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Anisotropic carrier diffusion in single MAPbI; grains
correlates to their twin domains

Solar cells based on perovskite compounds could soon make
electricity generation from sunlight even more efficient and
cheaper. The laboratory efficiency of these perovskite solar
cells already exceeds that of the well-known silicon solar
cells. An international team led by Stefan Weber from the
Max Planck Institute for Polymer Research in Mainz has
found microscopic structures in perovskite crystals that

can guide the charge transport in the solar cell. Clever
alignment of these “electron highways” could make
perovskite solar cells even more powerful.
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Broader context

Anisotropic carrier diffusion in single MAPDbI3
grains correlates to their twin domainsf
ltka M. Hermes, (2 *@ Andreas Best,? Leonard Winkelmann,®® Julian Mars,

Sarah M. Vorpahl,© Markus Mezger, (22° Liam Collins,” Hans-Jurgen Butt,
David S. Ginger,© Kaloian Koynov® and Stefan A. L. Weber (0 *@®

a

Polycrystalline thin films and single crystals of hybrid perovskites — a material group successfully used
for photovoltaic and optoelectronic applications — reportedly display heterogeneous charge carrier
dynamics often attributed to grain boundaries or crystalline strain. Here, we locally resolved the carrier
diffusion in large, isolated methylammonium lead iodide (MAPbI3) grains via spatial- and time-resolved
photoluminescence microscopy. We found that the anisotropic carrier dynamics directly correlate with
the arrangement of ferroelastic twin domains. Comparing diffusion constants parallel and perpendicular
to the domains showed carriers diffuse around 50-60% faster along the parallel direction. Extensive
piezoresponse force microscopy experiments on the nature of the domain pattern suggest that the
diffusion anisotropy most likely originates from structural and electrical anomalies at ferroelastic domain
walls. We believe that the domain walls act as shallow energetic barriers, which delay the transversal
diffusion of carriers. Furthermore, we demonstrate a rearrangement of the domains via heat treatment
above the cubic-tetragnal phase transition. Together with the previously reported strain engineering
via external stress, our findings promise additional routes to tailor the directionality of the charge carrier
diffusion in MAPbls-based photovoltaics and optoelectronics as well as other ferroelastic materials for
optoelectronic applications.

Many perovskite compounds exhibit ferroic properties, such as ferromagnetism or ferroelectricity. Among these properties, the lesser known ferro-elasticity

originates from a change of the crystal structure below a critical temperature, which introduces an internal strain in the material. To compensate for the

internal strain, the crystal forms domains with alternating crystal orientation, often arranged as periodic needle twins that display 90° direction changes. With

the integration of the room-temperature ferroelastic perovskite MAPbI; in photovoltaic and optoelectronic devices, knowing if and how ferroelastic domains

affect the electronic charge carrier transport is crucial for device optimization. In this study, we were able to directly correlate an anisotropic charge carrier
diffusion with the orientation of ferroelastic twin domains in isolated MAPbI; grains. Due to the ferroelastic nature of the domains it is possible to modify the

domain orientation via external stress and controlled heat treatments above the ferroelastic cubic-tetragonal phase transition of the material. The influence of

ferroelastic domains on carrier dynamics offers unique opportunities to customize the directionality of charge carrier transport in the MAPbI; and other
ferroelastic materials studied for optoelectronic applications.
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Introduction

Organic-inorganic hybrid perovskites display astonishing
optoelectronic properties making them suitable materials for
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and detectors.® Among others, a direct band gap,”® high defect
10-12 g yalify
hybrid perovskites for planar heterojunction devices. As such,
the diffusion length in methylammonium lead iodide (MAPbL;)

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/ Can exceed the usual film thickness of 300-500 nm in perovskite
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PV devices by up to an order of magnitude.'®™** The diffusion
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length Ly, is the average distance photoexcited carriers diffuse
before recombining. L, depends on the diffusion constant D
via Lp = +/Dr, with the charge carrier lifetime 7.**> While the
carrier lifetimes, given by the recombination rates, depend on
the trap and carrier density, the diffusion constant is a material
property.

However, values reported for the diffusion constant in
MAPDI; vary strongly with significant differences between single
crystals and polycrystalline thin films, and even grain-to-grain
variations within the same films.'*>' Furthermore, several
investigations of charge carrier dynamics in polycrystalline thin
films found an anisotropy in the diffusion correlated to limited
carrier transport across grain boundaries. The limited inter-grain
carrier transport could stem from poor inter-grain connectivity
or a mismatch in crystalline orientation."***>* In their study on
grain boundary restrictions of the carrier diffusion, Ciesielski
et al. resolved an apparent asymmetric spatial distribution of
diffusion constants within one single grain.”® This observation
raises two questions: do individual MAPbI; grains display an
anisotropic charge carrier diffusion? If so, which mechanism
introduces this diffusion anisotropy?

