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a b s t r a c t
The curious phenomenon of cracking in organic-inorganic halide perovskite (OIHP) thin ﬁlms for solar
cells during scanning electron microscopy (SEM) can be seen in literally thousands of published SEM micrographs. Here we demonstrate, for the ﬁrst time, the mechanisms responsible for this e-beam-induced
damage in OIHP thin ﬁlms, which is precluding their detailed SEM-characterization and understanding.
The e-beam-induced rapid volatilization of the organic species from the OIHP surface in the SEM results
in localized shrinkage and buildup of tensile stresses. These stresses drive grain-boundaries cracking, resulting in a ‘mud-cracking’ pattern that is inﬂuenced by the thin-ﬁlm grain size.

Organic-inorganic halide perovskite (OIHP) materials are a
fascinating class of true hybrid semiconductor materials [1],
which are of great interest as active thin ﬁlms in perovskite
solar cells (PSCs) [2–4], and other optoelectronic devices such as
light-emitting diodes, lasers, and detectors [5]. This is driven by
the exceptional optoelectronic and defect properties of OIHPs that
can be tuned [6–8]. The progress in PSCs has been particularly
spectacular, where the record eﬃciency has soared from 3.8%
[9] to 25.2% [10] over the past decade. The promise of low-cost,
solution-processed PSCs with high eﬃciencies [11], and their
potential impact on the global renewable-energy landscape, is
driving the effort worldwide.
3D OIHPs have the general formula AMX3 , where typically the
organic-molecular cation ‘A’ is CH3 NH3 + (methylammonium, or
MA+ ) or HC(NH2 )2 + (formamidinium, or FA+ ); ‘M’ is an elemental
cation such as Pb2+ or Sn2+ ; and ‘X’ is a halide anion (I− , Br− ,
or Cl− ) [1,12]. The ‘A’ site can also be occupied by an elemental
cation, such as Cs+ , in all-inorganic halide perovskites, which are
not OIHPs [1]. OIHP thin ﬁlms used in PSCs are invariably polycrystalline due to the way they are solution- or vapor-processed
[11]. The low formation energies of OIHPs that make it possible to process them at or near room temperature [11], also
makes them unstable [13–15]. Furthermore, this renders OIHP
thin ﬁlms susceptible to electron-beam (e-beam) damage during
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their observation in electron microscopes [16–20], making it
diﬃcult to characterize and understand the microstructures in any
detail. This is very problematic because the microstructure is a
dominant characteristic of OIHP thin ﬁlms that controls, to a large
extent, their physical, electrical, optical, and mechanical properties,
which in turn inﬂuences PSCs performance, stability, and reliability
[11,21–24]. Thus, it is critically important to understand the nature
of e-beam damage in OIHPs, with the ultimate goal of mitigating
it so as to enable detailed characterization and understanding of
their microstructures.
Here we focus on e-beam degradation of OIHPs in the scanning
electron microscope (SEM), a workhorse tool most widely used to
characterize OIHP-thin-ﬁlm microstructural features: grains (morphology, size, distribution), grain boundaries, etc. Cracking at grain
boundaries in OIHP thin ﬁlms is pervasive and has been observed
in literally thousands of published SEM micrographs in the literature (see e.g. Ref. [25]). However, in almost all of the cases,
this phenomenon is either not recognized as being associated with
the very act of SEM observation or dismissed as an artifact or
ignored altogether. Here we have performed a systematic SEM
study of OIHP thin ﬁlms of three different compositions — MAPbI3 ,
FAPbI3 , MAPbBr3 — and one all-inorganic halide perovskite reference composition — CsPb0.6 Sn0.4 I3 . The effect of grain size on
this phenomenon in MAPbI3 and FAPbI3 thin ﬁlms is also investigated. We show that the genesis of cracking in OIHP thin ﬁlms
under the SEM e-beam is associated with the rapid volatilization
of the organic cations from the exposed surface, resulting in tensile stresses. These tensile stresses drive the fracture of the grain
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boundaries resulting in patterns reminiscent of ‘mud-cracking’ associated with desiccation (drying) and/or thermal-expansion mismatch that are found in a wide range of systems, such as clay [26],
ceramic glazes [27], thin ﬁlms [28], coatings [29], geological formations [30], biological structures [31], etc.
