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Abstract

We present a design strategy for fabricating ultra-stable, phase pure films of formamidinium
lead iodide (FAPDI;) by lattice templating using specific two-dimensional (2D) perovskites
with FA as the cage cation. When a pure FAPDbI3 precursor solution is brought in contact
with the 2D perovskite, the black phase forms preferentially at 100 °C, much lower than the
standard FAPbI; annealing temperature of 150 °C. X-ray diffraction and optical
spectroscopy suggest that the resulting FAPbI; film compresses slightly to acquire the (011)
interplanar distances of the 2D perovskite seed. The 2D templated bulk FAPbI; films
exhibited an efficiency of 24.1% in a p-i-n architecture with 0.5 cm? active area, and an
exceptional durability with T¢7 of 1000 hours under 85 °C and maximum power point

tracking.

Perovskite light absorbers with the chemical formula APbIz (where A is a monovalent cation) have
been extensively studied in photovoltaic devices. Among the commonly used A-site cations, such
as formamidinium (FA), methylammonium (MA), and caesium (Cs"), FA has shown promising
performance because of its lower bandgap (E;), improved optoelectronic properties, and higher
thermal stability compared to MA (/). The larger size of the FA cation yields the Pm3m cubic
perovskite lattice through close packing, rather than the lower-symmetry tetragonal (I4/mcm)
lattice of MAPDI; (2,3). The lower E, value of FAPbI3 results from a high degree of Pb 6s - I 5p
orbital overlap and reduction of octahedral tilts. The FAPbI; lattice appears to be a polymorphous
network where the average high symmetry structure results from a random distribution of local
lower-symmetry (distorted) structural motifs (4). The complexity of the a- (black) phase of 3D
bulk FAPDI; is also reflected by the distribution of the reported average lattice parameter values

ranging at room temperature (RT) from a ranging from 6.352 to 6.365 A (5,6).



S. Sidhik et al., Science, 384 (6701), pp 1227-1235 - DOI: 10.1126/science.abq6993

Moreover, the high symmetry of the FAPDI; lattice comes at the expense of phase stability.
The Goldschmidt tolerance factor of the black a-phase of three-dimensional (3D) FAPbI3 (0.987)
is at the edge of the stable range for the perovskite structure (0.8 to 1.0) because the FA cation is
almost too large for the A-site (7). As a result, the room temperature (RT) strain-free a-phase of
FAPbI; presents vanishing shear and bulk elastic moduli, and a metastability against the
reconstructive phase conversion to the yellow, photoinactive non perovskite d-phase (3,8).
Alloying FA with Cs, MA, or both at the A-site can reduce the effective A-site radius of the
perovskite structure and lower the tolerance factor, which improves phase stability at RT but comes
at the expense of a widened bandgap (9-11).

Kinetically trapping the a-phase of FAPbI3 is one of the key steps to achieve stable solar
cell operation at RT (12). Recently, there have been several reports on FA-based perovskites which
with certified power conversion efficiencies (PCEs) exceeding 25% (record 26.2%) for n-i-p (13-
20), and 24% for p-i-n device architectures (2/-24), often by incorporating high concentrations of
methylammonium chloride (MACI) (25), formamidinium formate (/6), methylene diammonium
dichloride (26), isopropyl ammonium chloride (27), and methylammonium formate (2§8), to
stabilize the black phase with a E, of 1.52 eV or higher. The large E; (compared to the lowest-
reported FAPDI3 value of 1.45 eV obtained on single crystals (5,29)) is indicative of alloying
between FA and MA at the A-site of the perovskite lattices. Other cations, such as Cs* (9,30), and
Rb* (20,31), have also been studied for their potential to improve stability.

Nonetheless, the stability of these FA-based solar cells is still limited, specifically under
temperatures exceeding 60°C and AM1.5G light illumination under operation at maximum-power-
point tracking (MPPT). Recently, multiple studies have used bulky amine salts with FAPbI; to

stabilize the a-phase through the formation of a metastable two-dimensional (2D) perovskite phase
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(19,27,32-40). These 2D perovskites have the chemical formula A’;An.1Pbul3n+1, where A’ is a
bulky monoammonium cation and n controls the thickness of the perovskite layers. Inspired by
this success, we opted to combine in-plane lattice matched 2D perovskites with FAPbI;, to create
lattice-matched interfaces using our newly introduced 2D memory seeds method, instead of
employing amine salts (4/-43).

Here, we show that bulk FAPbI; forms a highly stable black phase at a temperature well
below the 6-FAPbI; to a-FAPbI; transition temperature by templating the (001) interplanar spacing
of 3D FAPbDI; to the (011) interplanar spacing of a judiciously selected 2D phase (the respective
Pb-Pb interatomic spacing for each structure). The FAPbI3 precursors, when drop-cast over a film
of Ruddlesden-Popper (RP) phase 2D perovskite A’>FAPb:l7, where the A’ cation can be
butylammonium (BA), or pentylammonium (PA), converted into black phase FAPbI; at
temperatures as low as 100 °C, which is well below the 150 °C temperature at which additive-free
control films underwent a yellow-to-black phase transition.

