
This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024, 17, 7147–7154 |  7147

Cite this: Energy Environ. Sci.,

2024, 17, 7147

Simplifying contact-layer design for high-
throughput printing of flexible perovskite
photovoltaics†

Lirong Dong, a Shudi Qiu, a Sarmad Feroze,a Michael Wagner,b

Olga Kasian, abc Heiko Peisert, d Felix U. Kosasih, e Caterina Ducati, e

José Garcia Cerrillo, a Jingjing Tian,a Chaohui Li, a Dongju Jang,a

Vincent M. Le Corre, ab Ning Li, f Fu Yang, ag Tian Du, *ab

Christoph J. Brabec*ab and Hans-Joachim Egelhaafab

The realization of scalable roll-to-roll production processes for metal–halide perovskite modules is a neces-

sary development for transferring developments and technologies from the lab to the fab. Before that, it is

imperative to close the efficiency gap not only between the devices fabricated on rigid substrates versus

flexible substrates, but also between solar cells to solar modules. In this regard, a critical assessment of

device architectures that are more compatible to scalable fabrication is needed. Obviously, the adaption to

mass manufacturing must not negatively impact device performance and operational stability. Here, by

investigating the properties of printed fullerene-based phosphonic acid dipole interface layers, we establish

simplified self-assembled monolayer (SAM) based n–i–p architectures without any charge extraction layers

other than SAMs, which are easily processed and are thus ideally suited for mass production. We show that

a contact-layer design with a printed fullerene-based SAM that has phosphonic acid is sufficient to provide

good charge selectivity and to minimize interface recombination at the bottom electrode. We further show

that the same SAM molecule can be used as a p-type interface material on top of the perovskite. This

simplified contact-layer design, which is based on one material for both hole and electron work-function

adaption is successfully integrated into our fully printed module process comprising the deposition of a

carbon top electrode. The achieved open-circuit voltage exceeds 1.1 V, and the fill factor surpasses 70%,

highlighting the potential of this novel interface design concept for both rigid and flexible substrates.

Broader context
Flexible perovskite photovoltaics (PV) are advancing toward commercialization, with numerous companies active globally. Spin coating, favored for its high
efficiency in lab-scale fabrication, and slot-die coating, used for sheeted rigid devices, both face scalability issues for high-throughput mass production. A
significant research gap exists in combining printable PV with slot-die coating technology for roll-to-roll (R2R) production. One major challenge is replacing
costly gold top electrodes with stable, less expensive materials like carbon. Additionally, scalable R2R production processes for metal–halide perovskite
modules are essential for transitioning from lab to large-scale manufacturing. Closing the efficiency gap between rigid and flexible devices, and between solar
cells and modules, is imperative. Thus, evaluating scalable, compatible device architectures is necessary without compromising performance and stability. Our
study explores printed fullerene-based phosphonic acid dipole molecule interface layers to create self-assembled monolayer (SAM)-based n–i–p architectures
suitable for mass fabrication. We demonstrate that a printed fullerene-based SAM with phosphonic acid anchoring groups ensures good charge selectivity and
minimizes interface recombination. Remarkably, the same SAM molecule also functions as a p-type interface material, simplifying the contact-layer design for
both hole and electron work-function adaptation. This design is integrated into our fully printed module process with a carbon top electrode.
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e Department of Materials Science and Metallurgy, University of Cambridge, 27 Charles Babbage Road, Cambridge CB3 0FS, UK
f Institute of Polymer Optoelectronic Materials and Devices, Guangdong Basic Research Center of Excellence for Energy & Information Polymer Materials, State Key

Laboratory of Luminescent Materials and Devices, South China University of Technology, Guangzhou 510640, China
g College of Chemistry, Chemical Engineering and Materials Science, Soochow University, 215123, China

