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Defect passivation along with promoted charge transport is potentially an effective but seldom exploited
strategy for high-performance perovskite solar cells (PSCs). Herein, the in situ defect passivation and
carrier transport improvement are simultaneously realized by introducing a conductive polymer (ie.,
emerald salt, ES) into the precursor solution of methylammonium (MA)-free perovskites. The interaction
between ES and uncoordinated Pb2* reduces defect density to suppress the non-radiative
recombination. Moreover, ES can act as a “carrier driver” to promote the carrier transport due to its
conductive feature, resulting in efficient PSC devices with a decent power conversion efficiency (PCE) of
23.0%, which is among the most efficient MA-free PSCs. The ES-based unencapsulated devices show
superior stability, retaining 89.1% and 83.8% of their initial PCEs when subjected to 35 + 5% relative
humidity (RH) storage and 85 °C thermal aging for 1000 h, respectively. To further assess the large-area
compatibility of our strategy, 5 x 5 cm?® mini modules were also fabricated, delivering an impressive
efficiency of 19.3%. This work sheds light on the importance of conductive additives in boosting cell

Received 29th March 2022
Accepted 12th August 2022

DOI-10.1039/d25c01804g performance by playing multiple roles in passivating defects, retarding the moisture invasion, and

Open Access Article. Published on 13 August 2022. Downloaded on 11/15/2025 4:03:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Methylammonium (MA)-free perovskite solar cells have attrac-
ted extensive interest owing to their excellent optoelectrical
properties and remarkable stability."* To fabricate high-quality
MA-free perovskite films for high-performance devices, a variety
of processing techniques have been explored, and examples
include the interdiffusion method,® anion-exchange process,*
and multisource vacuum deposition.> Compositional modula-
tion was also demonstrated to be effective in this regard, and
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enhancing and balancing charge transport.

Pb(SCN),,*” Pb(Ac),,® PbCl,,® hydrohalic acids, CsCl,** etc. have
been involved in the precursor solution to improve the film
quality and decrease trap densities of the resultant perovskite
films. Nevertheless, to date, MA-free PSCs>'>** have always
presented device performance inferior to the MA-containing
counterparts,™ which is mainly imputed to the varied defects
(e.g., I vacancies, undercoordinated Pb>*, and so on'®) ineluc-
tably generated during the complex crystallization process.
These defects can act not only as the non-radiative charge
recombination centers, but also as the degradation sources of
perovskite to deteriorate device stability.'**® Therefore, it is of
vital importance to eliminate these defects to achieve excellent
efficiency and stability for MA-free PSCs.

To date, considerable efforts have been dedicated to defect
passivation of perovskite films."** Among them, additive
engineering offers a facile and in situ way to mediate the crys-
tallization of solution-processed perovskite films and passivate
the defects simultaneously, which indeed has been established
in MA-containing high-performance systems.**** On the basis
of Lewis acid-base chemistry, reagents containing carboxyl
groups,®® sulfonic acid groups,®” or amino groups* are able to
react with the undercoordinated Pb>", thereby passivating the
Pb>* or I vacancy defects. However, research studies on the
passivation role of additives in MA-free devices have been rather

© 2022 The Author(s). Published by the Royal Society of Chemistry
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limited to date.****”?®* It has been reported that 3-
(decyldimethylammonio)-propane-sulfonate inner salt (DPSI)
can be adopted to coordinate with the perovskite via the lone
unpaired electron in S=O0, leading to a pinhole-less perovskite
film and effective reduction in defect density. A power conver-
sion efficiency (PCE) of 21.1% was consequently delivered.”® A
multifunctional molecule, b-penicillamine (PA) with -SH,
-COOH, and -NH, groups, was employed to modify a MA-free
perovskite film. The charged traps were effectively passivated,
and the crystallinity of perovskite films was improved, yielding
an impressive PCE of 22.4%.%” A potassium-salt, KPF,, was also
introduced into MA-free perovskite solar cells in order to elim-
inate the hysteresis and improve the device performance,
resulting in a champion PCE of 23.35%." Recently, a dual-
functional additive (iBA-iBDTC) with an organic ammonium
cation and dithiocarbamate anion was employed to regulate the
crystallization and defects of the MA-free perovskite films. A
certified champion PCE of 23.7% has been achieved with the
use of iBA-iBDTC, which is the highest efficiency for MA-free
PSCs reported to date.* Nonetheless, the above additives
feature an insulating nature, which possibly endows the resul-
tant perovskite films with unsatisfactory conductivity, which is
a disadvantage for cell performance. It is thus highly necessary
to study the scenario that the highly conductive additives might
be employed in perovskite precursors to boost the performance
of MA-free perovskite solar cells.