From our studies of film formation using correlated wide-angle x-ray scattering (WAXS),
optical absorbance, and photoluminescence (PL), we hypothesized that the resulting black FAPbI3
phase exhibited a lattice constant corresponding to the d(o11) interplanar spacing of the underlying
2D perovskite. We could also translate the 2D-templated stabilization of FAPbI; to scalable
solution-processed methods by adding the pre-synthesized 2D perovskites powders (0.5-1.0
mol%) into the FAPbI3 precursor solutions. In a heterophase 3D-2D FA-based film, the phase-
stable 2D perovskite nucleated first because had a lower enthalpy of formation and was the phase
stable at RT. The 2D structure presented a perovskite surface on which the 3D perovskite can
form by distorting to adopt the underlying 2D lattice periodicity, allowing for the preferential

templating of the 3D perovskite on the 2D phase during subsequent film annealing. The obtained
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bulk films of FAPDI; exhibit a bandgap (E;) of 1.48 eV and demonstrate exceptional durability
under aggressive ISOS-L-2 conditions of 85°C/AM1.5G illumination and a PCE of 24.1% in a p-
i-n device architecture on a 0.5 cm? device area. We believe that these results validate a novel
design strategy for the templated growth of 3D perovskites using designer 2D perovskites, which
share a nearly identical lattice constant.

Black phase stabilization of FAPbI; with 2D perovskite template

The general design principle, the selection criteria, and proof-of-concept for the 2D perovskite-
based templating of FAPbI3 are shown in Fig. 1. Fig. 1A shows the in-plane lattice parameter
corresponding to the Pb-1-Pb distance, along directions perpendicular to the (011) plane for the 2D
BA>FAPD:I7 perovskite and the (001) plane for the 3D FAPDI; perovskite, as a function of layer
thickness (n-value) for 2D perovskites formed with a variety of A’ site cations. The grey horizontal
bar represents the range of reported lattice parameters for bulk FAPbI; taken single-crystal
structural studies (5,6). The (011)?P interplanar spacings were calculated from crystal structures
obtained with single-crystal diffraction of each 2D perovskite. Based on the lattice parameters, we
hypothesized that the lattice mismatch between the 2D and 3D perovskites must be kept low to
minimize the 2D-3D interfacial energy and encourage growth through templating.

We searched for FA-based 2D perovskites with an in-plane lattice parameter close to
FAPbI;. As a result, we identified that 2D n=2 FA-based perovskites with the bulky cations
butylammonium (BA) and pentylammonium (PA), with lattice constants of 6.359 A and 6.364 A
respectively, were almost perfectly lattice matched with that of 3D FAPbI3 lattice parameters.
However, our crystal structure analysis revealed that the phenylethylammonium (PEA) and
octylammonium (OA) n=2 Pb-1-Pb distance was too small (6.265 A and 6.336 A, lattice mismatch

of 1.5% and 0.5%, respectively) to match the 3D FAPDI; structure. Notably, all the n=1 2D
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perovskites considered were lattice mismatched with FAPbI; and were not viable options for
templating the 3D phase.

Fig. 1B illustrates the crystal structure of a-FAPbl; and BA>FAPb:l; (BA n=2) 2D
perovskite, with a focus on the (001) and (011) planes. The typical 2D perovskite structure of
BA>FAPDI; is shown, displaying the in-plane (001) and (011), and out-of-plane (200) lattice
planes. Fig. 1C to 1F, describes a preliminary experiment on the growth of a layer of FAPblz on a
crystal of BA2FAPD:I7. Fig. 1C (schematic) and Fig. 1D (optical images) shows the experiment at
different stages in time. We first partially covered a substrate with a film of red coloured,
millimeter-scale BA2FAPbal; monocrystals that were fabricated with the air-liquid interface
method and spread on an indium tin oxide (ITO) glass substrate. Once these crystals were dried
on a hotplate at 100°C, we wiped away half the glass slide to create a bare glass region on about
half of the glass area. We then added a few drops of FAPbI; precursor solution (composed of an
equimolar ratio of FAI and Pbl,) onto the blank surface and annealed the substrate at a temperature
of 100°, 125°, or 150°C (experiments shown in Fig. 1 were performed at a substrate temperature
of 100°C). The solution flowed over and react with the BA2FAPb:I7 2D perovskite crystal film.
Upon contact with the 2D crystals, the solution spontaneously (within 10 to 15 s) transformed into
a shiny black film. The same transformation was obtained for annealing temperatures of 125° and
150°C. After letting the film equilibrate for 5 min, we obtained three distinct regions on the

substrate (Fig. 1D).
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Fig. 1. Design principle and proof-of-concept for 2D perovskite lattice templating of FAPbI;.
A) The do11) interplanar spacing for n=1 and FA-based n=2 2D perovskites with various A’
cations: PA, BA, OA, and PEA. The range of reported values for FAPbI3 d(o1) interplanar spacing
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is plotted as gray horizontal bar. Both BA2FAPb:I7 and PA;FAPD:I7 exhibit a d(o11) nearly identical
to the d(oo1) of FAPbI3, as shown in the inset. B) Diagram of the unit cells of FAPbI; (left) and
BA>FAPD:I; (right). The (001) and (011) planes are drawn for each structure. The Pb-1-Pb distance
corresponds to the (001) interplanar spacing of FAPbI3 and to the (011) spacing of BA2FAPb:I5.
C) Schematics of the templated FAPbI; drop-coating experiment. First FAPbI; precursor solution
was dropped onto a glass substrate and allowed to flow over crystals of BA2FAPb:I;. When heated,
the 0-FAPbI3 on top of the BA2FAPb:I7 transformed to a-FAPbI; before the 6-FAPbI; on top of
the bare substrate. Left in ambient air, the a-FAPbI; on top of the bare substrate transformed to d-
FAPbI; before the a-FAPbI3 on top of the BA,FAPb:I7. D) Corresponding photographs of the
experiment in (C) showing the three distinct regions of the substrate. i: BA2FAPbol; without
FAPbI; solution, ii: BA2FAPb2l7 below FAPbI3 solution, and iii: FAPbI3 solution on bare glass.
E) PL, and (F) XRD of regions i, ii, and iii after 1 hour of exposure to ambient air, showing that
the a-FAPbI3 was stabilized when deposited above BA>FAPD:I5.

