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Alice E. Dearle, Thomas A. Selby, Peng Li, Tiarnan A. S. Doherty, Stephan Hofmann,

Osman M. Bakr, lan K. Robinson, and Samuel D. Stranks*

In recent years, halide perovskite materials have been used to make
high-performance solar cells and light-emitting devices. However, material
defects still limit device performance and stability. Here, synchrotron-based
Bragg coherent diffraction imaging is used to visualize nanoscale strain fields,
such as those local to defects, in halide perovskite microcrystals. Significant
strain heterogeneity within MAPbBr; (MA = CH;NH,;*) crystals is found in
spite of their high optoelectronic quality, and both (100) and (110) edge
dislocations are identified through analysis of their local strain fields. By
imaging these defects and strain fields in situ under continuous illumination,
dramatic light-induced dislocation migration across hundreds of nanometers
is uncovered. Further, by selectively studying crystals that are damaged by the
X-ray beam, large dislocation densities and increased nanoscale strains are
correlated with material degradation and substantially altered optoelectronic

1. Introduction

Halide perovskites are promising materi-
als for highly efficient optoelectronic de-
vices. In under a decade, the power con-
version efficiency of halide perovskite-based
single junction solar cells has increased
from 14.1% (2013)11 to 26.1% (2023),2!
and efficiencies of 33.7% have been re-
ported for perovskite/Si tandem devices.[?!
Additionally, external quantum efficiencies
have risen sharply to 28.9% for perovskite-
based green light emitting diodes (LEDs),*!
with Dblue, red, and near-infrared ana-
logues also with reported efficiencies over
20%.1*%1 In spite of being a younger field,
there have also been tremendous suc-

properties assessed using photoluminescence microscopy measurements.
These results demonstrate the dynamic nature of extended defects and strain
in halide perovskites, which will have important consequences for device

performance and operational stability.

cesses using halide perovskites as X-ray
detectors.[”®] This prodigious rise in de-
vice efficiency and applications has, in large
part, been achieved through empirical op-
timization of device processing, and the

K. W. P. Orr, A. N. Igbal, S. Kahmann, K. Frohna, M. Dubajic,

S. ). Zelewski, A. E. Dearle, T. A. Selby, T. A. S. Doherty, S. D. Stranks
Department of Chemical Engineering and Biotechnology

University of Cambridge

Philippa Fawcett Drive, Cambridge CB3 0AS, UK

E-mail: sds65@cam.ac.uk

K.W.P.Orr,A.N.Igbal, S. Kahmann, K. Frohna, S. ]. Zelewski, A. E. Dearle,
T.A.S. Doherty, S. D. Stranks

Department of Physics

Cavendish Laboratory

University of Cambridge

J) Thomson Avenue, Cambridge CB3 OHE, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202305549

[*IPresent address: Center for Transformative Science, ShanghaiTech Uni-
versity, Shanghai 201210, China

© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202305549

Adv. Mater. 2023, 2305549 2305549 (1 of 10)

J. Diaol*], I. K. Robinson

London Centre for Nanotechnology

University College London

London WCI1E 6BT, UK

M. N. Lintangpradipto, O. M. Bakr

KAUST Catalysis Center (KCC)

Division of Physical Sciences and Engineering (PSE)
King Abdullah University of Science and Technology (KAUST)
23955-6900 Thuwal, Kingdom of Saudi Arabia

D. ). Batey, P. Li

Diamond Light Source

Harwell Science and Innovation Campus

Fermi Ave, Didcot OX11 0DE, UK

A. E. Dearle, S. Hofmann

Department of Engineering

University of Cambridge

Cambridge CB2 1PZ, UK

T. A. S. Doherty

Department of Materials Science & Metallurgy
University of Cambridge

27 Charles Babbage Road, Cambridge CB3 OFS, UK
I. K. Robinson

Condensed Matter Physics and Materials Science Department
Brookhaven National Lab

Upton, New York 11793, USA

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202305549&domain=pdf&date_stamp=2023-10-12

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

community’s fundamental understanding of halide perovskite
materials, especially the impact of nanoscale structure, lags be-
hind device performance enhancements.

One aspect of material structure that is poorly understood
in halide perovskites (compared to traditional semiconduc-
tors) is strain, which has been proposed to affect carrier
lifetime,[®] bandgap,!'”! Urbach energy,"! ion migration,['?l ma-
terial stability,['>13] as well as overall device efficiency.'* In the
halide perovskite field, strain is most commonly characterized by
assessing Bragg peak shifts (tensile and compressive strain®-1])
or Bragg peak broadening (microstrain!’®!) which evaluate the
linear expansion of the material and d-spacing disorder, respec-
tively. Perovskite thin films used in optoelectronic devices are
generally under biaxial tensile strain due to the thermal ex-
pansion mismatch between perovskite and glass substrates in-
hibiting perovskite contraction in the in-plane directions after
annealing.'*”] However, the distribution of strain in most films
is also spatially heterogeneous across a range of length scales,
from a few nanometers up to hundreds of micrometers.['®! Fur-
ther, there are additional vertical strain gradients across the film
thickness!!%! as the effect of the substrate reduces further away
from the interface. Therefore, to obtain a full understanding of
strain in halide perovskites and its impact on performance, one
must characterize strain on a local scale and in three dimen-
sions. In general, the techniques outlined above probe the av-
erage structure of the material bulk, and, even when employ-
ing synchrotron nano-probe facilities, it is difficult to achieve a
spatial resolution (spot size) below ~#10 nm."! Furthermore, the
structure of the perovskite in devices evolves during operation,
as evidenced by decreasing efficiencies over time. As such, it is
important to study material structure under operational stressors
in situ to understand modes of device degradation and failure.