Polymers have also been exploited as additives in MA-
containing PSCs to improve the device performance.* Owing
to abundant functional groups on their long-chain carbon
backbones, polymers could have a great influence on both PCE
and stability of PSCs. It is worth noting that most of the poly-
mers are intrinsically insulators (such as PMMA,*' PEG,* PEL,*
etc.), and an excess amount of these additives would increase
the resistance and retard charge transport in PSCs. Only a few of
the conjugated polymers (such as MEH-PPV,** PTAA* poly-
pyrrole,*® etc.) with double bonds or aromatic rings show
conductive ability, which could promote the charge transport in
PSCs. Polyanilines are a group of highly conductive polymers
with a coexisting structure of benzene (reduction unit) and
quinone (oxidation unit). Polyanilines with different oxide/
reduced-states have been explored as additives in PSCs (Table
S1, ESIt). In 2018, Wei et al. introduced the self-synthesized
polyaniline into MAPbI; precursor solution to adjust the film
crystallization,”” and the resultant PSCs with a carbon electrode
presents an efficiency of 9.43%. In 2019, Pan et al. employed
emerald imine-state polyaniline as an additive to (FAPbI;) gs(-
MAPDBTI3),.15 perovskite,*® resulting in a perovskite film with
a better crystal structure, smoother morphology, and enhanced
light absorption and charge transfer. The cell with polyanilines
showed a power conversion efficiency of 19.09%, significantly
higher than the pristine one with an efficiency of 16.96%. In
2020, Liu et al. employed the commercial polyaniline as an
additive in all-inorganic CsPbI,Br PSCs, and XPS analysis was
performed to reveal the interaction between the polyaniline and
perovskite film, which was found to contribute to balancing
electron and hole transport and a high V,. of 1.33 V for the
resultant cell.*
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Although some favorable influence of the highly conductive
polyaniline on the PSCs was observed, a comprehensive study of
their influence is lacking, and the device performance of PSCs is
unsatisfactory. It is highly desirable to supplement in-depth
study on the interaction of the polyaniline and perovskite film
to gain insight into the working mechanism for the conductive
polymer-assisted charge transport in PSCs. Therefore, in this
study, we expand the acidified emeraldine-type polyaniline (also
called as emerald salt, ES, that shows improved conductivity
compared to pristine one) to form a MA-free perovskite, which is
inherently more stable. We systematically studied the role of ES:
(1) improving the crystalline quality of perovskite films, (2)
passivating defects via the Lewis acid-base reaction and
hydrogen bond, (3) functioning as a “charge driver” to boost
carrier transport, (4) balancing electron and hole mobility, and
(5) enhancing hydrophobic characteristics of the resulting
perovskite film. A decent PCE of 23.0% is obtained for the n-i-p
planar cell with ES modification, one of the highest efficiencies
for MA-free PSCs to date. Moreover, both the thermal and
moisture stabilities are considerably improved upon ES modi-
fication, and the unencapsulated ES modified devices retained
83.8% of their initial efficiency after thermal aging at 85 °C for
over 1000 h and kept 89.1% of their initial efficiency upon
subjection to 35 £ 5% RH storage for 1000 h. The ES passivation
strategy was successfully extended to mini modules (substrate:
5 x 5 cm? active area: 10.3 cm?) to yield a PCE of 19.3%,
apparently superior to the control one with 17.7% PCE. The
current work renders a facile method to obtain highly efficient
and stable MA-free PSCs via the employment of conductive
additives.

