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ABSTRACT: Its lower bandgap makes formamidinium lead iodide (FAPbI;) a more
suitable candidate for single-junction solar cells than pure methylammonium lead
iodide (MAPbI;). However, its structural and thermodynamic stability is improved by
introducing a significant amount of MA and bromide, both of which increase the
bandgap and amplify trade-off between the photocurrent and photovoltage. Here, we
simultaneously stabilized FAPbI; into a cubic lattice and minimized the formation of
photoinactive phases such as hexagonal FAPbI; and Pbl, by introducing 5% MAPbBTr;,
as revealed by synchrotron X-ray scattering. We were able to stabilize the composition
(FA9sMA0sCs0.05)Pb(IoosBroos);, which exhibits a minimal trade-off between the
photocurrent and photovoltage. This material shows low energetic disorder and
improved charge-carrier dynamics as revealed by photothermal deflection spectroscopy
(PDS) and transient absorption spectroscopy (TAS), respectively. This allowed the
fabrication of operationally stable perovskite solar cells yielding reproducible
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efficiencies approaching 22%.

Hybrid perovskite materials exhibit the ABX; structure,
where A generally stands for a monovalent cation such
as methylammonium (MA) = CH;NH,", cesium (Cs*), or
formamidinium (FA) = CH(NH,),", B stands for a divalent
metal cation (Pb*, Sn>*), and X stands for a monovalent
halide anion (I7, Br~, CI7).'”* These perovskite semi-
conductors exhibit outstanding optoelectronic properties,
including a high absorption coefficient over a wide range of
the solar spectral irradiance, a direct bandgap, low exciton
binding energy, large charge-carrier diffusion lengths, and
ambipolarity.*

Initially, Kojima et al. demonstrated MAPbBr; and MAPbI,
perovskite materials for photovoltaic applications." With the
substitution of bromide by iodide, the bandgap decreases and
the spectral sensitivity toward longer wavelengths (up to 800
nm) increases, leading to the amplification of short-circuit
photocurrent (J.) but reducing the open-circuit photovoltage
(V,.).” This tunability feature of perovskite materials was
further extended to the A-site cation by Koh et al, who
demonstrated FAPDI; perovskite as a potential light absorber
with a bandgap of 1.47 eV.' Although a low bandgap makes
FAPbI; a more desired light absorber, the thermodynamic
instability of the photoactive trigonal black phase of FAPbI;
(a-FAPbI;) under ambient conditions poses a serious
challenge to materials scientists and the photovoltaics
community. To address this issue, different strategies have
been identified by the scientific community. For example,
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methylammonium chloride-induced stabilization of a-FAPbI,
phase,'" and surface coating via a molecularly tailored two-
dimensional (2D) overlayer rendering the back conversion of
a-FAPbI; to O-FAPbI; less favorable has been reported
recently.'”

At the beginning, Pellet et al. stabilized the photoactive
phase by mixing MA and FA cations to form multication
MA,FA,_,Pbl, perovskites."” In a similar direction, Jeon et al.
reasoned that the incorporation of MAPbBr; into FAPbI;
stabilizes the perovskite phase of latter and simultaneously
improves the power conversion efficiency (PCE) of the
perovskite solar cells (PSCs).'* Subsequently, the composi-
tional engineering of perovskite materials attracted tremendous
attention to developing highly efficient and stable PSCs.">~**
By introducing Cs® cation into (FAMA)PbX; perovskite
structures, further improvement in the thermal stability and
reduction in phase impurities was shown.”>”® The resulting
state-of-the-art triple-cation perovskite composition contains
>15% of MAPbBr; in an FA-dominant lattice exhibiting a
bandgap of 1.63 eV, which is larger than that of pure
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MAPbI;."* Therefore, optimization of MAPbBr; content
within the FAPbI; perovskite structure is critical, primarily,
to minimize the trade-off between the photocurrent and
photovoltage, which can consequently enhance the PCE of
resulting PSCs. Arguably, this will lead to the fabrication of
more efficient devices, which will pave the way toward stable
and reproducible devices, a key factor toward the industrializa-
tion of PSCs.""

Herein, we aimed to minimize the MAPbBr; content in
order to ensure high PCE while still benefiting from the
stability features of MAPbBr;. We probed the PCE and
stability of PSCs in order to find out the composition, which
demonstrates the best compromise between the stabilization
features and the loss of photocurrent associated with
MAPDBr;, while simultaneously improving the overall photo-
voltaic performance of FA-dominant PSCs.

