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ABSTRACT: The halide perovskite Ruddlesden—Popper (RP) phases are a e 3
homologous layered subclass of solution-processable semiconductors that have WER
aroused great attention, especially for developing long-term solar photovoltaics. IH ‘

They are defined as (A’),(A),_Pb,Xs,.; (A’ = spacer cation, A = cage cation, _

and X = halide anion). The orientation control of low-temperature self- w 105, ;

& 1.00p-41-4

assembled thin films is a fundamental issue associated with the ability to control 3055 stability’ * s+ e oo enn
the charge carrier transport perpendicular to the substrate. Here we report new NH;* ™ (3 BT RS
chemical derivatives designed from a molecular perspective using a novel spacer m o

cation 3-phenyl-2-propenammonium (PPA) with conjugated backbone as a low-
temperature strategy to assemble more efficient solar cells. First, we solved and refined the crystal structures of single crystals with
the general formula (PPA),(FA;sMAs),_1Pb,L3,,; (n = 2 and 3, space group C2) using X-ray diffraction and then used the mixed
halide (PPA),(Csgos(FAq3sMAg12)005)n—1Pb,(IossBro.12)3n41 analogues to achieve more efficient devices. While forming the RP
phases, multiple hydrogen bonds between PPA and inorganic octahedra reinforce the layered structure. For films we observe that as
the targeted layer thickness index increases from n = 2 to n = 4, a less horizontal preferred orientation of the inorganic layers is
progressively realized along with an increased presence of high-n or 3D phases, with an improved flow of free charge carriers and
vertical to substrate conductivity. Accordingly, we achieve an efficiency of 14.76% for planar p—i—n solar cells using PPA-RP
perovskites, which retain 93.8 + 0.25% efficiency with encapsulation after 600 h at 85 °C and 85% humidity (ISOS-D-3).

100 400 500 600
Time (h)

B INTRODUCTION cations.””™>* In principle, organic spacers with smaller
dielectric constants can induce high exciton binding energies
and large bandgaps, making a quantum-well-like electronic
structure.”®*” In addition, strong electron—phonon coupling
results in pronounced self-trapped excitons, broadening the
photoluminescence spectra.”” >> Moreover, multicolorful
light-emitting diodes (LEDs) using RP perovskites have been
developed.”> > However, strong excitons inhibit the dissoci-
ation of charges causing inability to achieve long diffusion
lengths within and between layers in the perovskite structure
and thus can present an obstacle to efficient solar cells.

The most important property of the two-dimensional

In spite of the recent spectacular progress and development,
photovoltaic devices using three-dimensional (3D) organic—
inorganic hybrid perovskites (formula AMX;, A = methyl-
ammonium (MA), formamidinium (FA); M = Sn**, Pb**; X =
CI7, Br7, I7) still suffer from instability, significantly hindering
their access to commercialization.' ™ It has been shown that
oxygen, water, heat, charge, and even synergy effects can
dismantle their soft structures.*”” Particularly, the [PbI¢]*"
unit of the perovskites can easily react with water molecules to
form monohydrates and dihydrates, leading to rapid

decomposition.‘%’8 Many different techniques have been . ! ) X
S . . . perovskites enabling them to form efficient solar cells is the
employed to address this critical issue, including adjustment

L . . . ability to acquire a vertical orientation of the inorganic layers
of structural composition, dimensional reduction, and . : o
. . . 916 upon film deposition from solutions. This is the key to enable
encapsulation of the corresponding devices.

Exploiting the hybrid nature of these materials, the facile charge transport perpendicular to the substrate and

introduction of bulky organic countercations into the structure e:l.cross. a well-imc;lognng- dev1c.e ’ T}l;us, p(lef,, Sndll Clll larh
can reduce the dimensionality, giving rise to two-dimensional irection growth of the inorganic [Pb,L,,,,] slabs 1s
(2D) layered perovskites. These cations (known as spacers) lay
between the inorganic layers, significantly enhancing the Received: September 8, 2020
moisture resistance, when a hydrophobic linker is used.'” ' Published: November 4, 2020
Commonly seen are the Ruddlesden—Popper (RP) phases
with the formula (A’),(A),.1Pb,X;,,; (A = MA, FA, cesium
(Cs), and their mixtures, X = halide anions), in which
monovalent cations (A’) generally are bulky ammonium

