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ABSTRACT: The spontaneous @-to-6 phase transition of
the formamidinium-based (FA) lead halide perovskite
hinders its large scale application in solar cells. Though this
phase transition can be inhibited by alloying with
methylammonium-based (MA) perovskite, the underlying
mechanism is largely unexplored. In this Communication,
we grow high-quality mixed cations and halides perovskite
single crystals (FAPbL,),_,(MAPbBr;), to understand the
principles for maintaining pure perovskite phase, which is
essential to device optimization. We demonstrate that the
best composition for a perfect a-phase perovskite without
segregation is # = 0.1—0.15, and such a mixed perovskite
exhibits carrier lifetime as long as 11.0 us, which is over 20
times of that of FAPDbI; single crystal. Powder XRD, single
crystal XRD and FT-IR results reveal that the incorpo-
ration of MA' is critical for tuning the effective
Goldschmidt tolerance factor toward the ideal value of 1
and lowering the Gibbs free energy via unit cell
contraction and cation disorder. Moreover, we find that
Br incorporation can effectively control the perovskite
crystallization kinetics and reduce defect density to acquire
high-quality single crystals with significant inhibition of &-
phase. These findings benefit the understanding of a-phase
stabilization behavior, and have led to fabrication of
perovskite solar cells with highest efficiency of 19.9% via

solvent management.

O rganic—inorganic lead halide perovskites have emerged as

a class of promising materials for low-cost solution
processing solar cells with power conversion efficiency (PCE)
increased dramatically from 3.8% to 22.1% since 2009.'~” This
material, with the formula ABX; (A = Cs, methylammonium
(MA), formamidinium (FA); B = Pb, Sn; X =, Br, Cl), provides
a variety of opportunities to tune photovoltaic properties
through facile compositional engineering and alloying.”*™""
Compared with MAPDI;, replacing A site with FA can reduce the
bandgap from 1.51 to 1.40 eV,">"° which is closer to the best 1.34
eV value as predicted by the Shockley—Queisser limit and better
matches the solar spectrum.”'* In addition, FAPbI; demon-
strates better thermal stability than MAPbI; due to stronger
interactions within the perovskite.'> This makes FAPbI; most
likely the champion material for perovskite solar cells that have
recently attracted more and more research interest. However,
FAPDI; suffers from the well-known spontaneous phase
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transition from the desired a-phase black perovskite to d-phase
yellow nonperovskite at room temperature.”'*'> This phase
transition is the main obstacle for high efficiency and long-term
stability of FAPDbI;-based perovskite solar cells.

Fortunately, the undesired a-to-6 phase transition of FA-based
perovskites can be largely inhibited through cation incorpo-
ration.¥' #1718 To date, the reported best cells are fabricated
using the mixed cations perovskites because of their outstandin%
stability under illumination, humidity and thermal stress.'*'®™"
Investigations of the underlying mechanism of a-phase
stabilization are essential for further improving the cell
performance. Zhu et al”’”*' reported the incorporation of
cations with smaller effective radius can adjust the Goldschmidt
tolerance factor or relax the crystal strain of FA-based
perovskites. Meanwhile, others reported the larger entropy
induced by cation disorder at high temperature plays crucial roles
on a-phase stabilization.'””* However, most of the reported
works are based on polycrystalline films, which are prepared
mostly by spin-coating and contain rich amount of grain
boundaries and defects. As a matter of fact, the spin-coating
process introduces a number of kinetic factors such as
temperature, atmosphere, humidity and antisolvent effect,
which complicate the crystallization process™ and affect the
quality of perovskite films. Even though the stability of FAPbI; is
greatly increased in the form of single crystal, the a-to-6 phase
transition still exists.”*

Herein, we report rapid growth of high-quality single crystals
of mixed cations and halides perovskite, with the formula
(FAPbL;),_,(MAPDbBr;),, and investigate the thermodynamic
and kinetic effects of MA" and Br™ incorporation on the a-phase
stabilization of the mixed cations and halides perovskite and thus
provide guidance for device optimization.