We deposited Cslyo5(FA;_,MA,)o9sPb(I,_Br,); (y = 0,
0.05, 0.10, 0.15, 0.20) (denoted as P + y% MAPbBr;)
perovskite films using the one-step solution-based antisolvent
method. See the experimental methods for further details.

To investigate the composition of perovskite films and to
establish the effectiveness of the experimental methodology, we
explored X-ray photoelectron spectroscopy (XPS). As shown
in Figure S1 and Table S1, Pb and Cs experimental
concentrations are relatively stable across the series while the
iodide and bromide concentrations follow the expected trend.
The relative contents of halides determined from the XPS data
correlate with the values calculated for each condition (Table
S1), which confirms the effective introduction of the desired
amounts of MAPDbBr; into the Csl-containing FAPDI;
perovskite lattice system. Nevertheless, the presence of
undesired phases that could influence the final composition
of the 3D perovskite needs to be considered. In addition, the
peaks attributed to lead (Pb 4f;/, and Pb 4f;,), iodide (I 3d;/,
and I 3ds/,), and bromide (Br 3d;/, and Br 3d;,,) display a
shift, which could be associated with the binding energy as a
function of composition.”” >’

The effect of perovskite composition on the morphology and
thickness of the film was investigated through field-emission
scanning electron microscopy (FE-SEM) (Figure 1, Figures
$2—54). Top view SEM micrographs reveal that MAPbBr;-free
perovskite film (Figure 1A) is composed of submicron-sized
structures, while with the introduction of 5% MAPbBr;, the
grain size decreases dramatically to ~200—300 nm (Figure 1B)
and remains invariant with MAPbBr; concentration (Figure
1E). Such growth behavior can be explained by invoking an
increase in the nucleation density induced by MAPbBr;
(Figure 1C,D). Cross-sectional SEM reveals that the
composition insignificantly influences the perovskite film
thickness as all the MAPbBr;-containing perovskite film exhibit
a thickness of approximately S00 nm (Figure 1F).

To gain deeper insight into the growth and formation of the
perovskite structures, we recorded grazing-incidence X-ray
scans’’ of the perovskite film samples containing different
mixtures of MAPbBr; and FAPbI;. In addition to peaks
corresponding to the perovskite phase, we also observed the
features that can be attributed to the hexagonal (yellow)
FAPbI, phase and lead iodide (Figure 2A). By fitting the
perovskite peaks with a Gaussian, we determined the peak
position as well as the width of each peak (Figure 2B).
Assuming a cubic perovskite structure, an average lattice
parameter was determined. Figure 2C shows that the average
lattice parameter depends linearly on the amount of added

-Au -
spiro-OMeTAD

Perovskite ©
_TiO,/Ferovskite *
»~

Figure 1. Morphological analysis of perovskite films and fully
assembled perovskite solar cell. Top-view SEM micrograph of (A)
P + 0% MAPbBr; and (B) P + 5% MAPbBr;, (C) and (D) schematic
illustration showing the reduction in grain size upon introduction of
MAPbBr;, (E) top-view SEM micrograph of P + 20% MAPbBr;, and
(F) cross-sectional SEM micrograph of a (P + 5% MAPbBr;)-based
device.
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Figure 2. (A) Grazing-incidence X-ray diffraction patterns of the
perovskite for different percentages of MAPbBr;. (B) Average full
width at half-maximum (fwhm) of the fitted perovskite peaks for
different percentages of MAPbBr;. The fwhm correlates with the size
of the coherently scattering domains, which is not strongly affected by
the amount of added MAPbBr;. (C) Average cubic lattice parameter
of the fitted perovskite for different MAPbBr; percentages.
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Figure 3. Reciprocal space maps obtained from GIWAXS of perovskite films with different amounts of MAPbBr; at an angle of incidence of 0.06°
for (A) P + 0% MAPbBr;, (B) P + 5% MAPbBr;, and (C) P + 20% MAPbBr;. (D) Radially integrated intensity plots along the ring at g, ~ 2 A~
for the different perovskite compositions derived from the corresponding 2D-GIWAXS patterns. (E) Sketch of the (111) unit cell orientation for P-
alternating layers of lead cations (gray) and I” anions (purple). (F) Sketch of the (211) unit cell orientation for P + 5% MAPbBr; and higher-
alternating mixed layers, P = CSIOAOS(FAI_},MA},)OA%Pb(Il_yBry)3. (G) Integrated intensity of the (001) and (100) Debye—Scherrer rings of Pbl, and
the hexagonal phase normalized to the perovskite (100) intensity for different percentages of MAPbBr; at an angle of incidence of 0.06° and 0.14°.