Indeed, Stavrakas et al recently visualized anisotropic
carrier diffusion in MAPbBr; single crystals. They proposed
buried crystal boundaries in the bulk material lead to the
diffusion anisotropy.”’ Evidence for buried boundaries was
delivered by Jariwala et al., who imaged sub-grain boundaries
in single MAPbI; grains via electron backscatter diffraction.
These sub-grain boundaries could originate from crystal strain
introduced via the cubic-tetragonal phase transition.*”

To investigate the diffusion anisotropy in MAPbI; and the
underlying mechanism, we employed spatial- and time-resolved
photoluminescence (PL) microscopy>*?®>® as well as piezo-
response force microscopy (PFM). PL microscopy detects photons
released during the bimolecular recombination of photoexcited
charge carriers. In a sample layout without charge extraction, we
could use PL microscopy to map the spatial distribution of
diffusive charges upon local excitation. By applying a pulsed
excitation, we furthermore detected time-resolved PL decays,
which provide information on the carrier dynamics. To probe
the carrier diffusion times we scanned the detection of the time-
resolved PL over isolated MAPbI; grains at varying distances from
the excitation position. The time-resolved PL decays featured a
delayed, distance-dependent diffusion signal, which revealed a
distinct diffusion anisotropy. We found that this diffusion aniso-
tropy directly correlated to the arrangement of ferroelastic twin
domains, visualized by PFM on the same grains.

Results
Spatial- and time-resolved photoluminescence microscopy

To resolve the lateral distribution of carrier diffusion times in
single MAPbI; grains, we used spatial- and time-resolved PL
microscopy: we measured time-resolved PL decays following
picosecond excitation pulses in varying distances from the
excitation, by moving the detection volume independently from
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Fig. 1 (a) Optical reflection image of the investigated isolated MAPbI3
grain. The detection positions of four exemplary time-resolved PL decays
along different grain directions in comparable distances d;, d», ds and d4
(6.5-6.9 um) from the excitation position (red cross) are marked by
the yellow, orange, green and blue circle, respectively. (b—e) The four
corresponding PL decays detected in distances dy, d», ds and d,4. The red
lines in (b—e) represent the data fits according to eqn (1). Excitation with
633 nm wavelength, a fluence of 0.77 pJ cm~2, a repetition rate of 2 MHz
and 0.81 um beam diameter (ESI, T Fig. S2).

the fixed excitation position over the grain (ESL{ Fig. S1).
Previous studies employed similar experimental setups to
determine local diffusion constants or evaluate the diffusion
across grain boundaries in hybrid perovskites thin films.>*>6728
Here, we focused on investigating diffusion properties of large,
isolated MAPbI; grains; first, to achieve an adequate range of
distances between excitation and detection position without
resolution limitations, and second, to exclude quenching
effects from inter-grain carrier diffusion.

The investigated MAPDI; grain (Fig. 1a) featured 4 arms. At its
widest, the grain had a diameter of more than 20 pm, with an
overall area of ~230 pum® According to Johnston et al. the
diffusion length expected for our initial charge carrier density of
10" em™* (see ESL, calculation S3), is in the order of 10-20 um"°
and, thus, comparable to the dimensions of the grain.

We positioned the pulsed laser excitation in the center of the
grain and proceeded to move the detection volume of the time-
resolved PL away from the excitation in different directions along
the arms. Four exemplary PL decays detected at comparable
distances dy, d,, d; and d, between 6.5 + 0.8 and 6.9 &+ 0.8 um
from the excitation are shown in Fig. 1b-e.

The detected PL decays were of superposition of two signals. In
agreement with previous studies,*?*?® we assigned the fast,
initial peak and its associated exponential decay to wave-guided
PL emission from the position of the excitation spot. Due to the
large mismatch of the refractive indices of air, MAPbI; and glass,
the emission from the excitation position can be trapped in the
grain.>*~? The second signal, a delayed peak function, represents
PL emitted at the position of the detection volume via bimolecular
recombination of diffusive, non-excitonic charge carriers.?**¢28
For quantitative analysis we fitted all time-resolved PL decays with
an overlay of an exponential decay and a peak function, given by:

=1
y=Ay-€ ™+

TDiff

.e =l + Yo (1)

Apifr

(t —to)

Energy Environ. Sci., 2020, 13, 4168-4177 | 4169


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee01016b

Open Access Article. Published on 02 2020. Downloaded on 02-02-2026 9:39:43.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

With the amplitude A, and decay time 1,, of the wave-guided PL,
the amplitude Ap;sr and diffusion time 7 of the diffusive carriers
and the offsets in ¢ and y, ¢, and y,, respectively. For the diffusion
peak function, we used a two-dimensional diffusion equation,
under the assumption that the excitation occurs along a vertical
line through the grain, from which the carriers diffuse radially.”®