© 2020 American Chemical Society https://dx.doi.org/10.1021/jacs.0c09647
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Figure 1. (a) Part of the single crystal structures of the (PPA),(FA;sMA;),_Pb,L;,,, (n = 2 and 3) materials, looking down the a-axis. (b)
Comparison of the PXRD patterns for the as-made single crystals to the calculated patterns based from the solved single crystal structures. (c)
Steady-state PL spectra and (d) UV—vis absorption spectra of corresponding single crystals.

preferred for high performance solar cells.”**° Until now, the

hot-casting method has been the most popular to fabricate
perpendicularly orientated inorganic layers.”’ This method,
however, limits the development of certain low-temperature
processed devices, especially flexible devices. It is worth noting
that the most studied RP perovskites used in solar cells involve
n-butylammonium (BA) or 2-phenylethylammonium (PEA)
organic spacers.”””’ ™’ However, versatile organic spacers can
be rationally designed to modulate van der Waals and
hydrogen-bonding interactions with the inorganic slabs.**~**
Additionally, certain spacers may be expected to lead to
preferred perpendicular orientation of inorganic slabs at low
temperatures to achieve high device efficiency.”~*" Although
as a general trend this appears to be the case, it is not known
for certain whether the tendency for vertical orientation of the
film growth persists regardless of organic spacer or layer
thickness. Hence, it is imperative to investigate novel spacers to
better understand and control the preferred crystal growth
direction.

Here we introduce a custom-made molecule, namely 3-
phenyl—2—propenammoniurn48 (PPA), serving as an organic
conjugated countercation spacer to produce RP perovskites.
Single crystal structure analyses reveal strongly stabilized RP
structures thanks to multiple types of hydrogen contact
between PPA and inorganic octahedra. As for their films,
when the thickness n of the inorganic slabs increases from 2 to
4, the low-temperature assembled RP films demonstrate
progressively less horizontal preferred crystal growth and
increased fractions of high-n (or 3D-like) phases. Meanwhile,
with increasing n, the dominant excitons become less strongly
bonded to more easily give free carriers, and the vertical film
conductivity follows an increasing trend. We grew single

crystals of (PPA),(FAgsMAs),—1Pb,ly,,, (n = 2, 3) and

19706

solved their crystal structure using X-ray diffraction analysis.
We find that using the mixed halide isostructural
(PPA),(Csg.05(FAg.88MAg 12)0.95) 1—1Pb,(Lo.88Bro.12) 3041 ana-
logues leads to better device fabrication. We show that
assembling PPA-RP perovskite (n < 4) films into low-
temperature planar p—i—n structured solar cells produces
highly effective and stable multiphase 2D/3D composite that
results in a champion power conversion efficiency (PCE) of
14.76% with negligible hysteresis when scanning forward/
reverse current density—voltage (J—V) direction. Importantly,
after 600 h at 85 °C and 85% humidity (ISOS-D-3), the
efficiency of the encapsulated PPA-RP perovskite solar cell (n
= 4) retained 93.8 + 0.25% of its original value compared to
84.7 + 1.9% for a pure 3D counterpart stored under the same
conditions. This work highlights the significance of selecting
proper organic spacers to control the crystal growth direction
and charge transport of RP perovskite films and addresses a
critical concern of applying 2D layered perovskites in
photovoltaics.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PPA-RP Perov-
skites. Initially, we wanted to verify whether the PPA organic
spacer cation can give rise to uniform high quality stable 2D
RP perovskites. Off-stoichiometric reactions in acidic media™
gave rise to high quality pure iodide single crystals with the
general formula (PPA),(FAysMA;),_1Pb,ls,.; (n =2 and 3).
Single crystal X-ray diffraction (XRD) studies (see the
Supporting Information) verify that the corresponding
materials indeed belong to the RP family of perovskites,
since the structure consists of 2D inorganic layers of corner-
sharing [Pbls]*" octahedra which are separated by two layers
of organic phenylpropylene ammonium cations (PPA*), and

