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Abstract :

The lecentremarkableachievements in terms of efficiency performance and stabilitylofid
organicinorganicperovskite solar cellPSCs)have been notably obtained by optimizing the
A-site cation composition oformamidiniumbased3D perovskits. As methylammorum
chloride is ubiquitously employed irprecursor solution forvery high efficiency
formamidiniumbasedPSC,the purpose of the present paper is to untralexact roleof
methylammoniunfMA™), chloride and solvern the film growthand their fateipon theayer
thermal annealingrocessMethylammoniums shown to react with formamidinium to form
two methyl compounds whilis excess is eliminated along with chloridéefinal perovskite
layer A-sites are mainly occuigd by formamdinium, wrereasMA ™ content isonly 2-3 mol%,
andbelow 3-N-Methyl formamidiniumone 1-N-Methyl formamidiniumis detected as traces
Meanwhile, he solent is homogeneously eliminated throughout the layer thickigssn
thermal agingstress the layer is degraded from its top with the formation of PMA" is
rapidly fully eliminated while thestable methyl formamidinium ©mpounds remain in the

perovskitdayer.

Keywords : Halide perovskite layer; Cations reactivity upon thernzadnealing methyl

formamidinium; Nuclear Magriie Resonance NMRFhermal aging.
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1. Introduction

The rapid expansion of reseagesion perovskite solar cel[®SCshas been driven by many
favorable chemical and optectronic propertie®f hybrid organic/inorganic perovskites
compoundssuch as theilow-cost andmild-temperature solution processabilitpandgap
tunability, high absorption coefficient, lorecombination rateandlong diffusion lengthand
high mobility ofther charge carriergl-7] It has resulted in a rapid rise in the record power
conversion efficiency (PCE)f PSCswhich lies nowbeyond25%][8-12] These impressive
progresses in thefficiency performance have been the results of adapth work on the
perovskite material itself and on the interfa@algineeringwith the development of buffer
layers of various compositiofi$3-23] Compositional engineering plays a key padéhieving
highly efficient and stable PSCs aids noticeable that the works reporting efficien@bsve
24% are based on perovskimpoundsvith a compositiomixing both formamidiniunFA™)
and methylammoniurtMA*) monovalent catiosin the Asite d the perovskite structur@he
investigatedccompositiongange fromFA1.xMAxPbk,[13-19] to various compositions mixing
more monovalent cations (MAFA", Cs) along withl and Br halide§20-23] Amazingly, a
carefulscrutinizing of theperovskiteprecursor solutioiPPS)compositionin these references
reveals thaMACI is always employe@nd seems to play a key rdle high performance
achievemenfl13-23]

Formamidiniumrich lead iodide formulations have focused muattention to target a
bandgap approachirthe ShockleyQueisser optimurf24] However, due to the large size of
FA®, a latticedistortionis induced under ambient conditiaproducing a phase transformation
into thenon-perovskite /-phaseTo overcome this problem and stabilibe black perovskite
.-phase one or moresmaller cations, especially MAcan be addedHowever, MA" has
undesired propertigbat jeopardize thieng-termstability of the devicesvIA* is ahydrophilic
compoundand moisture is detrimental for the perovskite stabilityahalsoform methylamine
by deprotonation thatutgagswith time[25,26] andit degradesundervariousstressrs[24,26]
such as heaproducing iodomethanehichis gas releasef@7] Moreover, aclassical approach
to introduce MA cationin the perovskite films to employ an excess of M&Aased precursor
in the precursor solutiordpon thepreparation process, MAwill be mostly eliminagéd while
only a small fraction will be integrated into the lattibe a previous work, we have introduced
liquid NMR measurements tccurately quantify the organic cations in perovskite thin films
employedin high efficiency solar cells that have been produced fromstaiohiometric

precursor solutiongl4] We have found thatvhen MACI is used as aadditive between20
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and 55mol% of Pbj, most of MA' is eliminated upothermalannealing14] The remaining

amounthas beersupposed taorrespondo the quantity required for the thermodynamical
stabilization of the layer. Liquid NMR also allowed usstoow the presenda the final layer

of products formed bthe methylation offormamidinium.

