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Abstract

Organic-inorganic halide perovskites incorporating two-dimensional (2D) structures have
shown promise for enhancing the stability of perovskite solar cells (PSCs). However, the bulky 2D
cations often limit charge transport. Here, we report on a simple approach based on molecular
design of the organic 2D spacer to improve the transport properties of 2D perovskites, and we use
phenethylammonium (PEA) as an example. We demonstrate that by fluorine substitution on the
para position in PEA to form 4-fluoro-phenethylammonium (F-PEA), the average phenyl ring
centroid-centroid distances in the organic layer become shorter with aligned stacking of perovskite
sheets. The impact is enhanced orbital interactions and charge transport across adjacent inorganic
layers as well as increased carrier lifetime and reduced trap density. Using a simple perovskite
deposition at room temperature without using any additives, we obtained power conversion
efficiency >13% for (F-PEA)>MA4Pbslis based PSCs. In addition, the thermal stability of 2D PSCs

based on F-PEA is significantly enhanced compared to those based on PEA.



Introduction

Three-dimensional (3D) perovskites (e.g., CH;NH3Pbl; or MAPbI3) were initially reported
as a sensitizer with a power conversion efficiency (PCE) of 3.8% in 2009.! In a rapid evolution,
the PCE of perovskite solar cells (PSCs) has reached 23.3% within 9 years.?* In addition to the
continuous effort to improve cell efficiencies, recent work has been devoted to improving the long-
term stability of PSCs against moisture, heat, and light for practical applications.’

Unlike small cations (e.g., MA™) in 3D perovskite films, the bulky organic cations in two-
dimensional (2D) perovskites (e.g., phenethylammonium (or PEA™) and butylammonium (or BA™))
form discrete sheets of lead halide octahedra sandwiched between organic spacer layers and can
provide steric hindrance for surface water adsorption in the initial step of decomposition.® The
hydrophobic bulky alkylammonium cations in 2D perovskite lattices can effectively block the
accessible pathways of moisture invasion.” The 2D perovskite is generally described as MA.
1BuX3n+1, where M is a large organic cation, such as BA and PEA; A is normally methylammonium
(MA), formamidinium (FA), or Cs; B is normally Pb or Sn; X is a halide anion, namely, I, Br, or
Cl; and n is the number of layers of metal halide sheets. Note that in the literature the n values are
normally calculated based on the composition of the precursor solutions. Despite improved
stability, perovskites with primarily 2D crystal structures are generally not good options for high-
performance solar cells because of their reduced and anisotropic charge transport associated with
the bulky organic spacers.®

One approach in addressing the transport issue is to lower the ratio of intercalated large
cations that form the 2D perovskite lattice.®” For example, by optimizing the amount of PEAI into
MALI and Pbl; solution, the n value in PEA2MA,..1Pbulzn+1 compounds can in theory be adjusted
from 1 to ==.® Following this strategy, a certified PCE of 15.3% was achieved with PEA;MA,.
1Pbulzn+1 (n = 60).8 However, with a large n value (normally when n > 6), the resulting structure is
essentially a 3D perovskite with a small amount of 2D components incorporated as a dopant.®
Another approach is to facilitate the preferred vertical growth orientation of the 2D perovskites by

either using additives (e.g., NH4SCN, %12 MACIL,!*!°> and NH4CI1'!) or hot-casting at an elevated



deposition temperature, -1

and such approaches have resulted PCEs greater than 10%. However,
for the hot-casting growth, it is difficult to precisely control the substrate temperature during spin-
coating; thus, it is not ideal for device reproducibility.

