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ABSTRACT: Organic spacers play an important role in 2D/3D
hybrid perovskites, which could combine the advantages of high
stability of 2D perovskites and high efficiency of 3D perov-
skites. Here, a class of aromatic formamidiniums (ArFA) was
developed as spacers for 2D /3D perovskites. It is found that the
bulky aromatic spacer ArFA in 2D/3D perovskites could induce
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INTRODUCTION

Metal halide perovskite solar cells (PSCs) are an emerging
next-generation photovoltaic technology due to their dramat-
ically increased power conversion efficiencies (PCEs) over the
past decade.'™® The impressive high PCEs are attributed to
their unique optoelectronic properties, such as low exciton
binding energy, long charge carrier lifetime, and high defect
tolerance.””” However, the insufficient stability of the
perovskite materials greatly hinders the commercialization of
this technology.'""

Two-dimensional (2D) perovskites, such as 2D Ruddles-
den—Popper (RP) and 2D Dion—Jacobson (DJ) structure
perovskites, with bulky organic spacers have been developed to
improve the intrinsic stability of perovskites due to their
improved tolerance to moisture and thermal conditions."””"”
However, the PCEs of 2D perovskite devices are still much
lower than their 3D counterparts owing to their larger exciton
binding energy, lower carrier mobility, and wider bandg-
ap."*™* The incorporation of bulky organic spacers, which
could prevent moisture invasion, improve thermal stability, and
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suppress ion migration, into the 3D perovskite crystal lattice
has been proven to be an effective strategy to combine the
advantage of the high stability of 2D perovskite and the
superior efficiency of 3D perovskite.”' ">° Snaith et al. showed
that 2D/3D PSCs with an optimal butylammonium content
exhibit average stabilized power conversion efficiency of 17.5 +
1.3% and the cells could sustain 80% of their “post burn-in”
efficiency after 1000 h in air under simulated sunlight.”” Huang
et al. showed that the incorporation of the sulfonic zwitterion-
based spacer could simultaneously control the perovskite
crystallization and passivate defect states of perovskite films,
which enhances the planar perovskite device efficiency to
21.1%, and the device retains 88% of the initial efficiency under
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Figure 1. (a) Chemical structure of spacer cations FA, PhFA, p-HOPhFA, and p-FPhFA. (b) Procedures of preparation of 2D/3D perovskite
films based on ArFACL (c—f) Top view SEM images of perovskite films based on the control (c), PhFACI (d), p-HOPhFACI (e), and p-
FPhFACI (f). (g—i) UV—vis absorption spectra (g), PL spectra (h), and TRPL spectra (i) of the control 3D and 2D/3D perovskite films.

continuous light illumination for 480 h.”® However, the with enlarged film thickness and improved film quality, the
efficiencies of 2D/3D PSCs are still lower than that of state-of- PhFAClI-based 2D/3D device shows a champion efficiency of
the-art 3D PSCs. Thus, it is highly necessary to further develop 23.36%, which is among the highest efficiency of 2D/3D
more efficient organic spacers for 2D/3D PSCs and boost their hybrid PSCs. These results indicate that ArFA should be a class
efficiency for future industrial applications. Moreover, of excellent spacers for 2D/3D perovskite toward both highly
compared to methylammonium (MA), formamidinium (FA) efficient and stable solar cells.

has been widely studied and proven to be an excellent organic

cation in 3D perovskites to reduce the bandgap and enhance RESULTS AND DISCUSSION
the stability. Nevertheless, 2D/3D hybrid PSCs using FA- The 3D chemical structures of ArFA, including PhEA, p-

based derivatives as bulky spacers have rarely been reported. HOPhFA, and p-FPhFA, are shown in Figure 1a. A sequential

