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At ract

Both inorganic and organioorganic halide perovskites (HPs) are promising candidates for optoelectronic
devices such as solar cells or ligdmitting diodesDespite recenprogress in erformance optimization

and lowcost manufacturing, their commercialization remains hindered due to structural instabiifges

are very sensitive to variougnvironmentalconditions such ashumidity, temperature andadiation
Microscopic poperties and degradation mechanisms are still not well under§tmotsmission electron
microscopy TEM) can benefit the fundamental understanding of strugitmperty relationships and pkay

an important rolén revealing microstructural, morphologica well as chemical or physical information.
However, the extreme sensitivity bfPstowards electrofibbeam irradiatiorprevents access to intsic
information or leads to afticts.Imaging is severely limited, especially at high magnifications, ankehe
factor for TEM studies itheelectron doséWhereasigh-resolution TEM HRTEM) is an effective way to
reveal atomic structures undew-dose conditiongheimage contrast depends on experimental parameters
and is hard to interpret directlWhile contrast is directly interpretable in scanning transmissientron
microscopy (STEM), lowdose conditions are particularly difficulConventional scintillatorbased
detectors make use of only a fraction of the total information and perform poorly dbgas. However,
technological advances and the development of direct electron canfPa€s) that can accurately
determinethe position ofan incoming scattered electrtvave opened up a whole neigld of electron
microscopy: 405TEM. A four-dimensionallataset represents two dimensions in real spacpo#igon of

the electron proheand two dimensions in reciprocal space, the detector gfameach probe position, a
convergent electron beam difftamn (CBED) pattern is recordeBrom the recorde@BEDsit is not only
possible to extract the signal for any STEM detector geometry, but also the phase problem can be solved.
Utilizing the coherent interference in the overlap region between direct and scattered beams, the phase and
amplitude of the elemdn wave can be reconstructedhis method, called electron ptychography is a
combination of diffraction and imagin@his thesis aim$o show the potential of 4D STENf particular
phase reconstructigivia focused probe ptychography. Two riberative econstructiondasedon weak
phase and phas®bject approximation are present&inglesideband §SB and Wigner distribution
deconvolution \WDD) ptychographyare introduced albw-dose, dosefficient technique to image the
atomic structure of beasmsitive HPs The advantages ®ECsallow the acquisition of sparse binary
diffraction patterns withlistinguishabléndividual electron events. Atomically resolvedimostaberration

free phase images of three -@tlorganic halide perovskites, CsPbBCDbIBr,, and CsPhlarepresented

with a resolutiordownto the apertureonstrained diffraction limit.

VIl



Zusammenfassung

Sowohl anorganische als auch organianbrganische Halogenidperowskite (HPs) sind vielversprechende
Kandidaten flr optoelektronische Bauelemente wie Solarzellen oder Leuchtdioden. Trotz groRer
Fortschritte bei der Leistungsoptimierung und der kostengjarsti Herstellung wird ihre
Kommerzialisierung durch ihre strukturelle Instabilitat verhindert. HPs sind sehr anféllig gegentber
verschiedenen Umwelteinflissen wie Feuchtigkeit, Temperatur und Bestrahlung. Die mikroskopischen
Eigenschaften und die Schadigsnechanismen sind noch immer nicht ausreichend verstanden. Die
Transmissionselektronenmikroskopie (TEM) kann zum grundlegenden Verstandnis der -Struktur
Eigenschaftd8eziehungen beitragen und spielt eine wichtige Rolle bei der Aufdeckung von
mikrostrukturelen, morphologischen sowie chemischen und physikalischen Eigenschaften. Allerdings
verhindert die extreme Empfindlichkeit von HPs gegeniber dem Elektronenstrahl den Zugang zu
intrinsischen Informationen oder fiihrt zu Artefakten. Insbesondere bei hohero¥engngen gestalten
sichUntersuchungen schwierig, wobei die Dosis der Schlisselfaktor ist. Wahrend die hochaufldésende TEM
(HRTEM) ein effektives Mittel ist, um atomare Strukturen bei niedriger Dosis abzubilden, hangt der
Bildkontrast hier von experimerken Parametern ab und ist schwer direkt zu interpretieren. Wahrend bei
RasterTransmissionselektronenmikroskopie TE&M) der Kontrast direkt interpretierbar ist, sind die
Bedingungen bei niedriger Dosis demders schwierig. Herkdmmliche, auf Szintillatoreasierende
Detektoren nutzen nur einen Bruchteil der Gesamtinformatiwh sind flr niedrige Dosen ungeeignet
TechnischeiFortschritt und die Entwicklumn direkter Elektronenkamerd®EKS), die die Position eines
eintreffenden gestreuten Elektrons genaéastimmen kénnen, habenein neues Feldin der
Elektronenmikroskopie eroffnet: 4DRTEM. Ein vierdimensionaler Datensatz reprasentiert zwei
Dimensionen im realen Raum, die Positites Strahlsund zwei Dimensionen im reziproken Raum, die
Detektorebene. Furjede Strahlposition wird ein konvergentes Elektronenstrahlbeugungsmuster
aufgezeichnet. Aus den aufgezeichn&engungsmusteridsst sicmicht nur das Signal fir jede mégliche
RTEM-Detektorgeometrie extrahieren, sondern auch das Phasenproblem |6seilfevieHkoharenten
Interferenz im Uberlappungsbereich zwischen direktem und gestreutem Strahl kénnen Phase und Amplitude
der Elektronenwelleekonstruiert werden. Diese Methode, Elektronenptychographie genannt, ist eine
Kombination aus Beugung und Bildgeiy. Ziel dieser Arbeiist es, das Potenzial von 4DTRM,
insbesondereler Ptychographie mittels fokussiertem Strahlfzuzeigen. Es werden zwei nidtarative
Algorithmen genutzt die auf schwacher Phasaimd Phaseobjektndherung beruhen. Sin@eeBand

(SSB) und Wigner Distribution Deconvolution (WDD) Ptychographie werden als dosisarmeffiisitge
Techniken zur Abbildung dettomarerStruktur von strahlungsempfindlichen HPs vorgestellt. Die Vorteile
von DEKs ermdglichen die Aufnahme bindrer Beugungsmuster mit unterscheidbaren einzelnen
Elektronenereignissen. Es werdeahezuaberrationsfreie Phasenbilder von drei anorganisdies

CsPbBg, CsPbiBs und CsPh, mit einer Aufldsung bikin zur Beugungsgrenzgezeigt






1.l ntroducti on

1.1. Transmission Electron microscopy

Nowadays, mansmission eleotn microscopy (TEM) isan indispensable tool for structural and
compositional characterization of matdsi from the micrometer to thengstrom scale. TEM plays a
significant role in materials science, physics, chemistry, and biology, especially in researcsufiblds
nanotechnology, renewable enga medicine’ * Since theconstruction of théirst TEM in 1931 by Max

Knoll and Ernst Ruska, technical developments in sample preservatimnration correctiongetector
performanceand computational powédraveopened the doors tolargevariety of imaging and analytical
technologieghatare stillbeingoptimized and improvetbday. lllumination of a material with an electron

beam causes the beam electrons to interact with the sample, producing a variety of signals, as shown in
Figure 1(a). Bastically scattered electrons are used for high resolution imaging (HRTEM), diffraction
imaging or scanning transmission electron microscopgging (STEM) Inelastically scattered electrons

and their secondaryeffects are useful forandytical spectroscop such as xay energydispersive
spectr@ecopy (XEDS) or electron enerdyss spectroscopy (EELS)n general, there are two TEM
configurations that offer unique opportunities for material characterizatiith a specifiarrangemenof
electromagnetic lenses and apertures, the microscope can be operated as a conventional transmission

electron microscope (CTEM) as ascanning transmission electron microscope (STEM).
1.1.1.Imaging

1.1.1.1 CTEM - Conventional transmission electron microscopy

Electronsemitted from a source are accelerated and thassgha series of tunable electromagnetic lenses
thatdeflectthe electronsisingLorentz forcesin CTEM,theelectrons are focusédto a parallel bearthat
impingeson the sampleRigure 1(b)).”® The transmitted beam is dispersed by an objective lens to form a
diffraction pattern in the back focal plane (BFP) and recombimedin image in the image plane (IP). The
electrons are furthalirectedthrough a system of imaging lenses and projected onto pigalatectors such

as CCD (chargeoupled device) or CMOS (complementary metabde-semiconductor) deces If the

BFP of the objective lens selectedas an object plane for the intermediate lengjffraction pattern is
projected oto the screenlf the IP is selected, an image is projected onto the screen. The illumination can
also be tilted that a specific set of diffracted beams pakemsghthe objective apertur& his allowsthe
studyof particular diffractim features in a sample via ddikld TEM.”°If the electron beam is converged,
the sharp diffraction sys broaden into discs. The resulting diffraction patteatiedconvergent electron
diffraction pattern (CBEDR)containsadditional information about symmetry, structure factors and lattice

strains®®



1.1.1.2 STEM - Scanning transmission electon microscopy
In the scanning configuratiom convergent electron beam of variable diameter is generated for high

resolution imagingThe probe is scannedrosshe sample surface using scan cdig(re1(c)).2
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Figure 1. (a) Signals generated by electrons interacting with a sample métén)adnd (c) showo basic conditions

under which a TEM is operate¢b) conventional transmission electron microscopy (CTEM) with parallel beam
illumination and (c) scanning transmission electron microscopy (STEM) with a convergent electron beam rastered
over the sample surfaé

The scatteed electronswhich form a CBED for each position in the scane recorded by differetypes

of detectos. In conventional imagingan image is generated by integrating the signal for each probe position
as ore pixel. Detector geometry aflthmination determine the contrasthe fraction of electrons used for
signal generation is shoveehematicallyn Figure2 for different detector geometrieBright-field detectors
select a portion of the electrs belonging to the direct beaAnnular brightfield detectors (ABF) gather a
portion of electrons fiihg on an annular detector placed insidethightfield disc. In brightfield imaging,

the contrastlepend®n theinterference othedirect and scattereglectrons|In contrast, annular dafield
detectors (ADF) select any scattered electrons. Ttexte surrounds the direct beam and contains a hole
in thecentemwherethe brightfield detectoiis located The contrast camedirectly related to the composition
and thickness of the sampladependent of interference effects. In general, annulactes can also be
split into segments and used as quadrant detéétbmscontrastto conventionally used singehannel
integrating detectorsin advanced techniquescsuas fowrdimensional STEM (405 TEM), direct electron

detectors(DECSs) capture a whole CBED patin for each probe position. 4BTEM techniques offer

possibilities for virtual imaging, orientatianappingand strain mapping, phase contrast imaging'%etc.

Figure 2. Schematicrepresentatiorof the signalportion available for image generatiomith different detector
geometries. (aPBright-field daecdor (BF), (b) annular brighfield detector (ABF), (c) annular daffield detector
(ADF), (d) segmented detector, (e) direct electron detector.
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1.1.2. Spectroscopy

1.1.2.1 EELS - Electron energyloss spectroscopy

EELS is theinvestigationof the energy distribution of electrons transmitted through a specimen. During
scattering, electrons may lose (inelastic scattering) or not lose (elastic scattering) energy. The energy loss
of inelastically scattered electrons can be related to the dingmigl electronic structumaf the specimen
(valence states, dielectric properties, band gaps, thickness¥é&t@jansmitted electrorsre senthrough

a magnetic prisnanddeflected througl 90 ° by a magnetic field. Electrons with a high energy loss are
deflected @irther thanelectrons with a low losas they travethrough the spectrometat the end of the
microscope columnA spectrum is captured as an intensity distribution as a function of enerdy lioss.
general, an EEL spectrumdsvidedinto two parts, the lovloss spectrum (energy lo x 50eV) and the
high-loss spectrumefnergy loss x 50 eV). The lowoss spectrunincludesthe zereloss and plasman
peaksand providesnformation aboutdielectric properties antband structureThe highloss spectrum
containselementspecific ionizatioredges due to inner shell ionizatiandprovidesinformation about the
sample chemistr}? Elemenispecific electron energy losses atiized in the field of energfiltered TEM
(EFTEM).Energy filtersselecta specific energy range of electrahatcontribute to the image CTEM.*

1.1.2.2 XEDS - X-ray energy-dispersive spectroscopy

If an electron is scattedeinelastically it may excite a samplelectron from arinner shell, ejecting iand
leavingan electron hole. The hofils with an electron from an outer shell of higher energy. The excess
energycanbereleased in the form of aneshentspecific characteristic-ray. The aount and energy of
characteristicx-rays are measured by an energy dispersive spectrometer positioned above the specimen
plane in the TEM. XEDS allows for quantitative and qualitative elemental an#lyRiss techniquds
particularlyusefu for heavy elementharacterizatiomlue to an increase the xray emission probalii

with the atomiaveight whereas the emission probability of Auger electesreasesn an Auger electron

evenf exass energis notemitted asan xray butis transferred to another samplectten that leaves the

material®® 23

1.1.3.Beam damage

TEM can achieveharacterizations on a multipgeale level from the micrometer to the atomic level and
contribute strongly tohe fundamental understanding of degradation mechanisms and stprojoeety
relationshipf materials lllumination ofa material with an electron beassultsin an interactiorbetween
beam electroneind sample electrons causing scattering eventstbeeielastic or inelastic naturéhe
inelastic eventéntroducean unfavored side effect, namely beam dama@ge.camage mechanisms vary
from material to materiadnd includeknockon damage, radiolysis and heatifidney affect the structure
and/or the chemistry of theaterialand may lead to misinterpretationsf ignored. Diferent damaging

mechanismsequire precautions to prevent or minimize trefiects when investigating beasensitive
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materialslnelastically scaered electronthat pas€lose to the atomic nucleus are scatterddgh angles

and losea largeamount of energy sufficient to displace #wmireatom from its initial position. This so
called knockon damageesultsin point defect formatioandcanbeavoided by lowering the electron beam
energy below the displacement energy threshold of the material components. Réatiragy which mainly
affects materials with low thermal conductivity, isedfect of energy transfer of incident electrons inducing
lattice vibrations Phonon heatingan be minimized by cooling the sample to cryogenic temperatures and
minimizing the cross section for inelastic scattering. Furthermore, the electron beam may induce changes in
the chemical bonding of the materi@hgradiolysis, causindond breakagdoss of crystallinity or escape

of light elements. Radiolysis is often obseniecdpolymers and alkali halides. leonducting materials,
electron holes itheconduction or valence band are rapidly filled by electronsdrsyistemmaking metals
resistant tahis form of damage. To minimize the effects of radiolysis, the interaction cross seastre
reduced, i.ethe TEM should be operated with the highest possible voiadthe specimen should be as

thin as possital.”242°

1.2.Halide perovskites

Thedesignatiorfiperovskit® wasinitially coined by Gustav Ros&ho named the as yet unknown mineral
CaTiQ; after the Russian politiciaand mineralogist LevAlexeyevich Rrovskiin 18392° Nowadays,
perovskites are known as materiglatcrystallizein a general ABXstoichiometry They contaira network
of cornersharing BX% octahedra as illustrated Figure 3 on the prime example SrTias an aristotype

belonging to the Pom space group.
& 0 o
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Figure 3. Aristotype cubic perovskite structure, exeifiptl for SrTiO; belonging to the Pom space groupwith
TiOs octahedra highlighted in light blue.

