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Low molecular-weight organic gelators are wideledigo influence the solidification of
polymers, with applications ranging from packagiitgms, food containers to organic
electronic devices, including organic photovoltaidere, this concept is extended to hybrid
halide perovskite-based materials. In-situ timeshes=d grazing incidence wide angle x-ray
scattering (GIWAXS) measurements performed dunoig-soating reveal that organic gelators
beneficially influence the nucleation and growthlod perovskite precursor phase. This can be
exploited for the fabrication of planar n-i-p hefj@nction devices with MAPBI (MA =
CHsNH3") that display a performance that not only is ewlkednby[25% compared to solar
cells where the active layer was produced withbatuse of a gelator but that also feature a
higher stability to moisture and a reduced hysterésost importantly, the presented approach
is straight-forward and simple, and it providesemeyal method to render the film-formation
of hybrid perovskites more reliable and robust)@gaus to the control that is afforded by these

additives in the processing of commodity ‘plastics’

1. Introduction

The recent introduction of hybrid organic-inorgarperovskites as solution-processable
photoactive component for use in thin-film photdaa (PV) devices*¥ has galvanized the
PV community as it promises to bring to the maikébw-cost, high-efficient and versatile
thin-film PV technology. Thanks to the eclecticttegas of hybrid perovskites, various thin-
film device layouts have so far been explored wiith main emphasis more recently being
directed on the design and processing of polydfistgperovskite-based devicES! Thereby,
much effort has been focused towards improvingthtace coverage of the solution-processed
perovskite active layeg.g., by increasing the size and quality of their taiffhe domaing'®-

12l The latter was shown to reduce the overall bullectedensity, mitigating recombination,
improving charge transport characteristics, andced) the hysteretic behavior by suppressing

ions/carriers trapping during solar cell operation.
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Various strategies, such as thermal annediid) additive inclusior!>*8 modification of
precursor concentrations and carrier solV&M8 and high-temperature-castifig have been
investigated so far to control perovskite structgrain size, degree of crystallinity and stability
to moisture — however with varying succ&€$dHere, we introduce the use of commercially
available, low molecular-weight organic gelators MQGs), namely 1,3:2,4-di-O-
methylbenzylidene-D-sorbitol (MDBS) and 1,3:2,4@ldimethylbenzylidene-D-sorbitol
(DMDBS) (Figure 1), to gain control over the sdiicition of MAPbk and to establish a means
for controlling its structure, properties and sligbin the context of perovskite solar cells.
LMGOs are commonly used additives in the commogligtics area because they promote —
already at minute quantities — gelation of polymaiutions or melts upon cooling while they
have no effect on these systems at elevated tetnpes®® LMOGs are, thus, used in a number
of industrial application&% thanks to their easily tunable molecular structtines makes them
compatible with a wide range of plastics. More relye they proved to be useful in controlling
the solidification of organic PV blends and a ranfjerganic semiconductors, small-molecular
and polymeric, where they acted as nucleating défént

Amongst the plethora of LMOGs that are commercialilable, 1,3:2,4-di-O-benzylidene-
D-sorbitol (DBS) and its derivatives are some efittost versatile gelators because they feature
hydrophobic phenyl rings in combination with pdigdroxyl groups making them compatible
with a wide range of materials of varying polaritjhe assembly of LMOGs is dynamic and
reversible, and it involves the formation of a logken bond network caused fbythe presence
of these terminal hydroxyl groups a(o the specific molecular geometry of DBS derivatives
(Figure 1). This assembly promotes the aggregatioranoscale fibers and the gelation of the
solvent that leads to crystal nucleation in mangsfits. The question remains, however,
whether these useful additives also can be explddecontrolling the solidification of other

materials than plastics, including inorganic/orgdrybrid materials such as hybrid perovskites.



WILEY-VCH

Here we demonstrate the reproducible fabricationiglily efficient and stable MAPBbased
solar cells by introducing a very small quantityasfjanic gelator as additive to the hybrid
perovskite precursor solution. We show that analsdo the use of this additive in combination
with the bulk commodity polymer isotactic polyprdgye (-PP) or a range of organic
semiconductor84 a small quantity of specific LMOGs is sufficient ¢ontrol the nucleation
and solid-state structure formation of the activerld perovskite layer, providing a tool to
control the resulting solid-state microstructurelef perovskite phase. Using a combination of
rheometry data anoh-situ x-ray diffraction measurements performed duringpgating of
the active layer, we show that one LMOG studiecthiexz MDBS, forms within the precursor
solutions a three-dimensional network that is $itedul thanks to very specific and balanced
supramolecular interactions of this additive wilie (precursor solvate phase. This network
impacts the polycrystalline film formation of thglrid perovskite, leading to a very compact
array of crystalline domains. Noticeably, additmMDBS seems to lead to the formation of
a thermodynamically more stable perovskite thimfgtructure, as our thermal analysis data
indicates. Device performance is thereby not commgsed: planan-i-p heterojunction devices
prepared with MAPRkI and MDBS display increased device performance frbin5%
(reference device without additive) to 14.5% (WMIDBS). In addition, a notably decreased
device-to-device performance variation and a rediugesteresis is observed for the devices
comprising the LMOG. As importantly, the introdwtiof a small amount of LMOG lowers
the crystallization temperature of the perovskytem to below 100°C which assist controlling
the solidification processes. Also, the stabiliymoisture seems to increase. These features
combined with the relatively high photovoltaic eféincy make the use of LMOGs a simple