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ee02707h

Received 20th June 2024,
Accepted 7th August 2024

DOI: 10.1039/d4ee02707h

rsc.li/ees

Energy &
Environmental
Science

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

25
 1

2:
56

:3
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-6018-5946
https://orcid.org/0000-0002-3005-5788
https://orcid.org/0000-0001-6315-0637
https://orcid.org/0000-0002-9742-5800
https://orcid.org/0000-0003-1060-4003
https://orcid.org/0000-0003-3366-6442
https://orcid.org/0000-0002-7922-6824
https://orcid.org/0000-0002-8399-4244
https://orcid.org/0000-0001-6365-179X
https://orcid.org/0000-0003-1208-4638
https://orcid.org/0000-0001-7673-8026
https://orcid.org/0000-0002-0566-1145
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ee02707h&domain=pdf&date_stamp=2024-08-26
https://doi.org/10.1039/d4ee02707h
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee02707h
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE017019


7148 |  Energy Environ. Sci., 2024, 17, 7147–7154 This journal is © The Royal Society of Chemistry 2024

Introduction

In parallel to the campaign for higher power conversion efficien-
cies (PCEs) on a laboratory-scale, scalable approaches towards
commercialization of photovoltaics (PVs) based on metal–halide
perovskites are becoming a central research task for the commu-
nity. To this end, a key milestone is the realization of a scalable
production process for perovskite solar modules (PSMs) that is
not limited by high capital expenditure (CapEx), expensive process
materials, low processing velocities or low yield.1,2 The corner-
stone of roll-to-roll (R2R) production is arguably the successful
development of reliable processing recipes for PSMs on flexible
substrates.3–5 Flexible solar cells typically suffer from additional
PCE losses compared to those on rigid substrates.6 A further
challenge is the operational stability of PSMs on flexible sub-
strates being a key performance-limiting factor that needs to be
improved.7 It is imperative, through simplification of device
architecture and improvement in thin-film processability, to
reduce PCE loss not only during the rigid-to-flexible transfer in
device fabrication but also during the cell-to-module upscaling of
the device area,8 which will be the main issue to be addressed in
this study.

Typical perovskite solar cells (PSCs) adopt a multilayer
configuration, with the perovskite photoactive layer sandwiched
between one or multiple electron- (ETL) and hole-transporting
layers (HTL). Whilst they provide the essential charge selectivity
for solar cells, the upscaling of device fabrication can be hindered
by a variety of complexities in depositing the ETL and HTL,
including the need for extended or high-temperature annea-
ling,9 the need for sequential deposition of multiple layers,10

and the de-wetting of precursor solution on the substrate or
chemical incompatibilities between the materials. Taking tin
oxide (SnO2), the working-horse ELT for n–i–p structured
PSCs,11 as an example, thin films processed from aqueous nano-
particle dispersion typically suffer from non-negligible de-
wetting on flexible substrates,12–14 whilst the need for extended
thermal annealing is limited by the glass-transition temperature
of the flexible foil.15 Therefore, there is an ongoing demand for
novel contact-layer designs to reduce the number of required
materials for contact layers and to ease the processing of these
materials. Efforts towards simplified architecture have been
made through the development of ETL- or HTL-free PSCs,16

but their PCEs are noticeably inferior to those of PSCs with
conventional architecture owing to strong surface recombination
caused by a lack of charge rectification.

Recently, self-assembled monolayers (SAMs) have emerged
as promising contact layers for PSCs, showing improved PCEs
over conventional charge-transporting layers and a facile,
annealing-free fabrication,17 and thus their up-scalability needs
to be explored. Typically, SAMs with a variety of functional head
groups, such as thiols, carboxylic acids, and phosphonic acids
(PAs), exhibit unique properties that are valuable for tuning
surface characteristics. PA-based SAMs,18 in particular, have
attracted significant research interest due to the strong
chemical binding of the PA groups to metal oxides like ITO
(indium tin oxide) and SnO2, whereas leaving the tail groups

oriented upwards, allows for modification of the surface prop-
erties. As a result, PA-based SAMs are widely used to tune the
work function (WF) of substrates and to optimize interface
properties in various applications.19–21 While the majority of
the community is focused on hole-selective SAMs for p–i–n
architectures, electron-selective SAMs are less considered. In
this regard, interfacial engineering based on printable SAMs to
achieve charge selectivity with no penalties on device efficiency
is a potentially viable strategy that simplifies device fabrication,
which will be the focus of this study.