https://dx.doi.org/10.1021/jacs.0c09647
J. Am. Chem. Soc. 2020, 142, 19705—19714
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adjacent inorganic layers are shifted by 1/2 unit cell length
(Figure la and Figure S1).*’ Dispersion interactions (between
the carbon chains) and electrostatic interactions (between the
ammonium heads and anionic perovskite layers) stabilize the
structure. The small FA and MA cations reside in the cavities
formed by the inorganic octahedra, charge balancing the
framework, in a similar manner as in the case of the 3D
perovskites. Crystallographic details and structure refinement
for all the single crystals are summarized in Table 1. Both

Table 1. Crystallographic Details and Structure Refinement
for the Single Crystals of (PPA),(FA,sMAys),_Pb,L;,,, RP

Perovskites”

empirical formula

formula weight

compound (293 K)

(PPA),(MA,sFAg)
2l

Cy9 Hyl; N3Pb,l;

1604.2

(PPA),(MA,sFAqs),Pbsl;

Cao Hag Iio Ny Phylyg
2227.2

crystal system monoclinic monoclinic

space group C2 C2

color red dark brown

unit cell dimensions a=289424 A a=289297 A
b=289425 A b=8928A
c=255898 A c=31.8692 A
a = 90° a =90°
B = 100.048° B = 98.0193°
o = 90° v = 90°

volume (A3) 2014.963 2515.906

Z 2 2

density (calcd, g/cm?) 2.644 2.94

absorption coefficient 13.718 16.164

(mm™)
F(000) 1354 1908
6 range for data 1.616°-29.366° 3.228°-30.728°
collection

index ranges -11<h<12 —-12<h<12
-10<k<12 -10<k<12
-35<1<34 —45 <1< 44

reflections collected 8826 8361

independent reflections

completeness to

4820 [R,, = 0.1195]
99.6%

5944 (R, = 0.0433]
99.3%

0 = 25.242°
data/restraints/ 4820/34/77 5944/146/150
parameters
goodness of fit 0.933 1.040
final R indices [ > Ry, = 0.0789 Ry, = 0.0747
26(I)]
WRy,, = 0.2008 WRy, = 0.1926
R indices [all data] Ry = 0.2494 Ry = 0.1103
wR, = 0.2776 wR, = 0.2143

largest diff peak and hole
e A7)
“R = YIIF) —

1.301 and —0.989

FMIH7 and w = 1/(6*(I) + 0.0004P).

3.366 and —3.131

IFN/YIE), wR = {X[w(EP — IER)Y/Yw

crystal structures crystallize in the monoclinic C2 space group.
Powder XRD measurements verified the uniform phase purity
of the corresponding bulk samples since the calculated and
experimental patterns match exactly (Figure 1b). 'H NMR
(nuclear magnetic resonance) analysis was done by dissolving
the as-made crystals in DMSO-d, providing an evidence of the
incorporation of both MA and FA cations in the crystal
structure (Figures S2 and S3). Scanning electron microscopy
(SEM) measurements (Figure S4) reveal uniform smooth

platelike crystals for the PPA-RP family, typical for 2D hybrid
halide perovskites.

A most unusual feature of this structure is the fact that the
organic spacer protrudes much deeper into the grooves formed
by the terminal iodide atoms of the [Pbls]*" octahedra
compared to other RP structures based on similar bulky linkers
(e.g, (FPEA = 4-FC4H,(CH,),NH;").*° This behavior stems
from the presence of the double bond (—CH=CH-) with sp*
hybridization, which generates extra notable hydrogen contacts
with the I” anions of the inorganic octahedra (see Figure S5).
Specifically, there is one hydrogen bond among the hydrogens
of the R—NH;* group and the bridging equatorial iodide
anions (—NH--I) laying at a distance of 2.658(15) A, a second
longer (—CH,---I) contact among the methylene hydrogens
and the bridging equatorial iodide anions laying at a distance of
3.003(10) A, and a third (—CH:I) contact among the
ethylene hydrogens and the axial iodide anions at 3.121(18) A.
Despite the large number of (—NH---I) hydrogen bonds and
(—CH:+I) contacts, the inorganic octahedra are not distorted,
as in the case of (3AMPY)(MA),_,Pb,I,,,,2D perovskites
(3AMPY = 3-(aminomethyl)pyridinium)),”" presumably
because of the presence of the rigid, bulkier than MA, FA
cations in the cuboctahedral cavities. The different manner in
which the PPA spacers interact with the inorganic octahedra
leads to less distortion, and hence, the Ruddlesden—Popper
structure can be stabilized.