Comparing the diffusion times tp;¢ obtained from the data-
fits for the four detection positions in Fig. 1b-e, we observed a
considerable shift to longer diffusion times for arms 2 (93.7 £+
5.6 ns) and 4 (78.9 + 4.5 ns), compared to 1 (54.0 & 2.6 ns) and
3 (57.5 £ 3.6 ns; more PL traces in ESI,T Fig. S4). Previous
reports attributed such anisotropic charge carrier diffusion in
hybrid perovskites to crystallographic anomalies such as grain
boundaries.?*"2*3** Multiple groups observed a sharp drop of
the static PL distribution at the position of visible as well as
buried grain boundaries, which can inhibit the charge carrier
transport,'*?>2%33

Static PL distribution

To investigate whether the anisotropy of the diffusion times
was caused by buried grain boundaries, we mapped the static
PL distribution upon local excitation at the same position as in
Fig. 1. The PL distribution was largely homogeneous without
sharp intensity drop, which would have indicated the presence
of buried grain boundaries (Fig. 2a). Instead, the PL distribu-
tion displayed a diffuse maximum in the PL emission at
the position of the excitation spot and local maxima at the
positions of the grain boundaries, which originated from
the enhanced out-coupling of wave-guided PL (Fig. 2a-c).>*
Analyzing the line-profiles of PL distribution along the green
and black profiles in (a), we observed an anisotropic distribu-
tion with an elongated intensity-tail in arm 2. While the PL
intensity in arms 1, 3 and 4 dropped by 50% in distances of 3.5,
3.0 and 3.7 um from the excitation, respectively, in arm 2 the
50%-mark was reached at a distance of 5.7 um. In light of the
long diffusion times observed in arm 2 in the time-resolved

210

10 37 0 5'710

Distance from excitation in ym

Fig. 2 (a) Static PL distribution of the MAPbls grain. The position of the
excitation laser spot is marked with the red cross. An increased PL is
detected at the grain boundaries, most likely due to enhanced outcoupling
of wave-guided PL. (b) and (c) show the intensity distributions corres-
ponding to the green and black line-profiles in (a), with local maxima at the
position of the excitation as well as the grain boundaries.
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PL data, the result from the static PL is surprising. It seems that
longer diffusion times correspond neither to a decrease of the
carrier density along the same grain direction nor to an increase
of non-radiative recombination. We suggest two possible expla-
nations for the time-resolved and static PL microscopy results:
either an acceleration of the diffusion along arms 1 and 3 or a
deceleration of the diffusion along arms 2 and 4.

For the first scenario, several computational studies proposed a
mechanism that would lower the bimolecular recombination and
lead to an accelerated diffusion: these calculations showed that
charged ferroelectric domain walls as well as polarized ferroelastic
domain walls could act as charge-selective carrier pathways, which
allow for charge carrier transport with minimized scattering.**™°
The perovskite PV community largely accepted the existence of
ferroelasticity in MAPbI; based on the observation of ferroelastic
twin domains with a variety of imaging techniques, including
PFM, transmission electron microscopy and polarized light optical
microscopy.’®** Unambiguous evidence for the material’s ferro-
electricity however remains elusive.*>***” In one of the following
sections, we investigate ferroelectricity in MAPbI; by means of
advanced PFM measurements.

In the second possible scenario, the grain could have a
higher concentration of shallow traps along arm 2 and, to
lower extend, along arm 4, which delay the carrier diffusion
without acting as non-radiative recombination centers.*®*’
The anisotropy in the trap distribution may again relate to
ferroelasticity in MAPDI;, with structural and electronic anomalies
at the position of domain walls delaying the transversal motion of
charge carriers.

Piezoresponse force microscopy

Ferroelectric and -elastic domain patterns can be resolved by
PFM — a contact mode scanning probe microscopy method,
which applies an AC voltage between a conductive tip and
the sample. Since ferroelectric materials are piezoelectric, the
AC voltage drives an oscillating piezoresponse. In PFM, the
amplitude and phase response of the sample-cantilever system
is detected by a lock-in amplifier and recorded while scanning
the tip across the surface. Thereby, PFM maps ferroelectric
domain patterns.’® > PFM can image both out-of-plane and in-
plane piezoresponses by detecting the vertical or torsional
cantilever displacements, respectively.