and effective method foreseeing relevant indussplications of perovskite solar cells.
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2. Resultsand discussion

Methyl-substituted derivatives of DBS are frequgnied to gel polar aprotic solvents. Hence,
we selected two common DBS derivativase-MDBS and DMDBS- as they can be dissolved
into solvent systems such as #:hutyrolactone-dimethylsulfoxidg/BL-DMSO), often used

to deposit the MAPRIprecursor. Since MDBS and DMDBS are slightly apdlaeir solubility

in yBL-DMSO especially at lower temperatures is, howeggemewhat limited. This ensures
that the solvent mixture can be gell&d.We first tested the gelling ability of either DBS
derivative by adding 0.1 wt%, 0.5 wt% or 1 wt% loése LMOGs tgBL-DMSO, followed by
heating these mixtures to 125 °C while stirringiluciear solutions were obtained. Cooling
these solutions to room temperature, we find thBX88 forms a relatively weak gel, while
DMDBS forms a mechanically more stable gel (Fig®#a, Supporting Information). When
the LMOGs were added to perovskite precursoryPNAI) solutions, using again different
LMOG concentrations (0.1 wt%, 0.5 wt% or 1 wt%)nbgcially, no immediate gel formation
was found to occur after cooling. Also, the coddetlitions appeared to be of lower viscosities
compared to systems where no perovskite precuesbbben added. We attribute this behavior
to the fact that the gelation behavior of LMOGsaicomplex environment of solvated salts
often is different when compared to a scenario @/ieey are used in a solvent system without
salts?® This could be a beneficial finding when formulatiinks’ that are compatible with
solution-based coating and manufacturing methodesogs undesirable, early-stage gelation
can be prevented’

To quantify the above observations and to obtaithéus information on the potential network
formation of the LMOGs and how this changes therjlay between the solvent molecules and
the MAPbk precursor$?®?” we measured the variation of the complex viscogity of
MAPDI3, MAPbIs-MDBS and MAPb4-DMDBS solutions with frequency (Figure 2a), aslwel

as their frequency-dependent storagg &ad loss (@ moduli (Figure 2b-d). We observe that
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the addition of DBS derivatives to the MARIsblutions significantly increases their complex
viscosity in the frequency range analyzed, suppgmiur visual observations that the LMOGs
have a notable gelating ability on the perovskdkitsons. We attribute this fluid dynamical
behavior to the well-known tendency of sorbitolidatives to form a nanofibrillar network in
a range of solvent$’l as schematically depicted in Figure 1a.

More insights can be gained when comparing theag®rand loss moduli of the pristine
perovskite precursor solution with solutions camtay MDBS or DMDBS (Figure 2b-d). For
the pristine solution, the loss modulu$ &ceeds the storage modulusd8er most of the
frequency range that we measured. Moreover, bottuinstrongly vary with frequency. This
response indicates that the MAPbblution behaves as a low viscosity ligifiwhich is in
agreement with our visual observations that thedatiens were free-flowing. In strong
contrast, the MDBS and DMDBS solutions show get-liksponses: 'Gs larger than Gover
the entire range of frequencies investigated hemicating a dominant elastic behavior.
Moreover, their moduli are relatively frequency-@peéndent, reflecting the presence of a
network structure that is invariant (non-relaxirayer long time scald€! Comparing the
moduli of the perovskite solutions containing MD&3MDBS to the corresponding solutions
comprising only the LMOGs (Figure S2), we find thath the G’ and G” moduli are higher
for the MDBS-MAPb} solutions compared to the solution comprising dWilyBS. Clearly,
while MAPDbL by itself is not a gelator foBL-DMSO, it appears to synergistically strengthen
the MDBS elastic network suggesting that possiloyne interactions between this organic
gelator and the perovskite precursor exist. Inrmeastt for DMDBS solutions (with and without
perovskite precursor) the opposite is observedithe G’ and G” moduli are lower for the
LMOG-MAPDIs solutions compared to the solution comprising DNE@ly. We attribute this
to the limited solubility of DMDBS in the solventixture and the reduced interaction of the
LMOG with the inorganic species in these solutidrise latter likely is caused by the fact that

this additive features rather apolar methyl growjtk which neither the solvent molecules nor
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the perovskite precursor can strongly inteF&tSuch a picture is supported by scanning
electron microscopy (SEM) data on films prepareaimfrprecursor solutions comprising
DMDBS as the LMOG (Figure S1b). We observe microalkes crystals of DMDBS segregated
from the perovskite component which can only ocatnen there are limited interactions
between the different species. Such a morphology,sarprisingly, leads to poor devices
performance (Table S1).