The recorded trends in the absorption and photo-
luminescence (PL) emission spectra (Figure lc,d) suggest a
progressively reduced bandgap as n increases because of less
quantum and dielectric confinement.”*** Apparently, the
presence of the FA cation in the cuboctahedral cavities of
the inorganic layers affects greatly the optical properties by
suppressing any octahedral distortion compared to MA-only
based samples. Notably, taking a closer look at the equatorial
and axial Pb—I—Pb angles of (PPA),(MAysFA,;s),Pb;l;, they
are almost linear with values of 179.9(4)° and 176.4(4)°,
respectively. For comparison, (HA),(MA),Pb;I;,, (HA =
hexylamine) contains only MA cations and has a much larger
octahedral distortion with axial and equatorial Pb—I—Pb angles
of 167.28(10)° and 167.52(6)°, respectively.”” For these
reasons the bandgap of (PPA),(MA,sFAys),Pbsl;, is slightly
red-shifted in comparison to the bandgap of
(HA),(MA),Pb,I,,, with values of 1.94 and 1.98 eV,
respectively, based on the excitonic edges.”*

Film Deposition of PPA-RP Perovskites. Given the
nonideal optical properties for photovoltaics and unfavorable
crystallization kinetics of pure iodide lattice, we adopted mixed
iodide and bromide lattice for the film fabrication. Meanwhile,
mixed cations in the perovskite cage can further stabilize the
2D lattice. Hence, different from the pure iodide single crystals,
the corresponding assembled PPA-RP thin films are based on a
chemical formula of isostructural (PPA),(Csgos(FAgss-
MAq.12)095)n-1Pb,(Lo.8sBr0.12) 34,1 (in the following text abbre-
viated as (PPA),(Cs/FA/MA),_Pb,(1/Br);,,;), where the
ratios between Cs/FA/MA and I/Br are fixed to the optimal
0.05/0.836/0.114 and 0.88/0.12, respectively.”> The detailed
compositions of the corresponding precursors can be found in
Table S11. The results on FA/MA ratios can be found in
Figure S6.

The corresponding RP perovskite films were deposited on
substrates by simple spin-coating at room temperature (instead
of the hot-casting method). The properties of the n = 1 sample
clearly reveal the well-defined single-layered RP structure

https://dx.doi.org/10.1021/jacs.0c09647
J. Am. Chem. Soc. 2020, 142, 19705—19714
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Figure 2. (a) GIWAXS patterns of (PPA),(Cs/FA/MA),_,Pb,(1/Br)s,,, (n < 4) films. (b) XRD patterns of (PPA),(Cs/FA/MA),_,Pb,(1/Br);,.,,
(n £ 4) films. In XRD patterns, “*” and “#” denotes 5-FAPbL; and excess Pbl,. In addition, the (020) plane distance of n = 2 and 3 is shown as
22.18 and 28.30 A, respectively (fitted by MDI Jade 6.5). For n = 4, the (0k0) plane is from n = 3 phases. (c) UV—vis absorption spectra, (d)
steady-state PL spectra, and (e) time-resolved PL spectra of the corresponding films.

