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ABSTRACT: While halide perovskite thin films have enormous potential for photovoltaics
and other optoelectronics, the use of environmentally hazardous solvents during their
deposition and processing poses a barrier to their commercialization. In this work, we
demonstrated the deposition of melt-processable precursors and subsequent transformation
into halide perovskite thin films without using environmentally hazardous solvents. We
melted the wide-bandgap layered perovskites [(CsH;CH(CH;)CH,NH;),Pbl,:}-Me-
PEA,Pbl,] at ~210 °C and blade coated them into films. The f-Me-PEA,Pbl, films were
subsequently transformed to perovskite-phase methylammonium or formamidinium lead
iodide films using a cation-exchange process in an alcohol-based solvent. Lastly, we
demonstrate the potential and limitations of a completely solvent-free approach that uses
solid-state transformation of a -Me-PEA,Pbl, film. This work represents a substantial step
toward eliminating environmentally hazardous solvents and enables inexpensive industrial-
scale liquid-phase deposition processes that do not require expensive systems for handling
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and disposing of environmentally hazardous solvents.

Recent advances in solution-processable lead halide
perovskites have demonstrated their promise for photo-
voltaic (PV) and other optoelectronic applications.' ™
Solution-based deposition methods offer the potential for
dramatically lower capital costs for industrial-scale deposition
of the PV absorber layer. However, the low cost associated
with laboratory-scale solution deposition does not necessarily
apply to industrial solvents as a result of large expenses related
to recovering and disposing of toxic solvent vapors. While the
toxicities of different solvents vary, typical solvents that are
used for depositing halide perovskite thin films, such as
dimethylformamide (DMF) or its substitutes,” have been
classified by many regulatory agencies to be hazardous to the
environment. The United States Environmental Protection
Agency, for example, classifies these solvents as “air-toxic”
solvents or (equivalently) as “hazardous air pollutants”.'” The
added capital costs for solvent recovery and disposal are a
factor that prevents solution-processable wide-area halide
perovskite films and devices from being realized, pointing
toward a need for deposition methods that do not require air-
toxic solvents.

It is known that some hybrid organic/inorganic Rud-
dlesden—Popper (RP) phases can melt into the liquid phase
without decomposition. Most reported hybrid organic/
inorganic RP phases are layered materials that contain a halide
perovskite sublattice and have a general formula of
(RNH;),A,,_B,X;,,,1, where RNH; is an aliphatic or aromatic
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“spacer” cation [e.g, n-butylammonium (BA') or phenethy-
lammonium (PEA*)], A is a smaller cation [e.g, methyl-
ammonium (MA*), Cs*, or formamidinium (FA*):HC-
(NH,),*], B is a divalent metal (e.g, Ge, Sn, or Pb), and X
is a halide (Cl, Br, or I). The index n defines the thickness of
metal halide slabs that are confined between RNH;" spacer
cations.' '™ There are a few known hybrid organic/inorganic
haloplumbates that undergo melting,lé_19 but many also begin
to decompose when heated to temperatures required to melt
them. In the early 2000s, Mitzi and co-workers demonstrated
that RP phase (PEA),Snl, could be melted and compressed
between two substrates to form a solid film upon cooling."®
Recently, a similar approach was applied to synthesize
homologous Pb-based compounds that also melt at temper-
atures ranging from 207 to 261.4 °C.""~"” The ability to melt
process these compounds arises from a relatively low melting
point and sufficiently large gap between their melting and
decomposition temperatures.'®~'? In contrast to three-dimen-
sional (3D) halide perovskites, RP phases with n = 1 [ie,,
(RNH;),BX,] are known to accommodate a wide variety of
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spacer cations, and this compositional flexibility can be used to
tailor the thermal properties, including their melting temper-
atures.'”'”?° For example, (RNH;),Pbl, compounds with
short alkylammonium chains (i.e., butylammonium) partially
decompose when heated above ~220 °C, while compounds
prepared using many PEA'-based spacer cations or their
derivatives melt without decomposing.'”'? Other research
groups have also identified other solvent-free processing, such
as the use of reactive polyiodide melts."”