If MACI is ubiquitously empbyed in very high efficiency PSC, its behavior and exact role
on the film growth remain to beénveiled Moreover, anotheimportant question is thiate of
MA™* presentn the lattice upon aging, especially uporrthalstressin the present work we
have employea liquid NMR technique to directlyollow the fate of methylammonium and
soaking solvent upon thieermal annealingrocess (TAPtilized for the preparation dflms
actuallyusedin final photovoltaicdevices Thetransient andinal compositiors of the FAPb3
perovskitefilm prepared with MAClhave beenunveiledby this technique.These data have
been completed by glow discharge optical emission spatpy (GD-OES) measurements
which have allowed u$o follow the kinetics of MA* and solvent eliminati®and their
elimination profileevolution Moreover, we show #t MA™ partly reacs with formamidinium
after deprotonatioto produce methyflormamidiniumcompounls. We give the mechanism of
these reactiondVe have also investigated ttreermal agingf the layers. WeevealthatMA™
is further removedthen andthat thelattice shrinls. After a few hours, MA is almost fully

eliminated whilethe stablemethytHormamidiniumproductsremain in the layer.

2. Results and discussion

2.1. Effect of MACI additive on therovskitdayer formation.

As a key compound for reaching high efficiency, &xactrole and fate of MACI on the
perovskite film formationremain tobe fully understoodWe focusedour attentionon the
preparation of FAPRIperovskite films. Weemployedthe precursor solution optimized in our
previous work,[14,13 in which FAI, Pbb and MACI at 48 mol% of Phlare mixedThe details
about the solar cells properties and performances can be found in Refs[14] anth§ls].
prepared PSCs reachethaximumpowerconversion efficiency of 22.2%fter the addition of
a capping layer formed hyeating the perovskitBlm surface bya 2-phenylethylammonium
iodide(PEAI) solution(Table S1, Supporting Information)rheFAPbk PSC, prepared without
MACI additive,reached a PCE afnly 14.3 %measuredn the reverse scand exhibitech
large hysteresi@Control samplefTable S1, Supporting Information
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Precursor thin filns were first prepared by sphgoating andchlorobenzenantisolvent

dripping As discussed below in more detailsthwut MACI, thar XRD patternexhibiteda /-
phasediffraction peaksat 1180°, while, ZLWK 0$& O W K Hpl&aseUMasydétddiesy H
13.97°DORQJ ZLWK D V Poba3«T hefihisweatheRthefmallyannealedt 153°C

to complete the crystallizatioiThe maximum PCE was attainédr 13 min of thermal
annealing timeThe layer componengsvolution upon TARwverefollowed from their proton
nuclear magnetic resonanc#l (NMR) spectraFor each annealing time, several films were
dissolved in deuterium dimethyl sulfoxide (DMSIB) and theresulting solutions were

analyzed byiquid *H-NMR as shown irFigure 1a.

- - . L o X . . L L 10.000
0 40 80 120 760 40 80 120 760 800
Annealing time (s) Annealing time (s)

DMSO signal intensity

/.

\.
40 80 120 760 800

Annealing time (s)

Figure 1. (a) Preparation process of NMR perovskite films samplesx{band xua layer values
measured byH-NMR for variousthermalannealing timeg(c) Variation ofxsmea andxiura, measured
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by NMR, with the thermal annealing time. (d) Variation tbf 'H-NMR protonatedDMSO signal
intensity inglet at/ S SwAth thelayerannealing time.

