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Abstract

We present an ab initio simulation of 90° ferroelastic twins that were recently ob-
served in methyl ammonium lead iodide. There are two inequivalent types of 90° walls
that we calculate to act as either electron or hole sinks which leads us to propose a
mechanism for enhancing charge carrier separation in photovoltaic devices. Despite
separating non-polar domains, we show these walls to have a substantial in-plane po-
larization of ~ 6 uC cm™2, due in part to flexoelectricity. We suggest this in turn could
allow for the photoferroic effect and create efficient pathways for photocurrents within

the wall.
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The synthesis of a hybrid organic-inorganic halide perovskite (‘HOIP’) solar cell was first
reported in 2009.! Since then, the power conversion efficiencies (PCE) of these devices have
climbed rapidly from 14.3% to 23.7%.% A wide range of materials, in particular methylam-
monium lead iodide (CH3NH3PbI3, ‘MAPT’), have been considered to investigate this class
of photovoltaic devices. Key issues regarding the stability and efficiency of these materials

37

are an ongoing area of research (cf. reviews®* and references therein), not least of which is

the origin of their high PCE. In this context, an important open question is whether MAPT is

ferroelectric® and, secondly by extension, how the photoferroic effect®?®

might play a role in
the reported PCEs. As of yet, there is no clear consensus on the former issue.”'° In addition
to multiple related studies on the bulk material, there have been a number of publications
on planar defects such as grain boundaries and domain walls which we briefly summarise
here (more detailed reviews can be found in!6:17).

At a defect boundary, properties not present in the bulk may emerge at the interface
itself, chiefly due to the local structural distortion. For instance, a bulk property may
change orientation across the boundary and thus some components will locally vanish or
be enhanced. Hence, physics that is ordinarily suppressed in the bulk may manifest at the

18-22 and ferroelectric domain walls?2%24 have

wall. Theoretical studies on grain boundaries
proposed a variety of ways in which these types of planar defects may influence the electronic
properties of HOIPs. Some first-principles simulations suggest that the presence of grain
boundaries is not detrimental to photovoltaic performance.!%2!22 Conversely, experimental
evidence indicates charge carrier recombination is enhanced at these defects.?® It has been
proposed that ferroelectric domain walls (‘twins’) can be formed via interfacing polar domains
in which the methyl ammonium (MA) molecular dipoles are aligned. Calculations on these

twins indicate beneficial effects such as locally diminished band gaps?324

or enhanced charge
carrier diffusion lengths.?
Recently, ferroelastic twins in MAPI were observed at room temperature and their struc-

ture has been determined.?%2® We emphasise that these types of defect are distinct from the



aforementioned grain boundaries and ferroelectric twins. Ferroelastic domain walls separate
domains with different strain states. Unlike a general grain boundary, the domains are crys-
tallographically related.?® In contrast to ferroelectric twins, these domains can be non-polar
(which may be the case in MAPI). Nonetheless, to the best of our knowledge, an ab initio
simulation of the ferroelastic twins observed and described here has not been carried out.
Here, we report a density-functional theory simulation of 90° ferroelastic twins charac-
terised in MAPI.2528 We find the walls to be thin, polar and have a low formation energy.
The effect of these properties on the photovoltaic performance of halide perovskites is dis-

cussed in addition to possible avenues for domain-wall engineering such devices.
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Figure 1: Tllustration of the cubic Pm3m and tetragonal I4/mem phases of CsPbls. The
I4/mem phase is characterised by octahedral tilting about one axis. The octahedra maintain

corner connectivity and tilt about the [001] direction (pointing out of the page) through an

angle ¢ in opposite senses along (001) planes as denoted by Glazer’s notation a%a’c™.

There are obvious technical challenges to account for the dynamic ordering of MA
molecules in a zero kelvin calculation. Hence we studied these walls in CsPbls, the Cs
atom having a similar effective size to the MA molecule.?® Furthermore, the valence and
conduction band edges are known to be mainly dominated by Pb and I states.3! Hence, we
expect MAPI twins to display the properties presented here with additional physics aris-
ing from the organic molecule. In addition, the use of CsPbls in synthesising photovoltaic
devices®? and doping MAPI with Cs to improve PCE?? make this topical in its own right.

MAPI and CsPblz adopt the perovskite structure of corner-sharing Is octahedra with

MA " /Cs* and Pb?" cubic sub-lattices. We studied the room temperature tetragonal phase



of MAPI with CsPbls where the I octahedra tilt in antiphase with angle ¢ along one
tetrad axis (shown in Fig. 1). The phase has space group I4/mcm (No. 140)3* with Glazer
tilt pattern a’a’c™ (indicating no octahedral tilts about [100] and [010] directions and an
antiphase tilt about the [001] axis®®). This single domain state may be characterised by a
pseudovector ¢ parallel to the tilt axis and whose magnitude is equal to the tilt angle ¢.
Note that the symmetry of this anti-phase tilt makes the I4/mcm space group necessarily
non-polar. Due to the spontaneous strain induced by ¢, such a state is termed improper
ferroelastic.

