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ABSTRACT: Though formamidinium lead triiodide (FAPbI;) pos-
sesses a suitable band gap and good thermal stability, the phase
transition from the pure black perovskite phase (a-phase) to the
undesirable yellow nonperovskite polymorph (&-phase) at room
temperature, especially under humid air, hinders its practical
application. Here, we investigate the intrinsic instability mechanism
of the a-phase at ambient temperature and demonstrate the existence
of an anisotropic strained lattice in the (111) plane that drives phase
transformation into the §-phase. Methylammonium bromide (MABr)
alloying (or FAPbI;-MABr) was found to cause lattice contraction,
thereby balancing the lattice strain. This led to dramatic improvement
in the stability of a-FAPbI;. Solar cells fabricated using FAPbI;-MABr
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demonstrated significantly enhanced stability under the humid air.

ethylammonium (MA) lead halide perovskite films
(CH;NH,PbX;, where CH;NH; = MA, X =1, Br, or
Cl) are promising materials to be used as active
layers in photovoltaic (PV) and light-emitting devices owing to
their high light absorption coeflicient, long charge carrier
diffusion lengths, ambipolar charge transport, and solution
processability.' > However, their stability under light, moisture,
and/or heat is a potential issue hindering their commercializa-
tion. The intrinsic thermal instability of MAPDI; is one of the
important stability issues, caused by its low formation energy,
low thermal conductivity, and the phase transition near ~57
°C. The calculated formation energy per unit cell (0.11—0.14
eV) for MAPbI, perovskite is quite close to the average thermal
energy at 85 °C (0.093 eV),” a condition that can be easily
reached due to heat accumulation when the cell is operating
under direct sunlight. The low thermal conductivity (~0.5 W/
[K m] at room temperature) restricts heat dissipation in the
perovskite layer, resulting in increased thermal mass.” Another
issue arises due to the low phase transition temperature of 57
°C (tetragonal to cubic) that can cause a big volume change in
the perovskite layer,” resulting in buildup of mechanical stress
that limits the lifetime of the perovskite solar cells (PSCs).
Though CH;NH;PbX; single crystals and thin films prepared
by vacuum-based methods present better thermal stability,”
the environmental stability is still an open challenge. Thus,
heat-tolerant perovskite absorbers are necessary for long-term
thermal stability of PSCs.
The exchange of organic cations in perovskites from MA to
formamidinium (FA) results in a material with a smaller band

gap and higher thermal stability, which could lead to better and
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more reliable performance.'”™"® Snaith et al. characterized the
thermal stability of FAPbI; and MAPDI; in air up to 150 °C.
The former showed higher stability without bleaching even
after 60 min, while the latter was bleached within 30 min."’
Despite the good thermal stability of FAPDI,, it is challenging
to obtain and maintain its pure black perovskite phase (a-
phase, pseudocubic) at room temperature due to the phase
transition from the a-perovskite polymorph to the undesirable
yellow nonperovskite polymorph (S-phase, hexagonal), espe-
cially under humid air.">~"” Better stability was observed for
both Cs- and MA- alloyed FAPbI;, which was due to enhanced
interaction between the FA ion and iodine or a decrease in the
tolerance factor.'*'®'®'? These studies suggest that alloying
might be a feasible pathway toward improving the inherent
phase stability of FAPDbI; perovskite material. However, in-
depth understanding of the operating mechanism behind this
increased stability has not been achieved, which is preventing
further progress.