While these meltable RP-based compositions could be
interesting for solvent-free, liquid-based processing of thin
films, their potential for use in PV and other optoelectronic
applications is limited as a result of their relatively wide band
gaps (>2 eV).*" Additionally, they tend to crystallize into films
that have preferred orientation with corner-sharing octahedral
sheets that lie parallel to the substrate; this type of structure is
known to hinder charge transport in the vertical (out-of-plane)
direction.”**** A-site cation exchange has been a common
procedure in tuning the oytical properties of perovskite thin
films and nanocrystals.”* ™" Prior reports have demonstrated
that immersing (IC,H,NH,),Pbl, thin films into a solution of
methylammonium iodide (MAI) dissolved in the mixture of
isopropanol (IPA) and toluene resulted in the formation of
(IC,H,NH;),(CH;NH;),_,Pb,I;,,, with greater degrees of
stacking order and higher dimensionality compared to the
parent material.”* This cation exchange was not limited to MAI
solution with IC,H,NH," spacer cations. PEA,Pbl, thin films
also transformed to FAPbI; upon exposure to formamidinium
iodide (FAI) solution in IPA.*> While these approaches are
simple and feasible to form a perovskite phase, they still use
air-toxic solvents, such as DMF, during the deposition of the
precursor phase into thin films, thus posing economic and
environmental challenges on an industrial scale.

Here, we aimed to demonstrate the potential of melt-
processable precursors by combining melt processing with an
A-site cation-exchange approach to tune their structure and
optical properties. We focused on f-Me-PEA,Pbl, [f-Me-
PEA* = C¢H;CH(CH;)CH,NH,;], which is known to form a
stable liquid phase at relatively low temperatures (207 °C)."
We blade coated melted f-Me-PEA,Pbl, onto a substrate to
create a film and compared the structure and optical properties
of blade-coated films to films prepared by both press coating'”
and spin coating with a conventional, air-toxic solvent. We
explored different approaches to cation exchange to replace the
S-Me-PEA" cations with smaller (FA* or MA*) cations on
films prepared using blade and spin coating. We characterized
changes in the properties and structure of films using
ultraviolet—visible—near-infrared (UV—vis—NIR) absorption
spectroscopy (reported as optical absorptance for clarity),
photoluminescence (PL), X-ray diffraction (XRD), and
scanning electron microscopy (SEM). We gained insight into
the kinetics of the cation-exchange process and noticed that a
complete conversion of f-Me-PEA,Pbl, to MAPbI; occurred
in a few minutes for thinner spin coating. In contrast, the
thicker blade-coated films had slower transformation to the 3D
perovskite phase of MAPDI;. In addition, we found that
prolonged exposure of spin-coated films into FAI solution
resulted in the formation of the non-perovskite 5-FAPbI;
phase. In addition to a liquid-based cation exchange, we
report a solid-state approach to transform melt-processable
precursors into MAPbI;, demonstrating a proof-of-concept
technique that could potentially remove the need for any
solvents during film deposition and processing. Our work
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demonstrates that, in concept, semiconducting halide perov-
skite films with tunable properties may be formed using a melt-
based approach that does not use toxic solvents. If the film
thickness and morphology of blade-coated films could be
optimized, this solvent-free process may be a promising route
for depositing halide perovskite films for applications, such as
solar cells. Our findings may be more readily applied to the
many applications where hybrid perovskite films do not require
smooth, conformal films with precisely defined thickness, such
as colorimetric sensors,>* scintillators,>*>® chemical sensing,37
and memory devices.”**

Scheme 1a illustrates the process that we used for depositing
f-Me-PEA,Pbl, films (see Figure S1 of the Supporting

Scheme 1. Ilustration of the Process Used To Melt Process
p-Me-PEA,Pbl, and Subsequently Transform the Melt-
Processable Precursor to 3D Perovskite Films: (a) Blade
Coating of Melted f-Me-PEA,Pbl, Followed by (b) Cation
Exchange, Where a Solution-Based Exchange of
Methylammonium Iodide (CH;NH;I, MAI) Dissolved
Solution Is Shown, Resulting in a (c) Transformation to a
MAPbI, Film

