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Halide perovskites are promising semiconductors forinexpensive, high-performance
optoelectronics Despite a remarkable defect tolerance compared to conventional
semiconductors,perovskite thin films still show substantial microscale heterogeneitin
key properties such asluminescence efficiencyand device performance However, the
origin of the variations remains a topic of debate, and a precise understandinig critical
to the rational design of defect management strategies Through a multi-scale
invedigation T combining correlative synchrotron scanning Xray diffraction and time-
resolved photoluminescence measurements on the same scan dree revealthat lattice
strain is directly associated with enhanced defect concentrationsnd non-radiative
recombination. The strain patterns have acomplex heterogeneity across multiple length
scales We propose that strain arises during the film growth and crystallizationand
provides a driving force for defect formation Our work shedsnew light on thepresence
and influence of structural defecs in halide perovskites, revealing new pathways to

manage defects and eliminate losses.
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The authors combine synchrotron scanning -Xay diffraction and timeesolved
photoluminescece measrements on the same scan arei@teal that lattice strain is directly

associated with neradiative recombinatiom halide perovskite films.

Broader context:

Metal halide perovskites are generating enormous excitementptoelectronic device
including solar cells and ligremitting diodes. However, there are silbstantiahumbes of

defects thatrap energized charge carrieteadng to power losses in devices. Thagin of

these defects, particularly on the mismale, remains unknowim this work, the authors show

that these defects are related to complicated strain patterns that appear on multiple length scales
in perovskite films' rangingfrom tens of micrometresogvn to the tens of nanometre scale.

The results suggest that these strain patterns are built into the film upon formatiomorkhis

has profound implications ayur understanding of th@peration of the materials on thecro-

scale. It alschighlights theneed to control straias a leverto eliminate these problematic

defects in order taltimatelyattain maximundeviceperformances.
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Halide perovskite semiconductors have captured the imagination of the research community
because of the unprecedentedgpess in performance of photovoltaic (PV) and lghtission
devices, coupled with remarkably simple technigoesleposition and fabricatiénin just six
years,PV power conversion efficiencie®CEs) have been lifted beyond%3along with
reports of promising performances of peroteskightemitting diodes (LED$)3. However, an
essential condition for PV and LED devices to reach their efficiency limits is la hig
luminescenceefficiency in which norradiative losses are eliminafedNonradiative
recombination, for example recombination of electrons and nodekated by defect traps in

the bulk or at device interfaces, is a parasitic loss pathway that limits theiopg@hvoltage

in solar cells. The photoluminescence (PL) quantum efficiency (PLQE) of neat perovskite films
under solar illumination catitionsis low (typically <10%9; passivation postreatments can
substantially increase these values but are yet to entirely removadiative losses especially

in the presence of device electrotisThe important metric of external radiative efficiency for
high-performance perovskite PV devices still remains 1494 far behind the-30% achieved

by stateof-the-art GaAs cells?.

Macroscopic observations of noadiative losses in perovskite films are manifested as an
emission heterogeneity on the microscale, where the PL lifetime and intensity have been shown
to vary between diéfrent grains even in the highgerforming polycrystalline films. This
microscale spatial heterogeneity has also been observéaiigeccarrier diffusion lengtHs

and in the photocurrent and opeincuit voltage in full solar cell devicés Together, these
measurements demonstrate the impact of the microscale on the resulting macroscopic
polycrystalline film properties, suggesting that there is moois scope for improving device

PCE by understanding and then addressing these heterogeneous optoelectronic prtyeerties.

literature consensus attributes rawliative losses to a spatiatheterogeneous population of

Pages of 29



subbandgap electronic states thet as trapmediated recombination sit€s% However, he

origin of these trapand their heterogeneity sill unresolved

Structural defects hawestrong influence on the chargarrier lifetime and recombination in
semiconductors and, typically, charged point defects make efficientradative
recombiration centers. Most semiconductors are intolerant to the presence of defects, with
typical defect densities iarystalline silicon devices required to be no larger tharfi4T8°

cm3 18 In contrasttrap densities in polycrystallingerovskite films in higkperforming devices