The twins characterised by Rothmann et al.?%

are planar interfaces joining two domains
whose tilt axes meet at 90°. Figure 2a) shows two atomic structures consistent with these
observed twins. Directions perpendicular and parallel to the planar interface are labelled by
unit vectors § and 1 respectively. In fact, it can be shown that these are the only mechanically

9 i.e. interfaces that do not introduce additional strains and stresses

compatible 90° twins?
to this system. Both twins in Fig. 2 may be characterised by the relative orientation of tilt

pseudovectors across the wall’s center. Following standard terminology,®® these are called

‘head to tail’ (HT) or ‘head to head’ (HH).

The twins were simulated with periodic boundary conditions in VASP 5.4.43740

using
the PBEsol exchange-correlation functional.*! Valence electron configurations 6s', 6s2p? and
5s%p> were employed for Cs, Pb and I respectively with the supplied Projector-Augmented-
Wave pseudopotentials generated in 2002.373%4243 We used supercells containing 200 atoms,
the centers of which are shown in Fig. 2a), such that the cell contained two walls (one at
the center and another shared at the edges) yet was sufficiently large to recover the bulk
properties between both walls. With an energy cutoff of 500 eV for the plane-wave basis and
a 4 x 5 x 1 Monkhorst-Pack grid,** both supercells were relaxed such that the maximum
force on any atom is less than 10 meV A,

We determined the formation energies of the twin boundaries to be 4.4 mJ m~2 and

—1.2mJ m~2 for the HT and HH walls respectively (details are given in the Supporting
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Figure 2: a) Structure and b) properties of the HT (left) and HH (right) twins. The plots are
(from top to bottom) profiles of tilt amplitude, an estimate of shear strain, Pb?" cation § x t
off-centerings and the in—plane r polarization component (as obtained from the calculated
displacements and Born effective charges (BEC)). For both walls, the z—axis marks units
of distance along § and is plotted to scale with the respective atomic configuration above.
Tilt pseudovectors and the wall central plane are marked by red arrows (labelled ¢) and a
vertical dashed line in both structural schematics. Shear strain was quantified by the angle
v coloured orange in a). Pb off-centerings are plotted for octhedra visible in the plane of
this page; for the adjacent plane of octhedra below/above along the § x t direction, the Pb
off-centerings are in antiphase. The polarizations were calculated at cells indicated by the
dashed blue box in the HT schematic.
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Figure 3: HT (left) and HH (right) axial § strain (top plot) and § component of polarization
P (bottom plot) as a function of position along the boundary normal § implying their role
as hole and electron sinks respectively. Red and blue arrows represent the direction of s
polarization components local to the wall (not to scale). A mechanism for enhancing charge
carrier mobility and delaying recombination rate is proposed in the bottom panel where HT
and HH walls with parallel polarizations are engineered to be brought within the vicinity of
each other.

Information). The negative HH formation energy was found to arise from the octahedral tilt

%a°c~ domains, there

pattern across the wall. Between both single antiphase tilt 14/mem a
is an intermediate structure characterised by two antiphase axes of different tilt amplitudes
(cf. Fig. 2). This phase is of space group C2/m with Glazer notation a’°b~c~. Unusually, the
C2/m phase was found to be more stable than 74/mcm in our PBEsol calculations, which
correspond to the limit of 0 K. We arrived at the same conclusion using the PBE functional
and for different APbX3 chemistries where A = Fr, Rb and X = I, F. Nonetheless, these are

small formation energies. Hence, as has been observed experimentally,?¢-28

we expect these
walls to appear frequently.

The wall thicknesses were extracted from the change in octahedral tilts across the wall.



Figure 2 shows plots of the magnitude of the cubic tilt vectors ¢ with respect to position
along the § direction. Fitting a hyperbolic tangent function ~ ¢gtanh(x/d),% where ¢y,
x and ¢ correspond to the bulk tilt amplitude, position along s and the fitting parameter
respectively, yields thicknesses of 20 ~ 1 nm for both walls, indicating that they are thin. For
comparison, in the prototypical I4/mem oxide perovskite SrTiOg, the same wall geometries
were calculated to have much larger thicknesses of 7-8 nm.?% Our results imply that any
emergent phenomena at the walls could be highly localised. Furthermore, these boundaries
are likely to be relatively immobile in response to an external stress,*> which would help
prevent wall annihilation.

We found both ferroelastic twins to be polar; a result that has not been discussed in
observations of these twins.1726-2846-49 The layer-by-layer polarization P was determined
using Born effective charges computed in the centrosymmetric Pm3m structure (details are
given in the Supporting Information). The § x r and § components were antipolar and
hence contributed no net polarization across the wall. Conversely, the r component of P is
plotted in Fig. 2, yielding a relatively large net polarization peaking at ~ 1.8 and 6 uC cm™2
in the HT and HH walls respectively. The same domain wall geometries in SrTiO3 have
been calculated to yield polarizations up to 0.2 uC cm=2.3% We found this to be signficantly
driven by Cs-cation off-centering in the HH wall, as opposed to that in the HT wall where the
main contribution is from the larger Pb-cation Born effective charge. In the hybrid organic-
inorganic system, we could expect the dipole moment of MA to either enhance or diminish
this contribution to the polarization. Evidently, this issue requires further investigation.
However in any case, the in-plane polarization must remain non-zero whether the A-site is
occupied by an MA molecule or Cs cation due to the wall symmetry. To be more specific,
even if the MA molecules can oscillate and are therefore partly disordered,®® since inversion
symmetry is broken in the wall region, the molecules are subject to an effective electric field
that, on average, will yield a non-zero polarization.