Results and discussion

Fig. 1a schematically illustrates the device architecture of glass/
ITO (indium doped tin oxide)/SnO,/Csy 15FA¢ g5sPbl, g5Bro o5
Cly/2,2',7,7'-tetrakis  [N,N-di(4-methoxyphenyl) amino]-9,9'-
spirobifluorene (spiro - OMeTAD)/Au, in which ES was added
into perovskite precursors. The influence of ES concentrations
on device performance was systematically investigated, and
thirty devices for each ES concentration were assembled under
identical conditions. The corresponding statistical distribution
of PCEs is shown in Fig. 1b. Notably, the PCEs increase with the
increased ES contents, and it peaks for the 30 pg mL™' ES
device. Without specific explanation, the ES-based cell or film is
referred to the sample with a concentration of 30 ug mL ™" in the
following part. Fig. 1c and d present the j-V curves of the best-
performing devices in both reverse and forward scans. The
control device exhibits a champion PCE of 21.5% along with an
open-circuit voltage (Voc) of 1.14 V, a short-circuit current
density (Jsc) of 23.9 mA cm ™2, and a fill factor (FF) of 78.7%. In
contrast, the best ES-based cell delivers a substantially
improved PCE of 23.0% (with a V¢ of 1.18 V, a Js¢ of 24.1 mA
cm 2, and a FF of 80.6%), which is among the most efficient
MA-free PSCs to date (Table S2, ESIf). To further verify the
reliability of the J-V results, the external quantum efficiency
(EQE) and stabilized power output at the maximum power point
(MPP) were measured. The ES-based device shows a slightly
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Fig.1 (a) Schematic diagram of a PSC with ES. (b) The statistics of PCEs
curves for (c) the control and (d) ES-based devices in reverse and forwa

for devices modified with ES with different concentrations. The best J-V
rd scan directions. (e) Steady-state output measurements ( 0.96 V for the

control device and 1.00 V for the ES-based device). (f) The V¢ distribution of PSCs with and without ES. (g) The FF distribution of PSCs with and

without ES.

higher integrated photocurrent of 22.8 mA em™> than that of
the control device (22.6 mA cm™?) (Fig. S1, ESI}), both of which
are well matched with those obtained from the J-V curves. As
presented in Fig. 1e, a higher stabilized PCE of 22.4% was
detected for the ES-based device than its counterpart (with
a PCE of 20.2%), further confirming the beneficial role of ES in
device performance. The significantly improved PCE for ES-
based devices is mainly from the increased Voc and FF, as
displayed in Fig. 1f and g and summarized in the Table S3
(ESIT). The improvement in Vo could be ascribed to the sup-
pressed recombination, which will be discussed later. The
improvement of the FF could be ascribed to the reduction of
series resistance (R;).*® As shown in Flg S2 (ESIY), the control
PSCs show an average R, of 5.91 Q cm?, whereas it is only 3.27 Q
cm” for the ES-based device, indicating that ES additives could
significantly improve the charge transport and boost the FF of
PSCs. In addition, the hysteresis index,* defined as (PCE everse —
PCEforward)/PCEreverse, 1S evidently reduced from 0.093 to 0.052
upon ES addition. It is well-known that the hysteresis behavior

10514 | Chem. Sci, 2022, 13, 10512-10522

is associated with the charge carrier extraction and recombi-
nation process at the interface of perovskite/charge transport
layers.”> The reduction of HI in this work suggests that ES is
conducive to boosting the charge transport and suppressing
their recombination.

To elucidate the performance improvement upon ES intro-
duction, X-ray diffraction (XRD) patterns were collected to probe
the impact of ES on perovskite crystallinity. All the samples in
Fig. 2a show the same diffraction peaks at 14.13°, 19.97°,
24.54°,28.33°, and 31.78°, which are assigned to the (110), (112),
(202), (220), and (310) crystal planes of a-FAPbI; without any
additional peaks, indicating that pure phase perovskites are
obtained with or without the incorporation of ES. Fig. S3a (ESIT)
obviously shows that the full width at half maximum (FWHM)
value of the (110) plane in the XRD patterns is progressively
lowered with addition of ES contents, and the 30 ug mL™~ " ES
sample exhibits the smallest FWHM (0.122°), suggestive of the
highest crystalline quality of perovskite films. Meanwhile, ES-
based perovskite films exhibit a remarkably enhanced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The XRD patterns of perovskite films with different amounts
of ES. Top-view and cross-sectional SEM images of the perovskite
films (b and d) without and (c and e) with ES.

intensity ratio of the (110)/(112) plane (Fig. S3b, ESIt), especially
for perovskite films with 30 pg mL ™" ES, further demonstrating
that ES can improve the crystallinity of MA-free based perovskite
films.