Most perovskite materials are-salled hettotypes, oming a structure of lower symmetry dudattice- and
octahedral distortions, ordering of vacancies or cations or due to the presence of organic cations in the
material 2"?® Halide perovskite§HPs)are a subgroup of perovskites chzterized by halides asetin X-
anions,usuallyCl", I, or Br'. The Bions are divalent metal cations suctPb? ¥ Sn? br Ge? * Depending

on the Asite cation HPsarefurther classified into alinorganic halide perovskitg®\IHP) and organie
inorganic halide perovskite€IHP). AIHPs containCs" and OIHPs ChNH3" (Methyammonium) or
HC(NH,)," (Formamidinium) as Asite cationg>3° HPs are promising candidates for optoelectronic

devices, such as photovoltgieV) solar cells, lasers, phatetectors, scintillators or lightemitting diodes



(LEDs) due to their excellent optoelectronic propertiagshsas tunable band gaps, ligiarvesting
capability, and high chargearrier mobility3"*® Especially inthe field of solarcell devicesOIHPshave
attractedwvidespread interest since the pioneering workliylasaka and coworkers in 200Bhey initially
reporteda conversion efficiency of 3.8 dvhichwasimproved ta25.5 %recently in 2020approachinghe
record value for silicotbased devices of 26.7 %% Since most perovskitbased devices afabricated by
low-cost solution processing, themeet two of the four main criteria fothe commercialization of PV
techniquesin addition tohigh powerconversion efficiency (PCE) and low production césty toxicity
and longterm stability are critical factors for the commercialization of optoeleatrd@nvices® The toxicity
issuesassociated with the uselebdbasedHPsaremainly overcome byppropriateencapsulatio or lead

free perovskite alternatives, e.aising SR* as Bsite catiorf® The more critical factor limiting the
commerdal production is their insufficient lontgerm stabilityin operationThe causes of rapikegradation
range from minorchanges indefect concentration to severe structuragrddation,depending on the
environmental stressé&swhich the material is exped in serviceStructural point defects such as vacancies
or lattice distortions induced by lattice strains are the main factors responsible for the suscepthifisy of
towards external stimuli and can barely be avoided during thin film fabricatiorodisegoft ionic nature

of HPs Environmental stressesch as temperature, moisture, oxygen, solar illumination, electrical biasing,
etc. arethe mainexternal stimulifor degradation Therefore, i is of great importance to understand
degralation mechaisims and structurproperty relationshipef thesematerialsto solvestability problems
via doping, precursor additive engineering, composdl engineering, surface pestatments, hetero

junctioncontrol, etc®4+42

1.3. Transmission dectron microscopy of halide perovskites

Although TEM offers avariety of techniques for uitiple-scale characterizatiommdwould be an excellent
tool to study stability issuegatamic resolutionmaging ofHPsis difficult due to their extreme sensitivity
towards electron beam irradiationhds beeshown thaOIHP MAPDbI; (MA = Methylammonium)shows
first signs ofbeaminduceddamage at dosess low asl00e/ 2 The material degdesto Pbk within
2200€e/ 2 via intermediate superstructurgédn the case oAIHP CsPWBr,, investigated with a 300 kV
electron beam,dam damageccurredatdoses higher than 6008000 ¢ 2. During degradatiorstructural
changes via an intermediate phase (GsilBr)sy)), the formation of Pb nanoparticles and alBsphase
as well as I/Br desorbing from the materare observeff Dang et alstudiedbeam damage iAIHP
CsPbBg nanocrystalsat different acceleration voltages (80/28Y) and different temperatures. They
suggesthatradiolysisis the dominantdamaging mechanism causing elecistimulated desorption ddr
andtheformation of Pb nanoparticles for doses intttuege ofl0® €/ 2 Thespeed oflegradatiorlepends
stronglyon the surfacéo-volume ratioand increases with temperatdrd@.he extreme beam sensitivity of
thesematerialshas beermgnored in many literature studidesading to incomplete or wrong interpretations.

For instance, Chen et al. identified more than 20 publicatromghich authorsincorrectlyidentified the
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decomposition product Pbas MAPbE based orthe similarity of their electron diffraction patterns along
severakone axesThe esearchers ignedthe absence of reflections in the diffraction patterns which must
be present in the case of MARBI“*® Which mechanism obeam damagdominates ilPAIHPs andOIHPs

is still controversial, but conclusions can be drawn from experiments under different conttitiasshen
shown that beam damage is slower when high acceleration voltages afe*(i§hd.question of whether

or not cryogenic conditions should be used to study HPs isatittoversialSome researchers claim that
the critical dose for MAPDbRBrincreases fourfold at cryogenic temperatufesn 11 ¢ “upto 46 2%
However,Chen et alnotedthat superstructure reflections in the FFT patam6 ¢/ 2were disregarded

in this study indicating that beam damdmpganmuch earlier® The majority of researchers agrees that low
temperatures lead to a rapid amorphization of the material without any suppression of beam*damage.
Rothmann et al. observed a rapid crystallimenorphous transition of MAPHWithin 1440 & 2at-180°C

and 3720 ¢ 2 at room temperature. Atomic defet@smedunder irradiatiorbecomerozen and immobile

at cryogenic temperatures, accumeliaito clusters andbecone amorphous. Similar amphization has
beenobserved for MAPbBr “¢4°Unlike materialsthatare sensitive towards the @osate suchas zeolites,
HPsare sensitive to the cumulative electron dose. Beam daotageredat very low dose rates (1/e?)

in OIHPs Besides thatlamage was visible i@sPBBr; after applying a similar total dose at different dose
rates™*+*°Giventhe extremeradiationsensitivity of thesenaterials, few (S)TEM imaging techniques are
suitableto imageHPs Figure4 showsa roughestimate of the doses used for different (S)TEM imaging
techniquesThe trresholdrangesfor maximum dosefor OIHPs and AlHPseported in thditeratureare
highlightedby red barsn the 16 €/ ?and 16 e/ ?rangerespectively*

OIHPs AIHPs

. . Conventional
Diffraction Low dose
 Conventional CCD
TEM imaging ) Low dose CCD
DEC R
""""""""""""""""""""""""""""""""""" Conventional |
STEM imaging Low dose
DEC ————
Spectrum
EDS Mapping
Spectrum
EELS Mapping

T T T 1 T T T T T T T
10 10° 10* 10®° 10° 10* 105 105 107 10° 10°
Overall Dose [e/A?

Figure 4. Conventionallyapplied doses for the main (S)TEM techniqueder conventionandlow-dose conditions
with chargecoupled devices (CCD) and direct electron cameras (P&l@pted andhodifiedfrom Zhou et af* Red
barsindicaie maximum doses applicable @HPsandAIHPs before beam damage causes structural changes.



To date only a few successfatomic resolution images of theswterials without any structural dagea
or phase transition exist, most of theaptured under extreme legiose conditionsvith poor signaito-
noise rati@. To improve the image qualifymost imagesvere additionallyfiltered e.g, using Bragg or
Butterworth filter§’, Fourier filters', ABSF- and Wiener filter¥. Two examplesf a low-dose HRTEM
and a lowv-dose STEM imagef OIHPsare shown irFigure5. Besides lowdose HRTEM imagingvith
direct electron detectors, recent progresh@establitment ofadvanced 4D STEM techniqupsovide a
new pathwayto investigate bearsensitive materials witha doseefficient lowdose phaseetrieval
technique, called electron ptychographhis work aimsto demonstratethe efficiency ofelectron
ptychography for higitontrast imaging of beaisensitiveHPsunder conventional and ledose conditions

to reveal the undamaged atomic structure oftBs§ CsPbBr;, and CsPhl

Figure 5. Two examples of successfalagingof the atomic structure of OIHPs-& MAPbBr; and(c-e) FAPbk.47:52
(a) Unfiltered raw HRTEM dataof MAPbBr; and(b) CTF correctedWiener filtered image. jdJnfiltered, raw lav-
angle annular darkeld image of FAPhL, (d) Bragg filteredsubarea of (cwith enlarged sectiom the inse{e).Scale
bars in (c), (d), and (e) correspondltbnm, 5 nm, and 1 nm.

1.4.Ptychography

1.4.1.From probe-forming lenses and apertures to detectors

If athin sample could be illuminated by a convergent electron beam without the apertdires and
imperfect electromagnetic lensehanges in the electron wave would be impbadly by the presence of

the sample and thus depend on the atomic potential of the matesayver to focus the electrons to form

a small probe, theneed to pasthrougha system of lenses and apertures on their way down the microscope



column. Sinceelectrormagnetic lenses are highly imperfect, apertures are udeditéhe angular range
minimize lens aberration effe¢tsnd aparticular defocus valuean bechosenThe presence of the probe
forming system affestthe electron wave incident on the sampathematicallythe electron wavpassing

throughthe lens and aperture systéswlescribed as a complex function called aperture fund L 753
55

oLk YL Agm.L (1.2)
Thewave amplitude'Y L represents thaperture limitin termsof a tophat function

YL p Esls o (1.2)

YL n Eiglts o (1.3)

Thus, br reciprocalspace vectorlL, which are not allowed to pass the aperture, the amplitude of the wave
functionis zero.... L describes the phase of the electron waffected by lens imperfection¥he lens
aberration functiol... L is givenhereonly for the lowestorderrotationallysymmetric aberrations

L "655,&%: E“(jﬁgié= 149

with 0 ; = defocusO = spherical aberration coefficient of the objective l_vs,electron wavelength.
For a perfectly coherent electron beam without the influences of any lens imperfections, th... L ase
would be constardtconstant convergence anglébe electrorbeam is focused on the sampkeng aens
systemto form a probeMathematicallythis isequivalent tahe inverseFourier transfornof the aperture
function ® L (reciprocal spacejesulting inthe probe functiord =| (real space}® For simplicity,
researchers in the field of ptychography have agreed to peféoward (1.5) and backwardl1.6) Fourier

transformationsisingthe following convention

00 CYQ® QO ALZC T QD (15)

Quw OV 0w OwAgZ ¢ T Qow (1.6)
Therefore, the probe function is given in this case as
0 0% o L b LAg ¢dof qb (17)

Assumingthat the samples thin enough to followthe phasebject approximationthe interaction of
electrons with the sampleadsonly to a change in the phase of the electron wave and not in the amplitude.
Therefore, a multiplicative approximationusedto describe the exit way =| F,=| as a product ofeal

spaceprobe functiord 4 andreakspacespecimen transmission functie o .7

T4 04 4 -4 (18)

where=| refers tothe spatialprobe positionElectronsemergingfrom the samplareguided through the

imageforming intermediate and projector lens system until they reach the detector in the microdiffraction
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plane. In the detector planthe electron waves described as a Fourier transform of the exit wave
r =|F=| >4 Applying the convolution and Fourier shiftheorens, the exit wavecan bewritten as a
convolution of two functions®

[ Ly o0 LgAecgilgd 35 %y (1.9)
In contrasto conventionally used integrating detectons}D STEM, DECsare usedhat acquirean entire
CBED pattern for each probe positioBonventional detectors use only a certain portion of the total
electrons incident on the sample at a tinesulting inloss of information A major advantage d)ECsis
that the measured data can be usedonly for advanced phasetrieval techniques, but aldor virtual
imaging in posfprocessing angsis. Jecific detector masks can be offset against the individB&Ds
with subsequent integration of the signal to obtain a virtual itiagje
As mentoned before, in 4D STEMneentireCBED pattern is recorded for each probe position during the
scan. In the detector plarieis only possible to record intensitieEnhus only the squared modulus of the

electron wave[ ¢|F=| can be detected. It is possible to directly access the pha$e¢he electron

wave which contains the specimeanduced phase shififormation. However, the phase informatios
accessiblérom the overlap oflirect and scattered beam discs in peristfiacturesvia in silico processing

of 4D STEM dataset#\ 4D dataset is schematically illustratedrigure6. For each probe position, a 2D

diffraction pattern is captured in the detector plane with an intens | ¢|F=|
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Figure 6. 4D STEM datasef-or each probe position in a scan, a 2D diffraction pattern is captured scanning over a
periodic structure. 2D diffractiopatterns from a sulrea of the structur@e shown in the inset

