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ABSTRACT: Chemical doping of inorganic—organic hybrid

perovskites is an effective way of improving the performance &1 a-FAPbIs(AVAI)ozs
and operational stability of perovskite solar cells (PSCs). Here E)-'
we use S-ammonium valeric acid iodide (AVAI) to chemically &
stabilize the structure of a-FAPbI;. Using solid-state MAS ¢ a-FAPbl;
NMR, we demonstrate the atomic-level interaction between & 0
c

the molecular modulator and the perovskite lattice and 0 ' 160 ' 260 I 300
propose a structural model of the stabilized three-dimensional Time [hr]

structure, further aided by density functional theory (DFT)

calculations. We find that one-step deposition of the perovskite in the presence of AVAI produces highly crystalline films with
large, micrometer-sized grains and enhanced charge-carrier lifetimes, as probed by transient absorption spectroscopy. As a
result, we achieve greatly enhanced solar cell performance for the optimized AVA-based devices with a maximum power
conversion efficiency (PCE) of 18.94%. The devices retain 90% of the initial efficiency after 300 h under continuous white light

illumination and maximum-power point-tracking measurement.

B INTRODUCTION physicochemical properties such as low band gaps, high

Hybrid organic—inorganic lead halide perovskites have
received considerable attention since their first application to
solar cells in 2009" and have recently reached a remarkable
power conversion efficiency (PCE) above 24%.” These
semiconducting materials have emerged as efficient light
harvesters due to their easy fabrication process and unique

-4 ACS Publications  © 2019 American Chemical Society

extinction coefficients, and high carrier mobilities.> ™ The most
widely used 3D perovskites are methylammonium (MA) lead
iodide MAPbI; and formamidinium (FA) lead iodide a-
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FAPDI; with band gaps of around 1.5—1.6 and 1.48 eV,
respectively.”® This alternation in band gap is very important
in view of the Shockley-Queisser efficiency limit,” which states
that materials with a band gap around 1.4 eV are expected to
have optimal light-harvesting ability in solar cell applications.
In this respect, @-FAPbI; is a very promising material since it
shows a near optimal band gap leading to maximal predicted
power conversion efficiency. However, a major disadvantage of
a-FAPDI, is its thermodynamic instability; the black perovskite
phase of a-FAPbI; is thermodynamically stable only above 150
°C and spontaneously transforms to the wide-band-gap
hexagonal, nonperovskite yellow OJ-phase at room temper-
ature.'’”"? These shortcomings have been tackled by composi-
tional engineering, for example, by mixing FA* with smaller A-
site cations such as MA**™' or Cs*,'°™'% and through the
introducing of mixed halide compositions.'”” Another
emerging approach to overcome the stability issue consists of
applying lower-dimensional perovskites (2D and 2D/3D
hybrids) formed by replacing the A-site cation with bulkier
molecules such as longer alkylammonium chains.”""** This
approach is particularly interesting in terms of enhancing the
stability of the structure against humidity, as these compounds
generally exhibit higher resistance to the incorporation of water
into the crystal structure.”’ Therefore, a number of large
aliphatic alkylammonium cations, e.g., cyclopropylammonium
(CA),”* poly(ethylenimine) (PEI),” phenylethylammonium
(PEA),”°"*® or butylammonium (BA)*”~*' have been
intercalated into MAPbI; crystal lattice forming 2D/3D (also
referred to as quasi-3D) hybrid perovskites with improved
ambient stability. Alternatively, large-sized organic molecules
with bifunctional groups can be utilized as additives to improve
the crystallinity and stability of Pb-based perovskites by
potentially cross-linking neighboring perovskite grains through
strong hydrogen bonding.>* >’ For example, the bifunctional
alkylphosphonic acid w-ammonium cation was hypothesized
to be a cross-linking agent for facilitating the growth of
perovskite crystals and forming high-performance and stable
perovskite solar cells (PCSs).”” The use of bifunctional
passivation ligands has also been demonstrated for perovskite
nanocrystals.”*’ In a similar vein, oleate-capped all-inorganic
perovskite nanocrystals have been demonstrated as a
passivation agent for microcrystalline MAPbI, thin films."
Recently, the incorporation of a bifunctional salt of S-
ammonium valeric acid iodide (AVAI) has been reported to
enhance crystallinity and stability of MAPbBr;>* and FASnl;.>
These cations are suggested to cross-link and as such play an
important role in reducing the surface energy and passivating
surface defects, which subsequently enhances the performance
and operational stability of the devices.