A full description of strain in materials (structural deforma-
tion due to applied stress) is derived from atomic displacement
vectors, u(r) (where r is a real space position vector), which de-
scribe the amount by which atoms are displaced from their ex-
pected positions according to the underlying lattice. Interroga-
tion of atomic displacements allows one to identify point defects
and dislocations from their characteristic local strain fields, pro-
viding unparalleled insight into the internal structure of mate-
rials. (100) edge dislocations have been reported in the halide
perovskite FAPDL, (2] (FA = CH(NH,),*) and %(110) screw dis-
locations have been identified in CsPbBr;,[2!! both using atomic-
resolution scanning transmission electron microscopy (STEM).
However, STEM and related electron microscopy techniques
generally require the use of thin samples (<< 10 nm), ren-
dering them of limited use for imaging buried dislocations
in crystals relevant to optoelectronic devices. Electron tomog-
raphy, while able to image dislocations in semiconductors in
3D,[22 uses beam doses that are prohibitively high for halide
perovskites.

Bragg coherent diffraction imaging (BCDI) measurements
can provide information on atomic displacement vectors with
nanometer resolution in thicker samples, such as those that may
be used in optoelectronic devices. The technique has been em-
ployed to reveal the 3D atomic displacement fields within ZnO
nanorods,?! to track the evolution of ferroelastic domain walls
in barium titanate,/** and to identify twin domains in CsPbBr,
nanoparticles.?’] Further, the approach has been used to mon-
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itor the growth of crystalline grains during the annealing pro-
cess of In,0;:Zr thin films,*®! during calcite crystal solution
and dissolution,!?’] and to track dislocations dynamics in the
LiNiysMn, O, battery electrode material during charging and
discharging 2]

Here, we develop an in situ BCDI approach to visualize the
surprisingly rich strain fields within high-quality single micro-
crystals of halide perovskites and monitor their evolution un-
der continuous solar illumination. By tracking the strain fields
in MAPbBr;, we identify (100) and (110) edge dislocations and
observe their surprisingly extensive migration through the crys-
tal structure under illumination. By considering crystals that be-
come damaged under X-ray exposure, we also find dislocation
formation to be associated with degradation of the halide per-
ovskite material and changes in its optoelectronic properties.
These findings give mechanistic insight into the structural evolu-
tion of halide perovskites under operating conditions, and iden-
tify the important role extended defects and nanoscale strain
play in device performance and operational stability of solar
cells, photodetectors, LEDs, and X-ray detectors made from these
materials.

2. Results and Discussion

2.1. Imaging Nanoscale Strain with Bragg Coherent Diffraction
Imaging

For these studies, we employ high-quality MAPbBr; micro-
crystals of 1-3 um in size recently used in high-performing
photodetectors, 3% with scanning electron micrographs (SEM)
of representative microcrystals shown in Figures 1c,d (microcrys-
tal films and isolated microcrystals, respectively). In this study,
we focus on the canonical MAPbBr; composition, so that any
strains observed are not due to compositional heterogeneity, as
might be the case in alloyed perovskites with mixed cations on the
A-site or mixed halides on the X-site. BCDI is a lensless imaging
technique that involves illuminating a sample with a coherent
beam of X-rays from a synchrotron source. When the diffract-
ing object is the same size or smaller than the lateral coherence
length of the X-ray beam, a coherent X-ray diffraction pattern can
be recorded that includes extra interference fringes seen around
each of the Bragg peaks. An example coherent diffraction pat-
tern is shown on the detector in Figure 1a. From a set of these
patterns, collected at different sample rocking angles, a three-
dimensional electron density function p(r) can be reconstructed
using an iterative phase retrieval algorithm, details of which are
given in the Methods and elsewhere.l*'-33] Additional informa-
tion about BCDI is given in Supporting Note 1 in the Supporting
Information. In general, p(r) is complex-valued, with the mod-
ulus proportional to the crystal’s electron density and the argu-
ment proportional to the size of the atomic displacement along
the direction of the X-ray scattering vector, Q.>*%1 To a first-order
approximation, the size and shape of the diffracting crystal can
be extracted from the interference fringe spacing around the out-
side of the Bragg peak, and the strain information is contained in
the intensity asymmetry near the center of the peak.3*! Figure 1b
shows a 3D rendering of the reconstructed electron density of an
example MAPbBr; microcrystal. Henceforth, such electron den-
sity renderings will be referred to simply as “reconstructions”.
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Figure 1. BCDI enables reconstruction of strain fields in halide perovskite microcrystals: a) Schematic of the BCDI measurement geometry. A coherent
beam of X-rays is incident from the left and is diffracted by crystals on the sample towards a detector that records a coherent X-ray diffraction pattern.
A laser mounted on the beamline provides wide-field visible light illumination with a wavelength of 405 nm. b) Example electron density reconstruction
of a MAPbBr; microcrystal (left), with slices through the 3D volume indicated by the numbered grey planes (middle and right). The colour scale of ¢) a
microcrystal film (continuous films made up of many touching microcrystals) and d) isolated MAPbBr; microcrystals. e) Histogram of local nanoscale
tensile (positive) and compressive (negative) strain for the crystal shown in panel b). Local strain values exceeding a magnitude of 1% are highlighted