1.4.2.Fundamentals
The idea of pychography as a methtalsolve the phase problesith acoherent source was first introduced

by Walter Hoppe in 196%rom asinglediffraction pattern consistingf overlapping interferingdiffraction



discs, the phase differences can be determined except for thelt sigrssible to overcome this ambiguity
by shifting the beam or the sample to a second positiorparidrminganother diffraction experimeahd
applyingthe Fourier shift theoreii After Hoppegaveup his initial ideaon the groundshatboth STEM

techniquesand detectors were not developed sufficientlty the 1960s Rodenburg andcto-workers

developed a method called Wigner DistrilbatDeconvolution (WDDjnthe early1990s ased on Hoppe

initial idea. WDD is a noniterative method to retrieve the specimen transmission function of a material
Deconvolution of the influences of th microscope imging system following the phasibject
approximatioris performed Based on the weahase object approximation, they developed zeroton
iterative algorithm calledisgle-sideband (SSB) method in 1992 and were able to prove their concepts
experimentally’’ Besides the development of niterative algorithms sth as WDD and5SR iterative
algorithmswere developed more recently in the 20@8ere, he phase problens solved byconverging
from an initial gues to a solution for the object and probe function and matchirigtérenediatealgorithm
results with experimental datAHowever, limitations in computer technology fig-dataprocessing and
poor detector quality at &t timewere the reasowhy ptychography found little resonand®/idespread
intereststarted i the field ofx-ray synchrotron microscomround2007.52 With the development ddECs
which are capable of capturirantire diffraction patterns for each probe positiandthe possibilityfor
processing biglatasetsptychograhyis increasingljpeconing an important tobfor high-resolutiondose
efficient measurementshat providehigh-contrast imagesin this work, SSB and WDDnoniterative
algorithmswere used to retrieve the electrptychayraphic reconstructions of beasensitive halide
perovskitesvith moderate and low electron dosés°3

Nonriterative phase reconstructions rely on approximatimis/eensampleandelectron beanto retrieve

the phase of the exit wave. WDdssumeshe sample ishin enough to behave as a phasgect. This
approximation(POA) implies that the presence of a sample, itee atomic potentials will cause a change
in the electron wave function only in phase and not amplitide.specimenransmission function of a
phaseobject is given in equatiofi.10).’

- 4 Agr0p (1.10)
with G as the ithat earea withithe waveteogehfof theccleatramsl &> 4 as the
projected electrostatic potential of the specimen.

If the material is thin enoughuchthat,, « =| L 1, the specimen transmission function can be simplified
as a linear approximationa thefirst-degree Taylor polynomial his approximation, known as wegkase
object approximation (WPOA) is used in the S&Bthod for phase reconstruction.

. 4 p Qrd p Qe (1.12)
Relying on thePOA, a multiplicative approach is used to desctibeelectron wave functioexiting the

material(equation(1.7)). The recorded intensiin the diffractian plane is given as the squared modulus of
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the electrorexit wavel EIF=| . To extract the specimen transmission function, the first step in both non
iterative algorithms is to performFouriertransform of thavhole dataset with respect to tsgatialprobe

position . The Fourier tansformresults ina new complexD datase"C Lgf|- .

Oolgl & 1 Ly &1 o lbg Agcilgd 3 % Ly (112
Since the product of a complex number with its complex conjugate is deftieelsquarefo t he number (
modulus, [ EIF=| can be written as
r LIH 0 L. Agc "@.&i S %o Ll

‘ (113
00" bg Ag ¢dgd s % Ly

To simplify equatior(1.13), the first step is tapply the convolution theoreff.

LA 0+ Acc ke Owlg +0f

00" fAg ¢'ofd % Lg fof (1.14)
040 f%ly +% g fAcera + 4 oFgh
with & and-as dummy variables\ Fourier transform is performed obtain"O Lgf |- .
0 Lyffr
b40 fmly +% 4y fAce 4 § b obopo

Thefirst integral is solveavith asubsequent substitutiondF 4 | .

Aec] + 4 oo 14 L (116

with] as the Dirac delta function.

0 Lyt o408 4 | wlyg +% g F 1+ +oFo

(1.15)

(1.17)
Sho b bl hu by 4 )
By applying the convolutiotheoremto equatior(1.17), "0 Lgf[r  is brought to the final form.
Olgfk 5 Lgd by | 8 %lgw Ly | (118)

O ¢|F|} is a convolution of two functions. The firseépreserd the overlap of two aperture functions
separated b ||I= and the second represstite overlap of two specimen transmission functions separated by
[ ."C Lgffr is afunction of detector coordinegand probe spatial frequen|r . Underthis condition,
amplitude and phase are accessible since the equation is free of any square™ ¢|F|'f canbe
interpreted as the Foeritransform of all STEM imagegeneratedrom the intensities of individual detector

pixels during the scaf”* Its nature isllustratedin Figure7 by summing"C Lgf|r  over all g for all

11



spatial frequencies and plotting it as a functi0\||'= fTo retrieve the specimen transmission function from

the convolutionSSBandWDD are the methods of choice, batitroducedn thefollowing paragraphs.
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Figure 7. ()0 Lghlr  summed over all detector coordinatkgas afunction of |- . Amplitude in arbitrary units
andphase in radians as a functionlkifor two differentspatial frequencie# in (b) and (c)

1.4.2.1 Single-side-band (SSB)reconstruction

As mentioned before, iI8SBptychographythe material is assumed lbe thin enough to be approximated
as a WPOThe specimen transmission function can be approximbyethe linear part of the Téyr
expansion if, & 4 is much less than unitysing theWPOA (1.11), "C Lgf |- can beexpressed ithe

following form:

olbgh  olga kb blgsly kow |

(1.19
6" Lyd Ly | % |
using an approximation of the transfer function calculated from the Fourier trar(@fafnas
%- 1L 1L %o L
i i . (1.20

% Ly AR
Equation(1.19) consists of three part$he firstpart corresponds to the direct beam and the other two
represent two scattered beams locate ~ |k thatinterfere with the central disc and also interfesien
each othedepending on the spatial frequenié$® A graphicalrepresentatiomf the equation is given in
Figure 8 for two different spatial frequencieBue to the constraints imposed by the aperture funcéion
transfer theoretically occurs only in the regions of double overlapin areaswherethe direct beam
overlaps with a scattered beaoreover since¥%o |- % | ,% [ and% | have the
same amplitude but artiaaregion af tipleeovedapwtrartsferavill take blacs e |,
due to destructive interference
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Figure 8. Graphical representation @ iﬂ'f applying thewWPOA for a SSBphase reconstructioifthe overlap of
thecentralbeamcentered ab ~ 1tand two scattered beamsntered at 0 areshown exemplarily for two different
spatialfrequenciesAs the spatial frequency increasé®e regions of overlap become smaller uihid discs finally
separate fob ¢ .

For data processinghe amplitudes and phase$ O EIF |If are multiplied withmasks that setll values
outsidedouble overlap regions to zero as illustratedrigure 9. Non-zero anplitudes and phases in the
unfiltered imagesndinhomogeneities in the side bands #reresult ofresidualaberrationand noise
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Figure 9. Amplitude and phase 60 Lghlt for a spatial frequenci|r as a function of detector coordin: Ly
Double overlap regions were cut out by applying a niiaaksetsall other values to zero.
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Relying on the aberration corrector of the electron asicope, the influence of any aberratiomas
neglected in SSB ptyclgoaphic reconstructions this thesisin a subsequent processing stgding” to
the phase foone of the double overlaps asdmming over alllg for any given|: yields%. [ and a
Fourier transform retusithe realspace transmission functicc 4 . With conventional detectors, the

transfer limit of spatial frequencies is given by the apertdfith ptychography, resolution beyond the
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information limit of the microscopeanbe achieved* However, modern electron microscopes exceed an
information limit of 0.1 nm. Thereforgtychography is commonlgerformed using only the brigffield

disc informatiorf>65:5¢

1.4.2.2 Wigner distribution deconvolution (WDD)
Without using theVPOA, "0 Lgf |- cannot be simplified any furtheand the object functiomust be
separated from the aperture function through deconvolufinrinverse Fourier transforrof (1.18) with
respect to the detector coordin Lgreturns a new 4D datasO{ F|f  thatis mathematicallylevoidof a
convolutionand of specific charactét.

'O4Fff  "O"¥g O Lyflr

Lx L L Z o (1.22)
0+ 4 Ag ¢tk ok obo t e 4 4 Agc o of
with probe andransmission fuctions with respect to the regpace coordinat€=|a -H-and=| .
"'04F[k can be written atheproduct of two Wigner distribution functions with
ot NFana owAgcg TihQa (1.22
as 04l AR | 2 qFF (123

In this step, the purpose of calculatO{ F|k  becomes evident, since diktinfluences of the microscope
transfer function can be divided oot the datasefl'o prevent noise amplification aravoid division by

zero, a Wiener filter is usexhd the datasét transformed as follows:

L AR CqFE

. 4FF 1F | L 124
1 < AF F ¢ 7 (1249
wherd is a small constanhatshouldbe setas the signalo-noise ratio at each point, higtconventionally

chosen as a smdtaction ofs.. 4F |k s .% Anf -ratio can be defineds
T
ToAe — I T < 12
Ohve dF [ ¢ (1.29)
and o 4ig usually set between 0.01 abd 54

Subsequentlyto retrieve the object informatipanother Fourier transform is performed

o Lyl Oy AF % Lg% Ly |F (1.26)
Slicing through this dataset at a spatial frequenclg ~ Ttleads to the solution %o [F  as
yOZ F|L
%ol ——= 12
ol == (127)

and a simple inverse Fourier transfaeturnse =| 2*WDD ptychographic reconstructions were performed
relyingon the aberration corrector of the electron microscope. The influence of any residrsi@aisewas

neglected in this work.
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22Materials and Met hods

2.1. Sample preparation

Due to the extreme sensitivity BiP materials towardhigh-energy irradiation, sample preparation via-top
down processeg.g, with a focused ion beam (FIBannot be consided forthe preparation othin TEM
samplesA focused gallium iorbeamalters the native structure dfiPs and FIBprepared specimerare
not representativef the structuresf the photoactive materiat Alternatives such as ultraniaomy, ion
milling, electropolishing, etc. are also tnan option for TEM sample fabrication due to the extreme
sensitivity of HPsto air exposure and moistur€herefore, all samples investigated in this study were
prepared from bottorap solution procesesin an argon atmosphegsther directly on the TEM gridsy
drop-casting,spin coatingand annealingr as nanocrystals dispersed in a sohagmt subsequently drep
casted on the gridPrior to sample deposition, all grids were cleaned with a PELC@G&as™ glow
discharge device using a current of 15 YA for 45 s.

2.1.1.CsPbBr; nanocrystals

To synthesize CsPbBnanocrystalsa Csoleate solutiorwasprepared from GE0O;s, oleic acid (OA) and
1-octadecene (ODEM a first step0.75 g of CsCO; (2.3 mmol), 3.0 mL OA (9.51 mmgland 75 mL ODE
were heatedlb 120 °Cunder vacuum conditions. After 2 h, the reaction product was cooled down to room
temperature andtored in an argon atmosphexieer backfilling with argon for further us8ubsequenyl

1 g of PbBr (2.17 mmol) was heatesiith 50 mL of ODE to 120 °C under vacuum conditidhsnlL of OA

and 5 nb of oleylamine (OLA) were preheated to 70 °C and added to the mix@fter complete
solubilization of PbBrunder vacuum conditions, the temgigire was raised to the injection temperature of
160 °C 4 mL ofthe preheatedCs-oleate precursor were injected quickly inb@ reaction mixtureAfter

105, the mixturewas cooled down to room temperatimean icewater bath. To isolate the nanocrystal

the mixture was centrifuged witmethyl acetatdMeOAc) (with a mixture : MeOAc ratio of 1:1.1) for
10min at 8800 rpm. The precipitate was dispersed nnL6éof n-Hexane and the last step was repeated.
Finally, the product was dispersed in rhQ of toluene to remove excess PbBind Csoleate. The
nanocrystal dispersion was stored in the darla iefrigerator For TEM investigations, 10L of the
nanocrystal dispersion wasog-caston a copper grid coated with a lacey carbon film as sample support.

Thesolventwasevaporatedy heating the sample forritin on a heating plate at 11Q.

2.1.2.CsPh Br thin films

In a first step, a 0.5 M precursor solution was prepared by mixing 0.26 an@€1.37 g PbBwith 2 mL
dimethylsulfoxide (DMSOjn anargon atmospherdhe solution was stirred for 30 min at room temperature
and filteredwith a syringe filterto remove any undissolved solid precuss&or thin film preparation, the

TEM grid wasfixed on a sapphire substrate with polyimide tape. The grid substrate was preheated on a
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heating plate to 60 °C for 3 min. The preheated grid wascgated with 20 L of the precor solution
(4980 rpm for 30 s) and subsequently annealed at 280 °Qfar/8 color changewas observedrom
initially yellow to dark red after a few seconds. The grid was removed from the sapghirdor TEM

investigatiors.

2.1.3.CsPbl; thin films

For the preparation of CsRbTEM samples, a 0.5 M precursor solution was pregaoy mixing
stoichiometric amounts of Csl and RPlvith DMSO. The solution was stirred for 30 min at room temperature
and subsequently filtered by a syringe filter to remove any undissolved solid pre&lasora cleaned
holey carbon coppegrids were heated to 350 °C on a filter papera heating platand 10 uL of the
precursor solution were dregast After 10 s of annealing during which a color change from yellow to black
was observed, the grid was cooled down to room temperatureeriifeesample preparation process was

conducted in an argon atmosphere.

