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Abstract

Mixed cation perovskites, [HC(NHz)2]:Cs(1_g)Pbls, (FA;Cs(y_5)Pbls) with z = 0.8
achieve high solar cell power conversion efficiencies (PCEs) while exhibiting long-term
stability under ambient conditions. In this work, we perform density functional theory

(DFT) calculations, first-principles molecular dynamics (MD) simulations, solid-state
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nuclear magnetic resonance (NMR) and X-ray powder diffraction (XRD) measure-
ments aimed at investigating the possible phase stability of Cs™-rich FA;Cs(1_4) PDbls,
(0<x<0.5) mixed-cation materials as potential candidates for tandem solar cell ap-
plications. Estimations of the free energy of the mixtures with respect to the pure
compounds together with calculations of the relative phase stability at 0 K and at
finite temperature show that although the mixtures can form, the § phase remains the
thermodynamically most stable phase at room temperature. This is fully corroborated
by solid-state NMR and XRD measurements and is in contrast to FAT-rich Cs/FA
mixtures where small additions of Cs™ are sufficient to stabilize the perovskite phase
at ambient conditions. The atomistic origin for this contrasting behavior arises from
an energetic destabilization of the perovskite phase on the one hand caused by the
incorporation of a large cation (FA™) into the relatively small host lattice of y-CsPbl
and on the other hand is induced by the lower degree of distortion of the host lat-
tice. These observations allow us to propose a new design principle for the preferential

stabilization of the perovskite phase over the competing § phase.
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Introduction

Over the last years, organic-inorganic hybrid lead halide perovskites have attracted great at-
tention due to their impressive photovoltaic performance.'” However, the long-term stability
of perovskite solar cells remains a major challenge in order to approach commercialization.
Indeed, the most widely studied material of this type, CH3NH3Pbl; (MAPbDI;) has a band
gap of 1.5 eV,® which is close to the single-junction optimum of 1.34 eV, based on Shock-
ley’s and Queisser’s detailed balance considerations, with a theoretical efficiency limit of

33.16%.%19 In fact MAPDI; cells fabricated by regulated nucleation and Ostwald recrys-



tallization, reach an impressive PCE of 20.3%.!! Unfortunately, MAPbI; films decompose
rapidly at 423 K due to the high volatility of MAI which is prone to be attacked by po-
lar solvents, in particular water.” In a similar vein, the perovskite phase of formamidinium
lead triiodide HC(NHy)oPbls, (FAPDI;) has a band gap that different experimental measure-

ments showed to lie within the range of 1.43-1.48 eV,71213

even closer to the single-junction
optimum, but the thermodynamically most stable phase at room temperature is the non-
perovskite hexagonal d-phase (yellow phase) and the transition to the perovskite phase only
occurs at high temperatures (7 = 433 K). !4

Purely inorganic cesium lead trihalide perovskites could present an alternative since, for
instance, CsPbBr; forms a perovskite structure at room temperature.!®> However, CsPbBrs
has a rather wide bandgap that different experimental measurements determined to be in
the range of 2.25 - 2.36 eV.!%16 The perovskite phase of CsPbls, on the other hand has an

1718 which is close to the optimum top cell band gap for

experimental band gap of 1.73 eV,
tandem solar cells of 1.7 - 1.8 eV, which offers a promising way for increasing the efficiency
with a minimal cost increase. 23 Unfortunately, CsPbl; also crystallizes in a non-perovskite
hexagonal, insulating phase, the yellow § phase at room temperature.?* While the § phase
of FAPbI3 consists of face-sharing octahedra that are surrounded by the monovalent cations,
the o phase of CsPbl; consists of edge-sharing octahedra. CsPbly undergoes a first order
phase transition from the non-perovskite to a black perovskite phase only at 600 K. ¢

This black perovskite phase has been assumed to be cubic,® however recently, Wang
et. al.?> obtained -CsPbl; films with an extended spectral response and enhanced sta-
bility. In addition, the synchroton powder diffraction measurements of Stoumpos et al.?¢
showed that on cooling down from temperatures above 633 K, the perovskite phase can be
kinetically stable with the occurrence of tetragonal and orthorhombic structures at 533 K

1.27 also reported an orthorhombic perovskite

and 448 K, respectively. In addition, Lai et a
phase for CsPbls nanowires based on X-ray diffraction pattern measured at 300 K. Using

X-ray diffraction and performing DFT calculations, Sutton et al.?® demonstrated that at



room temperature, an orthorhombic structure is the most stable among the black perovskite
polymorphs of CsPblz, which however remains less stable than the yellow non-perovskite
form. Table 1 summarizes the different CsPbls and FAPbI; phases.

