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Abstract: Ruddlesden—Popper phase 2D perovskite solar
cells (PSCs) exhibit improved lifetime while still facing
challenges such as phase alignment and up-scaling to
module-level devices. Herein, polyelectrolytes are ex-
plored to tackle this issue. The contact between
perovskite and hole-transport layer (HTL) is important
for decreasing interfacial non-radiative recombination
and scalable fabrication of uniform 2D perovskite films.
Through exploring compatible butylamine cations, we
first demonstrate poly(3-(4-carboxybutyl)thiophene-2,5-
diyl)-butylamine (P3CT-BA) as an efficient HTL for 2D
PSCs due to its great hydrophilicity, relatively high hole
mobility and uniform surface. More importantly, the
tailored P3CT-BA has an anchoring effect and acts as
the buried passivator for 2D perovskites. Consequently,
a best efficiency approaching 18 % was achieved and we
further first report large-area (2x3cm? 5x5cm?) 2D
perovskite minimodules with an impressive efficiency of
14.81 % and 11.13 %, respectively. )

Introduction

Two-dimensional (2D) metal halide perovskites with unique
layered structure have recently attracted extensive research
interest as promising materials for high-efficiency and long-
term operationally stable perovskite solar cells (PSCs).['* In

comparison with three-dimensional (3D) organic-inorganic
hybrid perovskites, the 2D perovskites share a general
chemical composition of L,A, Pb,X;,., (n=1, 2, 3, 4...),
where L is a large organic cation (spacer).® On the basis of
organic spacer type, a further classification commonly used
divides them into Ruddlesden—Popper (RP), Dion-Jacobson
(DJ) and alternating cations in the interlayer space (ACI)
perovskites.”” Among them, RP phase 2D halide perov-
skites of low (n) value (<4) have been reported with
improved stability towards humidity and light and higher
chemical versatility, showing a power conversion efficiency
(PCE) over 18 %, making them promising alternatives for
commercialization of PSCs.['"'?

Despite this rapid progress, so far, the reported strat-
egies for the successful fabrication of 2D perovskite films
over large-area are very limited relative to their 3D counter-
parts. There are several issues that may limit the up-scaling
to module-level devices of 2D PSCs. Firstly, layered
perovskites deposited using solution methods typically suffer
from a mixture of quantum wells with multiple (n) value
distribution, which has severely hindered charge transport
and induced additional energy losses when up-scaling to
large-area devices."*"! Moreover, the addition of organic
spacer cations significantly alters the precursor component
interaction and coordination, which fundamentally change
the crystallization process, and thus the kinetics of film
formation is quite different compared to 3D analogues.'*"!
Furthermore, the top and buried contacts of 2D perovskites
and interfacial transporting layer is less explored, which is
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essential for efficient charge transfer and carrier extraction
in large-area devices.?™*"! Therefore, the scalable deposition
of a uniform 2D perovskite film currently remains both a
key scientific and technical challenge.

In this work, we first propose a strategy via well-defined
2D perovskites/interfaces interaction to realize modified
crystallization and growth to achieve a large-area and
uniform 2D RP ((n)=4) phase perovskite film benefiting
from conjugated polyelectrolytes poly(3-(4-carboxybutyl)-
thiophene-2,5-diyl) (P3CT). Through tuning the functional
cation to more compatible butylamine (BA), combined
theoretical and experimental results confirmed P3CT-BA as
a highly efficient hole-transporting layer (HTL) due to its
great hydrophilicity, high hole mobility and more uniform
surface. More importantly, the tailored P3CT-BA also has
an anchoring effect and acts as the buried passivator for
BA,;MA;Pb,I;; 2D perovskite. Finally, a champion efficiency
approaching 18 % was achieved for small size 2D RP PSCs
with excellent stability. More importantly, we first realize
high-performance large-area 2D perovskites on a substrate
of 2x3 cm? and 5x5 cm?® (active area of 1 cm* and 16 cm?),
respectively.
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Results and Discussion

