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It has been demonstrated that formamidinium—cesium
polyiodidesarefacilereagentsfor convertingmetalliclead into
perovskite at temperatures of 20-90 °C. For thefirst time, a
tentative phase diagram of the [HC(NH,),]I-, binary system
was proposed, and sub- and supersolidus phase relations in
the [HC(NH,),]I-Csl—I, ternary system wer e discussed.
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Hybrid perovskites with the general formula APbX; [A = MeNHz*
(MA), HC(NH,)," (FA) and Cs*; X = CI-, Br-and I-] represent a
promising class of compounds for use in photovoltaics and
optoelectronics.’® Recently, formamidinium-based perovskites
FA1_Cs,Pbl; have attracted particular attention to their application
in perovskite solar cells because of their high stability governed by
entropic stabilization and the band gap of 1.55 eV, which is close
to the optimal values for solar light absorption.58 In particular,
perovskite solar cells based on FA,_Cs,Pbl; absorbing layers
demonstrated high efficiency (over 20%).%-11

Until now, perovskite thin films have usually been prepared
by solution techniques.213 However, in these methods, solution
crystallization occurs through the formation of intermediate
phases!*15 that deteriorate the morphology of the film and
impedes the control and reproducibility of film deposition.
Recently, a new solvent-free approach based on the direct
conversion of lead films into hybrid perovskite layers by liquid
methylammonium and formamidinium polyiodides, known as
reactive polyiodide melts (RPMs), was used to obtain MAPbI,
and (MAFA,Cs)Pbl; solar cells with efficiency more than
17%.1617 However, there is no detailed information on the
properties of the FAI-Csl-I, ternary system, particularly on the
temperature ranges and compositions of reactive liquid phases,
which is necessary to obtain promising FA;_ CsPbl;
compositions.

From a practical point of view, the most important parameters
for implementing the RPM method to obtain FA,_ Cs,Pbl;
perovskite films are the solidus and liquidus temperatures of
the precursor FA;_,Cs,l,, polyiodides. They should not exceed
~100 °C so that RPMs can be applied in a way similar to solution
blade- and slot-die coating without exceeding the thermal
decomposition limits of perovskites.’81° It is known from
published data that pure cesium polyiodides have relatively high
melting points. According to the phase diagram of the Csl-I,
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system,? the melting temperatures of the Csl; and Csl, phases
are 215 and 141 °C, respectively, with a single eutectic point
between Csl, and I, at T=70 °C.

The most interesting compositions of perovskites from the
point of view of their application in photovoltaics are
FA,_,Cs,Pbl;, where 0.15 < x < 0.20.6721 To study the system
of polyiodides with mixed Cs—FA cations, we analyzed a series
of FA,,Cs,Pbl,, compositions with different cesium contents
(x = 0.1, 0.2 and 0.3) and several iodine/cation molar ratios
(n=2, 3, 4 and 5). Visual polythermal analysis was chosen to
determine the solidus and liquidus points of the FAI/Csl/I,
ternary mixtures.’

During slow heating, the sample passes through the onset
point of melting and finally turns into a homogeneous liquid
above the liquidus (Figure 1). Figure 2 shows the onset melting
and liquidus temperatures for FA,_,Cs,l,, FA;_Cs,l3, FA;_,Cs,l4
and FA,_,Cs,ls compositions with different cesium content. For
Al, and Al, compositions, it was found that the melting
temperatures and liquidus points change linearly with an increase
in cesium iodide content, while for Al; and Als, the dependencies
exhibited extremes. The obtained values of the solidus
temperature are in good agreement with those previously
reported.t’

To understand the origin of such extremes, we carried out a
powder X-ray diffraction analysis of the samples after their
homogenization in the liquid state at an elevated temperature and

T For each measurement, the precursor mixtures were preliminarily
ground in a glove box with dry air to avoid moisture ingress. After that,
the powder was placed on the surface of a glass thermostatic cell,
followed by encapsulation using a slide glass and Kapton tape. This
configuration made it possible to observe the changes occurring in a thin
layer of the mixture upon heating using an optical microscope in
reflection mode. The temperature was controlled with an accuracy of
about 1 °C by a thermocouple attached to the cell surface.
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Figure 1 (a),(b) Micrographs obtained from visual polythermal analysis
and (c),(d) X-ray diffraction (XRD) patterns of a mixture with x(I,) = 0.7
when heated from (a),(c) 40 to (b),(d) 50 °C.

subsequent cooling to room temperature (Figure 3). Replacing
the formamidinium cation in FAI, with cesium does not shift the
positions of the XRD reflections when the cesium content
increases. Instead, at a high cesium content, reflections of cesium
polyiodides?>23 appear (see Figure 3). Apparently, mixed
formamidinium and cesium polyiodide phases exist in the FAI—
Csl-I, ternary system in a narrow compositional range, due to
which a eutectic point and an extremum appear on the observed
liquidus curves.