It has also been reported that CsPbls can adopt a black phase at room temperature
by adding HI during the preparation process without any noticeable change of the optical
properties of the material.'® Despite this apparent success, the mechanism of stabilization
of the black phase of CsPblz by HI, remained unclear. It was only recently that Ke et
al.? showed that the black phase does not correspond to pure CsPbl; but that a new
compound, (CHj)2NHyPbl; (DMAPDI3) is formed, where dimethylammonium (DMA) is
the HI catalyzed decomposition product of the acidic hydrolysis of the solvent dimethylfor-
mamide (DMF). In the same study, the stabilization of the black perovskite phase of CsPbls
through mixing with DMA was demonstrated. In particular, the mixed cation compound
Csp.7DMA 3Pbls achieved a maximum PCE of 12.62% and has a band gap of around 1.7

eV.
Table 1: Different phases of CsPbl; and FAPbI;2428:30

Crystal structure Crystal system Space group Thermodynamic stability Temperature range

0-CsPbl; orthorhombic Pnma stable < 600 K
~v-CsPbls orthorhombic Pnam metastable < 448 K
B-CsPbl; tetragonal Pj-mbm metastable 448 K - 533 K
cubic-CsPblg cubic Pm-3m stable > 600 K
0-FAPbDI3 hexagonal P6smc stable <433 K
B-FAPDI; trigonal P3 metastable > 150 K
a-FAPDI; trigonal P5m1 stable > 433 K

Summarizing, although the most studied single-cation compounds possess band gaps ei-
ther close to the optimum for single-junction or top cell in tandem solar cells, they are
thermodynamically not stable in the perovskite phase over a sufficient temperature range.
To overcome this problem, a design protocol has been introduced that mixes different mono-
31-33

valent cations and halides achieving an enhanced thermal and structural stability.

Indeed, Pellet et al.?' produced cells with an enhanced short-circuit current by using a
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mixture of FAT and MA™ as monovalent cations. However, similar to MAPbI; films, the
mixed compounds are also prone to decomposition at high temperatures. To circumvent
problems related to thermal decomposition of MA™, cesium has attracted attention for use
in mixed organic-inorganic lead halide perovskites. Choi et al.3* presented cesium-doped
MAPDI; cells, achieving an efficiency of 7.68% upon addition of 10% cesium. Moreover, Lee et
al.3> presented mixtures of cesium and formamidinium with enhanced thermal and humidity
stability, achieving a power conversion efficiency of 16.5%. We have shown previously that
the addition of Cs™ into FAPDbI; leads to a reduction of the phase transition temperature by
~ 200 - 300 K, explaining why the perovskite phase becomes stable at room temperature for
CsFA(1_5)Pbl3 compounds. 3¢ Furthermore, Saliba et al. proposed a triple cation perovskite
compound, which consists of Cs*, FA* and MA™, achieving a PCE of 18 %.3? Hence, it
appears that Cs*t is highly efficient in suppressing the black-to-yellow phase transition in

137

3D perovskites based on FA™ as the majority cation. Li et al.®” suggested that tuning the

38,39 and its extension to organic cations proposed by Kieslich et

Goldschmidt tolerance factor
al.,*%* through solid-state alloying could be a way to stabilize the black perovskite structure.
Specifically, the authors report that by mixing FAPbI3 with CsPbls, the effective tolerance
factor can be tuned and mixtures of low Cs* concentration, which are stable in the perovskite
phase, can be formed.

In contrast to the FAT-rich case of FA/Cs mixtures, Cs*-rich compounds have been less
investigated so far although they might be promising candidates for tandem solar cells.?023
In this work, we set out to investigate the stability of Cs*-rich, FA,Cs¢_;)Pbls mixtures, for
FA™ concentrations up to 50%, through a combination of DFT calculations, MD simulations
and experiments. The goal of our investigation is to examine if stable Cs™-rich mixtures
can be formed and if they lead to the desired stabilization of the perovskite phase. We
first evaluate the free energy for the mixtures with respect to the pure phases, in order to

establish if mixing is possible and if it leads to any preferential stabilization of the perovskite

phase with respect to the § phase. In addition, the energy difference between the § and the



perovskite phase at 0 K provides a first indication about the relative stability of the two
phases and MD simulations are used to gain information about the relative phase stability
at finite temperature. Taken the results of our studies together, we show that although stable
mixtures can be formed they do not lead to significant extensions of the stability range of
the perovskite phase. This is also corroborated by solid-state NMR and XRD measurements
which show the formation of stable mixed Cs/FA § phases at room temperature. Evaluation
of the structural characteristics of the mixed compounds reveals possible reasons for this
contrasting behavior between FAT-rich versus Cs*-rich FA/Cs perovskites. Calculations of
the optical properties of the metastable Cs*-rich perovskite materials show that they would
be potential candidates for solar cells applications, motivating a search for alternative ways

of preparation.

