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The high performance of CH3NH3PbX; (X =1, Br, and Cl) perovskites in the photovoltaics and optoelectronics has been

suggested to be associated to phase symmetry and the possible existence of ferroelectricity. The accurate characterization

of their crystal structures has been hampered due to the structural complexities, soft chemical bonding, and dense

twinning in crystals. Here, we precisely determine the crystal symmetries and phase transitions via in-situ observations of

the MAPDbBr; crystals between 80 K and 500 K using polarized light microscopy and temperature-dependent

measurements of dielectric properties. The phase transitions are found to occur at 237 K, 152 K and 148 K, from cubic (a)

- tetragonal (B) - orthorhombic (B') - orthorhombic (y) phases, respectively. This new sequence of phases is different

from the one previously published based on diffraction methods. Characteristic twin domains are discovered in the B, ',

and y phases. Application of an external electric field does not change the domain structure, which rules out

ferroelectricity. However, Joule heating can raise the temperature of the crystal by dozens of degrees, induce a phase

transition and change irreversibly the domain structure and properties. The domain structure changes also under external

stress, proving that the twins are ferroelastic domains. Our results suggest that elastic stress-mediated domain

engineering may serve as a useful tool for tuning the microstructure by eliminating/modifying the domain walls, which

may ultimately improve the stability and optoelectronic properties of halide perovskites.

Introduction

Organic-inorganic hybrid halide perovskites MAPbX;
(MA=CH3NH3; X= 1, Br, Cl) have been the main subject of
interest for photovoltaics in the last decade, due to their
exceptional properties such as high optical absorption,’2 high
charge mobility? and separation,? large electrostriction®, low
defect density®, solution-processing
method.” They have become competitive optoelectronic
materials for applications in photodetectors,® light-emitting
diodes,® lasing,10 absorbers,1!
electromechanical actuators® and photocatalysts.’2 While the

and cost-effective

and nonlinear micro-
device technology of halide perovskites has significantly
evolved in the recent years, their poor long-term stability is
still of primary concern. Moreover, the origin of their physical
properties has not been well understood yet. For instance, it
that ferroelectric domains in MAPbX;
contributed to their photovoltaic

performance.’3* However, the nature of twin domains

was believed

outstanding

observed in these materials remains debatable. In tetragonal
phase of MAPbI;, ferroelectric domains were postulated based
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on piezoresponse force microscopy (PFM) imaging,>1® but
surface artifacts such as MA ionic migration and charge
trapping could be misinterpreted as ferroelectric signals in
PFM.17-13 Crystallographic twin domains in MAPbI; were also
observed using transmission electron microscopy?® and
light microscopy,?? and were argued to be
ferroelastic (i.e. non-polar).?! Several investigations aimed at
finding ferroelectric properties in MAPbl; have failed to
distinguish  ferroelectric from ferroelastic domains.22-26
Ferroelectricity can be, in principle,
structural data as ferroelectrics must possess a polar space
group. In particular, ferroelectricity would be permitted in the
tetragonal phase with polar /4cm space group found in MAPbI;
based on single-crystal and powder X-ray diffractions.?”28
However, other X-ray and neutron diffraction studies revealed
the 14/mecm symmetry,?®31  which does not allow
ferroelectricity.

In another hybrid perovskite compound MAPbBr; (which is
studied in the present work), the coexistence of domains of
ferroelectric and antiferroelectric nature was found in the
orthorhombic phase using scanning tunnelling microscopy, but
those domains were attributed to the modified arrangement
of atoms/molecules at the surface and were not verified in the
crystal bulk.32 Recently, the ferroelectricity in MAPbBr; was
suggested through the observation of the butterfly-like
dependences of dielectric constant on bias electric field, the
switchable pyroelectric-like current direction under poling
voltage, and the polarization-electric field (P-E) hysteresis

reflection

verified based on
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loops.33 On the other hand, similar current and P-E loops were
interpreted to result from a special configuration of
ferroelastic domains and a large conductivity, respectively,
rather than from ferroelectricity.343>

All these conflicting reports point to the difficulty in
accurately determining the crystal symmetry and the nature of
twin domains in halide perovskites, which appear to play a key
role in understanding the optoelectronic properties
responsible for slow carrier recombination, fast charge
transport, and superior energy conversion.33136-3%8 Various
techniques have been used to characterize the macroscopic
crystal structure of MAPbX;, including powder X-ray diffraction
(PXRD),2830 single crystal X-ray diffraction (SXRD),%7:3° neutron
powder diffraction (NPD),3%4% synchrotron powder X-ray
diffraction (SPXRD)**42 and polarized light microscopy
(PLM).2%43 The crystals were found to undergo a sequence of
phase transitions upon cooling. We denote the phases
observed at highest and lowest temperatures as o and y
phase, respectively.

