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Molecular Engineering of Organic Spacer Cations for
Efficient and Stable Formamidinium Perovskite Solar Cell

Sungwon Song, Seok Joo Yang, Wookjin Choi, Hansol Lee, Woong Sung, Chaneui Park,

and Kilwon Cho*

Low dimensional (LD) perovskite materials generally exhibit superior chem-
ical stability against ambient moisture and thermal stress than that of 3D
perovskites. Recently, LD perovskite has been used as a passivation layer

on the surface of 3D perovskite grains. Although various LD perovskites

have been developed focusing on their hydrophobicity, the impact of crystal
structure of LD perovskite on the photovoltaic performance of perovskite
solar cell (PSC) is still uncertain. In this work, the effects of the structural
characteristics of LD perovskites on the crystal formation of formamidinium
lead triiodide (a~FAPbI;) and on the optoelectrical properties of PSCs are
elucidated. The phase-transformation kinetics of FAPbI; mixed with LD
perovskites is studied using the Johnson—Mehl-Avrami—Kolmogorov model.
It is found that the arrangement of Pblg octahedra in the LD perovskite
changes the rate of a-FAPbI; formation. Facilitated nucleation of a-FAPbI; at
the LD/FAPbDI; interface results in minimal structural disorder and prolonged
charge-carrier lifetimes. As a result, the PSC with the optimized LD perovskite
structure exhibits a power conversion efficiency of 21.25% from a reverse cur-
rent—voltage scan, and stabilized efficiency of 19.95% with excellent ambient

boundaries.’!’ Use of low dimensional
(LD) perovskite as passivator improves
chemical stability compared to that of
o-FAPDI; alone. When a small amount
(<5 mol%) of LD perovskite is added into
3D o-FAPDI; perovskite, a binary mixture
of 3D and LD perovskite forms as a result
of thermodynamic stability.! LD perov-
skite is composed of one- or two-dimen-
sionally connected Pbl; octahedra sepa-
rated by large organic spacer ions.®% The
organic spacer is hydrophobic; thus, com-
pared to 3D perovskite, LD perovskite has
superior resistance to hydration induced
degradation.'01]

Several effective LD perovskites have
been attempted and optimized in perovskite
solar cells (PSCs), including phenylethylam-
monium, octylammonium, and halogenated
alkylammonium lead iodide. (2131 However,
in most of the related previous studies

stability without being encapsulated.

1. Introduction

Metal halide perovskites have a large light-absorption coef-
ficient and long carrier-diffusion length.!!. Excellent optoelec-
tronic properties make them attractive for use in photovoltaic
devices.’ Among various perovskite materials, formami-
dinium lead triiodide (o~FAPDbI;)-based perovskites, which
exhibit a narrow bandgap and excellent charge-transport proper-
ties, have achieved a certified power conversion efficiency (PCE)
of 25.2% in 2019.5] However, o-FAPbI; is chemically unstable;
heat, light, and humidity rapidly degrade its photovoltaic perfor-
mance, and this shortcoming impedes its commercialization.
The instability of o-FAPbI; is caused by its tendency to
degrade and easily form the nonperovskite phase &FAPbI;
at low temperatures, which commences dominantly at grain
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involving the development of organic

spacers, researchers have focused on hydro-

phobicity and 77 interactions.’>¢] The
influence of the structure of LD perovskite on the crystallinity and
optoelectrical property of formamidinium perovskite has rarely
been discussed.”"8] In the present study, we report that structural
arrangement of PbI octahedra in LD perovskite is one of the most
critical factors for fabricating high performance LD/3D PSCs.

The crystallinity of formamidinium perovskite depends on
&to-a phase transformation process because d-phase is structur-
ally favored at ambient temperature.'>-21l In the present work,
from a kinetic study using Johnson-Mehl-Avrami-Kolmogorov
(JMAK) model, we discover a hidden influence of the LD perov-
skite structure on the formation of formamidinium perovskite.
First, face-sharing Pbl; octahedra in LD perovskite hinders
the formation of o+FAPDI;, resulting in structural disorder
and a high defect concentration. Second, LD perovskite with a
coherent interface can nucleate epitaxial o+-FAPDbI; formation
on LD/FAPbI; interface. We found that, among LD perovskites,
phenylmethylammonium lead iodide (PMA,Pbl,) facilitated
the crystallization of o+FAPDI;, improving the crystal quality
by reducing microstrain in the film. The LD/3D PSC based on
1.6 mol% PMA,PbI, and 98.4 mol% Cs (,FA¢sPbl; had excellent
carrier transport and low trap assisted recombination, resulting in
the film exhibiting a PCE of 21.25% in a reverse scan. In addition,
the PSC retained 80% of its initial PCE after exposure to an envi-
ronment with 60% relative humidity (RH) for 20 days.

