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Supplementary Figure 1. PFM, CPD, and PL measurement over time (A) Comparison of

PFM magnitude and CPD maps. Light is turned on half way through the measurement. (B)

PFM amplitude maps under dark and light illumination and (C) a plot of average amplitude at

selected areas. (D) Time-evolution of photoluminescence under constant illumination. PFM

measurement is carried out over time. (E) Variation of peak positions and FWHM in

photoluminescence spectral measurement as a function of time. PL measurement is performed

using a 630 nm LED as the light source and a CCD camera as the detection mean. Parasitic

emission from inactive layers was removed from the total device luminescence emission.

Signal emitted from the device was collected through a band pass filter, 750-850 nm.
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Supplementary Figure 2. Structural variation on film surface with temperature. (A)
Schematic illustration of AFM work with heater and the film surface transformed from
tetragonal to cubic (B) Line profile of the black, red, blue and purple lines in (C to F)
Apparently it can be seen that corrugated surface at room temperature could be transformed to
smooth surface from 45 °C, and ,from subsequent measurement, such uneven surface reappears
when back to room temperature again (C) 3D Topography in non-contact mode in dark at 23°C
under air, (D) at 45 °C (E) at 72 °C (F) and back to 23 °C.
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Supplementary Figure 3. Temperature dependent KPFM measurement. (A) Topography
at 23°C (B) at 72°C (c) and line profile of black and red lines in (A to B) the striation patterns
disappear with heating up to 72°C as the film surface undergoes phase transition from tetragonal
to cubic. (D) Contact potential difference image at 23°C (E) at 72 °C at the same regions. (F)
The line profile of black and red lines in (D to E) striation patterns almost were diminished

over 72 °C and line profile also shows CPD values were constant at 72°C.



Supplementary Figure 4. lonic movement behaviour with charged AFM tip. (A) shows
halide ions” movement to the top surface when applied positive biases and (B) organic ions’

movement to the top surface when applied negative biases.
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Supplementary Figure 5. Bias-dependent PFM images of MA-FA mixed halide perovskite
in dark condition. (A to G) shows bias-dependent out-of-plane amplitude and phase maps of
metal halide perovskite in dark condition. (A) out-of-plane amplitude and phase images in
pristine condition (B to C) when applied positive bias, + 1 and + 2V (D) after back to zero (E
to F) when applied negative bias, -0.2 and -0.5 V (G) after back to zero again. Every PFM
image was taken on surface of the sample in dark condition. All measurements were performed
under ambient conditions using Ptlr coated tips. Stripe domains were gained with PFM in
contact of AFM tips. Out-of-plane amplitude and phase maps indicate the existence of stripe
domain structures.
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Supplementary Figure 6. Bias-dependent PFM images of metal halide perovskite in light
condition. (A to G) shows bias-dependent out-of-plane amplitude and phase maps of metal
halide perovskite in light condition. (A) out-of-plane amplitude and phase images in pristine
condition (B to C) when applied positive bias, + 1 and + 2V (D) after back to zero (E to F)
when applied negative bias, -0.2 and -0.5 V (G) after back to zero again. Under illumination,
PFM signals were basically higher than in the dark condition. Appearance of stripe domains
with light become much strong than no light condition. Likewise Figure S5, out-of-plane
amplitude and phase maps show clear striation patterns as a function of applied biases,
especially as for positive bias. (H) Graph of average amplitude signals with biases. (1) The line
profile of blue line in Figure S6C (J) The line profile of red line in Figure S6E. Overall tendency
with biases is the same with dark condition. It is obvious that switched patterns in phase signals

were shown in domains although their values are relatively lower than dark condition.
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Supplementary Figure 7. Polarization-electric field hysteresis loop measurement at an
inner grain. (A-E) Topography image, and phase and amplitude signals as a function of biases
measured in the location marked by the red star in topographic images. To check ferroelctricity
of metal halide perovskites, the out-of-plane phase and amplitude signals as a polarization-
electric field hysteresis loop measured with applied biases from -0.5 to 2V of 5 V/s. There
exists no butterfly curve in both amplitude and phase. In other words, the steady values in phase