in orange. The root mean squared local strain, &,

Two perpendicular slices taken through the reconstruction are
also shown in Figure 1b and the color scale indicates the size of
the atomic displacement along the scattering vector direction.

By taking the spatial derivative of the displacement field of
the reconstruction shown in Figure 1b with respect to the di-
rection of the scattering vector, we obtain values for the local
nanoscale tensile (positive) and compressive (negative) strain be-
tween voxels of the reconstruction. These values correspond to
one of the local diagonal elements of the microscopic strain ten-
sor. Figure 1e shows a histogram of these local strain values for
the crystal in Figure 1b, with those of magnitude greater than
1% highlighted in orange. For this crystal, the fraction of the
crystal volume with local strain exceeding 1%, f, is 13.2%, and
the root mean squared value of local strain, ¢, , is 0.7%. These
values are relatively low when compared to those for other (un-
damaged) crystals in this study, for which we find 5% < f < 30%
and 0.5% < ¢, < 4.5% (see Table S1, Supporting Information).
Such strain values are remarkably high since halide perovskites
prepared in this manner are used in high-performing devices.*"!
By contrast, devices based on Si*®! and Cu(In,Ga)Se,*”! suffer
significant performance losses after strain exceeds ~1%. Such
an observation links closely to the apparent defect tolerance of
halide perovskites, where such large strains are not catastrophic
for optoelectronic performance.

2.2. Characterizing Dislocations in Halide Perovskites

Dislocations can be identified in reconstructions from a core of
low electron density surrounded by a characteristic displacement
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and fraction of the crystal volume with local strain exceeding 1%, £, are quoted.

field.*] Figure 2a shows a reconstruction of a MAPbBr; micro-
crystal rendered in grey and made partially transparent to fa-
cilitate the identification of a dislocation, which is highlighted
with a black line. An infinitesimally thin slice through this recon-
struction, perpendicular to the dislocation, is colored according
to the atomic displacements and is shown in the reconstruction
in Figure 2a, and face-on in Figure 2b.

In Figure 2c, we show the displacement values as a function of
arc angle, 6, here defined as zero at minimum atomic displace-
ment (traveling in a circle around the dislocation core shown
by the white arrow in Figure 2b). The periodic modulation of
the displacement superimposed on a linear trend indicates that
the dislocation present is an edge dislocation (as opposed to a
screw dislocation),**! which is shown schematically in Figure 2d.
The Burgers vector, b, describes the lattice distortion caused by a
dislocation®® and is represented by the green arrow in Figure 2d.
To determine the magnitude of the Burgers vector, |b|, we fit the
displacement versus arc angle data shown in Figure 2c according
to the function!**28:3]

_ 1b] <0 sin (26) — cos (26)

2v—-1)
2 ri-v log (r)) @

2(1-v)

where u is the size of the atomic displacement (i.e., u = u(r) - Q),
v is the Poisson’s ratio of the material (taken to be 0.291*°]), and
r is the radius of the circle from which we extract the data (see
Methods for more details of calculation). For this dislocation,
we find |b| = 5.44 A, which is close to the lattice parameter,
digo = 5.92 A (an average of literature values!*'~**). Therefore,
we conclude that this dislocation is a (100) edge dislocation.
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Figure 2. Visualising buried edge dislocations in a MAPbBr; crystal: a) Electron density reconstruction shown partially transparent in grey, with a (100)
edge dislocation indicated by the black line. A slice through the reconstruction is shown coloured according to the size of the atomic displacement
along the direction of the scattering vector. b) The slice from a) shown face-on. c) Points and solid line: The atomic displacements as a function of arc
angle (indicated by the white arrow in b). Dashed line: fit to data of the function for atomic displacement, u. d) Schematic representation of an edge
dislocation. The atoms in purple belong to an extra atomic plane in the top three rows of the structure. The region in pink highlights the highly strained
region in the vicinity of the dislocation and the green arrow is the Burgers vector, b.