X-ray diffraction (XRD) is a powerful tool for characterizing
the crystallographic structure, chemical composition, and
physical properties of materials. From XRD analysis, we find
that a-FAPbI, has an anisotropic strained lattice (higher strain
in the (111) plane). In contrast, 5-FAPbI, is almost strain free.
We hypothesize that strain in the (111) plane of the a-phase is
a driving force for its easy phase transition into the d-phase,
where the (111) plane acts as the nucleation site for the (0001)
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Figure 1. (a) XRD patterns of FAPbI; and FAPbI;-MABr thin films before and after exposure to humid air. (b) UV—vis absorption spectra of
the as-deposited FAPbI; and FAPbI;-MABr thin films. Time-dependent XRD measurements of (c) FAPbI; with phase transition and (d)
stabilized FAPbI;-MABr without phase transition under a humid atmosphere with a RH of ~50% at 23 °C.

plane of the J-phase. When FAPDI; is alloyed with MABr
(alloyed FAPDbL, is denoted as FAPbI,;-MABEr), the lattice size is
reduced and strain in the grain is relaxed; thus, the pseudocubic
a-phase is stabilized at room temperature, even under humid
air. The solar cells fabricated by using FAPbI;-MABr perovskite
layer show an efficiency of ~16% for a small area (0.096 cm?),
and ~15% for a large area (0.48 cm?) with fast photoresponse
and negligible J—V hysteresis. More importantly, the MABr-
alloyed PSC can maintain its efficiency without any degradation
in all device parameters for more than 1000 h under a high
relative humidity (RH) of ~50% at 23 °C. In contrast, the solar
cells fabricated by using pristine FAPbI; can only maintain
~10% of the initial value after 2 h under similar conditions.
These findings clearly address the complex problem of
stabilizing the a-FAPbI; in an ambient atmosphere, which
can be realized through a simple device fabrication process.

It is well-known that MAPbI; is very sensitive to humid air as
its color normally changes from dark brown to yellow in less
than 24 h due to the material decomposition from MAPbI; to
Pbl, under high humidity.”” We found that when FAPbI, films
were kept in air with a RH of ~50% at 23 °C, the color of the
film also changed from dark brown to yellowish within several
minutes, which is much faster than MAPbI, (Figure S1).
However, from the XRD results shown in Figure 1a, we cannot
find any diffraction peaks related to Pbl,; rather, new peaks are
attributable to the nonperovskite polymorph (5-phase) of
FAPbI,."*"” Though the color of both MAPbI, and FAPbI, can
change from dark brown to yellow, unlike the MAPbI;, the
color change of FAPDbI; results from phase transition, rather
than chemical degradation. It has been reported that 5-FAPDI;
is more stable than a-FAPDbI; at room temperature, and a-
FAPbI; will change to J-FAPbI; even under dry air with

aging.'* We also notice that the color transformation was much
slower if the dark brown FAPbI, films were kept in dry air (it
takes several weeks before an obvious color change). Thus, our
results indicate that the humid air can accelerate this phase
transition process to a great extent. Interestingly, when part of
FAI is changed to MABr, the resulting FAPbI;-MABr material
shows excellent stability under an ambient environment. As
shown in Figure 1a, the XRD peaks of a-FAPbI; shift to higher
angles for FAPbI;-MABr due to a more compact lattice, along
with the blue shift (~15 nm) of the absorption onset after the
alloying process (Figure 1b), indicating successful incorpo-
ration of MABr in FAPbI;. For FAPbI;-MABr, there is no
change in their color (Figure S2) and XRD pattern (Figure 1a)
even after 1 h under the same humid conditions (RH ~ 50%,
23 °C). Figure 1c,d shows time-dependent XRD measurements
of unstable pure FAPDbI; with a phase transition and stabilized
FAPbI;-MABr without a phase transition under the same
humid atmosphere. The reflection peaks around 11.8° and
13.9° in Figure 1c are linked to the reflections of 5-FAPbI; and
a-FAPDI; phases, respectively. We can see that the peak at
11.8° starts to emerge immediately after exposure of the pure
FAPDI; to humid air, indicating initiation of phase transition. As
the peak at 11.8° becomes stronger, the peak intensity at 13.9°
becomes weaker with time, caused by the continuous phase
transition. No peak related to Pbl, appears during the whole
process (the peak for Pbl, is located at 12.7°). In contrast,
FAPDL;-MABr exhibits no phase transition under the same
conditions (Figure 1d). On the basis of the results shown here,
we conclude that the moisture in air can accelerate the phase
transition from a-FAPDbIL; to 5-FAPbI; at room temperature,
and the MABr can stabilize the a-FAPbI; under humid air, thus
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Figure 2. (a) Magnification of XRD results comparing the peak shift after MABr alloying. (b) Williamson—Hall plot of (Ad,, — Ad,,%)">
versus interplanar spacing of different planes, extracted from the corresponding diffraction profiles shown in Figure S3. (c) Schematic
representation of strain relaxation after MABr alloying (side view) and (d) the structure and corresponding lattice parameters of the
pseudocubic a-phase and hexagonal §-phase.

