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The photovoltaic performance and stability of tin—lead perovskite solar cells (PSCs) are undermined by the
reaction between the perovskite layer and the commonly used hole contact, poly(3,4-
ethylenedioxythiophene) : polystyrene sulfonate (PEDOT : PSS). In addition to its acidity issue, the PSS
polyelectrolyte can be etched by polar solvents within the perovskite precursor, exposing the highly
doped PEDOT chains and resulting in carrier quenching at the buried interface. Here, an inorganic salt,
cesium carbonate (CC), is incorporated to convert the labile PEDOT : PSS mixture into a robust polymer
substrate. The salt induces substantial morphological transformation in the polymer matrix with
enhanced interchain coupling, rendering the PEDOT : PSS resistant to polar solvents. The modified hole
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interface. Single-junction methylammonium-free tin—lead PSCs achieved an efficiency of 23.18%

DOI: 10.1035/d3ta07845k (certified 22.30%). The encapsulated device retained 91% of its initial efficiency after 500 hours of
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Introduction

Tin-lead halide perovskites hold great promise as light-
harvesting semiconductors in both single-junction solar cells
and all-perovskite tandems."® Extending light absorption to
a near-infrared region (~1050 nm), the incorporation of tin also
introduces several challenging issues compared to pure-lead
perovskites, including the susceptibility of Sn(u) to oxidation
into Sn(wv),>™ rapid crystallization,"** and inferior operational
stability.**** In recent years, extensive research efforts have been
devoted to addressing these concerns and significant improve-
ments have been achieved. However, the stability of tin-lead
perovskites is still constraining their application, with a crucial
factor being the threat from PEDOT:PSS which commonly
serves as the deposition substrate and hole transport layer
(HTL).

A solution-processed PEDOT: PSS thin film is a polymer
mixture composed of two distinct phases: the hole-conductive
hydrophobic PEDOT-rich cores and the surrounding insu-
lating hydrophilic PSS-rich shells.'**” To synthesize PEDOT:
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PSS HTL, the polystyrene sulfonate acid (PSSH) is introduced in
a predominant amount to stabilize the oxidized PEDOT olig-
omer and achieve a high work function.'”® In the case of the
Clevious P VP AI 4083, the PSS/PEDOT weight ratio stands at 6 :
1. The strong acidity and hygroscopic nature of the PSS shell can
trigger decomposition of the tin-lead perovskite lattice, partic-
ularly under photo or heat stress.’?® Various strategies have
been reported to address this issue, such as replacing PEDOT :
PSS with non-acidic HTL,**>* surface modification,>**>* PH
neutralization,?®*® and HTL-free devices.***' However, to date,
most of the high-performing tin-lead single-junction PSCs and
all-perovskite tandems are still employing prototype PEDOT :
PSS, impeding further development.

In addition to the notorious acidity, the polyelectrolyte
nature of the PSSH shell renders it susceptible to polar solvent
etching,® such as dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO). This vulnerability poses a challenge for using
PEDOT : PSS as a substrate for the solution-processed halide
perovskite. The PSSH chains dissolving into perovskite
precursor could remain in the polycrystalline perovskite film
and trigger decomposition from the inside. Furthermore, the
PSSH macromolecules surrounding the highly doped PEDOT-
rich cores can effectively prevent direct contact between the
perovskite absorber and the conducting PEDOT chains. It has
been reported that removal of the PSSH shell can lead to carrier
quenching at the perovskite/HTL interface, decreasing device
performance.**

In this work, we concurrently alleviate the acidity of PEDOT :
PSS and construct a robust polymeric HTL substrate by

This journal is © The Royal Society of Chemistry 2024
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incorporating an inorganic salt, cesium carbonate (CC). The
introduction of CC into PEDOT : PSS induces a screening effect
that reduces the electrostatic interactions between the charges
on PEDOT and its PSS counter-anion, leading to a conforma-
tional change of the polymer chains and enhanced interchain
interactions. The modified PEDOT : PSS film shows negligible
solubility in polar organic solvent and slightly increased
conductivity. As a result, tin-lead perovskite layers deposited on
the modified PEDOT : PSS exhibit enhanced crystallization and
suppressed degradation. Moreover, by combining the CC
doping with a solvent treatment, methylammonium (MA)-free
tin-lead PSCs achieved an efficiency of 23.18%, along with
significantly enhanced stabilities under thermal and opera-
tional stress.