2.2.STEM investigations

STEM investigations were carried ousinga JEOL JEMARM200F STEM equipped with a cold field
emission gun and a probe-Errector (DCOR, CEOS GmbHYleasuremerstwere performed at ambient
temperatures with an acceleration voltage of 200 kV. Conventional images were captured with a Gatan ADF
detector usingmallspot sizes 08 Cand10 C intheexperimental settingADF images were qaured with

a camera length of @n. Depending on the aperture, a probe with a seanivergence angle of 14mrad

(20 um condenser lens aperture) or 28r&d(30 um condenser lens aperture) was used to capture the data.
EELS acquisition was performeinga Gatan GIF Quantum ERS imagifilter with an entrance aperture

of 5 mmand a camera length of 1.=¢cresulting ina collection semangle of 11Imrad The sample
thickness was estimated from dual EELS measurements cofokswand higHoss spectraXEDS
measurements were performesing a 100 mMJEOL Centurio SSEEDS detector positioned above the
sample.4D STEM data was captured using a MerlinEM Medipix3 detector by Quantum DeteAtors.
camera length of 40 cm and a probe seamivergence angle of 20.4 mrad (CsRpBnd 14.4 mrad
(CsPbBr,, CsPbi) were usedThe cetector was operated inbit mode, allowing a maximum detectioh
oneelectron per detector pixel in one frame. With this detector seéguitime free detection was achieved
with the fastest frame timaf 48 ps

2.3.4D STEM data processing

Ptychographic reconstructions were performed with an-gpere repositoryof MATLAB scripts called

ptychoSTEM available on GitLal3*®® 4D STEM datasets were initially loaddédto a 4D array in
MATLAB. With probe step size, electromavelength and convgence semangle sampleand detector
plane were calibrated. For virtual imaging, a variety of detector masksapplied to the datasetSor

phase reconstructionshe 4D STEM data was truncated &xtractonly the brightfield discs. After
16



performingthe Fourier transform with respect to the probe pos{ inthe power spectrum (O Lyt ¢

was used to verify the correct calibratiorttodreal and reciprocal spa¢eigure?). For SSB ptychography
double overlap regionsereextracted” was added to the phase of one side band and by summéition

a subsequent Fourier transfqorthe specimen transmission function was obtained assuming zero lens
aberrations. WDD was performed following the deconvolution and reconstruction procedure described in

sectionl.4.2.2assuming no lens aberration effects.

2.4.Electron dosemeasurements

Since the ARMDCOR microscope was nhot equipped with ar&day cup to directly measure the beam
current, the CCD camera located at the end of the Gatan Imaging Filter (GIF) was calibrated. The drift tube
of the GIF is equipped withbuilt-in picoammeteiable to detect any current falling on the drift tubedasi

the prism. By setting a wrong primary volta@® kV instead of 200 kVjn the quantum filter control
window, the beam was deflected to hit thall of the drift tube. The beam errents were measured for
different spot sizes and apertures to calibria¢eGCD camer#or the incident electron3he dose was then

calculated for each image or &TEM dataset individually.
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33Resul ts

3.1.Electron dose measurements
The electron dose was estimated by calibratingtieeageCCD cameracounts per electron incideoh the
detector. The beam current was measured for different spot sizes and two different amartu@SD
images of the electron beam were subsequently acq&ioecdach measurement, six CCD camera images
wereacquiredfor six current measuremeni&he conversion facto(# &of CCD camera counts to incident
electrons was calculated using equafi®ri)and an error propagation calculation was performed.

0N

P aw

(3.1)

with 6 = CCD countsQ= elemental chargi® = measured current ai¢ |= acquisition time CCD

A dark-current measurement was performed for each spot size to ensune tietrge accumulation was
present Measured dark currents in the range of 1 pA were subtracted from the measured current for each
spot sizeThe CCD camera signal was extracted for each image in a relggbily larger than the actual
aperture diameter to include all electran&nfrom the blury aperture edges. The signal was integrated

over aregioncontainingall pixels with a signal greater than 0.1 % of the inner disc s{geaFigure10).

The monversion factors calculated for differer@tmbinations of spot sizes and apertueslisted inTable

1. In this work, it was not pogse to use the buiin picoammeter tool fodirect currenmeasurement3he

low-dose studies of HPs were performed with beam currents in the range or even below the measured dark

currentsin this casethe exposure time of the CCD camera was extermladéw seconds.

ERREERE

Counts
g

:

0 50 100 150 200 250 300 350 400 450 500 550 600
Pixels

Figure 10. (a) Selected area for signal integration to determine the CCD camera cexangbified for a spot size of
2C.(b) Signals are imgrated over areadth a signal greater than 0.1 % of the aversigaal

Theaverage conversion factor was calculate®.@2 + 0.05 counts per electrdtor dose calculation€CD

images were captured right after the measureneistimate the electron dosecording to equatiof.2).

[
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Table 1. Beam current andorrespondingounts measured by the CCD camera for different spot sizes and apertures.
A conversion factor for the cowsyer electron was calculated for each combimatio

Spot Aperture Emission Measured CCD counts E>.<posure Conversion
Size current [HA] current [pA] 0 time[s] factor

2C 30 um 13.9- 13.6 333.3+1.7 1.6841+0.0990 0.1 8.10 £ 0.06
2C 20 um 13.4-13.3 163.0+£ 0.8 0.8194+0.0395 0.1 8.05+0.08
3C 30 um 13.1-13.0 2553+ 1.9 25426 £0.0243 0.2 7.96 = 0.09
3C 20 pum 12.9-12.8 125.7+15 1.2516 +0.0083 0.2 7.94+0.12
4C 30 um 12.7-12.6 153.4+£1.3 3.0837 £0.0163 0.4 8.05+0.08
4C 20um 12.5-12.4 76.1+ 0.8 1.5395+0.0106 04 8.10+0.10
5C 30 um 12.3-12.3 70.2+1.2 17676x0.0136 0.5 8.06 £ 0.15
5C 20 um 12.1-12.1 36.1+05 0.8847+£0.0051 0.5 7.91+0.25

3.2.CsPbBrs

CsPbBg nanocrystals with different morphologies wearbeservedin the sampleFigure 11 shows two
examples with corresponding atomic structuBxsth, nanowireand nanoplatelet morphologiezhibit an

orthorhombic structure and belong to fremaspace groug (CsPbBs).

oOO

Br Pb Cs

Figure 11. ADF images off -CsPbBg. (a) Nanowire oriented along the [110] crystallographic direction. (b)
Nanoplatelebriented along the [001] crystallographic direction.

Due to thickness effectstructure images of the thiakeanowires have a lower sigralnoise ratio and
appear more blurry than images ointinanoplatelets. Therefore, 4BTEM datasetsf thin nanoplatelet

morphologiesvere capturetb reduce thickness influences on the measuremedtgnabl¢he application
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of the WPOAwith better accuracyl he plateletstudiedhere hada thickness ¢f 9 nm.Figure12 shows a
subarea from which a 4I5TEM dataset wasecorded A CBED pattern was recorded for each of the
40C 400 probe positionsBy summing all CBEDs for all probe positiona positioraveraged CBED
(PACBED) is generatedVith a convergence angle of 20.4 mrathich correspondt® the brightfield disc
radius CBED patterns were captured within a collection angle 80.2 mrad.To enable fast data
acquisition the datasets were acquinedl-bit mode This mode allowed a zero detithe acquisition with

a frame time of 48 ysesulting ina totalacquisition time of 7.7 sfor theentiredataset
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Figure 12. (a) Subregion of [ -CsPbBg from which 400 400 CBEDswere captured. (b) Single CBED pattern
recorded by the direct electron camerd-bit mode (c) PACBED as a sum of all CBEDs for all probe positions in
the scan.

With ADF detectors that can only capture a certainvergence angle (805 mrad forFigure 1l), it is
difficult to find proper adjustments wapture higkcontrast images for atoms of different atomic weights.
From a 4DSTEM datasetimages of all possible detector geometries caolteinedin a postacquisition
step by applying specific masksll intensity values from undesired scattering angles are set taadran
image is generated by integrating the residual signal for all probe positibree example detector

geometries commonly used for STEM imaging are illustratédgare 13
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Figure 13. Synthetic STEM images calculated by applying detector masks. (a) BF image using a mashkuthext
scattering angles ofi@0.2 mrad, (b) ABF image using a mask thatudes scattering ghes of 10.220.4 mrad and
(c) ADF image using a mask that indes scattering angles of 349®.2 mrad.

For BF images a fraction of unscattered electrons or electrons scattered to very low angles is captured.
Therefore atomic columns appear dark in bhigfield images. For DF imagescattered electrons are
detectedand atomic columns appear bright. The heavier the s dimrehigherthe averagescatteringangle

and the higher the intensity in DF images or lower in BF images respectivelyhéresore possible to
distinguish different elements from STEM image intensities. However, STEM images represent a 2D
representation of a 3D structure. If the atomic columns of different elements are projected to the same
position a distinctionbased orimage intensities is no longeasily possible In this casgspectroscopic
methodssuch as EELSare used toextract elemental datdor elemental mapping, the enertpss
characteristic of each element expected in the sample was selected and extracted3fi 408 pixels
spectrum image (Sl). Each pixel contains an EEL spectrum acquired for 0.0098 s captured with a probe size
of 6C, a probe convergence angle of 20.4 naad a camera length of 1.5 cm. EELS Sl analysis was carried
out with a 5 mm filter elmance aperturev@r an energy loss range of 7335 eV. Aprincipal component
analysis (PCAJfilter was used to remove noise from the Sl including 10 principal components. The
elemental maps reveal the overlap of Pb atomic columns with a fractionasliBnns. Due to the low
signatto-noise ratio for the Pb edgehich islocated at a high energy loss, the Pb columns are poorly visible

in the elemental maps as showrFigure14.
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Cs +Br+Pb

Figure 14. Elemental mapping ¢f-CsPbBgalong [001]. (a) Bnultaneously acquired ADF image, (b) extracted signal
for the Cs M, s edge, (c) extracted signal for the Brdedge, (d) extracted signal for the Pl ddge and (e) colorized
map using the color scheme fromdp

From the same dataseised for synthetic imaggstychographic reconstructions were perforraedording

to the scheme presented in sectiGnd2.1and1.4.2.2 The results of the phase reconstructions are shown
in Figure15. SSB and WDD ptychograpgireveal a strong contrast for all element specegardless of
their atomic number. Furtheore, due to the improved sigratnoise ratiq SNR), features of the structure
that were previously invisibl@are revealedHorizontaly and vertically overlagpg Cs columns are
distinguishableMoreover it is also apparerthat the sample is somewhited off zone axis due tthe
slight distortion ofatomic columns in one direction (visible especially forcBlumns).The effect of the

overlapping lead andrbmine atoms is more apparent in the phase image, although again they are not

directly distinguishable.
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Figure 15. Reconstructed phase in unit of radidn eCsPbBg alongthe [001] direction (a) WDD and (b)SSB
ptychography. In both casessidual aberrations were neglectedimage reconstruction

In geneal, the atomic columns in phaseconstructed images as well as in synthetic images are slightly
distorted due to sample drift during data acquisitidgreminimum pixel time for 4A05TEMdata acquisition
was 48us in the 1bit mode. ForconventionalADF images, this problem was circumvented by recording

10 frames with shorter pixel time (2 p®ilowed bydrift correction and summation instead of capturing
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one image with a pixel time of 20 p#. major advantage of the muftiame acquisition is that artifacts
caused e.gby environmental effects such as ground vibraticenrs be averaged oemoved by excluding
affected frames. Due to the long minimum glixime for 4D STEM, multi-frame acquisition was not
considered as an option he8ince the -CsPbBg nanoplateletvas relatively stable under electron beam
illumination, all measurements were performéth conventional doses. Changestia structure werenly
observedifterprolongedllumination. Figurel6 (a-c) shows damaged structures of a different sample area.
For long illumination with a high dos¢he formaion and growth ofPb nanoparticle precipitates was
observed. Upon furtharradiation the precipitates grew angbids in the host lattice fmed around the
bright-contrastPb nanoparticlesleading tothe dismantling of the host latticdt was observed that the
formation of nanoparticles startgdeferentially athe corners and edges of the surfaEeyure 16 (d-f)
shows the nanoplatelet after conventional imaging and 4D STEM with an intact host lattice and barely

visible radiation damage

0.2 pm

20 nm

Figure 16. (a) ADF images obright-contrastprecipitates due to beam damage after irradiatitth high electron
dosespronouncedit corners and edges. (b) Void formation in the host lattpmEn precipitate growthindicated bya
red arrow leading to (c) dismantling of the host lattice (red cir@lef). Nanoplatelet after imaging with moderate
doses with almost no beam damage visible.
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3.3.CsPhBr:

CsPDbIBs samples were prepared directly on the TEM grid as thin fdyndrop-casting and spin coating
The samples were extremely sensitieeradiation undeiconventional imaging condition®adiation
damageoccurred after onla few scans at high magnificatiomherefore, the beanode was drastically
reduced to preserve the undamaged struchuséead of the 3(um aperture, a 2fim aperture was used,
reducing the beam convergence angle to 14.4 nmatidition, all images were captured witle smallest
available spot size of 10 Theelectron gun emission currewas reducedrom 15 pA to 5 pA, to less
than 1/3 otheusual valueFigure17 showsimages of the atomic structuaequiredwith an ADF detector

spanning scattering angles between 8320%imrad.