providing a material with higher tolerance to environmental
constraints.

There is a strong relationship between the property/function
and structure of the material; therefore, we next try to identify
the mechanism behind improved stability by comparing the
crystal structures before and after alloying. We hypothesize that
phase transformation from the a- to d-phase in FAPDI, is the
guiding factor. On the basis of our results, we found that MABr
alloying has two effects on structure: reducing the lattice
volume and relaxing the strain in lattice. From the XRD pattern
shown in Figure 2a, peaks shift toward higher angles after
MABEr alloying, indicating shrinkage of the lattice according to
the Braggs law, nd = 2dy;sin 0. When the peak location is
converted into a lattice constant, using eq 1, we can deduce an
isotropic reduction in the size of the unit cell (Table S1).

dhkl
W+ 2+ ?

a =

(1)

where a is the lattice constant, d,y is the interplanar spacing of
the (hkl) plane, and h, k, and [ are the Miller indices. In
addition to a shift in the peak position, we also notice the
sharpening of some peaks in Figure 2a that are related to strain
relaxation of the lattice. When strain is introduced in a material,
the lattice planes distort to accommodate these structural
defects. This leads to a different interplanar distance across the
material, reflected by broadening of the diffraction peaks.”' >
In principle, the observed peak broadening in every (hkl) plane
is a convolution of instrumental broadening, nanoscale grain
sizes, and strain (or microstrain in this case) in the lattice, as
mathematically expressed by eq 2>

= Ad,,* + Ad

Adobsz inst 2 + Ad82 (2)

size

1016

where, Adg, is the difference in d-spacing at full width at half-
maximum (fwhm) for a given (hkl) plane; Ad,, Adg,., and
Ad, are the contributions of the instrument, grain size, and
strain related to the observed peak width, respectively. The
Adg,, is small and can be neglected due to the large grain sizes
for both materials (several hundred nanometers, Figure S4).
Therefore, eq 2 gives us a linear relation in terms of strain as

Ad& = Adobsz - Adinstz =ed (3)

where ¢ is the unitless strain in the lattice (given by Ad,/d) and
d is the interplanar spacing for different (hkl) planes. Here
Ad,, can be obtained by running an XRD pattern on a
calibration standard (LaB4 specimen) under the same settings.
A linear fitting is obtained that is then subtracted from observed
values (Figure SS). The relation between peak broadening and
d-spacing is plotted in Figure 2b for all FAPbI;, MABr-FAPbI;,
and 0-FAPDbI;. The plot gives us an unusual finding; while
FAPDI;-MABr has an almost linear fitting, a-FAPbI; shows an
erratic pattern. The slope of this linear fitting between peak
broadening and interplanar distance suggests that strain in the
structure is uniformly distributed in FAPbI;-MABr. However, in
the case of pure FAPDIL,, the erratic pattern with larger value
means a higher and anisotropic strain. The higher broadening
of the (111) peak and sharper (002) peak means that there is
higher strain in the (111) plane and lower strain in the (002)
plane (confirmed with three different samples of FAPbIL,,
Figure S6). This high strain in the (111) plane is developed
because of deviation from the equilibrium interplanar distances,
while the MABr alloying can relax the strain in (111), as can be
understood by Figure 2c. Pure a-FAPbl; (ABX;) has a
perovskite structure with six-fold Pblg octahedra occupying
the middle of the pseudocubic structure and connected to
another octahedra by corner sharing (Figure 2d). The FA
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Figure 3. (a) XRD patterns of the as-synthesized FAPbI, and FAPbI;-MA, FAPbI;-Br, and FAPbI;-MABr thin films. (b) Williamson—Hall plot
of (Ad,,,2 — Ad,2)"/? versus interplanar spacing of different planes, extracted from the corresponding diffraction profiles shown in (a). Phase
transition test of (c) FAPbI;-MA and (d) FAPbL;-Br under a humid atmosphere with a RH of ~50% at 23 °C.