Other possible edge dislocations would involve the insertion of
lattice planes with smaller interplanar spacings, for example, a
(110) dislocation with |b| = d,;, = 4.19 A, or a (111) dislocaiton
with |b| = d,;;, = 3.42 A, which are in significantly worse
agreement with a Burgers vector magnitude of 5.44 A.

We note that the reconstruction shown in Figure 2b is not as
well-faceted as that shown in Figure 1b (i.e., the reconstruction
in Figure 2b does not show large, well-defined, flat surfaces
reflecting the symmetry of the underlying crystal structure), and
the reconstructions appear less well-faceted than expected from
the cuboidal crystal shapes in the SEM images (Figures 1c,d).
Regions of the crystal that are off Bragg condition will not
diffract any X-rays to the detector, and so any void regions are
likely due to parts of the crystal being twisted into a slightly
different orientation, or that are amorphous. Such twisting of
the underlying lattice has been reported for halide perovskites;
for example, intra-grain orientational heterogeneity has been
confirmed from electron backscatter diffraction in MAPDI,[*
(see Supporting Note 2 and Figure S1, Supporting Information).
Where reconstructions from multiple scans are shown (for
example in Figure 3), unless stated otherwise, the diffracted
intensity remains constant for each scan, indicating that these
missing volumes are not caused by beam damage.

O min 14 min

2.3. Light-Induced Dislocation Migration

To understand the nanoscale structural behavior under device-
like conditions, we now consider the evolution of the strain fields
in the halide perovskite crystals under continuous visible illumi-
nation. In Figure 3a we show a reconstruction of a crystal with a
bright, structured Bragg peak that was radiation-stable, i.e., the
Bragg peak has the same intensity, and is at the same position
in reciprocal space (same rocking curve angle) for each succes-
sive scan. Supporting Note 3 and Figures S2-S4 in the Support-
ing Information, and Supporting Video S1 discuss beam stability
in further detail. Having found such a crystal, we illuminate the
sample with a 405 nm laser at an intensity of ~1 sun intensity
(in terms of photo-generated charge carriers) and simultaneously
acquire further BCDI measurements at different time snapshots.
Figures 3b—e show reconstructions of this crystal under continu-
ous illumination with dislocations highlighted in black; each of
these dislocations also have Burgers vector magnitudes ~ d,,
=5.92 A (Figures S8-S12, Supporting Information). Under con-
tinued illumination, the dislocation mobility increases strikingly,
with dislocations moving hundreds of nanometers through the
crystal in minutes compared to our control scans, where succes-
sive measurements taken in the dark show the dislocation to be

27 min 37 min

Dark

>

Illumination

Figure 3. Tracking dislocation migration in a MAPbBr; microcrystal in situ under illumination: Electron density reconstructions of a MAPbBr; microcrys-
tal from successive BCDI scans. a) Reconstruction of the crystal in dark conditions. b,c,d,e) Reconstructions of the crystal after continuous illumination
with a 405 nm laser at different times. Times given are relative to the start of the BCDI scan giving the reconstruction in b. There were 105 min of illu-
mination between a) and b) for re-optimisation of scan parameters after starting illumination. Dislocations are shown in black and appear very mobile
under illumination. The scale bar and scattering vector apply to all reconstructions.
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consistently along the long axis of the crystal (Figure S2, Sup-
porting Information). Thus, we are able to image for the first
time the increased migration of such nanoscale extended defects
in halide perovskites under visible light illumination. Our re-
sult is also consistent with reports showing that ions can mi-
grate more easily under illumination in these materials!*—l;
while dislocations can migrate large distances with only small
ion motions, ions must still rearrange to effect dislocation mi-
gration. These results, tracking the migration of buried dislo-
cations in high-performance halide perovskites, show their in-
ternal structure to be remarkably dynamic under operational
conditions.

