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Nanoscale Light- and Voltage-Induced Lattice Strain in Perovskite 
Thin Films  
Haian Qiua and Jeffrey M. Mativetsky *a 

We report on localized nonlinear lattice deformation and nanoscale 
structural rearrangement in methylammonium lead triiodide films 
triggered by the combined action of light and voltage. These effects, 
revealed by second harmonic piezoresponse force microscopy, are 
connected with organic cation motion, implicating localized cation 
migration as a key contributor to perovskite optoelectronic device 
instability under operating conditions.

Introduction
Methylammonium lead halide perovskites have emerged as 
groundbreaking materials for a new generation of 
photovoltaics, photodetectors, and light emitting devices.1-5 
The power conversion efficiency of perovskite solar cells has 
risen dramatically, from 3.8% to beyond 25% within a decade.6, 

7 The remarkable performance of perovskites has been 
attributed to a large optical absorption coefficient,8 tunable 
band gap,9 small exciton binding energy,10, 11 long carrier 
diffusion length,12 and high defect tolerance.13, 14 Despite the 
unprecedented rapid progress in perovskite device 
performance, the intrinsic instability of methylammonium lead 
halide perovskite thin films has impeded their practical 
application. Owing to an inherently soft ionic crystal lattice, 
ionic migration can take place via Schottky defects (vacancies), 
Frenkel defects (interstitials), and grain boundaries (GBs).13, 15 
Perovskite stability can also be impacted by external stimuli, 
such as illumination or electric field, that lead to  defect 
formation,16 lattice disorder,17 increased ionic diffusion,18-20 and 
eventual decomposition under prolonged illumination.21 
      Ionic motion within methylammonium lead halide 
perovskites is intimately linked with lattice strain. The 
methylammonium lead halide lattice consists of a three-

dimensional framework of inorganic lead halide octahedra and 
organic methylammonium cations (MA+) that occupy the voids 
between the octahedra. The MA+ and surrounding inorganic 
cage are strongly coupled through ionic interactions and 
hydrogen bonding between the methyl and amino groups of the 
MA+ and the halogen anions of the inorganic framework.22-25 As 
a result, changes in MA+ orientation produce a corresponding 
tilt of the inorganic framework.22 Under illumination, the 
binding energy between the MA+ and inorganic scaffold is 
reduced, leading to a higher degree of rotational and 
translational freedom of the MA+ and concomitant distortions 
of the inorganic lattice.26, 27 First principles simulations show 
that during MA+ migration, an opening of the inorganic 
framework is required for the cation to move between lattice 
sites.4, 28 Furthermore, according to density function theory 
simulations, because of the strong electric dipole moment of 
MA+,24 under the combined effect of illumination and electric 
field, MA+ dipole alignment causes an expansion of the 
perovskite lattice.27 
    Despite the predicted interdependence between lattice 
strain, ionic motion, and external stimuli such as light and 
electric field, little is known about the role of nanoscale 
morphology in mediating these effects. Scanning thermo-ionic 
microscopy (STIM) has recently been demonstrated as a means 
of mapping nanoscale ionic activity under local thermal 
excitation.29, 30 An alternative approach, piezoresponse force 
microscopy (PFM), has been applied to spatially map perovskite 
lattice strain in response to an applied AC voltage between a 
probe and sample.31-33 The linear response between the applied 
voltage and resulting surface displacement in 
methylammonium lead halide perovskite samples has been 
associated with ferroelectric and ferroelastic phenomena.34-36 
Although scarcely explored, it has been suggested that a second 
harmonic PFM response can arise from ionic redistribution.37-39 
Using a spatially averaged PFM approach, Huang and coworkers 
recently reported on a macroscopic second harmonic 
electromechanical response from methylammonium lead 
triiodide (MAPbI3) single crystals under low frequency AC bias.40 
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It was suggested that the observed strain was caused by a bias-
induced formation of Frenkel defects. To date, the second 
harmonic PFM response, which holds potential for probing 
higher order lattice strain induced by ionic motion, has not been 
spatially mapped in methylammonium lead halide perovskite 
films. Insight into the spatial distribution of nonlinear lattice 
strain triggered by light and voltage is promising for providing a 
window into the role of localized ion migration in perovskite 
degradation and device performance hysteresis.41-45   
       In this study, we investigate the interplay between ionic 
motion and nanoscale localized lattice strain due to external 
stimuli, i.e., illumination and voltage bias, in MAPbI3 perovskite 
thin films. By spatially and temporally resolving lattice strain 
using PFM, we observe a pronounced lateral second harmonic 
strain response at low AC bias frequencies that increases with 
light exposure time and preferentially resides at GBs and nearby 
regions. The emergence of surface protrusions following 
concurrent light and voltage bias conditions points to localized 
MA+ motion in the vicinity of GBs that produce irreversible 
structural transformations. These results implicate MA+ 
migration as a key mechanism for instability in 
methylammonium lead halide perovskite optoelectronic 
devices under voltage bias and light. 