The liquid-state'H-NMR specta forincreasingannealing times are reportedrigures Sla
e (Supporting Information)For theinitial precusor layer(Figure S19, *H signas were found
DW / SSP DQG / S S Rth&rKetthly I GHix)JdigHiaHn K1A WaKdthe
methyne (&1) signalin FA", respectivelyreference spectra Figure Sif andS1g, Supporting
Information also confirmed by3C-NMR). The spectrum also exhibitstlventwith the peak
at / = 2.54 ppmassignedo the *H methylsignalof the soakingdimethylsulfoxide PMSO)
presentn the initial layer.Signals DW / SSP SSP D Qt@ibutedtosSSP DUH
dimethyl formamide (DMF)solvent After 30 s of layer thermal annealing,(Figure S1h
Supporting Informationthe intensity of théVIA™ peak at/ = 2.37 ppmwas decreasedueto
the elimination of this compound. We also obsdnz VW URQJ GHFUHDVH RI WKH "
= 2.54 ppmA third interesting feature #hattwo newproton signalgappearedD W 2/81 ppm
and / 2.96 ppm They could be indexed owing teferenceproductspreparedoy reacting
methylamine and formamidinium iodi25] and measurebly NMR (Figure Sih, Supporting
Information) They allowed us to assigh S ®Rhe methyl (Ei3) signal of3-N-
Methylformamidinium (€13-NH2-CH=NH."), noted 3MFA, and the second signal
ppm) to 1-N-Methyl formamidinium (NH*-CH=N-CH3), noted 1MFA. The reference
spectrum ofLtN-3N-dimethylformamidinium (CHNH2"-CH=N-CHs, noted DMFA)(Figure
S1i, Supporting Information)s characterized by w!H signalat 2.79 ppm and 3.02 ppm. The
first one is assigned the methylgroupof CH3s-NH-, while theseconds assigned to the other
methylgroup CH3s-N=. This compound was nailearly detected in théayers, even after the
full thermal annealing procesSMFA™ and 1MFA can be formedby the rexction of
methylamine the MA* deprotonation producf{Scheme A), with FA* through addition
elimination reactioa Scheme B summarizes the reactions that occur in the layers according
to ourNMR resultsIn Scheme C, we also consider thpossibleformation ofDMFA produced
by reactingVA with SMFA™ or IMFA".

For 1 min (Figure S19, 2 min (Figure S1d and 13 minFigure S1¢ annealingimes, he
trendwasthe decrease of the MAand DMSOsignabk while those oBMFA™ and in a less
extent,IMFA™ increasd. The frst important conclusianarethat(i) the final layeris a mixed
organic cation perovskite whidontains FA, MA*, BMFA* and1MFA" and that(ii) the two
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lattercationsare formed by additioeliminationupon thdayer TAP at 153 °C We also noted

thatDMFA™ was notclearlydetectedonly traces in some samples)

Table 1 Molar fractiors of organicA-site catiors in the layerslinitial composition and for increasing
annealingat 133 °C times.

Annealing time | xg XMA XaMFA X1MFA
Os 0.687 0.313 0 0

30s 0.7&% 0.223 0.010 0.0
60s 0.849 0.126 0.02 0.003
2 min 0.89 0.0&% 0.021 0.002
13 min 0.940 0.02 0.034 0.0@3

The signalpeals have been integrated areported to one Hor each organic catiotWe
havethen quantifiedthe global molar fraction for eachof them (Xra, Xea, Xamra, Xsmra) at
increasing thermal annealing timeperiods as described in thé&ection B (Supporting
Information) The residual hydrogen signal of deuterated DM@k TXLQWXSOHW DW /
ppm) was used as an internal referefite results are gatheredTiable 1 In the initial layer,
xva was measured a0.313 by NMR. Thisvalue is very close to thstoichiometryin the
precursor solution (0.325) andereforeit validates our approach to titrate the cations in the
layer by liquidNMR. The absence BMFA", IMFA" and DMFA' in the initial layer(0s)
revealsthat these cationserenot generated in therecursor solutiomsed in this studgand
thatthe additionreliminationreactionsdid not occur upothe PPS preparaticand storage, as
well as uponthe spincoating and drippingteps Figure 1b shows thatwa continuously
decreased upon tHAP due to thevolatilization of methylammoniunafter deprotonationAt
the end of thisnnealingstep, after 13 mimxua wasfoundat thevery lowlevel of 0.02-0.03.
This isin good agreement with our previoreport[14] Anotherimportantfinding is that the
condensation products appeduponthe thermalannealing at 153 °@ndthattheir quantity
increasd with the annealing timeThe predominant product w&MFA* while IMFA" was
formed ina 10 timedess extentThese twaompounddave beemprodu@dby protontransfer
from methylamine $cheme B). We have performed thermodynamical calculatierisch
agree with our titration resulf@-igure S2g Supporting Information) They show that the
reaction between FAI and MA spontaneougnd thaBMFA™ is more stable thabMFA™. We

6
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have alsa@onsidered the further reactmof IMFA™ and3MFA™ with methylamineas shown

in Scheme C. This reaction is more difficulfFigure S2by Supporting Information)and it
explainsthe absence aflearlydetectable DMFAin the perovskite layergven after the TAP
completion Finally, it is noticeable thahefinal SMFA™* contentwasslightly higher tharthe

MA™ one(Table 1). Thedeprotonation of MAis a thermally activated reaction.