In any case, we note that ferroelastic boundaries are necessarily polar.? One may un-



derstand this as follows. The juxtaposition of strain states from both domains introduces a
strain gradient across the wall. In ferroelastic twins, the spatial integral of this gradient is
non-zero. This necessarily induces a flexoelectric effect (a coupling between strain gradient
and electric polarization) that breaks inversion symmetry and allows for a net polarization. 3¢
One may estimate this coupling to be particularly pronounced in these walls as shown in Fig.
2b) by the large gradient in shear strain. It can be shown that the emergent polarization at
the wall is in-plane, corresponding to the t direction in these HH and HT twins as confirmed
by our results.

Although these walls are polar, this is only a necessary but not sufficient condition for
ferroelectricity. To shed some light on this issue, we note that Schiaffino and Stengel have
derived a Landau-like expansion of the potential energy landscape for the same wall geome-
tries.?® They identified three ‘improper’ terms that are linear in P and arise due to the walls’
structure. These terms describe couplings of P with strain gradients (‘flexoelectric’), tilts
and tilt gradients (‘rotopolar’) in addition to a term coupling P with anti-polar B-cation off-
centerings and tilts. These tilt, shear strain and Pb § x r displacement profiles are plotted
in Fig. 2. For an improper term to remain invariant under P reversal, the sign of precisely
one of the other terms in the coupling must also change. Due to the wall geometry, that
appears unlikely to be possible and hence we would not expect this improper polarization to
be switchable. However, from computing phonon modes of the intermediate two (anti-phase)
tilt system at the wall, we found this phase to contain an unstable polar mode. This indi-
cates a double well polarization for CsPbls, even after normalization with the competitive
bi-quadratic coupling term from the tilts, and hence the possibility of an additional proper
and switchable component to the polarization. It is possible that a combination of these
proper and improper polarizations may allow for the walls to be ferroelectric through the
presence of multiple metastable polar states. Nonetheless, we note that the aforementioned
flexoelectricity and the photoferroic effect could play an important role in the photovoltaic

performance of HOIPs, irrespective of whether or not P is switchable.?® The notion that



d52’53 and,

strain and strain gradients bring about such effects in MAPI has been hypothesise
in addition to the characterization of these twins, Liu et al.?"?® have imaged ionic segregation
across the twin boundary which they attribute to the variation of strain.

Figure 3 shows an estimate for axial strain perpendicular to the wall (details are given
in the Supporting Information) and the out-of-plane § components of P as a function of
distance along the § direction. The character of these polarization components at the in-
terface suggests that the HT and HH walls act as hole and electron sinks respectively. We
propose that this could allow for the interfaces to be engineered as pathways that enhancing
electron/hole mobility. Consider a configuration where HT and HH walls with parallel po-
larizations are brought close to each other (n.b. even a sequence of antiparallel polarizations
from both types of wall may yield a non—zero macroscopic polarization®®). Upon photoexci-
tation, an electron-hole pair may be separated into walls that act as their respective sinks,
confining the charge carriers to the boundary and delaying recombination. The in-plane
wall polarizations then would enhance electron/hole mobility along the walls, similar to the
ferroelectric highways depicted by Frost et al.? In these ferroelastic twins, their experimental
observation?® shows these walls to span over large distances and be a bulk phenomenon which
may further support the proposed mechanism. The topic of domain boundary engineering is

54,55

an important point of future work. We note various papers on this topic in addition to

research indicating the possibility of reliably growing well ordered domain structures. 4”267
From the projected density of states we found the band gap at the walls and in bulk to
be largely similar. However, in general this may be an additional effect at different types of
domain walls, which will be a point of future investigation.
In this article, we have presented an ab initio study of ferroelastic 90° CsPblz twins.
Our study serves as a model for ferroelastic twins recently observed in MAPI that have
the same structure?® as those considered here. Both types of twins, HH and HT, were

found to have a low formation energy, small thickness and a sizeable in-plane polarization

of ~ 6 uC cm™2 despite separating non-polar domains. Due to the structure of both walls,

10



this in-plane polarization is necessarily non-zero. Whilst providing insight to the intrinsic
properties of MAPI, these results should also contribute to the ongoing debate on whether
MAPT is ferroelectric. Potential avenues for enhancing photovoltaic performance via domain
wall engineering have been discussed with a mechanism proposed for delaying recombination
rates and enhancing charge carrier mobility. We hope to motivate further investigation into
these structures (e.g. by measuring the in-plane polarization at each wall) and their role in

the performance of hybrid organic-inorganic halide perovskite solar cells.
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