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Nanomechanical signatures of degradation-free
influence of water on halide perovskite mechanics
Isaac Buchine 1,5, Irit Rosenhek-Goldian 2,5, Naga Prathibha Jasti 1, Davide R. Ceratti3,4, Sujit Kumar 1,3,

David Cahen 1,3✉ & Sidney R. Cohen 2✉

Humidity is often reported to compromise the stability of lead halide perovskites or of devices

based on them. Here we measure the humidity dependence of the elastic modulus and

hardness for two series of lead halide perovskite single crystals, varying either by cation or by

anion type. The results reveal a dependence on bond length between, hydrogen bonding with,

and polarizability/polarization of these ions. The results show an intriguing inverse relation

between modulus and hardness, in contrast to their positive correlation for most other

materials. This anomaly persists and is strengthened by the effect of humidity. This, and our

overall findings are ascribed to the materials’ unique atomic-scale structure and properties,

viz nano-polar domains and strong dynamic disorder, yet high-quality average order. Our

conclusions are based on comparing results obtained from several different nano-indentation

techniques, which separate surface from bulk elastic modulus, and probe different mani-

festations of the hardness.
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Halide Perovskites (HaPs) with ABX3 stoichiometry, where
A is a monovalent cation, Cs+, methylammonium (MA+ -
CH3NH3

+), or formamidinium (FA + - CH(NH2)2+), B
is a divalent cation, usually Pb+2, and X is a halide mono-anion,
(Cl-, Br-, or I-), have remarkable optoelectronic properties. This
has led to their promotion for the next-generation semiconductor-
based devices1,2 Long carrier lifetimes, reasonable charge carrier
mobilities, facile low temperature solution preparation of poly-
crystalline thin films3,4 with low to ultra-low defect densities, high
optical absorption coefficients and tunable bandgaps, collectively
set the stage for incorporating these materials in the semi-
conductor industry5–10. Accordingly, they are outstanding candi-
dates for use in a variety of technologies, including photovoltaic
solar cells, light-emitting diodes, radiation detectors8,11–13, and
flexible13–15 and wearable electronics.

These last two applications, combined with the fact that
mechanical properties of these materials may influence ion
migration dynamics and non-radiative recombination at strain-
induced defects, highlight the need to understand their
mechanical properties. A number of studies have examined the
optoelectronic properties of humidity-degraded HaPs, both
experimentally, and through modelling16–20, while recent reviews
summarize the current status of the HaP – water interaction21,22.
The structural changes accompanying this interaction necessarily
influence the mechanical properties, and indeed such relation-
ships have been experimentally and theoretically studied. There is
general consensus that the extent of material degradation and
mechanical change varies according to the extent of humidity
exposure19,20,23,24. Whereas mild exposure to humidity results in
reversible monohydrate formation, prolonged exposure was
found to promote the formation of the dihydrate, which leads
irreversibly to MAPbI3 decomposition into PbI225–27. The
degradation is a complex process, which is also affected by
exposure to light, by elevated temperatures, and may occur over
long time scales, and even in inert atmospheres28. Studies also
indicate that higher concentration of Br in MAPb(I(1-x)Brx)3
decreases the tendency for degradation, possibly because the
cubic phase is more stable than the tetragonal one29, in addition
to the fact that water absorption in MAPbI3 is more energetically
favorable than in MAPbBr330.

The detailed mechanism by which H2O enters the crystal is
not yet resolved. While excess water can dissolve the methy-
lammonium ions25, an atomistic computational study of H2O
interaction with MAPbI3 found no evidence for a chemical
reaction between H2O and MA+, suggesting that higher H2O
concentration is needed to induce degradation through lattice
distortion31. An experimental study on thin polycrystalline films
by X-ray diffraction (XRD), quartz crystal microbalance, and
infrared (IR) spectroscopy verified that there is no interaction
between water and MA+, if water enters into the lattice under
ambient conditions (around 50% relative humidity (RH)). For-
mation of monohydrate occurred within several minutes at high
(>95%) relative humidity. Additionally, water uptake was found
to be influenced by sample porosity, i.e., pulverizing a single
crystal or measuring on more porous decomposed monohydrate
resulted in lower stability against humidity than that of
the original single crystal32. Other works found the formation of
monohydrate in ambient at long exposure (days) or high
humidity (>80%)25,33. An acid−base reaction in which
water captures a proton from the MA moiety was also suggested
to initiate degradation34. To date there is no direct evidence for
the formation of H3O+; ab initio computational studies found
hydronium to be unstable to back-proton transfer to re-form the
MA cation in MAPbI3 and MAPbBr335, by deprotonation of
methylammonium to methylamine, H2O+ CH3NH3

+→
H3O++ CH3NH2 ↑ . However, it was proposed that the

degradation is induced by interaction with basic hydroxyl radi-
cals, OH•, formed on surfaces of metal oxides, such as TiO2 that
contact the perovskite (e.g., as selective contact layers in a
solar cell). These radicals can deprotonate MA+, OH•+
[CH3NH3PbI3]n→H2O+ (CH3NH3) n-1[PbI3]n+ CH3NH2 ↑ ,
in a process similar to that of interaction with H2O35.

Two other atomistic, theoretical studies reached contradicting
conclusions about the influence of H2O on the HaP crystalline
structure. Mosconi et al. found that methylammonium and
iodide-terminated MAPbI3 crystals will hydrate rapidly, degrad-
ing the surface by the dissolution of MA+ and iodide ion into
liquid water, whereas a Pb+ and iodide-terminated surface will
hydrate but remain intact36. They further found that water in the
bulk of the crystal led to only minimal distortion of the lattice. On
the contrary, Tong et al. found that high water concentrations in
the bulk result in extensive lattice distortion37. Also grazing-angle
incidence X-ray diffraction (GIXRD) measurements on
CH3NH3PbI3 films in humid environment pointed toward
hydration as the initial decomposition step. This conclusion was
supported by evidence of the formation of a hydrated inter-
mediate, containing isolated (PbI6)4- octahedra24.