The lower region of the substrate, which was originally bare, changed to a black color with
partially converted a-FAPbI3, at 100 °C. The middle region where the solution touched the 2D
perovskite consisted of the black phase FAPbI; on the surface and BA>FAPD:I; below that. Finally,
the top part of the substrate where the solvent did not flow remained as BA>FAPD:I7 of millimeter-
sized monocrystal film. We then left the film for 1 hour under ambient conditions. As the
temperature decreased, the bottom region (originally the bare glass region) converted to the yellow
phase of FAPbI; while the intermediate region remained black, suggesting the successful phase
stabilization of the FAPbI;. The BA;FAPDb:I; crystal film remained unchanged over this time
because of its inherent stability compared to its 3D counterpart.

We characterized the three regions of the final film using both PL and XRD measurements.
Fig. 1C shows the PL spectra of the film obtained at the three specific regions, labelled (i), (ii),
and (iii). The dominant PL of region (i) at 2.15 eV corresponded to the ground-state excitonic
emission of BA2FAPb:l7 film, accompanied by a small shoulder around 2.0 eV. The intermediate
region (ii) showed strong emission at 1.48 eV corresponding to the intrinsic bandgap of the a-

FAPbI; phase, with very weak emission at around 2.15 eV from BA>FAPb:I;. These results

indicated the coexistence of the bulk black phase FAPbIz 3D perovskite atop the 2D perovskite
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crystal film. The presence of the 2D perovskite at the bottom was confirmed by PL measurements
taken from the back of the film in region (ii), which exhibited emission solely from the 2D
perovskite. As anticipated, no emission was observed from region (iii) that contained the
photoinactive yellow phase of the FAPbI3. Additional PL analysis for the drop-coating experiment
is shown in Fig. S1. The detection of n=3 (BA2FA;Pbslig) in the photoluminescence (PL)
measurement acquired from the rear side provides clear evidence of the intercalation process, a
phenomenon previously reported by our group (refer to Fig. S1) (44). We emphasize that the phase
stabilization of FAPbI; occurred also at 100° and 125°C, which are well below the standard
annealing temperatures of 150° to 160°C.

The XRD measurements presented in Fig. 1F validated the findings from the
measurements in Fig. 1, C to E. Region (i) showed a pure 2D BA>FAPD:I; perovskite as evidenced
by the strong interlayer (h00) XRD plane originating from the inorganic layer stacking. From
region (ii), we found a similar XRD pattern but with the (001) and (002) diffraction planes from
the a-phase FAPbI; perovskite that indicates the presence of a mixture of 2D and 3D perovskites.
In region (iii), XRD showed only the presence of the d-phase FAPbI.

The results shown in Fig. 1 suggest that the incorporation of BA2FAPb:I; into FAPbI;
during film formation could stabilize the perovskite phase through templating between the two
structures’ Pb-I-Pb interatomic distances. To test this hypothesis in FAPbI; films, 2D perovskites
were added as templating agents to precursor solutions of 1:1 FAIL: Pbl: in mixed 4:1 DMF: DMSO
solvent. We compared the effect of 2D perovskites with four different A’-site cations: BA, PA,
OA, and PEA. Using a technique previously developed by our group (41), pre-synthesized 2D
crystals were added instead of the more conventional choice of A’ cation halide salts. Rather than

dissolving completely into constituent ions, 2D crystals in a DMF: DMSO solvent formed sub-
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micrometer sized crystallites (termed as memory seeds) that preserved their perovskite structure
and served as nucleation sites during film formation. These memory seeds could transfer their
initial n-value to solution-processed films. However, when dissolved in a FAPbI; precursor
solution rather than pure DMF: DMSO, 2D perovskite crystallites were surrounded by a high
concentration of mobile A-site cations, which tended to intercalate into the seeds and increase their
n-value. As a result, a 2D additive with a given A’-site cation will grow from a FAPDI; solution at
its thermodynamically preferred n-value in such an environment. With this in mind, only 2D
perovskites of the n-value that will precipitate from a FAPbI; solution were considered as
candidates for a-phase stabilization. Through solution processing experiments summarized in Fig.
S2, we found that each of the four RP 2D perovskites considered here grew in their n=2 phase
from FAPDI; solution.

Crystallization dynamics of 2D templated FAPbI; thin films

We used our selectively designed 2D perovskites BA>FAPb:I7 and PA>FAPDb:l7 to grow stabilized
FAPbI; perovskite thin films. Fig. 2A visually illustrates the film formation process of FAPbI;
with 2D perovskite additive, offering insight into the visible alterations that occur during the
process. Perovskite films were synthesized by spin-coating with precursors of FAIL: Pbl»:2D
perovskite with a molar ratio of 1:1:x mol%. After antisolvent washing with diethyl ether, the thin
film underwent a series of intermediate stages, which can be seen visually as changes in colour
from pale red (before annealing) to dark brown, and finally to a black film when annealed at

temperatures ranging from 100° to 150°C for 20 minutes.

10
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Fig. 2. 2D-stabilized FAPbI; film formation mechanism. A) Fabrication steps of a 2D crystal
templated FAPbI; thin film, B) Integrated peak areas for the (100)° (orange, left axis) and (001)3P
(black, right axis) peaks over time for control FAPbIz (bottom), FAPbIz with 0.5 mol% PEA n=2
added (middle), and FAPbI; with 0.5 mol% BA n=2 added (top). The (001)’° peak area as
indicated on the right vertical axis is normalized to the maximum of the (100)® peak area. The
regions between the emergence of the (001)’° peak and the full conversion to a-FAPbI; are
highlighted in blue. C) Azimuthally integrated WAXS patterns averaged across the first 90
seconds of annealing after reaching 150°C for each FAPbI; additive tested (2D concentration is 1
mol%). D) The a-FAPbIz (001) lattice parameter for films with 1 mol% of each 2D additive, as
measured on separately fabricated samples at RT. Error bars indicate standard deviation based on
data from 3 to 5 samples. E) Schematic diagram illustrating the mechanism of lattice-matched 2D
templated FAPbI; perovskite formation.