Results and discussion

Properties of CsPbl;

As mentioned above, it is now well-known that apart from the two thermodynamically
stable phases of CsPbls; a non-perovskite §-phase from 0 up to 600 K and a cubic perovskite
phase above 600 K (Figure 1),'® two more kinetically stabilized black perovskite phases
with distorted octahedra have been observed. These phases are known as § and ~ phases,
respectively, with the orthorhombic v-CsPbl; (Figure 2) being the most stable one among the
perovskite polymorphs at room temperature, but still remaining less stable than the yellow
non-perovskite phase.?%?® For this reason, in our study we have taken the three phases, J, v
as well as the high temperature cubic phase into account.

The calculated single-particle Kohn-Sham band gap of the cubic perovskite phase within
the fully k-point converged unit cell at 0 K, as predicted by calculations employing the PBE

42
L,

functional,*? is 1.44 eV, in good agreement with other theoretical studies,**** but somewhat

in contrast to the experimentally measured band gap of 1.73 eV.!"!8 To make a meaningful



Figure 2: DFT optimized structure of the y-CsPbls.

comparison with the experimental data, which has been measured at finite temperature,
thermal effects should also be taken into account. The thermal effects can fully be taken
into account by performing first-principles MD simulations at finite temperature. For this
reason, we performed Car-Parrinello MD simulations of 5.4 ps in the NVT ensemble at a
temperature of 300 K, for a cubic CsPbls supercell of 320 atoms at the gamma point. The
0 K band gap of this real-space equivalent of the fully k-point converged sample is 1.39 eV.
Figure 3 shows the histogram of the band gaps for different finite temperature configurations,
allowing to calculate the contribution of temperature effects on the 0 K band gap. We find
that this contribution is as large as 0.49 eV. This is unusually large, since in previous studies,
contributions of thermal effects to the band gap, for similar types of materials, are of the
order of 0.15 eV.% However, it is worth mentioning that Wiktor et al.*® also estimated

a 0.47 eV contribution of thermal effects to the 0 K gap of cubic CsPblz, employing the



rVV10 functional. 64" Summarizing, the calculated finite temperature band gap is 1.83 eV

comparable with the experimental band gap.!™!8
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Figure 3: Histogram of the thermal distribution of the band gap compared to the value at 0
K for the cubic phase of CsPbls.

Since the metastable v-CsPbl; phase is the most stable among the different perovskite
polymorphs at room temperature, we also examined the orthorhombic structure with a cell
containing 240 atoms. The fully DFT optimized structure at 0 K has average Pb-I-Pb
angles of 155° versus 154° of the experimental orthorhombic CsPbl;.?8 The fully converged,
k-point sampled 0 K band gap is 1.77 eV. As shown in Figure S1 of Supporting Information,
thermal effects at 300 K are much smaller than in the case of cubic-CsPbls and amount
to 0.1 eV only. The significant difference between the thermal effects of the cubic and the
orthorhombic cell can be explained by considering the nature of the valence band maximum
(VBM) which is formed by an antibonding combination of I p and Pb s orbitals.** In cubic-
CsPbl;s, on the one hand, the distortions induced by the dynamic disorder of the lattice at
finite temperature lead to a reduction of the antibonding overlap and in turn to an increase of
the band gap. In v-CsPbls, on the other hand, since the lattice is already orthorhombic the

dynamic disorder at finite temperature induces only further distortions that lead to only a



slight reduction of the antibonding overlap and a slight increase of the band gap, respectively.
For completeness, we considered both the orthorhombic as well as the cubic phases in the

subsequent investigation of the mixed-cation phases of FA,Cs(_,)Pbl;.

Mixed FA,Cs(,_,Pbl; compounds (0<x<0.5)

In order to study if mixed-cation compounds in the three phases §, v and cubic are stable
and if any preferential phase stabilization takes place upon mixing, we performed structural
relaxations (atomic positions and cell parameters) of the mixed FA,Cs_;)Pbls compounds
at 0 K and computed the mixing internal energy and entropy. We remark that for computing

the mixing internal energy of the perovskite phases we used S-FAPbI; as a reference.?*

AEphase(FA:CCS(l_x)Pb]g) = Epha$e<FArOS(1_$)beg)
— [2Eppase(FAPDIS) (1)

+ (1 — ) Ephase(CsPUI3)]

TASphase(FACs(1-2)Pbls) = —kgT[zinx 4+ (1 — x)in(1 — x)] (2)