A)
H
o ¥ % .
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B
) @ R
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Scheme 1Possible reaction echanism of methyHormamidinium compounds formation by addition
elimination.
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As the organic cation size is an important parameter for the perovskite statahilization,
we have drawn the five organic catiom®lecular structureand calculated their maximum
length inFigure S3(Supporting Information)The stability of the perovskiteompoundsas
been reported to depend on th@éoldschmidtolerance factq tc [28,29] defined as :

& >&
VP& >8;

RL (1)

wherera, rg andrx are the ionic radii of A, B and X ions, respectively, in AEXd are reported
in Table S (Supporting Information)}-or pure FAPD, tc is 0.987 This valuasslightly higher
than the ideabneandFAPbDk is supposed to easily lead to the formatiothef\ H O O-phZsé.
tc of the methyformamidiniumcompounds are higher due to thigger sizgra) of MFA™. It
is calculated at 1.041 fofSMFA)Pbk. Since he large cations cannotenter into the 3D
perovskitelattice,we conclude that theyust be located at defe@sador at grain boundaries.
Interestingly, he shape and size of the metfgdmamidiniummonocationsnvolved hereare
similar to those of hydroxyethylammonium (HBAand thioethylammonium (TEA which
have been shown to subst&uPbt units in leaddeficient perovskiteand to stabilize the 3D
perovskite structurein Ref[10,2830] A similar phenomenon coulthen be involved in the
present casehere 3MFA and 1MFA" would substtute lead and iodidehargedvacancies

Based on the above discussion, we have also analyzed the effect of MACI aatdibiunet
in PPSon the organic cation composition of the final FAJMACI layers MACI in the
precursor solutiorwas varied between 20 mol% to 55 mol% of P®lll the layers were
annealed for 13 miriTable 2 shows the molar fraction of the four organic cations calculated
from NMR datareported inFigure S4(Supporting Information)Up to 40 mol% of MACI, ve
found thatMA™ and methylformamidinium cations increased continuousiynd that MA
content was close to the 3MFAne Above, the composition was constamithin the
uncertainty of thetitration method. We can then suppose thia system has reacheal
compositionoptimumin terms of entropic stabilizationln our previous work [14], we have
shown that the PCE continuously incresfsem 20 mol% to 48 mol% and then deases (see
alsoTable S1 Supporting Information)rhe 48 mol% samples exhibited the best structural and

morphologcal quality and a monolithic structure.
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Table 2 Fraction of the organié-site catiors in the final perovskite layer as a function of the MACI
mol% added in the precursor solution.

MACI/

XFA XMA X3MFA X1MFA
20 mol% 0.96 0.014 0.018 0.0
30 mol% 0.953 0.02 0.022 0.0@
40 mol% 0.934 0.030 0.032 0.004
48 mol% 0.934 0.024 0.038 0.04
55 mol% 0.937 0.0% 0.033 0.004

NMR measurement@sorevealed that thmitial precursoffilm contained soakingolvens.
Protonated'062 ZDV GHW HFABHEpmIN & rdther largeuantity because DMSO
interacs with Pb| precursorsand cannot be fully eliminated by the antisolvent drippBig
DMF was alsaetectedbut asatrace(signals at/ SSP S S Ppn) The
variation of the DMSQCcontentwith the TAP time in Figure 1d revealsthat this solventis

rapidly eliminated from the laye@nd thai low levelis found afteronly 30s.
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Figure 2. (a) Left: Investigated solar cells architecture with the scale of@Beplasmabeam which
abraasgradually the structure with tim&he detection diameter is 4 mm. Right: film annealing process.
(b,c) Evolution of GBOESsulfur element (S) profile in the (b) FARINd (c) FAPI/MACI layes upon
thermal annealingd,e) Peak integral area of upper layer and lower lay@rcaeasingannealing time.
(Blue dashed line: linear fit line of upper layBrown dashed line: linear fit line of lower layer).
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The GDOES techmque was employedtfurtheruncoverthe DMSO solvent elimination