Results and discussion
Effect of CC incorporation on PEDOT : PSS properties

The incorporation of CC was proceeded by mixing PEDOT : PSS
dispersion and the aqueous solution of CC (50 mg mL ") in the
volume ratio of 10: 1. Atomic force microscopy (AFM, Fig. 1a)
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and tunneling AFM (TUNA, Fig. 1b) measurements were con-
ducted to study the effects of CC on the morphology and
conductivity of the PEDOT:PSS thin films. The pristine
PEDOT : PSS presents a smooth and amorphous surface, while
the CC-doped sample is relatively rough and packed with
granules. A higher concentration of the Cs,CO; additive results
in slightly enlarged granules (Fig. S1t), assumably owing to
a more intensified reconfiguration of the polymer chains. This
distinct morphologic change suggests a conformational trans-
formation of the polymer chains owing to the salt-induced
screening effect.?*

The conformation of PEDOT oligomers was studied by
Raman spectroscopy (Fig. 1d). The stretching vibration of C,, =
Cgp on the thiophene ring induces a characteristic band between
1400 and 1500 cm ™ *, which shifts to red and becomes narrower
with CC incorporated. The result reveals a transition from an
aromatic structure to a quinoid structure.’” The quinoid reso-
nant structure favors linear or extended configurations of the
conjugated chains, promoting interchain interactions within
the thin film.*** In the TUNA images (Fig. 1b), the control
PEDOT : PSS shows a low average tunneling current owing to the
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(a) AFM morphology, (b) tunneling AFM current mapping, and (c) height/current along scan distance of the PEDOT : PSS films without

(control) and with CC; the scan is along a line shown in the picture of (b). (d) Raman spectra of the PEDOT : PSS films without (control) and with
CC. (e) UV absorption spectra of the PEDOT : PSS films without and with DMF/DMSO treatment. (f) Layer thickness and PSS/PEDOT molar ratio of

the PEDQOT : PSS films without and with DMF/DMSO treatment.
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insulting PSSH covering. In contrast, spots of higher conduc-
tivity appear in the CC sample, indicating that the granule
conformation can facilitate interchain charge transfer. In
addition, the line profiles derived from height and current
mapping were presented in Fig. 1c. The height and current
distribution of the control film was homogenous but there were
obvious height fluctuations and enlarged current in CC films,
consistent with the previous analysis.

A solvent etching treatment using a DMF/DMSO (v/v 3:1)
mixed solvent was applied to the PEDOT : PSS films, and UV-Vis-
NIR absorption spectra (Fig. 1e) were collected to monitor the
changes in PSS content within the films, as the short wavelength
(190-250 nm) absorption corresponds to the w-m* transition of
the benzene rings on the PSS chain. After the solvent washing,
the control PEDOT : PSS film exhibited a significant decrease in
PSS content, whereas the PSS content in the CC-doped sample
barely decreased. AFM morphology of the washed CC-HTL
demonstrates no conspicuous change (Fig. S27), revealing its
tolerance to the solvents. In contrast, the control sample
exhibits a substantial transformation to large domains, owing
to the etching and strong polarity of DMF/DMSO.*”

The compositional changes in the PEDOT: PSS films are
confirmed by X-ray photoelectron spectroscopy (XPS) measure-
ments. Based on the S 2p core level signals (Fig. S31), the
derived PSS/PEDOT molar ratios are 2.14, 0.90, 1.28, and 1.27
for the control, treated control, CC, and treated CC samples,
respectively (Fig. 1h). Spectroscopic ellipsometry (Fig. S4) was
also conducted to determine the thickness variation of the
PEDOT : PSS films. The CC film (30.2 nm) is slightly thinner
than the control PEDOT : PSS (34.4 nm), in consistent with the
absorption spectra (Fig. 1d). Notably, the DMF/DMSO washing
causes an obvious thickness reduction of the control sample
from 34.4 nm to 25.2 nm, while the thickness of the CC sample
decreases by 0.3 nm only (Fig. 1e). The photovoltaic perfor-
mance data of the perovskite solar cells based on different
PEDOT : PSS films were presented in Fig. S5.7 Devices based on
PEDOT : PSS etched with DMF/DMSO showed worse device
performances and reproducibility due to the low V,. and FF.
These results confirm the inertness of CC-doped PEDOT : PSS
against the polar DMF/DMSO solvent.