molecule (A-sites), which is considerably larger than Pb (B-
sites) (FA* = 253 pm, Pb?* = 120 pm, I~ = 220 pm),”* sits in
12-fold coordination. A slight variation from ideal size of
atoms/molecules is usually accommodated by rotation/tilt in
the octahedral arrangement, but when the A-sites become too
big to accommodate (as is the case here), it transforms into a
more stable hexagonal structure (5 phase), with Pbl, octahedra
sharing faces rather than corners. This brings Pb—Pb closer and
separates the distance between FA and FA. A quick calculation
on the closest distance between FA—FA and Pb—Pb distances
is shown in Figure 2d. For the hexagonal structure, a shorter
distance for FA—FA is /2 times bigger than that for the a-
phase. Separation between bigger atoms at the expense of
smaller atoms getting closer (Pb—Pb) is the reason for the
higher stability of hexagonal phase as the total energy of the
system through this arrangement is lowered. A similar
observation was made while investigating the phase transition
of another perovskite StMnQ,.** As the hexagonal structure has
the same atomic arrangement in the (0001) plane as that of
(111) of the cubsic lattice (both being closed-packing planes of
FA and Pb), the strain in (111) planes helps to nucleate (0001)
of the hexagonal phase with less activation energy. We do find
evidence that after the transformation the strain in 6-FAPbI; is
almost nonexistent (Figure 2b). Thus, we arrive at the
conclusion that MABr alloying can relax the strain in the
(111) plane and thereby prevent the phase transition from the
a-phase to J-phase.

Note that both MA and Br can lead to reduction of the lattice
strain, thereby stabilizing the a-phase of the perovskite. To
address the different roles of MA and Br with respect to the
stability of FAPbI,, both MA-alloyed perovskite (denoted by
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FAPbI;-MA) and Br-alloyed perovskite (denoted by FAPbI,-
Br) were also fabricated to compare with FAPbI,-MABr; the
respective amounts of MA and Br were controlled at the same
level as that in FAPbI;-MABr. Peaks shift to a higher angle for
all alloying materials (Figure 3a), which indicates the successful
substitution of ions in the FAPbI; lattice. Figure 3b provides
the relationship between the Williamson—Hall plot and d-
spacing for all four samples shown in Figure 3a. FAPbI;-MA
shows a linear plot similar to that for FAPbI;-MABr. However,
FAPDI;-Br is more like FAPbI;, displaying an irregular pattern
but with a smaller strain in the (111) plane. Thus, MA, Br, or
MABr alloying can relax the strain in the (111) plane and
induce functional change. According to Kieslich’s work,”* the
effective radii difference between FA* and MA" is 36 pm, larger
than the difference between I~ and Br™ (24 pm); therefore, the
substitution with MA™ plays a more effective role in changing
the lattice structure than Br~. Note that compared with MA*
(15% on A site), the percentage of Br is much lower (5% in
halide), which may be another reason for insufficient capacity
to balance the anisotropic strain in the (111) plane. Figure 3c,d
provides the stability test result for FAPbI;-MA and FAPbI;-Br
under a humid atmosphere. No phase transition was observed
for FAPbI;-MA, indicating a stable phase structure under
humid air due to the reduced strain in the (111) plane. For
FAPbI;-Br, the peak located at 11.8° representing the
reflections of J-FAPbI;, becomes stronger with time, while,
unlike the FAPDI;, the peak intensity of the a-phase does not
change. The phase was stabilized to some extent but not as
efficiently as FAPbI;-MA or FAPbI;-MABr. On the basis of
these results, we conclude that both MA and Br show the ability
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Figure 4. (a) Cross-sectional SEM image of the FAPbI;-MABr PSCs. (b) Typical J—V curves and extracted PV parameters, (c) the
corresponding stabilized output of the PCE and ] at the maximum power point as a function of time for the solar cell under simulated 1 sun
illumination, and (d) EQE spectra. The active area of the solar cell is 0.096 cm”.