As the dislocations migrate through the crystal under contin-
ued illumination, the dislocations curve and take on screw-like
character (b parallel to dislocation line) as well as edge-like char-
acter (b perpendicular to dislocation line), while maintaining a
Burgers vector of |b| ~ 5.92 A. This observation is also reflected
in the more linear appearance of displacement versus arc angle
plots for some of these dislocations (Figure S8-S12, Support-
ing Information), since a pure screw dislocation would give a
straight line, whereas a pure edge dislocation would yield a si-
nusoidally varying graph. The dislocations also move in three
dimensions, i.e., not just within a 2D glide plane for a perfect
edge dislocation, providing further evidence for the dislocations’
mixed character as they evolve and/or evidence of a high den-
sity of point defects which may allow the dislocations to climb
perpendicular to their glide planes (see Supporting Video S2 for
further visualization of the dislocation movement). The disloca-
tions shown in each reconstruction are not necessarily the same
as those in the previous reconstruction. Dislocations may mi-
grate to the surface of the crystal where they are annihilated,
they may grow in from the crystal surface, a single dislocation
may split into new ones, or multiple dislocations may combine
with/annihilate each other (so long as the sum of Burgers vec-
tors is conserved). We note that the volume of the reconstructions
shown in Figure 3 also decreases upon illumination (Figure S13,
Supporting Information). After BCDI measurements, the crys-
tals are still the same shape (well-faceted) when viewed under
PL microscopes with no obvious decrease in size (Figure S14,
Supporting Information), and therefore we attribute the voids
of electron density to regions of the crystals that no longer sat-
isfy the same Bragg condition,l®! possibly due to some photo-
induced change in orientation of these regions of the crystal, such
as that reported for the related MAPDI; perovskite.>!) The mech-
anism of such light-induced reorientation is not well understood
and is the subject of current work. It is possible that, since il-
lumination reduces the activation barrier to ion migration,*—#!
the crystal structure is more able to reorient itself as a relaxation
mechanism in response to local stress. Light can change the en-
ergy landscape of other defects in halide perovskites, for exam-
ple destabilizing Frenkel defect pairs relative to the perfect crys-
tal structure in MAPDI, 12! An analogous mechanism could be
at play here, favoring certain crystallographic orientations over
others once the system is excited with incident light. Illumina-
tion may also cause point defect formation (again, as it does in
MAPDL,;1*%)) which will reduce the structure factor of the crys-
tal, resulting in a smaller reconstructed volume. Further studies
spurred on from this work will uncover the precise mechanisms
involved.
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2.4. Optoelectronic Changes upon Dislocation Formation

In order to understand links between dislocations, performance,
and degradation in halide perovskites, we now specifically con-
sider crystals that suffer beam damage during measurement. For
these crystals, measurements were carried out using a different,
more damaging beam energy of 9.7 keV (as opposed to 11.8 keV
for results presented above), and successive scans exhibited lower
diffracted intensity indicating a smaller crystal volume on the
Bragg condition and/or increasing disorder or point defects in
the sample. Reconstructions of such a crystal are shown in
Figure 4a—d (see Supporting Video S3 for additional views of the
reconstructions). Upon the second exposure to X-rays, the crystal
becomes less well-faceted and more strained, as can be seen from
the larger and more dramatic changes in color (atomic displace-
ment). A particularly striking structural change is the formation
of a network of many dislocations upon degradation. The major-
ity of these dislocations have Burgers vector magnitudes ~ d,,,
=5.92 A, as before (Figures S15-S22, Supporting Information),
but we also identify a dislocation with a Burgers vector of magni-
tude 4.31 A ~ d,,, which connects two (100) dislocations and is
highlighted in the inset of Figure 4d. We show another example
of a crystal that suffers beam damage causing dislocation forma-
tion in Figures S23 and S24 in the Supporting Information, and
in Supporting Information Video S4.

To understand the effects of the increased nanoscale strain
and dislocation density in these crystals, we conducted wide-
field hyperspectral photoluminescence (PL) microscopy and
time-resolved confocal PL microscopy measurements on the
same sample regions before and after exposure to X-rays.
The crystals studied that suffered beam damage existed in an
18 pm X 18 um region that was repeatedly exposed to the X-
ray beam during the synchrotron experiment and that overlaps
with one of these pre-mapped areas (Figure 4e inset). By sum-
ming the PL from this region of the sample before and after the
X-ray measurements we find that the damaged crystals have a
peak PL emission at 531 nm compared to a value of 541 nm
for the pristine crystals (Figure 4e, see PL peak emission wave-
length maps in Figure S25 of the Supporting Information). Fur-
ther, we see an increase in PL lifetime for a representative crys-
tal before and after X-ray exposure, with the time taken to fall
to 1/e of the initial intensity being 1.05 ns for pristine crystals
and 1.9 ns for damaged crystals (Figure 4f). Excitation fluences of
78 n] cm™ and 194 n] cm™? were used for PL decay mea-
surements on pristine and damaged crystals, respectively, but
the difference in PL lifetime observed is much greater than
that caused by fluence differences (Figure S26, Supporting
Information). Such optoelectronic changes could be caused
by the formation of isolated nano-sized confined crystallites
on the surface of the crystals, or degradation-induced passi-
vation, for example through the formation of PbBr, (beam-
induced PbBr, formation has been reported for the related
(FA) 79MA, 14Cs,05) Pb(I 3BTy 7)5 System).>"

