Strain Heterogeneity and Extended
Defects in Halide Perovskite Devices
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Confirmation of sample quality:

Presented below are standard characterisations (powder X-ray diffraction, photoluminescence
spectroscopy, scanning electron microscopy, and device current/voltage measurements) to confirm the

quality of the samples used in this study.
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Fig. S1: Pawley fits of powder X-ray diffraction measurements of a Csp1FA09Pb(lo.9sBroos)s and b Csp1sFAqssSnls
films prepared on ITO-coated glass and Si respectively. (Pseudo-cubic) dqq, lattice parameters and 7, fit

parameters are quoted and grey hkl marks indicate the positions of pseudo-cubic perovskite Bragg peaks.
Refinements were performed using Pm3m symmetry using Topas Academic software (v7).!
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Fig. S2: Photoluminescence emission spectra (405nm excitation) of Csop1FA09Pb(logsBroos)s (purple) and
Cso.15FA0ssSnls (orange) films. Spectra are concordant with those given in other literature.?3 Spectra have been

normalised after subtraction of a flat background.



Fig. S3: Scanning electron micrographs of representative a Csp1FA0sPb(lo.gsBroos)s and b Csg1sFAqgsSnls films. In
both cases, morphological grain sizes are on the order of 0.5-2.0um. This is slightly larger than average for halide
perovskite devices but chosen to better suit the BCDI technique as mentioned in the main text. A cropped region
of panel a is used in Fig. 1c of the main text.
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Fig. S4: )V characteristics for champion a Cso.1FAx9Pb(lo.95Bro.0s)s-based and b Csp 15FAq ssSnls-based solar cells from
batches representative of the devices considered in this work. Box and whisker plots of these c¢
Cs0.1FA0.9Pb(lo.osBroos)s-based and d Cso15FAqgsSnls-based solar cell batches with individual efficiencies for each
cell plotted separately on the right. Cso.1FA09Pb(lo.9sBro.os)s devices for JV characterisation have 100nm-thick Au
contacts (as opposed to the 60nm-thick contacts used for the BCDI measurements) to reflect what is more
commonly used in the field. Similarly, Cso.15FA0.85Snls devices for JV characterisation have 120nm-thick Cu contacts
(as opposed to the 25nm-thick contacts used for the BCDI measurements). Thinner contacts were used on the
beamline to as not to attenuate the X-ray beam any more than necessary.



BCDI reconstructions of grains not shown in the main text:
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Fig. S5: a, ¢, e, g Reconstructions of individual Csg1FAc9Pb(lo.9sBro.os)s grains and corresponding slices showing
their internal strain distributions not shown in the main text. b, d, f, h Histograms of local strain for the grains
shown in the same row. €, €,y rms, and f strain distribution descriptors are quoted.
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Fig. S5 continued: i Reconstruction of an individual Csg.1FA0.9Pb(lo.95Broos)s grain and corresponding slices showing
its internal strain distributions not shown in the main text. j Histogram of local strain for the grain shown in the

Same roW. €y, €xy rms, and f strain distribution descriptors are quoted.
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Fig. S6: a, ¢, Reconstructions of individual Cso.15FA0.g5Snls grains and corresponding slices showing their internal
strain distributions not shown in the main text. b, d, Histograms of local strain for the grains shown in the same

FOW. €xx, €xxrms, aNd f strain distribution descriptors are quoted.



f

€.=0.025% je.....=0.207%
f=0.845%

200

frequency

100+

0-
—3.15 0 ) . . —-03 0 0.3
displacement /A train, <. /%
& h
€.=0.092%
500- €oms=0.439%

f=2.915%

N
(&)
@

frequency

-03 0 0.3

—3.15 0 3.15

displacement /A  strain, € /%0 . strain, €, /%
» J
3 500{c.=—0.001%

XX

1

frequency

n 2 N
(\
3 jl \
A
'\ ‘
8 N 250+
' ‘I
200 nm N

—3.15 0 3.15 —0.3 0 0.3 —0.3 0 0.3
displacement /A strain, €, /% strain, €, /%
1 g 2 ©.——0.001%

€ me=0.1379
£=0.000%

frequency

—_
o
g

2

—

k 3 |

Qe
[ e— e
—-3.15 0 3.15 3 0 0.3 —-0.3 0 0.3

displacement /A strain, €, /% strain, €, /%

* ' 200 nm
'
—0

Fig. S6 continued: e, g, i, k Reconstructions of individual Csg 15FA0ssSnls grains and corresponding slices showing
their internal strain distributions not shown in the main text. f, h, j, I, Histograms of local strain for the grains
shown in the same row. €., €, rms, and f strain distribution descriptors are quoted.