The primary motivation for pursuing a more-oriented growth of the 2D perovskites is to
facilitate charge transport/collection across the 2D perovskite absorber layer. In this work, we
report on a different approach—chemically modifying the bulky organic spacer to improve the
out-of-plane transport. Fluorine substitution on the para position in PEA forms 4-fluoro-
phenethylammonium (F-PEA) and we find that the average ring centroid-to-centroid distances in
the organic layer is reduced. This enhances the orbital interactions between the inorganic layers,
leading to more efficient charge transport across adjacent inorganic layers. The simple fluorination
of PEA cations also enhances the stacking alignment of the perovskite sheets allowing for better
interlayer electronic coupling. When using F-PEA in n=5 2D perovskite—i.e., (F-
PEA):MA4Pbslis)—the perovskite films exhibit faster charge transport, longer carrier lifetimes,
and a lower trap density compared to the PEA-based analogue with no fluorine. As a result, we
obtain a PCE > 13% for (F-PEA)MA4Pbslis-based PSCs prepared without using any additives
and fabricated at room temperature. These devices also show a better thermal stability than that of
(PEA)2MA4Pbsli6. This promising approach provides a simple route for designing 2D PSCs with
high efficiency and stability.

Result and Discussion
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Figure 1. (a) XRD patterns and (b) UV-vis absorption spectra of n=1 2D (PEA),Pbls and (F-
PEA),Pbls perovskite thin films. (¢) J-V curves and (d) IPCE spectra of perovskite solar cells
based on (PEA),Pbls and (F-PEA),Pbl4. The J-V) curves were measured with forward scan with
a bias step of 10 mV.

Figure 1a shows X-ray diffraction (XRD) patterns of perovskite thin films based on n=1
2D (PEA):Pbl4 and (F-PEA).Pbl4, with the growth planes primarily parallel to the substrate. In
comparation to (PEA),Pbls, the scattering of X-rays of (F-PEA),Pbl4 displays a slight shift towards
smaller angles; the inset of Figure 1a shows the zoom-in view of the first two diffraction peaks.
Based on the (002) reflection peaks, the distance between the 2D perovskite layers is calculated to
be 16.41 A and 16.35 A for (F-PEA),Pbls and (PEA),Pbls, respectively. The optical ultraviolet-
visible (UV-vis) absorption spectra (Figure 1b) are typical of 2D perovskites, with a high-energy
continuum absorption edge and a lower-energy excitonic peak. The slight increase in the
absorbance for F-PEA is likely due to increased scattering. To compare how the different organic

cations affect the photovoltaic (PV) properties, we fabricated planar PSCs in a configuration of
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FTO/compact-TiOz/perovskite/spiro-OMeTAD/Au. Figure 1c¢ shows the photocurrent density—
voltage (J-V) curves of (F-PEA),Pbls- and (PEA),Pbls-based PSCs under an AM 1.5G solar
simulator. The (PEA),Pbls-based PSC gives a PCE of 1.34%, with a short-circuit current density
(Jsc) of 2.51 mA cm 2, open-circuit voltage (Voc) of 0.97 V, and fill factor (FF) of 0.55. In contrast,
the (F-PEA)2Pbls-based PSC yields an PCE of 1.90%, with improvements from all PV parameters
(Jse = 2.83 mA cm 2, Voo = 1.02 V, and FF = 0.66); this is among the highest PCE obtained, thus
far, for n=1 2D lead-iodide-based PSCs. Figure 1d shows the incident photon-to-current efficiency
(IPCE) spectra, from which the integrated current densities were found to be 2.39 mA/cm? and
2.69 mA/cm? for (PEA):Pbls and (F-PEA);Pbls PSCs, respectively. Note that the significant PCE
improvement is primarily caused by the increase of FF (by ~20%) when PEA is replaced with F-

PEA, which likely results from the improvement in the charge-transport property.
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Figure 2. (a) TRMC comparison of out-of-plane and in-plane transport for n=1 2D perovskite thin
films. The results are calibrated by the internal quantum yield of charges as discussed in text. The
structures of (b,d) (PEA),Pbls- and (¢,e) (F-PEA):Pbls-based on single crystal XRD.?°

We use time-resolved microwave conductivity (TRMC)?!*? measurements to compare in-

plane and out-of-plane transport in pure (n=1) 2D perovskite thin-films of (PEA),Pbls and (F-



PEA),Pbls. This is achieved using two different microwave cavity configurations that orient the
perovskite layers either parallel or perpendicular to the microwave field, whilst the optical
excitation axis remains perpendicular to the film (details given in the Experimental Section in SI).
For n=1 2D perovskite films, the 2D plane is usually parallel to the substrate (Figure 1a; XRD
comparison of n=1 2D perovskite thin films), making substrate/film orientation a good method for
controlling the orientation of the perovskite layers in the microwave field.