In t}.ns work, 2 .cl.a ss of FAbased derivatives, na.m'ely two-step deposition procedure was employed to fabricate 2D/
aromatic formamldmlum (ArFA), such a.s 'b'enzamldlne 3D perovskite films (Figure 1b). Briefly, a solution of Pbl, in
hydr(?chlonde (PhEACI), 4-hydroxybenzam1fil¥11}1m hydro- N,N-dimethylformamide (DMF) was spin-coated on the glass/
chloride (p-HOPhFACI) and 4-fluorobenzamidinium hydro- ITO/SnO, substrate. After thermal annealing of the Pbl, film,
chloride (p-FPhFACI), were developed for 2D/3D hybrid a mixed solution of FAI/MAI/MACI and ArFA spacers with
PSCs, and high photovoltaic performance has been demon- optimized weight ratio in 2-propanol (IPA) was spin-coated on

strated. By performing X-ray diffraction (XRD) and time- top of Pbl, layer. Then the film was annealed at 150 °C for 15
resolved photoluminescence (TRPL) experiments, we found min in air to form 2D/3D perovskites. Figure 1c—f displays the
that ArFA spacers have been successfully incorporated in the top-view scanning electron microscope (SEM) images of
crystal lattice of the FA/MA-based 3D perovskite and form control 3D and 2D/3D perovskite films deposited on ITO/
2D/3D perovskite, leading to enhanced crystallinity, reduced SnO, substrates. The corresponding grain size distributions are
trap density, and increased charge carrier lifetime. An enlarged illustrated in Figure SI. Compared to the control 3D

PCE of 22.39% and stabilized PCE of 22.0% were achieved for perovskite film, the 2D/3D perovskite films exhibit an average
PhFACl-based 2D/3D PSCs, coupled with an impressive grain size over 1.4 ym, which is larger than that of the control
open-circuit voltage (Voc) of 1.16 V and a notable fill factor 3D film, suggesting that the ArFA-based spacers could induce
(FF) of 81.77%. Importantly, the PhFACI-based device the crystal growth and improve the crystallinity of perovskite
exhibits high thermal stability, which sustains 87% of original films. The large grain size of 2D/3D perovskite was in
performance after thermal aging test under 80 °C for 1480 h, agreement with atomic force microscopy (AFM) images
while only ~66% of the initial efficiency remained for control shown in Figure S2. The cross-section SEM images (Figure
3D PSCs. Moreover, by further optimizing the perovskite film S3) further verify the enlarged grain size for 2D/3D
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perovskites in comparison with the control 3D perovskite. The
monolithic grains were observed growing between the top and
bottom electrodes; thus, no obvious horizontal grain
boundaries exist in the film, which facilitates the charge
diffusion and transportation between two electrodes, leading to
reduced nonradiative charge recombination.””

Figure 1g shows the ultraviolet—visible (UV—vis) absorption
spectra (normalized at 760 nm) of control and 2D/3D
perovskite films. Compared with the control film, the 2D/3D
perovskite films exhibit slightly blue-shifted onset absorption
due to the incorporation of bulky ArFA spacers, such as
PhFACI, p-HOPhFACI, and p-FPhFAC], leading to increased
optical bandgap. The valence band maximum (VBM) of the
perovskite films were measured by ultraviolet photoelectron
spectroscopy (UPS) (Figure S4 and Table S1). Compared to
the control film, the VBM of 2D/3D perovskite film shifted to
lower band, which might be a feature of bandgap widening in
the ArFA-based 2D/3D perovskite.B’o’B’1 The charge recombi-
nation kinetics in the control and 2D/3D perovskite films
using nonconductive glass as substrates were analyzed through
the photoluminescence (PL) and time-resolved photolumi-
nescence (TRPL) spectra. As shown in Figure lh, 2D/3D
perovskite films based on PhFACI, p-HOPhFACI, and p-
FPhFACI exhibit PL peaks at 798, 800, and 793 nm,
respectively, which are slightly blue-shifted in comparison
with the control film (803 nm) due to the interactions between
ArFA spacers and the corner-sharing [Pblg]*” octahedron
layers in 3D perovskite, which is consistent with the absorption
spectra. Moreover, the PL intensity of 2D/3D perovskite was
over 2 times higher compared to that of control 3D perovskite
(Figure 1h), suggesting the reduced nonradiative recombina-
tion loss. The PL decay curves shown in Figure 1i were fitted
through the following empirical biexponential dependence
equation

—t —t
y=A4A exp[—] + A, exp[—] + B
T

1 )

(1)

where A, and A, are the relative amplitudes and 7, and 7, are
the best-fit PL decay times for the fast and slow
recombination.””** The average lifetime for the nonradiative
recombination process and the specific data are calculated
from the following equation®>**

)y AiTiz
T. =
" YAz (2)

The detailed data are summarized in Table S2. The calculated
average lifetime of the control film is 421 ns, which is shorter
than those of 1395, 1012, and 724 ns for perovskite films based
on PhFACI, p-HOPhFACI, and p-FPhFAC], respectively. The
longer charge carrier lifetime in 2D/3D perovskite suggest that
the ArFA spacers could passivate the defect state and suppress
the nonradiative recombination loss in the film, consistent with
the lower trap density in the 2D/3D film as discussed below.