To elucidate the mechanism that produces a RT phase-stable FAPbI; film, we measured
the structural dynamics of the perovskite during thin-film formation using synchrotron-based
WAXS. The perovskite thin-films were deposited from solution onto a bare ITO substrate by using
a robotic antisolvent pipette and a resistive-heating spin-coater in a WAXS chamber under a
nitrogen atmosphere (Fig. S3). We first investigated the crystallization kinetics of a FAPbI3 film
with 1 mol% BA2FAPDb:I; incorporated. A WAXS pattern taken during thin-film formation (Fig.
S4) showed concentric diffraction rings corresponding to the Bragg reflections of the stacking axis
diffraction planes of BA;FAPDb:I7 and a- and &- phases of 3D-FAPbI;. The diffraction peaks
correspond to crystallographic planes in the 2D, a-FAPbI3, and 8-FAPDI; crystal structures.

The WAXS pattern was azimuthally integrated and plotted as a function of time along with
spin speed and temperature to observe the film’s structural evolution (Fig. S4). In this in-situ
experiment can be divided into four stages: (i) antisolvent dropping during spin-coating; (ii) after
spin-coating but before annealing; (iii) slow annealing ramping from RT to 150°C; and (iv)
constant annealing at 150°C. The 6- phase FAPbI; immediately formed after depositing antisolvent

(10 s), as indicated by the strong (100)° (¢, the length of the reciprocal lattice vector, is 0.84 A,

(101)%, and (110)? diffraction planes (drawn in Fig. S5). Once the spin-coating is completed (30

12
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s), the 0-phase persisted as 2D BA;FAPb:l7 seeds began to crystallize at RT, illustrated by the out-
of-plane (400)2° (q = 0.6541) and (600)%° (q = 0.96A~1) diffraction peaks (Fig. S4).

Next, a nonlinear stepwise annealing sequence was applied, in which the substrate
temperature was increased by steps of 20°C in 20 second intervals up to 100°C and then increased
by steps of 25°C up to 150°C (stage iii). Slow ramping to 150°C allowed us to observe the onset
temperature of the FAPbI; a-phase. In this stage, for annealing at low temperatures (<100°C), the
diffraction intensity of the 2D increased and a new peak emerged near q = 181 corresponding to
the (001)°P plane from a-phase FAPbI;. Fig. 2B, top shows the integrated peak area for the (100)°
and (001)°P peaks as a function of time for FAPbI3 with 0.5 mol% BA n=2 incorporated. The
(001)P peak emerged after 75 s and slowly increases in intensity as the (100)° peak simultaneously
decreases. Around after 130 s (T = 130°C), the remaining d-phase abruptly converted into a-phase.
As the film continued to anneal at 150°C for the remainder of the experiment (stage iv), the 2D
diffraction peaks slowly faded and the a-phase FAPbI; peaks slowly grew more intense.

We repeated this experiment for four other types of precursor solutions. For additive-free
FAPbI;: Fig. S6A shows the in-situ contour WAXS plot for a 1:1 FAI:Pbl: solution. In contrast to
the FAPbI3-2D sample, which exhibited a gradual emergence of a-phase between 100° and 150°C
followed by a complete & — a transformation at 130°C, the additive-free (control) FAPbI; showed
a much more abrupt transition from 6-phase to a-phase near 150°C (Fig. 2B, bottom) consistent
with previous reports. The (001)°P peak emerged later with a shorter tail in control FAPbI3, and
the (100)? peak did not prematurely decrease as in the film that incorporated BA n=2 We observed
)P

a much lower (001)3P peak intensity (relative to the (100)° peak intensity) for control pristine

FAPbI; compared to FAPbIz with BA n=2 additive, suggesting a lowered crystallinity. Unlike the
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film with added BA n=2, the (001)°P peak of control FAPbI; did not grow more intense as
annealing at 150°C continued.

For a precursor solution of 1:1:35 mol% FAI: Pblo: MACI in 4:1 DMF: DMSO, which is
commonly used to grow phase stabilized FAPbI; (25), the introduction of MA into the A-site of
FAPbI; lowered the effective tolerance factor and stabilized the a-phase at a lower temperature
compared to additive-free FAPbI;. As a result, the abrupt 6 — o transformation occurred at 75°C
for the FAPbI3-MACI sample (Fig. S6B and S10A). However, like the control sample and in
contrast to the 2D-templated sample, no region of gradual 8 — o transformation was observed.

Next, BA n=2 was added to 1:1 Pbl>: FAI with concentrations of 0.25, 0.5, and 1.0 mol%.
Fig. S7 shows contour plots of the in-situ WAXS experiment for additive concentrations of 0.25
mol% (top) and 1.0 mol% (bottom). In all cases, the incorporation of BA n=2 increased the (001)°P
peak intensity relative to the control, suggesting that even minute amounts of BA n=2 could
improve a-phase crystallinity. The 0.5 mol% BA n=2 incorporated FAPbI; showed a similar film
formation process to the 1.0 mol% sample discussed above, that is, a decrease in the (100)? peak
and a slow emergence of the (001)°P peak at a lowered temperature. However, 0.25 mol% BA n=2
incorporation did not lower the onset temperature of the (001)° peak relative to the control, and
did not cause the same characteristic decrease in (100)° intensity below 150°C. The phase-
stabilization appeared to be concentration invariant down to a certain minimum 2D concentration,
below which the templating effect was lost but the film crystallinity was still improved.