The growth of centimeter sized single crystals of (FAP-
bl;),_.(MAPDbBr;), (x =0, 0.05, 0.1, 0.15, 0.2) is achieved based
on inverse temperature crystallization (ITC) method.'>**
Figure 1 provides a schematic illustration of the crystal growth
process with a photograph of a typical crystal with size reaching
15 mm. In this process, small crystal seeds, grown in the 100 °C
precursor solution, are placed in a fresh 1 M precursor solution
for growth of large crystals (see experimental details in
Supporting Information). Perovskite single crystals with varying
x bear similar rhombic dodecahedra geometry as shown in Figure
S1, demonstrating that the ITC method can be successfully
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Figure 1. Schematic illustration of crystal growth process.

applied to grow high-quality mixed cations and halides perovskite
single crystals.

A series of characterizations are performed to prove that
MAPDBr; has been alloyed with FAPbI; and to study the
properties of (FAPbL,),_ . (MAPbBr;), (x=0,0.05,0.1,0.15,0.2)
single crystals. UV—vis—NIR spectral results demonstrate that
the absorption onset of FAPDI, single crystal locates at about 890
nm. The absorption edge and the steady state photo-
luminescence (PL) peak both shift to low wavelength when x
increases from 0 to 0.20, which indicates the MAPbBr; has been
successfully alloyed with FAPbI;, as shown in Figure 2A,B. In the
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Figure 2. (A) UV—vis—NIR absorption spectra, (B) steady-state
photoluminescence spectra, (C) Tauc Plot and (D) TGA of mixed
cations and halides perovskite single crystals (FAP-bI3),_.(MAPbBr;)x
with x = 0, 0.05, 0.10, 0.15 and 0.20.

FT-IR spectrum of the x = 0.15 sample, vibrations of both MA*
and FA" are observed, confirming again the alloying in the single
crystal (see the detail analysis in Figure S2). Furthermore, the
bandgap of (FAPbL;),_,(MAPbBr;), single crystals can be
deduced from Tauc plot (Figure 2C), which is valuable for
optimization of device structure and materials. The bandgap is
1.43, 1.46, 148, 1.52 and 1.53 eV for x = 0, 0.05, 0.10, 0.15 and
0.20, respectively. We note that, when x reaches 0.20, the slope of
the absorption edge decreases dramatically and PL peak
undergoes remarkable blue-shift, which indicates different optical
property from those of other compositions. The thermal stability
of the mixed cations and halides perovskites is also studied using
thermal gravity analysis (TGA), and the results are shown in
Figure 2D. When «x increases from 0 to 0.20, the decomposition
temperature of these perovskites in N, atmosphere slightly
decreases from 300 to 285 °C, the latter being still higher than
that of MAPbI, single crystal (240 °C)."> The details of each
weight loss process are described in Figure S3.

To study the phase composition of FA-based perovskite
crystals, XRD measurements are performed for powders ground
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from single crystals. FAPbI; undergoes spontaneous phase
transition from the desired black perovskite phase (-phase) to
the undesired yellow nonperovskite phase (5-phase) at room
temperature, which induces serious cell performance drop.
However, XRD results in Figure 3A show that the peak of &-
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Figure 3. XRD patterns of perovskite single crystals after being stored
overnight in argon filled glovebox: (A) yellow 5-FAPbL,, a-FAPbI, after
partial phase transition and (FAP-bl,),_.(MAPbBr;)x, with x = 0.0S;
(B) (FAPbL,),_(MAPbBr,),, with x = 0.10, 0.15, 0.20 and 1.

phase has been largely inhibited in single crystalline (FAP-
bl)0.0s(MAPDbBr;) s, though a small peak is seen in the enlarged
pattern (see Figure S4). When « increases to 0.10 and 0.15, all
peaks can be assigned to arise from a-phase perovskite, which
means full inhibition of the 6-phase, see Figure 3B. But in the case
of x = 0.20, there appears weak peaks that are assigned to
MAPDBTr;, indicating that phase segregation will occur with a
large MAPDbBr;/FAPbI; ratio. We also observed that the
corresponding perovskite turns to brown in the bulk after
weeks of aging. This phase segregation may account for the
observed unusual optical property mentioned above. These
results reveal that the best composition for mixed cations and
halides single crystals is x = 0.10 to 0.15, and such crystals are very
stable in glovebox even after 6 months of storage. Next, we will
focus on the crystals with « 0.15, that is (FAP-
bl;)ygs(MAPDbBr;), 15, for further analysis.