While we cannot unambiguously decouple the contributions
to the changes in PL characteristics from strain and increased
dislocation density, the structural changes characterized here —
dislocation formation, increased strain, a significant increase
in both f (13.2% to 48.0%) and ¢, (1.0% to 5.1%), reduc-
tion in crystallite volume — clearly correlate with changes in
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Figure 4. Impact of dislocation density on optoelectronic properties: Electron density reconstructions of a a,b) crystal from its first BCDI scan and
c,d) from its second scan. Reconstructions are shown coloured according to the size of the atomic displacement along the direction of the scattering
vector (a, c), and partially transparent in solid grey (b, d). Dislocations are shown as black lines. Exposure to X-rays damages the crystals, causing
dislocation formation and increased strain (more dramatic changes in atomic displacement vector). The scale bar applies to all reconstructions. €) PL
spectra and f) PL decays summed from pristine and damaged crystals upon excitation with a 509 nm laser using an excitation fluence of 78 nj cm=2 for

the pristine crystals and 194 nj cm=2 for the damaged crystals.

optoelectronic properties. These results have significant impli-
cations for the halide perovskites used in devices for photo-
detection!®”! and direct X-ray detection!® because dislocations
may contribute to nonradiative recombination, afterglow/fall
time, responsivity, and parasitic absorption.[?>>¢]

2.5. Comparisons to Other Semiconductors

Dislocation formation and migration are important mechanisms
for strain relaxation in materials. For example, edge dislocations
are known to form in epitaxial films of CaCO; under tensile stress
beyond a critical layer thickness.l>’] Considering that the vast ma-
jority of halide perovskite thin films are under tensile strain be-
cause of the high film annealing temperatures and the mismatch
in thermal expansion properties between the perovskite and the
substrate,!1%%8] we expect the light-induced formation and migra-
tion of these edge dislocations to be a strain relief mechanism
active in working devices.

Further, there is rich dislocation formation and migration be-
havior in semiconductors such as silicon and gallium pnicto-
genides, where dislocations also interact with localized (point) de-
fects present in the crystals (though these studies do not consider
the effect of visible light illumination).5%%] The face-centered cu-
bic (FCC) structure is shared by Si, the anion sublattice of gal-
lium pnictogenides, and the halide sublattice in many halide per-
ovskites, with them each in turn sharing similar dislocation be-

Adv. Mater. 2023, 2305549 2305549 (6 of 10)

havior. Anderson et al.*] note the stability of dislocations with a
|B| of %(110) and (100) for FCC systems in general. =(110) dis-
locations are commonly observed in Si,[®1¢2] GaN %3] GaP,[6+65]
and GaAs,[®®] and both %(110) and (100) dislocations have been
found in FAPDI,.[?%l Here, we demonstrate that (100) disloca-
tions are common in MAPDbBr, and that (110) can also be found.
Crucially, we also demonstrate the increased mobility of these
dislocations under visible light illumination with nanometer res-
olution, giving unprecedented access to the buried structural
changes occurring during device operation. Increased disloca-
tion migration under infra-red irradiation has been reported in
germanium crystals, but this was assessed by tracking the mi-
gration of dislocation rosettes on the surface of crystals that had
been intentionally indented.[®”] Our study uniquely tracks the mi-
gration of buried dislocations that result from common solution-
processed synthesis methods. Halide ions are the most mo-
bile species in halide perovskites,[*] therefore, one would expect
them to be involved in dislocation migration. Given that the dis-
locations identified in this work are isostructural to those found
in other FCC systems, we conclude that it is likely that the ions of
the FCC halide sublattice move to realize dislocation migration.
The mobility of dislocations in such high-performance semi-
conductors is surprising considering similar behavior is seen
in the highly disordered LiNi,;Mn, ;O, battery electrode mate-
rial during cycling,!*®! and calcite crystals during crystal growth
and dissolution.[”’! Ion movements with low activation barri-
ers are fundamental to the electrochemistry and crystal growth
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processes at play in these studies, but are normally detrimental
to the performance of traditional semiconductors in devices.

Dislocations in semiconductors are generally sites of nonra-
diative recombination, causing phonon emission into the lat-
tice which may help dislocations overcome their activation bar-
rier to migration in the recombination-enhanced defect reac-
tion (REDR) mechanism.[®®] Detailed temperature- and fluence-
dependent measurements are needed to describe REDR in halide
perovskites and illumination-coupled nanoindentation measure-
ments may also be required to assess the effects of possible pho-
toplastic effects.®”) The dangling bonds at the end of the ad-
ditional atomic plane in an edge dislocation can act as donors
and/or acceptors of electrons,!”?! with the exact donating or ac-
cepting character determined by the plane termination (in this
case, if the dangling bonds are on Br, Pb or MA). For a neu-
tral dislocation, a half-filled one-dimensional band is expected
to form in the bandgap of the bulk material,[®® which can
split to lower the system’s electronic energy following distor-
tion of the dislocation core in a fashion analogous to a Peierls
transition.[”!] BCDI cannot yet offer the resolution required to
determine the precise atomic structure at the core of a dislo-
cation necessary for understanding its electronic nature (do-
nating/accepting, band structure, capture cross-section, etc.).
Atomic resolution electron diffraction techniques and modeling
may be able to provide the required atomic configurations and
electron paramagnetic resonance spectroscopy could be used to
probe the unpaired electrons in the dangling bonds at the plane
termination.!”273]