The iodide anions with electron rich lone-pair orbitals in
corner-sharing [Pbls]*~ octahedrons layers could accept
hydrogen atoms from the ammonium fragment of organic
spacers to form hydrogen bonds.”**® As shown in Figure 2a,
each ArFA spacer could form four NH:-I hydrogen bonds.
Thus, this might enhance the cohesion and chemically stabilize
the 2D/3D perovskites efficiently, resulting in shifted X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) peaks in comparison with control 3D perovskite as
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Figure 2. (a) Schematic diagram of corner-sharing [PbI¢]*"
octahedrons layers interaction with ArFA spacers through
hydrogen bonding. (b) "H NMR spectra of prisine PhFACI and
mixed PhFACI/PbI, showing changes in the resonance signals
arising from the H protons.

discussed below.”” ™" As a result, the incorporation of ArFA
spacers enhances the perovskite grain size and crystallinity,
consistent with SEM images above. The strong NH:-I
hydrogen-bonding interactions between organic spacer PhFA
and inorganic [Pbl¢]*" octahedron layers were further verified
by '"H NMR spectral measurements as shown in Figure 2b. It is
found that the proton signal of the —C(NH2)," groups in
PhFACI appears at 9.45 ppm, which was shifted to 9.31 ppm
when blended with Pbl,, suggesting the strong NH--I
hydrogen-bonding interactions. Note that there is an obvious
shift for the protons in the benzene ring of PhFACI close to the
FA cation shown in Figure 2b due to the different chemical
environment caused by electronic cloud distribution after
NH--I hydrogen bonding.

The XRD patterns of the perovskite films prepared on the
compact glass/ITO/SnO, substrate are shown in Figure 3a,
and enlarged peaks between 13.5° and 15° are shown in Figure
3b. The diffraction peaks at 14.26° and 28.46° correspond to
(110) and (220) lattice planes of the control 3D perovskite
film, respectively. As shown in Figure 3b for the magnified plot
of the (110) diffraction peaks, there is an obvious shift toward
lower angles for ArFA-based perovskite films in comparison
with control film due to the enlarged d-spacing and lattice
distortion. The results indicate that there are strong hydrogen-
bonding interactions between the ArFA and inorganic [PbI]*"
layers, and ArFA spacers have been inserted into the 3D
perovskite film and form 2D/3D hybrid perovskite, which was
further confirmed by the TEM results discussed below. The
dramatically increased diffraction peak intensity of 2D/3D
perovskites suggest that the crystallinity of perovskites was
significantly improved after the incorporation of different ArFA
spacers. Note that the PhFACI-based film shows stronger
(110) diffraction peak intensity and narrower full width at half
maxima (fwhm) (Figure SS) compared to other ArFA-based
films, consistent with its best crystallinity for this series of 2D/
3D perovskite as shown in the SEM images above.

Figure 3c,d and Figure S6 show the XPS patterns of control
3D and 2D/3D perovskite films. Compared to the control film,
the Pb 4f and I 3d peaks in the XPS spectra of 2D/3D films
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the 2D/3D perovskite films based on PhFACI, p-HOPhFACI and
p-FPhFACL (b) Enlarged plot of the (110) diffraction peaks of
XRD patterns of corresponding perovskite films. (c) XPS spectra
of Pb 4f for control 3D perovskite and 2D/3D perovskite films. (d)
XPS spectra of I 3d for control 3D perovskite and 2D/3D
perovskite films.

exhibit obvious shifts, suggesting the changed chemical
bonding of the Pb and I atoms after incorporation of
ArFAX. The ArFA is an organic cation that could not interact
with the uncoordinated Pb*" cations and passivate the Pb
defect. The shift in I 3d after incorporating ArFA could be
ascribed to the NH--I hydrogen interaction. Note that each
ArFA could form four NH:-I hydrogen bonds, which could
have direct effects on the Pb—I bond length, resulting shifted
binding energy in Pb 4f. These results are in good agreement
with the XRD results, further validating that the ArFA have
been embedded in the perovskite crystal lattice and form the
2D/3D perovskites.