Results and discussion

      Figure 1 shows the setup used for strain response mapping. 
The sample comprised a 300 nm thick MAPbI3 thin film 
fabricated on a poly(2,3-dihydrothieno-1,4-dioxin)-
poly(styrenesulfonate) (PEDOT:PSS)-coated indium tin oxide 
(ITO) substrate, a typical configuration used in inverted 
perovskite solar cells. Tetragonal phase MAPbI3 perovskite thin 
films (Supplementary Information, Figure S1) were deposited 
through a two-step process in a nitrogen-filled glovebox and 
shown to exhibit a photovoltaic response (see Supplementary 
Information, Section 1 and Figure S2).46 The Pt-coated probe 
was maintained in contact with the sample while an AC bias 

with an amplitude of 2 V and frequency of 0.8 kHz was applied 
to the probe to induce periodic mechanical displacements at 
the perovskite surface. Vertical and lateral second harmonic 
oscillations of the cantilever were detected and recorded 
simultaneously with topography. 
    We first tracked the second harmonic strain as a function of 
light exposure time, as shown in Figure 2. Measurements were 
performed in a nitrogen-filled glovebox to exclude the influence 
of oxygen or moisture. The simultaneously recorded cantilever 
deflection (Figure 2a) shows a polycrystalline film structure, 
with terracing within the grains and a grain size that varies from 
100 nm to 500 nm. The deflection signal tracks deviations from 
the deflection setpoint and is more sensitive to topographic 
changes than height measurements, which can be seen in the 
Supplementary Information, Figure S3. Under dark conditions 
(Figure 2b), the lateral second harmonic strain exhibits a weak 
contrast. After 5 min of light soaking, using solar simulator light 
with an irradiance of 4500 W/m2, a strain map was recorded at 
the same sample location under continuous illumination (Figure 
2c). These measurements reveal a pronounced, heterogeneous 
strain response, with the strongest response concentrated at or 
near most GBs. As the light soaking time was increased to 30 
min and 60 min (Figure 2d and 2e, respectively), the contrast 
between GBs and grain interiors saturates.  
     It should be noted that the measured second harmonic strain 
contrast was entirely lateral, with the vertical strain amplitude 
maps showing no distinguishable features under dark or light 
conditions (see Supplementary Information, Figure S3). We 
found that the strain was most pronounced at low AC bias 
frequencies (1 kHz and below) and became negligible at 5 kHz 
and above (Supplementary Information, Figure S5). We also 
observed reproducible lateral second harmonic strain under 
forward and reverse scan directions, confirming that the 
features are unrelated to scanning artefacts (Supplementary 
Information, Figure S6). Furthermore, when switching the 
illumination off and on during strain map acquisition 
(Supplementary Information, Figure S4), we saw that the lateral 
second harmonic strain abruptly drops, within seconds, and 
then gradually recovers after re-illumination, demonstrating 
the reversibility of the light-induced strain. The rapid dissipation 
of the strain when the light is turned off suggests that it is the 
illumination itself, rather than light-induced heat buildup, that 
softens the lattice.