to stabilize the perovskite phase of FAPbI; and MA plays the
dominant role in improving the stability.

Considering all of the evidence that we have presented
above, it appears that the MABr alloying results in stable a-
FAPDI; even under humid air. To further investigate their
stability in a solar cell, we fabricated PV devices with both
FAPbI; and FAPbI;-MABr. Figure 4a shows the microstructure
of the FAPbI;-MABr device. A 60 nm thick compact TiO,
layer, prepared by he sol—gel method, was used as the hole-
blocking layer, and then, a 200 nm mesoporous TiO, layer was
deposited onto it by spin coating, which enhances the charge
separation and collection, thereby relieving the hysteresis effect
of PSCs under different scan directions during the measure-
ments.”® A continuous, flat, and dense perovskite film with a
thickness of ~450 nm fully covered the top surface of the
mesoporous TiO, layer, along with partial infiltration into the
mesoporous TiO, layer. On top of the perovskite layer, a 200
nm thick spiro-OMeTAD was deposited, which acts as the hole
transport material (HTM). Figure 4b presents current density—
voltage (J—V) curves measured with a 120 ms scanning delay
for each measured data point in backward (from the open-
circuit voltage (V,.) to the short-circuit current (J,)) and
forward (from ], to V,.) modes under standard AM 1.5G (air
mass 1.5 global) illumination of the FAPbI;-MABr device.
From the corresponding PV performance, we derive values of
22.01 mA cm?, 1.08 V, and 68.19% for J,., V., and the fill factor
(FF), respectively, yielding a PCE of 16.21% for the backward
scan. For the forward scan, the device shows a ], of 22.17 mA
cm? a V,. of 1.07 V, a FE of 67.38%, and a PCE of 15.98%.
During the measurement, the change in the bias voltage
requires a charge redistribution to reach a new equilibrium
state, and the generated charge carriers require significant time
for charge distribution in hybrid PSCs.”” Therefore, rapid
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scanning of the applied voltage often leads to a huge hysteresis
in the J—V results. In our case, the hysteresis effect is negligible,
benefiting from the mp-TiO, layer, which can enhance charge
collection from the perovskite layer via a large TiO, interface.
The performance of solar cells based on FAPbI; as the light
absorber is shown in Figure S8, and the corresponding PV
parameters are summarized in Table S2. Though its absorption
is broader than that of FAPbI;-MABr, J,. is much lower (17 mA
cm?). Before depositing the gold layer (the cleanroom has the
RH value fixed at 43%), we had to transfer our samples from
the glovebox to the e-beam chamber. Exposure of the thin films
to humid air during the transfer process may introduce a phase
transition (as the phase transition process can be accelerated by
moist air). That may be the reason for the lower ], than the
predicted value. The J—V hysteresis effect is also higher than
that of the FAPbI;-MABr solar cell, probably due to the impure
phase. Figure 4c shows the steady output power test for the
FAPDI;-MABEr solar cell. We set the external bias at 0.83 V, and
the output current density was monitored with time. The
current density increased sharply when we turned on the light
and stabilized at 19.34 mA cm?, yielding a PCE of ~16.05%. On
the basis of our previous results, faster dynamic current
response always shows lower hysteresis in the device, which
agrees with the J—V results shown in Figure 4b.”* The external
quantum efficiency (EQE) for the FAPbI;-MABr solar cell is
shown in Figure 4d, with a broad plateau above 70% in the
wavelength range of 400—780 nm. A high EQE suggests that
solar light can be efficiently converted to charge carriers and
collected by the terminal electrode, which is responsible for the
larger photocurrent density of the solar cell. We notice the
cutoff of the EQE is around 820 nm, which makes a small blue
shift compared with the well-known FAPbI; material (840 nm)
due to the larger band gap after the cation and anion
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substitution, as noticed in the absorption spectra in Figure
1b."”"” Twenty independent solar cells were fabricated on the
same substrate with a size of 1 in. X 1 in. to investigate the
uniformity of the perovskite layer. The spatial distributions of
their performance are shown in Figure S9. Most devices have
efficiencies of ~16%, except for the ones located on the four
corners. This result shows that the uniformity of the thin films
is excellent. Solar cells with an area of 0.48 cm® in an oblong
shape were also fabricated. J—V curves, the corresponding PV
parameters, and the stabilized output of PCE and ] at the
maximum power point under simulated 1 sun illumination are
shown in Figure S10. Similar to the solar cells with an active
area of 0.096 cm?, the hysteresis effect is negligible with a PCE
of ~15%.