The control 3D and ArFA spacer-based 2D/3D PSCs with
planar n-i-p architecture were investigated under standard
simulated AM 1.5G 100 mW cm™ illumination (Figure S7),
and the detailed parameters are summarized in Table 1. The
statistical photovoltaic parameters for the control device and
2D/3D perovskite devices based on PhFACI, p-HOPhFAC],
and p-FPhFACI are shown in Figure 4a,b. The control device
achieved an average PCE of 18.35%, while the average PCE
was improved to 21.42%, 20.90%, and 20.65% for PhFACI-, p-
HOPhFACI-, and p-FPhFACl-based 2D/3D perovskite
devices, respectively. V¢ tends to increase from an average
Voc of 1.06 V for the control device to 1.15 V for PhFACI-, p-
HOPhFACI-, and p-FPhFACIl-based devices. The FF is
obviously improved after incorporating ArFA spacers in 3D
perovskites with average FF increased from 78.6% to 80.8%.

Figure 4. (a) Statistical data for PCE and V¢ obtained from 24
devices for control and 2D/3D PSCs. (b) Statistical data for Jgc
and FF obtained from 24 devices for control and 2D /3D PSCs. (c)
J-V curves of the devices based on control 3D and 2D/3D
perovskites. (d) EQE spectra with integrated Jgc of the
corresponding devices. (e) Long-term stability of devices storage
in air (RH = 30—40%). (f) Thermal stability testing of PSCs under
80 °C in N2 glovebox.

The significantly enhanced Vi and FF could be attributed to
their enhanced crystallinity, reduced trap density, and enlarged
carrier lifetime as discussed below. The PhFACl-based 2D /3D
perovskite devices exhibit very narrow distribution of PCEs,
suggesting their better reproducibility in comparison with
control devices. As shown in Figure 4c, the control device
exhibits a PCE of 19.02%, a short-circuit current density (Jsc)
of 22.28 mA cm™2, a Vo of 1.06 V, and an FF of 80.25%. A
champion efliciency of 22.39% was achieved for the PhFACI-
based device, combined with a Jc of 23.60 mA cm™?, a large
Voc of 1.16 V, and a notable FF of 81.77%. Moreover, the
PSCs based on p-HOPhFACI or p-FPhFACI also exhibit
improved PCE of over 22%, impressive Vo of 1.16 V, and
notable FF closed to 82%, as illustrated in Figure S7 and Table
1. Based on the morphology, XPS, and other results discussed
above, we argue that the main driving force for the improved
crystallinity and PCEs might be the existence of the multiple
hydrogen-bonding interactions between the ArFA spacers and
inorganic [PbIg]*" layer. Note that the ArFA-based devices
show hysteresis, which is similar to the ?reviously reported
2D/3D perovskite devices (Figure S8).*"** The integrated Jyc
extracted from external quantum efficiency (EQE) (Figure 4d)
spectra are 22.64 and 23.37 mA cm> for the control and
PhFAClI-based devices, respectively, consistent with the values

Table 1. Optimized Photovoltaic Device Parameters Based on Control 3D Perovskite and 2D/3D Perovskites Using Different

Aromatic Amidinium Spacers

material Voc (V) Jsc (mA cm™2) Jsc© (mA cm™2)
control 1.06 22.28 22.64
PhFACI 1.16 23.60 23.37
p-HOFACI 1.16 23.21 22.44
p-FPhFACI 1.16 23.24 22.90

FF (%) PCEjeqt/PCE yersge (%) Vi (V) N (em™)
80.25 19.02/18.36 0.42 1.85 x 10'S
81.77 22.39/21.41 0.22 9.70 x 10*
81.89 22.05/20.90 0.21 9.26 X 10™
81.73 22.03/20.63 0.26 1.15 x 10"

“Integrated JSC from EQE data. “Trap density calculated from hole-only device.
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measured from J—V curves. The steady-state efficiencies of the
devices by holding the voltage of at max power point (MPP)
are shown in Figure S7¢, in good agreement with the J—V
results.

