RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Elucidating the Origins of High Preferential Crystal
Orientation in Quasi-2D Perovskite Solar Cells
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He Sun, Bekele Hailegnaw, Christoph Putz, Felix Mayr, Munise Cobet, Giinter Hesser,
Wolfgang Schifberger, Niyazi Serdar Saricifici, Markus Clark Scharber, Bert Nickel,

and Martin Kaltenbrunner*

Incorporating large organic cations to form 2D and mixed 2D/3D structures
significantly increases the stability of perovskite solar cells. However, due

to their low electron mobility, aligning the organic sheets to ensure unim-
peded charge transport is critical to rival the high performances of pure 3D
systems. While additives such as methylammonium chloride (MACI) can
enable this preferential orientation, so far, no complete description exists
explaining how they influence the nucleation process to grow highly aligned
crystals. Here, by investigating the initial stages of the crystallization, as

well as partially and fully formed perovskites grown using MACI, the origins
underlying this favorable alignment are inferred. This mechanism is studied
by employing 3-fluorobenzylammonium in quasi-2D perovskite solar cells.
Upon assisting the crystallization with MACI, films with a degree of preferen-
tial orientation of 94%, capable of withstanding moisture levels of 97% rela-
tive humidity for 10 h without significant changes in the crystal structure are
achieved. Finally, by combining macroscopic, microscopic, and spectroscopic
studies, the nucleation process leading to highly oriented perovskite films

is elucidated. Understanding this mechanism will aid in the rational design
of future additives to achieve more defect tolerant and stable perovskite

1. Introduction

2D and mixed-dimensionality 2D/3D
perovskites have emerged as a more
stable and versatile class of materials for
solar cell absorbers compared to their 3D
counterparts.! However, the insulating
nature of the large organic spacer cations
employed to achieve low-dimensional
structures hinders the mobility of photo-
generated charges in the photoactive mate-
rial. Because of this, growing films with
the organic sheets aligned vertically rela-
tive to the substrate is critical to facilitate
efficient charge carrier extraction.?! Prefer-
ential orientation in this class of materials
has previously been induced using hot-
casting,># or by modifying the perovskite
(PSK) precursor solution using alternate
solvents, such as N,N-dimethylacetamide
(DMAC),M or additives, such as ammo-
nium thiocyanate (NH,SCN),!>® formami-

optoelectronics.

dinium chloride (FACI),= PbCl,,! and
methylammonium chloride (MACI).[1H2
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Chen et al. proposed that vertical alignment originates from
the crystallization in the perovskite precursor solution starting
at the liquid—air interface, rather than the rough substrate-
liquid interface or the isotropic liquid bulk.”) However, this
finding was derived from perovskite films grown from a DMAc-
based solution, which favors the rapid nucleation of MAPbDI;,
thus changing the subsequent crystallization dynamics com-
pared to more widely used solvents, such as N,N-dimethylfor-
mamide (DMF).I8] Therefore it is unclear if other methods of
inducing preferential orientation are caused by the same effect.

In particular, MACI has been used to control the crystalliza-
tion in many high-performing solar cells in recent years.1241]
Such chloride-containing additives have become popular
as they do not only influence the morphology of perovskite
films,20-23 but also improve their transport properties and sta-
bility.2*3U These changes occur despite the high volatility of the
alkylammonium chloride generally leaving only trace amounts
of CI~ within the material.?>*4 While the impact of chlorides
has been extensively studied, so far no complete mechanism
has been put forward to explain their role in the nucleation and
subsequent crystallization.

Here, we elucidate the origin of MACl-induced vertical
crystal orientation by assisting the crystallization of the quasi-
2D perovskite through the addition of excess MACI with an
optimized weight ratio myac)/mya; of 0.5 (equivalent to a
molar ratio of =1.17 MACL:MAI). The resulting material does
not degrade after exposure to 97% relative humidity (RH) for at
least 10 h, which, to our knowledge, is the highest atmospheric
humidity perovskites with such a large n-value have been
exposed to without degradation. The morphology and crystal
structure of the material with and without MACI are analyzed
using scanning electron microscopy (SEM), grazing-incidence
small- and wide-angle X-ray scattering (GISAXS and GIWAXS),
and transmission electron microscopy (TEM) techniques
to confirm the achieved preferential orientation. Solid-state
nuclear magnetic resonance (ssNMR) of the as-deposited perov-
skite films on flexible substrates is measured to assess their
local structure and for the first time determine the speciation
of CI” ions within the 2D/3D phase when prepared under iden-
tical conditions as the films used in the photovoltaic devices. By
interrupting the crystallization process and analyzing the par-
tially crystallized films, we investigate whether the crystalliza-
tion is initiated at the liquid—air interface in samples fabricated
using MAC] when DMF is used as a solvent. With this, we
formulate a thermodynamic description of the MACI-assisted
crystallization process that can also be generalized to other pre-
ferred orientation-inducing methods, as well as used to design
guidelines for future solar cell fabrication.