In MAPbI; and MAPDCIl; only one phase (B phase) is
observed between o and y, while in MAPbBr; there are two
intermediate phases (} and B'). We denote the temperatures
of transition from a to 3, from (3 to B' and from 3 (or ') to y as
T, Tg and T,, respectively. The crystallographic data and
transition temperatures reported for MAPbX; in the literature
are collected in Table 1. Most structural investigations showed
that in all MAPbX; perovskites o phase is cubic (C), § and B'
phases are tetragonal (T) and two variants of orthorhombic
structure were observed in the low-temperature y phase: Os
(in MAPbl; and MAPbBr3;) or Op (in MAPDbCI3), in which the
twofold symmetry axis is along the face diagonal and one of
the edges of the parent perovskite cell, respectively. However,
the space groups reported by different researchers are often
inconsistent with each other and incommensurate (IC)
structural modulations were found in some cases.
Furthermore, for MAPbI; the T or rhombohedral crystal system
for the o phase and the monoclinic system for the y phase was
reported. We have recently resolved*® the symmetry of B
phase in MAPDbCI; to be orthorhombic, but not tetragonal as
previously believed, by means of PLM technique, which
provides a more accurate determination of the crystal system
than the diffraction methods do.

Especially controversial is the phase transition sequence in
MAPDbBr;, where an additional tetragonal B' phase has been
reported in a narrow temperature range of several degrees.
The existence of this phase was confirmed by several
experimental techniques, including differential scanning
calorimetry (DSC),3>44 NMR,444> dielectric
measurements,3+3>46 Raman spectroscopy,*”*® and neutron
scattering (NS).4%°0 However, reliable information about the p'
structure is still limited. Early PXRD work?® reported the
tetragonal P4/mmm space group with one formula unit per
cell (Z=1), which implies a transition between two tetragonal
phases at Tg. However, in the temperature dependent XRD and
NPD studies,?®4751 this transition was not found. In SXRD
experiments®? superstructure reflections were observed in the
B’ phase, which are incompatible with a primitive (Z=1) cell.

2| J. Name., 2012, 00, 1-3

Therefore, it was suggested that the structure of the ' phase
is incommensurate,***° while the average symmetry is
tetragonal.>® There were also reports on the coexistence of T
and O phases below 145 K (the space groups were not
determined),>! and on the presence of an incommensurate O
structure in the temperature interval of several degrees
between the T and commensurate O phases.*” For the
orthorhombic y phase of MAPbBr3;, the centrosymmetric Pnma
and the polar Pna2; space groups have been reported (see
Table 1). Therefore, the crystal systems and space groups of
different phases, and the sequence and temperatures of phase
transitions in MAPbBr; are controversial. The question on
whether ferroelectricity exists remains open.

The main reason for the controversy among the published
crystallographic data is that the diffraction techniques are
unreliable for structural characterization of hybrid perovskites
due to the difficulties in detecting the positions of light atoms
(H and N) in the presence of heavy lead and halogen
atoms.3%37 Another inherent problem is the dense twinning in
the real crystals.33 To overcome the drawbacks of the
diffraction methods, we apply in this work polarized light
microscopy to determine accurately the phase symmetry and
to resolve the issue concerning ferroelasticity or
ferroelectricity in MAPbBr;. PLM is a convenient and powerful
research tool for determining the phase symmetry by
analysing the twin domains and domain structures. In addition,
ferroelasticity or ferroelectricity can be identified through
evolution of domain structure driven by an external elastic or
electric field, respectively. We find, in particular, that similar to
MAPDCI; crystals investigated using the same approach in our
previous work,*3 the MAPbBr; crystals are ferroelastic, but not
ferroelectric. Through this work, the prominent advantages of
PLM approach are highlighted for the determination of the
crystal structures, phase transition temperatures, and domain
behaviour.

Results and discussion

Crystal Structure at Room Temperature and Phase
Transitions. Fig. 1a shows the powder X-ray diffraction pattern
of MAPbBr; at room temperature. Pawley refinement yielded
a perovskite structure of cubic symmetry with the space group
of Pm3m and lattice parameter of a = 5.918A, which is
consistent with the previous reports.?®3° The temperature
dependence of dielectric constant shown in Fig. 1b reveals the
phase transitions in MAPbBr;. Upon cooling, the dielectric
constant increases monotonically down to 152 K, but a very
small anomaly is observed at the temperature of 237 K,
corresponding to the transition from o to B phase (see the
inset of Fig. 1b). A sharp peak at 152 K indicates the } - B'
transition, and a significant drop in the dielectric constant at
148 K signifies the B' = y transition. The observed phase
transition temperatures are in good agreement with the
previous measurements (see Table 1).

Crystal Symmetry and Domain Structure Characterized by
Polarized Light Microscopy. A brief explanation of optical
crystallography principles which are used for interpreting the
PLM observations in our work can be found in Ref. 43. Here,

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Summary of the crystal structures and phase transition temperatures for MAPbX; (X =1, Br, Cl).