Herein, we demonstrate the simplification of contact-layer
design for n–i–p PSCs through the utilization of a novel
fullerene-based phosphonic acid as an interfacial dipole
for both electron-selective contact and hole-selective contact.
The charge-selective duality with a single material is achieved
through the preferential interactions of the phosphonic acid
group and the fullerene on the ITO and perovskite surfaces,
respectively. This unconventional approach challenges the
current established norms of interface design. It allows for a
greatly simplified architecture with only one interface material
and thus enables facile upscaling of fully printed perovskite PV,
resulting in state-of-the-art PCE values of fully printed PSCs and
PSMs on flexible plastic substrates.

Results and discussions

We show in Fig. 1a a schematic drawing of PSC fabrication and
the chemical structure of the SAM used in this study, namely a
fullerene bis(alkyl phosphonic acid), denoted as ‘‘FAPA’’ here-
after. In our device, an ITO-coated substrate is used as the
bottom electrode and a carbon layer as the counter electrode,22

while the perovskite active layer is sandwiched between two
ultra-thin SAMs, consisting of the FAPA molecules. Besides
these SAMs, no semiconducting ETL or HTL are used as inter-
face materials in device fabrication. All layers in the PSCs,
including the carbon electrode, are blade-coated under ambi-
ent environmental conditions. The configuration of the PSCs in
which perovskite is sandwiched by the FAPA layers can be
visualized from a cross-sectional scanning transmission elec-
tron microscopy (STEM) image, Fig. 1b. The FAPA layer can be
clearly discerned from the perovskite owing to mass contrast.23

This shows that the bottom FAPA layer is less than 10 nm in
thickness but shows a continuous configuration, whilst the top
FAPA layer shows a relatively conformal configuration with the
perovskite. In Fig. 1c, the current density–voltage ( J–V) curves of
the champion PSCs with the novel contact-layer design are dis-
played, which show a short-circuit current ( JSC) of 22.9 mA cm�2,
open circuit voltage (VOC) of 1.11 V, fill factor (FF) of 73.1% and a
PCE of 18.6%, with a small J–V hysteresis. The measured JSC is
calibrated by an external quantum efficiency (EQE) measurement,
Fig. S1 (ESI†), that shows an integrated JSC of 21.2 mA cm�2.

To demonstrate the critical role of the FAPA layers in
reinforcing charge selectivity, we investigate the variation in
solar cell performance with one or both FAPA layers removed
from the interfaces (Fig. 1d). The J–V curves, Fig. 1e, show an
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immediate disappearance of rectification when the bottom
FAPA layer is removed (Device 2), and more so when both FAPA
layers are taken out (Device 1). By removing only the top FAPA
layer, the rectification behavior of the J–V curve is mostly
maintained (Device 3) but moderate losses of VOC and FF are
observed compared to the target device (double FAPA). If the
FAPA layers applied either above or below the perovskite are
too thick, the J–V curves exhibit significant charge resistance
(Fig. S2, ESI†). We summarize the statistical data of the PV
parameters from approximately 60 devices for each of the
architectures in Table 1. The results show the critical role of
the FAPA layer in providing electron selectivity for the ITO/
perovskite interface. In the meantime, the same FAPA layer,
when deposited on top of the perovskite, shows a moderate but
still noticeable enhancement in hole selectivity for the perovs-
kite/carbon interface.

Before investigating the mechanism of charge-selectivity
formation, we first probe the respective chemical interactions
of FAPA on ITO and on the perovskite surface through X-ray
photoelectron spectroscopy (XPS). The full XPS of ITO with and
without FAPA are shown in Fig. S3 (ESI†). Deposition of the
FAPA layer on ITO results in the emergence of a characteristic
peak for phosphorus (Fig. S4, ESI†). In Fig. 2a, we look in more
detail into the selected spectra of the In 3d and O 1s core levels
measured from the ITO to probe any chemical interaction. The