2. Results and Discussion

To investigate the effect of MACI on the perovskite, we first
fabricated films and solar cells using the (A");(MA),_Pb,I3,
absorber, where n refers to the stoichiometry of the precursor
solution used during fabrication and A” to a large spacer cation.
We have chosen n =7 to strike a balance between device stability
and performance. Recent research has demonstrated how fluor-
inating the large organic cation improves its hydrophobicity
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and consequently the stability of the device, with polyfluorina-
tion leading to better stability but also higher formation ener-
gies.’>* Further, fluorination of the meta position of the
benzyl group was reported to result in better solubility of the
cation compared to the ortho and para position, leading to
more crystalline films.! To avoid high formation energies and
poor solubility potentially obscuring the effect of MACI on the
nucleation, we therefore chose to implement the monofluori-
nated 3-fluorobenzylammonium (3FBA). We establish that the
reactivity of 3FBAI is analogous to the parent benzylammo-
nium (BA) iodide by preparing (3FBA),Pbl, (n = 1) using mech-
anosynthesis and recording its powder X-ray diffraction pattern
(XRD) pattern (Figure S1, Supporting Information). The Riet-
veld refinement against the BA analogue, BA,Pbl, (Pbca space
group), shows a good overall match, indicating that the iodo-
plumbate made using 3FBA also has a layered 2D structure.

To determine the optimal amount of MACI for photovoltaic
performance, we fabricated inverted solar cells consisting of
indium-tin oxide (ITO) as the bottom electrode, poly(3,4-ethyl-
enedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the
hole-transport layer (HTL), stochiometric (3FBA),(MA)sPb,I,,
as the photoabsorbing layer, N,N’-dimethyl-3,4,9,10-
perylenetetracarboxylic diimide (DiMe-PTCDI) as the electron-
transport layer (ETL), and Cr,O3/Au top contacts (Figure 1A,B).
We found that devices made using this perovskite composi-
tion on its own result in low photovoltaic performance due
to shunts. However, the addition of MACI into the perovskite
precursor solution improves the quality of the devices sig-
nificantly (Figure 1C). Solar cells with an ideal mass ratio of
myacl/Muar = 0.5 yield average power conversion efficiencies
(PCEs) of (14.6 + 1.4)% from 53 devices with good reproduc-
ibility (Figure 1D) after the optimization of the fabrication
procedure (Figures S2-S5, Supporting Information). The best
device performance of up to 18.5% PCE was achieved with an
open-circuit voltage (V,.), short circuit current density (Jg),
and fill factor (FF) of 0.97 V, 24.6 mA cm™2, and 76.5%, respec-
tively (Figure 1E). Introducing MACI, in combination with the
hydrophobic 3FBA cation, also results in the optimized devices
exhibiting good stability, showing no noticeable degradation
when stored in a nitrogen atmosphere in the dark. Even when
continuously exposed to a high humidity of 60% RH, they
retain 80% of their initial performance for more than 43 days
(Figure 1F and Figure S6, Supporting Information). In contrast,
reference devices without the large 3FBA cation (referred to as
n = oo, that is, pure MAPDI;) degrade significantly after only 1
day of exposure to this humid environment. To investigate if
this degradation is mainly caused by the failure of the active
perovskite layer, XRD patterns were recorded for films before
and after subjecting them to 97% RH for 10 h (Figure 1G and
Figure S7A-L, Supporting Information). Under these condi-
tions, the reference perovskite without 3FBA (n = o) degrades
almost entirely, exhibiting a vertically heterogeneous distribu-
tion of phases in GIWAXS. Meanwhile, the films containing
3FBA, despite the relatively large n-value of n =7, show no sign
of significant degradation and retain the perovskite in its pris-
tine form throughout the bulk, similar to their lower n counter-
parts. To assess if the results also translate to longer timescales,
perovskite films with n = 7 were also measured while exposed
to 80% RH for up to 40 h (Figure S7M, Supporting Informa-
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Figure 1. Solar cell characterization and stability. A) Architecture of the solar cell. B) Schematic of the perovskite crystal structure with the incorporated
3FBA organic spacer cation. Hydrogens are omitted for clarity. C) PCE as a function of the mass ratio myac/mya; in the precursor solution. The yellow
dashed line indicates the optimized ratio of 0.5. D) Histogram, and E) champion J-V characteristics of the optimized solar cells with myaci/mya = 0.5.
F) Storage stability of the unencapsulated cells containing 3FBA (n = 7) kept in the dark either in a N, atmosphere or under atmospheric conditions
with a high humidity of 60 £10% RH and temperatures of 21 + 2 °C. Devices without 3FBA (n = <) are also shown as a reference. The grey dashed line
indicates the 80% mark. The error bands correspond to 2 standard deviations (as obtained from 8 devices). G) GIWAXS patterns of perovskite films
with and without 3FBA before (dotted lines) and after (solid lines) 10 h of exposure to air with 97% RH. Intensities are normalized to the highest peak