have been determined to be relatively largeOt¥ 108 cm'3) 16:19.20 This in fact suggests a
remarkable defect tolerance in perovskite films that needs to be understood in the context of
the nature of thap states and any residual rraliative losse<Grain boundaries are a likely

locus for defects sites, and large grain sizes, as viewed from scanning electron microscope
(SEM) images, are implicitly preferred. Furthermape)ycrystalline perovskite fihs have

been reported to show some degree of strain, which directly influences the macroscopic
optoelectronic properties and stabilfy?3, though it is unclear how thtrain varies on the
microscale affects local recombinatioar the mechanism of the straielated effectsHere,

we directly probe the heterogeneity of higiality perovskite thin filmacrossmultiple length

scales to reveal local straialated structural defects and their direct impact on optoelectronic

behaviar.

Results

Polycrystalline methylammonium lead iodide (MAPHIfilms were solutiorprocessed on
glass cover slipsr silicon substrateBom leadacetate and MAbased precursor solutions
containinghypophosphorous acid additivé$seeMethods). & SEM image of the film is

shown in the inset dfigure 1a, revealing grain sizes of ~655mm, along with an example of
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the uniquelyshaped Au patrticles solutiggrocessed on the film surface to allow registering
and correlating the same scan area between different experiments in thi$heotikns have

a strong preferential orientation with the <110> and <220> plan#@segsrimary observed
reflections (sed-igure S1 in the Electronic Supplementary Information (EStr the full
macroscopic Xay diffraction (XRD) pattern)To characterize thical perovskitestructural
propertieon the microscaleve utilized the scanng microX RD (¢ XRD) beaml i ne
the Advanced Light Source (ALS) with a spatial resolutonour samples of2.5 um(see
Methodsfor further details)We held the samples under flowing nitrogen at 240 K during the
measurementswhich we foundminimized any potentialmoisture degradation dbeam
damagé. The summed 2D powder pattern for & 700 2gegion indexes correctly to the
tetragonal phase of MAPbland the chintegrated diffractogram from the entire region
matches the macroscopic diffractogréfiigure 1a). The <220> and <222> are the dominant
refl ections i n t hgeometrX & Eheexperimenealrsetup, whichalid mob
allow us to obsere reflections below scattering vectpr 1.33 A* (Figure 2 and Video S}

Line profiles show excellent match to tetragonal MAPBaNd negligible traces of crystalline

impurity peaks consistent with minimal beam damage to the saiiseleFigure ).
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Figure 1. Characterisng structural heterogeneity in MAPDbI s films on glass cover slipby

¢ X R @a) Comparison of tb macroscopic bulk XRD pattemith the micreXRD pattern
(both collected aP40 K) summed over a %00 nm? spatial region, with the key reflections
labelled. Inset: SEM image of the perovskite gsaatong with~terrmicrometersized Au
fiducial marker particles(b) Local <220> andc) <222> diffraction peak] maps reveahg
substantiaktructuralheterogeneity(d) and(e) Selected slices of the <220> (red) and <222>
(blue) through the maps if)(and €) illustrating the complex strain patterns present within
the film. Vertical lines indicate peak position as determined through peak profile fitting and
are a guide to the eydf) Microstrain map for the <220> diffraction pedl) Histogramof
thecalculated microstrain and corresponding scattering vgétmithe <220> diffraction peak.
The solid line is a linear regression fitdoscatter plot othe data, revealing a statistically

significant correlation (negligiblp-value, seéMethods.
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In Figure 1bandc we show the spatial maps of the peak scattering vectdrthe
azimuthallyintegrated <222> and <220> peaks (Begure 3 for maps of peak intensities).
These maps reveal local structural heterogeneity on the scale of beam redeigi@id and
eshow the e€XRD patterns t akelnythe colmmedlihesoni zont a
Figure 1b andc. Subtle shifts in the peak position and broadening reveal the presence of
detailed microscale structural heterogeneity. This heterogeneity in thegleeator for the
<220> orientation of ~0.15%, corresponding to a spontaneous stress of ~19 MPa ifbased o
Youngos Modul?Y s tymchl of HifereBt re@dhs of the films measured, and is
a level of heterogeneitynobservable with laboratory diffraction techniques athbspatial
resolution and peak var i atriguoefiddepicted regiorevath i ngl vy
long-range parallel coupling between the two reflections in Igoadriation, whereafigure
le depicts a region with anfiarallel coupling betweaethe two reflectionsHigure $). These
observationgsireevidencefor complex local strain variatiort$, and longrange (>10vm) strain
patterns present throughout the polycrystalline fifnam regions that share similar

crystallographic propertiesswill bediscusgdfurtherbelow.