mechanismIn this technique, an argon plasma is created which progressibiyes the
sample surface in a plaiparallel manne(Figure 2a). Thereleasedample atomsreexcited
prior toemit light upon their deexcitatiomheanalysis of the emitted spectrum gitles sample
elemental composition in real tim8ince sulfur is only present in DMS@g followedthe
variation of sulfur profiles with th& AP time (Figure 2a-c and Figure Sba,b Supporting
Information) TheFAPI/MACI curvesaredisclosed irFigure 2c. We observed that the solvent
was mostly localized in the upper part of the layer (short sputtering tiboeing the first
annealingseconds, the soaking solveves rapidly eliminatedespeciallythe fraction localized
near the surface. After g, we observed thabMSO was rather homogeneously eliminated
throughout the laydpy volatilization We compared the behavior of our system wittontrol
sample free of MACI additive(FAPbk) in Figure 2b. We found gain alarge amount of
solvent in the top part of the laydrrwas quickly eliminated while the inner solvent was more
difficult to remove.To visualize the kinetic of solvent elimination, we divided the laytran
inner andan upper part as described in our previous wofR2] and in the Supporting
Information(Figure S6 andrelatedcomment Supporting Information We then quantified the
solvent content in these layers by integrating the cuRigsre 2d and 2ereport the integration
values at increasing TAP time without and witMACI additive, respectively.The fast
elimination of the solverduring the first seconds is confirmed in both cases. For RAPI=
slope is much higher for the inngower) layer canpared with the outdupper)layer. It is the
signature of aupward growth (from bottom to tppOn the other hand, the two slopes are close
for the FAPI/MACI system. It shows that the solvent is homogeneously eliminated in this case.
It resuls in large perovskite graia and in a monolithic structuras shown inFigure S7

(Supporting Information).

GD-OEStechnique was also employ&alfurther investigate the fate of MACI in the layer
upon TAR Figure 3a shows the evolution of the carbon element preafildFigure 3b figures
out the integration over the full profile. The initiadurveis characterized by a-feak in the
upper layer part (short sputtering time). It fits with theuBse inFigure 2c andis assigned to
the soaking solvent. This peak disappelringthe first 4s off AP. This resultagreeswith the
NMR study Then, for longer annealing time, a snttrease of theeak integral area is found
(Figure 3b). Based orour NMR result,it correspondgo the elimination of MA which is
slower than the solvent elimination. We have also faidthe chlorine profile evolution upon

the layerTAP in Figure 3c. Chlorine originate from MACI. The integral of the profile is

11
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reportedat various annealing tirsein Figure 3d. It is observed that CI isontinuously

eliminated from the layer. Most of Cl is eliminated during the first 2 ofiAP. The curve
follows the carbon onéecausehloride is eliminated with methylammoniu@nly traces of

Cl arepresenin the final layer

Figure 3. (a) Evolution of GDOES carbon element profile in the FAPI/MAGlyer upon thermal
annealingand (b) corresponding peak integral aeaEvolution of GBOES chlorine element profile
in the FAPI/MACIlayer upon thermal annealirsgpd (d) corresponding peak integral area upon thermal
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annealing(e-g) XRD patters of FAPI films upon thermal annealin@-j) XRD patters of FAPI/MACI

films uponthermal annealing an) ]RRP YLHZ RI WKH . GLIITUDFWLRQ SHDN

We also measured the XRD patterns of the layers upon th@flggPmples without and with
MACI additive. In the control layer,he initial crystallized fraction oFAPH 3z waspure non
SHURYYMhN&aMH / D \80°) and the samptavereyellow colored Figure 3e). On the
RWKHU KDQG WKH VDPSOH ZLWK 03$&0OpdEd3¢/ . EURDW FRQWDL(
with a small fraction of/-phaseThe benefis of MACI additiveincludes thestabilization ofthe
.-phaseg(Figure 3h).[13,14] The control layer, after 60s of annealing tippeesengéd a rather
E U R Pliase pealbhk at 12.7° and thé-phaseat 11.80? After completion of th& AP, these
three phasesere already present and the crystallinitsgsbetter.A close look aFigure 3f and
Figure 3g for short and long FAPI annealing times shows a peak splitting with a second peak
at 11.45° and 11.55fespectively Such spitting has been observed upon aging under a humid
environment [33] but its origin in the present case remains to be claffedhe MACI
containingV D P S O Hpha&ekpak intensity continuously increbaed the final crystallinity
was high.Figure 3k compares the(001) perovskite peak position. A lefhift wasfound with
TAP which corresponds to a lattice parameter enlargement. Based on the NMR results, it
assigned to the MA elimination and to the formation of the methyl compotihdsasier
crystallization of the perovskite in the presence of MA®as conirmed by differential
scanning calorimetry (DSQ34] In Figure S8a 6 XSSRUWLQJ ,QIRphBEEWLRQ
crystallizationprocessdefinedby the third endothermic peak our previous wor§35], ends
at 153.5°C in the absence of additive. Adding MACI redubés temperature to 123.5°C
(Figure S8b Supporting Information)and it is concluded that this additive renders the