Figure 2a shows the 9 GHz mobility extracted from the TRMC data, using the internal
quantum yield of charges calculated from the device data in Figure 1b,d. Details of this calculation
are given in SI. The out-of-plane (or inter-sheet) microwave mobility of (F-PEA),Pbl4 is ~7x larger
than that of (PEA)>Pbls. However, based on the XRD results, the interlayer distance in the F-PEA
film appears to be slightly larger than the PEA film, suggesting that the improved out-of-plane
conductivity is not simply determined by the interlayer distance, as previously reported.!® Figure
S4 shows a similar countervailing example, comparing (BA):Pbls4 to (PEA),Pbls. The layer-to-
layer distance for (BA),Pbly is shorter (13.76 A) than (PEA),Pbls (16.35 A), but the out-of-plane
mobility is slightly smaller.

This observation is not too surprising if we consider charge transport between inorganic
layers as a tunneling process mediated by the organic interlayer. There are two co-equal properties
of a tunnel junction that control the tunneling probability: distance, and barrier height. The latter
is much more complex and difficult to predict than the former but could turn out to be more
important here, where the fractional change in interlayer distance among all the organic cations
we have investigated is small. Differences in barrier height/structure could arise here due to two
main effects: (1) a change in the intermolecular electronic coupling between neighboring organic
cations, and (2) a change in the energetic alignment between the perovskite transport bands and
the oxidation or reduction potential of the organic cation. For example, we predict that interlayer
hole transport would be optimized when the oxidation potential of the organic cation is resonant
with the valence band of the perovskite layer and cations from neighboring layers possess large

intermolecular electronic coupling integrals between highest occupied molecular orbitals



(HOMOs). At this time, we do not possess any data that allows us to evaluate the question of
energetic alignment of the various cations with the perovskite band structure, which will be a focus
of future work. However, there is ample structural data in Figure 2b—e to evaluate the likely
influence of intermolecular coupling.

Using fluorine substitution to direct and enhance intermolecular packing is a strategy often
reported in organic solar cells to enhance PV performance because it enhances mobility as a result
of planarization of the polymer/molecular backbone along with better intermolecular order,?*-2°
and preferential orientation of the backbone with respect to the discrete donor/acceptor interface.?®
Here, fluorine substitution in the organic layer also affects the intermolecular packing, as well as,
the electronic interactions. Figure 2b—e shows the side and top views for both samples relative to
the 2D sheets of Pbls octahedra; only the lead atom centers of the octahedra are shown for clearer
visualization of the organic layer.2’ We have also added a grey plane through one layer of lead
atoms for visual reference, which is positioned in the background of the top-view figures. Analysis
of the single-crystal XRD data for each structure reveals several key differences. First, the phenyl
rings are parallel slip-stacked in the F-PEA structure vs. edge-to-face stacked in the PEA structure
(Figure 2b,c). The co-facial inter-ring plane distance in the F-PEA sample is 3.588 A, which
corresponds to a maximum van der Waals attraction distance for a parallel stacked aromatic
dimer.?’ In the PEA sample with edge-to-face stacking, there are four different closest ring-to-ring
distances that all correspond to the nearest hydrogen atom of an “edge” ring to the centroid of a
“face” ring. These values are 3.009 A, 3.050 A, 3.078 A, and 3.122 A, suggesting that these are
more likely steric interactions rather than electrostatic. For ring centroid-to-centroid distances
(Reen-cen), there are eight unique nearest-neighbor Reen-cen values ranging from 4.892—6.770 A in the
PEA sample, compared to four unique Reencen values ranging from 3.878-6.709 A in the F-PEA
sample. Thus, it is extremely probable that there is enhanced n-n overlap in F-PEA relative to PEA
which could reduce the barrier height and facilitate more-efficient charge transport.?82°