To understand further the effect of MAPbBr; alloying on a-
phase stabilization, single crystal XRD measurements are
performed to study the structure of (FAPbI,),¢s(MAPbBr;), 5,
and the results are shown in Figure 4. The unit cell shows a cubic
structure (Pm3m (221) space group) with a = b = ¢ = 0.6224 nm
and cell volume of 241.13 A’ The predicted powder XRD
pattern perfectly matches the experimentally measured one
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Figure 4. (A) Crystal structure (black, carbon; blue, nitrogen; green,
lead; red, iodine; yellow, bromine and the carbon of MA, brown;
nitrogen, violet); (B) predicted and experimental measured powder
XRD patterns; (C) cell parameters of (FAPb,),3s(MAPbBr;)g,5 and
FAPbL,.>’
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where all peaks can be indexed to a cubic perovskite. Comparing
the unit cell parameters of (FAPbL;),¢s(MAPbBr;), 5 with that
of cubic FAPbI,,*” we found that the unit cell contracts from
257.51 to 241.13 A’. Powder XRD results also support the cell
contraction by the fact that the 001, 002 and 012 peaks shift
toward higher angles as x increases, and the contraction becomes
strongest atx = 0.15 (Figure S5). The peak shifting toward higher
angle indicates a decrease in lattice parameter, which is consistent
with the single crystal XRD results. The lattice contraction is
probably due to the incorporation of much smaller MA* (ionic
radius 217 pm) compared with that of FA* (253 pm),*® which
results in reduction of octahedral volume for the A-site cation
surrounded by PbX;™ octahedron in the unit cell. This cell
contraction adjusts the effective Goldschmidt tolerance factor™®
toward 1, favorable to stabilize the cubic perovskite. On the other
hand, incorporation of MA", which is of stronger dipole and
more flexible rotation, may enhance the contribution of entropy
due to higher degree of cation disorder as revealed by the crystal
structure (Figure S6).”” These results confirm that the
incorporation of MA" plays important roles in stabilizing the
black perovskite phase from thermodynamics point of view.
The mixed halides also play important roles in cubic phase
stabilization, but from kinetics point of view. To investigate the
effect from Br incorporation, we prepared the (FAP-
bl;)oss(MAPDL,), s single crystal using the same method.
Surprisingly, the XRD results indicate insufficient inhibition of
O-phase, as shown in Figure SA. The peak intensity of 6-phase is
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Figure 5. (A) XRD pattern of alloyed perovskite single crystals of x =
0.1S with and without Br incorporation; (B) steady-state PL intensity of
FAPbI,-based perovskites (red: multiply by S); (C) light soaking effect
for x = 0.15; (D) optical morphology; (E) PL mapping of the x = 0.1S
crystal surface in 20 X 20 um.
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even stronger than that of (FAPbL;),0s(MAPbBr;),05, shown in
Figure 3A. This demonstrates that Br indeed plays important
roles in phase stabilization of the mixed perovskite even at very
low ratio. Considering the fact that the rate of a-to-6 phase
transition in FAPbI; depends on the crystal quality of the FAPbI;
(see details in Figure S7), the role of Br incorporation may lie in
crystal growth with better quality. To prove the hypothesis, the
steady-state PL was measured on a spatially resolved confocal
microscope. The PL intensity increases dramatically when
bromide is incorporated compared to FAPbl; and (FAP-
bl;)oss(MAPDI,), 15, as can be seen in Figure SB. This indicates
Br plays a crucial role in suppressing nonradiative recombination.
The carrier lifetime of this perovskite reaches 11.0 s, which is
over 20 times of that of FAPbI, (Figure S8 and S9). Besides, the
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PL evolution®’ quickly reaches to a maximum within 3.5 s, which
implies low defects density in (FAPbI,), 5s(MAPbBr;), 5. These
improved optical properties confirm the promotion of crystal
quality of the MA" and Br~ incorporated perovskite. On the
other hand, the spatially resolved PL mapping demonstrates a
uniform surface in terms of intensity fluctuation within the limit
of spatial resolution of 1 X 1 m, as shown in Figure 5D,E, which
suggests the reduction of defect density is not caused by surface
passivation in Br-based perovskite.