ARTICLE

DSCI30,35,44,54
326-331 - 162 Dielectric data,34¢
NMR*s
c(Pm3m) T (14/mcm) Os(Pna2;) PXRD?
-7;’ 5 T (14/mcm,
, C (Pm3m) (14/ SXRD, 5 PXRD®
% Z=4)
z T (14/m) Os (Pnma, Z=4) SXRD®
T (P4mm, Z=1) T (l4cm, Z=4) Monoclinic SXRD,?7:?® PXRD%
= NPD, SPXRD, .
C(Pm3m T (14 05 (P 7=4 ’ ’
( ) (14/mcm) s (Pnma, Z=4) SXRDS
T (P4mm, Z=1) or
SXRD3*
Rhombohedral
Dielectric
data'34,35,46
230-237 150-156 146-149 NMR, 444 DSC. 548
NS49,50
= T (14/mcm, T (P4/mmm,
Cc (Pm3m Os (Pna2 PXRD?
( ) Z=4)) z=1) s (Pna2,)
C (Pm§m) SXRD,39:56
C (P43m) SXRD,39:56
@
= _
2 C (Pm3m) superstructure SXRD%2
Z
T
= T (14/mem,
o ¢ (Pm3m) (z{ ’:)Cm SSXRD,5” SPXRD2
5 PXRD & NNPD,*
c(Pm3m T (14/mcm Os (Pnma, Z=4 ’
( ) (14/ ) s ( ) SPXRDS®
Os (Pnma);
T (14/mcm, s )
7-4) Os (Imma, 1C); SXRD*
B at T>140K
C T T O+T SXRD & PXRD5!
C T T (0} SXRD*
C (Pm?m ) T Os Os PLIM This work
NMR,*® Dielectric
178 172 data’35,46 DSC'35,44
- T(P4 ,
c(Pm3m) ( z/— ’;’)’"’" 0y (P222,, 7=2) PXRD®
= =
2 5 Op (P2,2:2;, 2=
o C(Pm3m) T(IC) P (P2i2:2: SXRD®?
z 8)
z Op(Pnma,Z=8) ~ SPXRD &NPD
— 60
c (Pm3m) SXRD,® PXRD
&NPD?**®
c (Pm3m ) 05 Op PLM#3

the extinction directions (characterized by an angle 3 which is
defined as the angle between the privilege direction of the
polarizer and the <100> direction of the parent cubic phase)
and the orientations of ferroelastic domain walls
(characterized by angle ¢ which is defined as the angle
between the domain wall trace on the crystal surface and the
<100> direction of the parent cubic phase) are the main

This journal is © The Royal Society of Chemistry 20xx

parameters to determine the crystal symmetry. The values of
and @ theoretically possible in different crystal phases are
listed for convenience in Supporting Information, Table S1. Fig.
2a demonstrates that at room temperature, the (001) crystal is
in extinction at any arbitrary position 6. The same behaviour is
observed on the (110) and (111) crystal plates at all
temperatures T > Ta (= 237 K), indicating that in the o phase,
the crystal is optically isotropic. Fig. 2b shows the PLM image

J. Name., 2013, 00, 1-14 | 3
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taken with a first-order red plate (A = 530 nm) placed between
the sample and analyser to differentiate the extinct areas from
possible opaque inclusions visually. The crystal in complete
extinction has the same (zero) retardation as the background
and exhibits almost the same (magenta) colour as in its
surrounding (Note that magenta colour is expected for
isotropic colourless crystals, but due to the orange colour of
MAPDbBr3;, the crystal does not show exactly a magenta colour).
Some areas of the crystal remain black with the superimposed
first-order red plate, which indicates that these are opaque
inclusions. The absence of birefringence confirms the cubic
symmetry of o phase, which agrees with our PXRD analysis
and previous diffraction studies.

The PLM image of the B phase in a thin as-grown (001)
crystal which has not been polished is shown in Fig. 3a. When
the crossed polarizers are at the angles of & = + 45° to the
<100> directions, the crystal is bright, while at 8 = 0° or 90° it is
in extinction (completely black) as shown in the inset of Fig. 3a.
Complex patterns of irregular lines are visible (some of them
are marked by white arrows) which remain unchanged at all
the studied temperatures between 80 and 500 K. These
uneven patterns are mostly due to the etching of the crystal
surface by the residual solvent after the crystal was pulled out
of the growth solution.

—_
e}
~—’

MAPbBr,

Intensity (a.u.)

10 20 30 40 50 60 70 80

c ]
S 120
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Fig. 1 (a) Powder X-ray diffraction pattern of MAPbBr; at room temperature indexed
according to the cubic Pm3m symmetry (blue line), the refinement (red line), and the
difference (grey line at the bottom of the panel). (b) Temperature dependence of the
dielectric constant measured on a (001) plate at the frequency of 100 kHz, revealing
the transitions from the o to B phase at T,, from B to ' phase at Tgand from B’ to y
phaseatT,.

