Thermal Unequilibrium of Strained Black CsPbls Thin Films

Julian A. Steelé* Handong Jir, lurii Dovgaliuk®> Robert F. Berget, Tom Braeckevel,
Haifeng Yuar?® Cristina Martin/? Eduardo Solao? Kurt Lejaegheré, SvenM. J. Rogge>
Charlotte NotebaeftWouter VandezandeKris P. F.Jansser Bart GoderisS, Elke Debroyé,
Ya-Kun Wang® Yitong Dong® Dongxin Ma® Makhsud Saidamino%, Hairen Tarf:°
Zhenghong Lu! Vadim Dyadkin® Dmitry Chernyshov,Veronique Van Speybroeékdward
H. Sargenf, Johan Hofken$: and Maarten B. J. Roeffaérs

1) Centre for Surface Chemistry and Catalysis, KU Leuven, Celestijnenlaan 200F, Leuven,
3001, Belgium

2) Department of Chemistry, KU Leuven, Celestijnenlaan 200F, Leuven, 3001, Belgium

3) Swss-Norwegian Beamlines at the European Synchrotron Radiation Faciligy&due des
Martyrs, 38000 Grenoble, France

4) Department of Chemistry, Western Washington University, 516 High Street, Bellingham WA
98225, USA

5) Center for Molecular Modeling (@M), Ghent University, Technologiepad6, 9052
Zwijnaarde, Belgium

6) Department of Electrical and Computer Engineering, University of Toronto, 35 St George
Street, Toronto, Ontario M5S 1A4, Canada

7) Departamento de Quimica Fisica, Facultad de Farmatiajversidad de Castillda
Mancha, 02071 Albacete, Spain

8) NCDSWEET beamline, ALBA synchrotron light source, 08290, Cerdanyola del Vallés,
Barcelona, Spain

9) Polymer Chemistry and Materials, KU Leuven, Celestijnenlaan 200F, Leuven, 3001,
Belgium

10) National Laboratory of Solid State Microstructures, Jiangsu Key Laboratory of Artificial
Functional Materials, College of Engineering and Applied Sciences, Nanjing University,
Nanjing 210093, China



11) Department of Materials Science and Engineering, Unityerdi Toronto, 184 College
Street, Toronto, Ontario, M5S 3G4, Canada.

email: julian.steele@kuleuven.bphan.hofkens@kuleuven.be

Abstract The hightemperature alinorganic CsPhlperovskite black phase is metastable
relative toits yellow nonperovskite phaset room temperature. Sinoaly the black phase is
optically active this represents an impediment for the use of GsRlbptoelectronic devices.
We report the use of subate clamping and biaxial strain to render stable, at room
temperature, black phase Csfbin films. We used synchrotrevased grazing incidence
wide angle xray scattering to track the introduction of crystal distortionssaraindriven
texture forméon within black CsPhilthin films when they were cooled following annealing
at 330°CelsiusThe thermaktability of black CsPkithin films are vastly improved by the

strained interface, a response verified by ab initio thermodynamic modelling.

The useof solutionprocessedarganicinorganic metal halide perovskités solar cels
(11 5) is still limited bytheir instability within reatworld deviceg6), of whichorigin istwofold.
The first relates to the volatility of organic cations in methylammonium (MA) and
formamidinium (FA) lead halide systems, which promotes material degrad&ii®n The
second arises from their polymorphic nature, wheie roomtemperature (RT) stable black
perovskitestructureis not guarantee.0). Implementing Cscations (i.e. CsPblhas allowed
for both high sola cell conversion efficiencig@bove 17%11)) and improvd environmental
stability (12, 13). However, egarding phase stabilitginglecation FACsPbg systems form a
thermodynamically stable yellow Rl-phase (notperovskite) befor@indergang reversible
high-temperature phase transitions to ttogitically activeb | ack per ovskite pha
b (tetragonal ) .Ehatilermal pHasesiationstor GsRbibdepicted in Fig

1A, with the relative transitions shown ifkig. 1B. The t eron ifid | aefiked t o



collectively the (pseudgcubic phasesas they typically exhibit similar optoelectronic

properties. At RT, the black phase is unstgbie 15).
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Polymorphic character and metastability of CsPbs. (A) Thermal phase relations 65Pbg, compared withlthe
phase behavior of strained CspPBIro s thin films investigatedn this work. Note the different path details are
outline in the text(B) Crystal structure of the different phases and their relativeeptiansitions. The transitions
between the black phases are governed by the loea¢tbed octahedréblack)distortions depicted here using

one lead atom at the centre and six iodide atoms at the edges (maplieing thecesiumcations ¢yan).

As seen irFig. 1A, the blackU-CsPbj perovskite cangepending on conditionpass
througha variety ofdifferent restructuring paths. The thermodynamically preferred cooling
path(path2) (16) is mediated bytheseriesof structural distortionéFig. 1B). When the requisite
samplepreparatiorandcooling ratesare useda RT black phase can persist (paths 3 and 4 in
Fig. 1A) in the form of a pseudoubic phase. A metastable black phase will onlyisaerat RT
when the strong driving force to transform into the yellow phase (path Successfully
counteredFor example, upomild reheating60- 100 °C) the metastable black phase (path 6)
will normally turn yellow (14, 15, 17) once its saddle point is energetically overcome. Thus,

the problem is how téorm a stable black CsPipperovskite for neaRT device operation.



Recent findings offer a range of solutions, each follovah¢eastone of three general
approaches: (i) forming nanocrystds8i 21), (ii) surfacefunctionalization(22), and (iii)
compositional tuning(23i 25). Interestingly when forming of a perovskitesubstrate
heterojunctionn thin-film devicearchitectures, tensile strain was recently shown to manifest
at RTbecauseoft he | arge mi smatch i n trhoéthenparbvskieex pans i
layer (~50x1¢ K for lead iodidebasedperovskitey and typical optically transparent
substrates (@th ITO and glass reside betweer¥® to 9x10° K1). By definition, strain will
push the competing perovskite phases intelative state of thermodynamic unequilibrium
(261 28). Within this context stran engineering cafavor formation of alesiredphase ocan
even lead to new phasé29). For example, the strain introducetdo CsPbt nanocrystals

processedvith hydroiodic acid28) has been connecteéaimproved stability.