Because the HaPs typically are prepared either as thin films or
crystals of mm dimensions, the study of their mechanical prop-
erties has typically been performed using nanoindentation and/or
atomic force microscopy-based techniques. Mamun and cow-
orkers investigated films of MAPbI3-xClx by instrumented
nanoindentation under long-time (several days) exposure to
ambient conditions38. They found an initial rise in modulus (E)
and hardness (H), followed by a decrease in their values and
eventually another increase at even longer times (we par-
enthetically note that throughout this manuscript we refer to
hardness and elastic modulus, whereas technically the measured
values are indentation modulus and indentation hardness. The
latter terms refer to the fact that the uniaxial measurement per-
formed by atomic force microscopy (AFM) or nanoindentation
averages over the elastic properties in the different directions,
which returns somewhat different values than the Young’s
modulus for an anisotropic material, see ref. 39). These changes
were related to chemical and structural changes on the
surface as indicated by corresponding changes in crystal size.
Spina and coworkers measured mechanical properties using
nanoindentation40. They investigated the effect of exposing
MAPbI3 single crystals to ambient 30–50% relative humidity, also
over long times (months). They found that E and H dropped
monotonically to about 20% of their initial values, which, though,
could be largely regenerated by dipping the sample in methy-
lammonium iodide solution. Liao and coworkers measured the
elastic modulus of both films and single crystals of MAPbI3 by
AFM, an approach that is sensitive to the outer few nm of the
surface33. The measurements were carried out for several days in
a controlled atmosphere of 50% relative humidity. A pseudo-
oscillatory behavior was observed with E first rising, then falling
then rising and falling again. Together with XRD and morpho-
logical analysis, they proposed the formation of MAPbI3 mono-
hydrate with PbI2 forming on the surface within several days.
Differences in experimental conditions and crystalline form (film
vs. single crystal, different orientation of the exposed faces) of the
HaP in the above-mentioned studies, make it hard to draw spe-
cific conclusions about the effect of humidity on the HaP
mechanics.

Although as summarized above, previous computational and
experimental work studied the effects of water on the crystal
structure and changes occurring during long-term exposure to
humidity, the differences between the various experimental
conditions, including the form of the material (single or poly-
crystalline), do not enable drawing general conclusions with
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atomic-level insights. To address this question, we use single
crystals of HaPs to study the effect of humidity on their nano-
mechanical properties. We use HaP single crystals rather than
polycrystalline films to minimize the contribution from grain
boundaries and interfaces that might affect reproducibility and in
fact alter the overall response to water exposure. For instance, the
large concentration of uncoordinated bonds in small (< μm)
grained polycrystalline films are amenable to the formation of
hydrogen bonds and the eventual development of a molecular
water layer22. To understand the role of HaP composition, we
prepared and studied two sets of Pb-based HaP single crystals
(see Fig. 1) : in one, the methylammonium (MA)-lead set, the
halide was varied (MAPb-Cl3,-Br3,-I3) and in the other, the lead-
bromide set, the A-site cation was varied (Cs-, MA-, FA-PbBr3).
The former set is of interest because changing the halide (X) in
HaPs is known to influence the opto-electronic41,42 and
mechanical properties43,44. Additionally, reversibility of the
changes was studied since humidity has been reported to induce
material degradation as well as mechanical changes, both of
which depend on the extent of humidity exposure19,20,23,24. We
find that the response to humidity depends on the HaP
composition.

A key to our approach is to measure the elastic moduli and
hardness values by two different approaches – instrumented
nano-indentation (NI) and atomic force microscopy (AFM), in
addition to some other independent physical measurements.
Although both AFM and NI can be used to measure E and H of
materials, they differ in the physical principles by which the force
is applied and how the material’s response to the force is quan-
tified. Comparison of elastic modulus values measured by two
different techniques, NI to monitor the crystal bulk properties
and contact resonance - atomic force microscopy (CR-AFM) to
monitor the outer surface properties, shows how differences in
both the surface sensitivity and fundamental data used to quantify
each property give insights into the micro- and nano-scale
mechanical processes.

Searching for a correlation between trends of modulus change
with humidity and a physicochemical characteristic, we find that
these trends can be explained by the polarizability of the X-site
anion (by the cations) and the polarization (or polarizing) power
of the A-site cation (on the halide anions) for near-surface
measurements (CR-AFM), but not for the bulk (NI) ones. This
can be related to structural differences between surface and bulk
sites. In contrast to the influence of humidity on other material
classes, here higher humidity leads to increased modulus, an

anomaly, which can be rationalized using the arguments provided
below. Hardness, however, follows the well-known trend of
hydration-correlated softening. Thus, E and H are anti-correlated,
which adds to the anomaly. The NI results reveal the interesting
trade-off between elastic (reversible) and plastic (irreversible)
deformation of the crystals under applied load, while AFM-based
traditional hardness measurements reveal differences in the
extent of plastic deformation between the studied materials and
point to the role of water as a plasticizer.