In order to better understand the solid-state rstcugture formation especially of the MDBS
systems, where a certain interplay between thdaiaddnd the precursor exists, we went on to
conduct in-situ time-resolved grazing-incidence evathgle x-ray scattering (GIWAXS)
measurements, uniquely performed during spin-cgatithe perovskite formulations with and
without organic gelators onto compact 7i@n optimized solvent-engineering method was
used, consisting of a two-step spin-coating progasdormed at different speeds (see
experimental section for details) followed by dmidmethane (DCM) onto the drying layers to
promote the formation of a precursor film. These sabsequently be thermally converted and
crystallized into a uniform and smooth polycrystelfilm.[20-32

In-situ GIWAXS measurements were used to follow phecursor film evolution through all
the phases of the multi-step method we used. Inr€ig3, we show representative two-
dimensional GIWAXS images taken at critical times (5, 30, 45 and 90 s) after initiating the
spin-coating of the different solutions, highligigithe state of the sample at different moments.
We first discuss pristine solutions comprising dditives to highlight certain specific features
of the development of perovskite thin films whepasted from solution. Specifically, the data
taken att = 15 and 30 s show evidence of a disordered pgecyhase formatior& 6 nm?)
which subsequently crystallizes{ 45 and 90 s) as indicated by formation of ddfien rings
atg= 4.7 nm!, 5.2 nm* and 6.6 nim. Weak scattering features are also visible atgd=nmt

and 10.3 nm, corresponding, respectively, to Phhd perovskite diffraction§334
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We also traced the time evolution of these varfeatures using solutions of different additive
content azimuthally integrating (see Figure S4he@tWAXS snapshot taken with a time-
resolution of 400 ms. We plot the 2D-intensity mapSigures 3a, b and c, respectively, pristine,
0.1 wt% and 0.5 wt% MDBS/perovskite precursors tohs. The x-axis represents the time
scale, the y-scale represeqt@adial), and the z-scale is representative ohsitg. Individual
g-plots taken at = 15, 30, 45 and 90 s, respectively, are also shawigures 3d-g with the
insets of (e)-(g) focusing on the 8<11 nm! range. Having a close look at the data for the
sample comprising no LMOG, we observe a broadestatf featured< 6 nm?; peakB.5 nm

1 which dynamically evolves during the initial 40fsspin-coating, subsequently forming sharp
scattering featuresy(= 4.7, 5.2 and 6.6 n®) that can be assigned to a crystalline precursor
solvate that starts to form even prior to DCM diiipis disordered precursor phase is believed
to be a sol-gel precursor phase with mesoscale;atsle@evelopment is accompanied with the
formation of lead iodide and perovskite phaseswbich low-intensity peaks are visible in
Figure 3a and 3f. The integrated intensities andHMNof the diffraction features are
summarized in Table 1.

For samples comprising MDBS, we find that in systeromprising 0.1 wt% of this additive,
precursor crystallization occur$0 s after the initial spin-coating processs. post-DCM drip);
this is[R5 s later to when this process starts when 0.5 MDBS is added. In this scenario,
crystallization occurs onlyR5 s after the spin-coating that is well before D&M drip. [NB.

For systems not comprising any LMOG crystallizatmnset of crystallization is found to be
around[40 s.] Clearly the addition of 0.1 wt% MDBS pronmtiermation of a disordered
precursor phase and enhances this phase’s longawtympared with the pristine formulations.
Increasing the amount of MDBS to 0.5 wt% hindensration of this disordered precursor
phase and leads to an early onset of the precsobeate crystallization. Since the state of the

Pbk and perovskite phases appears to be linked tofatee of the precursor solvate
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crystallization and whether it occurs post-dripita8.1 wt% -MDBS formulations) or pre-drip
(as in the 0.5 wt%-MDBS formulations) we deeperlyred the scattering features of the
various films at 90 s (Figure 5g, Table 1). Thecast films formed using 0.1 wt% MDBS have
sharper MAPKW diffraction features than the other samples, ds agethe sharpest precursor
solvate diffraction features. The perovskite paakhie as-cast samples comprising 0.1 wt%
MDBS shows the lowest FWHM of 0.38 nintompared with 0.54 ntnfor films cast from
pristine precursor solutions and 0.7 “hrfor samples with 0.5 wt% MDBS. This finding
suggests that addition of an optimum amount of MD&&Is not only to more homogenous
structures with respect to grain size but alsosthallest grains. In fact, all other diffractions
features display the lowest FWHM in systems conmugif.1wt% MDBS.