Nanoscale second harmonic electromechanical coupling 
between the biased probe and surface can arise from multiple 
mechanisms, including: electrostatic capacitive forces between 
the probe and charge near the sample surface,47, 48 Coulombic 
attractive stress (Maxwell stress) due to oppositely charged 
surfaces of the film,49 induced polarization (electrostriction),50, 

51 and thermal expansion due to Joule heating.52, 53 For insight 
into the nanoscale capacitive interactions between the probe 
and sample, we performed scanning capacitance microscopy 
(SCM) measurements under noncontact conditions 
(Supplementary Information, Figure S7).54 The resulting SCM 
maps show no differences in the capacitive signals recorded 
under dark and 30 min light exposure conditions. We therefore 
rule out capacitive forces resulting from charge accumulation as 

Figure 1. Schematic showing the sample configuration and experimental setup used for 
second harmonic strain mapping.
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the cause of the observed light-induced second harmonic PFM 
strain signal. It should also be noted that induced polarization 
occurs on a much faster timescale (e.g., microseconds),40 
compared to the millisecond timescale of the strain response 
recorded here. Moreover, electrostriction caused by induced 
polarization exhibits an increased response with contact 
force,52 which is not the case in our measurements (see 
Supplementary Information, Figure S8). 
     Thermal expansion due to current-induced Joule heating 
could also result in a pronounced second harmonic PFM signal 
at low AC voltage frequencies.52, 53 Although the volume 
expansion due to Joule heating is quadratically dependent on 
voltage, we found a weaker dependence of lateral second 
harmonic strain amplitude on voltage (Supplementary 
Information, Figure S9). Above 3V, the strain became more 
uniformly distributed and saturated. The lateral second 
harmonic strain was also acquired with an additional DC bias 
added to the probe (on-field measurement) to induce current 
flow and the resulting strain was suppressed (see 
Supplementary Information, Figure S11); conversely, an 
enhanced strain would be expected for Joule heating.53 
Furthermore, volume expansion caused by local heating should 
be relatively isotropic and would therefore not produce the 
observed lateral strain contrast without a similar accompanying 
vertical signal. For these reasons, we exclude Joule heating as a 
cause for the observed nonlinear lateral strain. The lack of 
vertical nonlinear strain contrast also indicates that volumetric 
expansion caused by ion buildup (Vegard strain) is not taking 
place; in cases where Vegard strain occurs, PFM is commonly 
referred to as electrochemical strain microscopy (ESM).55, 56             
     To explain the observed second lateral harmonic strain, we 
look to the strong coupling between ionic motion and lattice 
distortion in methylammonium lead halide perovskites. Several 
details about the observed second harmonic strain support such 
a mechanism. Firstly, the lattice deformation under light 
stimulus is most pronounced near GBs which serve as channels 
for ion migration in perovskite thin films.57-59 The reduced 
coordination of ions at GBs and the higher concentration of 
vacancies and other defects near GBs make these regions 
susceptible to lattice distortion60-62 that can accommodate ion 
flow and produce a pronounced PFM strain signal. Secondly, the 
response to light exposure evolves over a timescale of minutes, 

similar to light soaking effects associated with ion redistribution 
in perovskite solar cells.63-67 Third, the cutoff AC bias frequency 
for a nonlinear strain response (≤1 kHz) is close to the hopping 
rate for MA+ within methylammonium lead halide perovskites 
and much lower than the rate for halide migration.68-72 At higher 
AC voltage frequencies, slowly migrating ions may not keep up 
with the frequency of the alternating electric field, resulting in 
a reduced lattice distortion and strain signal. Fourth, the second 
harmonic strain is lateral, caused by in-plane perovskite lattice 
distortion. This in-plane distortion can be caused by lateral 
stretching of the inorganic framework as the ions are driven to 
oscillate vertically by the applied electric field.28 The nonlinear 
response would stem from lateral lattice stretching taking place 
as ions displace in response to a positive and negative bias, i.e. 
twice per cycle.

GBs serve as the main ion migration pathways when the AC 
bias amplitude is at or below 2 V. This observation is consistent 
with STIM measurements of thermally-induced ionic strain in 
MAPbI3.29, 30 At higher voltages, we see increased ionic activity 
within grains, with Schottky defects likely playing a role in ion 
transport (see Supplementary Information, Figure S9).28, 73  
     In principle, any of the constituent ions (I-, MA+, and Pb2+) can 
migrate within the perovskite films. Computationally and 
experimentally-determined activation energies for ion 
migration reveal that I- (0.34 eV) is the most mobile ionic 
species, followed by MA+ (0.70 eV) and Pb2+ (1.56 eV), which is 
far less mobile. The activation energies are estimated based on 
average values across nine studies.74 Due to the higher 

activation energy of MA+ compared with I-, MA+ migration was 

Figure 2. (a) Cantilever deflection and (b-e) lateral second harmonic strain amplitude images: (b) under dark conditions and following illumination for (c) 5 
min, (d) 30 min, and (e) 60 min. Each image took about 10 min to record and was scanned from bottom to top. The scale bars represent 600 nm.