The inertness of the CC-HTL is primarily attributed to the
granular configuration induced by CC, which results in
extended interchain interactions among the PEDOT back-
bones.*” The pH value of the PEDOT: PSS ink increased from
1.38 to 2.34 after CC addition (Fig. S61). The CC, as a moderately
strong base, readily undergoes an acid-base reaction with the
acidic PSSH (pK, ~ —7) in the aqueous dispersion, producing
the carbonic acid (pK, ~ 3.6) and the Cs: PSS polyelectrolyte.
The reaction enthalpy obtained through density functional
theory (DFT) calculations is —91.6 k] mol ' (Fig. S71). The
carbonic acid could further be removed from the HTL during
annealing (160 °C). XPS results demonstrate the presence of Cs
but no signal of the carbonate (Fig. S8t), confirming the
occurrence of the reaction. Time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) measurement was performed to
obtain the compositional depth profile throughout the HTL
(Fig. S91). The Cs ion is uniform for the most part of the layer
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with a slight enrichment at the surface, and no signal of
carbonate is detected. In addition, as the solubility of PSS
chains relies on intermolecular hydrogen bonding interactions
to some degree, the deprotonation of PSS also renders it
somewhat less soluble in DMF/DMSO.

The influences of CC on the electrical and optical properties
of PEDOT: PSS are also studied. The transmittance spectra
(Fig. S10t1) demonstrate that the inclusion of CC results in
a slightly increased transmittance, particularly around a wave-
length of approximately 300 nm, owing to the partial loss of the
PSS content. The electrical conductivity (Fig. S117) slightly
increases from 0.0727 S cm ™! of the control PEDOT: PSS to
0.0751 S em ™! of the CC sample, in consistent with the TUNA
result.

Characterization of perovskite films

To investigate the effect of CC on the buried PEDOT: PSS/
perovskite interface, we peeled off the perovskite layer
following a reported technique.**** The scanning electron
microscope (SEM, Fig. 2a and b) results demonstrate the
erosion occurs obviously at grain boundaries of the control
perovskite owing to the acid control HTL, whereas the target
film presents a flat and dense morphology. Deterioration of the
buried interface would cause poor interface contact and
formation of electronic trap states. Moreover, the target perov-
skite film on CC-HTL also displays larger crystal grains, which
are also evident in the SEM images of the top surface (Fig. S127).
The increased grain size is attributed to the slightly decreased
wettability of the CC-HTL substrate (Fig. S137).

The X-ray diffraction (XRD, Fig. 2c) patterns demonstrate
enhanced crystallinity of the target perovskite. A diffraction
signal of PbI, is observed in the control perovskite while the
target sample shows no trace of Pbl,, suggesting that CC-HTL
prevents decomposition of tin-lead perovskite at the buried
interface. Furthermore, derived from the UV-Vis-NIR absorption
spectra (Fig. S147), the Urbach energies of the perovskite films
deposited on the control and CC-HTL are 67.5 meV and 58.6
meV, respectively, suggesting enhanced -crystallinity and
reduced in-gap states of the CC sample.

XPS measurements (Fig. 2d and e) were performed to
determine the presence of tetravalent tin (Sn*") at the buried
interface. The Sn 3ds/, core level spectra are divided into two
distinct signals, peaking at 486.4 and 487.5 eV, corresponding
to the Sn>* and Sn*", respectively. The estimated proportions of
Sn** in the buried interface for the control and CC-doped
samples are 8.49% and 1.93%, indicating suppressed oxida-
tion degradation in the target sample. Additionally, a sulfur
signal is detected at the buried surface of the control perovskite
(Fig. S151), which is absent in the target. The presence of sulfur
is attributed to the PSS chains residing within the perovskite
grain boundaries. This observation suggests that the incorpo-
ration of CC can prevent PSS macromolecules from infiltrating
the perovskite film.

Acceleration of tin oxidation by acidic PEDOT : PSS has been
reported in the literature.”** A potential oxidation route
without the participation of oxygen is:

This journal is © The Royal Society of Chemistry 2024
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Since the reaction involves the formation of iodine molecules,
monitoring the I, content can provide insight into the oxidation
process. The perovskite/PEDOT : PSS films were immersed in
toluene and subjected to AM1.5G one-sun illumination for 48 h.
As indicated in the absorption spectra of the toluene solutions
(Fig. 2f), the perovskite on control HTL exhibits a significantly
higher production of I, whereas the I, generated in the CC-HTL
is significantly lower, nearly as same as that of the sample
without an HTL. The mechanisms behind CC inhibiting tin
oxidation are illustrated in Fig. 2g. In addition to the neutrali-
zation effect, the removal of the dissolvable amorphous PSS

This journal is © The Royal Society of Chemistry 2024

shell and conformational change make the CC-HTL a robust
polymer substrate, preventing the infiltration of PSSH chains
into the perovskite layer to erode the soft perovskite lattice.