Here, we report an effective one-step solution deposition
method for the preparation of a high quality and stable a-
FAPDI; perovskite active layer using the bifunctional organic
molecule AVALI that acts as a structure-directing cross-linking
agent between adjacent grains in the perovskite structure.
Using solid-state NMR, we reveal that AVAI interacts with a-
FAPDbI; on the atomic level by binding to the 3D perovskite
through hydrogen bonding interaction and stabilizing it against
the detrimental a-to-0 phase transition. The introduction of
AVAI to the perovskite precursor solution leads to the growth
of highly crystalline films with large, micrometer-sized grains
and enhanced charge-carrier lifetime. As a result, the optimized
AVA-based mesoscopic heterojunction PSC yields a high PCE

of 18.94% and high operational stability after 300 h under
continuous illumination.

B EXPERIMENTAL SECTION

Materials. All materials were purchased from Sigma-Aldrich and
used as received, unless stated otherwise. Perovskite powders for
solid-state NMR studies were synthesized by grinding precursors in an
electric ball mill (Retsch Ball Mill MM-200, agate grinding jar with a
volume of 10 mL and 1 agate ball, diameter size 10 mm) for 30 min at
25 Hz. The precursors were packed in a glovebox under an argon
atmosphere. After milling, the resulting powders were annealed at 140
°C for 10 min to reproduce the thin-film synthetic procedure. FAPbI;:
0.172 g of FAI (1 mmol) and 0461 g of Pbl, (I mmol);
FAPbI,(AVAI)o,s: 0.172 g of FAI (1 mmol), 0.461 g of PbI, (1
mmol), and 0.029 g of AVAI (0.25 mmol).

Solar Cell Preparation. Fluorine-doped tin oxide (FTO) glass
substrates (TCO glass, NSG 10, Nippon sheet glass, Japan) were
etched from the edges by using Zn powder and 4 M HCI and then
were cleaned by ultrasonication in Hellmanex (2%, deionized water),
rinsed thoroughly with deionized water and ethanol, and then treated
in oxygen plasma for 15 min. A 30 nm blocking layer (TiO,) was
deposited on the cleaned FTO by spray pyrolysis at 450 °C using a
commercial titanium diisopropoxide bis(acetylacetonate) solution
(75% in 2-propanol, Sigma-Aldrich) diluted in anhydrous ethanol
(1:9 volume ratio) as precursor and oxygen as a carrier gas. A
mesoporous TiO, layer was deposited by spin-coating a paste (Dyesol
30NRD) diluted with ethanol (1:6 wt ratio) (4000 rpm, acceleration
2000 rpm for 20 s) onto the substrate containing the TiO, compact
layer and then sintered at 450 °C for 30 min in dry air.

Deposition of Perovskite Films. The perovskite films were
deposited using a single-step deposition method from the precursor
solution. The precursor solution ofFAPbI; was prepared in argon
atmosphere by dissolving equimolar amounts of Pbl, and FAI in an
anhydrous DMF/DMSO (4:1 (volume ratio)) mixture at a
concentration of 1.4 M. Next, we added AVAI into the FAPbI,
precursor solution using different molar ratios, resulting in several
FAPbI,(AVAI), compositions (x = 0.05, 0.10, 0.25, 0.50). The device
fabrication was carried out under controlled atmospheric conditions
with humidity < 2%. The precursor solution was spin-coated onto the
mesoporous TiO, films in a two-step program at 1000 and 6000 rpm
for 10 and 30 s, respectively. During the second step, 200 yL of
chlorobenzene was dropped on the spinning substrate 10 s prior the
end of the program. This was followed by annealing the films at 150
°C for 30—40 min. After preparing the initial perovskite layer
(control) as described above, the film was cooled down at room
temperature. For completing the fabrication of devices, 90 mg of
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine )-9,9-spirobifluorene
(spiro-OMeTAD) was dissolved in 1 mL of chlorobenzene as a hole-
transporting material (HTM). The HTM was deposited by spin-
coating at 4000 rpm for 20 s. The HTM was doped with
bis(trifluoromethylsulfonyl)imide lithium salt (17.8 uL prepared by
dissolving 520 mg of LiTFSI in 1 mL of acetonitrile) and 28.8 uL of
4-tert-butylpyridine. Finally, an ~80 nm gold (Au) layer was thermally
evaporated.