In 3d peak shows a significant decrease in peak intensity upon
the deposition of FAPA, implying the formation of a dense FAPA
layer on ITO. Moreover, an obvious shift of the In 3d peak to
higher binding energy after coating with SAM indicates
changes in the electron density around the indium atoms,
which is caused by the strong interaction between the phos-
phonic acid and indium. The formation of a SAM layer is also
confirmed by the strong signals of C–O– and P–O– bonds in the
XPS O 1s peak shown in Fig. 2b. Both the reduction in intensity
of the –OH groups and the shift of the In 3d peak indicate the
strong chemical reaction between phosphonic acids and the
hydroxyl groups at the ITO surface.24

When depositing FAPA on the surface of the perovskite film,
the intensity of the Pb2+ 4f peak at binding energies of 138.4 and
143.2 eV increases significantly, while the peaks corresponding
to the metallic Pb0 cluster phase at ca.136.6 and 141.5 eV, caused
by the decomposition of perovskite,25 decrease, as shown in
Fig. 2c. That indicates that FAPA on top of the perovskite
suppresses the formation of metallic Pb0 during the annealing
process due to partial replacement of weakly coordinated Pb2+ by
the SAM, and thus prevents perovskite degradation during
processing. The I 3d XPS peak in Fig. 2d exhibits a shift to lower
binding energy, from 619.5 eV to 619.4 eV, suggesting an
increase in electron density at the perovskite surface due to
the anchoring of the phosphonic acid functional group. The
results support our hypothesis that the FAPA layer has signifi-
cant interactions with both ITO and perovskite surfaces.

As a consequence of FAPA binding to the surface, the surface
WF of the ITO and the perovskite are altered, as measured
through ultraviolet photoelectron spectroscopy (UPS), plotted
in Fig. 2e. The UPS results show a decrease in WF from �4.70 to
�4.52 eV for the ITO substrate, and a decrease from �4.21 to
�4.14 eV for the perovskite upon the deposition of FAPA layers
on their surfaces, whereas an increase from �4.28 to �4.41 eV

Fig. 1 Architecture and performance of solar cells. (a) Schematic drawing of PSCs fabrication and the chemical structure of FAPA. (b) Cross-sectional
TEM images of the PSCs based on the FAPA layer. The carbon counter electrode is replaced by a platinum (Pt) protecting layer for the convenience of
cross-sectional lamella preparation. (c) J–V curves of the champion PSC adopting FAPA/perovskite/FAPA architecture, measured from the reverse-scan
direction and forward-scan direction. (d) Schematic drawing of PSC architectures with the FAPA layer partially or fully removed. (e) J–V curves of the
PSCs with the different architectures shown in (d).

Table 1 Statistics of photovoltaic key parameters of the PSC architectures
shown in Fig. 1d

Device structure Jsc (mA cm�2) VOC (mV) FF (%) PCE (%)

Device 1 17.5 � 3.5 618 � 212.8 28.3 � 9.7 3.7 � 3.6
Device 2 18.0 � 3.6 623 � 221.5 30.5 � 9.1 4.1 � 3.4
Device 3 22.1 � 0.5 1061 � 19.9 67.9 � 5.6 15.9 � 1.8
Target 22.1 � 0.7 1120 � 4.1 71.9 � 1.1 17.8 � 0.5
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is observed for the carbon electrode with the FAPA on top
(Fig. S7, ESI†). We propose that the decrease in WF is induced
by the formation of a dipole layer at the respective interfaces as
shown in Fig. 2f. Due to the extended layer thickness of the
SAM, the magnitude of the measured dipole effect might be
partially screened. However, the direction of the electrical field
formed at the surfaces can be indicated. A WF decrease from
the surface of ITO to the surface of the SAM corresponds to a
dipole with the negative charge density at ITO and the positive
charge density at the surface of the SAM. This leads to an
attractive force for electron charges at the interface,24 depicted
by a partial downward bending of the perovskite conduction
band in Fig. 2g. A similar argument holds for the interface to
the carbon electrode. The decrease of the WF from the surface
of the perovskite to the surface of the SAM suggests a higher
electron density at the surface of the perovskite and a higher
hole density at the surface of the SAM. We also determine
the highest occupied molecule orbital (HOMO) of FAPA to be
�5.78 eV from the UPS measurement, and the lowest unoccu-
pied molecule orbital level (LUMO) to be �3.68 eV from
measurement of the FAPA’s optical bandgap, Fig. S5 (ESI†).