© 2020 Wiley-VCH GmbH
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2. Results and Discussion
2.1. Phase Transformation Behavior of FAPbI;/LD Bilayer Film

FAPbDI; is more stable in the nonperovskite &phase at low tem-
peratures, which makes the fabrication of a uniform and crys-
talline o~FAPDI; film difficult. Sublimation of compounds and
residual strains that evolve under phase transformation have
been associated with high defect concentrations and the non-
radiative recombination of charge carriers.?*2223 Therefore,
control of &to-or phase transformation is critical for fabricating
efficient PSCs.

In traditional inorganic materials and crystalline solids, epi-
taxial transformation has been widely used to control the crys-
tallization process of phase-pure materials. ?* For instance,
0-Al,053 can be grown on o-Fe,0O; seed crystals or CoCr alloys

www.advenergymat.de

via solid-phase epitaxy.?’l To understand the effect of the struc-
ture of LD perovskite on phase transformation of FAPDI;, dif-
ferent types of organic spacers were used and we conducted
time-dependent X-ray diffraction (XRD) measurements
(Figures S1 and S2, Supporting Information). LD perovskites were
formed on &FAPbI; film by in situ synthesis™ and subse-
quently annealed at T = 150 °C (Figure 1a). The organic spacer
salts used in this experiment are bromoethylammonium (BEA)
bromide, phenylmethylammonium (PMA) iodide, butylam-
monium (BA) iodide, phenylethylammonium (PEA) iodide,
and phenylpropylammonium (PPA) iodide (Figure 1c). An LD
perovskite can be classified as Class I, which is a Ruddlesden—
Popper (R-P) type with corner-sharing Pbl octahedra, or Class
II, which is a 1D or 1D-2D hybrid type with an incoherent
interface with a 3D perovskite.l?®l All of these organic spacer
salts except PPA form an R-P-type LD perovskite.”’] Previous
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Figure 1. Kinetics of &to-a phase transformation of LD/&FAPbI; bilayer films. a) Schematics of the LD/3D hybrid perovskite film processing (detailed
description in Figure S1in the Supporting Information). b) Projected view of perovskite crystals at LD/3D perovskite interface and distortion of in-plane
connection between Pblg octahedra. c) Molecule structure of organic spacer cations and Pb—I-Pb connection angle of the corresponding LD perovskite
crystals. d) Change of volume fraction profile of v and & phases of FAPblI; film capped with PEA,Pbl, for various thermal annealing times. e) Double
logarithmic Avrami plot of LD/3D bilayer film. f) Rate constants obtained from JMAK equation.
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Figure 2. Schematic illustration of the epitaxial &to-c phase transformation of FAPbl; on the PMA,Pbl,/3-FAPbI3 interface (formamidinium cations

are omitted).

studies have revealed that PPA disrupts the corner-sharing of
Pbly octahedra, thereby resulting in a complex structure con-
taining face-sharing Pbsly, trimers.[728]

R-P-type LD perovskites can form coherent interface with
a 3D perovskite; however, the mechanical strain evolves at the
interface due to the structural difference and the strain depends
on the specific combination of the two materials.®l Compared
with the cubic structure of o~FAPbI;, LD perovskites exhibit
in-plane and out-of-plane tilting of their Pbl octahedra, where
the out-of-plane distortion angle is usually less than 5°. Mean-
while, most LD perovskites have an in-plane Pb-I-Pb angle
(6:n) smaller than 155°, which differs from that of o~FAPbI; by
more than 25° (Figure 1b,c).#827-2°] This difference in struc-
ture tends to destabilize the FAPDI;/LD interface.