Finally, we investigated the device stability of both FAPbI;-
MABr solar cells (Figure S) and FAPbI; (insets), kept under
humid air (RH ~ 50%, 23 °C). The performance of the pure
FAPDI, solar cell degraded rapidly. Only 10% of the initial value
remained after only 2 h, and the color of the solar cell changed
from dark brown to yellowish. The main decrease of the
performance was contributed from the decrease of J,. due to the
film transformation from the black phase to the yellow phase.
We noticed that the color change of the device was much
slower than that of the bare thin film shown in Figure SI. It
took about 0.5 h for the spiro-OMeTAD-covered region and 1
h for the Au-covered region to change to a yellowish color,
while for the thin film directly exposed to moist air with the
same RH, the color changed to yellowish in about 10 min. The
spiro-OMeTAD and Au layer served as a protection barrier and
kept the performance of the pure FAPbI; device with a J,. >10
mA cm? even after 1 h. We further kept the same solar cell in a
glass desiccator with RH & 50% and found that the solar cell
could maintain an efficiency of 0.35% with a J,. of 1.12 mA cm?
even after 1 week (Table S3). To our surprise, the V,_was 0.92
V, not far below the pristine value of 0.98 V (Figure S11),
which indicated that the yellow phase also showed obvious PV
effect. On the other hand, the FAPbI;-MABr solar cell showed
high stability under humid air. No drop in the efficiency was
observed for the solar cell kept under a RH of ~50% for 1000
h. A slight increase of the performance at the first stage may be
attributed to the oxidation of spiro-OMeTAD.” Though the
PV performance can be retained after such a long time, we
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noticed that the color of the perovskite film, which was not
covered by Au, changes to a bit lighter shade, indicating that
encapsulation may be needed for practical applications.

In summary, we have investigated the phase transition of
FAPbI; in ambient air. The results show that the existing
anisotropic strained lattice in the (111) plane in FAPbI; can
help the a-phase transform into the d-phase, and humid air can
accelerate this process. MABr alloying can provide a more
compact crystal lattice (thus increasing Coulomb interactions
within the structure) and relax strain in the lattice, thereby
stabilizing the a-phase of FAPbI;. Solar cells using FAPbI; as
the light absorber show an obvious hysteresis effect and low
stability under humid air due to the phase transition problems.
Air-stable solar cells with good performance (~16% for 0.096
cm?; ~15% for 0.48 cm®) and low hysteresis are obtained based
on the lattice strain balanced material (FAPbI;-MABr). On the
basis of these observations, we propose that releasing the strain
in FAPDI; by alloying can stabilize the perovskite structure of
FAPDI; and reduce the sensitivity to humid air against a-to-6
phase transformation, which will potentially give a stable
perovskite device and simplify the fabrication process
significantly.
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