After subtracting the instrumental contribution towards peak broadening of the line

profiles, we consider the extreme cases of contributions from micrestrhirand crystallite

size only, as defined by the Williamsétall formalisn?®. The variane of the crystallitesize

only is considerably larger and thus we conclude that microstrain is the dominant contributor
towards peak breadth in these sampleskKgpee $ andESIfor further discussion). We show

the resulting microstrain map of the dowam <220> reflection ifrigurelf (seeFigure S for
<222>). This reveals that the microstrain also has a complex local heterogeneity with a typical
magnitude of ~0-D.2 %, indicating that eachicroscale regiorhas its own local strain
environment. Impdantly, there is a strong correlation betwgemd microstrain for the <220>

peak Figurelg; Figure & for the <222>). That is, XRD peaks with the larger lagébwer
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d-spacing) contain the largest structural broadening due to micro&rairvice versa). This

suggests that the strain in the polycrystalline films is compressive, i.e. acting to reduce the
vol ume of the unit cel | . We observe simile
MA 0.157A0.7CS.08Pb(b.esBro.15)3 sample(FA=formamidinium) suggesting this observation

can be generalised to other compositit{&igureS8).

To directly assess the impact of the observed stedatted defecten theperovskite
optoelectronic properties, w@&ow correlate confocal PL measurements witikKkRD
measurements on the saguan aread-or direct comparison @hetwo measurementsve use
the Au fiducial markergFig. 1a insetand an image analysis algorithm for image registration
while also accounting for the spatial resolution differences between the measu(epeiiis
and FguresS9-S12 for details).We show aspatial map bthe local compressive straiof a
region of the filmin Figure 2. Here, we determined the local compressive strain fldRD
using the relative shift of the peakvalue at each local point from the minimugrin the
distribution (i.e. strain =gmin-9)/gmin). We show inFigure2b a confocal PL intensity magf
the correlation region highlighted in tegrainmap in Figure2a. We note that here we are at
sufficiently low excitation fluencéhat the local PL distribution is dominated by trap states
rather than diffusion ofarriers out of the local regiéh We show the Ical timeresolved PL
measurements of a brigleggionand a dinregionin Figure2c representing the recombination
of charge carriers. The bright regions have a longer PL lifetime than the dark regions, which is
consistent with increased fractions of tlapited recombination in the latter. We extract trap
densities representative of the regions by fitting the decays with a kinetic model developed
previously®, quantifying the reduction in trap density from the dark £ B)° cm?) to the
bright (13 10'® cm®) regions Thesedark PL(trap)regionsare the cause of significant power
losses in solar cells, with devices fabricdtean theseMAPDIs films typicaly showingopen

circuit voltages of ~1.1 ¥ which is ~0.2 from theradiativelimits.
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Figure 2. Correlating the local structural and time-resolved luminescenceroperties of
MAPDI 3 films. (a) Spatial map of thécompressive}train variation using the relative shift of
the peakg-value at each local point from the minimupin amMXRD map (i.e. strain =Cgnin-
g)/gmin). The dashed line denotes the correlation region betw¥&D and PL. (b) Confocal
PL intensity map of a MAPBbIperovskite film with pulsed 40Bm excitation (0.5 MHz
repetition rate, 0.1/cnf/pulse)corresponding tehe dashed region in &) Time-resolved
PL decays of the bright (blue) and ddr&d) regions highlighted in YbThedottedlines are
fits to the data using a trap model to extract the electroniadeapity®. Inset: Highlighted
<220> peak diffraction pattern for the bright and dark Pgiomes. (d) Scatter plots of
statisticallysignificant correlationbetween local PL lifetime and compressive st(egtative

defect densitycalculated from relationship in).eSeeFigure 93 for otherexample PL decays
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(e) Ratio in concentratiorof chaged iodide vacancies (Vdefects) in <110> strained