Solid-State NMR Measurements. Room temperature 'H (900.0
MHz) NMR spectra were recorded on a Bruker Avance Neo 21.1 T
spectrometer equipped with a 3.2 mm CPMAS probe. 'H and *C
chemical shifts were referenced to solid adamantane (6y = 1.91 ppm
and 8¢ = 29.45 (CH) and 38.48 (CH,) ppm). '*N spectra were
referenced to solid NH,Cl (0 ppm) at 298 K. *H spectra were
referenced based on the 'H chemical shift of NH," in the
nondeuterated AVA,Pbl,. Recycle delays of 0.1 s (**N), 2.5-25 s
("H-"C), and 0.25-2 s (*H) were used. Longitudinal relaxation
times (T,) were measured using a saturation-recovery sequence.
"H-"H spin diffusion measurements at 20 kHz MAS were carried out
using a mixing period of 100 ms and a recycle delay of S s.
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B RESULTS AND DISCUSSION

The hybrid perovskite films were prepared by solution
processing. The precursor solution of FAPbI; was prepared
by dissolving equimolar amounts of Pbl, and FAI in a DMF/
DMSO (4:1 v/v) mixture at a concentration of 1.4 M. Next,
we added AVAI into the FAPbI; precursor solution using
different molar ratios, resulting in several FAPbI;(AVAI),
compositions (x = 0.05, 0.10, 0.25, 0.50). We first evaluated
the photovoltaic performance of films fabricated by a one-step
antisolvent deposition method (for more details of perovskite
film formation, see the Experimental Section). The solar cells
were fabricated using the following architecture: glass/FTO/
compact-TiO,/mesoporous TiO,/perovskite/Spiro-OMe-
TAD/Au.

The characteristic J—V curves for the champion FAP-
bI;(AVAI),-based devices measured under reverse voltage scan
are shown in Figure la. The reference PSCs (x = 0) yielded
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Figure 1. Photovoltaic characterization of the devices. (a)
Comparison of the J—V curves for the champion FAPbI;(AVAI),
(x = 0, 0.05, 0.10, 0.25, 0.50) devices. (b) IPCE and integrated J,. of
the a-FAPbI; and FAPbI,(AVAI),,s devices.

poor device performance, with a maximum PCE of 7.26%, V.
of 0.88 V, J.. of 15 mA cm™>, and fill factor (FF) of 55%. We
found that the device performance increases monotonically
with the amount of added AVAI up to 25% (abbreviated as
FAPbI,(AVAI),,;), achieving a maximum PCE of 18.94% with
a V. of 1.07 V, J. of 25.1 mA cm™% and FF of 70%. The
integrated J,. calculated from the IPCE spectrum of the
FAPbI,(AVAI),,s device equals to 24.20 mA cm™?, which is
within 3% of the J,, measured under AM 1.5G standard
irradiation (Figure 1b). A further increase in the AVAI content
up to 50% deteriorates all figures of merit with PCE declining
to 13.22%. Table 1 shows a summary of the photovoltaic
parameters for the champion devices with different AVAI
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Table 1. Comparison of Photovoltaic Parameters for
Champion FAPbI,(AVAI), Devices (x = 0, 0.05, 0.10, 0.25,
0.50) with Backward Scan Direction

perovskite Voo [V]  Jio [mA/cm?] FF PCE [%]
FAPbI, 0.88 15.0 0.55 7.26
FAPbI,(AVAI) o5 0.89 17.2 0.55 9.15
FAPbI,(AVAI), o 0.89 23.9 0.52 11.67
FAPbI;(AVAI) s 1.08 25.1 0.70 18.94
FAPbI,(AVAI), 5, 0.98 243 0.55 13.22

doping levels. The maximum power point (MPP) of the
FAPbI;(AVAI),,s device shows the stabilized PCE of 17.70%
after 300 s of continuous illumination (Figure S1). The
photovoltaic performance figures of merit are listed in Figure
S2 for the control FAPbI,; and FAPbI;(AVAI), (x = 0.0S, 0.10,
0.25, 0.50) devices. The increase in PCE upon AVAI doping is
mainly due to the large improvement of all photovoltaic
metrics, ie, J, Vi, Jo and FF, which can be attributed to
improved phase purity, perovskite film morphology, and longer
charge carrier lifetimes, as well as reduced defect density (vide
infra). Notably, the efficiency of the champion FAP-
bI;(AVAI),,s device is among the highest reported for a-
FAPbI;-based solar cells.”"** J—V hysteresis and its suppres-
sion have been important subjects of research in the field of
PSCs.”> We have found that both the reference and
FAPbI;(AVAI),,sPSCs display hysteresis (Figure S9 and
Table S2). We therefore conclude that AVAI does not lead
to its suppression.