CH,NH,l/ IPA

Information, a photograph of the experimental apparatus).
We used blade coating as a result of its similarity to techniques
used for depositing films on wide-area substrates that would be
utilized in industrial PV manufacturing. Furthermore, unlike
previously used press-coating techniques, blade-coating leaves
the top surface of the film uncovered, allowing for further
processing and fabrication of nonplanar devices, such as solar
cells. To deposit -Me-PEA,Pbl, films, we placed f-Me-
PEA,Pbl, powder on TiO,-coated fluorine-doped tin oxide
(FTO) substrates and placed the substrate on a heating stage
set to 210 °C, allowing the powder to melt. The liquid was
then immediately blade-coated, and the substrate was quickly
removed from the heating stage to avoid prolonged heating of
the f-Me-PEA,Pbl, film, which we found to result in partial
decomposition to Pbl, (Figure S2 of the Supporting
Information).
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Figure 1. SEM images of (a) press-coated, (b) blade-coated, and (c) spin-coated f-Me-PEA,Pbl, films and XRD and absorptance spectra are

shown in panels d and e, respectively.

The morphology of the blade-coated films depended upon
the processing conditions, including the substrate and blade
temperature, blade properties, and translation speed of the
stage. Initial attempts of using various room-temperature blade
materials, including stainless-steel razor blades, glass, and
Teflon, resulted in films with high degrees of visible surface
roughness (Figure S3 of the Supporting Information) and were
microscopically inhomogeneous (Figure S4 of the Supporting
Information). We found that using the blunt edge of a razor
blade covered with Kapton tape resulted in the best film
quality. Furthermore, heating the blade to ~155 °C during
coating resulted in further improvement of the film quality by
preventing solidification of the melt during the deposition.
These preliminary blade optimizations led to dramatic
improvement in macroscopic uniformity of the film coverage
and thickness and eliminated some of the microscopic
inhomogeneities observed on the surface of the film. We also
found that faster stage translation speeds (the speed at which
the substrate moves) of ~1 mm/s compared to ~0.5 mm/s
resulted in more homogeneous morphology with fewer void
spaces observed in SEM images. The morphology of the blade-
coated films (Figure 1b) was similar to that of press-coated
films (Figure la) that were prepared according to the method
described by Li et al.'’ Blade- and press-coated films had
similar morphologies as viewed from the top down in SEM,
both containing microscopic cracks (panels a and b of Figure
1). In contrast, f-Me-PEA,Pbl, films prepared by spin coating
were smooth in morphology with narrow cracks with limited
length that did not penetrate deeply into the film (Figure 1c).

Structure analysis of f-Me-PEA,Pbl, films was performed
with XRD. As shown in Figure 1d, blade-coated S-Me-
PEA,Pbl, films consist of a series of {001} sharp diffraction
peaks, indicating that the layers within the RP phase are
preferentially oriented in parallel with respect to the substrate.
This parallel preferential orientation was common among RP
phase perovskite (n = 1) films that are deposited via press
coating and spin coating (Figure 1d)."” Some unidentified
small diffraction peaks observed in blade-coated films in our
study have also been observed in the past for similar press-
coated 2D perovskites.'” The absorptance spectra of spin-
coated fi-Me-PEA,Pbl, thin films have a sharp excitonic peak
at 2.45 eV (Figure le). An excitonic peak at 2.45 eV was
observed for blade- and press-coated films; however, the peak
was broadened and slightly shifted by ~0.01 eV. The direction
of the shift varied randomly between samples (Figure SSb of
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the Supporting Information) among multiple blade-coated
films under nominally identical deposition parameters. The
apparent broadening of the excitonic feature in the press-
coated film may be due to the large thickness of this sample or
a higher defect density. This could be determined using an
improved melt-deposition process that enables thinner films.
The macroscopic morphologies of these films were similar
(Figure SSa of the Supporting Information), and XRD peaks
were in the same positions but with different intensities
(Figure SSc of the Supporting Information). The inconsistency
in broadening and peak shifts could arise from structural,’
compositional,"”™** and energetic™® disorders. It is possible
that the change in the absorptance spectra arises from
evaporation of the RNH;" cation and/or halide from the
film during heating, which could result in the formation of ion
impurities. Thus, the observed variation in optical properties
could arise from factors that influence degradation or
sublimation kinetics of the precursor that are not well-
controlled. We note that failure to recover sublimated f-Me-
PEA may represent an environmental risk factor; however, it
may be more economical to recover }-Me-PEA as a result of its
low vapor pressure near room temperature. The factors that
control these kinetics are unclear but could be related to
deposition conditions, such as the mesh size or packing density
of the powder prior to melting or total surface area covered by
the powder. It could also be due to non-idealities associated
with our blade deposition apparatus, which did not have a
precisely controlled translation speed nor a finely adjustable
blade angle nor height.