We report the use onterfacial clamping and strato form a RT stable blackphaseof
functional CsPhtbased lin films. A combination of synchrotrehased grazing incidence
wide anglex-ray scattering (GIWAXS) and ab initio thermodynamic modeliegeal that
substra¢ clampingdrives texture formation(preferential alignment oflomains within a
polycrystalline systejrandcancreatdargebiaxial strain Strainbeneficially shiftedherelative
free energie®f the competing phasest RT. We elucidate thatabiliang roles & Br doping
( O%)0and thin film formatiorji.e. nanocystal (NC) formation and substrate clamgirand

find that strain is a key enabler in the design of stable optoelectronic devices.

We grewCsPbt materials using solutionprocessing method previousigported(30),
with the black phase accessed through theamakaling(see Methods)Three material types
wereconsideredpowders (drop cast), thin films (spin coat) &menanocrystals (NCs) scraped

from the thinfilm substrate. Figure Spresents scanning electron microscopy di@wing



their differing morplologies, where the thin films exhibdthe formation of NC grains (50

200 nm) and the powders appear blikk.
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Structural evaluation of substrate clamping and texture formation following the cooling of high

t e mp e r aGsRbkthin filins. (A) GIWAXS image acquired from a thermally quenched RT Csfbi film,

with expansions over selected diffraction peaks azimuthally split in tHexiy) and outof-plane ) directions.

(B) Schematic illustration of diffraction ring splitting in tBWAXS signal, whereby a perovskite crystal forms

a heterojunction with the substrate surface at high temperature and wsdengde strain and texture formation

(with angul ar distribution G, represesiaredoft oGIIl WAXS 2
signals generated from the image in (A), formulated by integrating over the total gpageid both the yand

g:di rections. The fi*0 symbols indicate smdahexpamsiomg bl ir
of thelow-angle peaks is insetD) GIWAXSt-Tpr of i | e and dwEqo. d)tahtreodu gl raani nU o
phase transition in a slowly caal(-5 °C/min) CsPhjthin film. (E) Comparison dfxy-andg;2 d si gnal s extr
at the points marked on tid profile in (D). The arrows identify the missirgy signal components detected in

the gxy,-direction, but not the;, direction.



SynchrotrorbasedGIWAXS wasused(seeFig. S2 for experimental scheme) to resolve
the structural state of a CsRltin film beforeandafterthermal annealing at 330 °C, as well
asfollowing thermal quenching.é. kinetically trappng the black phasasinga RT metal slab;
path 3in FiglA). Figure Spr esent s t he st r uvCsPbythimfilmatREf i ne me
and -phass(33W°Q, in line withresult of Trots and Myagkot&31). A black phase was
obtained at RT by kinetically trapping the thin fjllnnting toward the role of the interface for
suppr essto-in gp tehsee Ut r la sita GIWVAXB aexperiments showed that the
strained black thin film remains vulnerable to moisture attack, quickly destabilizing and turning
yellow whenexposed (Fig. S4Figure2A displays the GIWAXS image detected from a black
2-CsPbg thin film shortly afterquenching, highlighting occurrences of anisotropic peak
splitting in- (gxy) and out (g;) of-plane Fig. S5showsthefull GIWAXS image). Thideature
is a signature of crystallographic texture (preferentistallographicorientation with
di st r i b uRgiSé)m thé quenshedthin filira signaturenot observed before or after
gradual cooling Fig. S7). Figure 2B illustrates how this split GIWAXS signal arises after
cooling the CsPbg lattice forming an interface is lengthenedin-plane when clamped,

corresponding to a relative lattice reduction-ofiplane.

Figure2C showsanalysisoft he 2d scattering intemkgities
zandgxy,,. Compar ed -phasefig.83), a eduttiondn ciystal symmetry is evident
from the more complex scattering pattéi, 32). Refining thegxy,. data yia the Le-Bail
met hod) -CsPhbsrstguctuee(16) provided an agreeable fitand yielded unit cell
parametersa=8.629 A, b=8.955 A andc= 12.86 A (vol. = 976.509 A). Analyzing the
GIWAXS imagepixel intensitiesn Fig. 2A as a function of the azimuthal angkee are able
to quantify thedegree ofextuing (Fig. S8. Wefindt he i nt e n s i/(@29)scattering he 9 (
peals maximise inplane, whilet he o ( 200) p e aThedi(sl fe@kexhiitsln t o t h

out-of-planebi-modal distribution (two maximseparated by ~90°), withe full width at half
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maximafor both beingnear55°, providinga measure of the orientatiordli st r i PAmt i on,

illustration ofthe crystal texture derived from this analyssprovided in FigSo.

The texturavas imposed by the symmetry thieinitial high-temperature cubic unit cell.
Any phase transition that results from a reductiosymmetry (forming aranisotropiccell) is
paralleled bythe formation of domains, e.gtransition froma cubic( Ua)o lower symmetry
tetragonal phas¢ bgjves three equaly probably domains. Inan isotropicb u | CsPij
systemthe domains have theame energypon coolingand are equally probablelowever,
the situationchanges aftethe introduction of aranisotropic strain fieldat the interfacehat
energeticallyfavorssome domainscausing théonger latticeb- andc-axes to remain iplane

(Fig. ).