4| J. Name., 2012, 00, 1-3

a Phase
‘_T =300 K

Fig. 2 (a) PLM image of a (001) plate of MAPDbBr; (thickness~ 0.2 mm) in the a phase
with the crossed polarizers directed at an arbitrary . (b) The same crystal when a first-

order red plate is superimposed. The temperature and the directions of

crystallographic axes, indicatrix axis and polarizers are shown; scale bars = 200 pm.

One can also observe the straight walls aligned in the <110>
directions (i. e. walls with ¢ = 45°), which separate fine
lamellar twin domains with a width of less than 5 um. In T
phase (expected based on the published diffraction studies)
the axes of optical indicatrix of these domains should be
mutually perpendicular (walls between such domains are
called 90° walls). There are also a few large domains with a
size of more than 100 um (see the sketch in Fig. 3a). The same
values of & and @ were observed in the 3 phase of other small
as-grown crystals which we studied. However, these values
may correspond to any symmetry listed in Table 1S, except
rhombohedral (R).

To determine the symmetry of the 3 phase unambiguously,
we then investigate larger crystals. In these cases, it was
necessary to polish the crystal in order to reduce the thickness
so as to obtain a sample transparent enough for optical study.
Fig. 3b, c shows such a (001) crystal. Polishing resulted in
clearly visible scratches on the crystal surface and internal
strains that make the domain walls slightly blurry. The
extinction of the whole sample occurs when the crossed
polarizers angle is 6= 0°/90° (inset in Fig. 3b). A comparatively
large square region in the centre of the crystal appears to be in
extinction (black) at any angle 6. When a first-order red plate is
superimposed, this region becomes bright (Fig. 3c), which
proves that it is a transparent region and that it is a domain
whose optical axis is perpendicular to the surface of the crystal
plate. The domains with the optical axis perpendicular to (001)
plate are known as c-domains, and they are possible only in a
tetragonal phase (see Table 1S). They should be separated
from the domains having optical axis parallel to (001) plate
(the so-called a-domains) by 90° walls which are inclined to the
surface by an angle of 45° and whose intersections with the
surface are along <100> (i.e., ¢ = 0° or 90°).5! Such walls are
shown in blue in the sketch of Fig. 3c. Four a-domains in the
crystal are separated by the 90° walls (yellow walls in the
sketch) perpendicular to the crystal surface.

Therefore, the observed domain structure unambiguously
indicates the T symmetry for the 3 phase, which is consistent
with the symmetry deduced from X-ray and neutron

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 PLM images of (001) oriented MAPDbBr; crystal plates in the B phase. (a) An as-grown crystal with a thickness of ~ 80 um observed at §=45°, and at 6= 0 (in the inset). The

sketch shows the arrangement of 90° walls between a-domains in the area delimited by the dashed box. (b, c) A polished crystal with a thickness of ~ 200 um observed at (b) 6=

45°, and &= 0 (in the inset), and (c) with the first-order red plate at 5= 45°. The sketch shows the domain structure and directions of indicatrices in different domains. The 90°

walls between a-domains are highlighted in yellow; the 90° walls between a- and c-domains are highlighted in blue. The temperature, the directions of crystallographic axes of

the parent cubic phase, the directions of polarizers, and the angles (J, ¢) are indicated; scale bars = 200 um.

diffraction data (Table 1). Other examples of domain
structures in the (110) and (111)-oriented plates that are
consistent with the T symmetry for the 3 phase are provided
in Supplementary Information, Fig. S1.

The domain structure does not change when the
temperature varies within the range of 3 phase, but below
the temperature of Tg= 152 K, some regions with extinction
at 0 = 45° may appear, and after rotating the polarizers to &
= 0° they become bright (Fig. 4). The observed extinction
behaviour is incompatible with the T, Op and R phases but
only permitted by the Os symmetry (see Table S1). The
crystal plate presented in Fig. 4 consists of two wedge-
shaped domains separated by the (011) wall, as shown
schematically in Fig. 4c. The lower part of the crystal
remains without extinction at any position of polarizers due
to the superimposed Os domains having different vibration
directions orientated along <110> and <001>, respectively.
The entire upper part has vibration directions along <110>
and, consequently, appears with extinction at 6 = 45°. A
multicoloured strip-like interference pattern observed in the
lower part of the crystal is due to the wedge-shaped
morphology of domains. At & = 45° the upper wedge
(domain) in Fig. 4c is in extinction and, therefore, it does not
contribute to optical retardation. The interference strips in
this case are created by the retardation of the lower wedge.
At 6 = 0°, the lower wedge is in extinction and the
interference strips come from the upper wedge. These two

This journal is © The Royal Society of Chemistry 20xx

different
observed

interference  pictures because the
corresponding  wedges different
crystallographic directions and, therefore, their effective
birefringences (which are proportional to the retardations)
are different.