Fig. 2b and c display the top-view scanning electron
microscopy (SEM) images of perovskite films. Both samples
exhibit pinhole-free and compact surface morphology. Detailed
information of grain size for both samples is given in Fig. S4
(ESIY). The average grain size of the ES-based perovskite film is
~377 nm, which is about 60 nm larger than that of the control.
The increased grain size of the ES-based film can also be
observed from the cross-sectional SEM images. Compared to
the control film with disordered crystal grains (Fig. 2d), the ES-
based perovskite film appears with vertically aligned grains and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduced grain boundaries (Fig. 2e). Besides, atomic force
microscopy (AFM) (Fig. S5, ESIt) shows that the root-mean-
square (RMS) roughness of the ES-based perovskite film is
22.7 nm, apparently lower than that of the control film with
RMS = 25.6 nm. Above all, the ES introduction could improve
crystallinity, promote uniformity, and reduce roughness of the
resultant perovskite films, thus beneficial for the deposition of
uniform hole transport materials (HTMs) atop of them.

Fourier transform infrared spectroscopy (FTIR) was per-
formed to gain insight into the interaction between ES and the
perovskite film. Fig. 3a clearly shows that both films exhibit
signals at 3401 and 3263 cm ™', which are assigned to the
stretching vibrations of N-H and C-H of perovskites, respec-
tively;>* while the peak at 1349 cm ™" is attributed to the bending
vibration of C-N.>* The pure ES sample shows two characteristic
peaks at 1470 and 796 cm ', which could be assigned to the
characteristics of C=C stretching and C-H vibration in the
benzenoid ring, respectively. In contrast, both characteristic
peaks shift to 1480 and 814 cm ™", respectively, for the ES-based
perovskite film. These results strongly reveal the interaction
between ES and the perovskite film. In addition, the bending
vibration of N-H shifts from 1611 cm ™" for the pristine perov-
skite film to 1628 cm ' for the ES-based film, implying the
formation of hydrogen bonds in such a case.>

X-ray photoelectron spectroscopy (XPS) was utilized to
analyse the chemical states, and the survey XPS spectra are
shown in Fig. S6 (ESIT). The successful incorporation of ES can
be further confirmed by the emerging C=C bond (292.4 eV)
signal of the C 1s spectra (Fig. 3b) in the ES-based perovskite
film. Notably, the peak intensity of C=0 decreases dramatically
in the presence of ES, indicative of the improved stability of the
perovskite layer against environmental invasion.*® The N 1s XPS
spectra for the control film can be deconvoluted into two peaks
(C=N at 402.4 eV and C-N at 400.6 eV), whereas it can be
deconvoluted into three peaks (C=N at 402.1 eV, C-N at
400.1 eV, and C-N-C at 399.8 eV) for the ES-based film (Fig. 3c).
This shift may come from the formation of a hydrogen bond
between the FA" and ES.*® The newly detectable C-N-C signal
originated from the amine in ES (399.5 eV), while the former two
signals associated with the FA" group are bule-shifted upon ES
modification. As exhibited in the Pb 4f of XPS spectra (Fig. 3d),
two distinct peaks are observed at 138.6 (Pb 4fs5/,) and 143.5 eV
(Pb 4f,;,) in the control sample, both of which shift towards
lower binding energies (138.4 and 143.3 eV) in the presence of
ES, indicative of increased electron cloud density of the Pb
atom. These results demonstrate that N atoms in ES might
afford an unpaired electron to under-coordinated Pb** in
perovskites to passivate defects.”® To sum up, ES could chemi-
cally interact with perovskite materials via either coordinative
bonding or hydrogen bonding, which would be effective to
suppress the non-radiative recombination and improve the
stability of perovskite films.