To transform pB-Me-PEA,Pbl, films into lower bandgap
halide perovskite films, we adapted an established A-site
cation-exchange approach®*>** to exchange the f-Me-PEA*
cation with either MA* or FA". Briefly, /-Me-PEA,Pbl, films
were placed into a MAI or FAI solution in IPA (10 mg/mL),
as illustrated in Scheme 1b. The films were placed in the
solution for times ranging from 1 min to 8 h, then rinsed in
neat IPA, dried under N, flow, and placed on a hot plate at 70
°C for 5 min to form halide perovskites (Scheme 1c). As
shown in Figure 2, the color of the spin-coated films
transformed from yellow to brown within 1 min of immersing
into either MAI or FAI solutions, consistent with the formation
of halide perovskite phases and/or RP phases with higher n
values. The absorptance spectra indicate a shift in the band gap
to lower energies during cation exchange, consistent with
transformation to their corresponding halide perovskite phases

https://doi.org/10.1021/acs.jpclett.2c03916
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Figure 2. Absorptance and PL spectra (normalized) of spin-coated f3-
Me-PEA,Pbl, thin films followed by cation exchange in 10 mg/mL (a
and c¢) MAI and (b and d) FAI solutions and (e) XRD patterns of
spin-coated }-Me-PEA,Pbl, thin films after immersion in MAI and
FAI solutions for S min. The XRD is focused around peaks located at
~14° and ~28° 26 for clarity. Solid lines and dashed lines in panels ¢
and d represent PL measured at the top surface and bottom (through
the glass slide), respectively.

(MAPDL, or FAPbL,).”>*>** For films placed in MAI solutions
for S and 60 min, the band edge reached 1.59 eV (780 nm)
and 1.55 eV (795 nm) , respectively, agreeing well with the bulk
MAPbI; bandgap.”® We observed a similar transformation
when FAI solutions were used. The band edge appeared at
~1.48 eV (840 nm), consistent with the formation of
perovskite phase a-FAPbI, (“black” phase) after S min of
immersion. However, when the cation-exchange procedure
exceeded 10 min, the films lightened in color and absorptance
intensity gradually decreased (Figure 2b), suggesting the
instability of the perovskite phase and formation of non-
perovskite phase 5-FAPbI, (“yellow” phase).*”*> XRD of the
films after cation exchange (Figure 2e and Figure S6a of the
Supporting Information) shows that both samples have sharp
diffraction peaks at ~14.2° correspondmg to the (110) Bragg
diffraction peak of tetragonal MAPbIL,*® and 14° corresponding
to the (101) Bragg diffraction peak of trigonal FAPbI; (“black
phase”),"” respectively. We did not observe any diffraction
peaks corresponding to f-Me-PEA,Pbl, in either of these
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samples, suggesting that the precursor completely transformed
to the corresponding perovskite phases (Figure S6b of the
Supporting Information). XRD also confirms that FAPbL; thin
films were not pure black phase. A diffraction peak at 11.8°,
which is known to arise from the non-perovskite  phase’’
appeared in all of the samples.”” With the increase of the FAI
solution concentration to 20 mg/mL, the relative intensity of
the diffraction peak for 5-FAPbI; decreased (Figure S7 of the
Supporting Information), indicating that the formation of this
phase could be minimized by optimizing the solution
concentration and immersion time.