S nm

oBr/I OPb o Cs

Figure 17. ADF images of the atomic structure of CsPhlBa)Image, aptured with a low electron dosexo$60 e/
2and (b) a dose ¥f1275 & 2. Insets in (b) show possible structusaientations.

Due to the poor SNR in the ADF imagésds unclear which atomic orientation is present. However, it can
be concluded that CsPbIBiis presentin its photoactive’ -CsPBBrs polymorph.[ -CsPBBr; has an
orthorhombic structurelD STEM dataets were acquireat low dosesising theDEC. Due to the different
approach for electron detectianbetteiSNRwas expecteaspecially for lowdose measuremen Datasets
were acquired for 5C 600 probe positions and each CBED was captured within a collection axr§2 .af
mrad Due to the high magnification and relatively slow scanning sgeddse o¢ 4070e/ 2was used to
record the datasethe electron beam current was calculas@.2 pA from the CCD imagd&.he ynthetic

images calculated for three different detector geometries are shéiguie18.

24



Figure 18. Synthetic STEM images ¢6f-CsPbIBg calculated by applying detector masks. (a) BF image from a mask
thatincludes scattering angles af02 mrad, (bABF image using a mask thatindes scattering angles of 712.4
mrad and (c) ADF image calculated from a mask that includes scattering arfee3 82.2 mrad.

No clear conclusions about the structwaéntationcan be drawn from the synthetic imag&her To map

the atomic structure of the undamaged AIHP, SSB and WDD reconstructions were pedotiredame

dataset usetb generate the synthetic imag€&he results are shown kigurel9.
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Figure 19. Reconstructed phase in unit of radigit eCsPbIBg along the [111] direction. (&AVDD and (b)SSB
ptychographyIn both cases residual aberrationsemeeglected for image reconstruction.
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From the phaseeconstructed images, the actual atomic orientatiemident Thel -CsPbIBg crystals are
oriented along the crystallographic [111] direction. The nature of Br/l atomic columns and their orientation
in the lattice arevisible. The phasereconstructed images shdvigh contrast for all atomic specieshél
effect of samplethickness on the methods is particularly evident from the reconstructi¢ 1€sPbIBg.

As the sarle thickness increases from lagtright ¢ 17 nm t&¢ 22 nm) the atomic structuresvidentfrom

the phase reconstructioappearto becomeancreasinglyblurred andndistinct With increasing thickness
dynamical scattering effectin no longebe neglectedand the multiplicative apprimation for the exit
wave is no longer valid. WPOA and POA for SSB anB®Vreconstructions approach thmit of their
applicability, and the reconstructed phasgageno longershowsa clear atomic structur@his effect is
more pronounced for SSB ptyajraphy since the linear approximatiaio the specimen transmission
function in the WPOAappliesonly to really thin materials.

Initially, it was unclearwhether the iodine substitution [¥CsPblBp would lead tophase sgarationor
nanodomain formation of CsPhBand CsPhl regions orto a randomly mixed solid solution. Sinee
uniform intensity distribution was observed fitre Br/l columns in the ADF and phaseconstructed
images, itappearsthat random bromine ions were sutided by iodine ions in the lattice. No phase
segregation or formationf nanodomaings expected as also suggested by Zhou et abr fa similarly
prepared sample { £CsPbIBp.** EELS measuremesivereperformed to obtaielemental mapsf Cs, Br
and |. The electron dose wakreasedo a level sufficient tebtaina significant signal of the respective
elementsUnfortunately the dose was not high enough to obtain a sufficigmatto-background ratidor

the Pb peak at high energy loskwever, by increasing the radiation dosefstantial structural damage
was taken into accourfor elemental mapping, the eneflpss characteristsof Cs, Br and Iwereselected
and extracted from 420x149pixel spectrum image (Sl). Each pixel contains an EEL spectrum acquired
for 0.0098 s witta probe sizef 8 C, a probe convergence angle of 20.4 mrad and a camera lengtltof. 1.5
EELS Sl analysis was carried out with a 5 mm filter entrance apenterean energy loss range of 560
2600eV. Since a compati&ely low electron dose was usaat spectroscopic measuremetite signatto-
background ratio was relatively poor. The use of PCA filters in this case can lead to serious %riitacts.
improve the signlato-background ratio and to rely d¢ime interpretation of raw data, arhiouse written tool
was used. The tool seleatspetitivefeatures,.e., specific atomic columnwithin a defined frameThe
signal is extracted faall frames and subsequently summed anstack from which the elemental maps are

extractedFigure20 shows elemental mappings of stacks from different repeating features in the structure.
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Figure 20. EELS elemental maps extracted from stacks of signals aroundingpsanple features.or each feature
elemental maps were extracted from raw and PCA filtered @gt&ignal extracted around Cs atomic columns, (b)
signal extracted around Br/I columns and (c) signal extracted from Pb atomic columns.
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Due to thepoor sgnatto-background ratio of the lead pedtkwas not possible to extract any lead signals.
However,it is evidentfrom the raw data that no other element was detesttéte lead positionlt was
observed that when the PCA filter was applied, a sigrthbagxpected lead position appeared as an artifact
of the filter for both iodine and cesium.

Although no beam damage was obsdredter lowdose imaging and 4B3TEM, highdose imaging and
spectroscopy resulted irapid, severe damage of the lattickfter only a few scans with conventional
imaging dosesfx 220*e/ 2(30 um aperture . 15 uA emission curren§ C spot sizg beam damageas
observedn the form of highcontrast lead precipitates in the host lat{ffeigure21 (b)). After spectroscopic
imaging with a high dosg0 um aperture, 15 pA emission currengC spot sizg, severe damage with a
dismantling of the host lattice left a hole in gteucture. A largemumberof nanoparticles was found in the

damaged areg§&igure21 (d)).
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Figure 21. Damage pathwayf¢ -CsPblBp with increasing dose. Y&lo damage was obsevafter lowdose imaging

and 4DSTEM. (b) With conventional imaging des beam damage occurredter a few scans as higtontrast

nanoprecipitategndicated by arrows(c) After highdose Sl acquisitigna largenumberof nanoparticles formed,
dismantling the lattice and leaving a hole behind (d).

Based on thatomic structure, the precipitates were identified as metallic lead. On their way through the
lattice, the lead precipitates distlthe host latticeln addition,in some cases, the formation of a second

phase was observed in the damaged areas. Thagfarities areexemplifiedin Figure22.

2 nin

Figure 22. (a) Cubic metallic éadprecipitatewith an overlay of the atomicrsicture in the inset. (b) Distorted host
lattice due to precipitate diffusion under electron beam irradiation. (c) Secondary phase forming in severely damaged
areas as lead leaves the lattice.

To further characterizéhe beanrinduced damageslemental maps were extracted from simultaneously
recordecEELS and XEDS Sils. Since only a very weak lead signal was recorded for the high energy loss Pb
edgein EELS; the Pb signal was extracted from the XEDS Sl for interpretation. The elementaharaps

in Figure23 confirm the precipitation of Pb nanoparticl&.data was acquired over the area indicated by

a red rectangle. The investigated areataims strongly damaged areas as well as less damaged areas. In
both cases, lead precipitates are recognizable.
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Figure 23. Elemental maps extracted from EELS and XEDS Sls. Due to the low-sigbatkground ratio of Pb
signals in EELS measurements, XEDS maps were extracted to confirm the presence of Pb nanoprecipitates.

100 nm

In addition, a sharp decrease in the relative peaksitteof bromine and iodine in the XEDS SI within
damaged areas indicates a depletion of Br andshawnin Figure24. For comparisonthe spectra were
normalized to the Guy 1 peak While no difference is observed between less and severely damaged areas
for the Cs peaksa clear difference is visible in Br and | peak intensities. The lower peak intensities for Br
and | indicate a lossf halide species upon irradiation. A slightly stronger signal for Pb is recorded in the

damagedegionand assigned to the accumulation of a langeberof Pb nanoparticles.
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Figure 24. (a) Simultaneously acquired ADF imagetioé damaged structure containing aesely damaged area. (b)

XEDS spectra extracted from the insets in (a) for an area of low damage (blue) and severe damage (red). The spectra
were normalized to the Gu 1 peak of the supporting grid.
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3.4.CsPbls

CsPbk sanples were prepared directly on thEM grid as thin films by drojgasting and spin coating. As

this material was also extremely sensitive under conventional radiation doses, the dose wasAaduced.
aperture of 20 um (14.4 mrad convergence angle) was asddll images were captured wits@ot size

of 10C. The electron gun emission current was reduced from 15 | BtpA, i.e, to less than 1/3 of its
usual valueAtomic structure images acquired with an ADF detector are showigime25 for scattering
angles between 83 and 205 mr&ach image represents a drift corrected summed stack of 10 images
captured with a pixel time & ps resulting in an overall acquisition time of 20.9Tle beam current was

measured as 0.96 pA.

Figure 25. ADF images of CsPbl (a)Imageacquired with a dose ¥f830 & 2. Beam damage in the form of bright
contrast leacprecipitatesis visible and indicated by red arrows. (b) Image acquired with a dos@btf0 & 2
Distorted host lattice due to mobile lead precipitatéghlighted by red circles. (c) High magnification image with
structural inset. The image was acquired with a doset680 ¢ 2.

From theatomic structure images of CsBlihe presence of an orthorhombic structure caaeleicedThis
orthorhombic CsBls, also calle¢" -CsPbg, belongs to th®bnmspace grouplhe images ifrigure25show

the atomic structure along the crystallographic [110] direc#ddong this orientation, differently oriented

Pb/I atomic columns are distinguishable. Howeeeen for lowrdose conventional imagingeam damage

was visible in the structure. One reason for this is that a certain dose was already applied to adjust the
microscope and on the other hand the beam current was still relatively high. Therefore, the dose was reduced
further by lowering the emission curreni "@uA to reduce and avoid beam damageF images including
convergence angles between 83 and 205 mrad are shdviguire 26. Even at such low dosesadiation

damage was observatiose to tle specimen edge aftescanning the beam a few times to adjust the

microscope.
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Figure 26. (a) ADF image captured with a dosexd630 e 2 anda beam current ¢f 0.23 pA Beam damage is
observed close to the specimen edggicaed by red arrows. (b) Higher magnification image acquired with a dose of
x 1180e/ 2and a beam current’0f0.19 pA The hsets in (b) show possibdeystalorientations.

Due to the poor SNR of the ADF detector at low electron doses, it was again unclear which structural

orientation was presentherefore, 4A06TEM dataets were acquired at low doses usingdE€. Datasets
were acquired for 5C 600 probe positions and ea€BED was captured within a collection angle of

x 92.2mrad.Due to the high magnification and relatively slow scanning speed a dc$540e/ 2 was
used to record the datasEhe electron beam current was calculdtech the CCD imagéo be 0.2 pAThe
synthetic images calculated for three different detector geometries are shbignre27. Already from

the synthetic images the present structuraintaiton becomes evident. The crystallites are oriented along
the [111] direction similato[ -CsPblIBg.
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Figure 27. Synthetic STEM images ¢f-CsPbj calculated by applying detector masks. (a) BF image from a mask
thatincludesscattering angles ofi @.2 mrad, (b ABF image using a mask thatindes scattering angles of 712.4
mrad and (c) ADF image calculated from a mask thatid®s scattering angles of 5892.2 mrad.
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Ptychographic reconstructions were performed fromstiiae data setused for the synthetic imageher
results are shown iRigure28.
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Figure 28. Reconstructed phaseriadiansof [ -CsPbg along the [111] direction. (&YDD and (b)SSBptychography.
In both casegesidual aberrations were neglected for image reconstruction.

Beam damage was not avoided completel’ -i@sPb} with low doseshowever,an atomically resolved
image of the structure was successfuigonstructedAlthough the thickness also changes fk-8inm to

x 11 nm from the right to the left, thickness effects are much less pronounced as for the CsfinbdiRy.

The effects of beamagnage irT -CsPb} were similar to those seen ithe previouslystudied materials.
Upon prolongediradiation, highcontrast lead precipitates initially formed preferentially on edges and grain
boundariesUpon further irradiation, the perovskite hostitdtwvasdestroyed anth some cases, second
phaseformedin addition to the nanoparticleBigure 29 shows a highly damaged area. At theer right
cornerof Figure29, the still intact peovskite lattice can be se€rhe inset shows a magnified damaged area

with lead precipitates and the second phase, which was not examined in further detail here and is presumably
a phase containing cesium.
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Figure 29. Severely dmaged perouste lattice after higkdose irradiation In addition to the formation of lead
nanoparticles, the formation of a second phase was observed.

Due to the high sensitivity ¢*-CsPb, it was not possible to perform highagnification spectroscopic
imaging for elemental mapping of the atomic structlmerestingly, copper precipitates were found on the
sample surfacén some casesThe origin of these copper precipitates was suspected either from the
supporting copper gd itself or incontamination of the precursor solution. Since copper cany }qsPbi

at the Pb site, it cannot be ruled out that the stability of the material was affeéttasl.been showfor
nanocrystals that copper doping increases the genebditgtaf CsPbk.® No copper signal was found in

the perovskite lattice itself, yet the material appeared to be more stable around the predipéedése

to ensure that the presence of ttopper particles did not affect the measurement realllisvestigations

were performed at sites free of any copper contaminatiogere30 shows EELS elemental maps over an
area containing a copper precipitate. From the extracted data it is evident, that the copper signal is mostly
confined to the area of the precipitate. To reduce the noise level in the data, a POAcfilding 30
principal component&as usedDue to the low signatio-background ratio, the lead signal was not included
here.Although the radiation dose was relatively higlo beam damage was observed around the copper

particle after Sl acquisition.