To investigate the crystallinity of the AVAI-doped perov-
skite, we measured powder X-ray diffraction (pXRD) of films
deposited onto mesoporous-TiO,/compact layer TiO,/FTO
(Figure 2a). The reference a-FAPbI, and the FAPbI,(AVAI),
films have a very similar structure, with the peaks at ~14.0°
and ~28.0° originating from the (110) and (220) planes of the
3D perovskite phase. The reference a-FAPbI; film also exhibits
a strong peak at 11.6° along with a number of low-intensity
peaks in the 25—40° region, corresponding to the hexagonal
nonperovskite 5-FAPbI, phase.'” The &-phase peaks disappear
upon AVAI addition and are absent in all the FAPbI;(AVAI),
films. We note that AVA-rich iodoplumbate phases (yielding
peaks below 26 = 10°) are also absent.”* Furthermore, the
overall diffraction intensity is enhanced with increased
amounts of AVAI doping, indicative of improved crystallinity.
The relative intensity of the two perovskite peaks changes very
slightly as the AVAI content increases. This might be related to
preferred orientation effects which have been previously
observed in other amino acid doped perovskite thin films
and ascribed to amino acid-TiO, anchoring.44 We note that
there are no diffraction peaks corresponding to the AVA
dopant. This is consistent with the pronounced dynamic
disorder of AVA evidenced by ’H MAS NMR (vide infra).
This is correlates with the SEM measurements which show
that the average grain size in the FAPbI;(AVAI), films
systematically increases from a few hundred nanometers to
about a micrometer with increasing AVAI doping level (Figure
S3). This result suggests that AVAI interacts with a-FAPbI, to
facilitate crystal growth during annealing. We note that the
largest crystallite size was obtained for the 50% AVAI
composition which, however, showed a decrease in the Jg,
Voc, and FF. This translated to lower PCE, likely due to an
increase in the internal resistance of the devices with an
excessive AVAI content, analogous to the result previously
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Figure 2. Characterization of the FAPbI;(AVAI), perovskite films.
(a) Powder XRD patterns, (b) UV—vis absorption, and (c) steady-
state PL spectra.

observed for PEA.*® Further, we tested hydrophobicity of the
FAPbI; and FAPbI;(AVAI),,;s films by measuring the contact
angle of a water droplet (Figure S10). The contact angle
increases from 46.2° to $9.2° after AVA doping, indicating
higher hydrophobicity of the AVA-doped material.

The effects of the changes in the structural features and
morphology on the optoelectronic properties were assessed by
means of UV—vis absorption and photoluminescence (PL)
absorption spectroscopy. The UV—vis absorption spectra of
the FAPbI;(AVAI), films deposited on glass are shown in
Figure 2b. We find that the band edges of the absorption
spectra very slightly red-shift (~2 nm) when the content of

AVALI is increased. In addition, steady-state PL spectra show a
correspondingly small red shift for the FAPbI;(AVAI),, film
with respect to the reference FAPbI, (Figure 2c), consistent
with the UV—vis measurements. The red shift in both UV—vis
and PL spectra might be caused by the increased crystallinity
and larger grain size,* consistent with the SEM images, and/or
due to the formation of a new chemical compound. These
observations are qualitatively different from the previous result,
where the absorbance and PL peaks of AVA-doped perovskite
films blue-shifted with increasing AVABr amount due to the
introduction of Br into the perovskite structure.*®

To further confirm the beneficial effect of the addition of
AVAI to the FAPbI; composition, transient absorption (TA)
spectroscopy measurements were performed on both a
reference FAPbI; and FAPbI;(AVAI),s films deposited on
glass slides. Figure 3a shows TA dynamics of the ground-state
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Figure 3. (a) Ground-state bleaching (760 nm) and stimulated
emission dynamics obtained by transient absorbance with I, = 390
nm, at an excitation fluence F = 250 nJ. (b) Transient absorbance
spectra of FAPbI;(AVAI),,; measured under the same conditions as

in (a).