Analysis of the energetic contribution to the mixing free energy, which is expressed by
equation (1) shows that in the case of the ¢ phase, replacement of Cs™ by FAT leads to desta-
bilization (energy increase) with respect to the pure FA and/or CsPbl; ¢ phases (magenta
line in Figure 4 upper panel). The mixing entropy contribution to the free energy expressed
by equation (2) and calculated at room temperature, (298 K), only partially compensates
this penalty. Similarly, in the v phase, mixing induces almost no or slightly positive ener-
getic contributions (Figure 4, bottom panel, magenta line) and the estimated free energy of
mixing is close to zero (Figure 4, bottom panel, black line). Indeed, for both cases, 4 and
~ phases, (excluding only the 0-FA 33Csg ¢7Pbls, where mixing leads to destabilization with

respect to the pure phases) the estimated free energy of mixing is of the order of 0.006 eV



per stoichiometric unit, which is smaller than the typical variations among different substitu-
tion patterns. Since these values lie within the intrinsic error of the calculations, we cannot
conclude if mixing in orthorhombic v and ¢ phases leads to marginally stable, or slightly

unstable compounds with respect to the pure phases.

Energy (eV)

0O 01 02 03 04 05

X

Figure 4: Variation of the free energy, of FA,Cs(_,) Pbls expressed as AF = AE - TAS (black
line), the internal energy, AE (magenta line), and the mixing entropy contribution, -TAS
(with T=298 K, light-green line), as a function of FA™ ratio. In the top graph the variations
of free energy, enthalpy and mixing entropy contribution are estimated with respect to the
pure 0 phases. In the middle and bottom graphs each contribution to the free energy is
estimated with respect to cubic-CsPbls and v-CsPbls, respectively.

In contrast, cation mixing is already favored by the energetic contribution when cubic-
CsPbl; is employed as reference, (Figure 4 central panel). As expected, the mixing entropy
contribution further favors the stabilization of the perovskite phase, leading to a stability
maximum around FA ¢sCsg.92Pbls with respect to the pure compounds. One should mention
here that the calculation of any possible stabilization of the mixtures with respect to the
cubic-CsPbls does not imply that the mixtures adopt the cubic phase as well. In fact, cation
mixing induces a sizable distortion on the cubic phase resulting in optimized structures of

orthorhombic type for the mixtures, i.e. with all the three tilting angles different from zero.
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An issue that demands further investigation is if the inclusion of zero point energy and
vibrational entropy contributions influence the relative free energies. Calculations of the
vibrational entropy term are not trivial in the case of perovskites. Indeed, both harmonic
and quasi-harmonic phonon calculations lead to imaginary modes, which have no physical
meaning.*® In our case, since we are considering relative stabilities within the same crystal-
lographic phase, we consider these relative differences to a first approximation to be small
but still able to influence the stability trend of the mixing free energy with respect to the
pure phases.

We use the energy difference at 0 K as a first indicator of the relative stability of the
perovskite and the § phases. As shown in Table 2, §-CsPbl; has a lower energy at 0 K, which
is consistent with the experimental data that predict the 6 phase to be the most stable low
temperature phase.?* However, when considering cation mixing in the cubic-CsPblz, FA*
substitution leads to a reduction of the energy difference by roughly half, independent of the
FA™ doping level. On the contrary, FAT mixing in 7-CsPbl; reduces the energy difference
with the § phase by only 14 - 21% up to 25% of FA™ and 21 - 36% for higher doping levels up
to 50% FA™T. As previously, the mixed-cation phases are orthorhombic rather than cubic as
soon as the mixtures are generated, explaining why the energy differences with the § phase
for cubic and orthorhombic are the same at all FA' contents. It is interesting to compare
the effect of Cs™ mixing in FAPbI; with FA™T mixing in CsPblz. In the case of FAPDI;,
the most stable perovskite phase is the S one, which is more distorted with respect to the
other known perovskite phase of FAPbI;, the o phase. At variance with FAT mixing into
~-CsPbI3, Cs* mixing in S-FAPbI; reduces the energy difference between the ¢ and the (
FAPDI; phase at 0 K by only 8% for a doping level of 8% Cs™ and to 17% for doping levels
up to 25% Cs*. For higher doping levels up to 50% Cs*, the energy difference is reduced
by 33%. We also report the Goldschmidt tolerance factors of both the pure compounds and
the mixtures (Table S1 of Supporting Information).