The intensity is given relative to 0% MAPbBr;.

MAPDBr;, which is an intuitive result since MA* and Br™ are
both smaller than FA" and I, respectively (Figure $5).”" The
linear dependence is also in agreement with Vegard’s law.
From the peak width, we determine that the size of coherently
scattering domains is on average at least ~55 nm for all films,
which means that the defect density in the crystal lattice is
relatively low and not strongly reduced upon mixing.**

We performed grazing-incidence X-ray diffraction at differ-
ent angles of incidence using an area detector. Figure 3A—C
and Figure S6 show examples of the obtained reciprocal space
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maps (RSMs) for different perovskite films at an angle of
incidence of 0.06°. By analyzing the azimuthal intensity
distribution of the Debye—Scherrer rings, we observed that
for different amounts of added MAPDbBr; the preferred
orientation of the perovskite crystallites differs with respect
to the substrate plane. Figure 3D shows that for MAPbBr;-free
perovskite films, the angular distribution of the first Debye—
Scherrer ring shows only one maximum at 45°. We analyzed
the relative angles between the maxima of different diffraction
rings and determined that the preferred orientation parallel to

https://dx.doi.org/10.1021/acs.jpclett.0c02791
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Figure 4. (A) Photothermal deflection absorption spectra of the perovskite with different amounts of MAPbBr;. (B) Histograms of the Urbach
energy measured on the different perovskite films. (C) Transient absorption spectrum at 1 ns representing different ground-state bleaches

corresponding to a band edge of the perovskites.
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Figure 5. Photovoltaic characterization of devices based on different perovskite compositions (P + y% MAPbBr;). (A) Current density—voltage
(J—V) curves (reverse scan) recorded at a scan rate of 0.05 V/s under the irradiation of simulated AM 1.5G. (B) Maximum power point tracking
for 60 s, yielding stabilized efficiencies summarized in Table 1. (C) IPCE spectra as a function of monochromatic wavelength recorded for different
perovskite composition-based devices. Also shown are integrated current densities obtained from the respective IPCE spectrum. (D) Statistical
analysis of the PCE for each perovskite composition. (E) Plot of the operational stability of an unencapsulated (P + 0% MAPbBr;)- and (P + 5%
MAPbBr;)-based device examined at a maximum power point under continuous full-sun illumination at 60 °C in a nitrogen atmosphere.

the substrate plane is (111) (Figure 3E). Thus, we attribute the
maximum in Figure 3A to the (100) plane.

With the addition of 5% MAPDbBr;, we observe that the
angular intensity distribution of the first ring changes from a
single maximum to two different maxima at 54° and 23°
(Figure 3D, red trace). We determined that the preferred
orientation parallel to the substrate is (211), and thus, we
attribute the two maxima on the first ring to the (100) and
(010)/(001) planes, respectively (Figure 3F). For the 10%
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MAPbDBr; sample, this distribution becomes even narrower, but
for amounts higher than 10%, we observe an almost
homogeneous distribution, indicating that there is no preferred
orientation of the perovskite crystallites. We further
determined the relative amount of impurities in the samples,
in particular, the photoinactive hexagonal phase and lead
iodide, at different angles of incidence.

Figure 3G shows the integrated peak intensity of the Pbl,
(001) ring and the (100) ring of the hexagonal phase for

https://dx.doi.org/10.1021/acs.jpclett.0c02791
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Table 1. Photovoltaic Parameters Extracted from the J—V Curves Corresponding to the Most Efficient PSCs for Each
Perovskite Composition (P + y% MAPbBr;) and Bandgap Values Estimated from IPCE Spectra

MAPbBr; conc (%) Jsc (mA cm™2) Voc (V) FF
0 25.45 1.090 0.727
5 24.69 1.126 0.768
10 24.13 1.131 0.768
15 23.61 1.135 0.777
20 23.29 1.156 0.765

PCE (%) stabilized PCE (%) IPCE onset (nm) bandgap (eV)
20.4 20.1 843 1.487
21.6 214 829 1.503
212 21.0 811 1.537
20.9 20.7 803 1.546
20.8 20.6 795 1.572

different amounts of MAPbBr; at angles of incidence of 0.06°
and 0.14° normalized to the perovskite (100) intensity. We
observe that, overall, an increase of the MAPbBr; content leads
to an increase of the amounts of the hexagonal phase as well as
Pbl, in the bulk except for a MAPbBr; content of 5%.
However, near to the surface, we observe for a MAPbBr;
content of 5% a strong reduction of the impurities to less than
half compared to the case for pure FAPbI,.