The kinetics of the phase transformation is described by the
JMAK model (Figure 1d-f). Volume fraction of ¢ and d phases
of FAPDI; can be obtained from the integrated peak intensity
of (001),, and (100)s in X-ray diffraction pattern and structural
parametersi®? (the detailed information is provided in Note S1
in the Supporting Information). The results of LD/3D perov-
skites with different organic spacers show a correlation between
6., and rate constant (k) of the transformation (Figure 1f). LD
perovskites based on BEA and PMA have large 6, of 172.9° and
159.9°, respectively.?”) The rate constants increased from 0.12 for
pure &FAPDI; to 0.33 and 0.24 s7! for the LD/3D hybrid film
made of BEA/FAPbI; and PMA/FAPDI;, respectively. These
results imply that the interface of the BEA/FAPbI; and PMA/
FAPDI; facilitates o~FAPDbI; formation. Meanwhile, LD perov-
skites formed with PEA and BA have lower 6, angles of 153.1°
and 155.5°, which differ much more from that of o~FAPbI;.['827]
The rate constants associated with @FAPDbI; formation
decreased to 0.086 and 0.082 s7! in the case of the PEA/FAPDI;
and BA/FAPDI;. This result is caused by the lattice mismatch
between the LD perovskite and o+FAPDI;. Mechanical strain on
the interface structure makes nucleation of a-FAPbI; formation
less favorable. Importantly, LD perovskites with face-sharing
Pblg octahedra strongly suppress the formation of o-FAPDI;.
The rate constant for FAPbI;/PPA is 0.0036 s, which is lower
than that for the &FAPbI;-only film. &FAPDI; has a 1D struc-
ture composed of face-sharing Pbl octahedra. It can be inferred
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that LD perovskites apparently stabilize &FAPDbI; and further
increase the E, required for the formation of o+FAPDI;.

To understand the mechanism of phase transformation pro-
cess, crystal-structural evolution of PMA/FAPDI; during thermal
annealing was investigated by grazing-incidence wide-angle X-ray
scattering (GIWAXS). X-ray incident angle was fixed at either
0.12° or 0.5° to probe the near surface and bulk of the perovskite
film, respectively (Figures S3 and S4, Supporting Information).
To quantify the volume fraction of o+FAPDI;, we compared the
diffraction peak area of (001), and (100)s in the azimuthally inte-
grated intensity plot (Figure S5, Supporting Information). The
surface of PMA/FAPDI; film without thermal annealing exhibits
58% of o-FAPDI;, which suggests that spin-coating of PMA:-I
on the &FAPDI; does not only form PMA,Pbl, capping layer,
but also induces the nucleation of o+FAPbI; formation. On the
other hand, there is a larger amount of 6 FAPbI; in the bulk than
near the surface. The difference between surface and bulk com-
position reflects the nucleation of phase transformation occurs
dominantly at the interface of PMA,Pbl,/FAPDI; and then, phase
transformation propagates toward the bulk.

The aforementioned results suggest a scheme of epitaxial
phase transformation (Figure 2). Phase transformation of
FAPDI; is known to occur via translation of atoms.?! If the
Pbl framework of PMA,PbI, contacts &-FAPDI;, it can function
as a template for the growth of o~-FAPDI;. The rearrangement
of atoms begins at the interface, disconnecting face-sharing
Pblg octahedra; the rearrangement then propagates toward
bulk regions until the structure is completely transformed into
o-FAPDI; (Figure S6, Supporting Information).

2.2. Structural Evolution of Hybrid Perovskite

LD/3D hybrid perovskite films were prepared with a combi-
nation of 98.4 mol% of Csy,FA(¢sPbl; (3D) and 1.6 mol% of
LD perovskite; this concentration of LD perovskite was chosen
because it yields a LD/3D PSC with the highest PCE and greatest
reproducibility (Figures S7 and S8, Supporting Information).
PSCs with excess LD perovskite exhibited increased hysteresis
and lower V. (Table S1, Supporting Information). LD perovskites

© 2020 Wiley-VCH GmbH
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Figure 3. TEM image of LD/c~FAPbl; including grain boundaries (GB): a) PC1; b) PC3. STEM images (right) were obtained from the highlighted area.
c) XRD patterns of preannealed (red) and annealed (black) perovskite films. d) Microstrain obtained from modified Williamson—Hall plot.

were made from PMA, PEA, PPA, and phenylbutylammonium
(PBA) iodide. The structural arrangement of LD perovskites is
governed by the molecular structure of their organic spacer cat-
ions. PMA and PEA form an R-P structure (structural formula
A,Pbl,), whereas PPA and PBA form a 1D-2D hybrid structure
(structural formula A;Pb,l;), which includes face- and corner-
sharing Pbl, octahedra.”’! We hereafter refer to the reference 3D
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perovskite film simply as “3D” and to the LD/3D hybrid films
by the length of the carbon-atom chain connected to the phenyl
group used for the organic spacer, i.e., “PC1,” “PC2,” “PC3,” and
“PC4,” corresponding to PMA, PEA, PPA, and PBA, respectively.