crystallization easier

2.2. Thermal aqging of the layers.

The previoussection has highlighted thecomplex behaviourof MACI upon the film
formation processespecially during thtnermal annealingA striking result is thatin the final
film, only a small amount of MA atabout2-3% molar fractionof A-site cationremains in the
layer to stabilize the structurAs solar panels undergo various stress, notably thermal stress,
an important question is then whiahppes to the layer when it is submitted tather high

temperature To get insights ito the behavior of organi&-site cations upon thermal aging,

13
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we conducted NMR, GBDES XRD and optical measuremeimvestigationsto follow the

change®ccurringin the perovskite filmupon heating in a Natmosphere at 130°C.

The NMR spectra are disclosed kigure S9a-d (Supporting Information). We have
followedthe change in thglobalmolar fraction for eaclA-siteorganic cationXga, Xva, Xamra,
x1imra) With the thermal agingT@ble 3). It is remarkable that MAis rapidly eliminatedduring
the first heating hoursvhile xamra slightly increaseandxivmra remains lowBetween 10h and
20haging timenocompositionathangevas foundAs newly considered cations in perovskite
layer, we measured the thermal stability eMéthyl formamidinium bydifferential scanning
calorimetry. We found that the 3MFAI and 1MFAI mixture was stable up to 200 °Cipee
S8c,d, Supportingnformation).

Table 3. Molar fraction of the organié-sitecatiorsin theinitial layerand forincreasinghermal stress
agingtimesat 130°C in N.

Aging time XFA XMA XaMFA X1MFA
Oh 0.940 0.022 0.034 0.003
4h 0.948 0.007 0.041 0.004
10 h 0.9 0.003 0.042 0.003
20 h 0.951 0.004 0.042 0.003
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Figure 4. Effects of perovskite aging at 130°C in;Mtmosphere ofe-d) SEM top view (scale bar 1
pum) and(e-h) crosssectionaliew (scale bar 300 nmYhe red boxes outline the Rlgirain formation.
(i) On theXRD pattern of thgerovskitdayer. (j) GD-OES profile curve dfitanium (Ti) and(k) carbon
(C) elemens. (I) Integrds of Carbon GDOES profile curves (m) Absorbance and (n)
photoluminescencéPL) spectra.

The XRD patterns inFigure 4i and Figure S10 (Supporting Information)show the
appearance of Pb&fter 4h of thermal aging time and an increase of thed@btentwith time.
Pbkis theperovskieGHJUDGDWLRQ SURGXFW 7KH DQDO\VLV RI WKH
(Figure 4i) shows a left shift with time. It is the result of the latticeparsion due tats
relaxation and to MA loss. On SEM top viewsgure 4a-d) the thermal aging is accomped
by the formation of brighPbk grains on the surfac&hered boxesutline the formation of
multiple small Pl grains on large perovskite graingheir density and size increase with the
aging time. Pblis the decomposition product of the perovskite material by MA and FA loss.
Figure 4e-h shows the crossectional views of the layes. The initial layer is frankly broken
with a monolithic structure and vertical grain boundaN#hile theaging timeincreasesthe

grains and their boundaries become less and less defined. We have measured the average
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thickness of the layers and found 4522 nm, 438 +21 nm, 427+24nm and 41822 nm for

0 h, 4 h, 10 h and 20 h of aging, respectively. Therefore,alyer ldegradationesults in a
progressive decrease of the thickndd®e reduction of layer thickness was confirmed by the
GD-OES measurementBigure 4] shows the sputtering time at which Ti of the ma&$0-
layer appears. It sh&progressively to shorter time due to the perovskite layer tap&iogye

4k displays the change in the carbon profile measured byQHS with the thermaaging
stress Carbon is preferentially eliminatdésm the top of the layefrigure 4l is the chang of
theintegralcarbon GBOES curve with timelt continuousy decreasgin agreement witbur
previous observations: FAd gradually eliminated bgegradation/volatilizatiofrom the top

of the layer, the perovskite is degraded in>Pliis compound forms the bright grains on the

surface.