All thin-ﬁlm preparation and heat-treatments were performed
inside a N2 -ﬁlled glovebox, and all the synthesis/processing details
are given in Supplementary Material (SM). Fine-grained MAPbI3
thin ﬁlms (~0.5 μm thickness) were prepared using a variation
of the ‘solvent-engineering’ method [32]. A set of MAPbI3 thin
ﬁlms with somewhat larger grains (medium-grained) were also
prepared using a variation of the ‘solvent-vapor annealing’ method
[33]. Medium-grained FAPbI3 thin ﬁlms (~0.5 μm thickness) were
prepared using the ‘Lewis acid-base adduct’ method [34]. A set
of coarse-grained FAPbI3 thin ﬁlms were prepared, also using the
‘solvent-vapor annealing’ method [23,35]. The ‘solvent-engineering’
method above was adapted for the preparation of ﬁne-grained
MAPbBr3 thin ﬁlms (~0.2 μm thickness) where the I− is replaced
by Br− . As an all-inorganic reference, ﬁne-grained halide perovskite
thin ﬁlms (~0.25 μm thickness) of the composition CsPb0.6 Sn0.4 I3
were prepared using a method described elsewhere [36]. This
particular all-inorganic composition containing mixed Pb2+ and
Sn2+ was chosen because of the relative ease of preparation of
reasonable thickness thin ﬁlms with high crystallinity and phase
purity, as compared to the composition with only Pb2+ (CsPbI3 ).
SEM (LEO 1530VP, Carl Zeiss, Germany or Quattro S ESEM,
Thermo Fisher Scientiﬁc, USA) was used to characterize the top
surfaces of all the thin ﬁlms. The grain sizes of the MAPbI3
and FAPbI3 thin ﬁlms were determined using the linear-intercept
method on the SEM images, in conjunction with the ImageJ imageanalysis software, where ~200 grains were used for each set of
materials. Note that the naturally formed grooves (not deliberately
revealed by etching) were assumed to represent the grain boundaries, which gives a reasonable estimation of the grain size in the
thin ﬁlms, although it can lead to some overestimation of the grain
size in some cases [11,17,21]. The average grain size, D̄, is given by
α L̄, where L̄ is the measured average intercept length and α is a
constant, which is taken to be 1.6 in the case of 3D microstructures assuming tetrakaidecahedral grains [37]. For grain size that is
much larger than the thin-ﬁlm thickness, the microstructure is essentially 2D, and it is more appropriate to assume the grains to be
hexagonal prisms and not tetrakaidecahedrons. Assuming hexagonal prism grains geometry, we have derived the constant α =1.3 (to
be published). The SEM was also used to expose the thin ﬁlms to
e-beams of desired energies for different durations. In some cases,
the images were recorded at regular intervals and merged to prepare video movies which are presented in SM.
A relatively large area of the MAPbBr3 thin ﬁlm (~0.1 mm2 )
was ﬁrst exposed to e-beam (15 KV) in the SEM for several minutes. Conducting atomic force microscopy (C-AFM) of the region
exposed to the e-beam and unexposed adjacent regions was performed using a commercial system (MFP3D Origin, Asylum Research, USA) in contact mode using a conducting Ti/Ir-coated Si tip
(ASYELEC.01-R2, Asylum Research, USA).
Figs. 1A-1B, 1C-1D, 1E-1F, and 1G-1H are SEM images (same
magniﬁcation, same areas) of before (left) and after (right) e-beam
exposure (15 KV, 2-3 min) of top surfaces of MAPbI3 , FAPbI3 ,
MAPbBr3 , and CsPb0.6 Sn0.4 I3 thin ﬁlms, respectively. Note that the
‘before’ images were taken on a fresh area with only a few seconds of e-beam exposure. Time-lapse movies of the cracking processes under 15 KV e-beam exposure in MAPbI3 , FAPbI3 , MAPbBr3 ,
and CsPb0.6 Sn0.4 I3 thin ﬁlms are presented in SM as Mov. S1, Mov.
S2, Mov. S3, and Mov. S4, respectively. First consider ﬁne-grained
MAPbI3 thin ﬁlm case (avg. grain size ~0.3 μm), where cracking of
random grain boundaries is seen in Fig. 1B, and the movie Mov.
S1 shows that the cracking progresses with e-beam exposure du-
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Fig. 1. Top-surface SEM images of thin ﬁlms before (left) and after (right) SEM
e-beam (15 KV) exposure for 2–3 min: (A-B) ﬁne-grained MAPbI3 OIHP, (C-D)
medium-grained FAPbI3 OIHP, (E-F) ﬁne-grained MAPbBr3 OIHP, and (G-H) ﬁnegrained CsPb0.6 Sn0.4 I3 perovskite. See corresponding time-lapse movies in SM: (Mov.
S1) ﬁne-grained MAPbI3 , (Mov. S2) medium-grained FAPbI3 , (Mov. 3) ﬁne-grained
MAPbBr3 , and (Mov. 4) ﬁne-grained CsPb0.6 Sn0.4 I3 .