We then examined a series of 2D additives including PA n=2, OA n=2, and PEA n=2. We
note that the effect PA n=2 was similar to that of BA n=2, lowering the onset temperature of the

a-phase peak and causing a decrease in the 6-phase below 150°C (Fig. S8 and S10B). In contrast,

OA n=2 and PEA n=2 have markedly different effects (Fig. S9 and S10B). For OA n=2, the 2D

14



S. Sidhik et al., Science, 384 (6701), pp 1227-1235 - DOI: 10.1126/science.abq6993

peaks formed weakly and the a-phase emerged earlier than for the control sample, but no 8 — «
transformation was observed. Instead, the 6-phase persisted throughout annealing, suggesting that
OAxFAPbB:I7 seeds could serve as nucleation sites for FAPbI; to a limited extent but slowed the &
— o transformation. FAPbIz with 0.5 mol% PEA n=2 additive showed no 2D peaks and no early
a-phase emergence (Fig. 2B, middle). Moreover, FAPbI3; with 1 mol% PEA n=2 also retained o-
phase peaks throughout the measurement, suggesting that the PEA2FAPb:I7 not only failed to form
seeds for templating FAPbI3 but also suppressed 6 — a transformation kinetics. Fig. 2C shows the
azimuthally integrated WAXS patterns of FAPbI; samples with 1 mol% 2D, averaged across the
first 90 s of annealing at 150°C. This plot revealed the incomplete 8 — o transformation for the
films incorporating 1 mol% OA and PEA n=2, contrasting with the complete transformation for 1
mol% BA and PA n=2 (also visible in Fig. S10). Interestingly, all 2D films showed a slow decrease
in the 2D peak intensities and a slow increase in the (001)°° peak intensity during annealing at
150°C that was not observed for the control film (Fig. 2B and Fig. S10). Although gradual
volatilization of the A’ cation in A’2FAPb:l7, leaving behind FAPbI3 could account for these
changes, as discussed below, optical and nuclear magnetic resonance (NMR) results suggest that
the 2D phase was not completely lost to volatilization, and that there may be a competing
mechanism of 2D restructuring within the lattice.

The in-situ WAXS results suggested that BA2FAPbI7 and PA2FAPb:I7 could template -
phase FAPbI;, but OA2FAPb:I7 and PEA2FAPD:I7 could not. Ex-situ 1D XRD was performed on
separate 1 mol% 2D-incorporated FAPDI; films (Fig. 2D) and showed that FAPbI; films with
added OA n=2 or PEA n=2 had an identical (001)°P interplanar spacing as control FAPbI3, but that
PA n=2 and BA n=2 caused a small but noticeable compression of the (001)* interplanar spacing

by -0.03% and -0.07%, respectively. Because the (011)?P interplanar spacing was lightly smaller

15



S. Sidhik et al., Science, 384 (6701), pp 1227-1235 - DOI: 10.1126/science.abq6993

for BA n=2 than for PA n=2 (Fig. 1A), a higher compressive strain for FAPbl; with added BA
n=2 compared to PA n=2 also supports the (011) lattice templating hypothesis.

To verify our structural results, we performed similar in-situ optical spectroscopy
measurements on the BA;FAPb:l;-templated FAPbI; samples. During the initial stages of
annealing, the film exhibited a strong excitonic absorption peak at 2.15 eV corresponding to
BA>FAPDb:l7, which with progressive annealing transformed into a-FAPbI3, characterized by a 3D
perovskite absorption band edge (Fig. S11). Similarly, a strong emission of the BA>;FAPb:l;
perovskite was observed at 2.15 eV in the in-situ PL measurement, accompanied by a broad
emission at lower energies (Fig. S12). We hypothesized that the lower energy emissions were from
a combination of effects, including edge state emission (45, 46), the formation of higher n-value
2D phases (e.g. n=3 BA2FA,Pbslio) (47,48), and quantum confinement effects of the 2D and
FAPbI; crystallites (49-52). Sub-bandgap edge state emission in BA2FAPb:I; was verified by
spatially resolved PL, which showed a 1.8 eV PL emission peak only at the edges of an exfoliated
BA>FAPD:l; single crystal. Additionally, the presence of a PL emission peak at 1.85eV and the
observation of n=3 excitons in power-dependent PL indicate that FA intercalation increases the
layer thickness from n=2 to n=3 during annealing. A similar broad emission below the n=2
bandgap was observed during film formation for FAPbIz with PA,FAPb,I; additive (Fig. S12),
consistent with the structural results for PA;FAPb.I; shown in Fig. S8. However, no sub-bandgap
emission was observed for the control FAPbI; or for FAPbI; incorporating MACI, OA2FAPb2l7,
or PEA;FAPb:I; (Fig. S13).

Based on the in-situ WAXS and PL measurements in Fig. 2 and Fig. S2 to S10, we propose
the following film formation process mediated by 2D templating. The film first forms grains of §-

phase FAPDI; and 2D seeds at RT. The 2D likely formed initially because of its more negative
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formation enthalpy, its RT phase-stability, and the presence of 2D seeds in the precursor solution
as confirmed through dynamic light scattering (DLS) measurements shown in Fig. S14. During
annealing, the §-phase restructured itself beginning at the low-energy surfaces of the 2D seed
crystals to form a-phase FAPDI;. At the interface with FAPbI3, the arrangement of Pbls octahedra
in a 2D perovskite may facilitate nucleation of a stable a-phase FAPbIz, with subsequent phase
transformation toward the bulk (53). Indeed, from Fig. 2D, we deduced that the growth mechanism
favoured the formation of a compressively strained a-phase (001) plane templated by the 2D (011)
interplanar spacing. The low-temperature a-phase formation being only observed for films with
added PA and BA n=2, and these films being also the only ones to exhibit lattice strain, is strong
evidence for a templating effect off the (011)*P spacing.