To further confirm the Os symmetry of the ' phase,
another crystal is examined, which is shown in Fig. 5a-b. The
extinction appears in most regions of the crystal when the

are

are in

crossed polarizers are at 6= 0°, and it becomes completely
bright at 6= 45°. Some regions in Fig. 5a are bright at both &
= 0° and 45°, indicating that two or more domains with
nonparallel vibration directions overlap. This is another solid
confirmation of the Os symmetry, similar to the discussion in
the previous paragraph. Some domain wall traces are
measured to be at ¢ = 0/90° and 45°, i.e., orientated along
the <100> and <110> directions, as marked in the enlarged
regions in Fig. 5a. These angles are possible in any phase,
according to Table S1. However, some walls form an angle
of @ = 15°. These so-called S-walls are allowed in the Og
phase only (see Table 1S). Thus, the observed extinction
positions and directions of domain walls are fully compatible
with the orthorhombic (Os) symmetry.

During the transition from the p' to y phase upon further
cooling, we observed a significant change of domain
structure at the phase transition temperature, T, (148 K).
Fig. 5 illustrates such a change showing the crystal before
(panels a and b), and after (panels ¢ and d) the transition

J. Name., 2013, 00, 1-14 | 5
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(like in B phase, we never noticed a variation of domain
structure at temperatures other than the phase transition
temperatures). In the y phase, some parts of the sample are
in extinction at 6= 0°, and some other parts at 6= 45°, while
most regions remain bright at any o. As discussed above,

(b)

this confirms the Os symmetry, similar to ' phase. The
significant change of domain structure at T,
associated with macroscopic internal stresses during the
transition which were caused by

can be

Fig. 4 PLM images of the same as-grown (001) crystal as in Fig. 3a observed in the B' phase at (a) 6= 0° and (b) J = 45°. (c) Schematics of domain configuration, where the
inclined domain wall is highlighted by the yellow plane with dashed lines. The monoclinic distortion of the parent cubic structure in two adjacent O, domains and the

orientations of indicatrix in these domains are also shown. The temperature, the directions of crystallographic axes, and the positions of polarizers are indicated; scale bar = 100

um.

the differences in lattice parameters between the two Os
phases. Previously, XRD analysis?® revealed an orthorhombic
Os symmetry with a polar space group of Pna2;, and other
reports assigned a non-polar group of Pnma?>4%47 to the y
phase. Here, we confirm the orthorhombic Os symmetry,
however, the space group cannot be determined from PLM
analysis.

Note that the existence of phases of lower (monoclinic or
triclinic) symmetry in MAPbBr; can be unambiguously
excludes based on our observations. In a triclinic phase, the
extinctions should be observed only at angles other than 6=

0°/90° or &=+ 45°. In a monoclinic phase, two variants are
possible in a (001) oriented crystal:®? i) coexistence of the &
= 0°/90° domains and the domains having arbitrary, but
different from 0°/90° or * 45°, values of & and ii)
coexistence of the 6 = + 45° domains and the domains
having arbitrary, but different from 0°/90° or + 45°, values
of 6. The coexistence of the domains with & = £ 45° and & =
0°/90°, which we have observed in the ' and y phases, and
the existence of c-domains observed in the 3 phase, are not
permitted in the monoclinic crystal system.

T=145K

Fig. 5 PLM images of a polished (001) MAPbBr; crystal after cooling to the ' phase (a, b), and further to the y phase (c, d) with crossed polarizers at =0° (a, ¢) and at 6= 45° (b,
d). The enlarged areas presented in panel (a) demonstrate the domain wall directions. The temperature and the directions of crystallographic axes are indicated; scale bars =

400 um.

6 | J. Name., 2012, 00, 1-3
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Therefore, our investigation confirms the crystal classes of
the a, B and y phases previously reported based on diffraction
studies. However, the symmetry of the ' phase is found to be
orthorhombic, but not tetragonal, as previously thought. Note
that an IC phase with Os Imma symmetry was observed*’ by
SXRD in the narrow temperature interval around T ~ 150 K
between the Os Pnma and T phases. Our results suggest that
this orthorhombic IC phase can be just the B' phase observed
by other authors.