The structures of the PC1 and PC3 hybrid perovskite films
were investigated by transmission electron microscopy (TEM)
(Figure 3a,b). The grain-boundary region was magnified,

© 2020 Wiley-VCH GmbH
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revealing two regions that clearly differ. The interplanar dis- increased, the microstrain increased  monotonically:

tance of crystals in these two regions was calculated by fast
Fourier transform (FFT) (Figure S9, Supporting Information).
The FFTs of the grain-boundary regions show interplanar dis-
tances of 71 and 8.3 A, which well match the (002) reflection
in the XRD patterns of PMA,Pbl, and PPA;Pb,I;, respectively
(Figure S10, Supporting Information). Meanwhile, the interior
region shows an interplanar spacing of 3.3 A, which corre-
sponds to the (002) reflection of ~Cs,FAq9sPbl;. We con-
firmed that the LD/3D perovskite film was composed of a 3D
perovskite with its grain boundary filled with an LD perovskite.

Analysis of the optical absorbance spectra indicated that the
3D and LD/3D perovskites exhibit an almost identical bandgap
of 1.53 eV (Figure S11, Supporting Information). Meanwhile,
the absorption spectra of preannealed samples show different
results. The spectra of 3D, PC1, and PC2 show an absorption
onset near 820 nm, which is characteristic of the o-phase,
whereas the spectra of PC3 and PC4 show a blue-shifted
absorption onset (Figure S12, Supporting Information). The
spectra of PC3 and PC4 also show suppressed phase transfor-
mation at T = 150 °C. The preannealed film remained yellow
for an extended period (Figure S13, Supporting Information);
this color is characteristic of the &phase.

Similar results are shown in the XRD patterns of prean-
nealed perovskite films. The materials in preannealed film had
assembled into either the o-phase or the éphase (Figure 3c).
Compared with the 3D and PC2 films, the PC1 film promoted
the formation of pure o-phase. The XRD pattern of PC1 shows
only a sharp (001) peak near 14° arising from its cubic structure,
whereas the patterns of the other films show mixtures of the
o and 6 phases. By contrast, PC3 and PC4 promoted &phase
formation (their XRD patterns show a peak near 11.8°) and sup-
pressed formation of the o~phase.

Surface views of the final perovskite films show similar
morphologies, with grain sizes of 100-500 nm (Figure S14,
Supporting Information). However, the films show different
time evolutions of their morphologies. We characterized the
morphology of films subjected to different thermal annealing
times at T = 150 °C. The 3D and PC1 films formed large
o-phase grains within 2 min (Figure S15, Supporting Infor-
mation). However, the PC3 and PC4 films have small &phase
grains that slowly transformed and assembled into o-phase
grains (Figure S16, Supporting Information). Consequently, we
verified that LD perovskites surrounding the grain boundary
of a 3D perovskite have a dominant effect on nucleation of the
phase transformation.

The presence of crystal imperfections and structural
defects, including dislocations, vacancies, and microdo-
mains, causes variations in the lattice spacing. We quanti-
fied structural disorder by using a modified Williamson—
Hall method.??) In the XRD patterns of crystalline materials
with a grain size larger than 100 nm, peak broadening is
attributed to microstrain in the crystal. Microstrain can be
obtained from the slope of a plot of (Adyp? — Adin?)Y/? versus
dj obtained from the diffraction peaks of o~phase perovskite
(Figure S18, Supporting Information). Ad, is full width half
maximum (fwhm) measured for each (hkl) plane and d;, is
fwhm from the instrument, which can be obtained from LaBg
standard. As the alkyl chain length of phenylalkylammonium
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0.0156 for 3D; 0.0126 for PCI; 0.0137 for PC2; 0.0169 for
PC3; 0.0180 for PC4 (Figure 3d). Crystal deformation under
phase transformation makes an anisotropic strain tensor,
which can be relieved through formation of point defects
and twin boundaries.?”! These microstresses can be mini-
mized by lowering the temperature required for the forma-
tion of o~FAPDI;.2Y PC3 and PC4 form pure &phase in pre-
annealed state and require the perovskite material to proceed
&to-a phase transformation during film formation (Figure 3c).
Therefore, PC3 and PC4 have higher microstrain than that of
3D film. Meanwhile, PC1 already forms pure o-phase in pre-
annealed film, so there are no extra strains evolved during
thermal annealing process.