perovskite crystals to an unstrained crystal

We show in the inset dfigure2c the <220>XRD peaks corresponding to the region
with bright emission (long PL lifetime) and the region with dark emission (short PL lifetime).
We find that the region with inferior emission intensity and carrier lifetime dynamics
corresponds to a region with commee-strained <220> lattice planes (i.e. larggrand
increased peak broadening), whereas the region showing brighter emission and longer carrier
lifetime is comparatively unstrained (i.e. smaligand peak widths close to the instrumental
broadening). Wehow in Figure @ thatthese trends appear consistently acrossahelated
mapped regionscatter plots of the relevant quantities reveal a statistisghjificant decrease

in PL lifetime withcompressive strai(seeFigure 94 for microstrair).

Structural defects have a strong influence on the cheagger lifetime and
recanbination in semiconductors argtharged point defectg/pically make efficient non
radiative recombination centedtae to a longange Coulomb attractibh We now explore the
impact of a strained crystal on local point defect concentrationsg ddirstprinciples atomic
model, we introduce compressive <1iirainwith magnitude on the order observed in our
local measuremen({s0.2%) and probe the effect on the@int defect thermodynamic$igure
2e). With compressive strain, there is an insean thecharged iodie vacancy § )
concentratiorby a factor of 2 with respect to the unstrained crydte to a negative defect
pressure (see Matlds and Figure§$15 andS16). Similar behaviouris expected for other
negativepressure (strain releagindefect species or clustemhis relative increase idefect
density for a darkegionascertained from the trap model (Figure 2c) is consistent with the
calculated rmagnitude of the increase strainrelated halide vacancy concentrations after

consideing contributions from each directioRigure2e). Using the relationship in Figure 2e
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to convert the strain map to a relative defect dgmsap Figure 7), we show thestrong
anticorrelationbetween the PL lifetime andefect (halide vacancyjoncentration ratio in
Figure 2d. Theseesultsrevealfor the first time that the observation of local PL heterogeneity
is substantially influenced by locallyeterogeneous strain distributidhat are associated with
defects such asalidevacanciesWe note that we do natlentify the isolated iodine vacancy

as the origin of nomadiative recombination, and indeed other point and extended defects will

be generated due to strain and likely also contribute teassisted recombinatidi?,

In order to further investigatie long rangestrain behaviar and its relationship to
local grains, we performed scanning nanofocus XRD (nXRD) measurements at the ID13
beamline at the European Synchrotron Radiation Facility (ESRE)re 28)%%. A MAPbI3
perovskite film prepared as abowas raster scanned (beam spot size 200 x 208 sge
Methods for details). We show a quiver plot for the <110> oriemta@ti&igure 3a, where the
value of thea z i mut hal a ngfdr eachcdifraatiah ispotais represented using an
arrow with its centre located in the spatial position from which the diffraction spot was
acquired, and with an orientation and colour correspondiagitaicated by the colour m&p
Diffraction spots adjacent both meal and reciprocal spa@®ordinates were cor@red as
bel onging to the same eglrus tndethdqdsheaetals). Wedi cat
highlight in blue and redwo supergrains with the largest covered areas calculated as the
number of pixels within the superain times the pixel ared@0x400 nrA). This observation
of long-rangefeaturesis consistent with oue X RD r, &g lietetwesisualise them with
better spatial resolutiofrurthermore, the supgrainsalso exhibit local straingj variations

within their dimensionsHigure3b and 9.

The supemrain sizes for the <110> reflecti@ne plotted inFigure 3d, showing that
thelargest regions covem area of 25 nm?, extendingwvell beyond the grain size observed in

SEM images (~Inm?). We find this disparity ifurther exaggeratedn the triple cation
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MA 0.1 A0 78C%.08Pb(b.sBro.19)s samples, which show supgrains as large as ~25@n?