bleaching (GSB) and stimulated emission (SE) signals, which
closely overlap in the band-edge region (760 nm) for both
films (Figure 3b). The GSB signal is related to the filling of the
bands due to photoexcitation with its decay corresponding to
the depletion of the conduction band and/or the filling of the
valence band by electrons. As such, it reflects both charge
recombination and charge extraction to a selective contact
layer. We note that GB bleaching recovery reflects contribu-
tions from both radiative and nonradiative carrier recombina-
tion. On the other hand, the dynamics of the SE signal
describes only radiative electron—hole recombination. Since
the samples were prepared with no extracting layers, it follows
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Figure 4. Solid-state MAS NMR characterization of the bulk mechanochemical materials. '"H-3C CP spectra at 21.1 T, 298 K, and 20 kHz MAS of
(a) neat AVAI (the structure is shown in the inset), (b) AVAI:Pbl, (2:1 mol/mol), (c¢) AVAI:Pbl, (1:1 mol/mol), (d) AVAI:PbI, (1:2 mol/mol),
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that comparing the decay rates of the GSB+SE signals for
FAPbI, versus FAPbI;(AVAI),,; is directly related to charge
carrier lifetimes in these materials. Clearly, the addition of
AVAI results in a significantly slower decay rate and the second
decay component is almost four times larger for FAP-
bL;(AVAI),,s than in FAPbI; (286 ps vs 76 ps) (Table S1).
We note that the long time contribution in the case of
FAPbI;(AVAI)y,; most likely arises from Shockley—Read—
Hall pseudo-first-order recombination via charge carrier
trapping states.

We employed X-ray photoelectron spectroscopy (XPS) to
verify if the surface of the FAPDI; film is modified during
treatment with AVAI The comparison of the Pb 4f, C 1s, N 1s,
and O 1s XPS peaks for the AVAI, AVA:Pbl, (2:1), a-FAPbI,,
and FAPbI;(AVAI),,;s films is shown in Figure S4.

The O 1s spectrum of the AVAI film shows a peak at 532.2
eV, which can be assigned to the binding energy of C—O and
C=0O0 in the carboxylate group of AVAIL The O 1s spectrum of
the 2:1 AVAI:PbI, film shifts toward lower binding energy by
0.41 eV (maximum at 531.82 eV), while the corresponding
peak of FAPbI;(AVAI),,;s shifts to a higher energy by 0.7 eV
(maximum at 532.9 eV) compared to the pure AVAI film. This
indicates that AVAI is involved in a new chemical interaction
with a-FAPbI; rather than exists as a separate AVA-based
iodoplumbate phase on the surface of the perovskite film. A full
discussion of the XPS data is given in the Supporting
Information.

In order to elucidate the atomic-level microstructure of the
AVA-doped a-FAPbI; compositions, we carried out multi-
nuclear solid-state NMR measurements on materials prepared
by mechanochemistry.'>***” We and others have recently
shown the broad applicability of solid-state NMR to lead
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halide perovskites**™°' and its utility in assessing the

interaction of small organic molecules with the hybrid
perovskite phases.”>”%*

Figure 4a shows a '>C spectrum of neat AVAI which
contains five resonances corresponding to the following
molecular fragments: C=0O (182.4 ppm), 6-CH, (40.1
ppm), a-CH, (33.8 ppm), y-CH, (25.3 ppm), and S-CH,
(21.0 ppm). The material formed in a reaction between AVAI
and Pbl, has been hypothesized to be a 2D (AVA),Pbl,
perovskite;65 however, to the best of our knowledge, its crystal
structure has not been solved to date. A perfectly ordered
Ruddlesden—Popper (RP) (AVA),Pbl, structure would be
expected to possess exactly one type of carbonyl atom inside
the unit cell. Here, we find that, in the reaction between AVAI
and Pbl, depending on the molar ration of the two
components, up to eight distinct C=O environments are
formed (Figure 4b—d for AVAI:PbI, ratios of 2:1, 1:1, and 1:2,
respectively). In addition, the aliphatic signals of AVA are
shifted with respect to neat AVAI in all three compositions,
confirming that AVAI has fully reacted in all three cases. This
type of structural complexity is expected in structures capable
of forming recombinant analogues (polytypes) with different
stacking sequences, with (f-alaninium),Snl, being a structur-
ally closely related example.”° We therefore highlight that the
AVAI-Pbl, phase system cannot be considered as a simple RP
phase, and further single crystal studies are necessary to
develop its full understanding.