3. Conclusion

By interrogating the atomic displacement fields present in crys-
tals of MAPDBr; using BDCI, we have identified that (100) edge
dislocations are an important structural feature in halide per-
ovskites, and that they are highly mobile under visible light il-
lumination. Moreover, by intentionally studying a subset of crys-
tals that are damaged by the X-ray beam, we discover that dislo-
cation formation is a key feature of the halide perovskite degra-
dation process, and that high dislocation densities correlate with
a significant blue shift in the material's PL emission spectrum
and a marked lengthening of its PL lifetime. Our results give a
unique picture of the internal structure of halide perovskites and
how it changes under device operation, elucidating the intimate
links between nanoscale structure, dislocations, and device per-
formance and stability. Such findings will be relevant for use of
these micro-crystals and thin films in solar cells, photo-detectors,
X-ray detectors, and LEDs, where defects have a direct influence
on operational parameters.

Future work should focus on understanding the mechanism of
dislocation migration and its relation to chemical and structural
properties, including exploring why some halide perovskites
show a greater propensity to degradation via dislocation forma-
tion than others. Computational calculations and atomic reso-
lution electron microscopy have shown that in 2D WS,, for ex-
ample, highly mobile S atoms are instrumental in dislocation
migration, and that this process has a remarkably low activa-
tion barrier.”* Such an understanding of dislocation formation
at the crystal growth stage will guide material and device fabri-
cation procedures in order to avoid dislocation generation. Ad-
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ditional studies using BCDI to investigate the effect of apply-
ing external stress, for example, using strained epitaxy,'* an-
nealing/thermal expansion mismatch,[!*!3} bending,!'”! hydro-
static pressures,”>’°l among others, will be fruitful for devel-
oping controlled strain engineering in halide perovskites. Large
single crystals are often used in certain device architectures for
photodetectors!?*’”] and X-ray detectors.””-#] While the size of the
crystals one can study with BCDI is limited to the coherence
length of the X-ray beam and the sample-detector distance, tech-
niques such as Bragg ptychography can be used to map internal
nanoscale strains of more extended crystalline samples.”®] Never-
theless, BCDI is well suited to the study of individual grains in de-
vices, and we propose that operando BCDI approaches under illu-
mination, bias, humidity, temperature etc. could be used to study
the evolution of intra-grain strain fields during device operation.
This would provide an understanding of dislocation-grain bound-
ary interactions and strain relaxation mechanisms, as well as a
variety of other device-relevant photo-active structural changes in
semiconductors.

4. Experimental Section

Sample Synthesis:  Microcrystal film samples: Microcrystal film sam-
ples were synthesized by modifying the procedure reported by Saidaminov
et al.[2230.79] The glass/patterned ITO substrate was cleaned by sonicating
in detergent, de-ionized water, acetone, and isopropyl alcohol for 10 min
each. The substrate was then dried with a nitrogen blow-dry and exposed to
UV ozone treatment for 10 min. Methylammonium lead bromide solution
was prepared by dissolving MABr and PbBr, in a 1:1 molar ratio in 5 ml
DMF solvent. The 1 M concentration solution was filtered with 0.45 um
PTFE filter and mixed with 1,2-dichlorobenzene, DCB, in a 5:4 volumetric
ratio (DMF: DCB) to obtain precipitated MAPbBr; crystals. The microcrys-
tal films were obtained by pouring the solution onto prepared substrates
inside a small-capped petri dish and submerging the substrates. The petri
dish was covered with a lid and the solution stirred at 500 rpm for 30
min at 40 °C. The coated substrates were then removed and annealed at
110 °C for 5 min to leave a microcrystal film.

Isolated microcrystals: Samples of isolated microcrystals were synthe-
sized using a variation on the antisolvent vapor-assisted crystallization
technique. SiN membranes (Silson Ltd., product number: SiRN-10.0-200-
3.0-200) were placed in a petri dish that was then set inside a large crystal-
lization basin containing chlorobenzene (Sigma Aldrich) antisolvent. 40 uL
of precursor solution (0.1 M PbBr,, 0.1 M MABr in 4:1 DMF:DMSO) were
pipetted onto the SiN membrane, then the whole crystallization basin was
covered with aluminum foil to slow the evaporation of chlorobenzene by
partially trapping the vapor in the basin before escape. The chloroben-
zene vapor dissolves in the precursor solution at a slow rate, encouraging
MAPbBr; crystals to crash out of the solution.

BCDI Measurements: BCDI measurements were carried out at the 113-
1 beamline of the Diamond Light Source (UK) using X-ray beam energies
of 11.8 and 9.7 keV. Diffraction patterns were collected using the beam-
line’s Excalibur photon-counting direct X-ray detector (Medipix3 chip)
which was at a distance of 2.82 m from the sample. Measurements were
taken in reflection geometry for microcrystals film samples, and were taken
using a mixture of reflection and Laue (transmission) geometry for iso-
lated crystal samples as these were on X-ray transparent SiN membranes.
The beam is focused to a spot of ca. 2.5 um in diameter. The crystals that
became damaged under X-ray irradiation (e.g., in Figure 4) were measured
using a beam energy of 9.7 keV (beam flux: #3 x 107 photons s~'). Data
for reconstructions shown in all other figures were measured with an X-ray
energy of 11.8 keV (beam flux: %1 x 107 photons s~'). At this energy, the
proportion of crystals that suffered beam damage was smaller.