Compared with thdulk o-CsPb structure refined by Marronnieat al. (16), our thin
f 1 |1-@sPbdcrystalwasheavily distortedFig. S10 i a result of clamping st and rapidly
cooling the material from 330°C down to RT on a glass subsinatgiantifying the extet of
crystaldeformation, we asseskdistortions using theplit low-angle peafs) nearing2 o 9°
(inset of Fig. 2C)These peaks@s e d ur itong ttrleensU t i on t hrough a
thec-axis[i . e . U( 00 1) ]abdareducti@nsn the ¢n@ @&I2symmetry, whereby the
(110) spacing is no longer equal @P) in thepseudecubicb- o r -phass. Considering the
distortions in andout-of-plane relative to the parent cubic, we evaluatedggree obiaxial

anisotropyas follows

Wy p —8 (1)

Hered is the interplane spacing in the direction notgecause of the relative transformation
ofthecaxi s | engt-to-o dur a dogjreprbsents lthe normalized spacifgr a
quenched RDlack CsPjthinf i | do= 1.65%.



Two different types of straimact toincreasethe size ofgay: (i) spontaneous strain,
introduced by a change in unit cell shape during the phase transition(s), and (ii) strain at the
film/substrate interface, induced by the thermal expansion mismatch. Spontaneous strain can
be decoupledrom our measuremeity using thetemperaturalependent changes in thalk
CsPbk lattice parameters, data recenttportecby Marronnieret al.(16). Analyzingtheir (16)
data 6eeFig. S10) , dyjompedto 1.18% duringthéHo-b t et r agon a beasdliost or t i
increasea f t er f or mi ng -pahm scer. t hiduehl d8aftecte dsgtragonal
distortionr e pr esent s t he spont ane o0-GsPbssystemawithancont r i
additional 0.47% arising in our thin filfrom substrate clamping. Thuthe effect of the
interface is an owbf-plane structural relaxation of the same nature driven by the phase
transitions Fig. 1B), leading to texture formation and a continuation of the spontaneous strain

andanisotropy.

To investigate whether the concept of stranduced stabilization was a more general
one, we explorethe development of strain in teelutionprocessethin filmsas a function of
film thickness With increasing thickness, the relative volume of the peravsiim that is
subject to strain will decrease. The films studied in Fig. 2 are approximately 270 nm thick; so
we varied the solution precursor concentration to prepare egilfilms with thicknesses
ranging from 135 nm up to nearly 1 um (an uppertlicoinstrained by solubility of precursor)
and evaluated the structural state of their kinetically trapped RT black phase using GIWAXS
(Fig. S11). The strain profile and texture properties are consistent across the film thickness
range st udidgaains avaluetclbse tal,.65%p though did decrease slightly to
1.62% for the thickest films (Fig. )L For devices based on solutiprocessed perovskite thin

films, this suggests substrate clamping and the formation biaxial strain to be centraltgimpor



In a second stage, the properties of tthermodynamically preferred-phasematerial
formation were investigated slowly cooled CsPAlthin film (-5 °C/min)wastracked in situ
in Fig. 1D through anJto-. p h a s e withr GAWAXS timie-termperaturet{T) profiling.
The blackto-yellow phase changeasi dent i fi ed by the introduct.
and the fading of the blagthasepeak(s), which turnasymmetric with reduced crystallographic
symmetry.The signals recostl in theqy,y,;and g, directionsare compared in FI®E at the
selected-T valuesshownin Fig 2D. Again, both strain and textunesre established in the black
phase during cooling, as seen by thstinct absence ad ( 11 0) s oxg Befogerthien g i n
black phase disappeed, dygincreasedthroughout the phase change toward the expected

spontaneous strain limit (~1.284r purely spontaneous strain; see Fighie€).
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Fig. 3: Removing the interface destabilises RT blaclkCsPbls thin films. (A) Corresponding optical images
(right) of a partially scrapped CsRHthin film surface (free NCs) recorded under & different temperatures
during a quenching temperature profile (lef8) Schematic representation of the DFT calculations employed to
qguantify the eneplyys ® f a m-ghash evdttdhaihatard sirengly competing at 100 °C,
when cooled from the high e mp e r &sPblk &he Etenarios considered inclufiee and clamped

polycrystalline thin films (arrowseflecting relative domain orientation), where the thermal change induces a
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reduction in the average lattice parameter le@t), manifesting as biaxial strain when clamped to the substrate.
(C) Ab initio energy diagram indicating the relative stability (at 0 K) of the black and yellow phases with and
without in-plane biaxial strain, averaged out over 12 different stragttians (see Table S1). Note that the relative

saddle point depth is undefined.

The introduction of the yellow phase in FRE undewenta contrashg evolution; the
growth of i-phasepeaksupon coolingwas paralleled byhe loss of textureand strainwithin
the polycrystalline thin film(Fig. S7). Thisresultindicates that aharp anctlampedinterface
was lost onceransformed to the yellow phag&oughstrain release (i.e. plastic deformation)
facilitated by the neaequilibriumtransformation kineticabove200°C The constraintof the
perovskite atoms at the interfas@s thecause for this; if the atomsereto remain affixed
d u r i npbasearestiucturing, there would be an increased energy penalty for its formation.
The blackto-yellow phase conversidnvolveda dramatic shift in the crystal volun(®6) (per
unit formda) and a total repositioning of atomic coordinafBse in situ XRD findings of
Frolovaet al. (15) visualizedthis directly, where their [004griented black films (grown by
vapor deposition) b@me disorderedftera transition to the yellow phasghey also assigned
the resultdo the large mismatch in the structure of different crystal phase layers relative to the

substrate.