Search for ferroelectricity in MAPbBr;. To search for
ferroelectricity in MAPbBr;, we have performed PLM
observation of the domain structure under an electric field. In
principle, applying an electric field larger than the coercive
field must result in changes in the domain configuration in
ferroelectric materials, which is due to the reorientation of the
spontaneous dipole moments in the direction prescribed by
the applied field. The schematics of the experimental setup is
shown in Fig. 6a. Fig. 6b-c demonstrates that the domain
structure of the B phase does not change under an electric
field below about 8 kV cm™. But under a field of E = 8 kV cm'!
applied for several seconds or longer, the crystal becomes
black at any position of polarizers (see Fig. 6d) while remaining
fully transparent (see inset in Fig. 6d). This behaviour cannot
be explained by ferroelectric domain switching, as under the
used conditions (the electric field is applied parallel to [100]),
the switching should result in the development of a-domain
which have extinction only at § = 0°/90°. In fact, the T phase
transforms under the field into a phase which is optically
isotropic. The development of the phase front between T and
isotropic phases with time is demonstrated in Supplementary
Movie S1. This behaviour seemingly contradicts the Curie’s
principle which, when applied to crystal physics, states®? that a
crystal under an external influence will exhibit only those
symmetry elements that are common to the crystal without
the influence and the influence without the crystal. To resolve
the paradox, the current generated by the field of 8 kV cm™ at
two temperatures, 230 K and 190 K, is recorded as a function
of time (Fig. 6f). The spike observed at the moment when the
field is switched on is evidently a displacive current due to the
charging of the capacitor formed by the crystal, electrodes and
connecting setup. The current detected after that can be
attributed to the dc conduction and slow polarization
processes (if any). It increases with time, which can be
explained by Joule heating of the crystal, resulting in an
increase in conductivity and thereby further heating. The
transition to the isotropic phase starts in t; =22 seconds after
switching on the field at temperature T,=230 K, and in t; =38 s
at T; = 190 K, showing that a longer time is needed for the
phase transition to occur when the sample is cooled at a lower
temperature.

The amount of heat needed to change the temperature of
the crystal from T; to the transition temperature T, = 237 K,
assuming that the crystal is thermally isolated and its heat
capacity is constant, can be calculated as:

Qn=CTa=TIV/(wny), (1)

This journal is © The Royal Society of Chemistry 20xx
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where C is the molar heat (which
insignificantly between 170 and 200 J K! mol?! in the

temperature range of consideration according to Ref. 64), V is

capacity changes

the volume of the crystal (1.2 mm3 in our experiment), v =
2.1x10'° mm?3 is the volume of the perovskite unit cell and N,
= 6.02x10%% mol! is the Avogadro constant.

Joule heat (Q)) generated by a time-dependent current (/) in
the interval of time, t; and t,, is given by:

Q =UfjI®)dt, (2)
where U is the applied voltage (400 V in our experiment).
Applying this equation with t;=0 and t;=t;, we calculate the
integral numerically as the area under the /(t) curves in Fig. 6f,
and obtain Q; =0.041 J for T;, =230Kand Q, =0.12 J for T; =
190 K. These values are significantly larger than Q, ~ 0.014 )
and Qy, =~ 0.08 J calculated from Eq. 1 for T, = 230 K and 190 K,
respectively, indicating that Joule heat generated is large
enough to heat the crystal up to the phase transition
temperature. The difference Q) — Q,, is evidently dissipated to
the environment (sample chamber).

When the temperature of the crystal reaches the transition
temperature at t = t;, the generated Joule heat must be
greater than the latent heat of the first order transition for the
crystal to transform completely into the high-temperature
cubic phase. The temperature of the crystal should not change
during the transition and the latent heat can be calculated as

Qu = AleV/(uNy) = 0.009 J, where AH,; is the molar enthalpy
of transition (951 J.mol* according to Ref. 44). This value of Qi
is indeed significantly less than Q; = 0.086 J for T; = 230 K and
Q; = 0.26 J for T, = 190 K calculated from Eq. (2) in the time
interval between t; and the moment when the transition is
practically finished (t;), confirming that enough Joule heat is
generated to induce the phase transition.

Note in Fig. 6f that, some time before and after the moment
t; is reached, the current remains almost unchanged, only
slightly fluctuating around a constant value (~ 40 pA for T; =
190 K, which corresponds to the maximum current density of ~
6 mA/cm2). This
established between the heating from the current and the
cooling from the environment, and the crystal temperature is

suggests that thermal equilibrium is

stabilized in the a phase very close to T,,. The probable reason
for the current fluctuation could be attributed to the dynamic
process of the crystal reaching the thermal equilibrium in
which the momentary decrease of crystal temperature results
in the transition of a small part of the crystal into the T phase,
while the release of the associated latent heat in turn heats
the crystal back into the cubic phase. This process can be
visualized by the corresponding small fluctuations of the phase
boundary position shown in Supplementary Movie S1.

The crystal becomes birefringent again, and the crystal
symmetry appears to be tetragonal with a different domain
structure after the field is removed, as shown in Fig. 6e. Note
that this change in the domain structure is the result of phase
transition but not the direct effect of the electric field. Thus, an

J. Name., 2013, 00, 1-14 | 7
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electric field does not change the domain structure, which
proves the absence of ferroelectricity in the 3 phase. Note also
that the observed behaviour can be related to the fact that the
organic-inorganic hybrid perovskites have an ultra-low thermal
conductivity,®>%® which impedes the dissipation of the Joule
heat from the crystal into the environment.