The influence of CC on the surface electronic properties of
PEDOT: PSS was explored through ultraviolet photoelectron
spectroscopy (UPS, Fig. 3a and b) and Kelvin probe force
microscopy (KPFM). The CC-PEDOT : PSS exhibits a higher work
function value than that of the control. KPFM measurements
(Fig. S161) show consistent results that the CC-PEDOT: PSS
exhibits a slightly deeper surface potential, which is attributed to
the conformational change of the polymer chains.*® In addition,
the UPS results of the bottom surface of perovskite film depos-
ited on different HTLs are shown in Fig. S17.f Compared with
the control, perovskite film deposited on the CC-HTL exhibits
a shallower work function. This is indicative of reduced p-type
doping of the target perovskite, which is ascribed to sup-
pressed oxidation degradation at the buried interface.

J. Mater. Chem. A, 2024, 12, 9518-9526 | 9521
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Based on the UPS data, the energy level diagram concerning
hole extraction is constructed (Fig. 3c). The CC-PEDOT: PSS
demonstrates a more favorable energy level alignment with the
Pb-Sn perovskite, which can reduce charge carrier thermaliza-
tion loss and contribute to a higher open-circuit voltage (Vo) of
the solar cells.

Photoluminescence (PL, Fig. 3d) and time-resolved PL (TRPL,
Fig. 3e) spectra were collected to assess non-radiative recombi-
nation at the buried interface. Tin-lead perovskite deposited on
the CC-HTL exhibits a higher quench-limited emission intensity
compared to the control sample. The PL spectra with excitation
coming from the perovskite side (Fig. S181) were also collected,
the intensity enhancement induced by CC is somewhat less
pronounced, as compared with the PL spectra excited from the
glass side. This suggests that CC-HTL mainly suppresses the
non-radiative recombination occurring at the buried interface.
The diffusion-limited carrier lifetimes derived from the TRPL
decay were shown in Table S2.1 As the 7, values of the control
HTL/perovskite and CC-HTL/perovskite samples are significantly
reduced than the quartz/perovskite sample, we relate 7, to the
hole extraction process at the buried contact. The 1, is attributed
to recombination that occurred in the perovskite layer. The
higher 7, of CC-HTL sample reveals a perovskite film of higher
optoelectronic quality.

Furthermore, tin-lead perovskite layers deposited on the CC-
HTL afford a higher PL quantum yield (PLQY) and a 40 meV
larger quasi-Fermi-level splitting (QFLS) compared to their
analogs on the control PEDOT : PSS substrate (Fig. 3f and Table
S37), indicating larger Vo values can be expected in devices

9522 | J Mater. Chem. A, 2024, 12, 9518-9526

incorporating CC. In addition to defects induced by bottom
surface erosion, the high non-radiative recombination rate in
the control sample is also attributed to potential contact
between the perovskite and conducting PEDOT chains, with the
PSS shell being etched by DMF and DMSO solvent. Insight into
the interfacial charge transport occurring in the devices based
on different HTLs is further gained by electrochemical imped-
ance spectroscopy (EIS, Fig. S19t). The device with CC-PEDOT :
PSS displayed a smaller R, and a larger R... than the control
device (Table S4t), revealing reduced defect-assisted traps and
enhanced charge transfer.

Photovoltaic performances

We fabricated MA-free tin-lead PSCs with the architecture FTO/
PEDOT : PSS/Rby 03CS0.2FAo.77Pbg 5S¢ s1s/PCBM/C,/BCP/Cu
(Fig. 4a), where PCBM is phenyl-Cg;-butyric-acid-methyl-ester
and BCP is bathocuproine. In addition to incorporating CC,
we introduced a solvent treatment (ST) technique to further
modify the PEDOT : PSS substrate; devices combining CC and
ST are denoted as CCST. The modification of the PEDOT : PSS
HTL by polar solvent has been extensively researched. While
high-boiling-point solvents, such as DMF and DMSO, would
lead to decreased V¢ **** alcohols have demonstrated positive
effects.**™** Here, a co-solvent of methanol and ethylene glycol
(volume ratio 30: 1) was employed to treat the HTLs.