To investigate the influence of the strained interface t he r el atianéd st abi
U p hwesmordtoredthe local phase of a CsRibhin film thatwas partly scraped (forming
free NCs), as it is thermally quenched from 330Pi@.3A). From the optical images recorded
in situ during the cooling ramp, the matertat was still attached to the substrdbeame
kinetically trapped at Rin the black phasevhereaghe free NCs readily tuedyellow below
230 °C.Thisresult onfirmedthe stabilizing role of the interface and its generated sffain.
check whethethe perovskitdilms respondn asimilar waywhenclamped to other common

interfaces we evaluated the GIWAXS and phakehaviorof CsPbj thin films deposited on
10



ITO-coated glass substrat§s 0 s s e s s i n g vale; seeéFigi 912).The thot mean
squared (RMS) roughness of the ITO (3.1 nm) is far largerttiedvare glass (1.1 nm), ytte
strain profile, crystal texture properties art@mpinginduced phase propertiesthin films on
thelTO surfaceareall comparabléFig. S13).Thisextendghe influence ofubstrate clamping
and improved black phase stabiliacrosssubstratespossessinglifferent roughness and
chemical naturg suggesting such parameters to b@mportant in establishing a strained

interface or a stable blackimhfilm.

To understand the strainduced shifts in the energetic stability of the competing phases,

periodic density functional theorgn {CERBLT)
structures were performé#ig. 3, B andC). Our approach (see Methods) ficstnsideredhe
averageunstrainedinear reduction ¢ () of the CsPbg crystalwhen itwascooled to 100 °C
(where théblack and yellowphases strongly compegaergetically, whichresultedn different
degrees ofelative contractionf o r 9 (16a(Rigl 3BJt Our experiments reveal that the
interface in the RT black phase preweshshrinking along the hplane direction, heavily
distorting the crystal. As a result, cooling from 3@ 100°C introduce an in-plane biaxial
strain of~ 1%. Our DFT calculationasng the SCAN functiona(at O K) moreover shoed
that the equil i br i um-CsPbil(22978) was substahtially lesmdn a
t h eCsPbj (241 A%), forcing thestrainto grow to~3% if the materiaunderwenta -t
phase transition, while remaining clampedT h e g u e 4CsPbietlin fim was
polycrystallne andexpressedexture,whereaghe crystallographic alignmemaslostin the
film upon transformingp theyellow phaseTo account fothis, 12 different crystal orientations

wereconsidered, resultinigp 12 differentstrainedinterfacial planeswith the lower symmetry

planes forming supercel(§ig. S14). Their energy increase upon straining is listed in Table S1

andvariedonly slightly across the differergurfaceorientations.

11
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Theaveragaelative energies determined from periodic DFT simulations are shown in
Fig. 3C, showing that the unstrained yellow phase is strongly favamredthe unstrained black
phased r i v i nAtgl tphhea soe t r sstamglingt ciysials. Howeveheringr@duction
of biaxial stran led to different energy penalties fthre two phaseslmportantly, therevas a
strongrelative destabikation ofthe strained yellow phase with respect to the strained black
phaseThus the energy difference promotingeth-t@li  t r awasreduded) explainingn
part the stabilizing influence o$ubstrate clampingve saw experimentally An additional
energy penalty may be present if release of the surface clamping is required, as suggested by

the kinetic trapping othie CsPhthin film.

We never formed &T black phase CsPthin film without kinetic trappingwith the
limited lifetime of the black phase during slow cooling (Fig. 2D) prevenadetailed study of
the straininduced restructuring-or this we usedrelatively light Br halide mixing to better
access the temperateiiependent black phase evolutioe. CsPb@xBry)s, x ote@hatl .
these materialsetainbothabandgapenergyusefulfor solar cell§{Figure S®) andcomparable

materialmorphologies (Figure B.

Differential scanning calorimetry (DSC) studies ©@§Pb(1.xBrx)z powders and NCs
(Figure SB) provided two pertinenttypes ofdata First, sze-driven effects are likelynaking
the NCs formed during spin coating more statilanthe bulk materialsA disparity in the
surface eneCsBy3 (ld §/Av e aaCsPhIZi (2.57 J/A) is predicted(21) to
reversethe relative magnitudes of thegibbs free energies atystal volumes approaching a
~100 nmi. The size ofhanograins making up our thin films (Fi§1) was neathis regime
SecondalthoughBr doping heled stabilize the black phase, the calculated enthalpies (Table

S2) of thereversible yellowto-black phase transitiogere comparablg13 kJ/mol) and steady

12



across the Br mixing explore@hisresultsuggests that the phase transitioresur mixed halide

samplesclosely follonedthe thermodynamics of the parent CsRlystem.
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Fig. 4: Structural phase kinetics ofthermally cycled strained perovskite thin film. ( A) GI WAXS (& = 0.

A) t-T profile (gxy.) of CsPbi-Bros thin film through a hightemperatureyellow-to-black phase transition,

followed by thermal cycling. The start of the first cooling ramp (hioear) is roughly17 °C/min and the second

is-3.8 AC/ min. (B) Nor mal i z e ddyamnitcef distortiangpfithe bldclaphasd tiine p ar ar
film, as a function of temperature. Phase changes are numerically identified in (B) and align with those depicted

in (A). The lineardataf i t s t o sel ect e drvaluegdseayddsAn gstnmate is proveled fohtee U

thermal expansion of theagls substrat83) ( 430.37x1C° KY).
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Figure 4A showsthe GIWAXSt-T profile and strain state in a CsPBro 3 thin film
through multiple phase transitions imposed during thermal cycling. The changes therein can be
trackedfollowing the successivehase transitionsyhereaghe emergence of texture induced
by anisotropic strain results in azimuthal splitting; ldteer effect can only be seen with a large
area det ect o+CsPbiBrog wesawmthg hightr @mp @ir at ur e f-or mat i
phase (1), followed by b (2) wereralersed(2'8y3)di st o
upon reheatingAfter an initial yellowto-black transition, a thermodynamically stablack
thin film with a strained interface is rezdid thereafter. Thisontrastghe unstable free NCs
studiedvia DSC in Fig S16, which do not benefit from the stabilizing stradhinterface.For
completenessthe sequencalescribed above for thin film CsBbBro3 is compared to the
nominal thermal phase relations of CsfbFig. 1A The textured GIWAXS signafll image
shownin Fig. S17) and the crystal structuretibé R T -CsPbj.7Bro.3 thin film is analogous to
the quenched black CsRithin film (Fig. S4).Themagnitudeo f dyippn  1ChP®} Byo.3thin
film at RT reachedl.64% and reheatingcausedthe strairdriven texture to be undone,
reforming r an d-phase yomairissgeFig.iSBu Thasgd bedidesinderinga
decay {plmse(Fih. &16)ikinetically trapping a blackCsPbs thin film incurred no

additional structuramodification.