We then turn to investigate how the change in energetic
alignment affects charge carrier recombination at the respective
interfaces. Time-resolved photoluminescence (trPL) was mea-
sured on the respective half cells. The perovskite film in direct
contact with ITO, in Fig. 3a, exhibits a rather fast PL decay,
indicating the dominance of non-radiative surface recombina-
tion. Upon inserting the FAPA dipole layer, the PL transient
kinetics is slowed down from 53 ns to 691 ns, suggesting
effective suppression of perovskite surface recombination by
the dipole layer, which may also indicate a slight passivation
effect. Interface recombination is slightly slower at the contact
with the carbon electrode, as already found by the rather high
VOC values for Target compared to Device 3 (Table 1).

Consequently, the insertion of the FAPA dipole layer results in
a moderate decrease in recombination kinetics as shown in
Fig. 3b. The results highlight that the non-radiative recombina-
tion takes place mainly at the ITO/perovskite interface, which is
remarkably suppressed with the ITO/FAPA/perovskite configu-
ration, whilst the top FAPA layer only moderately suppresses the
non-radiative recombination at the perovskite/carbon interface.

The respective non-radiative recombination losses at both
surfaces of the perovskite film are further quantified by mea-
suring absolute photoluminescence quantum yields (PLQY)
and the corresponding quasi-Fermi level splitting (QFLS) of
different layer stacks, which are shown in Fig. 3c. The detailed
calculation of QFLS is shown in Note S1 (ESI†). With the FAPA
at the ITO/perovskite interface, there is a 12-fold increase in
PLQY, correlating to a reduction of approximately 64 mV in VOC

loss. Additionally, the external open circuit voltage loss is
further reduced by the addition of FAPA on top of the perovs-
kite layer. The results of PLQY are consistent with those of trPL,
both underlining the suppression of non-radiative recombina-
tion by FAPA at either perovskite interface. To investigate how
the variation of energetic alignment affects charge extraction
and injection, we plot in Fig. 3d the dark current measurement.
The target device with two SAM dipole layers shows a normal
dark J–V curve that exhibits three distinct regions, dominated
by recombination current at lower bias, by diffusion current at
intermediate bias and by injection current at higher bias.26 In
contrast, the device without dipole layers exhibits higher leak-
age current at low bias (o1 V) but lower injection current in the
high-bias region (42 V). This is consistent with our analysis
above, indicating large energetic offsets at the interfaces that
are remarkably reduced by the dipole layers.

Having shown the contact-layer design simplification for
PSCs, we lastly demonstrate the suitability of the novel archi-
tecture for high-throughput fabrication. For R2R fabrication of

Fig. 2 Surface binding scheme and interfacial energetic alignment. (a) XPS In 3d spectra and (b) O 1s spectra measured at the surfaces of bare ITO and of
FAPA-coated ITO. (c) XPS Pb 4f spectra and (d) I 3d spectra measured from the surface of a perovskite and a FAPA-coated perovskite film. (e) UPS spectra
of ITO, ITO/FAPA, perovskite and perovskite/FAPA surfaces. The WF of each layer evaluated from the cut-off energies in the spectra are denoted in the
figure. (f) Schematic drawing of the preferential binding of the FAPA molecules at the surfaces of ITO and perovskite, respectively. (g) Schematic drawing
of the band diagram of the FAPA-perovskite-FAPA solar cell. The energetic positions of the LUMO and HOMO of the FAPA layer and the perovskite are
determined by UPS and optical absorption spectra as shown in Fig. S5 and S6 (ESI†).
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perovskite PV, glass substrates are not viable and must be
replaced by flexible ones. In Fig. 4a, we depict a comparative
drawing of our novel FAPA-based device and of a conventional
device architecture based on SnO2 as the ETL and PEDOT
complex as the HTL, denoted as ‘‘reference’’. The flexible
substrate utilized in this study consists of an ITO-Ag-ITO
(IMI) conductive layer deposited on polyethylene terephthalate
(PET) plastic foil, denoted as PET-IMI hereafter. We plotted in
Fig. 4b the statistical performance data of the target and
reference PSCs fabricated on glass-ITO and plastic flexible
substrates, respectively. The FAPA-based and the reference
solar cells on glass-ITO substrates show an average PCE of
17.8� 0.5% and 14.5� 0.9%, respectively. When switching from
glass-ITO to the PET-IMI substrate, there is a drop in the average
PCE to 15.6� 0.8% for the target devices, whereas a much larger
drop is observed for the reference devices, down to a PCE of
9.4 � 1.4%. Concomitantly, a clear decrease in device reprodu-
cibility is seen for the reference device, manifested by a larger
distribution width in PCE. We plotted in Fig. 4c the J–V curves of
the best-performing cell for each condition, showing champion
PCEs of the target and reference architectures of 18.6% versus
15.6%, respectively, on glass-ITO and 15.6% versus 10.7%,
respectively, for PET-IMI. The results highlight that the novel
FAPA-based architecture notably outperforms the conventional
SnO2-based one, especially when fabricated on flexible sub-
strates, which reduces the performance loss in the rigid-to-
flexible substrate transfer required for R2R device fabrication.