Figure 30. Maps, extracted from an EELS Sl of a copper precipitate. (a) Simultaneously acquired ADF image, (b)
extracted signal for the | s edge/(c) extracted signal for the CsiMedge (d) extracted signal for the Cwp ks edge.
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4.Di scussi on

4.1.Noise and dose efficiency

4.1.1.Direct electron detectors

In addition tosignificant advances in TEM technology, including vacuum systems, aberration correction,
and field emission sources, electron detectors are continuously improved. Since the introdusidén of
detectorstypically consistingof scintillator photomultiplier tube arrangements, detector geometries and
information processing have been enhanced further and futtagious detector geometries,.c,
segmented detectors, brigield or annular bght-field detectors, allow for fast readout speed and small
pixel dwell times in the ps rangé& However, all these detector geometries integrate the signal over large
areasand information is lostThe detectors requirelat of spaceso in most casesmeasurementsannot

be carried out simultaneously. Asr@sulf measurements have to be carried @arisecutively causing
difficulties in comparability due to sample drift. Furthermore, higher dosesreapgired which is
inconwenientfor sensitive material€ Compared to the variety stintillatorbasedlevices, DECgrovide

data with a muchHower noise level with increased detector quantum efficie$ 1 Piand modulation
transfer funton (MTF). They possess a comparatively high readout speed and radiation hardness. They
can beconsideredas universal detectorsnablingthe acquisition of data with all possible detector
geometriesimultaneouslyMoreover, they provide access to adwheechniques such as ptychography
by recording the entire CBEDs instead of signal integrdfiétBesides all the advantages of DECs, there
are still some limitations. Until now, at least for the MerlinEM Medipix3 detector installed on the ARM200F
in Stuttgart, there was nway to extract ay live information from the 4DSTEM data during the
measurem@. Conventional detectors are still needed to navigate to sample features of intetestlignd

the microscopeThis makes it extremely difficult to adjust the microscope at low d@stbe $ 1 %bf
scintillatorbased detectors decreasdth decreasig dose. In addition, very large amounts of data are
generated in a short time amiistbe stored and processed. A dataset, for CsPbs, contains 507 500
probe positions for which 27 256-pixel CBEDs are recorded. This results in ove2¥ data ponts and

a total dataset size ¢f 15 GB that mustbe processed. For the ledose investigations of CsPbiBand
CsPbi, both the synthetic images and the phase reconstructions have a higher SNR than the data acquired
with the scintillator ADF detectorWhile the structural orientation can alreadyseenfrom the synthetic
images, théSNR in the ADF images is too poor to draw any conclusi®egarding the definition of a
signatto-noise ratio already implied by its namieette are two maifactors resposible for thgpoor quality

of ADF imagesthe available signal and the extent of noBae to the faster pixel dwell time, the ADF
images were captured at a lowetal dose,which reducedhe available signal. However, also for images
acquired with dosesimilar tothe 4ADSTEM datasets, significantly poorer image quality was observed.

The collection angle for the selected camera lengtheADF detector was larger (05 mrad) than the
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angleused for the syntheti&8DF images(53.3 92.2 mrad) For the high-angle annular darkeld images
(HAADF) captured with the scintillator detector, #eailable signalor image generatiois lower. Wealer
scattering at high angldswers the SNRrom the signal sideFor phase reconstructionsge bright-field
disc of the CBEB was thdéocus Thereforea camera length was chosenandthe brightfield disc coveed

a sufficient number of pixels on the DEThe dectrons were captured within a smaller overall collection
angle.The syntheticADF images represenbWw-angle annular darkeld images (LAADF) with a better
SNRonthe signal side due to the contribution dhgeramount of electrong:or future investigations, the
camera length wilbe adjustedor direct ADF imaging at low dose® include lower scégring angles to
increase thavailable signalFrom the noise side of the SNRete are three main contributions to noise in
STEM images. First of all, due to the discrete nature of electifom® is statistical noise, also called shot
noise, followinga Poisson distributioff. During data acquisition, the readout procaddsadditional, se
called readout noise to the data. A measditbe amount of noise a detector adds to the signal $ 1 &b

In generalthe$ 1 9% specifiedas

- P (4.1

The$ 1 % not a constant, but depends on several factors$ 1 éaries with spatial frequency, electron
imaging conditiondi.e., electron dose)electron beam energgnd detector operation mode. It strongly
depends on how the signal is generated. In the following, the influence of signal generafitime i.e.
influence of the detector gain, is discussed in more d&@ila mean number " electronsarrivingin an

interval, the standard deviation (statistical noisiJ0 5 For an average « incident electrons th3 2¢i 566

is given asi M0 M0 . In scintillatorbased detectorg)cident electrons are converted into phottivat

are transferred to the sensor. An image is created based on the amount of light detected for each pixel. DECs
do not have acintillator, and inthe case of theMerlinEM Medipix3 detectarthe electrons create a set of
electronhole pairsastheypass througkhe semiconductor sensor material on top of the chip. Regardless of

the mechanism, for alipes of detectorgshe O average incident electrons are converted ir"Qleoutput
signal whereQrefers to the gain of théetector. The Q0 output signal has a variance Q0. The input
noisel0 is converted t'MD and thus th3 2i ¢ dss@iven asQf "0 Q0 Substitutingd 2i 66 66
and 3 2 pieequation(4.1), the$ 1 %an be calculatedor an ideal detecto¢(not considering the

influences of imaging conditions, spatial frequency and detector modes here)

"Q0
$ 1% i o6po6 L QU p 42)
C J—
3 2¢i pdoO L p B

The$ 1 96 proportionalko the gain factor of the camerand therefore it is clear that a high detector gain

preserves a goo$ 1 %while for low detector gaingwith "Qbetween 2 and 10 counts/electron for
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scintillatorg the$ 1 96 limited. Contributionsof readout noise are effectively suppresseDHCs due to
the large gain factoWith an energy of 3.6 eV requireddeneraten electrorhole pair in silicon, a 6ReV
electron can create over 16000 @dtrorhole pairs and the readout noisis practically negligible’
Thereforethe pixel array detectors outperform conventional scintilldtased cameras in terms of readout
noise Furthermore, th$ 1 9 strongly dosalependent for lovgain cameradit low doses, i.ewith only

a few electronsmpingingon the camera, tt$ 1 %f ascintillatorbasedcamera is typically very low due
to the readout noisé This explains the poor SNR in the ledose ADF images illustrated Figure17 and
Figure 25. Recordingframeswith a short pixel dwell time, subsequent drift correctimnd summation is
also problematic at such low doséise mightsum up anddegradethe image qualityadditionally.
Nevertheless, to see the proper atomic structurexaoid the influences of sample drithe method was
still used. Scan distortions or dactaffected framesas well as beam damage startadgpvea certain
overall dosecan be excluded:or conventional doses, ti$ 1 %f scintillator deviceplateausand drops
again for higher doses due to chamtelchannel gain variations that cannot be properly corrééted.
Therefore the ADF images illustrated iRigure 11 show high contrast and good SNR for conventional
dosesEven at very low electron doses, there is practically no readout noise present in the images captured
with the DEC which explains the higher SNR of the synthetic imagés third major contribution taoise

is Gaussian distributed thermal noise (thermal eledtida pair formation). In thiMerlinEM Medipix3
camerathermal noise is suppressed by selecting proper threshold values for event energies to bé*detected.
Theoverallnoise is therefordominated by statistical noise ailsduincorrelated, since all measuremerts
independenivith respect t E.and{ .In conclusion, noise in the 4BTEM dataset is uniformly distributed
over dl spatial frequencies and regpace coordinates and isethfore referred to as white nof8eThe
nature of the phase reconstruction processes is responsible for the high SNR and leigluatitggchieved

in the phaseeconstructed images.

4.1.2.Ptychography

In SSB ptychography, the signal for a WPO is extracted only fhremdouble overlap regiorfseeFigure

8). Acting as an intrinsic band pass filter, detector pixels outside the double overlap zone are rejected. This
has been shown to increase the SNR compared to imaging techniques such asiCoM thrat use the

entire brightfield disc’® The noise level for each spatial frequency can be directly related to the size of the
double overlap regions. In SSB ptychography, the noise level changes with spatial fre|'f leibys,
especially high and low spatial frequencies with small doubldagveegions are transferred with a better
efficiency due to elimination of unnecessary detector areas containing only noise compared to other imaging
techniques such as DPC or ABF imagihgherefore, the atomic structure of the H®slearly revealed in

the phaseeconstructed images with a higher SNR and better contrast than synthetic images and especially

ADF imageddue to the better detector performance at low doses
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The key parameter for noise contribution in WDD ptychography is the choice ¢* fperameter of the
Wiener filter (equations(1.24) and (1.25)). The parameter determines how much signal and noise are
suppressed. Especiallylow radiation doses, the parameter must be chosen carefully toceampidication

of noise or loss of informatien i ch si gnal . Ob6Leary et al. demonstr aj
5) dataset captured with a low dose of 2002 that small values fd- 4 (.01 0.1) can lead to noise
amplification whereas larger value§ g 431 might avoid noise ampidfation but also suppress meaningful
data They suggested to use SSB ptychography whenever pdésidere31 shows WDD reconstructions

of the CsPhj dataset captured with a low dose “8540€/ 2. For comparability, the arbitrary phases in
the reconstructions for differel-§ sslues were normalized too low value of 0.01 fd-¢ sl@ads to noise
amplification while a high value of 1 suppressssise, but no specific improvement is evident compared
to a value of 0.1. Thereforal & s\@lue of 0.1 was selectéual this thesis
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Figure 31. Comparison of WDD phase reconstruction results for GsEbnlarged subsections aleown foii ratios
of (a) 0.01, (b) 0.1 and (c) 1.

In many cases, the improved dose efficiency of electron ptychography with much lower noise levels has
been shown to reveal interesting sample features suchoae/acancies, adatoms, lattice defects, et
Recently, a new world record was achieved using multisclice defocused probe ptychograply with
resolution limited only by thermal fluctuation of the atoms. The researchers were ablelite lsicgle

embedded dopant atorimsall three dimensionfsom a single projection measureméht’ "8

4.2.Resolution

As stated irequation(1.4), in an uncorrected microscope, the highest possible resolution is limmtiedy

by spherical aberratignvhich increasgwith anincreasing radial anglé-or a given spherical aberration,
the angular rangeverwhich the phase of the electron wave remains constant is very lirAitegitain
defocus valuean beselected to compensate for aberratjarsl apertures are used to limit the angular
rangethatyieldsa minimally aberrated beath>® Using an aperture of specific size introduces a resolution
limit as a function of the aperture seaginvergence angleAccording to the Rayleigh criterion, a

diffraction-limited resolutiorQis givenfor an aperture with a sernbnvergence angf~as
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Q p:r— 4.3)
with _ as the wavelength of beam electréhs.
Aperturesare chosen to find good balance between diffracti@nd aberratiomelated resolution limitln
principle, largemapetures can be used in aberraticorrected microscopes, batthis casghigherorder or
parasiticgeometric aberrationas well as chromatic aberratidimit the resolution in a compleway.®%8*
In this work, the smallest available apertures were used at the expense of resolution to reduce the radiation
dose. For th acquisition of CsPbBdatasets, a 30 pm aperturesulting in a probe of 20.4 mrad semi
convergence angl-, was used. Thismposesa diffractionlimited resolution of0.75 : For the
sensitive CsPblBrand CsPhlsamplesa 20 um aperture with #4.4mrad probe sentonvergence angle
| was usedln this casethe electron dose wéaeweredby a factor of 2 compared to the 30 um aperture.
The diffraction-limited resolutionis reducedn this casdo 1 . 0 .@urthermore, the spatial resolution in
STEM is generally determined by theobesize andprobecurrent as well aghe beamsample interaction.
Besides thathe resolution is further reduced éyperimental factors such as scan distortions, image noise,
radiation damage, structural niils etc.>*%2® Figure 32 shows the power spectra of the respective
ptychographic reconstructions on a logarithmic scale. The big red circles indicate the diffliattih

resolution calculated with equati¢h.3).
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Figure 32. Power spectra 60 Lghl-  for (a) CsPbBy, (b) CsPhbiBs and (c) CsPhl Big red circles indicate the
diffraction limited resolution. For each power spectrum, two spatial frequencies with a high contributioistaaced
and the phase 60 Lghl is shown as a function (g For each inset the whole brigfield disc is shown
at the top and extracted signal releviantthe phase reconstructionthe bottom.

o
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In the case of CsPbBwith a diffractionlimited maximumr e s ol uti on of 0. 75 ,
resolutionis much lower(up tox 0.92 ) For two spatial frequencies with large power spectrum values
the phase and extracted sigiafter multiplication with a mashkre highlighted. Theoretically, using an
aberrationf r ee beam, the two side bands shoul d.lmalhv e
regions outside the double overlaipe phase should be equal to zeracancel each otheffrom the two

illustrated phasesf 'O Lgf |- as a fustion of Ly, it is evident that this is not always the cafpecially

t

he

the presence of residual aberrations leads to phase changes and these in turn to a deterioration of the

resolution Besides that, thickness effects, the slight tilt of the sample off zone axis and scan distortions are

responsible for the lower actual resoluti@ince a larger aperture was used for CsEbiBe absolute
resolution is better than for CsPbiind CsPhlwhere a smaller aperture was used. However, the relative

resolution with regect to the diffraction limits betterfor the smaller apertureBor CsPbiBjs, diffraction

spots correspondingtoarealp ace di st anc e ,anmdfor CsPil dven spota coresponding b | e

to a distance drherehso®f@he improvadrelative resoletmathat the smaller semi

convergence angle of the fth aperture reduces the beam to a diameter that is less affected by aberrations

resulting in alnost aberratiofiree datasetsAlthough the same aperture was used for CsBiaiit CsPh)
the actual resolution achieved for the CsPbttasets lower tharthat of theCsPbt datasetin general,
less highspatiatfrequency reflections are visible ihe power spectrum. The CsPbiRfataset shows

slightly more signs of aberratiénduced phase changes due to imperfect microscope alignment. The CsPbl

dataset seems to be almost free of any aberraffltne r es ol uti on | i miathiewed 1.

since diffractim spots corresponding to a replace distance of 1.07 ar e st i | | yfarilsothb | e .