A temperaturedomain structural analysis of the black CsPBlo.3 thin film (Fig. 4B)
showed naonsiderabléysteresis between the different restructuring pathwags$19). We
thusevaluatd hese data toget her ; @& screatdetheinteplapae r at ur
distances shiftedrelative todo( @=0) by:d=do( 1 1+ ) Linear fits yieleedt h evalles
shown inFig. 4B using hightemperaturely values.Upon ®oling the black film from 300°C
the latticea-axis contractd smoothly with an expansion rate comparafd#) to the high
t e mp e r-@sPhs ( 44.06810° K1). Near 200°C the cubic structuraderwent téragonal
di storti on andduthloeghspomtanecusistralntmatiomTheirkplamp (001)

14



lattice underwennegative thermal expansiayvertingthisin-plane latticecloser to the linear
expansion rate of glasEhe negative thermal expansion of thaxisin this temperature range
agreedwell with the complex bulk structural evolution detailed by Marronateal. (16) (see
Fig. S10for full analysig, andunderpinnedhe subsequent textud&ection Cooling through
point 3 in Fig. 4B, the outof-plane latticecontinuedits relatively fastreduction, whereas the
in-plane spacing of the orthorhombic structuassumed positive thermal expansion
[compensated by negative thermal expansion df-dres (16); seeFig. S1q. After the b-to-o

t r an s dyshoudmot inaease in a nstrained system. In oefampedhin film quy grew
rapidly and overshospontaneous strain contributgrbeing driven solely by the strained
interface. With rising strain, the relatidestabilizatiorof the yellow phasaasonly expected

to continue.

The small divergence of the-planeCsPb lattice parameter (crystat-axis) from the
expected linear contraction of the glass suggests that the perovskitetsubserfaceesulted
from the adaptable nature of the perovskaeystal rather thancovalent bondingThis is
supported by our studiex gtrained films depositedn ITO-covered glass (S13Jhe strong
mirroring of the structural evolutions during thermactlayg signified high elastic recovery.
Together, clamping aniaiterfacialstrain combind as key driving forces in defining both the
structural texture anthe improvedhermal phase relations tifeblack phaseThusonc e a
CsPb}.7Bro.s thin film was annealedat high temperaturest becamethermodynamically
trapped in an opticallgctive black phasd={g. 1A). Suchthermalstability is highly desirable
within optoelectronic devicesor instance, ta energy provided by an LED driving currean
readily destabilie the black phasé34). As a conceptual demonstrator, we fabricated and
characterizedfunctioningLED device using a stragal CsPld/Bro.sactive layer (seig. S20

for full details).Without anyoptimization the result is a working LED device withvasibly
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bright (luminanceof 20 cd/n? at 9 V) and high color purity(CIE coordinates0.72, 0.23

emission.
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Materials and Methods

PerovskiteSamples

In order to totally remove water, Csl, Phd PbBs powders were dried 12 hin a
vacuum oven at 60 °C. 0.04, 0.1, 0.2 and 0.4 mol/L perovskite presaistipns were
prepared in extra N ADimethylformamide (DMF) using Csl (Aldrich, 99.9%), PAldrich,
99%) and PbBrprecursors mixed for thesPbxBrx target composition in the appropriate
molar ratio. The yellow perovskite precursmiutions of 0.04, 0.1 and 0.2 mol/L in DMF
were filtered by a 0. Ld&ated, imaritrodgergloveibbxtoato and t
either glass or ITO/glassibstrates at 1500 rpm for 30 s and 3000 rpm for 60 s. In order to get
thicker perovskite films, a higher concentration of 0.4 mol/L was used (at the solubility limit
for the solution) with a spieoating speed of 600 and 300 rpm for 30 s each, both fedlow
with 1000 rpm for 60 s. All films were then transferred onto a hotplate for annealing at 160 °C
for 60 s. All films used in the main text were developed using a concentration of 0.2 mol/L,
unless otherwise specified.

Bulk materials were similarly syinésized, whereby crystallization took place in a static
environment on glass substrates (i.e. drop cast).

LED DeviceFabrication

The LED device fabrication was on an induim-oxide (ITO)coated glass substrate
with a sheet r esi sthelcoated glasssibstratdsére ctpanedm. Firs
following the same protocol that was previously descr{3&d36). Then a perovskites
precursotDMF solution of 02 mol/L was spin coated onto the ITO glass substrate (inside
glove box) at 1500 rpm for 30s arfeeh at 3000 rpm for 6Qgith accelerated speed of 1000
rpm. In order to get a homogenous film, the annealing process was at 160 °C for 1 minute and
was extended for 30s at 310 °C in a nitrogen atmosphere. Following this, the electron
injection layer of 2,Rlj,-(2,3,5Benzinetriyl}tris(1-phenyt1-H-benzimidazole) (TPBI) (60
nm) and lithium fluoride (1 nm) were deposited by thermal evaporation with vacuum pressure
belowl0* pa. To finish, a 150 nathick aluminum electrode was vapor deposited on top of
the ekctron transporting layer. Finally, the devices were sealed by ultragigi@ble resin in
a nitrogerfilled glove box before testing. The device electrical output characteristics were
measured in ambient air.

Differential ScanningCalorimetry(DSC)

The DSC system is a TA instruments Q2000 igat DSC, combined with an RSC90
cooling device. DSC crucibles (TZeroTM aluminum pans) were filled with GsBhl
materials in the yellow phase and sealed inside-filsid glove box and DSC data were
recorced at a ramping of 5 °C/min, by first heating samples from 25°C to 350°C, and then
cooling back across the same temperature range.