We collected lateral PFM data on the same isolated MAPbI;
grain (Fig. 3). The height signal and the deflection signal
showed a grain thickness of 1.1 um with an overall smooth
surface and some terrace-like step edges (Fig. 3a and b, ESLt
Fig. S5). Defined step edges and the flat surface suggested a
high crystallinity as well as preferential crystal orientation,
confirmed by 2D XRD (ESI,t Fig. S6). In agreement with our
previous study, 2D XRD revealed that the majority of the grains
on our sample had a (110) orientation parallel to the surface.*’
Simultaneously to the height signal, we measured the lateral
PFM phase signal (Fig. 3c). In this image, we clearly distin-
guished a periodic domain pattern, that displayed no correla-
tion to the height signal. Some of the domains spanned over
almost the entire width of the grain from arm 1 to arm 3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Lateral PFM measurement (1.5 V AC excitation, 735 kHz, 49 nN) on
the isolated MAPbIs grain on glass. (a) Height signal with positions of
profiles (green and blue line) shown in (b). (b) Height profiles, extracted at
the position of the blue and green line in (a). (c) Lateral PFM phase images
periodic twin domains with position of the profiles shown in (d) (solid red
and black line). Dashed black lines outline areas with a 90° direction
change. The detection positions of the time-resolved PL decays in
Fig. 1(b—e) are indicated by the circles. (d) PFM phase line-profiles,
extracted at the positions of the solid red and black line in (c), showed
the absence of periodicity in the profile parallel to the domains (black) and
varying periodicities between 0.13 and 0.50 pm in the profile perpendicular
to the domains (red).

The direction of the stripes changed by 90° for arm 4 and for
the last 3 um of arm 3 as indicated by the dashed lines in
Fig. 3c. The PFM phase profile in Fig. 3d extracted along the red
line perpendicular to the domains in Fig. 3c shows that the
domain widths varied between 0.13 pm and 0.50 pm.

When correlating the time-resolved PL decays (Fig. 1b-e) to
the periodic domain pattern (Fig. 3c), we observed that shorter
diffusion times coincided with a carrier diffusion parallel to
the domains, while longer diffusion times coincided with a
carrier diffusion perpendicular to the domains. Along arm 1,
the carriers exclusively traveled parallel to domains towards the
detection position, resulting in the shortest diffusion time
(Fig. 1b). Along arm 2, the carriers exclusively diffused perpendi-
cular to the domains, which led to the longest detected diffusion
time (Fig. 1c). Along arms 3 and 4 (Fig. 1d and e), the domain
orientation changed by 90° between excitation and detection
positions. Thus, the diffusion times detected here were combi-
nations of parallel and perpendicular diffusion times. In arm 3,
the domain orientation changed from parallel to perpendicular
in close proximity to the detection position, giving rise to the
shorter diffusion time compared to arm 4.

To evaluate the consistency of the correlation of the diffu-
sion anisotropy and domain arrangement, we compared several
PL decays at additional distances parallel and perpendicular to
the domains (ESI,T Fig. S7 and S8), inverted the excitation and

This journal is © The Royal Society of Chemistry 2020

View Article Online

Energy & Environmental Science

detection positions (ESI,t Fig. S9) and repeated the PL and PFM
measurements on another large, isolated MAPbI; grain (ESL,+
Fig. S10 and S11). In agreement with the initial results, we
consistently detected longer diffusion times for diffusion paths
perpendicular than for those parallel to the domains. These
results suggest that the origin for anisotropic charge carrier
diffusion in MAPDbI; perovskite is directly related to the domain
pattern resolved via PFM.

Diffusion anisotropy

To quantify the diffusion along both directions of the domain
pattern, we plotted the distance d versus the diffusion times tp;
and fitted the diffusion constants D via:

y = +/4i - D (2)

We derived eqn (2) from the diffusion constants in two dimen-
sions given by D = d*/4tp;g.”°

For the diffusion parallel to the domains, we obtained a
diffusion constant of Dy = 1.9 + 0.1 cm® s~ ' and for the
perpendicular diffusion a constant of D, =1.2 + 0.1 cm® s *
(Fig. 4a and b). These values agree with diffusion constants
from the literature measured within single grains of polycrystal-
line MAPDI; thin films; reported values range between 0.8 and
3.3 cm® s~ .'®?%?¢ Calculating the carrier mobilities from the
diffusion constants via the Einstein relation, D = u-kT/q, with
the Boltzmann constant k, the temperature T and the charge
of the carrier ¢,"* yields y; =72 £ 6 cm* V' s~ in parallel and
py =48 + 4 ecm® V' 57! in perpendicular direction. These
mobility values are in the range of mobilities reported for
polycrystalline and single crystal MAPbI,."® Overall, we found
that both the diffusion constant as well as the mobility of the
charge carriers in the parallel direction were 50-60% higher
than perpendicular to the domains, allowing us to quantify the
diffusion anisotropy.