SSB and WDD ptychographit,is possible to correct for aberrations in silico in a ggjuisition step. In
SSB ptychography, splieal aberrations are equal 6 Lgando Lg |- for all points on the line
Lg= |- 7¢ due to their symmetry. This means they canced Lg 6 Lg |- andd® Lgo L

i-r | i r 1° 1

|- . By extracting data only from points that sati i‘. = | 7¢, the phae can be reconstructed without
the influence ofspherical aberrations. However, thiseverely limits the dose efficiency of SSB
ptychography. In modern aberratieorrected STEMaminor aberrations may remain, bastead ofusing
only a small subset 0O ¢|F|'f , one usually relies on the aberration correcidrerefore, nopost

processing aberration correctimnusually performeéh SSB ptychography. In WDD, a postacquisition

aberration correction is possible via singulalue decomposition, a matrirversion method.The

aberration coefficients can be determinexhf the phase (O E|F|'f . A probe functionis synthesized and

deconvolved from the data. It was shown that aberration correction is worthwhile and gives good results

when the microscope iggerelymisaligned. With almost perfect alignment and datasets as good as the

CsPbiBp and CsPhj the posiprocessing aberratiarorrection would not have an effect and was therefore
not performed in this thesi$®® Besides different environmental conditions during the measurement,

mainly thickness effects might peimarily responsible for theolveramount of high spatial frequency spots
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visible in the powespectrunof CsPbiIBs. As mentioned beforéhe sample thickness in the reconstructed
image ofCsPbIBg increases from the left to the righomx 17 nm t 22 nm whereas the thickness of
the CsPb} sample was generally lower with a lower increase f-8mm to< 11 nm from the right to the
left. The CsPbBynanocrystal had a uniform thicknesg 28 nm.The atomic structures evident from the

phase reconstructions appear to become increasingly blurred and ingigttinocreasing thickness

4.3. Thickness effects

For WPOA and POAa multiplicative transmission functias assumedwhich neglects any dynamical
scattering effects. In the WPOA, amplitude and phase of the electron wave are independent on the angle of
the incident beam electrons with respect to the sarfplethicker samples or samples containing heavy
elements, dynamical scattering can no longer be neglemedthe multiplicative approximation for the
beam being transmitted through the specimen is no longer valid. If WPOA and POA do not hold, kinematical
conditions can be usedndelectrons are assumedde Bragg scatterednce upon transmissiolm the case

of strong scattering, contrast reversals might be obsénvidte phaseeconstruadimages since phase
shiftsof morethan 2 occurwith a reset of the phase to zero.

Rodenburg et alhave already considered the finite sample thickness in their semiodd on WDD
ptychography. The scattering vectyrin ¢ direction is given by elastic scattering to the Ewald sphere and

can be Tglor expanded arour 1 1 7 as

L T T B B B (44)

alll

The possible resoluticQis determinedy the maximum scattering angj 17Q For a2D material
the Ewald sphere measurement corresponds to the measurement of 2D diffraction intensities and the 3D
transform is independent r1“. For a 3D object with a certain thickn¢"Ydongitudinal speckles of si.p¥"Y
are found. The 3D object can be treas®D as long as the Ewald sphiatersectshe specklesentered
at 1 Based on thisRodenburg et ahave derived an equation for the maximum sample thickness.
49

"y (45)

with an Ewald sphere departuess tha the speckle_widtbf pT Y4

Chapman et al. have used a stricter critericy  pft”Yi.e. a departure lower than half the speckle-half
width in the field of xray microscopy® With this assumption the maximum allowable thickness of a
specimen is given as

G
o
Tsai et al. tested the maximuatiowable thicknessni a numerical study and suggésth a t Rodenbur c

"y (4.6)

criterion can be relaxed\ccording to their studyhie maximum sample thicknegssin be calculated with
equation(4.7).8¢
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uY U&’Q (4.7)

For an accelerating voltage of 200 kV, ,ian electron wavelength ( f= 2.5070"? m, the theoretical
maximum thickness values for the applicability of phase reconstruction algorithms are liBadodiei for
the three different criteriaccording to equatia(4.5), (4.6), and(4.7) whereQis thediffraction-limited

resolutioncalculated with equatio®.3).

Table 2. Maximum sample thickness to achieve the diffraction limited resolution for a given aperture. Three
approximations presented by Rodenburg (equdtic)), Chapman (equatiof@.6)), and Tsai (equatiof.7)).548586

Maximum Thickness4| 30 um aperture (= 0.75v) 20 pm aperture (M= 1.06v)
Chapmaf? 1.12 nm 2.24 nm
Rodenburgf 4.49 nm 8.96 nm
Tsaf® 11.66 nm 23.30 nm

Regardless of how thick the sample actually is, there is nothingd@smeone from acquiring a &TEM
dataset and applying the reconstruction methiddsvever, the results must be interpreted with cautfon.
the specimen becomes too thick, the achieved resollgioreasesT his effect was particularly observed in
the case aheCsPbIBp sample. The sample was already relatively thick in the thinneswétea thickness
increasdrom left to right(seeFigure19). At a thickness ¢ 17nm ta 22 nm the structure becomes more
and more blurry and fine features are no longer visitiés effect isparticdarly pronounced for the SSB
reconstruction since the WPOA desieagery thin specimenAs a resultJess highspatiatfrequency spots
werevisible in the power spectruand the resolutiowasreducedReversing the equationan approximate
maximumachievable resolution can be calculated for a given thickiiedde 3 shows the theoretically
possible resolution according to Rodenburg, Chapiuad Tsai for the measured thickness of the samples

investigated in thisvork.

Table 3. Maximum possible resolution for a given thickness or thickness range calculated by reversing dgustions
(4.6), and(4.7).

Possible resolutio™  CsPbBr; (3| = 9nm) CsPbIBr2 (4] = 17-22nm) CsPbls (4| = 8- 11nm)

Chapmaf? 2.12v 2.92-3.32v 2.00- 2.35v
Rodenburgf 1.06v 1.46- 1.66v 1.00- 1.17v
Tsaf® 0.66v 0.95- 1.03v 0.62-0.73v

From thevisible power spectrum spotnd the resolution achieved in each ci#tgs,evident that a higher
resolution was achieved than predicbytthe Rodenburg equatiorlowever, the resolutiowasnot quite
as good as witthe Tsai equationwherethe calculated possible resolutions are higher than the diffraction

limit. For the CsPhlreconstruction from a sample with a thicknesc 8fnm toc 11 nm from right to left
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neither the thickness nor thinickness variation seesrio have a strongnfluence onSSB and WDD
reconstructiongseeFigure28). Diffraction-limited resolution isiearlyreachedand highspatiatfrequency
spots are visiblelt appearsthat the Rodenburg criteriorag be relaxedsomewhatand the Chapman
criterion is too strictlt has beershown in the past that ptychographic imaging is possikelebeyondits
approximation constmats. Much thicker and heavier crystals can be imaged beyond the WPOA vatidity.
1998, Plamann and Rodenburg already imaged Si (110) crystals up to 25 nm in thi¢kneaddition,
Yang et aldemonstratedhe effectivity of ptychographic reconstructions for samples expected to exhibit
dynamical scattering and therefore violating the multiplicative sample scattering fufidtisndifficult to
makeanumerical statemettecausehe resolution is additionallgffectedby aberrations~or each sample
only one dataset for the specific sample area and thickness was rededetes that, the thickness
estimation of the HP samples is rather uncertain. Adtig model was used to calculate the thickness from
EELS measureménAssumingindependent scattering events,simple expressiosan be found that

includesthe sample thkness.

Yy 5 48)

where”Yrefers to the sample thickne_ds the mean free path of inelastic scatter'@g,the area under the
whole EEL spectrum ar'Nis the integrated zerosspeak intensity.

If _is known, the thickness can be estimaf&ince_ varies from material to material addpendstrongly

on the materialand measurement conditions, exactcalculation is difficult. To estimae the mean free
path a script was usetb calculate_ based on the approach of Malis et al. involving experimental
parameter§® According to the author, the scriptovidesan approximate value witin accuracy ¢~ 20 %.
Therefore, the samplesaybe actually thinner or thicker depending on the accurac /. dhe values
calculated heretherefore only represent a rough estimate of the approximate thickness. However,
contrast reversals with increasing thickness were obsémntbd phaseeconstructed images in this thesis
Moreover peaks in the phase images can always beédd@the atomic column positiaompared to the
synthetic imagedn generaljt appearshat pychographically reconstructed phase images are more robust
to thickness changes and dynamical effeotapared to HRTEMFor severakeasons, it was impossible to
use particularly thin specimein this work First of all, CsPblBrand CsPhklsamples were synthesized
directly on the TEM grids. The intention hevasto produce a film that covers the holes of the supporting
carbon film on the copper gridBhisallows the studyf free-standing HPdt was observed that at a certain
dilution of the precursor solution, HP film&ith a lower thickness were synthesized, thaty were only
found on the carbon support film and no longeamy ofthe holes. Recording a 4BTEM dataset of a
material on an amorphous carbon film makes little senseheasdarbon film reduces tha#ata quality
significantly. It was also observed, the thinner the crystals were, the more sensitiveedlcesd to the
electron beamThis fact is discussed in more detail beldw.be able to adjust the microscope accordingly

and to record datasets of the undamaged structures, a sample area with an appropriate thickness was selected.
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4.4.Beam damage

4.4.1.Damage mechanism

The first sign of radiation damage in all threaterialsof the AIHP class CsPkp{nvestigated in this study
was theoccurrence of higltontrast nanoprecipitatel recent reports, these nanoparticles have been
consistently identified as metallic le&tf>®°In this thesis, the presencefatecentered cubimetallic lead

as a result of beam damagas verified from their brightontrast in ADF images (heaviest atomic species),
the atomic structure (see structural model overlayigure 22 or Figure 29), and XEDS and EELS
spectroscopylt was shown that-xays as well as electronarecapable ofeduéng Pt?* from various metal
systems to PW°°! For oxide species or Cafompoundselectronstimulated reduction athe cationic
specieds accompanied bgxidation and desorption difie anion specie® As demonstratethy Dang et

al. for CsPbByand CsPhinanocrystals and by Zhou et al. for CsPb)Bwe formation of Pb nanoparticles
goes along withdesorption of the halide species from the matétfalThe loss of halide species upon
irradiation was also observddr the HPs investigated in this study. From the XEDS investigatens
significantreduction in the relative peak intensitithe halide specids visible in severely damaged areas
compared to less damaged ar@i@gure24). The stimulated desorption pathwaaybe due toa Knotek
Feibelman intetomic Auger mechanism. Incident electrons excite the cation speci&3 &hd leavean
inner shell hole. The inner shell hole is filled by an electron fraraighboringanionic species (e.gBr).

In an Auger emission process, the excess energy is absorbed by the ahieramergingneutral or
positively charged halide species desaib the vaoum?2°* This stimulated desorption process can be
classifiedas a type of ionization damagfpon irradiation, the formation of Pb nanoparticles was observed
starting peferentially on corners and edges of the crystals as well as on grain boundattesraattrial
surface. The material surface is characterized by a lower bardgeymic diffusion In addition,the atoms
have lower coordination and their electronic figuration may be altered more easily. The desorption of
halide species is more probable i€ thtom is bound to a surfaceesiither than to inner bulk atoms. With
energetically less stable surfaces, the surfaamlume ratio plays an important rolettme overall stability

of HPs. P diffusion occurs preferentially on the crystallite surface due to the lower surface diffusion
barrier. However, bulk diffusion was also observed as highlightemjime22 (b) andFigure25 (b) causing
distortions of the perovskite lattice upon movement. Masibably, electron irradiation enhances the
diffusivity of leadthroughenergy and momentum transfer and enables bulk diffuéi§fwith increasing
size, the formely epitaxialy bound Pb nanoparticlegansformedinto mostly sphericdy shaped
anisotropic,nonepitaxial boud nanoparticles. Upon Pb consumption, the formation of vaidand the
nanoparticlesvas observé Danget al. stated, that upon lotigrm illuminationof CsPbBs, the size of the