of the initial patterns, respectively.

tion). Even after this prolonged exposure, the diffraction pattern
does not show evidence of any significant degradation. There-
fore, the observed decrease in PCE of the solar cells can be
mainly attributed to degrading charge-transport layers (CTLs)
or changes at the interfaces, and not to the degradation of the
perovskite layer.

The substantial increase in performance and stability
upon using MACI as an additive has been attributed by pre-
vious investigations to a significant change in the crystal
structure, aligning the organic sheets vertically to the sub-
strate (Figure 2A).'12 To verify if this is also the case here,
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first the perovskites grown without MACI were investigated
using scanning electron microscopy (SEM). This reveals
an irregular needle-like structure, consistent with previous
reports of perovskites grown under stochiometric conditions
(Figure 2B,C).II High-energy GIWAXS measurements show
concentric powder rings characteristic for randomly distrib-
uted crystallites (Figure 2D and Supplementary Note 1 in the
Supporting Information). This isotropy can be verified by
analyzing different diffraction peaks as a function of the azi-
muthal detector angle y (Figure 2E and Figure S8A-D, Sup-
porting Information).
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Figure 2. Crystal orientation. A) Schematic of randomly oriented crystallites (left) and crystallites oriented vertically relative to the substrate (right). B)
Top and C) cross-sectional SEM images, D) GIWAXS images (indexed as tetragonal MAPbI;, l4cm, #108), and E) peak anisotropy data (at g =1 A™,
corresponding to the (004) and (220) lattice planes) of the scattered X-ray intensity as a function of the detector angle y for n =7 perovskite films as
grown with myaci/mMyar =0 and F=1) myaci/mua = 0.5.]) SAED pattern of a single grain, aligned along the [110] zone axis (indexed as tetragonal MAPbI3,
(14/mcm, #140).18 The highlighted condition results in the K) DF TEM image of the cross-section of a perovskite film fabricated with myac/mya = 0.5.
The bright regions correspond to nanocrystals with the same orientation. L) HRTEM image of the same film providing a closer view of the preferential
orientation. The insets show the FFT of the image, with the highlighted reflexes resulting in the reconstructed IFFT image, where domains of similar
orientation are shown as bright.
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However, this behavior changes dramatically when assisting
the crystallization with MACL For the optimized mass ratio
of myact/Myar = 0.5, SEM images show much more uniform
grains and film thickness, with a Feret's diameter of 500 *
170 nm as measured from the top view (Figure 2F,G). Aside
from lowering the probability of pinhole formation, this
improved morphology also reduces the surface area of the
film, as well as the number of defects, thus providing fewer
sites for water or oxygen to degrade the film. Additionally,
the film exhibits an anisotropic diffraction signal, indicating
a high degree of preferential orientation of up to 90% com-
pared to the 33% of their counterparts with myac1/myar = 0
(Figure 2H,I and Note S2, Supporting Information). This effect
is augmented to 94% by using an antisolvent during film for-
mation, but also occurs without it (Figure S8E-M, Supporting
Information). The observed improvement is likely due to the
antisolvent washing away excess solvent, starting from the sur-
face of the liquid. As a result, supersaturation occurs faster at
the liquid—air interface, slightly augmenting the effect of MACI.
Complementary GISAXS data was recorded to access informa-
tion about the lower g range in the reciprocal space (Figure S9,
Supporting Information). While the GISAXS images do dis-
play a similar preferential orientation to their GIWAXS coun-
terparts, they do not indicate the presence of superstructure
phases. To gain further insight into the phase composition of
the sample, photoluminescence spectra for films of varying
n-value were measured (Figure S10, Supporting Information).
While the additional high-energy bands observed for samples
with n = 3 and 5 indicate a distribution of low-n phases within
the film, no definitive evidence of additional phases is present
for n = 7 We note, however, that these measurements do not
preclude the presence of low-n structures below the detection
limit. Therefore, there is likely a broad distribution of n-values
with insufficiently coherent crystallographic regions present
in the final film.) The favorable crystal alignment was fur-
ther verified using our observations from TEM techniques. A
representative selected-area electron diffraction (SAED) pat-
tern collected from a single grain, aligned along the [110] zone
axis, reveals a predominant crystal orientation (Figure 2] and
Note S3, Supporting Information). The observed crystal struc-
ture and measured lattice parameters correspond to tetragonal
MAPDI; and are in good agreement with the literature data.’l
By choosing one of the diffraction reflexes we could obtain a
dark-field (DF) TEM image, which displays regions of similar
orientation as bright (Figure 2K). It turns out that the grain
contains numerous similarly oriented nanocrystals separated
by differently oriented regions (dark areas). This is further evi-
denced by a high-resolution (HR)TEM image, which allows the
direct observation of the aligned crystallites with a median size
of 10-20 nm (Figure 2L). The fast Fourier transform (FFT) of
the image displays preferential orientation, which is visualized
by the reconstructed inversed (I)FFT image where the regions
of the same selected orientation appear brighter (Figure 2L,
inset). Evidently, the presence of MACI in the precursor alters
the crystallization process to favor a preferential orientation in
the material.