ScanningelectronMicroscopy(SEM)

SEM characterizations on the samples were carried out with a FEI Quar25PEG
SEM. Anacceleration voltage of 2 or 5 kV was applied during the measurements to reduce
charging on the sample surface.
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SynchrotrorbasedGrazinglncidenceWide Angle X-ray Scattering GIWAXS)
The GIWAXS data were collected at two different synchrotron lightcss, using
comparable wavelengths.

European Synchrotron Radiation Facility (SERF): Data from BMO1 (SNBL/ESRF in
Grenoble, France) was recorded using the PILATUS@SNBL diffractondtefMhe
monochromatic beana€ 0.95774 A) and the parameters of tietedtor were calibrated on
LaBe powder using PyFAI38). The obtained calibrations were implemented in Bubble for
further azimuthal integration of 2D images. The resulting unit cell models were refined using
the Le Bail method in Fullprof3Q). The samplavas positioned in parallel to the synchrotron
beam and optimal angle with a pronounced diffraction pattern was fixed for further variable
temperature measurements. Temperature of the sample was controlled using a heated nitrogen
blower, calibrated using ¢hdependence of silver unit cell parameters, measured at the sample
position.

ALBA Synchrotron: Data were recorded at N(OWWEET beamline (ALBA synchrotron
in Cerdanyola del Vall s, Spai wmadybeamdf8 xa mono
30 punt [H x V], using a Si (111) channel cut monochromator. The scattered signal was
recorded using a Rayonix LX283S area detector placed at 241.1 mm from the sample
position. The reciprocaj-space and sampte-detector distance were calculated usingOzr
as calibrant. j)Afii° wasichosenh o ertsuresfull genetrationldf thayx
beam through the layer. Continuousfldw over the sample was employed during the
measurements. Collected 2D images were azimuthally integrated using BgFAI (

ComputationaMethods
All density functional theory (DFT) calculations were performed with the VASP
software packaget(, 41) using the SCAN XC functional. Based on convergence tests for the
energy and forces, the eoff energy was setat600eVarid4 1 3p h(aos e) o-r 61 41 2
phase) kpoints were chosen. This leads to approximately the sgpoenk density for both
phases (~500003 The considered valence electrons wefg$8s' for Cs, 4d°5s’5p? for
Pb and 5%p° for I. The electronic convergentareshold for the energy was set tc®Ehd
the ionic convergence threshold was 10 times larger.

To elucidate the role of strain in the stability of the different Csptses, the energies
of different strained structures were compared. However tlaematically meaningful
comparison of the straiimduced energy difference between the phases is complicated by
their different symmetries and unit cells, preventing the definition of strain across both black
and yellow phases with respect to a singlerezfee state. As explained below, we therefore
applied a phasspecific strain related to the expected volume change with respect to the
300°C black phase, a quantity which is highly reliat.(
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Starting from a black CsPthin film atop a glass subste at 300°C, the material
undergoes a volume decrease when the temperature is cooled down to 100°C (volume
expansion coefficient of black phase: 11.8%K0%). An additional 5% volume decrease
occurs when the black phase transforms to the yellow phased on 0 K DFT calculations).
We assume anisotropic effects of these volume changes to be evened out due to the
polycrystallinity of CsPhi. The average linear reduction can therefore be derived from the
volume changes and is about 1% for the black paase 1 0 0 A hagel) and forithe 9
yellow phase at 100°C an extra 2% is added. Whereas this situation correctly describes the
free CsPhd material (see main manuscript, Fig. 3B, top), the thin film is clamped to the
substrate, which does not alterdimmensions much as a function of temperature. It is thus
hindered to change shape in #yeplane (see main manuscript, Fig. 3B, bottom). This will
result in an irplane strain that is equal to the expected linear reduction. Due to the
polycrystallinity, hexy-plane may coincide with different crystallographic planes of the black
and yellow phases. 12 different planes were considered: (100), (010), (G0@), (161),

(110), (012), (102), (120), (013), (103) and (130).

In our calculations, we mimicketie CsPhi strained at the interface. A biaxial strain of
+1% (+3%) in the (001) plane, for example, was achieved by multiplying &mel Gunit
vectors by 1.01 (1.03) and fixing them, while thenit vector and ionic positions were able
to relax (usemodified VASP version). Biaxial strains in the (010) and (100) plane were
handled similarly. For other planes, the conventional supercell was transformed such that the
planes under investigation oaided with the (001), (010) or (100) plane of the transformed
unit cell. Note that strain can decrease the symmetry of the unit cell, especially-for low
symmetry planes. Therefore, the geometry optimization for strain on the (012), (102), (120),
(013), (D3) and (130) planes was done for supercells that are 3 times larger than the unit cell
of the o2 and U phases (see also Figure S14).
twice the size of the unit cell was used which led to a better convergethesemergy.

The effect of strain on the energy for each plane is equal to the calculated energy of the
biaxially strained unit cell minus the energy of the unstrained unit cell. The full set of results
for each plane, together with the average, areisho Table S1.

Photoluminescendé’L) Spectroscopy
Emission spectra (450 nm excitation) were recorded on an Edinburgh FLS980
fluorimeter and corrected for the wavelength dependence of the detector channel.

LED DeviceCharacterization

The current densityoltage (dV) characteristic was measured with a Keithley 6430
source meter. The absolute radiation flux for calculating the EQE, power efficiency and
luminance was collected with a measurement system containing an integrating splare an
Ocean Optics USB4000 spectrometer, which was calibrated with a standard halogen lamp
(Ocean Optics Hi2000). The electroluminescence (EL) spectra were recorded using an
Edinburgh FLS980 fluorimeter adapted with an integrating sphere.

Atomic force microscopyAFM)
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AFM measurements were carried out in air using a PicoSPM (Agilent) instrument in
intermittent contact mode. Olympus silicon cantilevers (OMXZI160TS) were used.