Figure 3. Proposed scheme for lateral second harmonic strain caused by MA+ 
alignment and hopping under AC bias and illumination.
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demonstrated to be more strongly dependent on 
illumination.26, 75 Another way to distinguish between MA+ and 
I- migration is that the processes occur on different time scales. 
A first-principles computational study by Angelis et al. predicted 
that iodine-related defects migrate through a 300 nm thick 
perovskite film on much shorter time scales than MA vacancies 
(<1 μs versus tens of ms).71 The characteristic timescale in our 
strain measurements is thus more consistent with MA+ ion 
migration. Furthermore, based on molecular dynamics 
simulations, Meloni and coworkers showed that halide 
migration causes a much smaller lattice distortion than MA+ 
cations, which requires an opening of the inorganic framework 
to hop between lattice sites.28 Therefore, although I- migration 
likely occurs during our measurements (due to a low activation 
energy for transport), the halide anions will not cause an 
appreciable lattice strain during second harmonic PFM 
mapping.     
     In light of the above arguments, we hypothesize that light-
induced MA+ ion migration under bias is the primary 
contribution to the observed lateral second harmonic surface 
deformation. In addition to the second harmonic lattice strain 
caused by ion hopping, structural relaxation of the inorganic 
cage will take place when the MA+ reaches a new site and 
further lattice distortion will occur as MA+ dipoles align with the 
oscillating electric field;27 these effects may add to the observed 
lattice response. The proposed ion-migration-induced process 
for lateral second harmonic lattice strain is illustrated in 
Figure 3. 
     To test this hypothesis, we mapped the lateral second 
harmonic strain before and after applying a DC bias, as shown 
in Figure 4. First, deflection and strain (Figure 4a, f) were 
recorded under illumination, following 30 minutes of light 
soaking. Next, the AC probe bias was turned off and a +3 V DC 
bias was applied while measuring the deflection in contact 

mode (Figure 4b). A DC bias should cause ion depletion or 
accumulation at the sample surface, depending on the relative 
sign of the bias and ionic species. We then recorded, once again, 
the deflection and strain (Figure 4c, g). The strain map before 
and after a +3 V bias are highly similar, showing an enhanced 
response at GBs and nearby regions. Careful observation, 
nevertheless, reveals local changes in the strain image, for 
example, as indicated with the dashed red circles in Figure 4f 
and g. In this case, the lateral strain signal became more sharply 
defined at the GBs after the application of a positive DC bias. 
This result suggests that the MA+ ions drifted away from the 
surface under positive bias and then diffused back, but not 
necessarily along the same pathways, resulting in a 
redistribution of MA+. 
     Interestingly, when the DC bias is switched to -3 V, the 
topography (Supplementary Information, Figure S13) and 
deflection (Figure 4d) exhibit extensive streaks, which can be 
caused by diffusing or loosely bound objects being pushed 
around by the AFM probe during scanning.76, 77 We propose that 
under a -3 V probe bias, MA+ ions are pulled to the sample 
surface, leading to the observed streaks. Some streaks are still 

visible in the deflection image after the -3 V DC bias was 

Figure 4. (a, c, e) Deflection and (f, g, h) lateral second harmonic strain amplitude images obtained under illumination; (a) was recorded after 
30 minutes of light soaking. (b, d) Deflection images obtained with contact mode AFM under illumination with (b) +3 V and (d) -3 V applied to 
the probe. The scale bars represent 600 nm. The solid yellow circles in (c) and (e) indicate a local change in morphology after the application of 
a -3 V DC bias. The dashed red circles in (f) and (g) highlight an example of a local change in strain response after the application of a +3 V DC 
bias. 