Therefore, we infer that by adding 5% of MAPbBr; to
FAPDI;, the number of phase impurities at the surface can be
reduced, which might have an impact on the performance of
the perovskite as an absorber material.’”> Furthermore,
introducing more than 5% MAPDbBr; seems to strongly
increase the amount of Pbl, in the sample both in the bulk
and near to the top surface, which might also be detrimental to
the photovoltaic performance.

The influence of MAPbBr; incorporation on the optoelec-
tronic properties of mixed-halide perovskite films was
investigated using PDS, a highly sensitive optical absorption
measurement. With the introduction of MAPbBr; into FAPbI,
perovskite lattice, the bandgap energy shifted toward higher
energies (Figure 4A), which can be explained by considering
the substitution of larger ions including FA" and I” with
smaller ions like MA" and Br™. From the PDS spectrum, we
measure an Urbach energy of 15.4 meV for the
FAgosCsoosPbl; film (Figure 4B). The Urbach energy arises
through defects and structural disorder in the crystalline
structure and thermal fluctuation of constituent atoms or
ions.**** When MAPbBr, is introduced into the Csl-
containing FAPbI; lattice, the Urbach energy decreases
systematically to 13 and 11 meV, respectively, for 10% and
20% compositions (Figure 4B), clearly establishing lower
energetic disorder associated with the MAPbBr;-containing
films. Figure 4C shows the normalized transient absorption
spectra at 1 ns acquired after the perovskite films were excited
with a 500 nm pump pulse. The spectra consist of ground-state
bleach (AT/T > 0) centered around band edge and refractive
index change (AT/T < 0) above the bandgap. Increasing
MAPDBr; content monotonically increases the bandgap, as
evident from the blue shift of the ground-state bleach (GSB),
consistent with the PDS data. The normalized decay dynamics
(Figure S7) reveals that mixed-halide perovskite films exhibit
slow GSB decay as compared to MAPbBr;-free films. When 5%
of MAPDbBr; was added into the FA-dominant lattice, the
charge-carrier lifetime increases remarkably exponentially from
10 to 100 ns. Interestingly, we do not observe any shift in the
GSB with the delay in time, establishing that the films are
phase pure, and ruling out any phase segregation. The full
transient absorption contour maps (Figure S8) recorded for
each perovskite film confirm the presence of long-lived charge
carriers in MAPDbBr;-containing perovskite films further
supported by time-resolved photoluminescence (Figure
$9).%° The relatively poor optoelectronic quality of bromide-
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free perovskite films could be due to the low-structural stability
of the FA-dominant phase, which eventually renders them
more prone to the formation of defects and energetic
disorder.””

The introduction of MAPbBr; into the FAPbI; perovskite
system should raise the bandgap and thus decrease the Jgc
and/or increase the V. As the PCE of a photovoltaic cell
depends on both parameters, therefore, the best trade-off
between high Jsc (low MAPbBr; content) and high V¢ (high
MAPDBr; content) needs to be determined for different
perovskite compositions. We investigated the photovoltaic
performance of PSCs based on Cslygs(FA;_,MA,),4sPb-
(Il_yBry)3 films using conventional n-i-p device architecture
with a mesoporous TiO, layer as an electron transporting
material (ETM) and spiro-OMeTAD as a hole transporting
material (HTM). The J—V plots corresponding to the most
efficient devices for each composition are displayed in Figure
SA, and the corresponding extracted PV parameters are
summarized in Table 1. The bromide-free PSC yielded a Jg¢
of 25.4 mA cm™, a Vg of 1.090 V, and a fill factor (FF) of
0.73, resulting in a PCE of 20.4%. However, the perovskite
composition containing 5% MAPDbBr; exhibits better photo-
voltaic performances with a PCE of 21.6% (Jsc = 24.7 mA
em™, Voc = 1.126 V, and FF of 0.77), indicating this
composition to be the best compromise between high
photocurrent and high photovoltage among all the composi-
tions. When the MAPDbBr; content increases to 10%, the PCE
drops to 21.2% and PSCs containing 15% MAPbBr; yielded a
PCE = 20.9% closely followed by the 20% MAPbBr; perovskite
composition, which showed a PCE = 20.8%. The relatively low
photovoltage displayed by bromide-free PSC could be due to
the less structural stability of the MAPbBr;-free FAPbI; phase,
which apparently leaves the film more susceptible to defects
and trap states.’®”” We further determined the stabilized
(scan-speed independent) PCEs of these devices by probing at
their maximum power point (MPP) under full-sun illumination
for 60 s (Figure SB), and the results are shown in Table 1.
Remarkably, the stabilized PCEs measured with MPP-tracking
are in excellent agreement to the values obtained via J—V
measurements, suggesting low hysteretic behavior,” which is
further supported by the J—V hysteresis measurements (Figure
S10). From all these results, it is particularly interesting to note
that the stabilized PCE values of the 5% MAPDbBr,
composition not only surpasses the performance of other
PSCs but also is higher than that of state-of-the-art triple-
cation PSCs (Figure S11).