Discussion of beam damage:

It is well known that halide perovskites are X-ray-sensitive materials. As such, here we explicitly consider
the effect of X-ray-induced changes on the grains studied. The beam energy used of 11.8keV has been
empirically determined to minimise beam damage during previous beamline visits.

For all the grains where we took multiple BCDI measurements, we have calculated the local strain
distribution descriptors and plotted them as a function of scan number in Fig. S7. Following this, we
have calculated the mean magnitude of the changes from successive measurements to get an estimate
of the likely size of the effects of beam damage for each of the values plotted in Fig. 2c and Fig. 2f of the
main text. These means are tabulated in Table S1 along with the standard error of the mean magnitudes
of beam-induced changes. We consider the mean absolute change as an “error bar due to beam-
induced changes”, and it is plotted as a grey bar in the bottom right corner of the plots in Fig. 2c & 2f of
the main text. We have considered the Csg1FA09Pb(lo.9sBro.os)s and Csp1sFA0ssSNls grains separately, as it
appears that the Cso1FA0sPb(loesBroos)s grains undergo smaller beam-induced changes.
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Fig. S7: Local strain distribution descriptors as a function of BCDI scan number for grains where multiple
measurements were taken. Values for Csp 1FA0oPb(lo.9sBroos)s are shown in purple and those for Csg 15FAq gsSnls are
shown in orange.

Cs0.1FA0.9Pb(lo.95Bro.0s)3

Local strain distribution descriptor €xx [% €xxrms fl%
/%

Mean change magnitude 0.011 0.033 0.020

Standard error in the mean change 0.000(4) 0.015 0.013

magnitude

Cso.15FA0.855nl3

Local strain distribution descriptor €xx [% €xxrms fl%
/%

Mean change magnitude 0.026 0.073 0.639

Standard error in the mean change 0.007 0.019 0.226

magnitude

Table S1: Mean change magnitudes and standard error in the mean change magnitudes for local strain distribution
descriptors upon successive exposure to X-rays.






Determination of Burgers vector magnitudes:

When fitting the displacement vs. arc angle data, the raw data should be collected at a radius, r, from
the dislocation core small enough such that the strain field due to the dislocation dominates over any
other longer-range strain fields present in the crystal, but also large enough to sample enough points
around the dislocation core. Practically, in this work a radius of 50nm was chosen as standard, though
35nm was used for the predominantly screw portion of the dislocation in Fig. 3d owing to a lack of space
between the dislocation and the crystal edge.

Updating the analysis previously presented in ref. #, we can quantitatively characterize the dislocation
by considering the form of their local displacement fields. For a pure edge dislocation, atomic
displacements are expected only in the plane perpendicular to the dislocation line. Mathematically, the
displacement field in the directions perpendicular and parallel to the extra inserted atomic plane, u;

and y respectively, are given by:*®
_|b] o+ sin(26) (s1)
7 T C Y

and

|b| <cos(29) (1-2v)

=T \aa =y T 2a - 10g(r)> (52)

Here, b is the Burgers vector that describes the dislocation and which is marked on the diagrams in Fig.
3e, and v is the Poisson ratio of the material (taken to be 0.29; see Table S3 and associated discussion).
For a pure edge dislocation, we have extracted the displacement vs. arc angle data from a plane
containing the scattering vector, Q, however, we do not a priori know the angle between Q and the
normal of the inserted plane, which we label k. Hence, we must use a linear combination of Equations
S1 & S2 to model the atomic displacement field observed, with their contributions weighted by the
cosine and sine of k. l.e. we fit the data according to

u =u,; X cos(k) + u; x sin (k) (S3)

where k is a refinable parameter giving the angle between Q and the direction normal to the extra
inserted plane. Because we have used an obvious phase discontinuity to identify dislocations in the first
place, in general k is small for our data. Fig. S8 outlines the coordinate system used for edge dislocation
analysis. Fits of Equation S3 are shown with dashed lines in Fig. 3d.
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Fig. S8: Coordinate system for edge dislocation analysis.



