP thin ﬁlms
demonstrated here, which is based on inherent material behavior,
can be combined with more engineering approaches, such as shifting
of neutral-axis in bending [46]. This is likely to have broad implications for preventing and/or restoring the overall performance, environmental stability, and mechanical reliability of PSCs. Thus, in the
context of OIHPs, the following axiom may be stated: what is easy to
‘make’ (solution-processing), is easy to ‘break’ (fracture), but is also
easy to ‘ﬁx’ (crack-healing). This axiom is equally applicable to other
interesting ‘healing’ phenomena observed in OIHPs [4749].
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6. Summary
The facile healing of through-thickness cracks induced by bending-tension in thin ﬁlms of two prototypical OIHPs, MAPbI3 and
a-FAPbI3, is demonstrated. This is through the application of either a
moderate compressive stress (bending-compression) at room temperature or a simple heat-treatment at moderate temperatures.
Crack-healing is conﬁrmed by SEM observations in both MAPbI3 and
a-FAPbI3 thin ﬁlms. In addition, XRD techniques are used to conﬁrm
crack-healing: the restoration of CTE-mismatch residual stresses in
MAPbI3 thin ﬁlms and the diminished environmental degradation in
a-FAPbI3 thin ﬁlms. In both OIHP thin ﬁlms, the crack-healing process
is found to be time-dependent, which indicates that facile masstransport in OIHPs plays a key role in this phenomenon. The crackhealing mechanisms in OIHP thin ﬁlms are explained based on the
fundamentals of brittle fracture. This discovery of facile crack-healing
in OIHP thin ﬁlms has broad implications for the prevention and/or
restoration of the overall performance, environmental stability, and
mechanical reliability of PSCs, and other devices, as they are poised
for commercialization.
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