P3CT was normally mixed with excess potassium hydroxide
(KOH) to prepare an aqueous solution for depositing the
HTL. The P3CT-BA aqueous solution was synthesized using
a similar method, which incorporates BA instead of KOH.
The P3CT-K and P3CT-BA HTL were fabricated under
ambient conditions through a spin-coating process.”>**! For
the absorbing layer, the typical RP phase BA,MA;Pb,1;; 2D
perovskite film was deposited on top of the P3CT-X by a
hot spin-coating method using the parameters from a
previous report."#*2l We first compared the properties of
P3CT with different cations as well as the RP phase
BA,;MA;Pb,I;; perovskite film coated on top of them. The
molecular structures of P3CT-K and P3CT-BA are shown in
Figure 1a, and the aqueous solutions exhibit different colors
at the same concentration (2 mgmL™"). Figure 1b provides
the absorption spectra of both solutions, the P3CT-K
solution shows a shoulder absorption peak around 600 nm,
and the absorption spectra exhibits a ~20 nm red-shift
compared to that of P3CT-BA, indicating a higher degree of
polymer aggregation for the P3CT-K solution.”” Figure 1c
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Figure 1. a) The molecular structures and aqueous solutions of P3CT-K and P3CT-BA. b) UV-vis absorption spectra of P3CT-K and P3CT-BA
aqueous solutions. c) Transparency of the ITO, ITO/P3CT-K and ITO/P3CT-BA films. d) AFM height images of P3CT-K and P3CT-BA films (inset:
DLS spectra of P3CT-K and P3CT-BA aqueous solution). e), f) Steady-state PL spectra of 2D perovskite films based on P3CT-K and P3CT-BA in
both bottom and top excitation configurations. g) Time-resolved PL spectra of P3CT-K and P3CT-BA based 2D perovskite films.
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presents the transmittance spectra of P3CT-K and P3CT-BA
films spin-coated on indium-tin-oxide (ITO) substrates.
Bare ITO is also included for comparison. In comparison
with P3CT-K, P3CT-BA shows higher transmittance in the
range of 350-550 nm, which may be attributed to the
different surface morphology. To understand the difference,
a set of characterizations were further performed. Dynamic
light scattering (DLS) and zeta potential were introduced to
detect the polymer aggregate size distribution in the
solution. As shown in Figure 1d, the particles were widely
distributed in the P3CT-K solution, with separation varying
from 10 nm to thousands of nanometers. Surprisingly, in the
P3CT-BA solution, the particles show a narrow size
distribution (1-100 nm). Moreover, the zeta potential results
(Figure S1) show that the P3CT-BA solution possesses a
larger absolute value (—20.6 mV) than that of P3CT-K
(=142 mV), confirming a more dynamic stable solution
system with less tendency to aggregate. We hypothesize that
the bulky organic cation BA* could separate the neighbor-
ing polythiophene backbone and hence reduce the aggrega-
tion of P3CT in the solution. To further understand the
solution to solid film transformation, top-view scanning
electron microscopy (SEM) and atomic force microscopy
(AFM) were performed. The SEM images clearly resolve
agglomerated large particles in the P3CT-K film (Figure S2).
A similar trend was found in AFM height images (Fig-
ure 1d), the P3CT-BA film exhibits smoother and more
uniform surface topography, demonstrating a significant
decreased surface roughness with smaller root-mean-square
(RMS) (0.45nm) relative to that of the P3CT-K film
(0.91 nm), and such uniform film morphology is retained in
the large-area P3CT-BA film (Figure S3).