Previous research proposed that such oriented perovskites
originate from the nucleation and subsequent crystallization
beginning at the liquid-air interface.”! To investigate if this

Adv. Mater. 2023, 35, 2208061 2208061 (5 of 10)

www.advmat.de

holds true in the case of MACl-induced vertical orientation, the
drop-cast yellow precursor solutions with myac1/muvar = 0 and
0.5 were partially thermally annealed until the black perovskite
phase started to form (Figure 3A). The surface of the films was
scraped off using a razor blade. If no MACI is present during
the crystallization, visual inspection reveals either a solid yellow
phase (possibly corresponding to Pbl,) or the black perovskite
phases beneath the surface. In contrast, despite a similar black
appearance, performing the same scraping for films grown with
MACI reveals the yellow, non-crystallized liquid phase beneath
a thin solid crust that formed at the liquid—air interface. This
effect can be further demonstrated by partially annealing a
larger volume of the precursor solution. In this case, tilting the
substrate with the resulting films prepared with MACI causes
a wave of unannealed precursor solution to ripple underneath
the black perovskite crust (Video S1, Supporting Information).
Preparing a film this way causes the crust to become too thick
for the remaining trapped DMF to escape. Even after annealing
the films for >1 h at 100 °C, there is still liquid contained under
the perovskite layer. Meanwhile, no residual precursor solu-
tion can be observed when performing the same experiment
without MACL

If the nucleation is initiated at the liquid—air interface, crystal
growth has a clear preferential orientation compared to nuclea-
tion in the isotropic liquid or at the rough liquid—substrate
interface (Figure 3B). This crystallization process can be directly
observed on a macroscopic scale by starting the crystallization
inside a transparent glass vial and observing the cross-section
of the liquid. In the absence of MACI, random crystallization
is observed within the liquid, as well as at the liquid-air and
liquid—glass interface. In contrast, controlling the nucleation
dynamics using MACI constrains the growth to exclusively start
at the liquid—air interface (Figure 3C).