2.3. Photoluminescence (PL) Properties of LD/3D Hybrid
Perovskite

The PL properties of the perovskite films were investigated
using PL measurements. We qualitatively compared the
charge-trap density among perovskite films on the basis of
their steady-state PL intensity (Figure 4a). Deep traps (i.e.,
Shockley-Read-Hall (SRH) recombination centers) are located
near the middle of the bandgap. Charges trapped in the deep
traps in PSCs would recombine nonradiatively, reducing
charge extraction.?332] The integrated PL intensity of PCl,
PC2, PC3, and PC4 was 142.8%, 122.0%, 116.7%, and 65.6%
of the PL intensity of the 3D film, respectively. The increased
PL intensity in PC1 and PC2 was attributed to the extended PL
lifetime (Figure 4b).

Transient PL decays were fitted using a double-exponential
decay curve (Table S2, Supporting Information)

y=7Yo+A-exp(—t/T,)+ A, exp(—t/T,) (1)

The fitted time constants consist of a fast component 7
(71 < 10 ns) and a slow component 7, (7, = 100 ns). The fast-
decay component was assigned to charge-carrier trapping
induced by trap states that formed as a result of structural dis-
order such as vacancies or interstitial defects; the slow-decay
component was assigned to radiative recombination of free
carriers.’¥l With the addition of LD perovskite, PMA,Pbl,,
PEA,Pbl,, PPA;Pb,I;, or PBA;PD,I,, the fast-decay compo-
nent 7; changed from 70 to 15.7, 14.8, 13.7, and 71 ns, respec-
tively, and the slow-decay parameter 7, changed from 50.4
to 154.1, 126.3, 878, or 52.9 ns, respectively. As a result, the
average PL lifetime changed from 28.3 to 101.3 to 75.9 to 46.7
to 272 ns. Although all of the LD perovskites passivated the
grain boundary of the 3D perovskite, the crystallinity of the
3D perovskite grain is different among the LD/3D hybrids. In
the case of PCI, the crystallinity of the perovskite film could
be further improved by inducing the nucleation of o~-FAPbI;
by mixing with an LD perovskite. However, PPA;PDb,l; and
PBA;PD,I; hinder the formation of ~FAPbI; and induce lat-
tice strain during the thermal annealing process. As a result,
uncontrolled phase transformation of FAPbI; resulted in a
high density of defects, which causes nonradiative recombina-
tion losses.[142034

© 2020 Wiley-VCH GmbH
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Figure 4. Charge-carrier dynamics and photovoltaic performance. a) Steady-state and b) time-resolved PL spectra of the perovskite films. c) Transient
photovoltage and d) transient photocurrent of PSCs. e) Current density—voltage (J-V) curves of PSCs. f) Power conversion efficiency (PCE) distribution

of the perovskite devices.

2.4. Charge-Carrier Transport Properties of LD/3D Hybrid
Perovskite

We further compared the charge-carrier transport properties
on the basis of electrical measurements. To study charge-car-
rier dynamics during device operation, we measured the tran-
sient photovoltage (TPV) and transient photocurrent (TPC).
During operation of a PSC device, photogenerated charge car-
riers are collected at selective contacts or recombine through
the trap states. The decay of TPV traces the decay of excess
carriers under the open-circuit condition (Figure 4c).133
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Carriers mainly recombine by SRH recombination; there-
fore, the lifetime extracted from a single-exponential decay
AV, = AV, ¢ €xp(—t/ Trpy) can be used to determine the carrier
lifetime (zrpy). The carrier lifetime increased from 1.11 to 2.36,
1.43, or 1.37 us with the addition of PMA,PBI,, PEA,PbI,, or
PPA;Pb, I, respectively, but decreased to 1.02 us with addition
of PBA,PD, I,

The decay of TPC was measured under the short-circuit condi-
tion, where an external circuit was connected to a small resistor
with a resistance R of 50 Q (Figure 4d).'>*! Charge carriers
were swept out of the device and quickly recombined through

© 2020 Wiley-VCH GmbH
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an external circuit. Thus, the TPC curve illustrates the carrier
transit time across the bulk perovskite and the electrode inter-
face. The transit times were extracted from a single-exponential
decay Afsc = AJsoexp(—t/Trpc), Where Trpc changed from 0.711
to 0.451, 0.59, 0.821, or 0.973 us with the addition of PMA,PDI,,
PEA,Pbl,, PPA;PD,I;, or PBA;Pb,l;, respectively. zrpc becomes
shorter with PMA,Pbl, and PEA,Pbl,. However, 7pc longer
with PPA;PDb,I; and PBA;PDb,I; The elongated transit time for
PPA;Pb,l; and PBA;Pb,l; originates from decreased effective
charge-carrier mobility by increased trap density.