ration, accompanied by the widening of the crack opening. In the
case of the medium-grained FAPbI3 (avg. grain size ~0.6 μm), the
grain-boundary cracking and linking is more pervasive (Fig. 1D).
The movie in Mov. S2 shows the formation of ‘mud-cracking’ pattern with e-beam exposure duration. Note that not all grain boundaries have cracked, and much like the ‘mud-cracking’ pattern,
there appears to be a characteristic size of the uncracked regions
(~1.5 μm). This is more apparent in the ﬁne-grained MAPbBr3 case
(avg. grain size ~0.1 μm) in Fig. 1F and Mov. S3. The notable exception is the ﬁne-grained all-inorganic CsPb0.6 Sn0.4 I3 thin ﬁlm (avg.
grain size ~0.3 μm), where no e-beam-induced cracking is observed in Fig. 1F and Mov. S4, and even after 10-min e-beam exposure (see Fig. S1 in SM). These results show direct correlation
between the presence of organic cations (MA+ , FA+ ) in the OIHP
thin ﬁlms and e-beam-induced grain-boundary cracking.
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Fig. 2. Top-surface SEM images of OIHP thin ﬁlms before (left) and after (right)
SEM e-beam (15 KV) exposure for 2.5 min: (A-B) medium-grained MAPbI3 OIHP
and (C-D) coarse-grained FAPbI3 OIHP . See corresponding time-lapse movies in SM:
(Mov. S7) ﬁne-grained MAPbI3 and (Mov. S8) coarse-grained FAPbI3 .