To shed more light on the finite temperature phase stability, we performed MD simula-
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Table 2: Relative energetic stability, expressed by AE,s = E, - Es per stoichiometric unit of
the cubic/orthorhombic perovskite phase with respect to the § phase upon doping of CsPbls
with FAT

Difference in energy (per stoichiometric unit)
between perovskite and § phases at 0 K (eV)
Fraction of FAT doped Reference structure Reference structure

into CsPbl; structure  cubic-CsPbl; ~v-CsPbly
0% 0.23 0.14
8% 0.12 0.12
17% 0.11 0.11
25% 0.12 0.12
33% 0.09 0.09
42% 0.11 0.11
50% 0.11 0.11

tions at 300 K employing the NVT ensemble at the gamma point for ¢ and orthorhombic
FA(.33Csp ¢7Pbl3 compounds, using simulation cells of 176 atoms. From the average potential
energy of an equilibrated trajectory of 2.2 ps, as shown in Figure 5, we conclude that the §
phase is still the more stable phase at room temperature. In addition, within the time scale of
these simulations and taking into account that our systems are not containing any vacancies
that could cause diffusion, no phase segregation towards the pure phases was observed. This
behavior is expected, since as has been reported by previous studies the diffusion barriers
for cations such as Cs* and FA™ are very large and diffusion could only be observed on very
long time scales.*?

We have verified the theoretical predictions by synthesizing FA(sCsgg9oPbls and

5052 and characterizing them using solid-

FAq.16Csp g4Pbl3 using solid-state mechanosynthesis
state magic angle spinning (MAS) NMR (Figure 6). Our group and others have previously
shown that solid-state NMR,%? %! and in particular 133Cs,?%62766 can be used to probe the
atomic-level microstructure of halide perovskites. Cesium environments corresponding to
Cs* incorporated into the 3D perovskite lattice of a-FAPbI3 (Figure 6a, 13 ppm, FWHM
(1169 + 20) Hz), Cs* inside the black orthorhombic ~-CsPbl; 3D perovskite (Figure 6b,

154 ppm, FWHM (440 + 4) Hz) and yellow non-perovskite 6-CsPbls, (Figure 6¢, 242 ppm,
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Figure 5: Potential energies per stoichiometric unit for each frame for the ¢ and the perovskite
FAq.33Csg ¢7Pbls mixtures across a 2.2 ps trajectory derived by MD simulations. The § phase
is always more stable than the perovskite one.

FWHM (353 + 4) Hz) are characterized by distinct and unambiguous shifts in '*3*Cs MAS
NMR spectra. The as-prepared powders of FA( ¢sCsg.92Pbls and FA164Csg.s4Pbls are yellow
and their color is not affected by annealing at 170 °C. Their spectra (Figure 6d, e) contain
a peak which is identical to that of 9-CsPbls, confirming the non-perovskite nature of these
CsT-rich FA,Cs(1_;)Pbls phases.

That said, in both spectra there is an overlapping broad component (FAg16Csgs4Pbls:
fitted shift of 236 ppm and FWHM (1885 + 30) Hz) which corresponds to a distribution of
structurally disordered cesium environments due to the incorporation of FA* into the non-
perovskite 6-CsPbl; structure. We corroborate this hypothesis by measuring 'H and '3C
CP MAS NMR spectra of the mixed-cation FAg16Css4Pbls material (Figure 6h, 6k) and
comparing them to those of a-FAPbI3 (Figure 6f, 6i) and §-FAPbI3 (Figure 6g, 6j). For both

nuclei, the FA resonances of FA( 14Csgg4Pbls are significantly shifted with respect to those
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Figure 6: Solid-state MAS NMR characterization of the materials.
11.7 T, 298 K and 22 kHz MAS of (a) FA(¢Cso1Pbl;, (b) 7-CsPbl;, (c¢) J-CsPbls, (d)
FA0.08Cs0.02Pbl3, (e) FAg16Csp84Pbl3. H and '3C spectra at 21.1 T, 100 K and 12 kHz
MAS of (f, i) a-FAPbDI3, (g, j) 6-FAPDI3, (h, k) FA(16Csps4Pbl3. The asterisks (*) indicate

an impurity phase (Cs;Pblg).%

of the reference phases, confirming that FA™ is present in a new microscopically different
chemical environment and that there is no phase segregation into pure a-FAPbI; or §-FAPDbI3,
in contrast to previous experimental results, suggesting that for high Cs* concentrations,

phase separation to the pure ¢ phases is observed.3” We note that the 'H peak at 11.3 ppm

14

133Cs spectra at



is likely a side product of the reaction when it is carried out at this stoichiometric ratio since
it has a significantly different T; (23 s) than that of the FA peak (6.8 ppm, T1=14 s). If
the two peaks belonged to the same phase, 'H-'H spin diffusion would act to equalize their
relaxation times, which is not the case here. The solid-state NMR results are also consistent
with the XRD patterns of the materials (Figure S3, Figure S4 of Supporting Information),
whereby the mixed phases show reflections corresponding to J-CsPbl; which are broadened
due to the presence of static chemical disorder. In addition, the longitudinal relaxation time,
Ty, of FA in FA(16Csos4Pbl3 is significantly longer (14 s) compared to that of a-FAPbI3
(2.5 s) 6-FAPDI3 (1 s). T; relaxation in protonated solids depends on the strength of the

2 and the spectral density at 'H Larmor frequency. While the

'H-'H dipolar interaction,®
dipolar interaction that drives relaxation is largely intramolecular and is not expected to
change between phases, differences in spectral density reflect the different extent of residual
motion present at 100 K. This allows us to further corroborate that the FA environments in
FAq.16Csgg4Pbl3 are microscopically different than those of J-FAPbI3 and a-FAPDI;.