One of the important questions related to the role of MACI
is whether the chloride ions remain in the film after annealing,
and if so, whether they are incorporated into the iodide-rich
perovskite phase. This question has been previously studied
in the context of MAPDI;_,Cl, using angle-resolved X-ray pho-
toelectron spectroscopy (AR-XPS),? and X-ray fluorescence,*
which showed that chlorides are present in annealed films,
although those measurements do not provide any chemical
information on the phase in which the chlorides are present.
More recently, solid-state NMR has been used to unambigu-
ously show that metastable MAPDI; ,Cl, solid solutions do
form.B33l However, those experiments were carried out on single
crystals made without the thermal annealing step used in the
fabrication of thin films. To obtain information on local struc-
ture and elucidate the speciation chlorides in our materials, we
carried out solid-state magic-angle-spinning (MAS) NMR exper-
iments on perovskite films fabricated with and without MACI
on flexible parylene C (ParC) substrates (Figure 3D, Figure
S11A, and Table S2, Supporting Information). While MAS NMR
on perovskite thin films is highly challenging,*® here, we take
advantage of the fluorinated cation, which allows us to use the
highly receptive °F isotope. The ?F MAS NMR spectrum of the
material without MACI shows a broad (FWHM 4.12 + 0.06 ppm)
peak centered at -110 ppm, which is shifted relative to that of
neat 3FBAI (-113 ppm) and corresponds to 3FBA spacer cat-
ions within the 2D/3D perovskite (note that the peaks between
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Figure 3. Crystallization mechanism. A) Optical images of the crust removal test. First, the yellow precursor solution (left) is partially annealed until
the film turns into the black perovskite phase (middle). Then, the films surface is scraped off (right) to reveal the remaining material underneath. The
sub-surface phase is solid for myac)/mMua = 0 (top) and liquid for myaci/mMya = 0.5 (bottom). B) Schematics (left) illustrating the crystal growth direc-
tion upon nucleation at the liquid-air interface, the liquid—substrate interface, or inside the liquid, as well as optical images (right) of the side view of
the precursor solution without and C) with MACI during the initial crystallization step. The solution with the MACI additive has preferential nuclea-
tion sites at the liquid—air interface whereas the one without MACI additionally randomly forms crystallites inside the liquid or at the liquid—substrate
interface. D) 'F solid-state MAS NMR spectra of perovskite films fabricated on flexible substrates with and without MACI. Background signals from
residual perfluorosilane on the substrate are indicated by “S”. E) Selected region of the XPS survey spectra of a regular thin films’ surface (showing
no signs of Cl), and of a thick films’ bulk (showing a Cl peak), both grown with myaci/mya; = 0.5. The dashed line indicates the location of the Cl2p
photoelectron line. F) Solution '"H NMR spectrum of the condensed liquid generated from the evaporation of the precursor solution during annealing.
G) lllustration of the proposed crystallization mechanism. The ACI-Pbl,:DMF complex is stabilized through the strong CI-Pb interaction (left). As heat
is introduced into the system, the volatile MACI escapes from the solution, leaving a less stable Al-Pbl,-DMF complex behind at the liquid—air interface
(middle). Since this state is thermodynamically less favorable, nucleation readily occurs as the DMF evaporates to form the perovskite crystal (right).
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—120 and —130 ppm correspond to residual perfluorosilane pre-
sent on the flexible substrate). In the material with MACI, this
peak is slightly shifted (111 ppm) and substantially broadened
(FWHM 5.5 £ 0.1 ppm), indicating that the addition of MACI
changes the local environment of the spacer cation in the
2D/3D phase. This effect is readily explained by the halide dis-
order introduced by chlorine incorporation into the iodide-rich
2D/3D phase. While in the material without MACI the spacer
is surrounded only by iodides, the introduction of chlorides
into the structure leads to a distribution of local environments
whereby the spacer can have a non-zero number of nearest
neighbor chloride ions. The presence of this distribution leads
to the experimentally observed peak broadening in the material
containing MACL. This result unambiguously evidences that
chlorides are incorporated into the 2D/3D perovskite structure.
Additionally, GIWAXS and GISAXS patterns reveal new small
peaks appearing in samples fabricated using MACI, which we
attribute to trace amounts of a phase-segregated chloride-rich
phase (Figure S11B, Supporting Information).