Meanwhile, the BA,MA;Pb,J;; 2D perovskite film
deposited onto P3CT-BA exhibits improved absorption
(Figure S4), confirming the transparency results. We then
performed steady-state photoluminescence (PL) character-
ization in both bottom and top excitation configurations. As
shown in Figure le, the PL of all three films exhibit multiple
peaks at different wavelengths, suggesting the presence of
multi-perovskite phases at different (n) values after rapid
crystallization in the RP 2D perovskite film.”® The PL of
the control BA,MA;Pb,I;; film (on bare ITO) is dominated
by the 3D phase peak (~740 nm), and stronger peaks of 2D
phases with respect to the 3D phase are observed in both
P3CT-X based films. These peaks assigned to (n)=1, 2, 3, 4,
and to (n) =« phases are all observable, indicating a vertical
phase separation in the order of (n) tends to occur from the
bottom toward the top regions inside the 2D film. From
both bottom and top excited PL (Figure le,f), the PL peak
intensity of the BA,MA;Pb,I;; perovskite film on P3CT-BA
is significantly decreased with a slight blue-shift relative to
that on P3CT-K, suggesting the reduction of defects and
more efficient charge transfer.”” To further understand the
role of P3CT-BA HTL on the charge-transport dynamics,
time-resolved PL spectra were recorded (see Figure 1g and
Table S1). The photoinduced carrier exhibits a relatively
long average lifetime (z,,.) of 9.6 ns for the film on the bare
ITO substrate, and the 7, decreases when BA,MA;Pb,1;
was deposited onto the ITO substrate with an HTL (ITO/
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P3CT-K: 7.9 ns, ITO/P3CT-BA: 5.3 ns), suggesting improve-
ment of the carrier extraction in P3CT-BA/2D perovskite
interfaces.””

In addition, to study the carrier dynamic process at the
HTL/perovskite interface, we hypothesize that the HTL also
plays an important role in the crystallization and growth of
the 2D perovskite. As recorded by the top-view SEM
(Figure S5), the film on the bare ITO substrate exhibits
relatively small grain domains with surface cracks, and it
displays increased crystal size with reduced surface cracks
after depositing onto P3CT-X, especially in the case of
P3CT-BA. This observation was also confirmed by AFM
(Figure 2a—c), which is attributed to a more hydrophilic
surface as well as the anchoring effect of the P3CT-BA
HTL. The smooth surface, large and uniform grain size and
surface of the 2D perovskite film suggests few defects and
non-radiative recombination centers. To further elucidate
the crystal orientation and vertical alignment of the 2D
perovskite film, grazing incidence wide-angle X-ray scatter-
ing (GIWAXS) was introduced. As shown in Figure 2d-f, all
GIWAXS patterns exhibit typical strong scattering features
of crystalline RP 2D perovskites. In comparison with the
film on the bare substrate and P3CT-K, sharp, sporadic
Bragg spots in the film on P3CT-BA were observed,
indicating the improvement of crystal packing and
orientation.’!. Moreover, a series of characteristic (060),
(080) and (0100) diffractions at low g value regions (low (n)
value ((n) <2) phase) in the P3CT-BA based film, suggest-
ing superior crystallinity and preferential orientation with
respect to the substrate and higher phase purity (Fig-
ure $6).0"¥1 X.ray diffraction (XRD) was also performed
(Figure S7), and characteristic diffraction peaks at 14.1° and
28.2° can be observed in all three films, which correspond to
the (111) and (202) lattice planes, respectively. The two
peaks of perovskite film based on P3CT-BA show higher
intensity and a narrower full width at half maximum,
indicating enhanced crystallinity.™ The enhanced crystal-
lization and vertical aligned 2D perovskite film on P3CT-
BA could guarantee a more efficient carrier-transport
channel between two electrodes.

In light of the above findings, as well as the results of a
comprehensive understanding of different P3CT-X film
properties, the schematic structures of the films deposited
onto P3CT-BA are illustrated in Figure 2g. The non-uniform
phase may form during the spin-coating process, after a slow
post-annealing process, 2D phases and 3D phase tend to
form near the bottom and top areas, respectively.”"! Mean-
while, as proved in the following part, the tailored BA™
cation in P3CT-BA could provide an additional anchoring
effect, coordinating the crystallization and vertical phase
alignment. In comparison with the control sample without
HTL, the 2D perovskite film with P3CT-BA exhibits
modified the phase distribution with finer energy gradients
along the vertical direction. As a result, the potential
barriers induced by quantum wells with different (n) values
could be further reduced, which is beneficial for promoting
charge transport and extraction, as desired for fabricating
high-efficiency and large-area photovoltaic devices.