Taken together, the theoretical analysis and the experimental results confirm that in
contrast to the FAT-rich case, Cs*-rich mixed perovskite phases are not thermodynamically
stable at room temperature. We therefore study the reasons why in contrast to the FA*-
rich case, mixing in the v phase is enthalpically significantly disfavored. An analysis of the
structural characteristics of the mixed compounds allows us to rationalize the destabilization
of the Cs*-rich mixtures in the v phase. The calculated volume per stoichiometric unit of
7-CsPbls (252.73 A%) is 7.3 % smaller than that of a-FAPbI; (272.58 A%). Upon FA* doping
into the v-CsPbl; lattice, the available volume for the monovalent cation is thus decreased.

In addition, following the evolution of the volume upon FA™ doping into CsPbl; (Figure
7), even in the case of cubic-CsPbls, we observe an abrupt decrease on going from the pure
compound to the lowest concentration (8 %), consistent with a transition from cubic to

orthorhombic phase, due to the lowering of symmetry and cubooctahedral distortion upon

cation substitution. This is also manifested in the average Pb-I-Pb angle distribution (Figure

15



8), which moves from an average of 180° (characteristic of the cubic phase) to 155° at low
FA™ doping ratios, indicating the adoption of an orthorhombic phase. This can again be
explained by the difference in ionic radii of Cst and FAT. In this case, the smaller Cs* is
substituted by the larger FAT, imposing less distortions in the lattice. On increasing the
FA™ doping level, the volume of the cell is increasing proportionally, leading at 50 % of
doping to a volume which is larger than that of the initial cubic perovskite phase. The
inclusion of more FA™ alleviates the initial strain in the y-CsPbls, which also explains the
gradual increase of the Pb-I-Pb angle distribution at high FA* concentrations. Due to the
antibonding character of the VBM,** the reduction of the lattice distortion leads to an
increase of the overlap between the I p and Pb s orbitals (Figure 9), which in turn leads to

an energy increase (destabilization) of the mixed perovskite phases.
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Figure 7: Volume evolution upon FA™ doping into CsPblz. Red and blue indicate results
obtained by starting from the pure cubic, respectively orthorhombic phase.

Having characterized the structural properties of the mixed-cation compounds, we now
turn to an analysis of their electronic properties. Several studies have shown that PBE-
GGA, without the inclusion of spin-orbit coupling effects (SOC) provides fortuitous good
predictions of the band gap of lead halide perovskites.%:% Table 3 shows the evolution of

the calculated band gaps for the metastable perovskite phases, using this protocol. It is
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Figure 8: Average Pb-I-Pb angles evolution upon FA* doping into CsPbls. Red and blue
indicate results obtained by starting from the pure cubic, respectively orthorhombic phase.

Pb-I-Pb angle (°)

(a) cubic-CsPbl,

Figure 9: Antibonding overlap between the I p and Pb s orbitals of the VBM. Yellow, cyan
and silver indicate Cs™, I~ and Pb?*, respectively. The orbitals are represented with blue
and red. Upon moving from the cubic structure (a) to the orthorhombic (b) the lattice
distortion increases, leading to a reduction of the antibonding overlap.

obvious that upon mixing, the band gap remains remarkably unaffected, with values close
to the optimum for tandem solar cell applications. We observe that the highest band gap
values correspond to the most distorted orthorhombic structures, consistent with the well-
known electronic characteristics of the VBM of organic-inorganic lead halide perovskites, in
which the overlap between I p and Pb s orbitals is reduced on going from the cubic to the

orthorhombic phase. 4469
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Table 3: Average DFT/PBE 0 K band gaps of cubic/orthorhombic CsPbl; and of Cs'-
rich FA,Cs(_,)Pbl; mixtures as a function of different FA™ concentrations. The standard
deviation indicates variations due to different substitution patterns.