First-principles calculations were then performed to further
understand the defect passivation mechanism at the molecular
level (Fig. S7, ESIT). According to the density of states (DOS)
distribution, the ES polymer can remove the Pb>" defect state
near the valence band maximum (VBM), hence reducing the

Chem. Sci,, 2022, 13, 10512-10522 | 10515
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(a) FTIR spectra of the ES molecule, the ES-based perovskite film, and control film. (b—d) High-resolution XPS spectra: (b) C 1s, (c) N 1s and

(d) Pb 4f. Current distribution mapping images from c-AFM measurements for (e) control and (f) ES-based devices under a bias voltage of 1.0 V.

Pb>" defect states. These results further confirm that strong
interactions between ES and a perovskite can effectively
passivate defects to suppress the non-radiative recombination,
which is conducive to improving device performance.
Ultraviolet visible (UV-vis) absorption spectroscopy and
ultraviolet photoelectron spectroscopy (UPS) were further con-
ducted to reveal the optical properties and surface energy of the
perovskite films in this work. As shown in Fig. S8 (ESIT), both
perovskite films show similar band edge absorption with
bandgaps of ~1.58 eV. Consequently, the energy band diagram
within devices is determined, as schematically illustrated in
Fig. S9 (ESIt). In the presence of ES in the perovskite, the work
function (W) is estimated to be —5.12 eV, up-shifting ~0.02 eV
from the control one (—5.14 eV). The AE, defined as the differ-
ence between the Fermi-level and VBM, is decreased from
0.41 eV for the control to 0.34 eV for the ES-based perovskite
film. The reduction in AE indicates that ES modification
suggests a more p-typed perovskite film,*** enhancing the
driving force for hole collection. Except for the difference in AE,
the ES-based cell exhibits better energy band alignment than

10516 | Chem. Sci,, 2022, 13, 10512-10522

the control one, contributing to the improvement in Voc. These
results mean that ES in perovskite films could facilitate charge
transport, which was evidenced by conductive atomic force
microscopy (c-AFM). Fig. 3e and f respectively depict the local
dark conductivity mapping in the contact mode under an
applied bias of 1.0 V. The control film presents an average value
of 3.664 nA, while the ES-based sample shows a higher average
current of 4.331 nA, which discloses the increased conductivity
of the perovskite film subjected to ES modification. In a word,
ES in perovskite films can enhance the match in energy struc-
ture alignment and acts as a “carrier driver” to accelerate charge
separation and transport, very beneficial for boosting device
performance in the final devices.

We then carried out comprehensive analyses to uncover the
charge dynamics of our devices. As can be seen from the steady-
state photoluminescence (PL) spectra in Fig. 4a, the ES-based
perovskite film shows a significantly stronger PL intensity
(with peak at 798 nm) with a slightly blue-shifted peak
compared to the control sample (with peak as 792 nm), indi-
cating that ES can passivate traps and reduce the non-radiative

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01804g

Open Access Article. Published on 13 August 2022. Downloaded on 11/15/2025 4:03:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
(@73 o ES
© @ Control
(]
o
c
[}
o
()
Q
£
£
2
5]
it
o :
= p i ;
o700 750 800 850 900
Wavelength (nm)
10*
(c) ] Electron - only
1024
I %
— 1004 V4
c
g ]
3 B
O 4 e ES
104 @ Control
1 i VTFL=0'42
10% : .
0.01 0.1 1 10
Voltage (V)
Fig. 4

recombination in perovskite films.* The time-resolved photo-
luminescence (TRPL) spectra provide more evidence for the
suppressed non-radiative recombination of the ES additive
(Fig. 4b), which can be fitted with bi-exponential decays
according to the equations below:**%

f(r) = wap(—f—i) + Azexp(—é) (1)
e = 2 @)

where A; and 4, are the relative amplitudes, and 7, and 7, are
the lifetimes for the fast and slow recombination, respectively.
The fitting parameters are listed in the Table S4 (ESIT). As is
well-known, the faster decay component (t4) is closely corre-
lated with the defect-assisted non-radiative recombination,
while the slower decay component (t,) is related to the radiative
recombination by carrier recombination processes.***
Compared with the control perovskite film, the ES-based
perovskite exhibits remarkably increased 7; (from 11.5 to
151.2 ns) owing to defect passivation, and enhanced 1, (from
205.4 to 573.3 ns) due to improved perovskite crystallinity.**
Consequently, the ES-based sample presents a much longer
average carrier lifetime of 518.4 ns than that of the control film
(166.6 ns). The increased PL intensity and the prolonged carrier
lifetime strongly verify that the ES additive can effectively
passivate defects and suppress non-radiative recombination in
perovskite films, favoring improvement in cell performance.
The space-charge-limited current (SCLC) curves were recor-
ded to quantitatively evaluate the defect trap densities in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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perovskite films. Fig. 4c and d illustrate respectively the typical
current-voltage (I-V) curves for the electron-only and hole-only
architectures in the dark. The defect trap density (N,) can be
calculated by using eqn (3) as follows:>>¢¢