We performed room-temperature PL spectroscopy on spin-
coated thin films on both coated (front) and glass (back) sides
to further study the transformation of two-dimensional (2D)
materials into the perovskite phase. All converted thin films
showed PL, and the peak maximum shifted to lower energy
when increasing the immersion time for both MAI and FAI
solutions (panels c and d of Figure 2). This shift was consistent
with the shift in band gap observed in the absorptance
spectra.”> We did not notice any difference in PL position
when the light was exposed on the front (solid line) or back
(dashed line) side of converted MAPbI, thin films, indicating
homogeneous transformation into the perovskite phase
throughout the film thickness.** However, we noticed that
the PL intensities associated with MAPbDI; decreased by
increasing the immersion time to 60 min, observed from front
and back sides (Figure S8 of the Supporting Information).
This implies that, even though there is no discernible change
to the 60 min MAPDI3 sample when characterizing its
absorptance spectrum or XRD pattern, these PL data indicate
increased non-radiative charge carrier recombination deep
within the films upon prolonged exposure to the MAI
solutions. In the case of thin films that were converted to
FAPDI;, we noticed the slight shift in the PL peak for front and
back sides for the immersion time of 5 min, implying a
formation of RP phases with higher n values at the surface near
the glass side. Similar to transformed MAPbI;, a red shift in
bandgap was also observed for transformed FAPDI; films
(Figure 2c). However, the kinetics of this process appears to
occur much faster to exchange to FAPDbI;, which is surprxsmg
because FA* is much larger than MA* (2.53 versus 2.17 A)*
and would be expected to have lower diffusivity. While the
rationale for why these exchange processes occur at such
different rates is an area of ongoing investigation, these results
suggest that the exposure time to cation solutions should be
optimized for each system to impart optimal optoelectronic
behavior.

We also attempted A-site cation exchange on blade-coated
samples by placing these films in MAI or FAI solutions in IPA
(10 mg/mL) for different periods of time. After S min of
immersion in MAI solution, the XRD pattern (Figure 3a)
shows diffraction peaks that correspond to both p-Me-
PEA,Pbl, and MAPbI;, indicating incomplete transformation.
We also noted that the diffraction peaks are broadened for
MAPDI;, which may suggest small grain size, lattice strain, or
lower crystallinity.”>" Similar incomplete transformation was
also observed when blade-coated films were immersed in 10
mg/mL FAI solution for § min. Although absorptance spectra
show the transformation of #-Me-PEA,Pbl, to a-FAPbI; by
shifting the bandgap to lower energy (Figure 3d), the XRD
pattern (Figure 3a) indicates the formation of a-FAPbI; and -
FAPDI; phases along with residues of -Me-PEA,Pbl,. This
incomplete transformation was apparent upon visual inspec-
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Figure 3. (a) XRD of blade-coated films immersed in MAI and FAI
solutions, (b and c) cross-sectional SEM images of blade- and spin-
coated films followed by cation exchange in MAI solutions for S min,
and (d) absorptance and (e) PL spectra (normalized for clarity) of
blade-coated films followed by cation exchange in MAI and FAI
solutions. ¢ in panel a denotes non-perovskite 6-FAPbI;. Red shading
in panels b and c indicates the perovskite layer, and blue shading
indicates the ITO substrate. A dotted line was added to panel d to
guide the eye.

tion of the substrates; while the top of the coated side of blade-
coated samples appeared brown after immersing in MAI
solution, the inner layer of the sample did not appear to
transform, retaining the orange color of f-Me-PEA,Pbl, when
viewing through the back of the glass substrate (Figure S9 of
the Supporting Information). This incomplete transformation
is likely due to the blade-coated films being substantially
thicker. Figure 3b shows a SEM cross section of a blade-coated
sample with a thickness of ~5 pm; however, the films are
macroscopically inhomogeneous, as shown in photographs
(Figure S3 of the Supporting Information), and the thickness
of the best films varies between 2 and 10 ym. In contrast, the
spin-coated films were uniformly thick, with an average
thickness of ~0.25 um (Figure 3c). As a result of the
difference in the thickness, we believe that, within the 5 min
immersion time, the cation exchange between MA" and -Me-
PEA" only occurred at the interface between MAI and blade-
coated f-Me-PEA,PbI, films;>' hence, a longer exposure time
is required to transform to the bulk materials.”>">* With the
increase of the immersion time in MAI solution to 60 min
(Figure 3a), the {001} diffraction peaks corresponding to f-
Me-PEA,Pbl, almost disappeared and the intense and
narrower diffraction peaks for MAPDI; were observed,
suggesting a larger grain size, reduced strain, or better
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crystallinity in the samples.”>*® Absorptance spectra also
confirmed the transformation of blade-coated -Me-PEA,Pbl,
to MAPbI;. As shown in Figure 3d, the bandgap red shifted to
1.53 €V, similar to the results observed for transformed spin-
coated samples (Figure 2a). It should be noted that a longer
immersion time (>S min) in FAI solutions for blade-coated
films was avoided because a longer immersion time resulted in
apparent loss of color in spin-coated samples (Figure 2b), as
they became hazier yellow at increased immersion times.