The (011) interplanar spacings of BA2FAPb,I7 (6.359 A) and PAsFAPbal; (6.364 A) are
almost perfectly lattice matched with the (001)3P interplanar spacing of FAPbI3, both falling within
the range of reported FAPbI; lattice constants from 6.352 A to 6.365 A (5,6), whereas the (011)
interplanar spacings of OA>FAPbyl; (6.336 A) and PEA,FAPb:I; (6.265 A) were not well
matched. This structural difference explains why OA-2D and PEA-2D did not show the same § —
a conversion process as BA-2D and PA-2D. The templating process and the resulting FAPbI3
strain appeared 2D concentration-independent down to some minimum threshold, which for BA
2D perovskites was between 0.25 and 0.5 mol%. As the temperature was raised to 150°C and the
sample continued to anneal, we hypothesize that the 2D perovskite simultaneously volatilized its
A’ cation and underwent a slow FA intercalation process, which increased its n-value.

Other reports have suggested that the A’ cation of 2D perovskites incorporated into FAPbI3
19,37,38

volatilized completely during annealing except for a small fraction left at grain boundaries,

which would also explain the disappearance of our 2D signal over time and the slow increase in
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the (001)°° peak intensity during annealing at 150°C. Solid-state '"H NMR on scraped films of
FAPbI; with added 2D before and after annealing did reveal a partial volatilization of the spacer
cation during film formation, but also confirmed appreciable fractions of BA and PA even after
annealing at 150°C for 20 min (Fig. S15 and S16). Time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) results suggested that the remaining 2D spacer cations were
homogenously distributed up to 1 mol% and for higher concentrations, appeared more pronounced
toward the film interface with the substrate (Fig. S17).

The BA and PA cations lead to the formation of a mixed 2D/3D phase that was challenging
to characterize with the aforementioned long-range techniques. Instead, we applied high-field (21
T) solid-state NMR spectroscopy to resolve the local structures of the organic cations in the mixed
phase (Fig. S16). The 'H NMR peaks associated with the large (BA and PA) and small (FA)
cations were well resolved so the amount of 2D phase present in the templated FAPbI3; materials
could be identified and quantified. In addition, the local structures of the mixed phases, elucidated
by analysing 2D 'H-'H correlation NMR spectra (Fig. S16, C to F), showed the presence of
through-space intermolecular interactions between the large cations (BA or PA) in the 2D phase
and the small cations (FA) in the 3D FAPDbI; phase. Based on the data presented above, we
illustrate a comprehensive schematic diagram capturing the different stages of film formation in a

2D templated FAPDI; (Fig. 2E and discussion in SI 1.18).
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Fig. 3. Ex-situ structural characterization of phase stabilized FAPbI; films. A) A
representative azimuthally integrated nano-XRD pattern for a film of BA>FAPb:I7-templated
FAPbI;. B) The (210), and C) the (211) peaks of BA;FAPb:I-templated FAPbIz which can be
seen after integrating several nano-XRD patterns obtained for different pixels within the testing
region. These peaks are forbidden in a cubic crystal structure and confirm the existence of
tetragonal FAPbI3;. D) A histogram of nano-XRD peak FWHM values for different pixels of a
BA>FAPDl7-stabilized FAPDbI; film (red) and a MACI-stabilized FAPbI; film (black). 2D-
stabilized FAPbI3 shows a significantly lower FWHM. E — F) Representative GIWAXS patterns
for E) MACl-stabilized FAPbI; and F) BA>FAPDI7-stabilized FAPDI;.

Structural and optical characteristics of Phase stabilized FAPbI;

We hypothesized that the observed compressive lattice strain applied by the templating 2D phase
can result in the formation of a locally segregated tetragonal structure (54,55). To investigate the
impact of 2D stabilization on nanoscale structural properties of FAPbI;, we performed nanoscale
XRD with a 25-nm spot size x-ray probe on MAClI-stabilized FAPbI; and 2D-stabilized FAPbI.

The high brilliance of a synchrotron light source enabled resolution of diffraction from minority
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phases (56,57). As shown in Fig. S18, both films showed sufficient x-ray stability to accommodate
the measurement. Localized x-ray scattering from both cubic (i.e., o) and tetragonal phases was
observed. A representative summed diffraction CCD image from a map of 2D-stabilized FAPbI3
is shown in Fig. S19, and an azimuthally integrated pattern is shown in Fig. 3A. In addition to
intense scattering from the cubic perovskite lattice, we observed two subtle peaks that we indexed
to the tetragonal phase, the (210); (t=tetragonal) at 1.57 A*! and (211); at 1.866 A"! (Fig. 3, B and
C). The (211); peak could not be definitively indexed as tetragonal because of the overlapping
(210)n (h=hexagonal, d-phase) peak at virtually the same scattering vector, but the (210); was
unambiguously identified (58). Furthermore, because we observed no additional scattering peaks
from the hexagonal phase in this sample, we also attribute the (211); peak to the tetragonal phase.
The diffraction from tetragonal phase was far less intense than diffraction from the cubic phase,
with total summed diffraction intensity from the (211); peak amounting to 0.8% of the intensity of
the (200)c (c=cubic) peak (see Fig. S19).