3C MAS NMR also makes it possible to distinguish between
5-FAPbI, (156.8 ppm, Figure 4e) and a-FAPbI, (155.9 ppm,
Figure 4f).”’ The material formally corresponding to a-FAPbI,
mixed with 25 mol % AVAI (Figure 4g) reveals a new broad
signal (156.5 ppm) corresponding to a carbon environment in
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which FA interacts with AVA on the atomic level. The aliphatic
signals of AVA are, again, shifted with respect to neat AVAJ,
confirming that the precursor has fully reacted to form a new
chemical compound. The C=0 signals are not visible in this
case due to dynamics, as discussed below. We subsequently
investigated whether or not the presence of AVAI leads to any
changes in the 3D perovskite structure of a-FAPbI,. "*N MAS
NMR is a sensitive probe of cubooctahedral symmetry in 3D
perovskites, which determines the breadth of the '*N spinning
sideband (SSB) manifold, with narrower manifolds corre-
sponding to a more symmetric (closer to cubic) environment
of the A-site cation reorienting on the picosecond time
scale.’”® The YN MAS NMR spectrum of a-FAPbI; is
characterized by a central peak at 75.9 ppm, surrounded by 11
orders of spinning sidebands (Figure 4h). a-FAPbI; doped
with 25 mol % AVAI shows no change to the central peak
position but the number of visible SSB orders decreases to 7.
As the AVAI doping level is increased to 50, 75, and 100 mol %
(excess with respect to FAPbL;), the number of visible SSB
orders decreases to S, 4, and 3, respectively (Figure 4i—],

respectively). This narrowing of the '*N SSB envelope upon
AVAI doping suggests that AVAI changes the intrinsic
cubooctahedral symmetry of the a-FAPbIphase so as to make it
closer to cubic. We have previously observed similar structure
directing effects in the case of 3-(S-mercapto-1H-tetrazol-1-
yl)benzenaminium iodide® and adamantylammonium io-
dide.”® On the other hand, the opposite effect (SSB manifold
broadening) is observed upon A-site cation mixing in lead
halide perovskites based on MA/FA,*® Cs/FA,>' MA/
guanidinium,”” and MA/dimethylammonium®® mixtures.