To better understand the character of the sub- and supersolidus
relations, we performed additional experiments to study the
liquidus and solidus temperatures in the FAI-I, binary system,
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Figure 2 The dependence of (a) the onset melting temperature and
(b) liquidus temperature of (1) FA,_,Cs,ly, (2) FA1L,Cs,l3, (3) FAL,Cs,l4
and (4) FA,,Css mixtures on the cesium content (x). Each line
demonstrates the same I /cation molar ratio. The empty circles show the
melting temperatures from the cited article.t’
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Figure 3 The XRD patterns of the FAy;Csgsl,, FAg7Csgslz and
FA, 7Csg3l4 samples after homogenization at an elevated temperature and
subsequent cooling to room temperature.

using the visual polythermal analysis described above and thermal
X-ray diffraction using synchrotron radiation,* and tentatively
plotted the phase diagram (Figure 4). At an equimolar ratio of FAI
and |, the system contains the recently reported phase FAIl; with a
melting point T,, = 87 °C.2* The onset of melting observed at
~56 °C [Figures 2(a) and 4] is apparently caused by a slight
deviation from stoichiometry FAI; towards lower iodine content
and therefore reveals solidus temperature. For other compositions,
according to XRD data, reflections are also present that cannot be
attributed to FAI, FAI; or |,, indicating the existence of lower
(Phase 1) and higher (Phase 1) polyiodides relative to FAl;. Based
on XRD data and solidus and liquidus behavior, we assume that
the composition of Phase I is close to FAL,. Diffraction experiments
at a synchrotron for a mixture with x(l,) = 0.7 showed that iodine
reflection occurs when the sample is cooled below the solidus
temperature. Additionally, the solidus temperature was found to be
higher than that of FAIl;. Based on these facts, we hypothesize that
the Phase Il composition may be close to FAls s, similarly to the
recently refined MAI; .25 Accordingly, we assume four eutectics
in the FAI-I, system, the deepest of which is at 0.6 < x(I,) < 0.7
with a temperature of ~20 °C.

From a material preparation point of view, it is assumed that at
least some liquid phase is present to significantly improve mass
transfer and ensure efficient conversion of lead metal to perovskite
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Figure 4 Tentative phase diagram of the FAI-I, binary system. The dashed
lines show the approximate position of the area border, which needs to be
clarified further. The black and blue dots represent the experimental data
obtained by visual polythermal analysis, and the magenta circles are the data
from the synchrotron XRD experiments.

* A preliminarily melted sample was placed in a capillary 200 um in
diameter, and the diffraction pattern was analyzed at a given temperature.
The liquidus temperature was determined from the disappearance of the
diffraction pattern, while the solidus point was considered reached when
the diffraction pattern ceased to change upon cooling (see Figure 3).
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Figure 5 XRD pattern of a film obtained by converting a 600-nm lead
metal film with FAl; at 70 °C for 30 min. The reflection at ~10.5° presumably
refers to a formamidinium-excessive phase.

film over a relatively wide temperature range. According to
FAPDI; stoichiometry, the left border of the composition range
should be set at FAIl;. The right border should be close to FAI5 5
since Pbl, can be observed as the main product of lead conversion
if molecular iodine (1,) is present in equilibrium with polyiodides,
as shown for the MAI-I, system.1625 Consequently, the appropriate
composition range for the application of the RPM approach
extends from FAI; to FAI; 5 with the solidus at around 20 °C and
the liquidus varying from 20 to 87 °C.

It has surprisingly been found that the solid FAI; phase reacts
with metallic lead at an elevated temperature below its melting
point. A thin film of metallic lead, deposited by vacuum
evaporation on a glass substrate, was converted mainly to the
a-FAPbDI; phase in 30 min by attaching to another glass substrate
with drop-cast FAIl; (Figure 5), which suggests that FAI; will
play the role of a new facile precursor for FA-based perovskites.
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