The densities of charge-carrier defects in perovskite films
have been confirmed wusing space-charge-limited-current
(SCLC) analysis.’>3?] Electron-only devices were fabricated
(Figure S19, Supporting Information). The electron trap density
n, was obtained from the relationship Vip, = exp(nL?/(2¢€5))),
where Vi is voltage at which trap filling begins, L (=500 nm)
is the thickness of the perovskite layer, and ¢ (=32) is the rela-
tive dielectric constant of the perovskite. The estimated trap
densities were 1.04 x 10'® cm™ for 3D, 703 x 10" cm™ for
PC1, 8.23 x 10" cm™ for PC2, 8.68 x 10" cm™ for PC3, and
1.05 x 10'® cm™ for PC4. In summary, PC1 and PC2 exhibited
superior performance in that they showed a low trap density,
prolonged free-carrier lifetime, and efficient carrier extraction,
PC4 exhibited a high trap density, which resulted in a short car-
rier lifetime, and PC3 exhibited a small enhancement in photo-
electric properties compared with those of 3D.

2.5. Highly Efficient and Stable LD/3D Perovskite
Using PMA,Pbl, Additive

The current density—voltage (J-V) characteristics were obtained
from typical photovoltaic devices based on 3D or LD/3D
perovskites. To quantify the degree of hysteresis, we define a
hYStereSiS index HI = (PCEreverse PCEforward))/PCEreverse’
where PCE .,cs is the PCE from the reverse voltage sweep and
PCEfyrwarq is the PCE from forward voltage sweep (Table 1). The
addition of a small amount of an LD perovskite induced con-
current increases in the V,, J,., and the fill factor (FF). Hence,
PC1 achieved a maximum efficiency of 21.25% (Figure 4e).
The remarkable increase in the V. and FF might be a result
of reduced nonradiative charge-carrier recombination due to
increased crystal perfection as already shown in Figure 3. Inter-
facial charge accumulation by charge carrier trapping is the

Table 1. Typical photovoltaic parameters of 3D and LD/3D PSCs.

Scanning mode Vi, [V] Jic.[mMAcm™] FF  PCE [%] Hysteresis index [%]

3D Reverse 1.01 23.5 0.68 16.08 43.97
Forward 0.91 22.7 043  9.01

PC1 Reverse 1.08 243 0.81 21.25 3.24
Forward 1.08 243 0.76  20.01

PC2 Reverse 1.04 24.0 0.78 19.34 3.3
Forward 1.04 24.1 071 17.95

PC3 Reverse 1.04 23.5 0.71  17.45 7.97
Forward 1.01 23.5 0.69 16.06

PC4 Reverse 1.06 22.8 0.65 15.58 17.46
Forward 1.04 22.7 0.54 12.86
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main contributor to hysteresis behavior B The trend of the HI is
consistent with the trend of the trap density (n,) extracted from
SCLC measurements (Figure S19, Supporting Information).
Hysteresis was weak in PC1 and PC2 but strong in PC3 and
PC4. Integration over the wavelength of the external quantum
efficiency (EQE) (Figure S22, Supporting Information) reveals
that the integrated currents in 3D, PC1, PC2, PC3, and PC4
were 21.77, 23.60, 22.68, 21.84, and 20.44 mA cm™, respectively,
which are 92.6%, 95.9%, 94.5%, 92.9%, and 89.6% of the ]
measured under a reverse J-V scan, respectively (Figure 4e).
The EQE increase in the long wavelength (600-800 nm) in PC1
and PC2 is attributed to the reduction of bulk defect induced
recombination, enabling charge carriers excited by long wave-
length photons to travel though the perovskite film for extrac-
tion.’”) The EQE increase in short wavelength (300—400 nm)
might be originated from the efficient charge extraction at the
electron transport layer (ETL)/perovskite interface. A stabilized
efficiency of 19.95% was obtained with PCI; this efficiency is
very similar to the PCE obtained in a reverse scan (Figure S23,
Supporting Information). The PCE histogram (Figure 4f) shows
that average PCE of PC1 was 19.58% and was highly reproduc-
ible, with a standard deviation of 0.90% (n = 32 independent
devices). The PCE deteriorates monotonically with increasing
alkyl chain length of phenylalkylammonium ion, and the
average PCE of PC4 (14.86 = 1.16%) was similar to that of 3D.
The environmental instability of perovskite-based devices
remains a challenging problem. We performed two stability
tests under a controlled environment without any encapsulation
(Figure 5a,b). First, the device was stressed using continuous
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Figure 5. Improved stability of the LD/3D hybrid perovskite solar cells
by the addition of LD perovskites. a) PCE decays of the corresponding
solar cells under the continuous illumination 100 mW cm=2 with RH 35%
under open-circuit condition without any encapsulation. b) PCE decays of
devices stored under the dark condition with controlled RH 60% without
any encapsulation. PCE was measured from six different devices for each
stability test.
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illumination at 1 sun (100 mW cm2) under the open-circuit
condition and at an RH of 35%. After 80 h, the normalized
efficiency decreased to =30% of the initial value in the case of
a pristine 3D PSC but remained at 70% of the initial value in
the case of LD/3D PSCs. The second stability test was done
for 25 days in darkness with RH controlled at 60% by using
unencapsulated devices. The normalized efficiency decreased
to 75% in the pristine device after 5 days, but remained >90%
in the LD/3D hybrid device. These results are consistent with
previous reports that LD perovskites with large organic spacers
are hydrophobic and resistant to degradation by moisture.[1%13]
To quantify how LD/3D hybridization affects the hydro-
phobicity of the surface of a perovskite, we measured the
corresponding water contact angles 0 (Figure S24, Supporting
Information). The 6 of the pristine 3D film was 66.7°, whereas
those of films of PC1, PC2, PC3, and PC4 were 72.1°, 72.2°, 76.9°,
and 81.9°, respectively. This increase in 6 indicates that the sur-
face of the LD/3D perovskite films is more hydrophobic than
that of the 3D film and can therefore repel moisture and slow
water infiltration into the perovskite film in a moist environ-
ment. The hydrophobicity of LD perovskite crystals incorporated
to the grain boundary in the LD/3D hybrid perovskite suppresses
the accumulation of water molecules on the Csgg,FAqogPbls;
otherwise, the grain boundary is easily hydrated.
Unencapsulated perovskite films were aged at 60% RH in the
darkness for 10 days, and their XRD patterns were subsequently
recorded (Figure S25, Supporting Information). The pristine
sample had degraded to PbI, and &phase perovskite; however,
the LD/3D hybrids maintained their phase purity. The modified
surface of the LD/3D perovskites repelled moisture, preventing
its accumulation on grain boundaries; thus, hydration, which
would have caused unwanted phase transition, did not occur.