Figure 5. Consecutive (a) tapping mode amplitude, (b) lateral second harmonic strain 
amplitude, and (c) tapping mode amplitude measured on a perovskite film. The circle 
and square outlines indicate regions where morphological changes occur following 
strain mapping. The scale bars represent 300 nm. The strain measurements were 
performed under illumination, following 30 min of light soaking. The tapping mode 
measurements were performed in the dark.
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switched off, indicating that not all of the displaced ions have 
returned to a stable configuration (Figure 4e). In addition, the 
emergence of new protrusions at the surface can be seen, for 
example, within the highlighted yellow region in Figure 4e. 
These protrusions form above GBs, where there is increased ion 
flow. This result supports the notion that MA+ ion migration to 
the perovskite surface leads to nanoscale structural 
rearrangement. Owing to the low mobility of Pb2+, we speculate 
that the protrusions consist of MAI, which is consistent with the 
observed increase in carbon content and decrease in iodide in 
similarly formed bias-induced structures.78 Measurements 
performed under dark conditions (shown in Supplementary 
Information, Figure S12) exhibit a greatly reduced strain signal 
and a far weaker streaking effect under a negative DC bias, 
confirming that light facilitates the MA+ migration.
      To decouple potential effects of scanning the AFM probe in 
contact with the sample surface from the combined effects of 
an applied AC field and light, we performed less invasive 
intermittent contact (tapping mode) measurements before and 
after strain mapping (Figure 5). Similar to the deflection signal 
in contact mode, the cantilever amplitude recorded during 
tapping mode is more sensitive to surface features than height 
measurements. As shown in Figure 5a and 5c, recorded before 
and after strain mapping, there are two notable features: (1) 
new protrusions are formed near GBs, and (2) terraces seen 
before strain mapping become smoothed afterwards. It should 
be noted that a DC bias was not used to accumulate charge near 
the surface. In this case, the AC bias and light during strain 
mapping induced protrusion formation. Careful comparison 
between Figure 5b and 5c reveals that the locations where small 
protrusions emerge (Figure 5c) coincide with locations bearing 
a higher lateral second harmonic strain response (Figure 5b), as 
marked with red circles and squares. These measurements 
suggest that regions with increased MA+ migration activity are 
more prone to light and bias-induced morphological change. 
Furthermore, these results implicate nanoscale structural 
rearrangement induced by light- and bias-activated MA+ 
movement as likely sources of perovskite instability and device 
degradation.
     It should be noted that the smoothing of the terraced 
structure within grains during PFM mapping also occurs during 
contact mode imaging without an applied bias or light (see 
Supplementary Information, Figure S15 and S16), indicating 
that the soft perovskite lattice is susceptible to subtle polishing 
during sliding contact with the AFM probe. The emergence of 
new protrusions, however, was only observed following bias 
and light exposure. 

Conclusions
To conclude, higher harmonic PFM is promising for investigating 
links between electric field-induced nonlinear mechanical 
strain, ionic motion, and film stability. In this study, nanoscale 
second harmonic strain mapping was used to visualize localized 
nonlinear lateral lattice strain near GBs in MAPbI3 thin films 
upon combined exposure to light and AC bias. The strain 
increases over the course of minutes and is most prominent at 

bias frequencies under 1 kHz. Measurements following the 
application of a DC bias support the role of MA+ cation migration 
in the observed strain response. We propose that under the 
combined action of light and an AC bias, light reduces the 
energetic barrier for MA+ migration, while the AC bias induces 
vertical cation movement, predominantly near GBs. In-plane 
lattice opening to accommodate MA+ hopping results in the 
lateral second harmonic strain seen in our measurements. We 
also observe that cation motion under light and bias can induce 
lattice instability and mass transport, leading to the formation 
of surface protrusions near GBs that serve as channels for ion 
transport. Given the sensitivity of local photocurrent and power 
conversion in perovskite solar cells to grain structure and 
composition,79 local irreversible changes in structure at the 
perovskite surface are expected to have a significant and 
irreversible impact on device performance.

These results show the intimate connection between MA+ 
flow, lattice strain, and structural stability in methylammonium 
lead halide perovskites. This work also bolsters the case for MA+ 
movement under light and voltage bias as a source of structural 
and performance instability in optoelectronic devices based on 
these materials. Strategies for reducing cation migration and 
improving perovskite stability, which can benefit from 
nanoscale ionic strain characterization, include morphology 
engineering to reduce GB density,80 GB passivation,81 
composition engineering,82 and interfacial strain mitigation.36, 83
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Combined light and voltage stimulus triggers localized cation migration, nonlinear lattice deformation, 
and nanoscale structural rearrangement in perovskite films providing insight into perovskite 
optoelectronic device instability.
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