Pb nanoparticles decreases again until the particle disappears. The gagiddlesome amorphous attie
atomssubsequentlgisperseon the remaining host lattice or carbon support fifhis explains théarge

number of voids but low number of Phrticles in the damaged nanocrystal highlighteligure16 (c). It
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was shown that thinner nanocrystals witlthackness of 3 nm and thws high surfacgo-volume ratio
damagednuch quicker compared to thicker nanocrigstafter exposure to similar electron doses for a long
time ¢ 90 min), Dang et aheitherobservel any voidsnor did XEDS measurements reveal any loss of Br
speciesfor the thicker crystals. @y Pb nanoparticles were found on the material suffagéis also
explainsthe high stability of the CsPbBnanocrystak 8 nm thickhess)investigated in this work. After
imaging with conventional electratoses and the acquisition of ZTEM data, there was practicathp
beam damage visible except for tfegmation of Pb nanoparticlesvhich wereonly barely visible. In
contrast, thinneregionsshowed stronger signs of beam damawggéh void formation around the P
nanoparticles and a dismantled host lat{leigure 16 (a-c)). To studyHPs using electron ptychography, a
compromise for sample thickness musfdaend The sample must be thick enough to achiesgfficiently

high surfaceao-volume ratio to minimize beam damage effebts# thin enough for the WPOA and POA to
be valid.In their study on CdbBr; nanocrystals, Dang et al. stated that beam damage in AIHPs is dominated
by radiolysis,as the damage was more pronouncatlower beam energies. If knoan damage was
dominantthe material would have been more stable with lower beaergies Besides that, they
investigated the effect of temperature on stabM#ith increasing temperature, more Pb nanoparticles were
found after the same total doses were applladcontrast, the lower the temperature, tkes Pb
nanopecipitateswereobserved and belows0 °C no Pb particles were presefit low temperatures, the
activation energy barrier for diffusiocan probably not bevercome by the Platoms and no cluster
formation is possibleThe halide species still desorbs at low tempeeaand PH most likely reduces to
PIP without the formation of any clustetslt was shown that cryogenic temperatures lead to a rapid
amorphization of the perovskite latti@d do not provide anysignificant stability enhancemefft*®
Therefore, theHP investigationin this workwas conducted at room temperature Wit highest possible
beam energyn addition tathe formaion of Pb nanoparticles anl@sorption of halide species, the formation
of a second phase was obseriedome casefor both CsPhki and CsPbIBxr (see inset irFigure 29 or
Figure22 (c)). The second phase was not characterized further within the frame dfetbis and is most
probably a Csontaining phase. Zhou et ahlso observed the formation of a second phase as a
decomposition product in their studfthebeaminduced structre evolution of CsPblIBrthin films. They
prepared similar HP thin films directly on the TEM grida spin coating and suggestmaximum overall
dose of 60008000 ¢ 2to avoid any beam damage. They found that a highardose (over 14000/e ?)

can be applied with discontinuous irradiation, v&a beam blanking between measuremertigfdrmation

of a CsPh-x(IBr)@ay) superstructure with ordered vacanciess observedh SAED measurements upon
irradiation. The researchers iddietil the final decomposition product aeetallicPb nanoparticles, a @Br
second phasand electronstimulaed desorptionof I/Br species?” Chen et alalso agree that raalysis
might be the major cause of beam danmiagésPbs. They observe rapid iodine desorption, void formation
and Pb aggregation in accordance with results of this wotk’ In comparison to OIHPs, the damage

mechanism in AIHPs is significantly different. In OIHPs, the less stable organic cation€HNH3" are
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more easilyreduced or damaged than®Ptand the decomposition product is usually ,P&Vhen Cs'
replaces the hidi sensitive organic cations, the?Ppecies is reduced instedthe fatal difficulty, as
mentioned earlieiis that Pbj can be easily mistaken for the @wodmposegerovskite sticture?>*+4648p

prime example is the study Ghen et alWhile theirstudyof CsPbwasunobjectionablethey investigated
radiation effectsn Pblk instead of CHNHzPbk. They explained the polycrystalline appearance and voids
in ther film by a poor crystal qualityalthoughboth are characteristic for the RPldecomposition product.
Subsequently, umerous erroneous conclusions were drawn fraantisconception The observed beam
damage could not breconciledwith the damag@énduced by radiolysiknockon, or heatinduced damagy

They suggested that electtbrami nduced el ectric field formation we
beam damage phenomena they observed.cbhitsl betrue for Pbj, but not for CHNHsPbk.%” In general,

a trend in stability was observedthreframe of this thesisAIHPs are more stablender the electrondam

than OIHPsdue to their inorganic natuf& However, within the CsPhyclass, the CsPbBnanocrystals
appearedo be more stale than the mixed perovskite CsPdBnd this one in turn more stable than CsPbl
under irradiationFor this reason, the CsPhBranocrystals could be investigated under conventional
conditions while the doséiadto be drastically reduced for the mixed perovskite and even more lowered
for the CsPhisamplelf the main damaging mechanismasknock-on damage, the stability gradient should
be reversed Since lighter elements aeasierto displace CsPbi should bethe most stable phase in this
caseHowever, knockon damage can promote halide desorption afdifflision via momentum transfer

but is not the dominant damaging mechanism in AlFSveralstudies observe faster damaagdower

acceleration voltage$:*>°

4.4.2.TEM and STEM investigations of AIHPs

Optoekctronic properties of halide perovskites depend on structural features such as grain character,
symmetry, octahedral distortions, efince grain boundaries and other planar defects might play an
important role in polycrystalline HPshichresearchersra not yet clear about, it is helpful to understand
their propertiesTo studythesefeaturesit is of great importance to avoatifacts caused byeam damage
and resulting misinterpretations. Conveptial atomieresolution images from many literatustudies
contain Pb nanopticles as a consequence of higise electron irradiatiothree of thenare exemplified

in Figure33.59192 Since the host lattice remains largely intact, the presence of Pb nanopahizitnot

be a serious problem. However, conclusions glmgt lattice parameters should be drawn with caution
because the composition might have chanffedome cases, Pb nanopartidiese been mistaken fotP
nanocrystals leading tincorrect conclusions about particle morphologté.Low-dose studies are
importantto avoid any misinterpretations, as se&overy often for OIHPsespecially whelnvestigating

damage caused ligfluencesotherthan theelectron beam
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nanocrystals with cubic Pb precipitates oriented along the [001] diré&tita). STEM HAADF image of a CsPbl
nanocrystal with brightontrast Pb precipitates.

Because of the beam sensitivity, tharefew studies omtomic resolution imaging @sPbX and most of
them for CsPbBrwhichis foundto be most stable under electimeam.Yu et al investigated Ruddlesden
Popper phases in 2D nanosheets using HAAJEM. They reduced the electron dose with a short pixel
dwell time at the expensef Br column contrast. In general, their experimental imaggsewell with
structural modeland simulations as illustrated Figure 34. However, theyassigned a cubic morphology

to the structurewhich may be questinable'®*

Figure 34. Experimental and simulatéchages of different domains in a single CsPhianocrystal(a) Perovskite
phase and (b) RuddlesdBopper type structure both with poor Br and Cs contrast.

Although bromie, ioding and cesium are not light elements, their contrast in ADF images is much poorer
than the Pb contrast due to the natfrdDF imaging In ptychographic phase imaging| atomic species
showhigh contrast even at low doses. This conasiancemerprovidesaccess to atomiscale structural
phenomena. The potential of contrast improvement ulesedose conditions utilizig ptychography has
already beenlemonstratefor CsPbBsg. Dos Reis et al. used phase reconstructions to image elongated Br
sites originating from oubf-phase octahedral rotations. In the noisy ADF imabesmine atoms were
barely visible They reveale@tomic structure phenomena with a strong enhancement ofrieagonitrast
compared to the simultaneously acquired ADF images.alloiswedthem to measure the octahedral rotation
angle ina tetragonal4/mcm crystal oriented along the [001] direction. Fatadacquisitionthey used
electron doses in the order~~1.0® €/ 2 and no beam damage was observed afterw&téar the same

material, Yu et al. imaged the atomic structure using low dose rditeeitnolografy, that combined
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HRTEM and exiwave reconstruction. In their study, image series were capturedawtidtal dose of
x 8000e/ 2. They were able to perform a quantitative structure determination without causing any beam
damage. They revealethe coexistence of cubic higlemperature and orthorhombic leemperature

phases in single CsPhfarticles®®

G R g R
5

Figure 35. (a) Simultaneously acquired ADF imagéCsPbBg with high noise level and poor Br contrastd (b)
phase reconstructed imagih enhancedontrast fr all elements? Scale bars in (@nd (b)a r e (i Phase image
of CsPbBg obtained by exit wave reconstruction of 80 low doste HRTEM imaged?®

It was shownthat the beam sensitivity of HPs isasigly dependent on crystal sjzeomposition, and
synthesis routes. In some cases, even spectroscopic imaging was possible. Similar to the elemental maps
extracted from EELS Sils in thigork, Song et al. extracted XEDelemental maps for a CsPbBample.

They used total electron doses 820" €/ 2 and observed no beam damage after data acquisition with

improved perovskite stability. They found bremacolumns constituting a perfect perovskite structfife.

Figure 36. Atomic resolution XEDS elemental mapping of an orthorhombic CsPbBr3 nanocrystal. (a) Simultaneously
acquired ADF image, (b) Cs atomic columns, (c) Pb atomic columns, and (d) Br atomic c8fumns

In this work, it was shown that ptychography is particularly suitable for-fggblution imaging even for

more sensitivall-inorganic halide perovskites $€blBr and CsPh). Compared to conventional imaging,
ptychography opens the possilyilib study the structural properties of HPs without damage. At low electron
doses, maximum contrast transfer is achieved for fine specimen details. With technical advances in data
processing and imaging speed, DETEM studies will be important for the ther development of

pervskite optoelectronic devices.
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4.5. Sampling considerations

4.5.1.Probe step size

Since all spatial frequencies given by the diffraction limit should be represented, a probe step size must be
chosenthat contains all spatial frequencies fogigen resolution in the contexf the NyquistShannon
sampling theorerf® For a given aperture with a convergence ar jlend electron wavelengti_, the
minimum distancebetween adjacent probe positicY'Y to include the maximum theoretically possible

spatial frequency is given as

yy = (49)
T|

This results in a minimum step size of 000.34338354 fo
for the 30 um perture. Undersampled data ginge to aliasing effectand thusperiodic artefacts in the

phase reconstructions. Oversampled ddfier no advantage@ terms ofresolution or image qualifyout

also have no negative side effe other than higher electron do3ée step size should be chosen slightly

smal l er than the calculated minimum step sigjze. For
0.1213 2) (CahRidl . 13)2v8r8 used. DueCts tAadslighwersampling, aliasing artifacts

are excluded. In general, the minimum step size can be redhycesver acceleration voltages (larger

electron wavelengths) or smaller apertures. However, smaller apertures reduce the highest achievable

resolution At lower acceleration voltages the influences of temporal incoherence reduce the data quality.

4.5.2.Detector sampling conditions

The resolution of the detector plane is determined by the angular range of the individual pixelstector
resolution can be controlleoy adjusting the effective distance between the image detector plane.
Depending on this effective diice (camera length), the numbépixels used to sample the brigfld

disc from which the phase information is extragtedn be adjusted. Yang et al. showed that a minimum
array of 1€ 16 pixels is sufficient tobtain the highest signéb-noiseratio, which isnot further increased

by using more pixels. Using only “ 86 detector pixels significantly increases readout ata acquisition

speeds allowing for faster data acquisition with a lower dose. However, Yang et al. neglected any residual
aberrations in their studies on simulated data. Under realistic conditions, a larger number of pixels may be
preferentiaP® For the acquisition of 4D STEM datasets in this study, the entire detector arez H5B56

pixels was used. The camera length wasattat the brighfield disk extended to < 10 pixels for the 20

um aperture and 1€ 1.04 pixels for the 30 um aperture tesaire sufficient sampling of the detector plane.

As the entire detector areaas/used and not only the brighald information, darkfield electrons were
recorded as well and synthetic image calculations were possible. To reduce the scanning speeshta diff

method was used, which is discussed in detail below. Furthermore, poor sampling in reciprocal space
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(binning or small amount of detector pixels available) can be compensated by dense sampling in the real

space by controlling the probe step size aind versa®

4.5.3.Binary ptychography

Besides althe adwantages déred by the use of DECs and thariety of techniques they brinfvirtual
imaging, orientatiori and strain mapping, phase contrast imaging, etc.), the only limiting factor of slow
scanning speeds remains. This makes it particularly challet@pegform low dose measurements on beam
sensitive materials. Furthermore, scan distortions, samplgashdfinstabilities in the microscope alignment
are more pronounced in datasets acquired with slow speeds. Fotesgapde withhigh dynamic range
(4095 ¢/pixel) and aframe time of 0.55 m®ven very small currents would result in a high overall electron
dose. Theseabes are too high for radiati@ensitive materials, especially HPs and would inevitably lead
to damageWith a frame time of 0.55 ms per frame, the acquisition of the @gRtaAset would have taken

x 140 s and a dose of abou@ e/ 2 would have beemequired The samplewould have drifted
considerably during this period and the result would probadlyninterpretable. However, the frame speed
of theDEC can be increased strongly. This can be achieved either by hardware binning, windowing

a reduction of the detector dynamic raftEThe latter was carried out in this thesis to enable faster frame
rates. The counting depth of the MerlinEM Medipix3 detector was reduceeébito That means each
detector pixel can onlyecord either 1 or 0 within one frame. With this adjustment, the frame time was
reduced to 48is and the data acquisition timeasreduced froml40 sto 12 s. Exampldinary CBED

patterns from each of the three datasets are shokigune37.

Figure 37. Example single frambinary CBED patterns from (a) CsPhB(b) CsPblIBs, and (c) CsPhldatasets. Red
dashed circles indicate the radiugtod brightfield disc.

Individual electron events are distinguishable. However, it is also apparent that the higher the dose, the more
elections are detected and the bridiletd disc becomes slightly saturated. Feally high doses, every
bright-field pixel wouldbe 1 and no phase reconstruction would be possible. Convérbely been shown

that there is also a lower dose limit under which there is not enough signal in the CBEDSs to reconstruct the
phasé” In this thesis, the use of thebit mode for binary data acquisition has been shown to be an effective

method torecord datasets at high magnification, with a low dose and a fast frame timeattEvederate
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