© 2022 Wiley-VCH GmbH
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Figure 2. a)—c) AFM height images of BA,MA;Pb,|,; perovskite prepared on ITO, P3CT-K and P3CT-BA. d)-f) 2D GIWAXS patterns of BA,MA;Pb,l;;
perovskite prepared on ITO, P3CT-K and P3CT-BA. g) Schematic models indicating crystal phase alignment for BA,MA;Pb,l,; perovskite films with

or without P3CT-BA.

To confirm the spatial phase distribution and probe
carrier transport in 2D perovskite films deposited on differ-
ent substrates, femtosecond transient absorption (fs-TA)
measurements were performed. Figure 3a—c present the 2D
contour plots of TA spectra of quasi-2D perovskites excited
from the bottom side. As expected, all the TA spectra
display obvious ground-state bleaching (GSB) peaks, in-
dicating that mixed (n) value phases coexisted in films.
These GSB peaks around 560, 605, 639, 666, 725 nm can be
assigned to the (n) =2, 3, 4, 5 and « phases,”* respectively,
which is consistent with the steady PL. Figure 3d—f show the
characteristics of differential transmittance (AOD) versus
wavelength of TA, which allows for more intuitive observa-
tion of changes in GSB signals. In comparison with the
control and P3CT-K-based films, the decreased relative

Angew. Chem. Int. Ed. 2022, 202205111 (4 of 10)

peak intensity of the low (n) and (n) =« phase with respect
to the (n) =3, 4, 5 phases suggest an increased homogeneity
of quasi-2D phases as well as fewer unfavorable parallel
phases in the P3CT-BA-based film." Notably, the reduction
of GSB peaks assigned to low (n) phases at higher energies
are accompanied by the rise of those at (n) =« phases (lower
energies) as the decay time prolongs, indicating an energy
transfer from the low (n) to (n) = phases.” Furthermore,
by comparing the TA decay dynamics of perovskite on
different substrates, we find that the decay time of the
perovskite fabricated on P3CT-BA at lower (n) phases (
~1ps) as well as (n) =« phases (~100 ps) is considerably
shorter than that of the control (1-10 ps and ~1000 ps) and
P3CT-K (1-10ps and 1000 ps), implying faster carrier
extraction time and more efficient carrier transport. In

© 2022 Wiley-VCH GmbH
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Figure 3. Transient absorption (TA) color mapping of 2D perovskite films deposited on a) ITO, b) ITO/P3CT-K and c) ITO/P3CT-BA (bottom
excitation). The corresponding TA spectra at different delay times of 2D perovskite films deposited on d) ITO, e) ITO/P3CT-K and f) ITO/P3CT-BA.
g) BA,MA;Pb,l,; slab system containing one BA* vacancy in the surface. h) Simplified P3CT-BA model employed in the DFT calculations; electronic
density of states estimated for the BA,MA;Pb,|,; defected and P3CT-BA/BA,MA;Pb,l,; systems. i) Optimal P3CT-BA/BA,MA;Pb,l,; configuration
and charge density difference distribution (inset: regions of electronic density accumulation (depletion) are indicated in yellow (blue)).

addition, we further fitted the TA kinetics of different
phases with double-exponential functions to attain more
quantitative analysis. The rising kinetics constitute a fast
decay component 7; related to the charge transfer and a
more dominant slow decay 1, corresponding to charge
trapping process, respectively,”” are listed in Table S2. As
shown in Figure S8, it is clear that two rising kinetics of
P3CT-BA-based film both become faster. Take the (n)=3
phase for example, the fitting 7, is 2.68, 1.55 and 0.53 ps and
1, is 209, 295 and 414 ps for control, P3CT-K and P3CT-BA-
based perovskite films, respectively. Similar trend is also
observed in other (n) value phases (Figure S8). The rising
kinetics yield a shorter carrier populating time, which may
be benefitted from the improved band energy and vertical
phase alignment.!