The thermal aging ialsoaccompanied by a slight continuous decrease of the absorbance in
the visible/near infrared regigRigure 4m). The Photoluminesece spectrum is characterized
by a bando-band peakemission(Figure 4n). Its maximum slightly reghifted with the
thermalaging. The analysis of the absorbance bedge Figure S11, Supporting Information)
showsa direct transition and small shift of the optical bandgap from 1.529 eV for a fresh
perovskitdayer to 1.525 eV for a 20 h agede Theslightbandgap reduction and PL shift are

assigned to thbulk loss of MA" andagreeswith the lattice expansion

An interesting question isow the insertion of methyformamidinium compounds in the
perovskiteaffects the performance of the solar cells. The above study has shown that a method
to prepare FA/3MFAmixed cation perovskite layer is to thermal age FA/Myels.After 4h
at 130°C, the FAPbbperovskite contains 4% of 3MFAnd traces of MAand 1MFA (Table
3). We have prepareilms treated for various times at 130¢Gh, 1h and 4h)Thestructures
were then completed by depositing ®eiroOMeTAD layerand the gold backontact. The
measured-V curves of the devices are presentedable S3 (Supporting Information)They
show a decrease of the PCE and a slight incrieatbe HI with the annealing time. We have
thencompared these cells with FARldnes, prepared without MAGdditive Their PCEB
were higheand they hd a significantlylower HI. The difference betweendhth cell and the
FAPbk oneis the presence of 4% of 3MF i the formerlt shows thaBMFA™ has a beneficial
effect but less than MA It notably helg the blocking of iodide migration and depletes the

hysteresis.
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3. Conclusions

We havehighlighted the behavior of MAGInd solventipon theformamidinium lead iodide
film formation processMost methylammoniums eliminated by thermal volatilization along
with chlorideupon the layer thermal annealindy small fraction reastwith formamidinium
after deprotonation to form main§N-Methyl formamidinium, and, in a less extettN-
Methyl formamidinium The chemcal mechanism of these reactidmss been provided hese
compound$ave not been founid the initial layer, and they atkereforenot formed upon the
perovskite preasorsolutionpreparation, upon theolutionspin-coating andipon thedripping
processesBy quantification, we have measured tmaéthylammoniumrepresent only2-3
mol% of A-site cationin the final perovskite layenvhile the 3-N-Methyl formamidinium
content is slightly higheDue to methylammonium elimination, the le¢tiparameteslightly
increases upon the TARVe have also shown that MACI fawdr WKH FU\VWDOOL]DWLF
phase and the homogeneous elimination of the solvent throughout the layer thitkassks
in large grains and ia monolithic structureUpon thermal agingtressthe layer is degraded
from its top with the formation afrystallizedPbkb. MA* is rapidly, almostfully, eliminated
while the methyl formamidinium compoundse found thermally stable amdmain in the

perovskite layer.

4. Experimental

Formamidinium iodide and methylammoniuchloride were employed as received from
GreatcellSolarMaterialsPty Ltd andAlfa Aesar respectivelyN-Methyl formamidiniumand
IN-3N-dimethyHormamidiniumreference powderaiere prepared as described in R&f}[
(See theA.Complementary Experimentséctionin the Supporting InformationYhe fuorine
doped Sn@(FTO) substrates were cleaned and the compactho@ blocking layerdTiO2)
and the mesoporous Ti@mp-TiO2) layer were deposited as described in our B&f.We
prepared a mixed cation precursor solution with a 1.2M concentration by mixing 206 mg of
formamidinium iodide (FAIl,Greatcell SolaMaterialsPty Ltd), 553 mg of Phl (TCI), and
38.9 mg of metheammonium chloride (Alfa Aesar) in 800 DMF and 200 L DMSO. The
solution was spincoated on top of the FTOMNIO/mpTiO2 substrates. 100 pL of
chlorobenzene was dropped upon spinning to producesldyar the FAPK controlfilms, a
precursor solutionvith a 1.2 M concentration was prepared by mixing 208g of FAI and
276.7 mg of Phlin 100 L DMSO and 400 L DMF. The spin coating procedure was the same.
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All the layers were annealed at 1533€a hotplatén a N filled glovebox. The final optimized

films were annealed fdr3 min for the FARI/MACI films and for 18 min for the FAPktontrol

films. For the aging experiments, the perovskite layers were heated on a hotplate at 130°C in a
N2-filled glovebox for a durigon of O h, 4 h, 10 h and 20h.