Results and Discussion
Preliminary characterizations. The crystals were characterized
by XRD, Raman spectroscopy, and photoluminescence.
Humidity-dependent XRD measurements showed no change in ϑ
−2ϑ or rocking curve measurements on a MAPbBr3 crystal
(Supplementary Figure 1). Similarly, Raman spectroscopy did not
show changes in the FA-related vibrational modes of FAPbBr3
(Supplementary Figure 2). There was no phase change with
humidity, as also seen from the constancy of the photo-
luminescence emission spectra of MAPbBr3 and CsPbBr3 crystals;
for FAPbBr3 two different crystal batches showed a small fre-
quency shift (Supplementary Figures 3 and 4). This is likely due
to the high temperature, rapid crystal growth these crystals
required (see experimental section). The observation that after a
“Low → High→ Low” humidity exposure cycle the spectra
become narrower for FAPbBr3 and to some extent also for the
other two bromide perovskites (Supplementary Figure 4) is likely
related to some annealing occurring in the humid ambient.
Related results have been reported previously for polycrystalline
lead halide perovskite films and single crystals45–48. Together,
these measurements indicate that the humidity exposure led to
only minor inclusion of water in the crystal. Nonetheless, sig-
nificant changes in the mechanical properties took place.

Rationale for nanomechanical measurement methodology.
Nanomechanical properties, notably hardness and elastic mod-
ulus are conveniently measured using instrumented nano-
indentation coupled with Oliver & Pharr analysis (O & P)49. In
some cases, atomic force microscopy is more appropriate, or can
provide complementary information50. It should be stressed here
that the fundamental assumptions implicit in the O & P approach
(e.g., isotropic, homogeneous sample) are not always met (for
instance HaPs can exhibit large mechanical anisotropy51).
Nonetheless the techniques are valid for approximate or com-
parative studies, and this methodology has been adopted as an
international standard52. Here, the comparative approach, as well
as combining and contrasting results from NI and AFM is a
central part of our study. Furthermore, in the present study, the
regime of moderate humidity exposure has been adapted to
enhance the reversibility of the exposure to water. Both NI and
AFM were performed at comparable environments, so that
similarities and differences in the observed trends in these tech-
niques can be compared to give additional insight into the nano-
scale processes.

Elastic modulus. The results for the elastic modulus, E, from
using continuous stiffness measurement and averaged over
deformation depths of 300–800 nm in the nano-indenter
(Fig. 2a), are within the range of values reported for HaP elastic
moduli in the literature43,44,53,54. We use these relatively large
depths to avoid artifacts due to surface roughness and irregula-
rities in the tip shape, as recommended in the literature55.
The elastic modulus of all crystals increases with humidity
(except CsPbBr3, which shows small changes at the level of

Fig. 1 Pb-based HaP single crystals used in this study. Horizontally:
MAPbX3 (X= Cl, Br, and I); vertically: APbBr3 (A=Cs, MA, and FA).
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experimental uncertainty), consistent with bond stiffening in the
presence of water.

In contrast to the NI measurements, which are recorded at
depths of hundreds of nm, AFM can measure modulus values for
the outer few nm (see experimental section). Comparing the
results of the two approaches thus can help elucidate the extent of
water penetration into the crystal. The AFM-based measurements
were performed using the contact resonance (CR-AFM) method
(Fig. 2b). CR-AFM is sensitive to surface depths on the order of
the contact radius, which was about 20 nm. For a given crystal, at
the surface, E is higher for the humid than the dry state, as is the
case with NI measurements. However, cross-comparison between
the crystals shows some interesting differences. Specifically, Fig. 3
compares the trends in modulus change at different humidity

conditions vs. the relevant anion polarizabilities and cation
polarization power.

The changes between dry and humid conditions in the CR-
AFM - derived modulus values, become larger with increasing
polarizability of the X-site anion (although the change between Cl
and Br is negligible), but the NI-derived ones monotonically
decrease. For the A-site cation series, the changes for moduli,
derived from CR-AFM, increase monotonically with increase in
cation polarization power, whereas for the NI–derived values
there is no clear trend (Fig. 3). These results establish a clear
difference between the influence of ion polarization power/
polarizability on/near the surface, relative to the bulk. Effects of
surface polarity are known to influence water adsorption onto
hybrid perovskite surfaces31. Ab initio Density Functional Theory

Fig. 2 Elastic modulus results. In each triplet the solid bars represent measurements performed in the dry state (RH ≤10%), left for before and right for
after measurements represented by the dotted (middle) bars which were performed in the humid state (RH 55–60%). The percentage values represent
difference between dry and humid states for each set. a Data obtained from NI measurements over 300–800 nm depth; b Near-surface elastic moduli,
measured at <10 nm depth by CR-AFM. Error bars represent standard deviation of the measurements.

Fig. 3 Influence of ion polarization power/polarizability on modulus. Percentage change in E from CR-AFM (contact resonance) (a, b) and NI (nano-
indenter) (c, d) between dry and humidity-exposed crystals, as function of X-site anion polarizability (a), (c), and as function of polarity of A-site cation
(b), (d). Error bars are computed from the relative error of the quotient, using standard deviation of individual values.
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(DFT) calculations confirm that water is more strongly adsorbed
on MAPbI3 than on MAPbBr3, FAPbI3 and CsPbI330,35. The CR-
AFM results show that this adsorption serves to enhance the
increase in the elastic modulus of the MAPbI3 crystal surface at
high humidity more than for the other HaPs (Fig. 2b), supporting
the predicted stronger water interaction with MAPbI3 compared
to the other HaPs as found from computations as noted above.
That this interaction is much stronger (6 times for MAPbI3, by far
the largest difference between the two methods, among all HaPs
studied here) at the surface than in the bulk can be due to the
enhanced ability for structural deformation at and near the
surface. As recently suggested by Chen et al., a hydrated
perovskite surface layer on the MAPbI3 may prevent vapor
penetration into the bulk of the crystal22. Exposure of MAPbI3
films to high humidity resulted in defect-free highly oriented
crystals with significantly fewer grain boundaries and electronic
defects than in the dry films45,46. Related results have been
reported previously for polycrystalline lead halide perovskite
films47, and the effect was recently studied by us for single crystals
of MAPbI348.