PL spectra indicated a red shift for blade-coated B-Me-
PEA,Pbl, films when they were immersed in MAI and FAI
solutions for S min (Figure 3e). Unlike to spin-coated thin
films, we found a difference in the PL peak position when
taken from the coated and glass sides, implying inhomoge-
neous transformation of fS-Me-PEA,Pbl, to the perovskite
phases. PL is in good agreement with the XRD results that S-
Me-PEA,Pbl, is still present within the film after S min of
immersing in the MAI solution. However, while XRD results
showed that longer immersion times in MAI (60 min) improve
conversion, PL was no longer detectable. This implies that
prolonged exposure to the MAI solution results in the
formation of defects that promote non-radiative carrier
recombination.

We performed SEM to study the effect of cation exchange
on a film morphology. Spin-coated f-Me-PEA,Pbl, films were
continuous and pinhole-free with a lateral grain size of ~1.5
pm (Figure 4a). Upon immersion in MAI solution, the grain
shape changed, the average grain size became smaller (~0.13
um), and small cracks were observed (Figure 4b). However,
the thin films were still uniform in thickness and microscopi-
cally continuous (Figure 4b). Our attempt to perform cation
exchange to transform to FAPDI; resulted in discontinuous
morphology with larger grains (roughly average size of ~0.2
um) compared to the MAPbI; thin film. We also noticed a
needle-like structure on top of the perovskite layer in FAPbI;
thin films (Figure 4c). This observation agrees well with
previous findings from Binek et al,>® who observed that &-
FAPDbI; tends to adopt a needle-like morphology at room
temperature. Given that 5-FAPbI; impurity was observed in
XRD (Figure 3a), we believe that these needle-like features are
0-FAPDI;. Similar patterns in grain size reduction were
observed when blade-coated films were immersed in MAI
(60 min) and FAI (S min) solutions (panels d—f of Figure 4).
The blade-coated films immersed in MAI solutions had smaller
grains compared to the spin-coated samples (panels b and e of
Figure 4). A higher concentration of needle-like structures was
observed upon transformation of blade-coated f-Me-PEA,Pbl,
films to FAPbI; compared to spin-coated thin films (panels c
and f of Figure 4). This may be due to a higher concentration
of 0-FAPbI;, which is supported with XRD results that show a
greater intensity of 6-FAPbI; reflections (Figure 3a). Despite
the feasibility of this melt-processing and cation-exchange
approach on blade-coated samples, obtaining uniform surface
coverage is still challenging (Figure S10 of the Supporting
Information) and would require optimization to construct
working devices.

As another alternative to an alcohol-based A-site cation
exchange, we also attempted to transform the $-Me-PEA,PbI,
films into a halide perovskite phase using a solid-state method.
Solid-state synthetic methods for synthesizing halide perov-
skites and related materials have been well-studied,*”>*>¢
typically using routes of heating or mechanochemical grinding
of solid powders to form perovskite phases. These approaches
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B-Me-PEA,Pbl,

Spin-coated
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Figure 4. Plan-view SEM images (false color) of (a—c) spin-coated and (d—f) blade-coated -Me-PEA,Pbl, films (a and d) before and after cation
exchange in 10 mg/mL (b and e) MAI and (c and f) FAI solutions. All samples were placed in cation solutions for S min, except blade-coated

samples in MAI solution for 60 min (e).