o 2V TELEE

Nt - qu (3)

where Vrgy, is the onset voltage in the trap-filled limit region, &,
is the relative dielectric constant of FAPbI; (46.9),% &, is the
vacuum permittivity, g is the electron charge, and L is the
thickness of the perovskite film (500 nm). The electron-trap
density (N.e) of the ES-based perovskite film is calculated to
be 2.97 x 10" em ™ (Table S5, ESIT), which is much lower than
that of the control film (6.23 x 10" cm?). Similarly, the hole-
trap density (N,n) is again appreciably decreased from 1.94 x
10'® to 1.53 x 10'® ecm™* with the introduction of ES. Addi-
tionally, the electron (ue) and hole (u) mobility can also be
acquired from the Mott-Gurney law by using eqn (4):

_ Yuereg 72

7o 8L

(4)
where V}, is the applied voltage, /i, is current density. Both devices
exhibit similar u. values (Fig. S10, ESIt), whereas the calculated
un for the ES modified device (2.47 x 1072 em® V™' s7") is much
higher than that for the control cell (1.71 x 1073 cm®> V™' s ).
Interestingly, ES-based cells are observed to show better
balanced carrier mobility with u./un = 1.27 in comparison with
the control one (with u./un = 2.10), which may be ascribed to
the more p-type characteristic of ES-modified perovskite films.
Taking the above favorable factors into account, including the
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reduced trap densities, enhanced carrier mobility, balanced
hole and electron mobilities and boosted conductivity of the
resultant perovskite film, PSCs with superior performance are
highly expectable for the ES-modified PSCs.

Transient photocurrent decay (TPC, Fig. 5a) and photo-
voltage decay (TPV, Fig. 5b) measurements performed at the
short circuit and open circuit were employed to quantitatively
analyse carrier kinetics.®*7® The charge transport (r) and
recombination time constant (z,) are defined as the time gap
during which the signal current dampens to 1/e of the its initial
value immediately after excitation. The 7, derived from TPC via
bi-exponential fitting (according to eqn (1) and (2)) was slightly
decreased from 2.14 s for the control cell to 1.44 us for the ES-
modified device. The ES-based device displayed a significantly
lowered 7, demonstrating faster charge transport than the
control device, which could be attributed to the improvement of
film quality and carrier mobility. This result was in accordance
with the enhanced Jsc and FF. Likewise, the 7, can be extracted
from the TPV. The ES-based cell has a substantially longer 7, of
~46.1 pus than the unmodified one (t, = ~21.6 ps), which might
be attributed to passivated defects and decreased trap density in
the former, which is consistent with the considerable
improvement in Voc.”* Electrochemical impedance spectros-
copy (EIS) was further performed to probe charge transfer

(a)
o Control 7,=2.14 ps
e ES 7,=1.44 ps

View Article Online
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characteristics of the PSCs. Fig. 5c and d display the Nyquist
plots for the control and ES-based devices measured under
different applied voltages, respectively. Only one semicircle can
be clearly observed for each device under high frequency, which
can be assigned to the charge transport resistance (R.), and is
associated with carrier transport at the interface with the
perovskite. The equivalent circuit model is shown in the inset of
Fig. S11 (ESIt).”>7* The fitting parameters are summarized in
the Table S6 (ESIf), and the similar dependence of R. on
applied voltage are observed for both devices (Fig. S11, ESIf).
Overall, a lower R is estimated for the ES-based device than the
control one under the same bias voltage. When the bias voltage
was increased from 0 to 0.2, 0.4, 0.6, and 0.8 V, the R of the ES-
modified devices is decreased correspondingly from 3.6 x 10*
to 2.5 x 10%, 2.0 x 10%, 1.6 x 10%, and 0.9 x 10* Q, while it is 8.9
x 10% to 7.2 x 10*, 6.1 x 10*, 4.5 x 10%, and 1.8 x 10* Q for the
control cell without the ES additive. These results provide
strong evidence that the ES modification can accelerate carrier
transportation, which is in accordance with the increased
conductivity and the decreased transport lifetime of the devices
discussed above.