The aging test was studied to evaluate the effect of ArFA
spacers on the stability of the PSCs (Figure 4e,f, Figure S9—
S11). Note that we employ gold (Au) to replace silver (Ag) as
the top electrode for the device stability test. As shown in
Figure 4e, the control devices decayed to lower than 56% of its
original PCEs after 1360 h, while the PhFAClincorporated
2D/3D hybrid PSCs still retained ~95% of its initial PCEs
under ambient atmosphere with relative humidity (RH) of
30—40%, suggesting bulky PhFA spacers could also more
efficiently block the moisture invasion and improve the
humidity stability of the devices. The thermal aging tests of
unencapsulated devices at 80 °C are shown in Figure 4f. The
PhFACI-based 2D/3D hybrid PSCs could maintain 87% of its
initial efficiency after 1480 h (over 61 days). On the contrary,
the PCEs of the control device showed obvious degradation
with a loss of 34% of the initial value. Furthermore, the ArFA
spacers incorporated 2D/3D hybrid PSCs could sustain over
99% of initial efficiency after storage in N, glovebox for 2500 h
(over 104 days), while the control devices dropped to ~77% of
its original PCEs (Figure S11). The significantly improved
stability and maintained high efficiency indicate the great
potential of these ArFA spacers developed in this work for
efficient and stable 2D/3D PSCs.

The light intensity dependence of V5 was investigated to
understand the charge recombination kinetics within the
devices.”” Figure 5a shows the seminatural logarithmic plot of

a 120 . b 4o Control
145Kl ~ A PhFACI
115 1.54KThy T 0813 p-HOPhFACI
£ # p-FPhFACI
=110
s 506
31.05 Z

= 1.58 KTl Q0.4

1.00 A Control =

o PhFACI El
0.951 1.68KT/q = p-HOPhFACI 02
* p-FPhFACI
0.90 0.04
20 148 0 100 200 300
Light Intensity (mW cm) Time (us)
¢ Control PhFACI p~HOPhFA((‘,Iﬁ « prenrac
10 / 4

2 / ;
€ { 7
g o ‘

0.01 . = 7~
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0.001 Vi =042V Vi =022V Vie =021V Vi =026V [—
0.01 0.1 1 0.61 0.1 1 0,;11 0.1 1 D,;J‘l 01 1 5 10 15 20
Voltage (V) N, (x10™,cm™)

Figure S. (a) Vo as a function of light intensity for control device
and 2D/3D perovskite devices based on PhFACI, p-HOPhFACI,
and p-FPhFACI. (b) Transient photovoltage decay curves of the
corresponding devices. (c) I-V curves of the hole-only SCLC
devices based on control and 2D/3D perovskites. (d) Extracted
defects density (N,) for the corresponding perovskite films.

Voc as a function of light intensity for the control and 2D/3D
perovskite devices. The slopes derived from the lines fitted
linearly to the data are 1.54, 1.45, and 1.58 kT/q for devices
based on PhFACI, p-HOPhFAC], and p-FPhFAC], respectively,
which are lower than that of the control device (1.68 kT/q),
indicating the suppressed trap-assisted Shockley—Read—Hall
(SRH) recombination due to the improved crystallinity and
hindered ions migration in 2D/3D perovskites.19_21 To gain
more profound comprehension of the carrier dynamics, we
carried out transient photovoltage (TPV) and transient
photocurrent (TPC) measurements of the control and 2D/
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3D PSCs. As shown in Figure 5b, the photovoltage decay time
of 2D/3D devices based on PhFACI, p-HOPhFAC], and p-
FPhFACI are 198.5, 158.0, and 158.5 pus, respectively, which
are much larger than that of the control device (49.1 us). The
prolonged decay time suggested the enlarged charge carrier
lifetimes and reduced carrier recombination rate in ArFA-based
2D/3D PSCs, which could be ascribed to the lower defect
density in the film as discussed above. The TPC curves (Figure
S12) show that PhFACI, p-HOPhFACI-, and p-FPhFACI-
based devices exhibit decay times of 1.9, 2.0, and 2.3 us,
respectively, which are shorter than that of the control device
(3.2 ps), suggesting the enhanced charge extraction efficiency
and reduced interfacial charge accumulation and recombina-
tion.”” The increased charge carrier lifetime and improved
charge extraction efficiency for 2D/3D perovskite devices
could result in improved Vi and FF, consistent with the
photovoltaic performance discussed above.