suggest no ferroelectricity in mixed halide perovskite films.
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Supplementary Figure 8. Overlaid XRD patterns. (A) Overlaid XRD patterns under dark
and light illumination, (B) and with positive bias up to + 1 V, and then back to zero bias, and
with negative bias to — 1 V, and then back to zero bias. (C) Zoom-in of the peaks near 38
degrees with light (D) and bias effect. (E) Zoom-in of the new peak near 45 degrees with light
(F) and bias effect. (G) Zoom-on the Pbl> peak near 13 degrees with light (H) and bias effect.
() Zoom-on the (100) and (110) peaks near 14 degrees and 19 degrees with light (1) and bias
effect (J)
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Supplementary Figure 9. Photo-induced and bias-dependent Williamson - Hall plot. (A)
Williamson — Hall plot from the XRD peak full width at half maximum (FWHM) under dark

and light illumination and then dark again (B) with positive bias up to +1 V, and then back to

zero continuously with negative bias to — 1 V, and back again to zero.
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Supplementary Figure 10. KPFM measurement under positive and negative bias. (A)
Topography and CPD spatial maps over an area of 1 um with (B) +2 V and (C) -2 V applied
to the tip under 500 nm with 0.3 W/cm? illuminations of the samples consisting of FTO/bl-
TiO2/mp-TiO2/perovskite and the FTO layer is grounded. (D) CPD distributions and vertical
lines are medians for each graph. Here, we used a novel two-pass Kelvin mode in which the
first pass scans the topography and the second pass measures the CPD. Bias voltages are

applied during the first pass scans.
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Supplementary Note 1

Light and bias can cause both reversible and irreversible chemistry and structural
rearrangements, depending on the magnitude of applied bias or light intensity.! There is partial
irreversible/reversible chemistry or structural rearrangement exists which could be responsible
for phase segregation or externally stimulated ion migration through the material by bias or
light.

Firstly, looking at the broaden peak near 38 degrees, Hoke et al showed that such peak
broadening under the light originates from phase segregation and it is mostly reversible after
dark condition for 5 mins.2 For our sample, it was almost reversible after the illumination, and
partially irreversible for applied bias. This could be due to a permeant damage caused by a
strong ion migration. Next, in the new peak near 45 degrees, it can be seen that the peak does
not change under the light, however, the new peak extends from 43 degrees (300) and has a
maximum at around 44 degrees. Similar results are observed from reversible phase segregation
reports? which stated that the strain is driven by phase segregation under light illumination,
which can cause peak splitting and broadening.?® Consequently, it is evident that changed

peaks are not caused by permanent damage of the material.

In addition, XRD patterns are analyzed to see if there is any damage due to bias and light. If
there was an irreversible damage or amorphisation, there should be an increase for the Pbl;
peak near around 13 degrees*, because halide perovskites usually decompose into MAI or FAL,
and Pbl..> The Pbl, peak does not show noticeable change, however, the intensities of the
presented perovskite peaks significantly change, which indicates that the crystallinity of the
film has been partly modified due to the perturbations. This could potentially be originating
from mostly reversible phase segregation (after dark condition for 5 mins?) or reversible
conversion mentioned in earlier reports®. Therefore, we think that it is not possible to conclude

a complete transition to the amorphous phase or irreversible damage to the sample.

Note that we see damage to the material only at a certain high bias range especially for above
— 4 V.1 All our measurements are however only performed at lower bias where such damage
can be avoided. Although the PL spectral result (Fig. S1) did not show clear indication of phase
segregation, we now think that the phase segregation can occur due to the bias which alters the
XRD patterns.
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Supplementary Note 2

In Williamson-Hall analysis, pure strain broadening is expected to result in a straight line
through the origin without intercept.” In principle, a smooth line indicates isotropic broadening
of each peak regardless of the plane orientation.” However, this is not observed in our results
which mean that our film undergoes anisotropic peak broadening. In this case, it is more
appropriate to use the broadening functions of separate effects with families of higher order
reflections.®2° Previously, it has been reported that halide perovskites can have anisotropic
strain depending on the plane orientation.!!*2 Accordingly, we have analysed the strain data
considering families of strongly oriented (110) and (100) lattice planes. (26: 14°, 20°, 28°,
40.5°, and 43°) Based on above arguments and references, we exclude peaks at 24, 38 and 44
degrees because they are not the same family as (100) or (110), and also because they might

have contributions from phase segregation as discussed above.
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