To investigate the impacts of 2D stabilization on the quality of the perovskite crystallites
in the thin film, we performed five-dimensional rocking curves (rocking curves with a two-
dimensional detector and two-dimensional spatial mapping) on the sample where the angle of the
incident x-ray was varied and spatial maps in the plane of the sample were repeated over the same
area to precisely analyze the width of the diffraction peak. The 2D-stabilized FAPbI3 exhibited
substantially narrower diffraction full-width at half-maximum (FWHM) than the MACI-doped
FAPbI; (Fig. 3D). The narrower diffraction peak could be a result of an increase in domain size or
reduced microstructural disorder (microstrain) (59). However, the well-established increase in
domain size seen when MACI was included in perovskite precursors suggested that a smaller

domain size in MACl-doped FAPbI3 was not the cause (25,60,61). We concluded that the 2D-
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stabilization resulted in a reduced structural disorder within the crystallites of the thin film, which
is consistent with previous reports (53). Halder-Wagner analysis summarized in Fig. S20 and S21
further revealed that microstrain in 2D-stabilized FAPbl; decreased with increasing 2D
concentration.

The grazing-incidence WAXS (GIWAXS) patterns of the MACl-doped FAPbI; perovskite
thin films (Fig. 3E) and FAPbI; with BA,FAPb,I7 additive revealed two different characteristics
of the thin films. The MACI-doped FAPbI; films exhibited Bragg intensities extended along arc
segments, indicating a random orientation of crystal domains or grains within a polycrystalline
film (high mosaicity). Furthermore, these films showed Pbl diffraction peaks. In contrast, the 2D-
stabilized FAPDI; films reveal well-defined Bragg diffraction spots along the (001) plane, observed
along the Debye—Scherrer ring near = 1 A™'. This distinct observation implied smaller mosaicity
and improved grain orientation in the out-of-plane direction, perpendicular to the substrate.
Furthermore, mosaicity appeared to be reduced with increasing 2D concentration (Fig. S22).
Atomic force microscopy (AFM) likewise showed an increase in FAPbI; grain size when 2D
concentration was increased from 0.25 mol% to 0.5 mol%, although a further increase caused the
grain size to decrease (Fig. S23). These results were consistent with the observation in Fig. S7 of

improved crystallinity for FAPbI; films incorporating even small amounts of BA n=2.
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Fig. 4. Optical characterization of the phase stabilized FAPbI; films. A) Absorption spectra of
MACI-stabilized FAPbI; (grey) and BA>FAPDb:l7-stabilized FAPbI3 (red) with their band gaps
indicated. B) PL spectra of MACI-stabilized FAPbI; (gray) and BA;FAPb:l;-stabilized FAPbI3
(red). C) TRPL spectra of MACI-stabilized FAPbI3 (gray) and BA>FAPD:l7-stabilized FAPbI3
red: We observed an increase in the absorption of the 2D stabilized FAPbI3 compared to the
MACI-doped FAPDI;. (Fig. 4A). Using the Tauc plot calculated from the absorption spectrum
(Fig. S24), we derived a bandgap of 1.48 eV for the 2D stabilized FAPbI; (versus the 1.52 eV band
gap of the MACl-doped films) that was much closer to the smallest reported (1.45 eV) bandgap of
FAPbI; (5). This band gap reduction (Fig. 4A-B) was consistent with experimental signatures
pointing toward a reduction of the lattice disorder (Fig. 3E-F) (53). In a polymorphous picture of
the cubic phase of FAPDI3, the reduction of polymorphism also leads to reduced tilt amplitudes
(4,62). As 2D concentration increased, the valence band maximum (VBM) was lowered (Fig. S25)
and the band gap widened.

We also observed an order of magnitude increase in the PL intensity of the 2D-stabilized
FAPbI; compared to the MACI-doped FAPDI; indicating reduced nonradiative recombination
(Fig. 4B). The PL peak positions aligned with the absorption thresholds for both the films. In time-
resolved PL measurements (Fig. 4C), the 2D stabilized FAPDI; film exhibited a slower PL decay
rate compared to the reference, implying a decrease in nonradiative recombination attributable to
a reduction in trap-mediated bulk or surface recombination processes.

Photovoltaic studies

We used 2D stabilized FAPbI; to fabricate perovskite solar cells using an inverted architecture
with MeO-2PACz as the hole transport layer and Ceo as the electron transport layer. To construct
a band diagram of the device architecture (Fig. SA), we measured the valence band maxima and

conduction band minima of the MACI-doped FAPbI3 and 2D stabilized FAPbl; by combining

photoemission yield spectroscopy (PES) and absorption measurements. The details of the
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measurements are discussed in the methods section of the SI. The 2D stabilized FAPDI; although
slightly shifted toward higher energy compared to the MACIl-doped FAPbI; had an appropriate
band alignment for charge carrier separation and extraction.

The current density-voltage (J-V) characteristics of the best-performing 2D stabilized
FAPbI; device in reverse and forward bias sweeps are illustrated in Fig. 5B. We achieved a power
conversion efficiency (PCE) of 24.1% for an active area of 0.5 cm? under AM1.5G illumination
(Fig. SE) with a short circuit current density (Jsc) of 25.5 mA.cm™, open circuit voltage (Voc) of
1.12 V, and fill factor of 82%. These metrics compare favourably with the corresponding
thermodynamic limits of 31.1 mA-cm2, 1.21 V, and 89%, respectively (63). Fig. 5C shows the
external quantum efficiency (EQE) for the same device as that of the J~J curve. Solar cells under
identical conditions using different 2D perovskite concentration were fabricated to confirm the
impact of concentration on performance. The statistical distributions of Jsc, Voc, fill factor (FF),
and PCE for 40 devices of each condition are shown in Fig. S26. The Jsc obtained by integrating
the EQE over the wavelength is 24.3 mA cm 2, which was in good agreement with that of the
device’s J-V curve measured using a solar simulator. For comparison, we fabricated FAPbI3
devices stabilized using PA;FAPb.l7, OA2FAPbol; and PEA>FAPDI; (see Fig. S27). The PA-
templated FAPDI; device exhibited a PCE of 21%, with a Jsc 0of 25.2 mA.cm-2, Voc of 1.06V, and
FF of 78.1%. In the case of optimized OA- and PEA-templated FAPbI;, we achieved PCEs of
16.54% (Jsc 0f 23.93 mA.cm-2, Voc of 0.97V, and FF of 71%) and 14.65% (Jsc of 23.15 mA.cm’
2, Voc 0f 0.96V, and FF of 65%), respectively.