The importance of what type of precursor solvatasgiforms in as-cast films stems from the
fact that this seems to determine the final micum$tire and morphology of the polycrystalline
perovskite film that develops during annealing/preor conversion. We scrutinized this
hypothesis further conducting annealing experimeWs find that when heating thin films
produced from the various solutions investigate@ e 100 °C under Na striking difference

in microstructure can be observed between perav$kihs produced from pristine solutions
and those comprising, respectively, 0.1 and 0.5 ot%dDBS (Figure 4).

Upon heating, the additives show a strong tendém@yystallize into fibrillar structures (as
reported before, see Ref. 29) even in presenckeopérovskite precursors. These structures
seem to induce the crystallization process of tbeoyskite phase at lower temperature
compared to samples where no LMOG was added: & &&° perovskite/0.1 wt%-MDBS
structures and at 40°C for perovskite/0.5 wt%-MO®8s. These observations agree with the
evolution of the storage modulus G’ with temperat{see Figure S5), which relatively rapidly
increases at temperatures above 60 °C for systemkith LMOGs were added, while for the
pristine perovskite precursors solution a steepemse of G’ (which we attribute to

crystallization) occurs only at temperatures > 80 This suggests that additive affects the
10
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nucleation/assembly-process of the perovskite epetiirough gel-network formatidis!
allowing the crystallization of perovskites to ocet lower temperatures.

This finding is supported by differential scannicglorimetry (DSC) measurements on the
different precursors solutions. Figure 5a showsDI&C heating thermograms measured at
10°C/min, where the endotherm related to solvent erajmm has been subtracted in order to
isolate the perovskite crystallization exotherm. i/hwe find noticeable crystallization
exotherms both for the neat MARbdnd MAPDY0.1 wt%-LMGO systems, this features
displays a somewhat earlier onset (see Table Si)sasomewhat more pronounced when
MDBS was used as the additive.

Deducing the crystallization enthal@yd. from the area of the respective exotherms (based o
an extrapolated horizontal baseline aligned tasyanptotic value of the DSC signal at the end
of the reaction), for different heating rates, wedfthatAH; for MAPbIs/0.1 wt%-MDBS is
significantly higher than for MAPb[respectively, =115 £ 1 kJ/mol and-82 * 4 kJ/malee
Figure 5b and Table S2). This indicates that inddpat of heating rate, crystalline films of a
higher degree of crystallinity are realized whemgshe MDBS additive. It also suggests that
more stable structures are produced. In fact, bhenignthalpy measured for the perovskite
formation process: Pbt MAI — MAPDbIs, has previously been attributed to be a signtfer t
development of a more stable perovskite stru¢tfél The reason is that a higher enthalpy
gain leads to a higher thermodynamic stabilitytwf tesulting perovskite compoulid. The
lower standard deviation found fAH: for system with MDBS (Table S1) is in addition is a
sign for a more reproducible crystallization praces

Introduction of MDBS has additional benefits. Thernawer grain size distribution and the
smaller grain size that seems to be realizablgstemns comprising this LMOG according to
our X-ray data (smaller FWHM) and that likely isligect consequence of the nucleation effect

of MDBS on the perovskite precursor, appears td tedess light scattering. In addition, the

11
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presence of MDBS also leads to the formation obaencompact film (Figure 6a), both effects
contributing to a two-fold increase of the MABRBL1 wt%-MDBS film absorption in the UV-
visible wavelength regime compared to films pregavathout additives of comparable
thickness (160 nm; see Figure 6b). This shoulccatfes light-harvesting capability of devices
prepared with such structures.

An enhanced moisture resistance compared to samppégmred without LMGOs is also
observed. Exposing perovskite films produced fromriatine precursor solution as well as
samples where 0.1 wt% MDBS was added to 70% reldtwmidity (room temperature;
ambient air) for 15 days, we observe a severe dagom of perovskite structure without
additives. This is reflected in the significantrnease in intensity of the (001) Ruliffraction
measured in WAXS (Figure S6), which becomes conippata the (110) MAPRIreflection at
14.08°. In contrast, the aged MARBL1 wt%-MDBS films display a Phdiffraction of rather
low intensity, implying a much lower degree of degmsition. This reduced moisture sensitive
of the latter samples likely is a direct conseqeeridi) the more stable energy state of MAPDI
structures produced with MDBS as additive (see fiéidib), and (ii) the formation of a more
compact film (Figure 6a) that make the polycrystell film less accessible to
hydration/decomposition reactions and to the naiion of moisture.