Joule heating has been proposed as one of the major
contributors to energy loss in perovskite solar cells.®” It also
causes the external quantum efficiency roll-off in perovskite
light-emitting diodes (LEDs)®®®° and inhibits practical
realization of electrically driven laser diodes’. It has been

Polarized Light Microscope
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reported that a current density of a few mA cm? (i. e.
comparable to those observed in our experiments) can result
in an irreversible decrease of perovskite LEDs performance.’?
Our PLM observations clearly show that Joule heating in halide
perovskites, particularly in MAPbBr3;, should be taken into
account when interpreting the experimental results involving a
considerable electric current density. It can not only heat up
the material by dozens of degrees, but also lead to phase
transitions and changes in the twin domain structure and,
consequently, the properties of the material.

(c)

_Ii: 7.5 kviem,
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Fig. 6 Investigation of the effect of an applied electric field on the twin domains in § phase of MAPbBr; crystal. (a) Schematic drawing of the experimental setup. (b-c) PLM images
of the (001) crystal with a thickness of 150 pm before (b) and after the application of an electric field of £ = 7.5 kV cm™ (c), and £ = 8 kV cm™ (d) along the [100] direction. Inset in
(d) shows the image taken with a first-order red plate to confirm the transparency of the crystal under the field. (e) The same crystal after the applied field of £ = 8 kV cm™ is
switched off. (f) The current versus time measured when the field of £ = 8 kV cm™is applied at the temperature T; = 230 K (dashed line) or T; = 190 K (solid line): the arrows show
the start and endpoints of the electric field induced phase transition from 3 to a. The temperature, the directions of the crystallographic axes, the field direction, and the polarizers

are indicated; scale bars = 200 um.

The effect of the electric field is also examined in the ' and
v phases of MAPbBr; crystals using the same experimental
setup shown in Fig. 6a. A DC field with a magnitude of ~ 10 kV
cm™ was applied at 150 K and 140 K, respectively. As can be
seen from Fig. 7a-d, no change in the domain structures
occurs. A larger field results in dielectric breakdown at those
temperatures. At the lowest available temperature of 80 K
with a higher breakdown field, the domain structure remains
unchanged even at a field of ~ 15 kV cm™ (see Fig. S2). This
behaviour indicates that the B' and y phases are also non-
ferroelectric.

Development of Ferroelastic Domains in MAPbBr; under
External Stress Application (Domain Engineering).
Ferroelasticity is the result of the coexistence of different
crystallographic orientation (strain) states in a crystal that can
be switched from one state to another by external stress.”? In
our experiments, external stress was applied to a thin crystal
(t ~0.1 mm) to investigate its effect on the domain structure

8| J. Name., 2012, 00, 1-3
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Fig. 7 PLM images of a (001) oriented MAPbBr; crystal in (a, b) B' phase and (c, d) y
phase, before (a, c) and after (b, d) application of an electric field E = 10 kV cm™ along

This journal is © The Royal Society of Chemistry 20xx
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the [100] direction. The temperature, the directions of crystallographic axes, the
electric field and the polarizers are indicated; scale bars = 100 pum.

using in-situ polarized light microscopy. The experimental
setup is shown in Fig. 8a. The cubic to tetragonal phase
transition produces laminar fine domains with the ¢ = 45°
orientation (Fig. 8b). The system evolves into a state with
wider domains, and the domain walls disappear in some areas
in response to the external stress (Fig. 8c). Likewise, two low-
temperature phases (B' and Y) are examined. The domain
structures can be easily changed and transformed into a new
domain state (see Fig. 8d-g). These experiments show that the
domains in B, B' and Y phases are clearly affected by the
external stress and, therefore, these are ferroelastic domains,
and MAPDbBr; can be classified as ferroelastic.

It is known that the properties of ferroic materials depend
largely on the presence of domain walls and their patterns.’37>
Therefore, “domain engineering” is generally considered as a
powerful approach for improving the performance of
materials. Recent studies of twin domains in another hybrid
halide perovskite, MAPbI;, revealed the important connection
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between the crystal properties and its domain structure. It was
shown, in particular, that ferroelastic domains modulate the
intensity of light-matter interaction.’® Ferroelastic domain
boundaries were found to have negligible influence on the
carrier transport across them, in contrast to regular grain
boundaries which tend to block the carrier transport.”” On the
other hand, the development of the domains helps reduce
strain in thin films, while strain was found to accelerate
degradation of perovskite structure’® and strain gradient
coupled with chemical gradient can induce non-ferroelectric
electric polarization in a centrosymmetric crystal.”? It is
expected that the ferroelastic domains in MAPbBr; could have
similar effects. Moreover, our results provide a systematic
analysis and comprehensive understanding of ferroelastic
domains and domain structures in MAPbBr3;, which can apply
to other halide perovskite crystals, and demonstrate that
applying appropriate external stress may change the domain
pattern dramatically, opening up the way to tune the opto-
electronic properties by stress and to possibly realize
mechano-opto-electronic effects and devices.