While the fit of the diffusion constants coincided well with the
data points at low diffusion times, we observed deviations from
the fit for distances of more than 8 pm in both directions. This
deviation from the fitted random-walk diffusion model suggests
that an additional mechanism affects the carrier diffusion
especially at larger distances from the excitation. We exclude

3) !Pparallel b) Perpendicular +
21 Fit 127 Fit 4 +-

£ 101 +F E10q

37 =

£ g +“l£ £ g4 +

8 1 8 1

5 ° § °

8 4] 8 4]
2 D=1.9 £ 0.1 cm?s 2] D=1.2 £ 0.1 cm?/s
% " 4 6 s 008 160 180 200 " 2%

Diffusion time in ns Diffusion time in ns
Fig. 4 (a) Diffusion times parallel to the domains derived from fits of time-

resolved PL decays plotted versus the distance between detection and
excitation with the data fit according to egn (2) and the parallel diffusion
constant. (b) Diffusion times perpendicular to the domains derived from
fits of time-resolved PL decays plotted versus the distance between
detection and excitation with the data fit according to egn (2) and the
perpendicular diffusion constant.
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a macroscopic drift effect originating from grain boundaries,
since diffusion times from the grain center and diffusion
times with inverted excitation and detection locations coincide
(ESL* Fig. S9).

A possible candidate for this additional mechanism is
photon recycling: a photon emitted via bimolecular recombina-
tion can be re-absorbed to create another free carrier pair
at some distance from the source. In MAPbI;, the low escape
cone and high photoluminescence quantum yield of radiative
recombination facilitates photon recycling, since light is
kept in the crystal for longer distances, which increases the
reabsorption probability.>**%**3>* Photon recycling is a diffu-
sive process, but with higher velocities than pure carrier
diffusion.®® Thus, an overlay of pure diffusion and photon
recycling would lead to an apparent acceleration of diffusion
with increasing distance from the excitation. On the other
hand, due to the squared dependence of the radiative recom-
bination on the carrier density, we expect the decrease of the
local carrier concentration further from the excitation to result
in a lower probability for radiative recombination.® Therefore,
the effect of photon recycling becomes weaker with increasing
distances from the excitation (ESI, Simulation S12).

Mechanistic origin of diffusion anisotropy

The distinct correlation of the diffusion anisotropy and the
domain arrangement suggests that the underlying nature of the
domains directly affects the carrier transport. By now, several
researchers resolved periodic twin domains in MAPbI; thin
films and single crystals, independent of the substrate or the
preparation procedure.’*™*> A requirement for the observation
of the domains is a high crystallinity and, for surface sensitive
methods like PFM, a uniform crystal orientation. Previous PFM
studies on MAPDI; delivered contradictory interpretations of
the periodic twins.*"****7>® While some groups claim the PFM
signal originates from ferroelectricity,**"***>77 others assigned
the PFM signal to competing mechanisms.***"® As such,
Liu et al. suggested that the periodic PFM contrast originates
from mechanical differences between the domains due to ion
redistribution and ferroelasticity instead of ferroelectricity.**>®

While the ferroelectric nature of the periodic domains
remains under discussion, their ferroelastic nature is widely
accepted.*®** >89 Ferroelastic domains naturally arise from
changes of the crystal system to release internal strain.’®®" In
MAPDI;, strain is introduced via the cubic-tetragonal phase
transition at 54 °C, which occurs during preparation upon cooling
to room temperature following the annealing step.”%*>6263
Consequently, periodic ferroelastic twin domains of alternating
crystal orientation form.°®®' Ferroelastic domain walls locally
disrupt the crystalline order and therefore form energetic barriers.
These barriers can act as shallow trap states or scattering centers,
which delay the carrier diffusion perpendicular to domains.*®
Additionally, Warwick et al. proposed that the structural
anomalies in ferroelastic domain walls (~1 nm in width)
in the absence of bulk ferroelectricity introduce a localized
in-plane electrical polarization of up to 6 pC cm™?, potentially
driving the carrier separation.®® A charge-selective accumulation

4172 | Energy Environ. Sci., 2020, 13, 4168-4177
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of electrons or holes in domain walls can introduce an electro-
static repulsion between carriers of the same species within
domain walls, thus accelerating the apparent diffusion. This
additional local drift effect could explain the observed devia-
tions from the random-walk diffusion in Fig. 4. Likewise, Shi
et al. found a suppression of non-radiative recombination in
their calculations due to an effective charge carrier separation
facilitated by ferroelastic domains, which reduce the electron-
phonon coupling.*®

On the other hand, theoretical studies on charge separation
and transport based on ferroelectricity proposed charged
domain walls with 90° head-to-head or tail-to-tail polarization
orientation.>*™®” However, head-to-head and tail-to-tail orienta-
tion states give rise to energetically unstable domain walls due
to large depolarization fields and rarely occur naturally.®®®*
Instead, a weak charging of head-to-tail domain walls due to
slight deviations from the 90° angle induced by internal strain
and lattice mismatch is more likely.®>%*

To determine the presence or absence of a ferroelectric
polarization in MAPbI; and therefore the decisive driving
mechanism behind the diffusion anisotropy, we performed
additional PFM experiments on comparable MAPbI; samples.
In particular, we aimed at investigating whether the PFM con-
trast originates from a true electromechanical (i.e. ferroelectric)
response or simply from a contrast in the contact mechanics
(i.e. ferroelastic). Changes in tip-sample contact mechanics, e.g.
introduced by variations of the contact stiffness, can strongly
alter the detected motion of the electrostatically actuated canti-
lever, even in the absence of piezo- or ferroelectricity.®®