For our single crystal samples, we cannot rule out humidity-
induced surface annealing, but this cannot be definitively shown.
No surface structural changes on the surface are detectable in our
AFM scans. This contrasts the findings for larger and longer
humidity exposures where clear surface structural differences
were observed33,38,40. We have calculated the diffusion of water
into these materials using proton diffusion coefficients, finding
that it may reach depths of 3–4 μm. This depth represents the
bulk for the purpose of the studies we report on here. This also
fits the estimated depth of H2O in-diffusion into MAPbI3 under
similar humidity conditions56–58, as well as our recent TGA-MS
and GI-XRD experiments59. A depth profile of H2O could follow
a gradient of [H2O] decreasing with increasing depth from the
surface. This is not evident in the depth profiles of E and H
(Supplementary Figure 5) but only a sharp gradient would be
expected to influence the shape of such curves because the
volume probed by the indenter tip is significantly larger than that
within the contact area. A gradient very near the surface is not
discernable in the nanoindenter measurements: surface effects
prevent reliable measurement of E and H in the nanoindenter at
the outer surface (under 100 nm). Strain is likely stronger near the

surface, decreasing with depth and is relevant for the depths
probed here (from a few nm up to a few μm). In any scenario, the
presence of water together with energetic and (possibly micro-
scopic) structural differences at the crystal (near) surface can lead
to a difference between surface and bulk behavior.

The results shown in Fig. 3 establish the effect of ion
polarization power/polarizability on the strength of the surface-
water interactions. For the NI experiments (Fig. 3c, d), which
reflect properties for depths of hundreds of nm, the modulus
change with humidity cannot directly depend on the adsorption
of water at the surface; instead, these results should relate to some
direct or indirect effect of water on the bulk material.

The plot in Fig. 4a traces the dependence of % change of the NI
modulus with RH and of Pb-X bond length, on the X anion in
MAPbX3 and in Fig. 4b on the A cation in APbBr3. For the series
of different X-site anions, the extent of change of the NI modulus
decreases with increasing bond length. Thus, in this series, the
longer the bond the less effect water has on the bond stiffness in
the bulk.

When the same data types are plotted for the A site cation
APbBr3 series, the trend is reversed (Fig. 4b). This can be
explained by the combined influence of lattice distortion and
electrostatic interactions: although the Pb-X framework largely
determines the mechanical behavior, short-range Coulombic
interactions between the A cation and PbI6 cage are also
important60. In the cation series, the MA ion is smaller than
the FA one and, so it was argued, strains the Pb-X framework
less61. As mentioned in the introduction, strong water-MA
interactions are not found under the humidity conditions probed
here. Nonetheless, the water still fills the lattice leading to
significant strain31,32. Furthermore, the different distribution and
number of potential H-bonds results in stronger computed
overall H-bond energy between organic cation and halide for FA
than for MA in APbBr3, and thus inhibited rotation for the
former relative to latter62.

The trend in NI elastic modulus for the 3 cations can be
explained by the extent of their interaction with water, which is
smallest for Cs, larger for MA and greatest for FA (see Fig. 4c for
the three cations and their potential for interaction with H2O via
H-bonding). Cs is only weakly hydrated63,64, while MA and FA
have stronger interaction through their amine group(s). These

Fig. 4 Humidity dependence of of NI elastic modulus on Pb-X bond length and H-bonding. Pb-X bond length (black) and % change in NI elastic modulus
between dry and humid states (red) (a) plotted for the series of X anions and (b) for the series with different A cations. Error bars are computed from the
relative error of the quotient, using standard deviation of individual values. (c) scheme showing potential for H-bonding for the different cations, in terms of
H atoms (white spheres), available to participate in the bonding; dark grey sphere: Cs; blue sphere: N; light grey sphere: C.
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groups can form both internal hydrogen bonds between the
ammonium entity and the halide, as well as external hydrogen
bonds with trapped water. In particular, FA can form both types
of hydrogen bonds simultaneously, while MA can form only one
type or the other, set by their number of H-bonding sites
available. The trend of intra-crystalline H-bonding is a topic that
is not completely resolved: computations and some experiments
indicate that the internal H-bond between amine and halide is
weaker for FA than for MA53,65 and that this is also the trend for
bonding to water30. However, other computational work found
that the internal H-bonding energy is higher for FA- than for MA
in APbBr362.

The presence of water can compete with the internal bonding
and alter the electrostatic interactions26 which influence the
mechanical properties. This interpretation fits with the findings of
Sun et al. regarding the major influence of H bonding on the
elastic modulus of halide perovskites65. Stronger H-bonding
promotes the tendency for water to fill the cavity and stiffen the
structure, but as the framework’s size increases, this effect
decreases, due both to steric factors and to shielding of the short-
range Coulomb attraction.

Hardness. Whereas the elastic modulus is directly related to bond
stiffness, an intrinsic material property, hardness is less a fun-
damental and more an engineering property, which can be
thought of as the ease with which a material undergoes plastic
deformation. This can be related to yield strength (the stress level
resulting in plastic deformation), and work hardening exponent
(which governs relationship between stress and strain)66. Inter-
estingly hardness is often inversely correlated with fracture
toughness (resistance to crack formation). Furthermore, hardness
does not always correlate with mechanical robustness, whereas
the ratio between H and E (vide infra) is an important indicator
of resistance to plastic deformation66,67.