By contrast, all the atomic displacements for a pure screw dislocation are along the direction of the
dislocation line. Labelling this direction z, and this time choosing a slice through the reconstruction
perpendicular to our scattering vector, the atomic displacements depend on arc angle, 8, according
t05,6,9

_Ibl

Y2 = on (54)

Fits of Equation S4 are shown with dotted lines in Fig. 3d.

A pure screw dislocation will give a straight-line local displacement vs. arc angle plot, with that of an
edge dislocation having an additional sinusoidal modulation. These facts, in combination with the phase
ramps of 21t corresponding to a displacement equal to the lattice spacing of the 100 Bragg peak probed
in our BCDI experiment, allows us to identify (100) edge and (100) screw dislocations by inspection.
Nevertheless, the refined values of |b| are given in Table S2. While the agreement of |b| with dq¢¢ is
not perfect, it is better than for any of the other (and smaller) d-spacings. Errors in these values may
originate from compositional inhomogeneity causing local lattice parameter variation, background
strain fields in addition to the dislocations’, and other edge/screw character which we cannot rigorously
characterise without multi-peak BCDI.

Where does the grain Fig. 3a Fig. 3b Fig. 3¢ Fig. 3c screw
appear? edge

|b] /A 6.52 5.70 7.08 7.27
difference from dy¢q /% +3.60 -9.43 +12.50 +15.52

Table S2: Burgers vector magnitudes refined for the dislocations shown in Fig. 3 of the main text. Percent errors
relative to the d, o, lattice spacing of 6.2934A refined from powder X-ray diffraction data presented in Fig. S1 are
also given.

Finally, we require a value of Poisson’s ratio, v, for Cso1sFA0ssSnls in order to fit the data to the Equation
S3. An estimate of v is obtained for this mixed-component system using a compositionally weighted
average of values for pure compositions according to a rule of mixtures as below. v for pure
compositions are tabulated in Table S3.

v(Cs15FAg gsSnl3) = 0.15 X #(CsSnls) + 0.85 X ¥(FASnl;)
= 0.15 X 0.267 + 0.85 x 0.295
= 0.29075 =~ 0.29

Composition 1 v
10
FASNI3 g;z 1 0.295
0.26 12
CsSnls 0.28 13 0.267
0.26

Table S3: Poisson ratios for pure composition Sn-based halide perovskites from the literature and their means.
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Additional experimental methods:

Powder X-ray diffraction:

X-ray diffraction data for Csg1FA09Pb(lo.9sBroos)s were performed on a Malvern Panaytical diffractometer
with an angular range of 5° < 28 < 70°.

X-ray diffraction measurements for Cso15FA0s5Snls were performed in Bragg-Brentano geometry using a
D8 Advance X-ray diffractometer (Bruker AXS) with a Cu-Ko source (A=1.5418A). Data for the
experiments were collected in a locked-coupled one-dimensional mode for diffraction angles (26)
between 5° and 35°, with a step size of 0.01032°.

Photoluminescence spectra:

Photoluminescence measurements were performed on a Photon Etc. IMA Vis microscope using wide-
field blue (405nm) laser excitation and a 100X Olympus aberration-corrected objective lens in place.
Spectral resolution is achieved since the emitted light from the sample is spectrally split through a
volume Bragg grating before being collected by 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. The PL emission was then
summed over all pixels to give the final spectra.

Scanning electron microscopy:

Scanning electron micrographs of the Cso1FAcoPb(logsBroos)s films were collected using scanning
electron microscopy (SEM) (FEI Inspect-F). The surface morphology of films was characterized at 5kV
and the working distance used was 10mm.

The surface of the Csg1sFA0ssSnls perovskite films was imaged using a Zeiss LEO 1550 field-emission
scanning electron microscopy instrument, with a 3kV acceleration voltage. It was ensured that the
voltage levels for scanning electron microscopy measurement did not notably impact the integrity of
the perovskite thin films. The working distance used was 4.1mm.

JV measurements:

The current-voltage (JV) characteristics of Csp.1FA0sPb(lossBroos)s-based devices were measured by using
Kiethley 2400 source-measure unit with LabVIEW 8.0 software and tested under 1 sun (100 mWem™)
provided by a Newportsolar simulator apparatus.

The JV characteristics of Csp15FAg ssSnls-based devices were measured using a Sunbrick G2V LEDs solar
simulator to generate illumination equivalent to 1 sun. A scan speed of 100mVs™ was used for both
forward and backward JV scans. The cell area was limited to 0.1182cm? using measurement masks.
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