Fraction of FAT Band gap (eV)
into CsPbl;

0% 1.44 (cubic-CsPbl;)
0% 1.77 (7-CsPbly)
8% 1.81

17% 1.81 £ 0.03

25% 1.80 &= 0.02

33% 1.79 £ 0.02

42% 1.79 £ 0.01

50% 1.74 + 0.03

Conclusions

The static DFT/PBE calculations, MD simulations, solid-state NMR and XRD mea-
surements show that in contrast to the FA*-rich case, the perovskite phase of Cs*-rich
FA,Cs(1_z)Pbls mixtures (0<x<0.5) is thermodynamically unstable at room temperature.
The energy difference between the § and v phases at 0 K, shows that the J phase is more
stable for both the pure and the mixed compounds. Furthermore, MD simulations at room
temperature predict that the mixtures are stable at least within the time scale of the simu-
lations and that the 6 phase is preferred. This observation is also supported by solid-state
NMR and XRD measurements suggesting that stable mixed-cation phases are formed and
adopt the § phase.

The contrasting behavior between FA*-rich and Cs*-rich FA,Cs(1_,)Pbl; mixtures can be
explained in terms of the enthalpic penalty caused through the incorporation of the relatively
large FA™ cation into the limited available space of the v-CsPbls orthorhombic lattice that
enforces a structural transition towards a more cubic-like lattice where the space for the
monovalent cation is larger. This structural change increases the antibonding overlap of the
I p-orbitals with the s-orbitals of Pb of the VBM leading to a less stable structure. This

behavior is contrary to the FA*-rich case, where the incorporation of Cs' into a-FAPbDI;
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leads to a distortion of the cubic host lattice towards a more orthorhombic structure, in
which the antibonding overlap of the I p-orbitals with the s-orbitals of Pb of the VBM is
lowered, leading to a more stable structure with larger band gap. These observations suggest
a new design principle for the maximization of the preferential stabilization of the perovskite
phase over the competing ¢ phases. According to which, there is a higher chance to favor
the stabilization of the perovskite phase over the § phase by using cubic-like phases as the
host lattice. On the contrary, the incorporation of a large cation into a relatively small and
already distorted 3D perovskite lattice reduces the stabilization of the perovskite phase over
the 0 phase. Finally, the calculation of the band gaps of the mixed compounds indicates
that if the perovskite phase can be kinetically trapped, it would be a potential candidate for

tandem solar cell applications.

Computational details

DFT ™ calculations have been performed using the Quantum Espresso suites of codes. >3

The Generalized Gradient Approximation (GGA) to DFT in the Perdew-Burke-Ernzerhof
(PBE) formulation has been used.*® The interactions between valence electrons and core
electrons and nuclei are described by ultrasoft pseudopotentials.™ The Kohn-Sham orbitals
are expanded in a plane wave basis set with a kinetic energy cutoff of 40 Ry and a density
cutoff of 240 Ry. The Brillouin zone is sampled with a 4x4x4 Monkhorst-Pack k-points shifted
grid.™ These values have been chosen after having performed convergence tests for the total
energy, the band gap, the pressure, the stresses and the atomic forces. SOC effects are not
explicitly included in the calculations due to the well-known fortuitous error cancellation of
SOC and many-body effects in the case of lead halide perovskites.®”

Comparing the absolute energy of Kohn-Sham orbitals in solid state systems is not trivial
since for an infinitely periodic system there is no reference value for the energy origin. A

technique to cope with this problem is to use localized deep impurity states or states that
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are expected to be unaffected by the chemical and structural nature of the system such as
semicore or core states. As a reference, an approach analogous to the one used by Alkauskas
et al.™® for band alignment in solids has been employed here, where the energy of the Pbsy
semicore state is used as reference.** This is the only band which is rigidly shifted, something
that supports the idea that the vacuum level of these atomic orbitals is independent of the
system. 44

For the mixed compounds, the structures have been prepared starting from the experi-
mental cubic phase of CsPbls, replacing Cs™ by FA™ in different ratios. All the structures
consist of superlattices that contain 12 stoichiometric units. For each stoichiometry, when
allowed, we considered 10 different possible replacements, starting from the energetically low-
est configuration at the next lower FA' content. The structures were fully relaxed (atomic
positions and cell parameters). The maximum standard deviation of the difference in energy
per stoichoiometric unit among the different configurations is of the order of 0.006 eV.

Car-Parrinello MD simulations in the NVT ensemble were performed using the CPMD
code.” The wavefunction cutoff was set to 90 Ry and Goedecker normconserving pseudopo-
tentials were used.™® A time step of 5 a.u. was used with a fictitious mass parameter of
800 a.u.. The temperature in the simulations was set to 300 K and was controlled by a

Nosé-Hoover thermostat with a coupling frequency of 1000 cm™!. 8183

Experimental details

Perovskite mechanosynthesis: Starting materials were stored inside a glove box under
argon. Perovskite powders were synthesized by grinding the reactants in an electric ball mill
(Retsch Ball Mill MM-200) using a grinding jar (10 ml) and a ball (¢10 mm) for 30 min at
25 Hz. The resulting powders were annealed for 5 minutes at temperatures specified below.