As already briefly alluded to above, the preseridddBS — perhaps not surprisingly— strongly
affects the properties and performance of perosdidsed solar cells. Our results are
summarized in Table 2 and Figure 6¢c where we atssgmt a schematic illustration of the
planar FTO-TiQ-perovskite/MDBS (160 nm)-spiro-MeOTAD (200 nm)/Auevice
architecture we utilized here. Immediate observatithat can be made are: (i) the PCE
increases from 11.5 % for devices prepared witlgeldator to 14.5 % for cells comprising 0.1
wt% MDBS. (ii) Devices where MDBS was introducedsplay a significantly reduced
hysteresis (Table S3). (iii) The reproducibility dévice performances increases when this

LMOG was used for their fabrication. Indeed, welfenvery small device-to-device standard
12
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deviation (0.5%) which is drastically lower than athwe observe for cells prepared from
pristine solutions (1.6%; see Figure S7).

This superior photovoltaic performance that is obse for the devices from solutions
comprising the additive, on the one hand, can tréated to the formation of a very dense
perovskite layer caused by the presences of MDB@U(& 6a). This can have a few likely
benefits: such a dense active layers can prevelgsinable recombination processes that occur
through direct contact between Gi@nd a hole transporting layer; it, thus, assistagreasing
the charge collection efficiency and the fill fagtéF. On the other hand, enhancing the light-
harvesting capacity of the active layer has a dimpact on the extracted current, resulting
also in an average improvement in the power comvesfficiency. (Figure 6¢; Table 2) It is
worth noting in this context that the thicknessethe MAPDbklayers with and without MDBS
were comparable (160 £ 10 nm; Figure 6d).

We seem also to learn about the structural req@engsnthat lead to optimum device
performance. For instance, we find that pristine Rib& annealed for 10 minutes at 100°C
presents the same PV performance of MARKL wt%-MDBS system annealed for half of the
time (5 minutes) at the same temperature (Figueg,3i8ely owing to the earlier occurring of
crystallization in the presence of MDBS. Howeveastsolar cells for both systems are obtained
with films annealed for 10 minutes (Figure 6c). S&eonditions lead to perovskite/MDBS-
based films that still contain a small amount of2RBigure S8b). The presence of somexPbl
may be beneficial because it might passivate timefillm architecture. Previous reports have,
for instance, shown that upon thermal annealindy $fiecies can be preferentially confined at
the grain boundaries of thin-film structures legdio successful passivation of them. This
assists in controlling the carrier behavior alohg heterojunction. Moreover, it will allow to

substantially shorten currently used annealinggmals!®®!

13
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Finally, we verified the performance of devicesganed with various content of MDBS. The
best performance is observed for cells comprisitgd@% MDBS -.e. a very minute amount,
while higher contents of MDBS leads to performagiegradation even though the additive still
strongly influences the nucleation and growth efplerovskite phase. Clearly, an optimum can
be realized where the additive produces ideal saplecular assembli&&3° for templating
perovskite crystals growth, whereas at higher M@B8tent more branched and less oriented

structures appear to form within the perovskitefil

3. Conclusion

We demonstrated that commercially available org@alators can be successfully used to
control the crystallization process of perovskiteqorsor solutions and films through the
formation of a fibrillary 3D-network. This netwoddfects the crystallization thermodynamics
of the precursor species and assists in lowerggritstallization temperature. It also renders
perovskite formation more stable. Moreover, thespnee of an optimal (minute) amount of
MDBS (0.1 wt%) delays the formation of the precursolvate, but results in a highly
crystalline precursor phase. In contrast, too nafdhe additive accelerates precursor solvate
formation which seems to be undesirable for crgdtighly crystalline structures. Subsequent
annealing converts the solvated film into strucgtusmmprised of the perovskite phase.
Intriguingly the gel-like material created througge of LMOGs enables the formation of more
compact films when flat Ti@was used as substrate. This appears to make theskie
drastically more robust towards exposure to magstlihe impact on the crystallization process
has also important implications for device fabiimat where the use of organic gelators in
future may assist in shortening the thermal anngglrotocol. This could become beneficial
when going to larger-scale device processing. Tleseefits come without compromising
device performance. Indeed, we demonstrate thatshef MDBS improves the PCE of planar

solar cells from 11.5% to 14.5%, while also a driacadly reduced hysteresis is observed for
14
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the systems that comprise the additive. Clearly,amproach allows at the same timeilto
achieve very small device-to-device standard denatii) improve stability to moisture of the
final material compared to systems where no LMOG addediii) reduce hysteresis for planar
n-i-p solar cells, and/) lower the crystallization temperature below 100 @@r findings, thus,
suggest that the use of LMOGs during the processimerovskite-based materials can be a

simple and effective method towards the robustralable fabrication of perovskite solar cells.