To further investigate the carrier recombination process
within devices, the dependence of the PV parameters on the light
intensity was thus evaluated. Fig. 5e clearly shows that, for both

(b)
o ES 7,=46.1 us
o Control 7,=21.6 s
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the control and the ES-based cells, photocurrents exhibit a linear
relationship with light intensity, displaying a slope approaching
1. This is indicative of neglectable bimolecular recombination in
both devices.”>”® As is well known, the ideality factor () can be
used to evaluate the recombination process in solar cell
devices,””® which can be obtained from the dependence of Voc
on light intensity (Fig. 5f). The n value between 1 and 2 indicates
that Shockley Read Hall (SRH) recombination dominates in the
perovskite film. Usually, SRH recombination is inversely
proportional to trap density. What's more, both SRH and the
interface recombination mechanisms exist when n > 2.7 Calcu-
lations shows that the ES-based device has a smaller n of 1.27
than the control device with n = 1.97, suggestive of suppressed
SRH recombination for the former one. These results are indic-
ative of the decreased trap density and improved film quality for
the ES-based perovskite film, which would be conducive to
increasing the Vo, FF, and PCE for the final devices.

At present, the practical application of PSCs is severely
impeded by their instability problems, among which the
moisture-sensitive nature of perovskite films is an important
limiting factor. Water contact angles of the control and the ES-
based perovskite films were then measured. As illustrated in
Fig. 6a and b, the ES-based perovskite film demonstrates a larger
water contact angle of 57.3° than the control one (with a contact
angle of 43.6°), owing to the benzenoid and quinonoid units of
ES. These results reveal a more hydrophobic surface and a better
moisture tolerance for the ES-based perovskite than the control
film. The moisture stability for the unencapsulated devices was
explored (RH of 35 & 5%). As shown in Fig. 6dFig. 6¢ and Table S7
(ESIY), approximately 89.1% of the initial PCE is retained for the
ES-based device after 1000 h storage, whereas the control device
decays to 34.4% of its original value. As shown in the XRD pattern
(Fig. S12at), the peak intensity of «-FAPDbI; is dramatically
reduced for the control films after 500 h aging, whereas the

@@ Ccontrol Y (b) ES '

Moisture stability —o—Control

(RH =35 %5 %, T=25 °C, dark, unencapsulated)