3. Conclusions

Our study reveals that the crystallinity and electronic proper-
ties of FA perovskite can be substantially enhanced by mixing
with an LD perovskite with a similar arrangement of Pbl; octa-
hedra. We proposed that the structure of the LD perovskite
affects the kinetics of formamidinium perovskite formation
during thermal annealing. When a small amount of PMA,Pbl,
was present, we observed reduced microstrain in the perovskite
film, which implies a reduction in its structural disorder. As a
result of the high film quality, the LD/3D perovskite film exhib-
ited enhanced PL properties and excellent charge transport.
Finally, a PSC with the highest PCE = 21.06% in the reverse
current-voltage scan and stabilized PCE of 19.95%. We specu-
late that this report will guide the development of other LD/3D
hybrid perovskite materials that have a photoinactive d-phase,
such as CsPbl; and FASnl;.

4. Experimental Section

Materials: All chemicals and reagents were used as received without
any further purification. Fluorine-doped tin oxide (FTO) was purchased
from Pilkington (TEC8). Lead iodide (Pbl,) 99.99% was purchased
from TCl. Cesium iodide (Csl) 99.998% was purchased from Alfa
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Aesar. HC(NH,),l (FAI) was purchased from Dyesol. Phenyl-C61-
butyric acid methyl ester (PCBM) 99.5% was purchased from Soleene
BV. Spiro-MeOTAD was purchased from Lumtec. Tin chloride (SnCl,)
(99.99%), N-methyl-2-pyrrolidone (NMP) anhydrous (99.8%), N,N-
dimethylformamide (DMF) anhydrous (99.8%), chlorobenzene (CB)
anhydrous (99.8%), and bis(trifluoromethane)sulfonimide lithium salt
(LiTFSI) (96%) were purchased from Sigma-Aldrich.

Synthesis of Phenylalkylammonium lodide: First, 2.7 mL of hydroiodic
acid (57 wt% in water) was dropped slowly into a solution of 3.6 g
phenylalkylamine in ethanol placed in ice bath. The solution was stirred
for 5 h, and then the solvent was removed using a rotary evaporator. The
resulting solid was washed with diethyl ether several times until the color
changed to white. The crystals were filtrated and dried in vacuum at 55 °C.