The trap-state density of the perovskite films was calculated
by performing the space-charge-limited current (SCLC)
measurements, and detailed data are summarized in Table
1.** Figure 5c displays the -V characteristics in the dark of
the control and 2D/3D perovskite films. At low bias voltage,
the linear region could be assigned to the ohmic response (I «
V = 1), and the intermediate region is the trap-filling process (I
o V > 3)." The trap-filled limit voltage (Vi) is the kink
point of the two different regions (Figure Sc). The trap density
(N,) and the Vyg follow the equation*®*” N, = (2e6Vyg )/
(eL?*), where ¢ is the relative dielectric constant of perovskite
(~32)," &, is the vacuum dielectric permittivity, e is the
elementary charge, and L is the thickness of perovskite film.
The N, were estimated to be 9.70 X 10'%,9.26 x 10", and 1.15
X 10" cm™ for the 2D/3D films based on PhFACI, p-
HOPOFACI, and p-FPhFACI, respectively. The reduced trap
density for 2D/3D films in comparison with control film (1.85
x 10" cm™) could be attributed to their superior film quality
with increased crystallinity and hindered ion migration after
the incorporation of bulky ArFA spacers.

To reveal the inner structure property and verify the
existence of both 2D RP and 3D phases in ArFA-based
perovskite films, we conducted high-resolution transmission
electron microscope (HRTEM) measurements. As shown in
Figure 6a—c, the HRTEM images clearly show polycrystalline
grains with large crystalline interplanar spacing, which are
corresponding to fingerprint of 2D lattice fringes and are
analyzed with fast Fourier transform (FFT) analysis. The spot
diffraction of control 3D perovskite film (Figure S13) exhibits
interplanar distance of 3.2 A, which agrees well with the
representative (220) diffraction of the control 3D perovskite.**
The TEM and FFT analysis images show that different
interplanar distance coexist in the PhFACl-based 2D/3D
hybrid perovskite film including the distance of 3.2 and 6.7 A,
which correspond to the 3D perovskite phase (Fi8gure $13) and
layered 2D RP perovskite phase, respectively.”” The formed
2D phase was further confirmed by the XRD pattern of pure
2D perovskite (PhFA),Pbl, (Figure S14 and Table S3), which
exhibits a (006) diffraction peak, corresponding to a d-spacing
6.7 A, in good agreement of TEM results. As shown in Figure
6b,c, the p-HOPhFACI- and p-FPhFACl-based 2D /3D perov-
skite films also exhibit the interplanar distance of 3.2 A,
indicating the presence of 3D perovskite phases, and the
interplanar distance of 7.1 and 7.6 A correlating with the
layered 2D RP perovskite phases.””*” These results clearly
show that the 2D RP perovskite phases and 3D phases coexist
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Figure 6. (a—c) HRTEM of the 2D/3D hybrid perovskite films based on PhFACI (a), p-HOPhFACI (b), and p-FPhFACI (c). Insets of a—c
show FFT analysis images of the area within boxes. (d—g) GIWAXS patterns of the control (d), PhFACI (e),p-HOPhFACI (f), and p-
FPhFACI (g) based perovskite films.

and distributed randomly in the ArFA-based 2D/3D hybrid film was also measured for comparison. The PL intensity map

perovskite films matched well with the improved stability due and in situ spatially resolved PL lifetime map are shown in the
to the incorporation of ArFA-based spacers in the crystal lattice same image using gray and color scales, respectively. As shown
discussed abovee. Note that the TEM gives the same interplanar in Figure 7a,b, the obvious spatial heterogeneity in PL intensity
distance (3.2 A) among 3D and 2D/3D samples, whereas the can be observed for both films due to the spatial variation in

XRD of 2D/3D samples showed the shifted (110) diffraction
peaks and slightly enlarged d-spacing in comparison with 3D
control film. This is because, compared to control 3D
perovskite, the shifting of d-spacing of (110) plane for 2D/
3D perovskite films is only about 0.04 A (Table S4), which is b
too small to be distinguished in TEM images. a Control *
To further investigate the crystallographic quality and
orientation of the perovskite crystal in the films, the grazing-
incidence wide-angle X-ray scattering (GIWAXS) measure-
ment was performed for the control and 2D/3D perovskite
films (Figure 6d—g). The control film exhibits broad Debye—
Scherrer diffraction rings, which are the key features of the 3D
perovskite structure, suggesting the isotropic crystal orientation
distribution of the perovskite crystals.”’ In contrast, for the
ArFA-based 2D/3D perovskite, the diffraction rings partially C ol ==p—
disappeared and turned into sharp and distinct Bragg spots, —_ :PEEK&
which suggests partial reorientation of the crystal with 2
preferred vertical orientation with respect to the substrate e
due to the incorporation of ArFA spacers, and thus, the 5
o