T= 230K
B Phase

=230 K

Pristine Stress

[o10]

Fig. 8 Evolution of the domain structure in a (001)-oriented MAPbBr; crystal under external stress. (a) Sketch showing the application of mechanical stress in the <001> direction.
(b-g) The domain structures in the B phase (b, c), B' phase (d, e) and y phase (f, g), before (b, d, f) and after (c, e, g) the application of the stress. A first-order red plate is inserted to

improve visibility of domain walls. The temperature, the directions of crystallographic axes, and polarizers are indicated; scale bars = 100 um.

Experimental

Growth of CH3NH;PbBr; Crystals. Room temperature
crystallization (RTC) method recently developed in our
laboratory was used. Two halide precursors, CHsNH3Br and
PbBr,, were first dissolved in DMF solvent to form a
homogeneous 1.5 [M] solution, which was stirred continuously
at room temperature for two hours. The solution was then
transferred to a half-closed vial and held for 12 hours at room

This journal is © The Royal Society of Chemistry 20xx

temperature. Many transparent orange cuboid crystals with
different sizes up to 3 mm were obtained (see e.g. Fig. 1(a),
Inset).

Structural Analysis by Powder X-ray Diffraction. A fine
powder was obtained by grinding several small crystals. PXRD
was performed on a Rigaku Rapid Axis Diffractometer
equipped with the Cu Ka radiation (A = 1.5405 A) at room
temperature. The obtained XRD pattern was analysed by the

J. Name., 2013, 00, 1-14 | 9
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Pawley fitting method based on the model of cubic structure
with space group of Pm3m using TOPAS software package.

Dielectric Measurements. The large opposite surfaces of
(001) crystal plates were covered with silver paste to form
electrodes, and gold wires were then attached to the
electrodes. The relative permittivity (dielectric constant) was
measured as a function of temperature at a field strength of
about 5 V,,s mm™ using a Novocontrol Alpha broadband
dielectric analyser equipped with a Quatro Cryosystem for
temperature control. The data were collected upon heating
the specimen at the rates of 0.5 K/min between 140 K and 210
K and 1 K/min between 210 K and 350 K, respectively. The
change of rate resulted in a small "anomaly" around 210 K
visible in the dielectric curve presented in Fig. 2(b), which was
an artifact.

Polarized Light Microscopy (PLM). Several crystals were
selected for PLM examination with various thicknesses,
including as-grown thin (~ 0.1 mm) plates and thicker (~ 0.2
mm) crystals which were cut parallel to the (001), (011) or
(111) crystallographic planes and then polished to optical
quality using silicon carbide sandpapers and lapping sheets.
The PLM studies were performed using an Olympus BX60
polarizing microscope equipped with an Olympus UC 30 digital
camera. A Linkam HTMS600 heating/cooling stage was used
for investigations in the temperature range of 80-500 K. To
differentiate small optical retardation (and thus weak colour
contrast) visually, a sensitive tint plate (1A, U-TP530, Olympus)
was used. The fast and slow axes of optical indicatrix were
determined with the help of a Berek compensator. To study
the electric field effect, two parallel stripes made of silver
paste were deposited on one of the large (001) faces of the
crystal (Fig. 6a). An external dc electric field was applied along
the [100] direction through two gold wires connected to the
silver electrodes. The domain structure in the sample was
studied by PLM under different electric fields. To apply
external uniaxial stress, the (001) crystal plate was placed
between two quartz slips, and the upper slip was pressed (Fig.
8a).

Conclusions

We have accurately identified the crystal symmetry for the
various phases of MAPbBr; using polarized light microscopy.
The crystal undergoes a sequence of phase transitions as the
temperature is lowered: from cubic (a) to tetragonal (B), to
side-centred orthorhombic (B'), and to another side-centred
orthorhombic (y). A summary of the crystal structure in the
different phases of MAPbX; perovskites based on the PLM
observations of this work and our previous work,** as well as
the most recently published diffraction data, is presented in
Fig. 9.

Various twin ferroelastic domains are found in the 3, ' and Y
phases of MAPbBr;. The observed domain structures are found
to agree with those predicted theoretically for perovskite
ferroelastics. In the tetragonal B phase, the-domains are
separated by 90° walls parallel to the {110} crystallographic
planes. In the orthorhombic ' and Y phases, besides the {100}

10 | J. Name., 2012, 00, 1-3

and {110} walls, planar S-walls are found which are not
crystallographically prominent planes of fixed indices. The
domain structures in the 3, B' and Y phases are examined
under an electric field, and no evidence of ferroelectricity is
found. A large enough applied electric field results in the
heating of the sample by leakage current and thereby the
phase transition from T to high-temperature cubic phase.

We also provide solid evidence for ferroelasticity in the 3, '
and Y phases in which the configuration of domains can be
altered when the crystal is subjected to external stress. We
anticipate that domain engineering by application and release
of stress can resolve the key issue regarding the long-term
stability of halide perovskites and point out a direction toward
improving their performance.

380 -

340 -
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ey =) Q
g & &
<§E << <<
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Fig. 9 Temperature intervals and crystal systems of different phases observed in
MAPbX; (X =1, Br and Cl) hybrid halide perovskites.
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