The precursor layers were deposited on a spresfa@- layer and annealed for various times.
They were dissolved iDMSO-ds solvent (99.96 %D, HD<0.01%, Eurisdop). NMR spectra

were recorded on a Bruker Neo 500 specttemesing DMS@d6 as solvent. Chemical shifts

are reported in ppm downfield from tetramethylsilane and are referenced to the residual
hydrogen signal of deuterated solvent (2.50 ppmjHoNMR, and the residual solvent carbon
signal (39.5 ppm) fol*C NMR. 'H spectravereacquiredwith a90° pulseof 10.0ms,64K data
pointsover a 10kHz spectralwidth, an acquisitiontime of 3.28s, arecycledelayof 10 s and

256 scans.The Fourier transformwas applied to the FID without prior exponentialline-
broadaing. For eachspectrum the integrationswere normalizedto the residualDMSO-d6
protonsignalusedasaninternalreferencearbitrarily noted100), allowing comparisorof the

integrationsof thedifferentspectra

Glow-Discharge Optical Emission Spemdcopy(GD-OES) analyses were performed using

a HORIBA Jobin Yvon GD Profiler 2 with Quantum Software. The instrument configuration
included a RFgenerator (at 13.56 MHz), a standard HORIBA Jobin Yvon glow discharge
source with a cylindrical anode of 4 mimternal diameter and two optical spectrometers (a
polychromator and a monochromator) for faptical detection. No loss in time resolution was
ensured thanks to the detection system, composed of independent photomultiplicators (PM),
which guarantee simianeous detection of the signals corresponding to multiple wavelength
with spectral resolution of 12 pm. The emission signals of 47 elements were recorded but only
the signals of the species of interest are discussed in the paper. The selected wawvelgngth f

C and Clwere180.7 nm, 165.7 nmand135nm, respectively.

The structure of the orgaread perovskite films was characterized by a PANanalyXeal
Pert highresolution Xray diffractometer (XRD) operated at 40 kV and 45 mA and using the
CuK . radiation with = 1.5406 A[37] The morphology of perovskite thin films wasaged

using a fieldemission SEM equipment (Zeiss Supra 40) in thHems mode.

The glass/FTOM102/meseTiO/perovskite/SpiroOMeTAD/Au solar cells were prepared
as described imur Ref.[14,19 The J-V curves were recorded by a Keithley 2410 digital
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sourcemeter, using a 0.1 ¥.soltage scan rate. The solar cells were illuminated with a solar

simulator (Abet Technology Sun 2000) filtered to mimic AM 1.5G conditions (100 m¥//cm

StatisticalAnalysis For NMR, a minimum of 8 filmswereprepared from the same baticin
each condition. Theyvere dissolved in 0.75 mL of deuterated solvent (DM&BR The
integrationboundson either side of eachNMR peakwere the samefrom one spectrumto
anothemwith a marginof errorof +/- 5 Hz. Integrationsaregivenwith anaccuracyof +/- 1%
for peakswith a signatto-noiseratio greatethan10 and5% for peakswith a S/N greaterthan
1. GD-OESdatacomefrom two differentbatchedor eachexperimerdl condition andthetest
resultsobtainedwere reproducibleto ensurethereliability of the obtaineddata.Becausef the
repeatabilityof the data,we seleced onebatchof datafor plotting andintegration.For SEM
crosssectiondeterminationfwo samplesverepreparedandobservedor eachcondition. Six
measurementw/ere done on eachsample.Data points are representecs meanz standard

deviation
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Table of Content

Methylammonium chloride additive in excess is ubiquitously employed for the preparation of
very high efficiencyperovskite solar cells. We unveil the reactivity of this additive with other
A-site cations and its elimination process upon the perovskite film formation by thermal

annealingThermal aging stress provokes furthbangsin the cation compositioof the layer

22