In a typical measurement, coherent diffraction patterns around the 100
Bragg peak were collected at 51 rocking curve angles separated by 0.005°
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(spanning a total angle range of 0.25°) with a collection dwell time of 10 s
at each rocking curve angle. MAPbBr; is cubic at the temperature at which
these measurements were performed, i.e., room temperature.

To perform the measurements under illumination we constructed a
home-built light-soaking rig on the beamline with a 405 nm continuous
wave diode laser (CNI, model MLL-111-405) coupled to an optical fiber via
a collimating lens. The laser power was tuned to achieve a &1 sun inten-
sity (in terms of photo-generated charge carriers) at the sample position.
The power at this position was measured using a portable power meter
(Thorlabs PM100D console unit; S120C Si photodiode power sensor).

Electron Density Reconstruction: The measured coherent diffraction
patterns were fast Fourier transformed back to real-space to get the crystal
reconstructions. The amplitude was restored by taking the square root of
the intensity, while the phase was retrieved using iterative phasing meth-
ods. A linear combination of typical iterative phasing algorithms was used,
including Error Reduction (ER), Hybrid Input-output (H10),[32] and re-
laxed averaged alternating reflection (RAAR)[®! algorithms. The shrink-
wrapl®3] method was applied for updating the real-space constraints dur-
ing the iterations and guided algorithms!3'] were turned on for selecting
the solution with minimum sharpness after each generation. Each diffrac-
tion pattern was reconstructed ten times with random initial guess to en-
sure reproducibility.

Reconstructions shown in this work are isovolumes whose surface is
determined by setting a threshold value of electron density modulus and
not displaying regions of space with modulus lower than this thresh-
old value. For most reconstructions, a threshold of 0.1 was used (recon-
structed electron density functions are normalized between 0 and 1).

Determination of Burgers Vector Magnitudes: Electron density recon-
structions were produced in .vtk file format and viewed and analyzed us-
ing the open-source Preview!®?] data visualization software. Slices through
the reconstruction were taken perpendicular (by eye) to the dislocation line
and then displacement values were extracted along circular paths centered
on the dislocation core at three different radii, r. Note that r should be
small enough so the strain field from the dislocation dominates any con-
tribution from other strain fields present in the crystal, but large enough
not to be on the dislocation core. The resulting displacement versus arc
angle data was fit according to the function given in the main text using
the SciPy Python package. The three calculated Burgers vector magnitudes
were then averaged.

Hyperspectral PL Microscopy: A Photon Etc. IMA Vis microscope was
used for the wide-field hyperspectral microscopy studies with 100X Olym-
pus and 50X Nikon aberration-corrected objective lenses in place. Sam-
ple excitation was achieved using a 405 nm continuous wave laser filtered
with a dichroic mirror. Spectral resolution is achieved since the emitted
light from the sample is spectrally split through a volume Bragg grating
before being collected by a charged-coupled device (CCD) camera. The
camera used is a 2048 X 2048 resolution Hamamatsu Orca Flash V3.0 with
a wavelength range of 400-1000 nm and is maintained at —10 °C during
measurements. The position on the sample from which light is emitted
is calculated by scanning the angle of the grating relative to the emitted
light.

In a typical measurement, PL is collected from an area of 89 um X
89 um using a (wide field) incident laser intensity of 30 uW cm™2 and a
dwell time of 10 s at each collection wavelength.

Confocal PL Microscopy: ~ Fluorescence lifetime imaging maps were ac-
quired with a MicroTime200 laser scanning confocal microscope set-up
from Picoquant. Fluorescence was excited with a 509 nm diode laser (LDH-
D-C-510, Picoquant; 2.96 MHz) using a 100 x 0.9 NA objective (Olympus
MPlanFL N). The PL was collected in reflection geometry, sent through a
pinhole of 100 um diameter, and detected with an Excelitas SPAD detec-
tor. The system has an approximate time resolution of 400 ps. Unwanted
scattering from the excitation laser is suppressed by a combination of a
long-pass dichroic mirror and a 519 nm long-pass filter.

In a typical measurement, an area of 10 X 10 pm was divided into
256 x 256 pixels with a dwell time of 10 us. The eventual image is
calculated as the sum of 200 complete scans. For the measurements
shown in Figure 4f, a laser power of 4.7 nW was used with a repetition
rate of 20 MHz for the pristine crystals, and 8 MHz for the damaged
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crystals. The spot diameter is estimated using the airy disc diameter of
122x 4.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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