would usually require air-toxic solvents to transform perovskite
powders into thin films. Hence, we modified the thermal
annealing method developed by Rosales et al.”>’ that heated
mixed precursors in air to 50—200 °C to form organolead
mixed halides. Here, we put -Me-PEA,Pbl, films in contact
with solid MAI by placing MAI powder on top of the f-Me-
PEA,PbI, films followed by subsequent heating to 100 °C for
72 h (Figure Sa). As shown in Figure Sb, MAPbI, was formed
during the solid-state reaction, supported by the shoulder in
the absorptance spectrum at ~1.5 eV. Other small peaks and
shoulders in the absorptance spectrum indicate the formation
of other layers (3-Me-PEA,MA,_,Pb,I;,.,, with n = 1, 2, 3,
etc.).'”**” We noticed that all of the optical features for all
layers were shifted to higher energy compared to their pure
phases,'>*” which could be explained by peak convolutions in
the mixed phases. XRD (Figure Sc) indicates the formation of
tetragonal MAPbL,®" in the solid-state thin films. However,
there are traces of MAL** Pbl,, and /-Me-PEA,MA,_,Pb,1;,.,
implying that the /-Me-PEA" cation is largely retained within
the film (Figure S11 of the Supporting Information). Because
the solid-state reaction occurs at the interface, we suspect that
the interfacial contact area in our process is limited. To test our
hypothesis and enhance the interfacial area, we ground MAI
and f-Me-PEA,Pbl, powders and heated them at 100 °C for
48 h in a box furnace in air. We noted similar transformation to
MAPDI; with residual Pbl,; however, the diffraction peaks for
p-Me-PEA,Pbl, disappeared and decreased for other phases
compared to the sample where MAI was only placed on the
top surface (Figure S12 of the Supporting Information). We
believe that there are many factors that could play a role in
limiting the reaction. For example, the success of solid-state
reactions heavily depends upon the diffusion rate of reactive
species;”® therefore, increasing the reaction temperature could
increase the diffusion rate® for A-site cation exchange.’' It is
also known that the diffusion length would impact the reaction
rate, and for that reason, the mixed powders were usually
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Figure 5. (a) Schematic of the solid-state reaction between f-Me-
PEA,Pbl, and MAI and (b) absorptance spectra and (c) XRD results
of the blade-coated f-Me-PEA,Pbl, film before (black) and after
(red) the solid-state reaction. Reference patterns in panel ¢ were
simulated from reference patterns for MAPbL,*' and PbL,.°* The peak
marked with 4 denotes a reflection associated with PbL,.

pelletized to reduce the diffusion path.®” Using thinner -Me-
PEA,PbI, films may also be useful to reduce the diffusion path
and enhance the transformation rate. Finally, using a different
reaction vessel may also improve transformation. Many solid-
state methods for synthesizing halide perovskites were
conducted in a sealed tube to avoid loss of organic
components.é3
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The use of air-toxic solvents for depositing halide perovskite
thin films poses an industrial challenge toward the commercial
viability of perovskite solar cells and other wide-area devices.
We conclude that melt-based processing is a promising
alternative route for fabricating layered lead halide perovskite
films that can lead to liquid-processed halide perovskite thin
films without using air-toxic solvents. We demonstrated that
films of B-Me-PEA,Pbl, could be deposited using melt-
processed blade coating, subsequently transformed into a
halide perovskite phase using A-site cation exchange. We
gained insight into the kinetics of this cation-exchange process
in both spin- and blade-coated films. In the thinner, more
compact spin-coated [B-Me-PEA,Pbl, films, complete and
homogeneous cation exchange occurred within minutes. In
contrast, the thicker blade-coated samples resulted in slower
transformation to MAPDbI;. We also showed that both spin-
and blade-coated films transformed to a-FAPbI; upon
exposure to FAI solutions, with an increasing amount of a -
FAPDI; impurity with greater exposure times. Melt-processable
p-Me-PEA,Pbl, was partially transformed into MAPbI; films
using a solid-state reaction, with a resulting film that had broad
visible light absorption. Future work to improve the blade-
coating morphology and substrate coverage, combined with a
further optimized solvent-free solid-state cation exchange,
could result in a route to highly efficient halide perovskite
devices. Furthermore, several advances in the chemistry of
layered hybrid lead halide perovskites have resulted in new
phases with lower melting temperature, such as organic
ammonium cation branching.” The simplicity of these
approaches combined with this environmentally friendly
liquid-phase deposition mitigates the use of air-toxic solvents
from the thin-film fabrication process and suggests their
potential use in large-scale, economical optoelectronic devices.
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