Profilometry
Optical 3D surface profiling was made using a S Lynx compad&t@reter (Sensofar)

to determine the film thicknesses. A Si wafer was used to locally remove the thin film and
allow its thickness to be measured, and not cut into the substrate. The profilometer instrument
was equipped with Nikon TU Plan Fluor lensesihgwa magnification of 10, 20, and 50, and
profiles were generated and analyzed using the SensoSCAN software package.

CsPbl; spin coat [ 5

i, Te .

Fig. S1.

SEM images of CsPpand CsPhl/Bro3zsamples prepared by spin coating (thin films and

NCs) and drop cast depositions (p@ng). The thin films exhibit NCs ranging from roughly

507 200 nm, while the powders have a larger ne&kléiemorphological arrangement,

defined by the stacking of crystals which are relatively long (approximately ranging from 5 to
15 pm). The contrastinghorphology arising here is expect@8) given the different

synthesis processes employed, in that the crystallization of GgBRjk occurs during the
evaporation of the solvent; both liquid depositions have roughly the same surface area, but
differert volumes, resulting is a different nucleation and crystallization kinetics. As detailed
in the main text, this morphological difference is important, as the relatively different surface
energy contributions will influence the thermal phase relations.
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X-ray detector

Heating coils CsPbl,_,Br, thin film

Diffracted
X-ray beam

Incident
X-ray - Hot N, gas
Fig. S2.
Schematic illustration of the scattering geometry of synchrotron GIWAXS measurements
(ESRF) performed on perovskite thin films. The incident 4y beam (& = 0. 9577

from the sample under a grazing angle, projectingshmaped diffracbn signals onto the
largerarea imaging detector which can sample with a high temporal resolution0(@.1

s/frame). The sample temperature is controlled through its immersion at the center of a heated
N2 gas flow which has been calibrated using a ezfee silver crystal. Depending on the
polycrystalline texture and anisotropic (micro)structure (i.e. biaxial strain), {blaie ()

and outof-plane (};) scattering vectors and intensities may differ, differences which are
resolved by selectivelyewalat i ng t he relevant scattering ax
integrating over the whole image (i, are used for modelling and structural refinements
within the main text. Measurements made at ALBA synchrotron are performed in the same
way usinga similar wavelength & = 0 ., th&dugh6nih lowér temporal resolutioni(5

10 s/frame).
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Fig. S3.

GIWAXS patterns and structural refinements of thin film Cs@b(A) RT and (B) 330°C,

matching the phases reported previou&ly 81). Note thathe broad scattering background

(due to the glass substrate) was removed after refinement, for a clearer representation of the
data. Structural representations of the respective phases are presented on the right; Cs is blue,
Pb is purple and | is red.
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Fig. S4.

GIWAXS t-T profile (ALBA) recorded in situ at room temperature, through a moisture
triggered (ambient atmosphere; 27% relative humidity) btagjellow phase transition.
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Distribution
of texture

%

Imaging detector

Ewald sphere

Fig. S6.

Schematic illustration of how texture manifests as an anisotropic signal in the large area
synchrotrorbased GIWAXS data. The two cones depict the relative preferred orientation

vectors in and out of the polycrystalline thin film plane. The red veciars & texture

di stribution, defined by angle G. As such, w
di ffraction conditions are fulfilled and gen
single crystal system), their interception forms diffi@c lines (arcs in this case) which are

projected onto the large area detector plane.

30



heating slow cooling
8-CsPbl; @ 290 °C —_— a-CsPbl; @ 330 °C —_— §-CsPbl; @ RT

30

25

[\
[=]

—_
(4]

g , 28 (degrees)

_
[=]

G,y » 20 (degrees) Qxy » 20 (degrees) Qxy » 20 (degrees)

Fig. S7.

Calibrated GIWAXS imagesofaCsBblhi n f i | mobef oaesit hieod (| ef t-phase (middle}, énd aghiring h htee mip e
state (right), following a relatively slow cooling back to R {C /min).
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(A) 2D intensity image of the thermally quenched strained black @#fRblfilm covering the low angle
diffraction rings, as a linear function of the azimuttagle. (B) Normalized intensity profiles of the (200), (110)

and (002) peaks found in (A), as a function of the azimuthal angle. A double Gaussian peak fit has been applied

to the (110) intensity, showing-biodal peaks nearing 45° and 135°, with afidth at half maxima of

approximately 55A.

described in the main text.
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I (200) plane I (110) plane

I (002) plane

Fig. SO.

Geometric illustration of the crystal texture, showing most prob@imatation of the
g u e n c-GsPlz} thio film at RT.
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Fig. S10.

(&) A comparison of the lattice parameters derived from our kinetically trapped textured black
CsPbg thin film with the temperature evolution of the bulk lattice parameters reported by
Marronnieret al.(16). For completeness, the calculated temperature dependence of the
normalisedd 1 10) | at t i dyparasgtes (thromgly Eqalnddscriged in the main

text) are included. (b) Evaluation of spontaneous strains introduced durifogrita¢ion of an
anisotropic lowt e mp e r-ghasa uni celh as derived from the data contained in
Marronnieret al.(16) B e | o w-t tolpleasefiransition, botha@nd @ change at the same
rate, explaini ng dgin(a® ovprithasamearanged v al ue of

Spontaneous Strain AnalysiEhe change in shape of the unit cell due to the phase transition
is expressed in terms of the spontaneous strain, which we havelddefteems of the lattice
parameters reported by Marronnétral (16) This quantity is always measured relative to the
undistorted cell. For the phase transitions outlined here, the components of the spontaneous
strain are defined asi = (a1 ao)/ao, & = (b T ag)/ag andesz = (Ci ag)/ao, wherea, b andc are

the lattice parameters of the orthorhombic phasesarsithe extrapolated lattice parameter of
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the cubic phase at a given temperature. Transitioning from sskighetry cubic, the
degenerate symmetikyreaking distortions are respectively divided into tetragamead

orthorhombic &) strains bye, = e11 e ande: = (2es eil e2)///l0.
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Fig. S11.