To gain insight into the P3CT-BA/BA,MA;Pb,I;; inter-
faces, we performed first-principles calculations based on

Angew. Chem. Int. Ed. 2022, 202205111 (5 of 10)

density functional theory (DFT). We started by analyzing
the creation of BA™ and methylamine (MA™) vacancies
(neutral) both in bulk and surface configurations. It was
found that the two types of defects entail quite similar
formation energies and that it is much easier to create then
in the exposed BA,MA;Pb,l;; surface (Figure 3g) than in
bulk. In particular, we estimated formation energies of 2.97
(2.56) and 7.93 (7.57) eV for BA* (MA™) vacancies created
in the surface and interior of 2D perovskites, respectively.
Subsequently, we investigated the adsorption mechanisms of
a simplified molecular model for the P3CT-BA (Figure 3h)
on BA,MA;Pb,I;; surfaces exclusively containing BA™
vacancies (Figure 3i).

Upon relaxation, we observed a two-step process
triggered by the adsorption of P3CT-BA like molecules that
has a healing and anchoring effect on the 2D perovskite
surface. First, the BA" moiety in one of the tips of the

© 2022 Wiley-VCH GmbH
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P3CT-BA like molecule spontaneously moves towards the
vacant side in BA,MA;Pb,l,; and occupies it, thus achieving
surface passivation. And second, the remainder of the
P3CT-BA like molecule ends up being adsorbed on top of a
surface lead (Pb) ion by its end oxygen (O) atoms, thus
anchoring the perovskite surface through the creation of
Pb—O bonds (Figure 3i). The total energy balance for such a
molecular adsorption process renders a large binding energy
of —5.98 eV, hence it is thermodynamically very favorable.
The formation of Pb—O bonds in the BA,MA;Pb,I;; surface
is mediated by large electronic transfers from the Pb
perovskite ions to the O atoms in P3CT-BA, as shown by
the charge density differences estimated for the composite
P3CT-BA/BA,;MA;Pb,I;; system (Figure 3i). Reassuringly,
our Bader charge analysis indicates that each O atom in the
lower tip of the P3CT-BA like molecule receives on average
about 0.5e” from the perovskite Pb ions. In addition, the
hybrid system appears to be further stabilized via the
formation of hydrogen bonds between neighboring O ions in
the P3CT-BA like molecule and hydrogen ions in the
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BA,;MA;Pb,I;; surface. The P3CT-BA induced 2D perov-
skite anchoring effect, materialized through the creation of
surface Pb—O bonds, may explain the observed charge
extraction improvements since charge can be more easily
transported  through  the intertwined P3CT-BA/
BA,MA;Pb,I;; interface. Space-charge-limited current
(SCLC) characterization was employed to confirm the
buried anchoring effect of P3CT-BA (Figure S9). The
perovskite film based on P3CT-BA exhibits a lower hole
trap-state density of 0.84 x 10" cm relative to that of 1.18x
10 cm™ for one based on P3CT-K. Besides, the u,
significantly increases from 0.84x 10" cm?V~'s™' (P3CT-K)
t0 3.96x 10" cm*V~'s™! (P3CT-BA).

To demonstrate the potential of P3CT-BA in high-
efficiency and large-area 2D PSCs, we fabricated the PSCs
with a configuration of glass/ITO/P3CT-X/BA,MA;Pb,1;,/
(6,6)-Phenyl-C61-butyric acid methyl ester (PCBM)/Bath-
ocuproine (BCP)/Ag shown in Figure 4a, with a cross-
sectional SEM image shown in Figure 4b. The ultraviolet
photoelectron spectroscopy (UPS) results (Figure S10) in-
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Figure 4. a) Device architecture of 2D PSCs and corresponding cross-sectional SEM image. b) The optimal J-V characteristics of the 2D PSCs using
P3CT-K and P3CT-BA. c) SPO spectra. d) PCE distribution (24 parallel devices) of the 2D devices based on PEDOT, PTAA, P3CT-K and P3CT-BA.