First, we investigated the vertical PFM signal with a laser
Doppler vibrometer (LDV), as demonstrated previously (Fig. 5a
and b).**%* Here, we observed a strong dependence of the PFM
contrast on the laser position of the LDV: when we positioned
the laser spot far from the tip on the cantilever, a distinct PFM
phase contrast showed a needle shape domain with more than
100° phase difference to the rest of the imaged area (Fig. 5a).
However, when the position of the laser coincided with the
position of the AFM tip,°® the domain contrast in the PFM
phase vanished (Fig. 5b). The dependence of the vertical PFM
signal on the laser position suggests that instead of a true
electromechanical response, the vertical PFM contrast was
caused by changes in the tip-sample contact mechanics or by
cantilever buckling. A lateral electromechanical response can
introduce a false contrast in the vertical PFM signal due to a
buckling motion of the cantilever.*® Overall, we exclude a true
out-of-plane electromechanical response as source of the
vertical PFM signal.

Since LDV exclusively measures the vertical electromechanical
response, we investigated the nature of the lateral PFM signal via
dual amplitude resonance tracking (DART) PFM. DART PFM
tracks changes in the contact resonance via a feedback system
that controls the excitation frequency.’” The DART frequency
provides information on the nature of the PFM contrast, since
variations in the tip-sample contact stiffness, either due to
mechanical or topographic cross-talk, cause changes in the
contact resonance.®”

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Complimentary PFM measurements to investigate the nature of
the domain pattern. (a) and (b) show the vertical (vert) PFM phase
measured with a laser Doppler vibrometer (LDV) positioned far away from
the tip (a) and on top of the tip (b). (c) lateral (lat.) PFM phase measured via
dual amplitude resonance tracking (DART) and the corresponding DART
frequency in (d). The cantilever alignment (scan angle 90°) and the scan
direction are indicated in the box in the upper right corner. (e) Line profile
extracted along the red line in (c). Domain wall positions indicated by the
black arrows. (f) Line profile extracted along the red line in d. Domain wall
positions indicated by the black arrows.

By comparing the lateral DART PFM phase and the DART
frequency output, we found a coinciding periodic domain
pattern in the frequency and in the phase (Fig. 5c—f). For the
domains on the left side of the image, where the stripes aligned
almost perpendicular to the cantilever, both channels displayed
a contrast only at the position of domain walls. In the PFM
phase, the domain walls featured an alternating contrast: a
domain wall with a lower phase than the bulk followed a
domain wall with a larger phase and vice versa. The DART
frequency on the other hand, only imaged domain walls with a
larger PFM phase as local frequency maxima, while the low
phase domain walls were not resolved.

The alternating domain wall contrast in the PFM phase
indicates an alternating parallel and antiparallel polarization
along the domain walls, as suggested by Warwick et al.>® The
reduced domain wall contrast on the vertically aligned domains
on the right-hand side of the image supports this hypothesis:
here, the cantilever is oriented parallel to the domains and
therefore not sensitive to the lateral electromechanical signal
along the domain walls. For the bulk domains, on the other
hand, we observed a largely uniform PFM phase signal
suggesting the absence of a bulk ferroelectricity in MAPbI;.

This journal is © The Royal Society of Chemistry 2020
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Meanwhile, the domain wall contrast in the DART frequency
originates from local changes in the tip-sample contact
mechanics, which shift the contact resonance frequency. Local
strain gradients and structural anomalies at ferroelastic domain
walls naturally affect the sample’s nanomechanical properties
and therefore the contact mechanics. As to why only every other
domain wall changes the tip-sample contact mechanics, we
suggest an impact of the orientation of the local strain gradient,
which alternates between adjacent domain walls.*®

Based on this in-depth investigation on the origin of the
PFM response on MAPbI;, we conclude that the structural and
electrical deviations at ferroelastic domain walls from the bulk
are the main contribution to the anisotropic carrier diffusion in
MAPDI;. In context of the previously proposed mechanisms -
an acceleration of the diffusion parallel to the domains or a
deceleration of the diffusion perpendicular to the domains -
the latter seems to be the governing mechanism. The local
disruption of the crystalline order and the strain gradients at
the domain walls introduce shallow energy barriers, which
delay the transversal motion of charge carriers. However, the
apparent presence of a local polarization at the ferroelastic
domain walls may lead to an additional acceleration effect of
the charge carriers.*® Lastly, we did not observe indications for
charged ferroelectric domain walls as previously proposed.**~’