In order to corroborate the atomic-level interaction between
AVA and FA in AVAI-doped a-FAPbI;, we carried out a two-
dimensional "H—"H spin diffusion (SD) measurement, which
correlates NMR signals based on the atomic-level proximity of
the corresponding species for distances on the order of tens of
A through dipole—dipole couplings.”” Figure Sa shows a
"H—"H SD spectrum of a-FAPbI, doped with 25 mol % AVAL
The horizontal and vertical projections show a regular 1D 'H
spectrum with the structural assignments. Each peak in the 1D
spectrum has a corresponding diagonal peak lying on the
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dashed line. Off-diagonal cross peaks evidence close spatial
proximity of the species giving rise to a specific set of diagonal
peaks. The spectrum is symmetric around the diagonal. For
example, there are cross peaks between the —CH,—, —NH;",
and —COOH signals of AVA, corresponding to intramolecular
contacts. More interestingly, analogous contacts are visible
between the CH and NH, groups of FA and all the signals
belonging to AVA (indicated by arrows), unambiguously
evidencing that FA and AVA form a mixed phase and are
interacting at the atomic level. We note that AVA is too large to
be incorporated as an A-site cation. That said, it could
conceivably lead to a hollow perovskite structure characterized
by large [PbI;]*" octahedral vacancies.**® However, hollow
perovskites exhibit significantly wider band gaps for a
comparable amount of dopant while in our case the band
gap remains nearly identical up to 50 mol % AVAI doping,
excluding the possibility of hollow perovskite formation.
Having investigated the microstructure of the mixed FA/
AVA phase, we now turn to the dynamics of AVA in this
material. To that end, we use *H MAS NMR which is an
excellent probe of dynamics in solids,”” since the shape of the
’H SSB manifold is determined by the available motional
degrees of freedom of the reorienting molecular fragment. For
example, the H MAS NMR spectra of AVAI (Figure Sb) and
AVAIL:PbIL, (2:1) (Figure Sc) have an SSB manifold character-
istic of 3-fold (C;) jumps of the —ND;" group around the C—
N bond, with the backbone of the molecule being rigid. The
apparent quadrupolar coupling constant, C,, which can be
extracted by fitting the spectra, has a value of 53 and 37 kHz
for AVAI and AVAI:PbI, (2:1), respectively, and is typical for
—ND;* attached to an otherwise rigid molecular fragment.”"
Structural rigidity in the case of AVA is expected and
consistent with the strong intermolecular hydrogen bonding
of the COOH groups, analogous to that observed in (f-
alaninium),Snl,,”° and further corroborated by molecular
dynamics simulations of the n = 1 Ruddlesden—Popper phase
(vide infra). In contrast, the ?H spectrum of a-FAPbI, doped
with 25 mol % AVAI (Figure Sd) consists of a single line
(apparent Cq ~ 0 kHz), which means that in this case the
—ND," group is reorienting isotropically (in a tetrahedral or
lower symmetry) at a rate greater than 10° jumps per second.”’
This scenario is only possible if the whole AVA backbone has
additional degrees of freedom, making it dynamically
disordered. We note that this implies that the hydrogen
bonding network is also labile and the H-bonds are cleaved and
formed at a rate greater than 10°/s. Rigidity can be gradually
reintroduced by cooling the material down to 275 K (Figure
Se) and 245 K (Figure Sf) (apparent Cq of 34 and 49 kHz,
respectively), at which point the only residual degree of
freedom is again the 3-fold —ND;" jump. Since dynamics
partly averages out the 'H—'C dipole—dipole couplings, the
cross-polarization efficiency in AVA is expected to be lower.”’
This is indeed the case, as the C=0 signal cannot be detected
at room temperature (Figure 4g) but is readily detected at
lower temperatures when rigidity is reintroduced (Figure SS).
To the best of our knowledge, this is the first demonstration of
unrestricted reorientation of a molecular modifier used to
stabilize a 3D perovskite. We believe that structural dynamics
and lability will become an important design criterium for
stable perovskites, once we have gained better understanding
of its effects on the resulting photophysics. Based on the above
results, we propose that the interaction between the perovskite
and AVA is surface-based, as shown in Figure 5g. AVA binds to

the surface of a-FAPbI; through the terminal amino group,
while the remaining carboxylate groups are dynamically
disordered at room temperature, leading to dynamic formation
and breaking of COOH---COOH hydrogen bonds between
adjacent AVA molecules. This type of interaction can also
conceivably lead to grain cross-linking.