An investigation of the J–V curves and the resulting PV
parameters shows that the rigid-to-flexible PCE loss observed

for the SnO2-based device is dominated by the FF loss that can
be correlated to shunting, as indicated by the enhanced slope
of the J–V curves in Fig. 4c. In order to identify the reasons for
the enhanced shunting in SnO2-based flexible devices, the film
morphologies of SnO2 and FAPA on PET-IMI substrate are
considered. The optical microscopic images, in Fig. S8 (ESI†),
readily visualize the difference in film homogeneity on the
different substrates: the SnO2 film shows visible aggregates
on the glass-ITO substrate, which become more abundant on
PET-IMI substrates, whereas smooth FAPA films can be depos-
ited on both glass-ITO and PET-IMI, with no noticeable arte-
facts. The origin of the reduced film homogeneity is ascribed to
the non-wetting behavior of SnO2 nanoparticles on the IMI-PET
substrate which was verified by contact angle measurements.
Fig. S9 (ESI†) shows that the contact angle of the aqueous
dispersion of SnO2 nanoparticle is 651 at the glass-ITO surface
and further increases to 771 at the PET-IMI surface (see images
in Fig. S10, ESI†). In contrast, the alcoholic dispersion of FAPA
molecules exhibits rather small contact angles of 101 on the
glass-ITO surface and 131 on the PET-IMI surface and thus does
not experience any wetting issues.

Alongside the smooth fabrication of FAPA and the application
of carbon electrodes on top, the operational stability of the device
was enhanced. In Fig. 4d, we demonstrate the shelf-lifetime of the
FAPA-enabled target device compared to the SnO2-based refer-
ence. The target devices exhibit superior storage stability in
ambient air, retaining 90% of their original PCE after 1200 hours,
compared to 80% for the reference device. Moreover, under 1 sun
illumination at 65 1C (ISOS-L-2l), the FAPA-simplified device

Fig. 3 Impact of interfacial energetic alignment on charge carrier dynamics. (a) Time-resolved PL spectra of ITO/perovskite and ITO/FAPA/perovskite
films. (b) Time-resolved PL spectra of perovskite/carbon and perovskite/FAPA/carbon films, both deposited on glass substrates. (c) PLQY (grey) and QFLS
(red) of the different layer stacks. (d) Dark J–V curves of an ITO/FAPA/perovskite/FAPA/carbon solar cell and of an ITO/perovskite/carbon solar cell.
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maintains 85% of its initial PCE, whereas the SnO2-based
reference retains only 65% after 200 h of accelerated aging
(Fig. S11, ESI†). Additionally, the evolution of PCE during bending
tests of the f-PSCs, Fig. 4e, highlights the improved mechanical
stability of the FAPA-simplified device. After 3000 bending cycles
with a bending radius of 5 mm, the devices maintain 95% of their
initial PCE, while the reference SnO2 based devices show a lower
retention of only 80%.