The different arrangements of the PEA and F-PEA molecules were also found in density

functional theory calculations (Figure S5). To find out which arrangement the molecules prefer,



we calculated how much the energy changes from molecular edge-to-face stacking to the parallel
arrangement. The energy change (AEy) was obtained with and without dispersion correction to
check the effect of the van der Waals interaction. PEA molecular layers prefer to be stacked edge-
to-face regardless of the inclusion of the dispersion correction (Table S2). F-PEA molecules, on
the other hand, are calculated to be stacked in parallel (AE;= -0.05 eV/f.u.) when the dispersion
interactions are included. The edge-to-face stacking is slightly favored (AE;= 0.01 eV/f.u.) in the
absence of long-range interactions. This result confirms that the van der Waals interaction
promotes the parallel arrangement of phenyl rings. We expect that one arrangement will be
dominant for each material because of the noticeable energy difference between the two
arrangements.

It is noteworthy that the sheet-to-sheet position of lead octahedra centers are also different
between the two samples. The PEA molecules are oriented edge-to-face, so the coordinating amine
groups are also offset relative to each other at the top and bottom of the organic layer, meaning
that the Pb centers also end up staggered in alternating sheets (refer to the lead atom and NH;
positions in the top views of Figure 4d,e). In the F-PEA sample, the rings are parallel slip stacked
and offset relative to the plane of the lead atoms, allowing the amine groups to be approximately
eclipsed in the vertical direction; hence, the lead atoms are also in an eclipsed orientation between
sheets. The simple fluorination of PEA cations aligns the stacking of perovskite sheets and allows
for a better interlayer electronic coupling, which is better for charge transfer.’! As such, we
attribute the enhanced out-of-plane conductivity in the F-PEA sample to the preferred molecular
stacking in both organic (reduced ring-to-ring distance) and inorganic phases (aligned Pbls sheets).
Interestingly, according to the in-plane vs. out-of-plane TRMC results for the n=1 2D samples, the
non-substituted PEA sample exhibits a higher in-plane carrier mobility. We hypothesize that the
in-plane mobility is more heavily determined by the Pb planes rather than the organic layer.’!

We further extended our comparison study to n=5 2D perovskites using PEA and F-PEA.
2D perovskites with n=4 or 5 have recently received increasing attention as potential candidates

for achieving high stability as well as high efficiency for solar cells.®*? Figure S6 displays



schematic crystal structures of (F-PEA);MA4Pbslis and PEA2MA4Pbslis. F-PEA (or PEA) based
n=5 2D perovskite films were prepared from precursor solutions consisting of Pblo, F-PEAI (or
PEAI), and CH3NH3I (MAI) at a stoichiometric ratio of 5:2:4 in dimethyl formamide (DMF) and
dimethyl sulfoxide (DMSO) with a concentration of 1.25 mol/L. The coating process was done in
air and detailed procedures are given in SI. We investigated the surface morphology of 2D
perovskite films by scanning electron microscopy (SEM) and atomic force microscopy (AFM)
(Figures S7 and S8). Both films appear uniform and the presenting surface morphology of (F-
PEA)MA4Pbsli¢ has larger structures than that of the (PEA)MA4Pbslis film, and the (F-
PEA):MA4Pbslis film clearly presents a more homogenous cross-section consistent with fewer
internal boundaries. XRD patterns (Figure S9) exhibit similar, strong, and sharp perovskite
characteristic peaks. The intensity of the (F-PEA)MA4Pbslis perovskite film at the (110) peak
becomes stronger and the full width at half-maximum (FWHM, 0.26") decreased when compared
with the (PEA):MA4Pbslis perovskite films (0.297). Although determination of grain size is
difficult for this class of materials, these data indicate that the reduced FWHM is consistent with
the morphology changes viewed in the SEM/AFM. UV-vis absorption spectra (Figure S10) of (F-
PEA)MA4Pbslis and (PEA):MA4Pbslis thin films display various excitonic absorption peaks