e) Trap density of states of the P3CT-K and P3CT-BA-based 2D PSCs. f)-h) Stability of solar cell devices based on P3CT-K and P3CT-BA under room
temperature or continuous thermal stress at 85°C under an inert atmosphere and ambient conditions.
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dicate that P3CT-BA has an up-shift deep HOMO of
—5.2 eV relative to that of P3CT-K (—5.3 eV), which is more
compatible with the ITO electrode for hole extraction
(Figure S11). To optimize the device performance, adjust-
ments were made to the P3CT/BA weight ratio, total solid
concentration, and thickness (Tables S3-S5). Figure 4c
presents the current density versus voltage (/-V) character-
istics of the optimized 2D PSCs using P3CT-K and P3CT-
BA as the HTL, with the parameters shown in Table 1. The
P3CT-K based device shows a best PCE of 14.86 % with a
V.. of 1.17V, a J of 16.94 mA cm™2, and a fill factor (FF) of
0.75, while a device using P3CT-BA HTL delivers a
significantly improved PCE up to 17.74 % with an increased
J. of 18.67mAcm™> a V., of 125V, an FF of 0.76 and
negligible J-V hysteresis.

The steady-state output powers for the P3CT-K and
P3CT-BA devices, measured under the maximum power
point voltages, are 17.25% and 14.53 %, respectively (Fig-
ure 4d). The external quantum efficiency (EQE) curves in
Figure S12 reveal that the best P3CT-BA based cell exhibits
higher EQE values across almost the whole response region.
The integrated current density (/) values over the AM 1.5G
solar spectrum for P3CT-BA and P3CT-K based cell are
18.38 mAcm™ and 16.10 mAcm™, respectively, in good
agreement with the J, values obtained from the J-V curves.
These enhancements from EQE measurements suggest
better charge transport and carrier collection in a device
using P3CT-BA. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)-
amine] (PTAA) is a dominate HTL in 2D PSCs,?5¥!
however, the poor surface wettability of PTAA significantly
limits its application in large-area device fabrication.!***!l
This is confirmed by contact angle (CA) measurements
shown in Figure S13. The conventional poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) can
improve the surface wettability; however, the corresponding
device usually has a lower V. due to unmatched energy
level.?4%] Besides, the acidic property of PEDOT:PSS
may lead to corrosion of both the electrode layer and
perovskite active layer,™ which will induce the degradation
of PSCs (Figure S14). For a better comparison, we also
fabricated the 2D PSCs using PTAA or PEDOT: PSS as the
HTL under the similar device fabrication conditions (Fig-
ure S15). The P3CT-BA based device exhibits higher
efficiency and better reproducibility than the P3CT-K and
PTAA/PEDOT:PSS devices from the statistics of device
performances (Figure 4e). Such excellent reproducibility
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implied the improved growth of 2D perovskite films on the
substrate of ITO/P3CT-BA.