While XRD does not provide insight into the long-range
ordering of AVA in the doped FAPbI,; structure, AVA has been
previously reported to form Ruddlesden—Popper (RP) 2D
structures with MA, AVA,(MA),_,Pbl,,,,.”> We therefore
investigated the structural and electronic properties of the
analogous RP series, AVA,(FA),_,PblL,,, for n = 1,2, 3 and
00 as a potential structural candidate. For n = 2 and n = 3, the
AVA and FA cations are in atomic-level contact (5—10 A,
similar to the materials studied experimentally by 2D NMR SD
measurements) and we use these structures as model,
computationally tractable systems, to complement the
experimental findings. The initial structures were formed
based on the RP structures of BA,(MA),_,Pbl,,,,.”° The
spacer configuration was taken from the structure of
ABA,(MA),_,Pbl,,,; (ABA = 4-aminobutyric acid)’” with a
hydrogen bonding pattern between carboxylic groups of every
two adjacent AVA molecules of opposite layers along the x
direction (Figure S6b). Similar to the trend reported for band
gaps in BA,(MA),_Pbl;,,;RP structure,”’ increasing the
inorganic layer thickness (higher n values) reduces the band
gap, which tends to the value of undoped a-FAPbI; as n
increases. Accordingly, the band gap of AVAI-doped a-FAPbI,
is essentially identical to that of neat a-FAPbI, (Figure 2b, c),
since it can be considered as a high n representative of the RP
AVA,(FA),_,Pbl,,,, family. To provide additional insight into
the experimental observation that AVA-doped a-FAPDbI; is
more cubic than a-FAPbI; (octahedral tilting angle closer to
90°), we calculated the distribution of octahedral tilting angles
of the computationally optimized structure of a-FAPbI; taking
also finite temperature effects into account. We performed 2 ps
simulations at 300 K and obtained a time-averaged mean value
of 89.9° with a standard deviation of 9.1°. Considering the
relatively large standard deviation, the subtle templating effect
of AVAI observed through '*N MAS NMR (Figure 4h—1) is
likely beyond the accuracy of the DFT MD runs. We in turn
addressed the propensity of AVA to form strong intermolecular
hydrogen bonds in the iodoplumbate AVA,Pbl, phase at room
temperature, experimentally evidenced by *H MAS NMR
(Figure Sc). To that end, we assessed the finite temperature
impact on the DFT optimized 0 K structure. We performed a 6
ps Born—Oppenheimer molecular dynamics simulation of the
material to investigate the motion of the spacer molecules, as
well as the rigidity of the inorganic layers to which the spacers
are anchored. We find that, on this time scale, the hydrogen
bonding pattern is mostly preserved at 300 K (Figure 6a),
consistent with the NMR result. To further understand how
the AVA spacers are confined between the inorganic layers, we
calculated the vertical penetration depth of AVA into the
inorganic sublattice (Figure 6b), as measured by the average
Pb—N distance along the normal of the closest Pbl, plane,
since this parameter has been reported to correlate with the
octahedral distortion and phase transition temperatures.”” We
find that the penetration depth is mostly below 3.17 A, which
corresponds to the average vertical Pb—I distance, confirming
that the spacers penetrate the inorganic sublattice. The rigidity
of the spacers was studied by calculating the distribution of
polar, 6, and azimuthal, ¢, angles of the spacers, excluding
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Figure 6. Thermal distributions at T = 300 K from 6 ps first-principles
MD simulations. (a) Histogram of intermolecular O---H-bond
distances between COOH groups of adjacent spacers of opposite
layers, (b) Distribution of vertical penetration distances of NH;" into
the inorganic slab (measured as Pb—N distance along the normal of
the closest Pbl, plane). Distribution of (c) polar, 6, and (d)
azimuthal, ¢, angles of AVA in the spacer layers. The polar angle
(denoted in the inset) is defined as the inclination of AVA with
respect to the vertical ¢ axis, and the azimuthal angle indicates the
inclination of AVA (projection onto the ab plane) with respect to the
a axis.

translation. The polar angle refers to the inclination of AVA
with respect to the vertical axis, while the azimuthal angle is the
planar deviation of AVA from the x axis. The polar angle
distribution confirms that the spacers manifest a preferred
orientation with respect to the vertical axis (Figure 6c) while
showing a certain degree of rotation, yet maintaining their
initial H-bond pattern (Figure 6d).

The effects of these structural properties on the long-term
stability of the material were investigated by comparing the
reference and FAPbI;(AVAI),,s-based PSC under continuous
1.5 G irradiation (100 mW-cm™2) and maximum power point
tracking in a nitrogen atmosphere at room temperature. Figure
S7 shows that the ambient stability of the FAPbI;(AVAI),,s-
based device is greatly improved as it retains 90% of its initial
PCE up to 300 h. On the contrary, the PCE of the undoped a-
FAPbI; device decays rapidly and reaches 10% of its initial
efficiency within 100 h.

B CONCLUSIONS

In conclusion, we have demonstrated that the bifunctional
organic molecule AVAI can act as a molecular modulator that
improves the stability of a-FAPbI;. We have elucidated and
illustrated the atomic-level interaction between AVAI and the
perovskite by applying multinuclear and two-dimensional
solid-state NMR spectroscopy. We have found that AVAI
displays a structure-directing role by forming hydrogen bonds
with the perovskite lattice through its NH;* group, while its
COOH end is involved in dynamic hydrogen bonding with
other AVA moieties, as further corroborated by DFT-based
molecular dynamics simulations of fully periodic RP phases.
These molecular features yield improved morphological and
optoelectronic quality of the films. In particular, transient
absorption measurements reveal significantly enhanced charge
carrier lifetimes in the AVA-doped perovskite. As a result, the
mesoscopic heterojunction photovoltaic solar cell demonstra-
ted a high PCE of 18.94% and high operational stability after
300 h under continuous illumination. Our work illustrates that

molecular modulation of 3D perovskites using bifunctional
modifiers is an effective way to simultaneously achieve high
performing and stable FAPbI;-based PSCs.
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B NOTE ADDED IN PROOF

While the article was in press, we became aware of a study
using BA, PEA, and 4-fluorophenylethylammonium hydro-
iodides to stabilize the 3D perovskite structure of FAPbI; in
nanostructures and thin films, which we have now referenced
for completeness.”*
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