100 200 300 400 500 600 700 800 900 1000 1100
Time (h)
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Fig. 6 (aand b) The water contact angle tests. The stability of unsealed
devices when subjected to (c) 35 + 5% RH and (d) thermal aging at
85 °C.
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signals for CsPb,X5 (10.0°), d-phase FAPDI; (11.9°), Pbl, (12.8°)
and d-phase CsPbl; (13.1°) emerge. That is to say, the control
films undergo decomposition, phase segregation, and phase
transformation from the active black phase to the non-active
yellow phase. In sharp contrast (Fig. S12b¥), the ES-based perov-
skite film exhibits much stronger peak intensity of a-FAPbI; and
lower signal intensity of all the impurity phases than the control
one even after subjection to a humid environment for 1000 h,
validating significantly improved moisture stability of MA-free
perovskite films. Notably, the phase segregation is restrained
with ES modification,® which might be attributed to the coordi-
nation and hydrogen bond formation between ES and perov-
skites. To further evaluate the potential of the ES-based PSC
against moisture, we conducted a stability test under extreme
conditions with a high RH of 80 + 5%. As shown in the XRD
patterns (Fig. S13, ESIt), J-V curves (Fig. S14, ESIT), photovoltaic
parameters (Table S8, ESIt) and UV-vis spectra (Fig. S15, ESIT), the
PCE of the control device decayed to 34.4% of its original value
within 48 h storage, whereas the ES-based PSCs retained 65.4% of
their initial PCE. When the storage time was further extended to
72 h, the ES-based PSCs still reserved 53.2% of their initial PCE.
These results demonstrate that the ES additive can apparently
enhance the moisture stability of the resultant cells, probably
because their presence within grain boundaries and on the top
surface can protect the perovskite from the attack of water.
Furthermore, we studied the effect of ES on the thermal stability
of MAfree PSCs, in which poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) was adopted to replace spiro-
OMeTAD as HTMs."® As displayed in Fig. 6d and Table S9
(ESIt), the unsealed ES-based device reserves 83.8% of its initial
PCE when subjected to thermal aging at 85 °C for 1000 h, while
only 42.4% of the initial value was maintained for the control
device. The XRD patterns for the control and ES-based perovskite
films under 85 °C thermal stress are displayed in Fig. S16 a and
b (ESIf), respectively. Both the control films experienced an
obvious degradation after thermal aging for 500-1000 h, which
was confirmed not only by the reduced intensities in XRD
diffractions of o-FAPbI; but also by the emergence of XRD signal
of PbI, (12.8°). However, upon ES addition, the Pbl, peaks were
much lower than that of the control sample under the identical
conditions, indicating that the introduction of ES into perovskite
films could suppress the decomposition of perovskites under
thermal stress. The SEM images for the control and the ES-based
perovskite films and devices under 85 °C thermal stress are dis-
played in Fig. S17 and S18 (ESIf). For the control sample, after
heating for 500 h, the upper surface of the perovskite layer
decomposed significantly. Upon further extending the storage
time to 1000 h, obvious deformation of the bulk perovskite layer
could be observed, while for the ES-modified sample, the
morphology of the perovskite layers kept almost unchanged after
heating for 500 and 1000 h, which confirms the enhanced thermal
stability due to the presence of ES. In addition, we also recorded
the UV-vis absorption spectra of control and the ES-based perov-
skite films before and after exposure to 85 °C to evaluate their
thermal stability. As displayed in Fig. S19, the control film suffers
from a serious degradation after 1000 h aging at 85 °C owing to
the decomposition of the perovskite layer, whereas the ES-based
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perovskite film displays relatively slow degradation. These results
are consistent with the XRD and SEM results in Fig. S16-518,1
indicating that the addition of ES is conducive to the improve-
ment of heat stability. Therefore, the introduction of ES into
perovskite films could significantly improve both the moisture
and thermal stabilities of MA-free PSCs.

Finally, as a proof of concept to corroborate the scalability of
ES modification in PSCs, we expanded our study to the mini-
PSC modules on a 5 x 5 cm® FTO substrate. As shown in
Fig. 7, each module contains seven single sub-cells with
connection in series and shows an overall active area of 10.3
cm?, The control module delivers a PCE of 17.7% together with
a Vo of 7.55 V, a Jsc of 3.39 mA ecm ™2, and a FF of 69.1%, while
a PCE of 19.3% along with a Vo 0f 7.92 V, a Jsc of 3.41 mA cm 2,
and a FF of 71.3% was yielded for the ES-based module. The
promoted PV performance is mainly derived from the increase
in the Vo and FF, in line with the case in the small-area devices
discussed above, solidly verifying the effectiveness of our
strategy in scalable PV technology.

Conclusions

In summary, a feasible strategy has been proposed to simulta-
neously passivate defects and boost charge transport in MA-free
perovskite solar cells by incorporating a conductive polymer ES
into perovskite precursor solution. The ES molecule can coor-
dinate with Pb®" through the lone-pair electron of the N atom
and form hydrogen bonds with FA' in perovskite films. The
conjugated conductive feature of ES facilitates the carrier
transport and enables the balance between electron and hole
mobility, yielding an appreciable PCE of 23.0% for the ES-based
device. In addition, the hydrophobic nature of ES considerably
alleviates the moisture penetration into perovskite films, and
unsealed devices retain 89.1% of their initial PCEs under 35 +
5% RH exposure for 1000 h. The ES-based devices also exhibit
excellent thermal-stability, maintaining 83.8% of the original
efficiency upon subjection to thermal aging at 85 °C for 1000 h.
This work confirms the effectiveness of conductive additives in
obtaining highly efficient and stable PSCs, providing hope for
further practical application of perovskite technology.
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