In a classical indentation experiment, the hardness is directly
related to the size of the imprint left by pressing the indenter into
the surface at a fixed load. In nano-indentation (NI) this size is
not directly measured, but estimated from the maximum
indentation depth and known tip shape. This estimation,
employed in the Oliver and Pharr analysis49, includes a
component of the elastic deformation. The correction for this
component is, for some material types, incomplete as it presumes
that radial deformation is negligible39. In addition, this analysis
does not account for pile-up of material at the perimeter of the
indentation imprint. Thus, analyzing the results of nano-
indentation experiments provides only partial information. This
is discussed below for the case when NI hardness measurements
under dry and wet conditions yield similar values, but imprint
sizes, observed in AFM topography, and even optical images in
the nano-indenter show much larger imprints under humid
conditions.

NI results in Fig. 5a show that there is an inverse relation
between hardness and humidity. Hardness measured in the NI
(which will be referred to as NI hardness) generally decreases as
the atmosphere is more humid; for MAPbCl3, MAPbBr3, CsPbBr3
hardness decreases by 31%, 34%, and 12%, respectively at high
humidity and recovers after return to the low humidity
conditions. MAPbI3 and FAPbBr3, though, do not show this
behavior, but rather an insignificant change with humidity. While
no detectable changes in NI hardness are found for these two
crystals, the sizes of the indentations differ significantly, as can be
seen in the optical microscope image (Supplementary Figure 6).

This effect is also observed on AFM images scanned after the
CR-AFM measurements (Supplementary Figure 7), which are
done at loading forces 2 orders of magnitude below those used in

the nano-indenter. At low humidity, no residual imprints are
observed in the measured region, as is typically seen in such
measurements. However, when RH was raised to 75% (higher
than the RH used for the other results reported here) significant
plastic deformation was observed even under these low loads, as
can be seen by comparing Supplementary Figure 7d with
Supplementary Figure 7i.

To understand the changes in the plastic vs. elastic deformation
components we analyze another quantity, namely the change in the
hf / hmax ratio with different relative humidity conditions. As seen in
Fig. 5c, hmax and hf are the penetration depth under maximum load
and the residual depth remaining after the release of the force on the
indenter. These are experimental quantities obtained directly from
the force curve. For a purely plastic indentation, their ratio will be 1.
Smaller ratios indicate the increasing contribution of elastic processes
with a limiting value of zero for purely elastic behavior. Of all the
crystals examined, FAPbBr3 has the most atypical results (Fig. 5c).
First of all, hf / hmax is much lower than for all the other crystals in
the dry state. MAPbI3 also has a relatively small ratio of hf /hmax,
lying between that of FAPbBr3 and the other HaPs. After exposure to
humidity, hf / hmax for FAPbBr3 rises to values comparable to that of
the other crystals. Upon drying, the ratio again drops. The change in
MAPbI3 is less dramatic – the change in hf / hmax between the dry
and humid states for FAPbBr3 is about 10x that obtained for the
other crystals, while for MAPbI3 hf /hmax it is about two times larger
than that of the others (apart from FAPbBr3). Since neither FAPbBr3
nor MAPbI3 undergo any significant change in NI hardness with
humidity (Fig. 5a), the data of Fig. 5a, c, taken together indicate that
the increase in the plastic part of the deformation with humidity
(Fig. 5c) is countered by a decrease in the elastic deformation,
because higher modulus means smaller deformation. Notably,
referring to Fig. 2a, the change in E with humidity was largest for
FAPbBr3 amongst all the crystals studied, while the change was
largest for MAPbI3 for CR-AFM measurements.

These comparisons are extremely important to understand the
processes occurring during elastic-plastic deformation. As noted
above, the classic relations used to derive H and E from nano-
indenter load vs. deformation curves49 assume elastic-plastic
loading and elastic unloading. Deviations from the assumed
behavior can occur under certain conditions, depending on the
overall ratio of elastic to plastic work, gauged by the relative
values of H and E. For materials with H/E < 0.1, as is the case for
the materials studied here, it has been shown that hf /hmax is
linearly related to H/E68. With some simplifying assumptions, it
can also be shown that this ratio equals the ratio of plastic to total
work performed during the indentation cycle69. Bolshakov and
Pharr have discussed the use of hf / hmax to determine the
material properties when the H/E ratio is large70 Specifically, they
show that the value of hf / hmax is an indicator of pile-up (see
‘AFM-based measurements’ in the Experimental section). They
further show that pile-up leads to underestimating the projected
contact area in the NI by as much as 60%70.

One approach to exclude the contributions from the elastic
deformation to the hardness measurement, while including the
pile-up contribution to the projected area of the imprint, is to
image the full imprint using AFM. AFM has historically been
used to directly measure indentation imprints in situ, using the
same probe for indenting and for imaging71, as opposed to the
Oliver and Pharr method applied to nanoindenter results, which
computes contact area from the indenter area function72. The
former (AFM) approach directly parallels the classical micro-
hardness test, which measures the imprint size optically, with aid
of AFM made possible for nanoscale measurements. We therefore
refer to hardness values obtained using the AFM image as
“traditional hardness”, TH. The results of this approach are
presented in Fig. 5d. Comparing these results with those of
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Fig. 5a, we see that the crystals showing a humidity effect by NI
show similar response to humidity in the TH data. Two of the
crystals, MAPbI3 and FAPbBr3, did not show a significant change
in the NI hardness with humidity, but they do show a significant,
reversible TH decrease at higher humidity.

We now consider, as was done for E, the influence of crystal
structure on the measured hardness. The change of TH between
dry and humid states for the series of anions and cations is
plotted in Supplementary Fig. 8. This analysis will involve some
speculation, because, whereas E is a fundamental materials
property, H is not, and its value is determined by several different
underlying physical contributions. We see that for both dry and
humid conditions, for MAPbX3 TH varies directly with the Pb-X

bond-length (Supplementary Figure 8). However, there is no clear
trend in the change with humidity.