In applied perovskite devices, the effect of the anisotropic
carrier diffusion on the vertical carrier transport depends on the
texture of the polycrystalline MAPDI; thin films: Rothmann et al.
proposed a 45° angle of the domain walls with respect to the
(110) crystal plane.” For highly oriented thin films, we expect
the influence on the diffusion anisotropy to be minor along the
45° domain walls. However, in thin films with random crystal
orientations of the constituent grains the impact of the diffusion
anisotropy could introduce heterogeneities in the inter-grain
carrier diffusion as previously reported.'**>">®

Manipulation of the domain arrangement

The relation between ferroelastic domain pattern and carrier
diffusion offers new paths of device improvement for PSCs or
perovskite-based optoelectronics by customizing the direction-
ality of the carrier diffusion. Similar to other ferroic properties,
the crystal orientation in ferroelastic domains can be switched
upon application of an external stress.® Strelcov et al. demon-
strated this stress-induced ferroelastic domain switching
already in 2017.** Here, we focused on the effect of heat
treatments on the domain alignment. As such, we found
that heating a freshly annealed MAPbI; sample with a pre-
dominantly irregular domain pattern over the ferroelastic
cubic-tetragonal phase transition temperature of 54 °C”%*%
led to a complete disappearance of the domain pattern, further
confirming the ferroelastic nature of the domains (Fig. 6a
and b). Upon cooling the sample back to room temperature
with a well-defined cooling rate of 1 °C per minute, the domain
pattern reappeared with a changed arrangement: an increase of
the domain density and more regular spacings between the
domains (Fig. 6¢). We suggest that the abrupt cooling after the
annealing step introduced the disorder and the lower domain
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a) RT before heating b) 70 °C

Topography l 5
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Fig. 6 AFM topography (top row) and corresponding lateral PFM phase
(a) before (at 26 °C), (b) during (at 70 °C) and (c) after (at 27 °C) the heating
experiment over the cubic-tetragonal phase transition at 54 °C, visualizing
a change in the domain pattern following the heating cycle.

density in the initial state of the sample, while the well-defined
cooling rates resulted in an ordered, high density domain
arrangement.

Therefore, targeted heat treatment as well as stress-induced
domain switching should be explored as future pathways to
either reduce the anisotropy in the carrier diffusion by lowering
the domain density or to introduce a preferential directionality
in the carrier diffusion, by parallel domain alignment.

Conclusions

Via spatial- and time-resolved PL microscopy we resolved an
anisotropic distribution of carrier diffusion times on isolated
MAPDI; grains. This anisotropic charge carrier diffusion directly
correlates to the arrangement of ferroelastic twin domains,
which form to reduce crystalline strain due to the cubic-
tetragonal phase transition. Quantitative analysis of the diffu-
sion dependence on the domain arrangement gave a 50-60%
higher diffusion constant parallel (D; = 1.9 & 0.1 cm® s~ ") than
perpendicular to the domains (D, =1.2 + 0.1 cm” s~ '). Extensive
PFM investigations on the underlying nature of the domains
indicated the presence of local strain gradients and crystallo-
graphic inhomogeneities, as well as an electrical polarization at
ferroelastic domain walls. We propose that these structural and
electrical anomalies at the domain walls act as energetic barriers,
which delay the carrier diffusion perpendicular to the domains,
introducing the diffusion anisotropy. Finally, we showed the
possibility to manipulate the domain pattern via heat treatment
above the phase transition temperature, opening new routes for
optimizing optoelectronic devices based on MAPbI; and other
ferroelastic materials.

Experimental
Sample preparation

For the preparation of the MAPDI; thin films, we dissolved
the precursors methylammonium iodide CH3;NH;I (Methyl-
ammonium iodide was synthesized as described by Lee
et al.)°® and PbCl, (Sigma-Aldrich, 99.999%) in a 3 : 1 ratio with
a concentration of 40 wt% in anhydrous dimethylformamide
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(Sigma-Aldrich). We cleaned glass coverslips with thickness of
150 um in an ultrasound bath for 15 minutes each in 2%
Hellmanex solution, deionized water, acetone and isopropanol, in
this order. The ultrasound cleaning was followed by a 5 minute
treatment in oxygen plasma. The spin-coating of the solution onto
the coverslips was performed in a nitrogen glovebox at 1750 rpm
for 60 s with an acceleration of 250 rpm s '. Afterwards the
samples annealed at room temperature for 30 minutes in the
glovebox, followed by a solvent annealing® step at 100 °C for
60 min in air on a preheated hot plate. Immediately after the
solvent annealing, we transferred the samples into another nitro-
gen glovebox, equipped with an atomic force microscope (AFM).