(Figure S7). Figure 2a shows grazing-incidence wide-angle X-
ray scattering (GIWAXS) patterns of PPA-RP perovskite films.
For n = 2, the peaks along the g,-axis correspond to the basal
(0k0) planes. The presence of (0k0) plane Bragg reflections
along the g,-axis suggests the layers are oriented parallel to the
substrate. However, the peaks have broadened arcs, indicating
less perfectly horizontal oriented layers. Simulating the n = 2
film with a parallel orientation (Figure S8) shows that the
peaks do not perfectly match the GIWAXS pattern. The peaks
are seen at higher g, values than anticipated, indicating a
smaller unit cell than expected. Because the layers are parallel
to the substrate, this indicates that the unit cell is compressed
along the c-axis through the layers. This is a possible result of
the addition of Cs*, MAY, and Br™ ions in the films. Additional
peaks along the g,-axis at ¢ = ~4 and ~8 nm™" do not match
the pattern for n = 2 and may be from another phase such as n
=1 or a lower dimensional structure. For n = 3, the peaks are
accompanied by rings which indicate there are both grains
parallel to the substrate and oriented grains. Here, two
secondary phases are seen: n = 2 and the same unknown phase
from the n = 2 film. Like the n = 2 film, the film for n = 3 has a
compressed unit cell along the c-axis compared to the
simulated pattern in Figure S8. The same is seen for n = 4,
but the major peaks correspond to n = 3 and the rings are very
broad. This broadness makes it difficult to distinguish any
higher n phases present. Moreover, XRD patterns in Figure 2b,
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similar to GIWAXS patterns, validate the varied orientation
and change in unit cell compared to the XRD of the crystals
(Figure 1b). We can draw conclusions from the data as
follows: (1) The sharp Bragg peaks in the patterns of the n = 2
sample are more well-defined than that of the higher n films,
which begin to show Debye—Scherrer rings for n = 3 and 4.
This variation indicates that as the n value increases, the films
evolve into less oriented and less crystalline films.”**” (2) As n
varies from 2 to 4, the strong orientation of most (0k0) planes
gradually diminishes along the g, direction, indicating
suppressed horizontal orientation. This could be also caused
by lower phase purity compared to single crystals. In the high n
(like n = 4) films, because of the observed less ordered pure
phases, we deduce greater percentage of high-n (or 3D-like)
phases formed. (3) For n = 2, 3, and 4, the intensity of (111)
diffraction ring reaches a peak at 90° of azimuthian angle
(Figure S9). In particular, for n = 4, the arc at 90° in (111)
rings seems relatively pure without noticeable arcs at other
degrees.™

The above results imply that the high-n samples have a
higher degree of vertical orientation and contain some even
higher-n (or even 3D-like) phases. The possible origin is
deduced as follows: For the assembled PPA-RP perovskite film,
as the layers become thicker (n > 1), a competition emerges
between the organic spacers confining the in-plane growth and
the FA/MA ions expanding the out-of-plane growth.'® The
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Figure 3. (a) AFM images (scale bar: S yum), (b) c-AFM images (current unit: nA; scale bar: S ym), (c) top-view (scale bar: 1 ym), and (d) cross-
sectional (scale bar: 500 nm) SEM images of (PPA),(Cs/FA/MA),_Pb,(I/Br);,,;, (n < 4) films.

netlike hydrogen bonds formed between PPA and the
inorganic slabs (discussed above) can suppress the tendency
for in-plane orientation by helping to better connect the
neighboring sheets. Hence, in the low-temperature assembled
thicker layer PPA-RP perovskites, the relatively long
conjugated PPA can inhibit the horizontal crystal growth of
higher-n phases with respect to the substrate.

Figure 2¢ shows the UV—vis absorption spectra of different
layered PPA-RP perovskite films.'”** The three films exhibit
two band edges: one 2D feature located at short wavelength
(around 600 nm for n = 2 and 650 nm for n = 3, 4) and
another 3D-like band edge emerged at around 795 nm,
indicating a local band gap of about 1.56 eV. Meanwhile, as n
increases from 2 to 4, the 3D-like band edge becomes more
pronounced, implying the dissociation onto 3D and other 2D
phases creates a 2D/3D composite film. The presence of 2D
phases is shown from the exclusive exciton peaks assigned at
562 nm (2.20 eV) and 615 nm (2.01 eV), which could be
explained by the n = 2 and 3 members of the family. For n = 4,
an exciton peak near n = 3 is found, suggesting the presence of
n = 3 RP structures in the film, which is consistent with the
GIWAXS results above. All these results are in agreement with
what we observed from GIWAXS above. All the evidence
suggests that with increasing n there is an increase in preferred
perpendicular orientation and formation of high-n (or 3D-like)
phases.