We also attempted recording *C MAS NMR spectra on the
thin film samples, and while we were able to detect MA, the
spacer was too dilute to yield signal after 44 h of acquisition at
20 T (Figure S11C and Table S3, Supporting Information). To cir-
cumvent this sensitivity limitation, we also prepared the n =1
and n =7 materials using mechanosynthesis and recorded their
13C MAS NMR spectra and XRD patterns (Figure S11D,E, Sup-
porting Information). The local environment of 3FBA in these
two phases is substantially different than in neat 3FBAI, as evi-
denced by the shift and splitting of the *C peaks. On the other
hand, the local structure of 3FBA in n =7 is similar to thatin n =
1 with small differences around the —CH,— group and in the
aromatic ring, indicating that its conformation adapts depending
on the number of surrounding 3D slabs. A similar effect has
been previously observed in other 2D/3D halide perovskites.[*)

To estimate the amount of chloride in the film, energy-dis-
persive X-ray spectroscopy (EDX) was conducted in scanning (S)
TEM mode to record the general EDX spectrum of the perov-
skites cross-section (Figure S11F, Supporting Information).
However, the low Cl content and the overlapping of the most
intense Cl K series peak with the Pb M series peak rule out
reliable quantification. By deconvoluting the Pb and Cl signals,
we estimate the trace Cl content in the sample to be <1 at%. To
address the challenge of Cl detection, X-ray photoelectron spec-
troscopy (XPS) of the perovskite films was performed. While the
survey spectrum of the surface does not show any characteristic
Cl peaks, measuring the bulk of a roughly 10x thicker film (3500
+700 nm) reveals significant amounts (=75 at%) of Cl (Figure 3E
and Figure S11G, Supporting Information). This result confirms
that the majority of Cl~ evaporates from the system during
annealing and is consistent with previous reports.? However,
so far it is unclear whether the Cl~ can evaporate directly from
the solution or only escapes into the gas phase after prolonged
heating of the solid perovskite. To clarify this, the composition
of the evaporated gas was analyzed by evaporating the precursor
solution at the same temperature used during the annealing of
the films (100 °C) and letting the generated vapors re-condense
onto a glass slide. Investigating the thus obtained liquid using
'H NMR reveals small amounts of methyl groups in the sample
(Figure 3F and Figure S12A, Supporting Information). Together,

Adv. Mater. 2023, 35, 2208061 2208061 (7 of 10)

www.advmat.de

these results directly confirm that some MACI evaporates from
the precursor solution before the crystallization of the solid
perovskite bulk, while the majority evaporates from the solid
phase after prolonged annealing. However, since the crystalliza-
tion starts from the liquid—air interface, if a thick enough perov-
skite crust forms between the air and the remaining liquid,
some of the Cl” can no longer escape and gets trapped in the
bulk. This also explains why residual Cl™ is usually only found
in significant quantities at the interface of the perovskite and
the underlying substrate.?]

Because both the solvent and MACI have to evaporate from
underneath the already formed crust, it raises the question if
this process causes damage to the forming perovskite layer.
Microscopy images of films fabricated with myaci/mmar = 0.5
display a compact, pinhole-free surface (Figure S12B, Sup-
porting Information). However, increasing the Cl~ content in
the solution beyond the optimum ratio to myac)/muar = 1.0
leads to violent evaporation, forming tunnels throughout the
film (Figure S12C, Supporting Information). This results in a
vast number of pinholes that shunt the device, decreasing per-
formance. Therefore, tuning the MACI ratio is critical to ensure
the formation of a continuous active layer.

Combining the observations discussed above, we propose a
thermodynamic mechanism of the process leading to highly
oriented perovskite films (as illustrated in Figure 3G): Upon
adding excess MACI to the precursor solution, the coordination
complex PbI,-AI-MACI-DMF is formed (where A is the A-site
cation, such as MA, or a larger cation, such as 3FBA). Due to
the stronger coordination of MACI to PbI, compared to MAI
(resulting from Pb—Cl and Pb—I bond dissociation energies
of =3.1 and 2.0 eV, respectively),P%! this intermediate is rela-
tively stable, suppressing the uncontrolled reaction of MAI and
PbI,.'] However, as heat (A) is introduced to the system, since
MACI has a higher volatility than MALF2%3 it readily escapes
from solution. Because the evaporation occurs at the liquid—air
interface, this process leaves the thermodynamically less stable
Pbl,-Al-DMF complex behind at the surface of the solution.
There, the complex aligns itself, likely due to surface tension,?
leading to preferential orientation. As heat continues to be sup-
plied, enough of the high-boiling-point, coordinating solvent
(such as DMF) also evaporates, allowing the already destabi-
lized PbI,-Al-DMF to react, forming the APbI; phase. Note
that even if initially only small amounts of MACI evaporate
before supersaturation is reached, the metastable intermediates
they leave behind still serve as nucleation centers to initiate the
subsequent crystallization. This entire process can be summa-
rized in the following 2-step reaction pathway:

MACIT DMFT
PbI,-AI-'MACI-DMF — PDbIL,-AI-DMF 7 APDI, 1)
A

Note that perovskite precursor solutions were reported to be
colloidal dispersions rather than real solutions.* Therefore,
the solution complexes are generally more involved compared
to the simplified depiction chosen above. Nevertheless, this
model can still be used to explain the nucleation reaction as
only a small number of molecules need to interact to form the
initial nucleation centers from which the subsequent crystalli-
zation occurs.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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This mechanism can be expanded to other preferential ori-
entation-inducing methods and used to derive design princi-
ples for the development of new additives. First, the additives
should have a stabilizing effect on the initial solution complex,
preventing uncontrolled crystallization inside the liquid phase
or at the liquid—substrate interface (examples of such additives
include PbCl, or DMAc). Furthermore, the additives should
either be volatile themselves, or form volatile compounds that
easily leave the reaction medium to initiate the crystallization
at the liquid—air interface (e.g., NH,SCN). At the same time, it
is critical to keep the amount of the evaporation-driven, nucle-
ation-inducing additive low enough to prevent pinholes from
forming due to the escaping gas. It should be noted that even at
low concentrations, while pinholes may not form in the center
of the sample, they may still form at the edges of the perov-
skite film. This is because as the perovskite crust forms above
the liquid, it is easier for the gas to escape at the not-yet fully
formed edges of the film. These may still shunt the device even
if they are outside the active area of the solar cell (as defined by
the overlap of top and bottom electrode) if a highly conductive
CTL is employed.

Additionally, this reaction mechanism is also capable of
explaining the effect of fabrication methods that do not rely on
additives, such as hot-casting. Here, the substrate is pre-heated
prior to spin-coating, increasing solvent evaporation during
the spin-coating step. As a result, the black perovskite phase
forms as the sample is still rotating. Since this rapid evapora-
tion occurs at the liquid-air interface, the perovskite nucleates
at the liquid surface first, again leading to preferentially aligned
crystallites.

Finally, while preferential orientation is of special signifi-
cance to 2D and quasi-2D perovskites, controlling nucleation is
vital in other cases as well. For example, uncontrolled growth
on rough substrates can cause poor film morphology. However,
if the nucleation starts at the liquid-air interface, the rough-
ness of the underlying film is almost irrelevant to the formation
of the perovskite. This may lead to more defect tolerant, and
therefore cheaper, fabrication processes, which are especially
relevant for scaling up production with roll-to-roll processing
on flexible, often plastic, substrates.

3. Conclusion

We have fabricated quasi-2D solar cells by incorporating the
large hydrophobic cation 3FBA, greatly improving the resilience
of the films against atmospheric humidity. Using the MACI
additive, we were able to control the nucleation and subsequent
crystallization to facilitate highly textured films. We carried out
multimodal characterization of the resulting materials using a
combination of long-range (diffraction) and short-rage (NMR)
structure probes, electron microscopy and X-ray spectroscopy.
Based on these results, we proposed a thermodynamic mecha-
nism leading to the highly oriented films, which can be applied
to a wide variety of contexts and fabrication approaches: While
the MACI additive initially stabilizes the solution complex, as it
heats up and evaporates a thermodynamically less stable inter-
mediary is left behind at the liquid—air interface. As the solvent
evaporates and the saturation of the solution increases, this
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metastable complex reacts first during nucleation, leading to
highly aligned crystals due to the clearly defined orientation of
the liquids surface.

The explanatory power of this mechanism can also be
adapted to describe the fundamental origins of how other estab-
lished methods cause vertically aligned perovskite crystals. We
expect that the understanding of how to control the nucleation
and subsequent crystallization of perovskites will enable the
rational design of new additives for perovskite optoelectronics
research, to facilitate the development of more defect tolerant
and stable photoactive materials as the technology transitions
from the laboratory to the market.

4. Experimental Section

All the materials and methods used are available as part of the
Supplementary Information.
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Supporting Information is available from the Wiley Online Library or
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