4. Experimental Section

Materials. All materials were purchased and used as recegdo-MeOTAD was purchased
from Lumtec and Pb) Lead (Il) iodide ultra-dry 99.999% (metals basisdm Alfa Aesar.
CHsNH3sl (MAI) was synthesized according to a reporteccpoure CHsNH3 (27.86 ml, 40%

in methanol, TCI) and hydroiodic acid (30 ml, 5R4vin water, Aldrich) were mixed at 0 °C
and stirred for 2 h. The precipitate was recovéngdvaporation at 50 °C for 1 h. The product
was washed with diethyl ether three times and liyrdried at 60 °C in a vacuum oven for 24 h.
1,3:2,4-di-O-methyl-benzylidene-D-sorbitol(MDBS, IMd 3940) and 1,3:2,4-bis(3,4-
dimethyldibenzylidene)sorbitol (DMDBS, Millad 3988)

Optical microscopy. Perovskite solution with and without nucleatingats was prepared and
stirred for 2 h at 90 °C before use. These stodutisos were coated onto bl-THFTO
substrate by a consecutive two-step spin-coatinggss at 1,000 and 4,000 r.p.m for 10 and
60 s, respectively with a dipping of dicloromethatelO sec to the end with a final film
thickness of approximately 160 nm. They were aretkat various temperatures in a nitrogen
environment.

Rheological analysis. Dynamic rheological experiments were performedaanAnton Paar
Phisica MCR 301 instrument equipped with measudage plate geometry (CP25-1 with
24.980 mm diameter and angle 1°). Dynamic frequespgctra were conducted in the linear

viscoelastic regime of the samples, as determir@d flynamic stress sweep measurements.
15
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Dynamic stress sweeps were conducted at a coristgoency of 1 Hz. The viscosities of the
solutions were measured in the low shear rate rénge 0.01-600 rad/s) at 20 °C.

SEM. The SEM imaging was performed by the MERLIN Zei&&VSFEG instrument at an
accelerating voltage of 5 kV, using an In-lens dite

DSC analysis. Dynamic DSC scans were performed on perovskiteupsecs solutions by a
differential scanning calorimeter (DSC Mettler Tade622). About 6 pl of liquid samples were
put into opened aluminum flat disks and heated f20nup to 200 °C at different scan rate (0.5,
2, 5, 10 °C/min) under nitrogen atmosphere flow@&mL/min.

XRD. The XRD spectra of the prepared films were measwidda PAN analytical X'Pert-
PRO Materials Research Diffractometer using grapimbnochromated Cudradiation { =
1.5405 A).

GIWAXS The in situ GIWAXS experiments were conducted irbemt environment (R.H.
[20%) at D1 beam line at the Cornell High Energy @yatron Source (CHESS). For spin
coating, a custom-built spin coater was used wéptén tape as a protection from solution
splashing. A Pilatus 200K area detector was usékeadetector. The exposure time was set to
0.4 s. The anti-solvent drip was performed remdielgn outside the hutch.

Devicefabrication and characterization. Glass substrates (Visiontech) and FTO-coatedglas
substrates (Solaronix) were cleaned by ultrasaoitah a deionized water, 2-propanol and
acetone. Substrates were treated to the TL1-waginocedure (washed in double distilled
water (Milli-Q water), hydrogen-peroxide £§8.) and ammonia (NkJ 5:1:1 v/v (at 80°C for
10 minutes) to remove organic contamination, thiesed ten times in water prior next
depositions. A 80 nm-thick Tidense hole-blocking layer (ETL) was deposited lasgjFTO

by spin coating two times at 3,000 rpm for 60 sed annealed at 125°C using a commercial
titanium diisopropoxidebis(acetylacetonate) sohutiy5% in 2-propanol, Sigma-Aldrich)

diluted in butanol (0,15M) for 10 minutes and oimeet at 3,000 rpm for 60 sec and annealed at

16
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520°C using a commercial titanium diisopropoxidégtylacetonate) solution (75% in 2-
propanol, Sigma-Aldrich) diluted in butanol (0,3Mhe prepared MAI and commercial ultra-
dry Pbb, Alfa Aesar, were stirred (ratio 1:1) in a mixtwkey-butyrolactoneyBL) and DMSO
(2:1vol/vol; yBL, >99%; DMSO, 99.8%; Sigma-Aldrich) at 60 °C for 12dpbtain a 40 wt%
solution. The perovskite precursor solution contejriIDBS or DMDBS were prepared by
adding 0.1 wt%, 0.5 wt% or 1 wt% of either DBS #ative (with respect to MAI+Pblweight)