Device Fabrication: PSCs were fabricated in a planar heterojunction-
type  structure, FTO/compact-SnO,/perovskite/spiro-OMeTAD/Au.
FTO glass was cleaned with detergent, deionized (DI) water, acetone,
and 2-propanol in sequence, each with ultrasonication for 20 min. The
cleaned substrates were further treated with UV-ozone to increase
the wettability. A 0.03 m SnCl; solution in ethanol was spin coated on
the substrate at 3000 rpm for 30 s, and then heat treated at 150 °C
for 30 min. The coated substrate was cooled to room temperature,
then SnCl, solution was spin coated once again, and then thermally
annealed at 150 °C for 1 min and then at 180 °C for 40 min. The FTO/
SnO, substrate was treated with UV-ozone to make a hydrophilic
surface before deposition of perovskite. Perovskite precursor material
was prepared with stoichiometric ratio of Csl, FAI, and Pbl,. For
2D/3D hybrid perovskite, 1.6 mol% of 2D perovskite and 98.4 mol%
3D perovskite precursor were mixed together. Precursor was dissolved
in mixed solvent of DMF and NMP (5:1 vol/vol). The 1.66 m perovskite
solution was spin coated at 4400 rpm for 20 s; and 10 s into this spin
cycle, 0.8 mL of diethyl ether was dripped onto the surface. Thermal
annealing was immediately performed at 100 °C for 1 min to drive off
the NMP. Then, the preannealed film was transferred to 150 °C to obtain
cubic formamidinium perovskite. The hole transport layer (HTL) solution
consisting of 85.8 mg of spiro-MeOTAD in 1 mL of chlorobenzene
was doped with 33.8 pL of 4-tert-butylpyridine and 19.3 pL of Li-TFSI
(520 mg mL™" in acetonitrile) solution. The 20 uL of the HTL solution
was loaded onto the perovskite substrate and spin coated at 2000 rpm
for 30 s. All of the preparation and deposition process was performed
in ambient condition (T < 25 °C, RH < 45%). The Au electrode
(80 nm) was deposited by thermal evaporation. Electron only devices
were fabricated as follows. The ETL consisting of 20 mg of PCBM in
1 mL chlorobenzene was spin coated on the FTO/SnO,/perovskite
substrate at 2000 rpm. Next, LiF (1 nm) and Ag (80 nm) were deposited
by thermal evaporation.

Material Characterizations: The UV-vis absorption/transmission and
PL spectra of the spin coated films were recorded using a spectrometer
(Perkin Elmer, Lambda 1050) and a spectrofluorimeter (Horiba Jobin
Yvon Nanolog), respectively. The surface wettabilities of the perovskite
films were measured by using a contact angle meter (Kriiss BSA 10) to
quantify the contact angle between the DI water and the films. X-ray
diffraction was performed with an X-ray diffractometer (D/MAX-2500,
RIGAKU) with Cu-Kor X-rays. GIWAXS measurements were performed
using the synchrotron source at the 9A beamlines at the Pohang
Accelerator Laboratory (PAL) in Korea. Field emission-scanning electron
microscope (FE-SEM) images were captured by Hitachi S-4800 FE-SEM
system. TEM and FFTs were measured using a JOEL JEM-2200FS
(with image Cs-corrector) at the National Institute for Nanomaterials
Technology (NINT) in Pohang. The time-resolved photoluminescence
spectroscopy (TRPL) traces were recorded by using time-correlated
single photon counting (TCSPC) system (Hamamatsu/C11367-31). The
conditions of the pulsed laser source for the TCSPC measurements
were a wavelength of 464 nm, a repetition rate of 100 kHz, fluence of
4 n) cm~2, and a pulse width of 70 ps. All samples were excited from the
bottom perovskite side with an excitation wavelength of 464 nm, and an
emission wavelength of 800 nm was recorded under ambient conditions.

Solar Cell Characterizations: Current density—voltage (J-V) curves were
recorded using a solar simulator (Newport, Oriel Class A) and a source
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meter (Keithley 4200) in a N-filled glove box at RT. The illumination was
set to AM 1.5G and calibrated to 100 mW cm™2 by using Reference Cell
PVM 132 calibrated at the US National Renewable Energy Laboratory. A
mask was used for the J-V measurements and its area was 0.0555 cm?,
The step voltage was 10 mV and the delay time was 50 ms.

The EQE was measured using a photomodulation spectroscopy setup
(Merlin, Oriel) with monochromatic light from a Xenon lamp. TPV and
TPC were performed with a TDC3054C digital oscilloscope connected
to high-speed reamplifiers: SR560 and DHPCA-100. The samples were
excited with a 3 ns pulsed laser at 532nm (OBB, NL4300, and OD401)
under AM 1.5G illumination at an intensity of 1 sun.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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