The steady-state PL spectra of the films are shown in Figure
2d. In the n = 2 sample, a complex PL spectrum appears, which
seems like an accumulation of multiple exciton radiative
recombination from hybrid 2D perovskites with different n
values. As 7 increases, the number of peaks in the spectra is

gradually diminishing. On the basis of the PL peak positions,
we used multiple peak fittings to understand the respective PL
spectra in the thicker layered films (Figure 2b). Although some
2D featured PL peaks are seen from 550 to 750 nm, the 3D
featured PL peak strongly dominates, especially when n
increases to 4. This trend verifies the hybrid 2D/3D composite
nature of the films.

To understand the charge carrier dynamics of different
layered PPA-RP perovskite films, we measured the time-
resolved PL (TRPL) spectra at the main steady-state PL peak,
the results of which are summarized in Figure 2e. The
background level should be solely dominated by the collected
photon counting, which is reflected by the y-axis. Notably, the
y-axis is in log scale, which amplifies the weaker signal
especially with several orders of magnitude smaller intensity. In
this fashion, the faster decay curves appear to have the
noiselike background level. Figure S11 shows the exponentially
fitted results of these spectra. For the n = 2 film, much shorter
average carrier lifetimes (7,,.) are found. However, 7,
significantly increases as n increases to 3 and 4. Here we
realize that the monomolecular recombination rate (k,, derived
from fitted results) of n = 2 is 0.96 X 10° s™!, 1 order of
magnitude higher than that of n = 3 and 4 (2.4 X 10® and 1.7 X
10% s, respectively). This difference can be accounted for by
the much higher exciton binding energy (>200 meV) in
existing thinner (n = 2) layered slabs, which allows for an
additional monomolecular recombination pathway.”” There-
fore, the thicker layered (n > 3) PPA-RP perovskite films are
the most promising for efficient solar cells.

We then measured the topography and conductivity of the
series of PPAI-RP perovskite films. Figures 3a and 3b show the
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Figure 4. (a) Device structure and digital photos of assembled p—i—n solar cells based on (PPA),(Cs/FA/MA),_,Pb,(I/Br)s,,; (n < 4) films. (b)
Energy alignment of the fabricated devices. The energy levels are extracted from UPS data of the films (see Figure S12). (c) J—V curves of the best
PPA-RP (n < 4) solar cells. (d) Maximum power point (MPP) tracking following the voltage at PCE. (e) Light intensity dependent short-circuit
current density (J,.) of the best PPA-RP (n < 4) solar cells. (f) Stability of encapsulated devices based on PPAI-RP (n = 4) and 3D ((Cs/FA/

MA)Pb(I/Br)) perovskites tested at 85 °C and 85% humidity.

atomic force microscopy (AFM) and conductivity-AFM (c-
AFM) micrographs, respectively. For n = 2, the crystallites
form as discrete small stripelike domains along with a fraction
of smaller grains. This topography indicates that a minority of
[(Cs/FA/MA),_Pb,(1/Br)s,,,]>” units is emerging in a
relatively perpendicular direction. Interestingly, the perpendic-
ular crystal orientation results in average current (I,,.) of S0
PA, but the current distribution is nonuniform, mainly located
at the smaller domains. For n = 3, smaller crystal domains form
along some which exhibit the stripe textures. More
importantly, the I,,. significantly increases to 181 pA with
higher uniformity, in good agreement with reduced horizontal
orientation of inorganic slabs. Particularly, when n reaches 4,
highly homogeneous and dense domains occupy the whole
film with negligible stripelike textures, corresponding to the
highest I, of 216 pA with uniform c-AFM map. The highest
current and uniform distribution of n = 4 originates from
highly reduced horizontal orientation and considerable high-n
(or 3D-like) phases. The high- and low-magnification scanning
electron microscopy (SEM) images of Figure 3c and Figure
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S12 confirm the gradual disappearance of stripe textured
needle crystals with a ratio of 55.15%, 28.66%, and 4.43% and
an emergence of smaller sized domains as n increases. The
high-n films also exhibit greatly reduced roughness (Figure
S13). Furthermore, the film thickness is estimated to around
580 nm (n =2),470 nm (n = 3), and 440 nm (n = 4) from the
cross-sectional SEM images (Figure 3d). The data presented
above, in regards to both the crystal topography and
conductivity, corroborate the progressively rotating direction
of quantum wells and being formed 2D/3D hybrids, which is
further backed up by the GIWAXS results.