The integrated photocurrent densities obtained from the
incident photon-to-electron conversion efficiency (IPCE)
spectra (Figure SC) are in excellent agreement with those
obtained from the J—V curves, indicating that the spectral
mismatch between our simulator and AM-1.5 standard solar
radiation is negligible. Furthermore, the sharp IPCE onset
shifted from 843 to 829 nm after introducing 5% MAPDBr;, as
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summarized together with Jsc and V¢ in Table 1 and vice
versa. The photovoltaic results revealed that the higher the Jsc,
the lower the V. Interestingly, the perovskite composition
containing 5% MAPbBr; shows the best trade-oft between the
Jsc and Vic. To investigate the reproducibility of our results,
which is a key factor for large-scale deployment of PSCs, it is
crucial not only to look at the most efficient device for each
composition but also to investigate the averaged PCE of
several devices from different batches. Table S2 summarizes
the averaged data of several cells of each composition (n > 10)
from different batches and Figure SD shows the PCE
distribution for each composition. Evidently, 5% MAPbBr;
shows a good reproducibility with an average PCE exceeding
21% while retaining the most efficient composition. The other
MAPDBr;-containing compositions displayed PCEs in the
range 20—21%, whereas MAPbBr;-free PSCs exhibit poor
reproducibility, with PCEs ranging from 17.5% to 20%. The
poor reproducibility of P + 0% MAPbBr; could be asserted
with the inherent structural and thermodynamic instability of
the FAPbI, system.'’

Finally, to evaluate the long-term viability of these devices,
the operational stability of devices (unencapsulated) was tested
under continuous full-sun illumination at their MPP at 60 °C
in an inert atmosphere (Figure SE).***! The PSCs containing
5% MAPDBr;, demonstrated the best operational stability,
which is comparable to that of state-of-the-art PSCs containing
17% MAPbBr; (Figure S12). In contrast, MAPbBr;-free PSC
exhibits a very poor operational stability, losing more than 50%
of its initial PCE after 100 h, which underlines the crucial role
of MAPbBr; toward stabilizing the FAPbI; system into the
perovskite structure.'* All MAPbBr;-containing devices
showed comparable and excellent operational stability."*

In summary, we demonstrate that the optoelectronic quality
and structural stability of the FAPDbI; films are strongly
dependent on the presence and content of MAPbBr;. Crucial
guiding principles for designing stable and high-quality
perovskite films exhibiting direct correlation with the solar
cell performance have been put forth as (1) minimizing
energetic disorder, (2) improving charge-carrier dynamics, and
(3) reducing surface phase impurities. The introduction of
MAPDBr; decreases the perovskite grain size by increasing the
nucleation density, besides influencing the preferred orienta-
tion of perovskite grains. For MAPDbBr;-free system, the
introduction of 5—10% MAPDbBr; changes the preferred
orientation from the (111) to (211) with respect to the
substrate. Also, we find a strong reduction of the hexagonal
nonperovskite phase for films with MAPbBr; compared to
results for MAPbBr;-free films at the top surface. Con-
sequently, the introduction of MAPbBr; reduces the energetic
disorder and prolongs the lifetime of photogenerated charge-
carrier. Finally, by benefiting from the positive effects of
MAPDBr; on the optoelectronic quality and structural stability,
we obtained remarkable photovoltaic performance and
excellent operational stability without sacrificing much of the
light-harvesting properties of FAPbI;. To further improve the
performance of PSCs, we would need to increase the
crystallinity of absorber layer exhibiting an optimal bandgap
and minimize defect/trap states in the bulk and/or at the
interfaces and parasitic recombination including nonradiative
and interfacial recombination without compromising on the
energetic or band alignment within a fully assembled
device.””** Fundamentally, the same set of rules could be
extended to other perovskite systems. Arguably our compre-
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hensive study will contribute to a fundamental understanding
of PSCs and could help in designing new and stable light
absorbers with tailored optoelectronic properties for efficient
devices.
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