In the A-site cation series, the TH increases with the degree of
H-bonding (with H2O) in the order Cs <MA < FA (following the
number of hydrogens available for H-bonding). However, the
influence of humidity on TH is greater for MA than for FA. This
is seen by comparing not absolute values of TH, but the change in
value with humidity. Other considerations could be relevant here,
including the stronger acidity of the amine of MA, greater
stability of MA than FA, and the fact that there is more space
inside the PbX framework to be filled with water molecules for
MA than for FA (see above). We can thus surmise that the TH of
both MAPbBr3 and FAPbBr3 is strongly affected by the humidity

Fig. 5 Hardnesss measurements. a NI Hardness results. Solid bars represent measurements performed in the dry state; dotted bars represent
measurements performed in the humid state. The percentage values here and in c–d represent the difference between dry and humid states for each set
(see text and Fig. 2 caption). b Illustration of the indentation process, defining hmax and hf, and explaining the trade-off between the elastic and plastic
deformation in FAPbBr3. c Ratio hf/hmax for each of the 5 crystals under the different humidity conditions. As shown schematically in b, hmax is the depth at
maximum load, and hf is the residual depth remaining after the indenter unloads to zero load. The ratio for each crystal increases slightly in the humid state,
except for FAPbBr3, where the change is dramatic. d Traditional hardness (TH), calculated from the projected area of residual imprints in the AFM images
for all 5 crystal types under dry and wet conditions as described in experimental section. Error bars in a,c, and d represent standard deviation in the
measurements.
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of the environment. For a large swath of biomaterials, dehydra-
tion leads to increase of both elastic modulus and hardness, the
latter indicating that water serves as a plasticizer in these
materials, i.e., makes them softer, a phenomenon which seems
also to occur here73. The reasons for this are not fully understood,
however, the tendency of organic matter to swell is likely an
underlying cause in the biomaterials, a process which is akin to
filling the Pb-X framework in HaPs. Although the variation in
hardness in this work follows this “humidity softening” trend, the
modulus varies in the opposite fashion.

The correlation between contact hardness H and indentation
modulus E is well known in nano-mechanics67,73. Such correla-
tions are observed for many different material classes as expressed
in Ashby plots (see, for instance ref. 74). The unusual aspect of the
correlation observed here is that it is an inverse one, not only
between E and H, but also for their respective changes with
humidity for several of the crystals studied (cf. Supplementary
Table 1), whereas for most types of (non-HaP) materials studied
this correlation is positive. We therefore propose that the inverse
correlation here is due to the unique effect of water on E as
discussed above. The results for MAPbI3 need to be considered in
light of the apparently higher sensitivity of this specific HaP to
humidity than others, presumably due to the extreme sensitivity
of this material to environmental and preparation conditions.
This property was recently reported in a review, in which it was
also suggested that this may result in a difference between surface
and bulk properties75. That hypothesis is confirmed here: many
of the crystals prepared for the present study were seen to present
crystalline faces of poor quality as revealed by AFM scans and
therefore could not be used. Presumably the outer surface is most
susceptible to growth-related non-idealities.

CsPbBr3 exhibits a much smaller change in elastic modulus
(Figs 2, 4) and hardness (Supplementary Table 1) with humidity
than the other HaPs. This result is consistent with the importance
of the strength of hydrogen bonding with the A-cation and
accompanying effect of humidity on mechanical properties. It
also fits with reports that the optoelectronic characteristics of Cs-
based HaPs are less influenced by humidity than those of the
hybrid organic-inorganic HaPs76.

Full treatment of the humidity influence of mechanical
properties on HaPs should include some considerations not
discussed above. The plasticity index66, defined as the ratio
between H and E, is an important parameter that reflects the
plasticity threshold of the material. Materials with large H and
low E efficiently dissipate energy under load, thus increasing the
plasticity threshold67. In many materials this is a more relevant
indicator of damage resistance than hardness, and, thus, critical
for understanding the durability of these materials. As seen in
Supplementary Table 1 the highest plasticity index values, but
lowest variation with humidity were measured for MAPbI3, while
MAPbCl3 and MAPbBr3 have the smallest values of plasticity
index but the largest change with humidity.

This study considered a series of halides, and a series of A-site
cations. The B-site cation was not varied and hence we cannot
directly comment on its importance in the comparisons of
H-bonding effects. While H-bonding can also occur within the
B-X sublattice, and the role of water interaction with the B cation
in perovskite crystal formation has been heavily studied, B cation
- H-bond interaction is much less implicated in the performance
and mechanics of the crystal. This is largely because the B-X bond
is the strongest in the crystal and less likely to form strong
interactions with water16,22.

Another consideration is the different effect of humidity on
different crystallographic planes. This may be relevant in MAPbI3
due to its tetragonal crystal structure at room temperature, rather
than the higher temperature cubic one. MAPbCl3, MAPbBr3 and

FAPbBr3 are cubic at room temperature, and, while CsPbBr3 is
orthorhombic, it is less affected by humidity due to the lower
affinity toward water of Cs relative to MA and FA ions63,64.
Finally, significant time-dependent effects (viscoelasticity) have
been reported for HaPs and this can certainly influence the
measured values as reported here and elsewhere77. Nonetheless,
by performing all comparative measurements on the different
crystals under identical conditions and time scales, we ensure that
our results are representative and significant. This work can also
be compared to almost all perovskite mechanical data found in
the literature, which consider only the storage modulus.