®)

the distribution of trap states. Compared to the control film
with a dark blue color in the TCFM image, the target film
displays bright green color and obvious crystal grains, which is
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preferentially orientated 2D/3D hybrid perovskites were
formed.”” Note that Figure 6e shows a Bragg dot in the
small g-value region, which exhibits larger d-spacing than that

of 3D perovskite and could be assigned to (0kO) crystallo- 0 200 400 600 800
graphic2 217anes of 2D perovskite in sample containing PhFA Time (ns)
spacer.””’

To elucidate the spatially resolved carrier lifetime and PL Figure 7. Time-resolved confocal fluorescence microscopy images
intensity distribution in PhFACl-based 2D/3D perovskite of the control (a) and PhFACl-based 2D/3D perovskite films (b).
films, we performed time-resolved confocal fluorescence (c) PL occurs distribution of different carrier lifetime for the

microscopy (TCFM). The TCFM of the control 3D perovskite corresponding films.
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ascribed to the different trap density in bulk crystal and grain
boundary, suggesting its overall enhanced PL intensity and
spatially resolved longer carrier lifetime. The corresponding PL
of the corresponding TCFM images in Figure 7c shows carrier
lifetime distribution in the perovskite films, where the control
film exhibits narrow full width at half-maximum (fwhm) of 118
ns and a peak at 122 ns. In contrast, the 2D/3D pervoskite film
exhibits a wider fwhm of 229 ns and a peak at 221 ns,
suggesting its longer average carrier lifetime in the whole
perovskite film. The spatial distribution of PL counts further
indicates a higher charge carrier concentration and longer
average carrier lifetime, in agreement with PL and TPRL
spectra results discussed above, suggesting the reduced trap
density and suppressed charge carrier nonradiative recombi-
nation loss.

Given the obviously improved V¢ and FF of the PhFACI-
based 2D /3D perovskite device, we believe the efliciency could
be further improved by increasing the Jsc of the devices. Thus,
we further optimized the control device, namely control-new
device, by increasing the film thickness (from ~437 to ~642
nm, Figures S3 and S15) with optimized morphology to
harvest more solar light. As shown in Figure 8a, the control-
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Figure 8. (a) J—V curves of the devices based on control-new 3D
and PhFACl-new 2D/3D perovskites. (b) EQE spectra with
integrated Jyc of corresponding devices. (c) The distribution of the
photovoltaic characteristics of control-new devices and PhFACI-
new based 2D/3D hybrid perovskite devices (30 individual devices
were collected).

new device shows an enlarged PCE of 21.18%, combined with
an obviously increased Jgc of 24.48 mA cm™2, a Ve of 1.10'V,
and an FF of 78.54%. Using a similar film fabrication
procedure of control-new perovskite, the PhFACI-based 2D/
3D device shows a high Jsc of 24.67 mA cm™?, an increased
Voc of 1.16 V, and a notable FF of 81.54%, yielding a
champion PCE as high as 23.36%. The increased Jsc of
control-new or PhFACI-based 2D/3D devices are consistent
with the optimized film thickness of perovskite film as shown
in Figure S15 for the corresponding cross-section SEM images.
Note that the devices show hysteresis under different scanning
conditions (Figure S16, Table SS), similar to previous
reports.”’ —>* Importantly, as shown in Figure 8c, the
PhFACI-based 2D/3D PSCs show excellent reproducibility
with an average PCE of 22.56%, much higher than that of
control-new devices (PCEaverage = 20.46%). The detailed
statistical photovoltaic performance parameters as a function
of PhFACI concentration of the devices are shown in Figure
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S17. These results further suggest the great potential of ArFA
spacers for highly efficient perovskite solar cells.