The amounts of reagents taken into the synthesis were as follows:
e )-FAPbDI3: 0.172 g formamidinium hydroiodide (1.00 mmol) and 0.461 g Pbly (1.00
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mmol). No annealing.
e o-FAPDI;: 0-FAPbI3 was annealed at 170 °C to induce the phase transition
e )-CsPbl;: 0.260 g CsI (1.00 mmol) and 0.461 g Pbl, (1.00 mmol). No annealing

e ~-CsPblz: §-CsPbls was annealed at 350 °C to induce the phase transition to the
« phase. After cooling to room temperature the black + phase is obtained and the

material transforms back to the § phase with a half-life of about 1 hour.

o FA(oCsy 1 Pbl;: 0.154 g of FAT (0.90 mmol), 0.026 g of CsI (0.10 mmol) and 0.461 g of

Pbl; (1.00 mmol). The material was annealed at 120 °C.

o FA03Cs.92Pbls: 0.014 g of FAI (0.08 mmol), 0.234 g of Csl (0.90 mmol) and 0.461 g

of Pbl, (1.00 mmol). The material was annealed at 170 °C.

e FAj16Csps4Pbls: 0.028 g of FAI (0.16 mmol), 0.218 g of CsI (0.84 mmol) and 0.461 g

of Pbly (1.00 mmol). The material was annealed at 170 °C.

Solid-state NMR, measurements: Room temperature **Cs (65.6 MHz) NMR spectra
were recorded on a Bruker Avance I1I 11.7 T spectrometer equipped with a 3.2 mm CPMAS
probe. Low-temperature 'H (900 MHz) and '¥C (225 MHz) NMR spectra were recorded
on a Bruker Avance Neo 21.1 T spectrometer equipped with a 3.2 mm low-temperature
CPMAS probe. 33Cs shifts were referenced to 1 M aqueous solution of CsCl, using solid CsI
(6=271.05 ppm) as a secondary reference. 'H and '*C chemical shifts were referenced to solid
adamantane (0gy=1.91 ppm and §¢=29.45 (CH) and 38.48 (CH,) ppm). Low-temperature
"H-3IP cross-polarization (CP) experiments used 1 ms optimized contact pulses, 63 kHz
SPINAL-64 'H decoupling and the following recycle delays: 1.7 s (6-FAPDI3), 3 s (a-FAPbI3),
22 s (FA(.16Cs0.84Pbl3), Quantitative echo-detected '*3Cs spectra used a recycle delay of 400
s. 'H spectra were acquired with recycle delays between 2 and 20 s. Peak widths were fitted

in Topspin 3.2 and the uncertainties are given at one standard deviation.
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Finite temperature effects
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Figure S1: Histogram of the thermal distribution of the Kohn-Sham band gaps for the
orthorhombic phase of CsPblj.

Table S1: Goldschmidt tolerance factors calculated for both pure compounds and mixtures.

Fraction of FAT doped  Goldschmidt

into CsPbl; structure tolerance factor
0% 0.81
8% 0.82
17% 0.84
25% 0.85
33% 0.87
42% 0.88
50% 0.90
100% 0.99




Relative stability
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Figure S2: Relative energy difference per stoichiometric unit for each frame between 6 and
perovskite FA( 33Csg ¢7Pbls mixtures across a 2.2 ps trajectory from MD simulations. The ¢
phase is always more stable than the perovskite phase.

XRD characterization

XRD patterns were recorded on an X'Pert MPD PRO (Panalytical) diffractometer equipped
with a ceramic tube (Cu anode, A = 1.54060 ), a secondary graphite (002) monochromator
and an RTMS X’Celerator detector (Panalytical) in an angle range of 260 = 5° to 40°, by

step scanning with a step of 0.02 degree.
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Figure S3: Powder XRD characterization of the pure materials. (a) reference 0-CsPbls
pattern (ICDD number: 00-018-0376). Experimental pattern: (b) §-CsPbls. A’ indicate an
impurity phase (CsyPblg). Simulated powder XRD pattern with A = 1.54056 and h,k,1=0,7 -
5, in an angle range of 20 = 5° to 50°, by step scanning with a step of 0.02 degree: (c)
0-CsPbl;.
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Figure S4: Powder XRD characterization of the mixtures. Experimental patterns: (a) o-
FA0.16Cs0.84Pbl3, (¢) 6-FAg 03Cs0.92Pbl3. Simulated powder XRD patterns with A = 1.54056
and h,k,1=0,7,-5, in an angle range of 20 = 5° to 50°, by step scanning with a step of 0.02
degree. (b) 0-FAq17Csos3Pbls, (d) 6-FAg 0sCsp.92Pbls.