Device Fabrication of PPA-RP Perovskites. Solar cells
were fabricated to test the effect of the orientation on device
efficiency. In terms of device structure, a low-temperature
processed planar p—i—n architecture is adopted, consisting of
ITO (indium tin oxide) (160 nm)/PTAA (poly(bis(4-
phenyl)(2,4,6-trimethylphenyl)amine)) (8 nm)/PPA-RP per-
ovskites/Cgy(20 nm)/BCP (bathocuproine) (6 nm)/Cu (80
nm). The procedure of device fabrication is summarized in the
Experimental Section. Here, the 2D PPA-RP perovskites give

https://dx.doi.org/10.1021/jacs.0c09647
J. Am. Chem. Soc. 2020, 142, 19705—19714


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09647/suppl_file/ja0c09647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09647/suppl_file/ja0c09647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09647/suppl_file/ja0c09647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09647/suppl_file/ja0c09647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09647/suppl_file/ja0c09647_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09647?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09647?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09647?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09647/suppl_file/ja0c09647_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09647?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c09647?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

the average formula of (PPA),(Csggs(FAgssMAg12)005)n1-
Pb, (Iy5sBro12)30r1, matching that in the film deposition part.

Notably, the hot-casting method and traditional organic
spacers are inferior to the low-temperature PPA strategy
(Figure S14). Figures 4a and 4b demonstrate the fabricated
device structure and its energy alignment, whose band levels
are acquired from the UPS spectra of the films (Figure S15). In
addition, the digital photos of corresponding devices are listed
in Figure 4a, where highly homogeneous perovskite films can
be observed. The estimated valence bands should be from the
3D-like phase, which is consistent with the PL and optical
absorption data presented above.”” The statistics of all the
photovoltaics parameters are summarized in Table 2 and

Table 2. Statistics of Photovoltaic Parameters of the Low-
Temperature p—i—n Solar Cells Based on Different PPA-RP
Perovskites

n Ji (mA cm™) V,. (V) FF (%) PCE (%)

2 8.14 + 0.51 1.02 + 0.03 40.39 + 2.16 335+ 0.32
3 15.71 + 0.30 1.07 + 0.02 56.79 + 1.35 9.60 + 0.44
4 18.72 + 0.44 1.14 + 0.01 66.19 + 0.90 14.16 + 0.32

Figure S16. When n = 2, the open-circuit voltage (V,.) has a
decent value of 1.02 & 0.03 V. This is caused by less strongly
bonded excitons from the increased quantum well thickness
and prolonged carrier lifetime from the decreased horizontal
orientation. Nevertheless, because the majority of the layers are
parallel to the substrate, the short-circuit current density (J,.)
and fill factor (FF) are relatively low. For n = 3, the J,. and FF
are significantly improved as a result of suppressed non-
radiative recombination as well as increased out-of-plane
conductivity. The maximum performance of these solar cells is
obtained for n = 4, benefiting from the long-lived carriers and
superior conductivity in this member and higher-n 3D-like
members present, which is also aided by the more vertical
orientation of the layers relative to the substrate.