CONCLUSIONS

In summary, we have developed a class of aromatic amidinium
halides, such as PhFACI, p-HOPhFAC]I, and p-FPhFAC], for
2D/3D hybrid perovskites, and highly efficient and stable solar
cells have been successfully demonstrated through the spacer
engineering strategy. It is found that the incorporation of bulky
ArFA spacers in perovskites could induce better crystal growth
and orientation and reduce trap density, leading to increased
carrier lifetime and suppressed charge carrier nonradiative
recombination loss, possibly due to the strong hydrogen
bonding interactions between ArFA and inorganic [Pbl]*"
layers. Compared to the control device (Vo = 1.06 V, PCE =
19.02%), the 2D/3D PSCs based on ArFACI (PhFAC p-
HOPKhFACI, and p-FPhFACI) all showed a significantly
enhanced Ve of 1.16 V and high PCEs over 22%, with
champion efficiency of 22.39% for PhFACIl-based devices.
Importantly, the 2D/3D PSCs also exhibit dramatically
enhanced device stability. For example, the unencapsulated
ArFA-based devices sustained 87% of their initial PCEs after
thermal aging test under 80 °C for 1480 h, while only ~66% of
the initial efficiency remained for the control device.
Importantly, a champion efficiency of 23.36% was further
achieved by optimizing the photovoltaic layer with enlarged
film thickness and improved film quality. Our results indicate
that ArFA spacers might be a class of excellent spacer
candidates for highly efficient 2D/3D PSCs.

EXPERIMENTAL SECTION

Perovskite Precursor Preparation. PbI2 was dissolved in
DMF/DMSO (95:5) at a concentration of 1.2 M. For the control
organic salt solution, FAI, MAI, and MACI were mixed and dissolved
in 2-propanol with a concentration of 51, 9, and 12 mg mL™’,
respectively. For the ArFACI (such as PhFACI, p-HOPhFAC], and p-
FPhFACI) incorporated organic salt precursor solution, ArFACI was
dissolved in the control organic salt solution with a concentration of 2
mg mL™". The Spiro-OMeTAD solution was prepared with a
concentration of 80 mg mL™" in chlorobenzene, in which 30 uL of
4-tert-butylpyridine and 35 uL of lithium bis(trifluoromethylsulfonyl)-
imide (260 mg mL™" in acetonitrile) were added as additives. For
thick perovksite film based control-new film, Pbl, was dissolved in
DME/DMSO (94:6) at a concentration of 1.5 M. For the control-new
organic salt solution, FAI, MAIL, and MACI were mixed and dissolved
in 2-propanol with a concentration of 76.5, 13.5, and 18 mg mL™",
respectively. For the PhFACl-incorporated organic salt new precursor
solution (PhFACl-new), PhFACI was dissolved in the control organic
salt solution with a concentration of 3.5 mg mL™".

Device Fabrication. The ITO substrate was sequentially washed
with distilled water, acetone, and 2-propanol. A thin layer of SnO, was
spin-coated onto ITO substrate at 3000 rpm for 30 s in ambient air.
After being annealed at 150 °C for 30 min, the substrates were
transferred into an N,-filled glovebox. Then the PbI, solution was
deposited by spin coating at 1500 rpm for 30 s and dried at 70 °C for
1 min. After being cooled to room temperature, the control (FA1/
MAI/MACI) or ArFACl-incorporated (FAI/MAI/MACI/ArFACI)
organic salt solution was spin-coated on the top of the Pbl, layer at
1700 rpm for 40 s, followed by thermal annealing at 150 °C for 15
min in air. For control-new and PhFACI-new perovskite films, the
Pbl, solution (1.5 M) was deposited by spin coating at 1800 rpm for
30 s and then dried at 70 °C for 1 min. After being cooled to room
temperature, the control-new (FAI/MAI/MACI) or ArFACl-new
(FAI/MAI/MACI/PhFACI) organic salt solution was spin-coated on
top of the Pbl, layer at 2300 rpm for 40 s, followed by thermal
annealing at 160 °C for 15 min in air. The Spiro-OMeTAD solution
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was then spin coated onto the perovskite layer at 6000 rpm for 30 s.
The as-deposited samples were aged under dry air conditions for ~12
h. Finally, a 15 nm MoO; layer and 80 nm Ag layer were deposited by
thermal evaporation under a pressure of ~1.0 X 10—4 Pa. The
effective area of each cell was 0.1 cm?” as defined by mask.
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