Conclusion
While exposing MAPbCl3, MAPbI3, MAPbBr3, and FAPbBr3 to
medium (55–60% RH) humidity does not degrade the materials,
their elastic modulus increases by up to 10%, compared to dry
conditions, an effect that is reversible. The mechanical results are
consistent with independent measurements (Raman, PL, MS, x-
ray) for which water is either below the detection limit, or present
in small amounts and removed upon drying. The predominant
response of most materials to humidity exposure is a decrease in
elastic modulus (E), and we were able to correlate the unusual
increase of E with intrinsic structural properties, which differ
between bulk and surface. We propose that the humidity effect on
E at the surface depends primarily on the interactions of the
(surface-exposed) cations and anions with H2O, as expressed by
their polarity/polarizability, while the E effect in the bulk depends
on the bond length and on the H-bonding options for H2O in the
material. The most significant rise in E was seen in MAPbI3 at the
surface and for FAPbBr3 in the bulk, the latter being ascribed to
H2O diffusion during the exposure time. The mechanical prop-
erties of CsPbBr3, in contrast to those of the other crystals stu-
died, are not significantly dependent on the humidity, illustrating
further the importance of H-bonding.

The effect of humidity on the hardness is opposite to that for
the elastic modulus, with values decreasing by up to ~30% at
higher humidity. While such hardness trend with humidity is
common for diverse classes of other materials and is related to the
plasticizing effect of water, those other materials show a direct
correlation between modulus and hardness. The inverse trend
seen here can be related to the unique properties of this material
class as follows: Whereas modulus can be directly related to a
fundamental material property, i.e., bond stiffness, hardness is a
more complex property. We ascribe the hardness-humidity
response to two effects, viz.

– accumulation of water within the free space of the perovskite
structural framework and

– H-bond formation with suitable lattice atoms.

Because these are both common consequences of material
hydration, we conclude that the unique nano-polar domains78

and structural dynamics, namely strong dynamic disorder with
high average crystalline order, of the HaPs lead to the anomalous
trends in modulus79,80.

While the traditional hardness, TH, values as such correlate
with Pb-X bond lengths, there is no clear relation in terms of the
effect of humidity on the TH (Supplementary Figure 8 and
Supplementary Table 1); in fact, the strongest effect of humidity is
on MAPbBr3 and the weakest one on CsPbBr3. which we relate to
the H-bond formation ability as well as to the volume effects,
discussed above.

The differences that we find in mechanical response between
near-surface and bulk should be considered when using HaP
crystals as radiation detectors, where the bulk dominates the
response, in contrast to applications for PV and LED, where films

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00287-7

8 COMMUNICATIONS MATERIALS |            (2022) 3:70 | https://doi.org/10.1038/s43246-022-00287-7 | www.nature.com/commsmat

www.nature.com/commsmat


of small-grained (smallest dimensions ~ 400 and 50 nm, respec-
tively) crystallites are used, into which H2O can readily diffuse
within an hour or less.

Methods
Synthesis of single crystals. Single crystals (Fig. 1) were prepared using several
known crystallization methods as no single method is currently capable of syn-
thesizing crystals of all the five compositions used here. Still, wherever possible,
similar methods of crystallization were used, to minimize variations in humidity-
dependent behavior on preparation technique. The methods used were:

Inverse Temperature Crystallization (ITC)81 for MAPbI3 and FAPbBr3
Anti-solvent Vapor Crystallization (AVC) for CsPbBr382 and MAPbBr3,
Hydrochloric Catalysis synthesis83 (HC) for MAPbCl3.
While MAPbBr3 and CsPbBr3 single crystals could be grown by AVC around

room temperature over the time span of a few days, this was not possible for
FAPbBr3 crystals. The latter were grown by ITC, wherein the precursor solution is
heated from 50 to 80 °C over a period of 5 h. A temperature ramp rate, higher than
for other crystal syntheses, where relevant, was used for AVC of FAPbBr3, as
prolonged exposure to high temperatures would initiate decomposition of the DMF
solvent, diminishing control over the solubility levels. After crystallization, crystals
were patted dry, then placed in a vacuum oven at 35 °C for 6 h and subsequently
stored under N2 atmosphere of ~10% Relative Humidity (RH) between 3 and
10 days until measurement. Additionally, crystals were moved to a low vacuum
desiccator a week prior to mechanical measurements to remove any remaining
residual solvents from the primary drying phase.

Nano-indentation. High-quality crystal surfaces with well-developed smooth faces
were selected using an optical microscope (Olympus AX70). Crystals were then
glued to the sample stub with epoxy so that the <100> face presented orthogonally
to the indenter axis, except for CsPbBr3 for which the (101) plane was selected.
Each measurement was performed on a pristine and defect-free area of the crystal,
based on optical microscopy. Similar precaution was made in choosing areas for
AFM measurements (below). Hardness and elastic modulus were measured using a
KLA-Tencor XP Nano-indenter. The entire gantry was enclosed by a polyethylene
bag in which humidity was controlled. Low humidity (≤10% RH) was achieved by a
combination of two 250 g bags of “water glass” (Yamtex Sourcing) humidity
absorbent satchels (SiO2 beads), and dry nitrogen flow. The latter was stopped
during measurement to avoid drift and noise. High humidity (60 % RH) was
restored by activating a standard home humidifier near the nano-indenter.
Humidity levels were continuously monitored by a Lutron HT-3015 humidity
meter placed inside the enclosure near the sample. A Berkovich diamond indenter
tip was loaded under displacement control to a depth of ~800 nm into the surface
at a strain rate of 0.05 s−1. The measurement was done in the “Continuous Stiffness
Measurement” mode84, yielding modulus and hardness continuously, as a function
of loading. The data were analyzed using standard Oliver and Pharr analysis49