associated with different n values, which are consistent with previous reports.®!1°
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Figure 3. The C-AFM mapping images for the n=5 2D perovskite films based on (a) PEA and (b)
F-PEA obtained at a bias voltage of 1 V in the dark. The scale bar is 300 nm. (¢) The line profiles

of current mapping of the corresponding perovskite films. (d) Typical photoconductivity (pXZp)
transient for the corresponding perovskite films.

To examine the impact of fluorination of PEA on the optoelectronic properties in n=5 2D
perovskites, we carried out a set of characterizations including conductive atomic force
microscopy (C-AFM), TRMC and time-resolved photoluminescence (TRPL) spectroscopy. As
shown in Figure 3a,b, the (PEA)>MA4Pbsli¢ sample shows relatively low current signal, which
indicates poor electrical conductivity of the perovskite films. In contrast, the (F-PEA)MA4Pbslis
sample displays a significantly increased (about 10-fold) current signal, which suggests better
carrier conduction. This drastic difference is further illustrated in the line-profile comparison of

the C-AFM results (Figure 3c¢). Note that significant non-uniformity exists (different parts of the
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film show different amounts of current generation), which could be attributed to 2D phases
containing different n values as indicated by the optical absorption results (Figure S10).

Figure 3d compares the typical TRMC transients with 640-nm laser excitation at an
intensity near 1x10'° cm™ absorbed photon flux. The carrier generation yield is about unity for
n=5 2D PSCs in this study, so the yield-mobility product ¢Zp value can be seen as a measure of
the carrier mobility. Analysis of these TRMC results yields a peak value of ~7 cm? V-!s™! for the
(PEA);MA4Pbsl¢ films and a higher value of ~9 cm? V'!s7! for (F-PEA):MA4Pbslis. TRPL
measurements (Figure S11) show carrier lifetimes of about 20 ns and 30 ns for the
(PEA):MA4Pbsli6 and (F-PEA)>MA4Pbsl 6 films, respectively. TRPL carrier lifetimes of several
nanoseconds are characteristic for layered organic-inorganic perovskites.>** The improved carrier
mobility and lifetime further confirm that the fluorine substitution can enhance charge transport
and suppress recombination.?>-*® The improved photophysical properties are also consistent with a
reduced dark carrier density?! (ng = 6.4x10'® cm™) for the (F-PEA)>MA4Pbsl ;¢ sample compared
to the (PEA)>MA4Pbsl 6 sample (ng = 9.5x10'¢ cm™), as shown in Figure S12.

12



80 20
a b = 28y 0 00
R f.\. 22 Seete® *oanets, ”b, ~
o PE O L ’
'= 154 ’0'0. b b I g
5} —#—F-PEA, forward A."'_._ <
« —0—F-PEA, backward b:” \ £
E —8—PEA, forward < ‘/' < .‘.o\ s
210 |~ PEA backvard ~ / Ve =
540 W
§ 15 & o\ g
= §1o- FPEA .// \‘. E
L 548 PEA \ i
5 £ 54 /
© 0 P! —a— F-PEA \\
20 40 6 j —+— PEA %
Time/s Y
0 T T T T T T T T T T T 0 T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 300 400 500 600 700 800
Voltage / V Wavelength / nm
C d
B F-PEA
B PEA
=
s :
b =
9
H =
© E
£
S
4