To elucidate the buried passivation effect on the hole
extraction and carrier dynamics in the devices, the trap
density of state (rDOS) and light intensity dependence of J,
and V. of the devices were measured. From the thermal
admittance spectroscopy measurements (Figure 4f), it is
obvious that the trap density of the P3CT-BA-based device
is lower than that of P3CT-K at the shallow trap region
(Band 1 and Band 2, 0.3-0.46 eV). To understand the charge
carrier dynamics in the quasi-2D solar cell device, we
measured the light intensity dependence of J. and V. of the
devices. As shown in Figure S16, the o values of the P3CT-
BA-based device (0.98) is slightly increased compared to
that of P3CT-K (0.97), indicating a slightly decreased
bimolecular recombination in devices based on P3CT-BA.
For the V,. measurements, the slopes of 1.21 k3 7T/q and
1.62 kg Tlq were fitted for the devices based on P3CT-BA
and P3CT-K, respectively. The lower slope value suggests
that the Shockley—-Read-Hall recombination has been sup-
pressed through a polyelectrolyte anchoring effect.l*”) Both
measurements indicate decreased trap-state density after
introducing P3CT-BA, which may be attributed to the BA™"
passivation (e.g., undercoordinated iodine or BA* vacan-
cies) and O passivation (e.g., undercoordinated Pb, consis-
tent with DFT in Figure 3i) and improved crystallinity.[*!
The transient photovoltage (TPV) measurements (Fig-
ure S17) further confirmed the light intensity dependence
characterization, the photovoltage decay time of the opti-
mized P3CT-BA-based device is 430 ps, which is greatly
enhanced compared to that of the device based on P3CT-K
(180 ps). The electrochemical impedance spectroscopy (EIS)
technique has been widely used to characterize the inter-
facial charge transfer and recombination. The Nyquist plots
of the devices with P3CT-K and P3CT-BA as HTLs are
depicted in Figure S18, with the parameters listed in
Table S6. The R, of the device based on P3CT-BA exhibits
a lower value of 8.86 () compared to that of a P3CT-K-based
device (71.64 Q), which indicates the reduction of the
interfacial recombination. Meanwhile, the P3CT-BA-based
device also witnesses an increase of R, (15.35 Q) compared
with the P3CT-K-based device (6.36 Q), demonstrating more
efficient interfacial charge transfer.*”

RP phase 2D halide perovskites have been reported to
exhibit excellent long-term stability relative to their 3D
hybrid counterparts. Due to the enhanced crystallization

Table 1: PV device parameters extracted from J—V scans of devices based on P3CT-K and P3CT-BA.

Condition Scan direction Vo [V] Joe [MACM ™ FF PCE [%)] HI
P3CT-K Reverse 117 16.94 0.75 14.86 0.062
Forward 117 16.11 0.74 13.94
Average® 1.17+£0.01 16.63£0.31 0.74+£0.03 14.274+0.49
P3CT-BA Reverse 1.25 18.67 0.76 17.74 0.030
Forward 1.25 18.35 0.75 17.20
Averagel®! 1.25+0.01 18.454+0.20 0.75+0.02 17.564+0.18

[a] The data were collected among 16 cells and the cells were measured under the reverse scan.
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and phase arrangement resulting from the anchoring effect,
we believe that the BA cation attached to the polyelectro-
lyte can better stabilize the crystal lattice, thereby improving
the stability of the device. We then evaluated the stability of
unencapsulated devices under an N, environment. As shown
in Figure 4g, the devices based on P3CT-K and P3CT-BA
maintained 0.94 and 0.97 of their initial PCE, respectively.
The thermal and humidity stability of 2D PSCs were tested
and the results are shown in Figure 4h,i. After 2400 h of
storage in N, at 85°C heating, the unencapsulated devices
drop to 0.93 and 0.86 of their original PCEs for the P3CT-
BA and P3CT-K-based devices, respectively. Besides, the
unencapsulated P3CT-BA-based device maintains 0.90 of its
initial PCE after aging 2400 h under ambient conditions
(~20°C, Relative humidity =40-50 %), while the P3CT-K-
based one degraded to 0.80 of its initial value over the same
aging time. We speculate that P3CT-BA as HTL can affect
the hydrophobicity of perovskite films. Therefore, we
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measured surface contact angles with water droplets (Fig-
ure S19). We observed an apparent increase of CA for the
perovskite based on P3CT-BA (65.2°) compared to that
based on P3CT-K (54.3°). This means that P3CT-BA can
assist to grow a perovskite film with a more hydrophobic
surface, which may account for the enhanced stability under
ambient environment aging.