Figs. S2A, S2B, and S2C in SM show SEM micrograph FAPbI3
thin ﬁlm exposed to e-beam for 3 min at 5 KV, 10 KV, and 15
KV, respectively. While grain-boundary cracking is observed in Figs.
S2B and S2C, it is not apparent in Fig. S2A. These results show a
clear effect of the e-beam energy and exposure duration. The corresponding time-lapse movies in Mov. S5 (5 KV) and Mov. S6 (10
KV) conﬁrm this effect, although in Mov. S5 it can be seen that
the grain boundaries become better deﬁned (higher contrast) with
increasing e-beam (5 KV) exposure.
Fine-grained MAPbI3 thin ﬁlms were exposed to e-beam (10
KV) in the SEM for a few minutes and subsequently the magniﬁcation was reduced slightly and images were recorded within seconds; Figs. S3A and S3B in SM present such SEM images. It can
be seen that, while within the area exposed to e-beam there are
grain-boundary cracks, extensive cracking envelopes that area, giving the appearance that the e-beam-exposed area has shrunk away
from the rest of the thin ﬁlm.
Fig. 2A-B and Fig. 2C-D are SEM images (same magniﬁcation,
same areas) of before (left) and after (right) e-beam exposure (15
KV, 2.5 min) of top surfaces of medium-grained MAPbI3 (avg. grain
size ~0.6 μm) and coarse-grained FAPbI3 (avg. grain size ~3.9 μm)
thin ﬁlms, respectively. Once again, the ‘before’ images were taken
on a fresh area with only a few seconds of e-beam exposure. Comparing Figs. 1B and 2B in the case of MAPbI3 thin ﬁlms the effect
of grain size is apparent. While grain-boundary cracking is limited
in the ﬁne-grained MAPbI3 (avg. grain size ~0.3 μm) thin ﬁlm, the
‘mud-cracking’ is more pronounced in its medium-grained counterpart under the same e-beam exposure conditions. The characteristic size of the uncracked region is still ~1.5 μm. In the case
of coarse-grained FAPbI3 thin ﬁlm, each and every visible grain
boundary appears to have cracked in Fig. 2D. Also observed in both
the OIHP thin ﬁlms in Fig. 2 is the surface smoothening induced by
e-beam exposure. Time-lapse movies of the cracking processes in
medium-grained MAPbI3 and coarse-grained FAPbI3 thin ﬁlms are
presented in SM as Mov. S7 and Mov. S8, respectively.
Based on these results the following mechanism for the ebeam-induced grain-boundary cracking in OIHP thin ﬁlms is proposed. The high-energy SEM e-beam causes the partial volatilization of the organic species (MAI, FAI, MABr) from the OIHP
structure on the surface [16–18,20]. The lack of e-beam-induced

Fig. 3. Top-surface C-AFM images of ﬁne-grained MAPbBr3 OIHP thin ﬁlm after prolonged SEM e-beam (15 KV) exposure: (A) topography and (B) electrical conductivity. (C) Schematic illustration showing the region (dashed red rectangle) imaged by
C-AFM.

cracking in the all-inorganic CsPb0.6 Sn0.4 I3 thin ﬁlm (Fig. 1G and H,
Fig. S1, Mov. S4) supports this hypothesis. Unfortunately, detecting
quantitatively the loss of some of the organic cations from the
surface is intractable using available characterization techniques
such as X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), etc. Therefore, here we have resorted to an indirect
non-destructive method of mapping the electrical conductivity
of e-beam exposed and unexposed regions in the ﬁne-grained
MAPbBr3 OIHP thin ﬁlm using C-AFM. Fig. 3A and B show topography and electrical-conductivity maps from the region marked
in Fig. 3C. The unexposed region has signiﬁcantly higher electrical
conductivity compared to the exposed region. This is attributed
to the partial loss of MABr making the surface richer in Pb2+ and
Br− with a lower electrical conductivity. (The presence of PbBr2
localized to the e-beam-exposed areas could not be conﬁrmed.)
Inelastic scattering of electrons can result in damage via ebeam-induced heating of the specimen, given by [38]:

T =

1.5 IBVO
,
π kR

(1)