8 9 10 11 12 13 14
PCE / %

T T T
300 400 500 600
Time/h

Figure 4. (a) J-V curves of PSCs based on n=5 2D (PEA)MA4Pbslis and (F-
PEA)>MA4Pbslis films with a bias step of 10 mV. Inset shows the stabilized power output
of the corresponding devices. (b) IPCE spectra and integrated current curves of the
corresponding devices. (¢) Reproducibility of PSCs based on the corresponding films. (d)
Thermal stability comparison of PEA- and F-PEA-based PSCs tested at 70°C in ambient
environment, dark storage, without any encapsulation. Inset shows the contact angles
between corresponding perovskite films and water.
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Based on this collection of data, we anticipate that the improved structural and
corresponding optoelectronic properties of the (F-PEA):MA4Pbslis should contribute to the
enhanced PCE in the corresponding PSCs. To test this hypothesis, we compared how the 2D
cations affect the PV properties of PSCs based on n=5 2D perovskites. Figure 4a shows the J-V
curves of (F-PEA)2MA4Pbsli6- and (PEA)>MA4Pbslis-based PSCs under simulated AM 1.5G one-
sun illumination. The corresponding PV parameters are summarized in Table S3. The device based

on (PEA)>:MA4Pbsl;6 perovskite gives a PCE of 9.66%, with a Js. of 16.27 mA cm ™2, Vo of 1.10
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V, and FF of 0.54, which is already among the highest PCEs of PEA2MA..1Pbulza+1 (n <5) based
on devices without using any additives. For (F-PEA)MA4Pbslis based PSCs, the PCE is further
improved to 13.64%, with a Js of 17.86 mA ¢cm 2, Vo of 1.14 V, and FF of 0.67. We ascribe the
improved PCE (especially the enhanced FF) with the (F-PEA)MA4Pbslis perovskite thin films
primarily to the improved charge transport and reduced trap density.>”® In addition, the PCE is
also consistent with that obtained from the stabilized power outputs measurements (inset of Figure
4a), and Js is matched with the integrated current densities estimated from the IPCE spectra
(Figure 4b). In addition to the improved PCE, the hysteresis (the difference in the PCEs from the
reverser-scan and the forward-scan J-V curves) is also significantly reduced for PSCs based on F-
PEA, which can be attributed to the improved perovskite film quality (e.g., larger grain size, lower
defect density, higher carrier mobility).3¢-**4° The statistical PCE data of the PSCs based on the (F-
PEA):MA4Pbslis and (PEA)2MA4Pbsli6 thin films are shown in Figure 4c.

Thermal stability tests under an ambient environment at 70 °C for PEA- and F-PEA-based
PSCs without encapsulation were also conducted. As shown in Figure 4d, the unencapsulated (F-
PEA):MA4Pbslis-based devices maintained 65% of their initial PCE after 576 h; under the same
conditions, the measured PCEs decreased to 32% of their initial values for (PEA)MA4Pbsli6-
based PSCs. The enhanced stability of (F-PEA)>MA4Pbslis-based PSCs can also be seen from
Figure S13. The color of (F-PEA):MA4Pbslis-based solar cells remains persistent, whereas those
of (PEA)MA4Pbslis-based solar cells turned almost transparent. The improved environmental
stability of the F-PEA-based 2D perovskites is consistent with the better hydrophobicity by
fluorination (Figure 4d inset), lower trap densities and stronger interaction between
interlayers.530.35:38:41-43

In summary, we report a simple approach of modifying PEA with fluorine to get 4-fluoro-
phenethylammonium (F-PEA) and applied it in 2D perovskite solar cells. The shorter average ring
centroid-centroid distances in the organic layer enhance the orbital interactions across the
inorganic layers, leading to more efficient charge transport between neighboring inorganic layers.

The simple fluorination of PEA cations aligns stacking of perovskite sheets and allows for a better
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interlayer electronic coupling. F-PEA-based 2D perovskite ((F-PEA):MA,.1Pbulznt1, n=5)
exhibited better charge transport and lower trap density than materials based on PEA. A solar cell
PCE > 13% was obtained based on (F-PEA)>MA4Pbslis, which is higher than that of PEA. This
was achieved without using any additives or heated substrate to help growth of 2D perovskites. In
addition, the devices based on F-PEA also displayed better stability than that based on PEA after
576 h under 70°C in an ambient environment. This promising approach provides a simple route

for designing 2D PSCs with high efficiency and stability.
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