Finally, we compared the intrinsic and operational stability of undoped, BA>FAPb,I7-
templated, and MACI-doped FAPbI; films and devices. The 2D-templated FAPbI; was

exceptionally stable under a variety of conditions compared to both undoped and MACI-doped
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FAPbI;. The shelf stability of 2D-stabilized FAPbI; films showed a significant improvement
compared to undoped FAPbI; (Fig. S28). We also performed in-situ GIWAXS measurements (Fig.
S29) to compare the stability of MACIl-doped and BA;FAPb:I7-incorporated FAPbIz devices in a
>90%RH environment at 65°C with 1-Sun illumination. The 2D-templated FAPbI3 device showed
minimal a — 6 conversion over 170 min in the degrading environment. In contrast, the 5-phase
became dominant in the MACl-doped FAPDI; device within the first 15 min of measurement. The
much higher stability of the 2D-templated FAPbI; device in this experiment corroborated the
maximum power point tracking (MPPT) device stability tests shown in Fig. 5D for 2D-templated

FAPbI; and MACI-doped FAPbI.
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Figure 5: 2D-stabilized FAPbI; device performance. A) Device architecture of best-performing
device showing band alignment of each layer. B) The J-V curve of the champion device shows
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both a forward sweep (solid line) and reverse sweep (dashed line). The inset shows a real image
of the device. C) The EQE of the champion 2D-stabilized FAPbIz device compared to the
champion MAC]I-stabilized FAPbI; device. D-F) Stability tests on 2D stabilized FAPbI;. D)
Unencapsulated 2D-FAPbI; (red) and MACI-FAPDI; (black) cell under 1-sun illumination at 60°C
with MPP tracking, in ambient air. E) Encapsulated cell under 1-sun illumination at 60°C with
MPP tracking. F) Encapsulated cell under 1-sun illumination at 85°C with MPP tracking.

We evaluated the device stability with standard interfaces. We first performed
measurements on unencapsulated p-i-n solar cells in ambient air under 1-Sun illumination (no UV
filter) with MPPT. As shown in Fig. 5D, the 2D-templated devices showed almost no PCE drop
during the first 500 hours of operation with 799>500 h. In contrast, the unencapsulated MACI-
doped FAPbI3 sample degraded within the first 50 hr of operation showing a 74=50 h. Further, as
shown in Fig. SE, an encapsulated 2D-templated FAPbI3 device showed almost no efficiency drop
from an initial 21% PCE for more than 1000 hours (799>1000 hr) of continuous 1-Sun illumination
at MPPT in ambient air (ISOS-L-1 protocol). This stability is among the best reported for FAPbIs-
based perovskite devices, which in recent reports (26,27,36) have been measured under inert
conditions.

The encapsulated solar cells were additionally measured under 1-sun illumination at MPPT
at 85°C on a hot plate in the ambient atmosphere (ISOS-L-2 protocol), as shown in Fig. SF. The
2D-stabilized FAPbI; devices retained 99% of their initial PCE after 620 hours, and more than
97% of their initial PCE after 1000 hours. Using the rule of thumb from Si photovoltaics that a
10°C increase in temperature translates to a 2x increase in degradation rate (64), a To; = 1000 hours

at 85°C corresponds to a 797 = 16000 hours (1.8 years) at 45°C. This result is a critical step towards

a FAPbIz-based device with commercially-relevant stability.
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Discussion

In summary, our investigation unveils a unique approach to achieve a highly stable black phase of
FAPbI;, even at temperatures considerably lower than the 3-FAPbI; to a-FAPbI3 transition
temperature. This method involves templating the (001) interplanar spacing of 3D FAPDI; to the
(011) interplanar spacing of carefully selected 2D perovskites with FA as the cage cation,
considering the respective Pb-Pb interatomic spacing for each structure. Detailed characterization,
incorporating correlated WAXS, optical absorbance, and PL, indicates that the resulting black
FAPbI; phase exhibits a lattice constant corresponding to the do11) interplanar spacing of the
underlying 2D perovskite. We extend this templating strategy to scalable solution-processed
methods by introducing pre-synthesized 2D perovskite seeds to FAPbI; precursor solutions.
During the film formation, the phase-stable 2D perovskite nucleates first due to its lower enthalpy
of formation and stability at room temperature. The 2D structure acts as a seed on which the 3D
perovskite to adopt the underlying 2D lattice periodicity, allowing for the preferential templating
of the 3D perovskite on the 2D phase during subsequent film annealing. The resulting bulk FAPbI3
films exhibit an energy gap (Eg) of 1.48 eV and demonstrate exceptional durability under
aggressive conditions, achieving a remarkable PCE of 24.1% in a p-i-n device architecture on a
0.5 cm? device area. These outcomes validate a novel design strategy for the templated growth of
3D perovskites using 2D perovskites and will enable new physical behaviours and properties and
functionalities relevant for optoelectronic devices. We anticipate that such strategies might extend
beyond perovskites, potentially using other molecular and organic systems with comparable lattice

constants to produce epitaxial kinetically stabilized materials.
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