where IB is the beam current, VO is the accelerating voltage, k is
the thermal conductivity of the specimen, and R is the electron
range (~1 μm). For the worst case scenario, with IB ~100 pA and
VO =15 KV used here, and k~0.3 W.m−1 .K−1 for MAPbI3 [39], the
maximum T is ~2.4 K. This temperature rise is negligible; hence
specimen-heating can be ruled out as the cause for volatilization of the organic cations. Thus, inelastic-scattering radiolysis is
most likely the e-beam damage mechanism in OIHPs, which has
been observed in inorganic halides and organic materials, where
surface-shrinkage occurs in the latter [38]. It is well known that
radiolysis induced by e-beam involves excitation of the material
followed by de-excitation, which can lead to bond breakages and
volatilization of light elements (e.g. H, C, N) [38]. The increase in
the e-beam damage observed with increasing accelerating voltage
and exposure duration, (Fig. S2, Mov. S5, Mov. S6) which determines the total energy deposited into the specimen and the interaction volume, supports this hypothesis.
The loss of organic species from the e-beam-exposed surface of
the OIHP thin ﬁlm results in progressive volume shrinkage (Fig. 4),
resulting in the buildup of localized biaxial tensile ‘drying’ stress,
σ D . It is worth noting that the volatilization appears to occur
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Damage induced by e-beam in OIHP thin ﬁlms is a serious concern, which is preventing the detailed characterization and understanding of their microstructures, holding back research progress in
this important ﬁeld. While the use of low-energy e-beams (e.g. ≤5
KV) and limiting the exposure to short periods of time (<1 min)
are obvious approaches for reducing e-beam damage, they are not
real solutions and come at the cost of reduced characterization capabilities. Perhaps the best solution involves the development of
more sensitive detectors for low-dose imaging, which is showing
promise in the transmission electron microscopy (TEM) characterization of OIHPs [18,20], but has not been adapted to SEM as yet.
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Fig. 4. Schematic illustration of mechanisms responsible for the e-beam-induced
grain-boundary fracture and ‘mud-cracking’ pattern generation in OIHP thin ﬁlms:
(A-B) ﬁne- and medium-grained and (C-D) coarse-grained. Not to scale.

uniformly from the thin-ﬁlm surface, with only a mild preference
for volatilization from the grain-boundary regions (see e.g. Mov.
5). This tensile stress reaches a critical value, σ o , which drives
grain-boundary fracture when the mode I stress intensity factor,
K, at the tip of a critical incipient ﬂaw, co , equals or exceeds the
GB . Assuming that the incipigrain-boundary fracture toughness, KIC
ent ﬂaw scales with the ﬁlm thickness, h, the critical condition for
fracture is given by [28]:
0.5

GB
K = KIC
= ψ σo ( β h )

,

(2)

where ψ and β are constants. This is likely to occur at several
locations on the thin ﬁlm, eventually leading to liking of the
grain-boundary cracks to form the ‘mud-cracking’ pattern as
e-beam exposure continues. The progressive widening of the crack
opening observed in the movies (Movs. S1–S3 and Movs. S6–S8) in
SM further support the idea of the volume shrinkage of the OIHP
thin ﬁlms with e-beam exposure. The details of the ‘mud-cracking’
process are quite complex and their modeling is rather involved
[30]. But it has been shown that typically the equilibrium spacing
between cracks, or the characteristic size of the uncracked ‘cells,’
λ, is ~3h for compliant thin ﬁlms on hard substrates [30]. This
is because σ D within the cell has relaxes well below σ o due to
the surrounding cracking, and the available incipient cracks within
the cell are smaller than co . The net result is that Eq. (1) is not
satisﬁed, precluding any cracking within the cell. In the mediumgrained MAPbI3 and FAPbI3 thin ﬁlms, λ~1.5 μm (Fig. 1D and 4B),
which is ~3h. Since the coarse-grained α -FAPbI3 thin ﬁlm has the
same thickness (h~0.5 μm), λ is expected to ~1.5 μm, but that is
much smaller than the average grain size (~3.9 μm). This results
in the cracking of each and every visible grain boundary in the
coarse-grained FAPbI3 thin ﬁlm. Note that cracking within individual single-crystal grains is diﬃcult because the incipient ﬂaws are
expected to be much smaller than those at the grain boundaries
(β h), and the fracture toughness of the single-crystal grains is
GB [24]. These mechanisms of e-beam-induced
much higher than KIC
grain-boundary cracking in OIHP thin ﬁlms, and the effect of grain
size, are depicted schematically in Fig. 4. It is worth mentioning
that any pre-existing cracks in the OIHP thin ﬁlms will open up
spontaneously under SEM e-beam exposure, a phenomenon that
has been exploited in our previous study to determine if closed
cracks are actually healed [25].
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