The improved crystal quality of the Br-incorporated perov-
skite, distinctive with reduced defect density, discloses the role of
Br in crystallization kinetics of the mixed perovskite.
Interestingly, though the solubility of MAPbBr; perovskite
alone (or PbBr,+MABr precursors) in GBL is reported to be less
than 0.05 mg/mL (~0.1 mol/L) at room temperature or 80 °C
due to weak interaction between the solute and GBL,*® we can
obtain uniform and clear solution of mixed cations and halides
perovskites of (FAPDbL,),_.(MAPbBr;), in the case of x = 0.15
(0.15 mol/L PbBr,+MABr) and even x = 0.20 (0.20 mol/L
PbBr,+MABr). The increased solubility (see Figure S10) of the
bromide precursors is most likely due to the halide exchange
process of and Br~ with I~ during dissolution.”"** We observed
the preferential dissolution of Pbl, and FAI to form a yellow
upper solution after 2 h without stirring while the red Br-
terminated perovskites solid was left at the bottom of the
container, the latter being slowly dissolved after at least another
12 h. When the clear precursor solution is heated to 100 °C, the
Br-terminated perovskite species are expected to nucleate first
due to its low solubility in GBL. This nucleation process is
supported by the observation of dramatically enhanced crystal
growth rate upon increase of concentration of Br-based
precursors. The approximate time to obtain visible black
perovskite crystals is illustrated in Figure S11. We also note
that it is difficult to harvest large crystals when x increases to 0.20,
because the nucleation process occurs so fast that too many small
crystals will form, which hinders their further growth into large
crystals (see optical photograph in Figure S1). These
observations confirm the Br-induced crystallization process. It
is deserved to be mentioned that MAPbBr; adapts cubic phase
symmetry and exhibits lower surface energy’ so that the Br-
induced crystallization may result in a better crystallization of
cubic perovskite phase with significantly reduced defect density,
thus hindering the formation of the yellow nonperovskite phase.

It has been shown that both cations and halides are important
to stabilize the perovskite phase. Specially, the nucleation of Br-
based perovskite is crucial, which can induce a better crystal
quality with low defect density. This guides us to fabricate
perovskite solar cells using the (FAPbI;), ss(MAPbBr;), 5 films.
Because of the difficulties in kinetic control of faster
crystallization during spin-coating, it seems unlikely to obtain
red Br-terminated-perovskite-rich films with large grain size
using one-step method (see Figure S12). The interplay between
precursors and solvents becomes highly important in spin-
coating process and serves as an additional factor to be managed
for the preparation of mixed perovskites. We demonstrate that
the desired film composition and morphology can be achieved
simultaneously by using optimized amount of DMSO as a
cosolvent with DMF to slow down slightly the initial nucleation
of MAPbBr;. We can acquire a champion (FAP-
bl;)os5s(MAPDbBr;), 5 perovskite solar cell with average PCE of
19.5% (see Figure S13 and detailed cell performance character-
ization in Figure S14 and S15), whereas the x = 0.05 perovskite
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with insufficient 5-phase inhibition exhibits much lower average
PCE of 12.1% and enormous hysteresis.

In conclusion, by growing and employing high-quality mixed
cations and halides perovskite single crystals with extremely long
carrier lifetime, we have investigated the thermodynamic and
kinetic effect of MA" and Br~ incorporation on cubic phase
stabilization of FA-based perovskite. The incorporation of MA*
stabilizes the cubic phase perovskite through contracting the
lattice, increasing the cation disorder and thus lowering the Gibbs
free energy; whereas the incorporation of Br~ changes the
crystallization kinetics by accommodating the difference in the
precursor—solvent interaction strength for bromide- and iodine-
based species. These findings advance the understanding on the
underlying mechanism of cubic phase stabilization behavior of
the highly important mixed cations and halides perovskite system
in solar cells, and may shed light on the design and fabrication of
high-performance FA-based perovskite solar cells with better
phase stability.
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