Spatial- and time-resolved photoluminescence (PL)

For the excitation, we used a picosecond laser (Hamamatsu
Picosecond Light Pulser PLP-10) with a pulse width of 95 + 5 ps
at 635 nm wavelength, repetition rates of 2 MHz (for time-
resolved PL) and 20 MHz (for static PL) and fluences between
0.77 and 0.89 pJ em™? (ESIL,} Fig. S1). Due to the large band-
width of the excitation laser, the beam was guided through a
633 nm clean-up filter (Semrock, 632.8 nm MaxLine) with a
bandwidth of 2.4 nm FWHM, changing the center wavelength
to 633 nm. The excitation light was focused via a 20x objective
(Olympus LMPLFL20, numerical aperture NA = 0.4) onto the
sample surface with a spot diameter of 0.81 pm at FWHM and
1.4 um 1/e* width (ESI, T Fig. $2). The sample was placed onto
the stage of an inverted microscope (Olympus I1X70) equipped
with a 50x objective (Olympus MPLAPO50, NA = 0.95) and
coupled to a Olympus FluoView FV300 confocal laser scanning
unit. For the static PL measurements, the collected PL was
detected with a photomultiplier, after passing a dichroic
mirror, the pinhole (300 pm) and a 660 nm longpass filter
(Chroma HQ660LP). For the time-resolved PL, after passing the
pinhole (60 pm), the collected PL emission was guided through
an optical fiber to a PicoQuant detection unit equipped with
two single photon avalanche diodes (t-SPAD) connected to a
TCSPC board (TimeHarp 200). In front of the diodes, a 635 nm
long pass filter (Semrock, 635 nm Edge Basic) and a 633 nm
notch filter (Semrock, 633 nm StopLine Single-notch) with a
bandwidth of 25 nm were placed, respectively. For a pinhole of
60 um and the 50x objective, the detection spot had a radius of
0.18 pm for a wavelength of 765 nm. The instrument response
function was ~ 1.4 ns at FWHM. During the scan, nitrogen was
continuously flowing over the sample to avoid degradation
(ESL,T Fig. S13).

Piezoresponse force microscopy (PFM)

Lateral PFM was measured on an MFP-3D atomic force micro-
scope from Asylum Research (Oxford Instruments) and a Ziirich
Instruments HF2 lock-in amplifier in a nitrogen glovebox.
The measurements were performed at room temperature with
conductive platinum-iridium coated SCM PIT-V2 cantilevers
from Bruker with free resonance frequencies of 70 kHz and
spring constants of k ~2.5 nN nm~". We measured the lateral
PFM signal at AC excitation voltages with peak amplitudes of
1.5 V close to the lateral contact resonance at 735 kHz to utilize

This journal is © The Royal Society of Chemistry 2020
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the resonance enhancement. As back electrodes, we used
aluminum. To mark the PFM-characterized sample areas for
the PL microscopy we scratched a pattern into the MAPbI; film
and measured close to a scratch.

The LDV-PFM measurements were performed using a com-
mercial Cypher ES AFM (Asylum Research, Santa Barbara, CA)
with an integrated quantitative Laser Doppler Vibrometer (LDV)
system (Polytec GmbH, Waldbronn, Germany) to achieve
highly sensitive electromechanical imaging and spectroscopy.
Measurements were performed using Pt/Ir-coated cantilevers
(ElectriMulti 75G from Budget Sensors) with a nominal spring
constant of ~3 N m~ " and resonance frequency of ~75 kHz.
All measurements were captured at room temperature under
nitrogen flow. We measured the LDV-PFM signal at AC excita-
tion voltages with peak amplitudes of 2 V at 265 kHz.

For the lateral dual amplitude resonance tracking (DART)
experiments, we again used the MFP-3D atomic force micro-
scope from Asylum Research (Oxford Instruments) in a nitro-
gen glovebox with SCM PIT-V2 cantilevers with free resonance
frequencies of 70 kHz and spring constants of k ~2.5 nN nm "
at room temperature. The lateral contact resonance was at
746 kHz and the two sidebands for the frequency tracking were
generated at 1.5 kHz from the resonance. The AC drive
was 1.5 V.

The heating experiment was performed on a Cypher ES AFM
(Oxford Instruments) in nitrogen atmosphere. For the lateral
PFM measurements, we used a platinum-iridium coated PPP-
EFM cantilever with a free resonance frequency of 75 kHz and
spring constants of k ~ 2.8 nN nm ™. The AC drive was 1.5 V at
675 kHz. The sample temperature before the heating step was
26 °C. Afterwards the sample was heated at 1 °C min~ " to 70 °C.
We waited around 30 min for the sample temperature to
equilibrate before measuring. Afterwards the sample was
cooled to 27 °C and we waited around 30 min for the sample
temperature to equilibrate before measuring the PFM signal.

X-ray diffraction (XRD)

X-ray diffraction on the MAPDI; film was measured on a 6-circle
diffractometer using Cu Ko radiation (Rigaku MicroMax 007
Xray generator, Osmic Confocal Max-Flux curved multilayer
optics). The sample was mounted in reflection geometry at an
incident angle of 4.5°. 2D scattering patterns were collected on
an image plate detector (Mar345, 150 um pixel size) at a sample-
detector distance of 356.83 mm.
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