(Figure3d) despite SEM grain sizes of only ~0rh? ; this is clearly seen in the overlay of an

SEM image and a quiver plbighlighting thelargest supegrainin Figure3e (seeFigure 9

for other supegrains) This finding could shedlight onto the apparent paradox whereby
O0smagil &aind triple cati omucphlighePCEtkan these MAPBIms st i
films'. Our results suggest that the critigghin sizemay actually be the longefrange

structural supegrains rather than the grains viewed in SEM images.
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Figure 3. Nano-XRD measurements and supegrain analysis.(a) Quiver plot highlighting
the two largest suparains showing the <110> reflection in a MAPSampledeposited on a
Si/SiG substrate(b,c) Local variation®f the scattering vectayextracted from the two super

grains in &. (d  Supergrain size distributions for MAPBI and
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MA 0.15FA0.7CS.06Pb(b.esBro.15)3. (€) Overlay between the quiver plot (<210>) and SigMge

in the same scan area folW# 0.15-Ao.7dC.08”b(b.ssBro.15)3 sample.

To now explore crystallinity at a stgrainresolution we turn to transmission elect
microscopy (TEM). InFigure 4a, we show a crossectional brighfield TEM image of the
perovskitefilm. The sample was prepar eldng lamellatthat nni ng
appeared as an individual grain in the-to@nv SEM image by focuseidn beam (FIB). A
selecteearea electron diffraction (SAED) pattern obtained from a2®0region within the
lamella is outlined by a circle in the micrograph and shimwhe inset oFigure5a. The SAED
pattern indicates aonsi ngl e crystalline nature of t he
Although the d-spacing corresponds to the tetragonal MAPDérovskite structure, the
presence of elongated diffraction spots @&l ws a weak diffraction ring is a strong indicator

of imperfections within the lattice that likely originate from strain and/or other defects.

To probe crystallinity at a deeper scal@jgh-resolution TEM (HRTEM) micrograph
was collected from a FF0nn? regionusing a lowelectron dose rate of -4 dectronsA’ § !
in line with previous reporté (Figure4b). The micrograph shows a lack of lattice continuality
in the tested area as indicated by the presendermoéins and structural defeckastFourier
Transform (FFT) patterns generated from variou8 100nnt regions of the HRTEM
micrograph are outlinedytthe colarred boxes in Figurecsand clearly demonstrate structural
heterogeneitywithin a single grain. The regions marked by black and puippixes possess
nearidentical diffraction patterns and are highly crystalline as indicated by the sharp
diffraction spots. The identical-spacing of the diffraction spots indicate a similarity in
crystallinity and sutgrain crystallite orientation on tHé® 10 nnt scale. The highly crystalline

regions marked by the black and purple boxes contrast with regions bound by the red and blue
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boxes. The markedly different patterns indicate the whole grain is not uniformly crystallized.
The blue region is weltrystallised but shows the presence of more than one diffraction pattern.
This canbe a result of mukgrain overlapor canindicate the presence of structural defects
such as a micrtwins and/ordislocationghat can provide additional strain reffefin contrast,

the redbox shows a much weaker pattern irafieg a poorlycrystallised or amorphous region
within the same grain. While amorpai®n due to beam damage cannoekeluded a ladk of
homogeneity in the amorplaison signature through thearaple mées irradiatioAnduced
amorphisition less plausibjendthelocal changes in crystallographic orientation, or twinning,
are highly unkely to arise from beam dama(eThese results reveal that eaxftthesegrain
fientitie®d are in fact comprigkof many sukrrystallites on a ~:000 nm scale above that of

the unit cell but below that of a single grain. This scale of heterogeneity is consistent with
recent reports showing lower symmetry domains below 26° ramd substantial spatial

variation in the photoesponse of polycrystalline perovskite devices evighinveach graifp:

36, 37
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Figure 4. TEM electron diffraction analysis of MAPbIs perovskite grains (a) Cross
section image of single perovskite grain on<&D0> substrate and selected area electron
diffraction (SAED) pattern collected fronthe region indicai@ (inset). (b) Higher
magnification TEM andc) Fast Fourier transform (FFT) patterns generated across different

regions of the grain shown in)(b
Discussion

Our work reveas that strainedregionsare associated with increased fractions of
charged defects anidcreased nomadiative decay, which hggofound ramifications on our
understanding of the impact of crystallinity on carrier recombinatiooal strain is present in
these halide perovskitéhin-films as a result othe standardprocessingconditions During
crystallisationa MAPDIz film is annealed at 10C in which the perovskite structure is

nominally cubic, and thety cooling to room temperature glasseshrough a cubito-
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