to 40 wt% perovskite precursors solution, follovwdheating these mixtures to 125 °C while
stirring until clear solutions were obtained. Smlos were then allowed to cool to room
temperature. Both pristine perovskite precursowutsmt and the once containing DBS
derivatives were coated onto either glass or/RDO substrate by a consecutive two-step spin-
coating process at 1,000 and 4,000 r.p.m for 20 Ghd, respectively with a dripping of
dichloromethane at 10 sec to the end. After spating, the films were annealed on a hotplate
at 100 °C for 10 min. After cooling to room tempera, a spiro-MeOTAD solution was spin-
coated on the perovskite layer at 2,500 r.p.m4&s. Spiro-MeOTAD solution was prepared
by dissolving 90 mg of spiro-MeOTAD in 1 ml chloerzene (99.8%, Sigma Aldrich), to
which were added 28.8l of 4-tert-butylpyridine (96%, Sigma-Aldrich), Bul lithium bis
(trifluoromethanesulfonyl)imide (LITFSI) solutioB20 mg LI-TSFIin 1 ml acetonitrile, 99.8%,
Sigma-Aldrich). This fabrication process was catoat under controlled conditions in a glove-
box atmosphere and a temperature between 20 ahd.Z5nally, 80 nm gold was thermally
evaporated on top of the device at a pressurexofl&° mbar to form the back contact. The
active area of the complete device was 0.09%cifhe devices were characterized after 3h
exposure to ambient conditions using a Keithley®80urce Measure Unit and AirMass 1.5
Global (AM 1.5G) solar simulator (Newport 91160A)thvan irradiation intensity of 100
mW/cn?. The solar simulator irradiance was set to 100 om#/using a thermopile radiant
power meter with fused-silica window (Spectra Pby<Driel, model 70260). All devices are

tested using 100 ms delay time.
17
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Figure 1. Schematic illustration of the supramolecular assm®ithat seem to form within the perovskite
precursor solutions between the inorganic compoaedt the organic gelator molecules such as MDBS and
DMDBS used in this study.
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Figure 2. (a) Complex viscosity of perovskite precursor sohs to which 0.1 wt% MDBS, or 0.1 wt% DMBDS

was added. Data for the pristine precursor solusadso shown. (b,c). Comparison of the storagg é@d loss

modulus (G”) profile versus frequency for diffeteperovskite precursor solutions: (b) pristine pskite
precursor solution; (c) precursor solution compgsd.1 wt% MDBS, and (d) precursor solution comipgs.1

wt% DMDBS.
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Figure 3. 2D-intensity maps during film formation from (die pristine prevoskite precursor solution, and)(b,
solutions comprising 0.1 wt% (b) and 0.5 wt% MDRS ¢espectively. Dripping time variations of 5 seds and
less fall within the experimental error of the m@asnents and was found not to affect device pedoga.
Individual g-plots taken at (d)= 15 s, (e} =30 s, ()t = 45 s and (g) = 90 s. Insets of (e)-(g) focus on thedk<

11 nmt! range.
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Figure 4. Optical micrographs taken at increasing temperatafdilms prepared from pristine perovskite

solutions and solutions comprising 0.1 wt% MDBS arislwt% MDBS.

Film temperature (°C)

Figure 5. (a) DSC thermograms, where the endothermic peaktectlto the solvent evaporation has been
subtracted in order to isolate the perovskite atijgation exotherm of prisinte MAPbbkolutions and systems

where 0.1 wt% of MDBS was added. (b) Enthalpy diagof perovskite crystallization with and withouD8S.
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Figure6. (a) SEM top view of films prepared with pristiperovskite precursor solutions and solutions cosimugi
0.1 wt% MDBS. TiQ substrates were used for this purpose. (b) Uwabisorption spectra of such films; (c)
Current—voltage characteristics for champion devmepared without (blue) and with 0.1 wt% MDBSafage).
The devices were measured under AM 1.5 at one(bUSEM cross-sections of corresponding devicestich

a schematic of the photovoltaic device architecisi@verlaid.
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Table 1. Integrated intensities and FWHM of the diffractif@atures recorded for MDBS-based systems

Pristine 0.1 wt% 0.5 wt%
Peak FWHM / nm™? Peak FWHM / nm? Peak FWHM / nm?
nm? | (Integrated intensity /cts) | nm™ (Integrated intensity / nm? | (Integrated intensity / cts)
cts)
30s | 45s 60s 90s 30s | 45s | 60s 90s 30s 45s | 60s | 90s
4.7 - 0.24 0.26 0.26 4.7 - - 0.19 0.18 4.7 0.4 0.41 0.44 0.44
(91) | (189) | (212) (64) | (106) (119) | (230) | (281) | (287)
5.2 - 0.32 0.45 0.42 5.2 - - 0.22 0.21 5.2 - - - -
(29) | (103) | (106) (51) | (92)
6.6 - 0.31 0.35 0.35 6.6 - - 0.24 0.23 6.6 0.37 0.45 0.51 0.4
(42) | (109) | (116) (98) (117) (40) (96) | (132) | (196)
9.4 - 0.39 0.5 0.75 9.4 - - 0.57 0.54 9.4 - 0.48 0.57 13
(3.2) (8.6) (17.4) (5) (7.6) (9) (8.4) | (0.7)
10.3 - 0.98 0.53 0.54 10.3 - - 0.38 0.38 10.3 1.1 1.1 1.1 0.7
(7.6) | (6.9) (6.3) (14.8) (13) (7.8) | (4.7) | (1.1)

Table 2. Figure of merit of devices fabricated from solasacomprising varying amounts of MDBS: open-circuit
voltage Voc), short-circuit current densityi{o), fill factor (FF), and PCE.