(A) Photographs of CsPthin films generated when varying the molar concentrations of the
solution deposited during spin coating. Sample 0.4 M was developed using an initial spin
coating speed of 600 rpm, while sample 0.4 M* indicates the corner of the substrate surface
which was developed using 300 rpm, where the film is thicker due to pooling during spin
coating. (B) Example profilometry profiles of the scratched films (using Si wafer) with
different thickness. (C) CsPthin film thickness as a function of solution concembrat
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excluding sample 0.4M*. The inset shows the less influential role of spin speed on the
resulting film thickness (measured in the center), using 0.4 M. (D) GIWAXS images detected
for all films (ALBA synchrotron), with a comparison to the backgroundaigenerated from

a clean glass substrate, which fades with increasing €sfibfilm thickness.
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Fig. S12.

Comparison of the imand outof-plane scattering positions of the thermally quenched

s t r aiCsPbl8 thimfilms generated using differeniusion precursor concentrations,

arriving at the different film thicknesses described in Fig. S11. The inset shows the different
g d parameters determined from these data as a function of the film thickness.
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Fig. S13.

(A) Atomic force micrographs (AFMof glass and ITO surface morphology, with root mean
squared (RMS) roughness parameters inset. (B) Raw GIWAXS 2D image (ALBA synchrotron)
of thermally quenched strained black CsPbl3 thin film deposited on ITO covered glass, with
expansion over the loande signals highlighting the split (002)/(001) and (110) Bragg peaks
arising from in and outof-plane scattering, respectively. Ttpad value derived from the split

peaks is 1.64%, being comparable to the films deposited atop of glass (see Fig. S12). The
comparabl e strain values ar i g)ofbbtleltGandgasst h e
are similar, residing between 4 x4 9x10° K1, (C) Corresponding optical images (right) of

a partially scrapped CsRtihin film surface (free NCs running down the center) deposited on
ITO, recorded under MNat different temperatures during a quenching temperature profile (left).
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Fig. S14.

Strain and fix: d and €

relax : b

Strain and fix: 8@ and ¢

relax : b

Strain and fix: 8 and b

relax : ¢

Indication of the (010), (61) and (012) plane in the conventional unit cellki¥sPbs and

the corresponding unit cell that was used to biaxially strain the unit cell along that plane. For

the (010) plane the conventional unit cell can be used. For the) ({flane the shape of the
unit cell is changed such that the (010) planthefnew unit cell corresponds with the {D11

plane of the conventional unit cell. For the (012) plane the size of the unit cell is tripled and
the shape is changed such that the (001) plane of the new unit cell corresponds with the (012)

plane of the corentional unit cell.
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Fig. S15.

Comparison of the normalized PL emissions (450 nm excitation) recorded from thermally
quenched CsPh(Bry)s (x = 0, 0.05 and 0.1) thin films at RT.
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Fig. S16.

Differential scanning calorimetry (DSC) scans used to quantify the energy landscape
(Table S2) of higitemperature phase transitions in polymorphic NCs and powders of
CsPb(1.xBrx)z (x = 0, 0.05 and 0.1). All DSC data were recorded using a 5 °C/min
temper&ure ramp, by first heating samples from 25 °C to 350 °C, and then cooling back
across the same temperature range.

PowdersBeing thermally inactive below roughly 300 °C, we see the GgRiwder

only experiences a narrow peak upon heating up to 3201€&gely it undergoes an
endothermic U to U phase transition. A rela
270 °C is observed in CsRhipon cooling, indicating the return back to the yellow

phase. There is a large difference between the center postitresexothermic and

endothermic peaks coming from the CsRimwder, manifestingia thermal hysteresis,

which is reportedly sensitive to moistydef). The powdered CsPéxothermic feature

is clearly asymmetric; a similar DSC lineshayes also identified by Dastidat al

(149, caused by the presence of the transient

(i .e. b and 929). Through the substitutional
bromine atoms, we see qualitatively damibehavior for the mixed halide powders.
There are some i mportant differences; upon

feature is shifted to lower temperatures with a rising Br concentration, in parallel to a
reduction in the exothermic onset tempeara and peak center. Notably, bromine
doping asymmetrically broadens the exothermic feature, toward lower temperatures.
Together, this signifies an energetic stabilization of the metastable black phases
bridging the U to U transition.

NanocrystalsThesizedriven differences observed between the NCs (scraped free from

the thin film substrate) and the powders are distinct. During the heating ramp the NCs
exhibit a G to U transition temperature whi
along with arexaggerated higtemperature tail, which we assigng GIWAXS
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experiments; data not shown) to an intermediatedgmmetry black phase(s) which

di srupt the nominal transformation pathway
exothermic transitionfahe NCs is further asymmetrically broadened and shifted to

lower temperatures, relative to the bulk materials. For the €BRlId, a second smaller

peak appears closer to RT (inset data), to finalize an incompletéemgterature

transformation. For thigee Brdoped NCs, it is significantly more stable than the bulk,
transitioning from black to yellow just below 100 °C. Clearly the NCs formed during

spin coating are far more stable that the bulk materials synthesized via drop casting, an
observation iine with the energy calculation of Zhatal (21).
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Fig. S18.

(Bottom) Temporal 2d signals of Fitgure 4A o
angle blackphase peak, along witin evaluation of its anisotropic straipd. (Top)

Selected GIWAXS images highlighting the different moments in the thin film texture

and strain evolution; the unstrained higle mp e r-@sPhj Bre 3 thh film (i), the

introduction of anisotropic p&asplitting via a tetragonal distortion textured [110]-out

of-plane (ii), maximum splitting and strain reached near RT (iii), and the return to no
splitting or text usRbhbBroz@ve reheated back to
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