Having shown the improved processability on flexible sub-
strates, we lastly demonstrate the improvement in process
scalability of the FAPA-based devices over the conventional
SnO2-based ones by extending device fabrication from solar
cells to mini solar modules. The mini solar module consists
of seven serially connected cells, with a total aperture area of
20.25 cm2 and an active area of 15.8 cm2. The schematic
diagram of the interconnection of the solar module, Fig. 5a,
shows the configuration of P1, P2, and P3 lines that are needed
for electrical interconnection of the adjacent cells. In Fig. 5b,
photographs of the flexible solar cell and of the flexible solar
module are shown, with all layers in the devices being fabri-
cated by coating under ambient environmental conditions,
including the carbon counter-electrode.

The mini solar modules are fabricated on both glass-ITO
and PET-IMI substrates, using the same layout of laser pattern-
ing. The scalability is then demonstrated through a comparison
of the champion PCE of the mini solar module against that of
the solar cell, Fig. 5c. All devices suffer from a PCE drop during
upscaling from the 0.1 cm2 to 20.25 cm2 aperture area, but the
decrease in PCE is notably lower in the FAPA-based devices
than in SnO2-based devices. A decrease in average from 17.8%
to 15.7% for the target devices versus 15.5% to 12.5% for the
reference devices on the glass-ITO substrate, and a decrease in

average from 15.6% to 11.3% for the target devices versus 12.1% to
5.5% for the reference devices on the PET-IMI substrate are
observed. We plot in Fig. 5d and e a comparison of the J–V curves
of the solar modules of the two architectures on different sub-
strates, showing the key factor leading to PCE enhancement by
FAPA-based architecture to be an increase in VOC and FF, which
can be facilely ascribed to the improvement in contact-layer
quality enabled by the novel device architecture. The reproduci-
bility of f-PSMs enabled by FAPA optimization is further con-
firmed by the box plot comparison of each photovoltaic parameter
to the SnO2-based reference, in Fig. S12 (ESI†).

Conclusions

In this work, we address two factors that hinder the develop-
ment of scalable perovskite module production on flexible
substrates, namely, the loss of device PCE when transferring
device fabrication from a rigid to flexible substrate, and when
transferring device fabrication from solar cells to solar mod-
ules. We propose a simplified contact-layer configuration that
is based on SAM molecules capable of forming both p-type and
n-type rectifying interfaces. The shifts in interfacial energetic
alignment between the perovskite and the electrodes fulfill the
role in maximizing charge extraction and minimizing perovs-
kite surface recombination. We further elucidate that the
chemical origin of the paired dipole formation is due to the
strong coordination of the phosphonic acid group with metal
ions, along with the alignment and polarity of the molecule. In
the context of interface engineering, this approach appears to
contradict conventional design rules. Taking a detailed look
into the formation mechanisms, the novelty of this approach

Fig. 4 Device performance loss from rigid to flexible substrates. (a) SnO2-based (Ref) and FAPA-based (Target) device structures. (b) Statistic distribution
of PV parameters of the Ref and Target devices. (c) J–V curves of the Ref and Target devices on glass-ITO and PET-IMI substrates. (d) Shelf-lifetime of a
FAPA-based simplified device and a SnO2 based device in ambient air without encapsulation. (e) Normalized PCEs of f-PSCs as a function of the number
of mechanical bending cycles.

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

25
 1

2:
56

:3
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee02707h


This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024, 17, 7147–7154 |  7153

rather lies in the departure from traditional thinking than in
any novel unknown effects. Nevertheless, this innovative
approach not only surprises but also redefines the boundaries
of what is possible with advanced interface engineering.

The excellent processability of the alcohol dispersion on a
flexible substrate and the simplified procedure of depositing
one type of material for both interfaces jointly result in signifi-
cantly reduced PCE loss when transferring device fabrication
from a rigid to flexible substrate, and in a remarkable closing of
the PCE gap from a flexible cell (0.1 cm2) to a flexible module
(20.25 cm2). This allows us to demonstrate the champion PCEs
of 16.3% and 11.3% for fully printed, flexible PSCs and PSMs
with carbon electrodes, both standing at the cutting edge
among their counterparts.
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