Voc (V) Jsc (MA/ecm?) | FF PCE
MAPbI3 1.06 20.0 0.56 | 11.5
MAPbI3/0.1 wt%-MDBS 1.10 22.0 0.60 | 14.5
MAPbI3/0.5 wt%-MDBS 0.94 19.6 052 |96
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Thetable of content

Organic gelators, widely used in the processing of commodity ‘plzst are applied here to
hybrid halide perovskites solidification. They al®wn to beneficially influence the nucleation
and growth of the perovskite precursor phase, tepth a material characterized by a higher

stability to moisture and a reduced hysteresidangr n-i-p heterojunction solar cells.

Organic gelatorsas growth control agentsfor stableand reproducible hybrid perovskite-

based solar cells
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Figure S1. (a) Pictures of MDBS and DMDBS 0.5 wt% solution4BL:DMSO 2:1; (b) SEM top view of
MAPDbI3+ 0.1wt% DMDBS film on TiQ substrate.

b) MAPbI,+0.1wt%DMDBS

Figure S2. Comparison of the storage (G’) and loss molulug (gofile versus frequency for a) MDBS 0.1 wt%
and MAPbg+ 0.1 wt% MDBS and b) for DMDBS 0.1 wt% and MAR®I0.1 wt% DMDBS solutions.
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Figure S3. Two-dimensional GIWAXS images taken at key moméhts15, 30, 45 and 90 s) after initiating the

spin-coating of the pristine solution.

q, (nm”)

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

q, (hm”)

30



WILEY-VCH

Figure $S4. Two-dimensional GIWAXS image of pristine sample wing the cake integration performed on
each GIWAXS image.

Table S1. Differential scanning calorimetry (DSC) parameters: starting (T onset) peak (T peak) and ending
(T endset) temperatures at different scan raten{iij/for MAPbk, MAPbI3/0.1 wt% MDBS and MAPRI0.1

wt% DMDBS. The formation enthalpyA) has the same value for each scan rate.

Scan rate T onset T endset T endset-t AH
°C/min (°C) (°C) onset (S) (kJ/mol)
0.5 64 70 75 1,306 82+4

2 84 95 100 414
5 99 111 117 209
10 111 124 131 123
0.5 60 70 75 1,824 115+1
2 80 92 99 556
5 95 110 116 252
10 103 124 132 161
0.5 64 72 75 1,274 72+13
2 83 93 99 474
5 98 110 116 209
10 112 124 131 116

MAPbIs+MDBS
0.1wt%
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Figure S5. (a) Comparison of the storage modulus (G’) at déffiertemperature of bare perovskite solution,
perovskite + 0.1 wt% MDBS solution and perovskite.t wt% DMDBS solution, at 1 Hz. G’ values aredalat
1Hz from the elastic storage (G’) versus frequest@ns, at different temperatures, of (b) bare shits/solution,
(c) perovskite + 0.1 wt % MDBS solution and (d) peskite + 0.1 wt % DMDBS solution.
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Figure S6. XRD patterns of films produced from a neat prgoussolution (left) compared to structures thataver
produced with 0.1 wt% MDBS. A comparison is showiras prepared and aged films kept 15 day in ambient
conditions, at 70 % humidity.
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Table S2. Solar cell figures of merit of devices fabricateith varying amounts of DMDBS incorporated into
casting solution

PCE (%) FF Voc (V) Jsc(mA/cm?) Mean * s.d.
MAPbI3-DMDBS 0.1 0.7 0.28 0.61 4.0 0.7+0.2
wt%
MAPbI3-DMDBS 0.5 0.3 0.17 0.68 2.6 0.310.1
wt%

Table S3. Main photovoltaic parameters of cells using pekdesand perovskite-MDBS, measured by forward
and reverse scans to calculate the hysteresis.iddex

PCE (%) FF Voc (V) Jsc (mA/cm?) Hysteresis index
With MDBS Reverse 15.0 0.64 1.08 21.8 0.03
With MDBS Forward 14.5 0.60 1.1 22.0
w/o MDBS Reverse 8.5 0.45 1.1 17.6 0.09
w/o MDBS Forward 11.5 0.56 1.06 20

Figure S7. Statistics of PCE (%), FF, Voc and Jsc of devizzsed on perovskite and perovskite with different
amount of MDBS layers.
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Figure S8. (a) J-V curves of device based on bare perovskitedevice based on perovskite-MDBS 0.1 wt% at

different annealing time; (b) corresponding XRDteats.
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