The main goal of the P3CT-BA is to provide a better
HTL/2D perovskite interface to realize efficient large-area
2D PSCs. We then fabricated large-area (2x3 and 5x5 cm?)
devices with the same structure and processing conditions as
a small area device using different ITO/HTL substrates. To
enable the advantages of P3CT-BA for large-area film and
device, we fabricated the large-area device using a spin-
coating process and the corresponding 2D perovskite films
are shown in Figure Sa. We compared the images (Fig-
ure S20) and PL mapping (Figure 5b) of a 2x3 cm? size 2D
perovskite film sample on different substrates. The P3CT-

i
o

Current Density (mA cm)
o =
o w - w 3%}
I
)
@ /

s \ini-module 1
== \lini-module 2
== ini-module 3
== lini-module 4
s lini-module 5
s [ini-module 6
=== Mini-module 7

Mini-module 8

Mini-module 9

4
Bias (V)

Figure 5. a) Schematic diagram of up-scaling (2x3 cm? and 5x5 cm?) perovskite film fabrication. b) PL mapping of 2D perovskite films deposited
on PEDOT: PSS, PTAA, P3CT-K and P3CT-BA, respectively. c) The optimal J~V characteristics of the 2D PSCs (1 cm?) using PEDOT: PSS, PTAA,
P3CT-K and P3CT-BA. d) The J-V characteristics of the 2D PSCs minimodule using P3CT-BA.
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BA film shows homogeneous PL intensity, which suggests
good uniformity of the large-area perovskite films. These
observations were further verified by their photovoltaic
performance through fabricating 1cm?® size device. The
P3CT-BA based solar cell outputs an excellent PCE of
14.81% (V. of 1.19V, J of 1791 mAcm 2, FF of 0.69),
significantly outperforming those based on PTAA (0.86 %),
PEDOT:PSS (8.26 %) and P3CT-K (11.85%) (Figure 5c).
We further evaluated the scalability of P3CT-BA by
fabricating first a 2D perovskite solar module (5x5 cm?)
with a total active area of 16.00 cm®’. The module was
completed by laser etching with 7 subcells. Ten minimodules
using an optimal spin-coating process were fabricated and
tested. Encouragingly, nine of them exhibit typical J-V
characteristics with an average PCE of 10.53 %, and the
best-performing 2D perovskite minimodule based on P3CT-
BA exhibits a V,, of 7.92V, a J,. of 2.51 mAcm, an FF of
0.56, and a PCE of 11.13 %. This is the first 2D perovskite
minimodule reported so far (Figure 5d and Table S7).
Bearing the more compatible BA™ cation, we believe P3CT-
BA would act as a highly efficient HTL for large-scale 2D
perovskite PSCs due to its great hydrophilicity, and more
uniform surface. In addition, P3CT-BA also displays a
buried anchoring effect to promote the growth of
BA,;MA;Pb,I; 2D perovskite along both the horizontal and
vertical directions, confirming the utility of the tailored
conjugated polyelectrolyte strategy for up-scaling of 2D
PSCs.

Conclusion

In summary, we report the incorporation of a functional
conjugated polyelectrolyte to fabricate efficient and large-
area 2D PSCs. Experimental results demonstrate that by
tuning the side functional cation from K™ to the compatible
BA™, conjugated polyelectrolyte P3CT-BA is generated
which exhibits great hydrophilicity, relatively high hole
mobility and a more uniform surface. The 2D PSCs using
P3CT-BA as HTL exhibit enhanced charge transport and
decreased trap-states, leading to a best efficiency of 17.74 %
with enhanced stability, among the highest reports for 2D
PSCs (Table S8). More importantly, the P3CT-BA also
displays an anchoring effect and acts as the underlying
passivation bottom of BA,MA;Pb,];; perovskite films. The
anchoring effect optimizes carrier dynamic and assists
perovskite film growth, leading to a first 2D perovskite
minimodule device with an efficiency of 11.13 %. We believe
these results provide a feasible strategy to develop efficient,
stable and large-area 2D PSCs.
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Tailored P3CT-BA polyelectrolyte is dem-
onstrated to be an efficient hole-trans-
porting layer for large-area 2D perovskite
solar cells with a power conversion
efficiency approaching 18%, and large-
area (2x3 cm?, 5x5 cm?) 2D perovskite
devices are also reported with an im-
pressive efficiency of 14.81% and

11.13 %, respectively.
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