presuming a constant Poisson ratio of 0.3 and averaged over 300–800 nm depths to
avoid any surface artifacts. The Oliver and Pharr analysis calculates the tip area
function from a calibration measurement on a standard sample of fused silica. Two
crystals of each type were checked. For each crystal, three humidity conditions were
measured in succession: low humidity (<10% RH), high humidity (55–60% RH),
and finally low humidity again. After achieving the desired humidity, the crystals
were equilibrated with the chosen environment for 30 min before starting the
indentation experiment. At each humidity setting, 5–10 indentations were per-
formed at different locations on the chosen face for each sample. No significant
difference between the first and last of these indentations was observed, indicating
that the 30 min equilibration was sufficient to reach a stable mechanical response to
humidity condition. This was also the case for the AFM measurements described
below. The spacing between each indentation was at least 18 times the indentation
depth of 0.8 µm to avoid interference between the measurements. This spacing is
generally sufficient to avoid interference due to any material changes such as
dislocations from neighboring indentations71,85. We further verified that there was
no significant difference between the first indentation, and subsequent ones in the
set. Supplementary Figure 6 shows sets of indentations made under dry and humid
conditions on MAPbI3 and on FAPbBr3. All measurements were made at room
temperature which varied between 21 and 24 °C.

AFM-based measurements. Sample treatment for AFM prior to measurements
was the same as that for nano-indentation. Two types of measurements were
performed using the AFM, viz., traditional hardness (TH; including topography)
and contact resonance (CR). Both TH and CR measurements (vide infra) were
conducted using a Multimode AFM with Nanoscope V electronics (Bruker, USA).
The TH-AFM measurements used a 222 N/m cantilever probe with a diamond
shard tip, glued to it (Microstar-Tech) to indent the crystal surface. The same AFM
probe was used to image the surface and locate a smooth area (typically ranging
from 1-2 nm but never more than ~5 nm in RMS roughness over a 4 × 4 μm2 field
of view) for the indentation experiment. The sensitivity of the probe (nm/V) was
calibrated by pressing on a sapphire surface. Indentations were performed up to a
load of 81μN which resulted in depths ranging from 100–200 nm, depending on
the crystal and humidity. The indentation path compensated for the approximately

12o angle between the cantilever and surface by adding a component of x motion
(along the cantilever long axis) to the z approach. This uses a feature termed “x-
rotation” in the Bruker ramping software. Several angles above and below 12
degrees were tested to obtain the most symmetric form of indentation (see Sup-
plementary Fig. 9). At each humidity level, the crystal was equilibrated for
30 minutes prior to measurement. Then 8 indentations were made with a 2.2 µm
separation between neighboring indentations. After indenting, the surface was
imaged to map the topography of the indentation and the area surrounding the
indentations, as the resulting pile-up next to the indentation is critical for com-
puting hardness values accurately.

The elastic modulus was determined using the Bruker software by the contact
resonance (CR-AFM) method, the analysis of which combines Euler-Bernoulli
beam dynamics with contact mechanics principles86–89. In this analysis, we did not
consider viscoelastic effects. To a good approximation the associated loss modulus
can be treated independently from the storage modulus. The latter depends on the
contact frequency, and the former on both the width of the contact resonance peak
and its frequency88. The Bruker fast force volume contact resonance software
package was used to supply the measurement conditions and analyze the resultant
data. In this method a frequency sweep at fixed amplitude is applied to the
cantilever support or the sample holder and amplitude vs. frequency sweeps over a
fixed frequency range are collected for a grid of sample locations. We further
modified the system by connecting the signal to a 2.4 MHz ultrasonic Mist Maker
fogger piezoelectric disk which mechanically excited the sample from below. The
sample was coupled to the disk with a drop of honey to provide good acoustic
coupling and allow for easy sample exchange90. The contact area of the back of the
sample with the transducer was 10 orders of magnitude larger than the tip-surface
contact area; therefore, no influence of the back contact is expected. The probe used
was tungsten-carbide coated HA_HR/W2C (ScanSens, Germany). The out-of-
plane vibrations from the sample surface were transmitted to the cantilever via the
tip which is pressed into the surface with a pre-set force. Under these conditions,
the resulting contact frequency is directly dependent on the contact stiffness (k). By
making a similar measurement on a standard sample, the effective tip radius is
determined which together with the measured contact stiffness can be used to
calculate the elastic modulus of the sample. These measurements were made with
small indentations, on the order of a nm up to a few nm and are sensitive to the
upper 20–30 nm of the surface under typical conditions.

To accurately calculate the traditional hardness, the projected surface area of the
residual indentation imprints was calculated from the AFM images. The projected
area of the depression for each imprint was determined using the “Analyze
Imprint” function in Gwyddion software36. The size of the surrounding pile-up was
computed using the dimensions from the topography image, and the method
described by Cabibbo et. al., to calculate the contribution of the pile-up to the total
projected surface area91.

To control humidity, the “Humidity plug” for the AFM was used to seal the
opening of the small measurement cavity and humidity-controlled gas was flown in
using a flexible tube. The home-built humidity setup combined wet and dry
nitrogen in a mixing chamber and controlled relative humidity over the range 5%
− 80% with+ /− 1% RH accuracy. An electronic feedback-controlled a solenoid
valve and allowed setting the humidity to the desired value.

Pb-X bond length calculation. We used as the Pb-X bond length half of the cubic
unit cell side (which contains just one formula unit), obtaining 2.84 Å for
MAPbCl392, 2.97 Å MAPbBr393, and 3.01 Å FAPbBr394. In orthorhombic CsPbBr3
and tetragonal MAPbI3 (all at and around room temperature), not all three unit cell
axes are equal and the unit cell contains 4 formula units. The bond length was
evaluated considering the volume per formula unit (volume of the unit cell 796.66
Å3 for CsPbBr395 and 992.49 for MAPbI396 divided by 4), taking the cubic root and
finally dividing the value by 2 to obtain 2.92 Å and 3.14 Å for CsPbBr3 and MAPbI3
respectively.

Data availability
All relevant data are available from the authors upon reasonable request.
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