The J—V curves of the champion solar cells based on all
three PPA-RP perovskites are given in Figure 4c. The detailed
parameters of corresponding devices are also concluded in
Table 3. One can easily observe negligible hysteresis between

Table 3. Photovoltaic Parameters of the Best Low-
Temperature p—i—n Solar Cells Based on Different PPA-RP
Perovskites

n  scanning direction J (mA cm™>) V. (V) FE (%) PCE (%)
2 forward 8.89 1.00 432 3.84
reverse 9.05 1.00 43.7 3.96
3 forward 16.33 1.08 58.0 10.23
reverse 16.29 1.08 59.4 10.46
4 forward 19.40 1.14 65.3 14.45
reverse 19.33 1.14 67.0 14.76

the forward and reverse sweeps. In addition, the external
quantum efficiency (EQE) spectra (Figure S17) confirm the
reliability of ], from J—V curves. Importantly, we have
achieved a champion PCE of 14.76%, with a ], of 19.33 mA/
cm?, V,. of 1.14 V, and FF of 0.67, respectively, for the n = 4
device. To our knowledge, this distinguished performance is
one of the highest efficiencies reported for low-temperature
processed solar cells using self-assembled RP (nominal n < 4)
perovskites (Table S12).
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Moreover, the maximum power point tracking (MPP) tests
of these champion devices in Figure 4d and Figure S18 show
highly stable power output, verifying these high photovoltaic
performances. To understand the charge recombination in the
PPA-RP perovskite based working devices, light-intensity-
dependent J—V measurements have been carried out, as shown
in Figure S19. Figure 4e shows the extracted J,. vs I, (light
intensity) using double-logarithmic scales. Theoretically, when
the slope & (J,./Ly, by linear fitting) approaches 1, the device
works more like an ideal diode without charge recombination.
Here the a value of the device based on n = 2, 3, and 4 is 0.95,
0.97, and 0.99, respectively, revealing an increasingly efficient
charge collection. This trend is in good agreement with the
variation of the device performance. As is known, RP
perovskites can greatly endure high humidity.”® Here, the
mixed triple cations within the layers are also expected to
enhance the device thermal stability.” To validate the humidity
and thermal stability, the encapsulated solar cells based on
PPA-RP (n = 4) perovskite and 3D perovskite are stored in a
chamber of 85 °C and 85% humidity (ISOS-D-3) to track the
device performance. Figure 4f summarizes the statistical
normalized PCE over time. The photovoltaic parameters of
the best devices before and after the aging tests are also given
in Table S13. After 600 h, PPA-RP perovskite-based device
could maintain 93.8 + 025% of the starting efficiency.
However, the 3D perovskite based device retained only 84.7
+ 1.9%. Moreover, the nonencapsulated PPA-RP perovskite-
based device showed higher aqueous stability than the 3D one
(Figure S20). These distinctions highlight the promise for
excellent environmental stability of 2D PPA-RP perovskites
and use in practical applications.

B CONCLUSIONS

We have used a novel custom-made organic conjugated
molecule, 3-phenyl-2-propenammonium (PPA), as a spacer for
the synthesis of new series of layered Ruddlesden—Popper
(RP) perovskites, specifically single crystals with the formula
(PPA),(FAgsMAs),_1Pb,L;,,; (n =2, 3). The solved crystal
structures reveal multiple hydrogen bonds and contacts
between the PPA spacers and inorganic units. We also
prepared analogous mixed iodide/bromide thin film assemblies
formulated as (PPA),(Csgos(FAgssMAg.12)0.95)u-1-
Pb,(IyssBro12)3m1 (1 = 2—4) which are preferable for better
performing devices. The use of PPA for the generation of fully
2D based perovskite devices with optimum layer orientation is
possible, paving the way for the use of more elaborate organic
linkers with tunable functionalities. The corresponding thin
films were utilized for a systematic study of composition and
orientation of the layers with varying n. The PPA ligand can
indeed direct the preferred crystal growth of the inorganic
perovskite layers diminishing the horizontal orientation and
producing films with considerable high-n (or 3D-like) domains
for n > 2. Utilization of the layered PPA-RP perovskite film for
n = 4 composition gave rise to a champion efficiency of 14.76%
for p—i—n solar cells. Impressively, the very high efficiency of
the encapsulated PPA-RP perovskite solar cell was tested for
600 h at 85 °C and 85% humidity (ISOS-D-3) and maintained
93.8 + 0.25% of its initial value as compared to 84.7 + 1.9% for
the 3D analogue.
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