The statistical distributions of photovoltaic parameters for
control, CC, and CCST cells are presented in Fig. 4b. Compared
to the control, the CC devices demonstrate enhancements in
Voc, short circuit current density (Jsc), and fill factor (FF), which

This journal is © The Royal Society of Chemistry 2024
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(a) Device architecture of Sn—Pb PSCs. (b) Statistics of the photovoltaics parameters of the control, CC, and CCST PSCs. (c) J-V curves of

the champion CCST device. (d) EQE spectra and the integrated Jsc of the CCST device; (e) steady-state photocurrent and PCE output at the

maximum power point.

is attributed to reduced recombination loss at the buried
interface. However, over-doping of CC would decline the device
performances (Fig. S207), as a result of increased electrical
resistance of the PEDOT : PSS layer due to the dedoping effect.
The CCST cells present higher Jsc than the CC cells, together
with slightly enhanced V¢ and FF, resulting from the improved
hole conductivity of the PEDOT : PSS layers, as explored in the
literature.®”

The photovoltaic parameters of the champion devices were
displayed in Table 1. A PCE of 23.18% under reverse scan is
achieved by the CCST cells, with a Jsc of 32.25 mA ecm™2, V¢ of
0.885V, and FF of 81.22%, representing one of the highest PCEs
for MA-free tin-lead PSCs to date (Table S51). As observed in the
J-V curves (Fig. 4c), the CCST cells also feature negligible
hysteresis, suggesting reduced charge carrier accumulation at
the buried interface.”® The cell was also measured in an
accredited laboratory (Test and Calibration Centre of the New
Energy Device and Module, SIMIT, Chinese Academy of

Table 1 Photovoltaic parameters for the champion PSCs

Sciences). The certified PCE under reverse scan is 22.30% with
a Jsc of 31.79 mA cm ™2, Vo of 0.870 V, and a FF of 80.60%, and
the result also shows a small hysteresis (Fig. S211). The external
quantum efficiency (EQE) spectrum of the champion cell was
presented in Fig. 4d, and the integrated Js¢ is 32.48 mA cm 2,
consistent with the J;. value obtained from the J-V curves. We
recorded 250 seconds maximum power point (MPP) outputs for
the control and CCST cells (Fig. 4e). In contrast to the prom-
inent decay of the control cell, the CCST cell shows a steady
efficiency of 22.6% during the operation.

The dark J-V characteristics (Fig. S22t) reveal the CCST
device exhibits a low saturation current density roughly one
order of magnitude lower than that of the control device. The
hole trap densities of the devices were estimated by space
charge limited current (SCLC) measurements. As shown from
the J-V characteristics of the hole-only devices (Fig. S231), the
trap-filled limit voltages of the control and CCST devices are
0.483 V and 0.440 V, corresponding to hole trap densities of
3.921 x 10" em™® and 3.572 x 10" ecm™?, respectively. The
results confirm the reduced nonradiative recombination at the
buried perovskite/PEDOT : PSS interface.

To gain further insights, we conducted Mott-Schottky (M-S)

Devices  Scan Ve (V) Jeo(mAem™)  FF(%) PCE (%) analysis using capacitance-voltage measurements (Fig. S247).

The control device exhibited a built-in potential (V) of 0.63 V,

Control ~ Reverse  0.834 31.45 77.12 20.23 whereas the CCST device exhibited a notably higher Vy; of

Forward ~ 0.816  31.12 75.91 19.28 0.68 V. This observed increase in Vy,; aligns with the enhanced

ce Reverse — 0.879 31.95 8014 2251 Voc of the target device, indicating the presence of a stronger
Forward  0.865 31.83 79.42 21.87 oc g o g p - g

CCST Reverse  0.885 32.95 81.29 23.18 electric field that facilitates better charge carrier separation

Forward  0.877 32.14 80.73 22.76 and extraction at the interfaces. We also measured the light-
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intensity dependence of the V¢ and derived the diode ideality
factors (Fig. S25at). The CCST cell exhibits a smaller ideality
factor (1.29) than the control (1.62), indicating a decrease in
trap-assisted = non-radiative = recombination.  Similarly,
Fig. S25bT shows the dependence of jsc on light intensity,
expressed as J;. « I*. The exponent « for the CCST device is
closer to 1 than for the control device, suggesting that the
bimolecular recombination has been suppressed.

Enhanced long-term stability

We first conducted storage stability tests following the ISOS-D-
1I protocol,*” where unencapsulated devices were stored in an
N,-filled glovebox in the dark under ambient temperature (20—
25 °C). Both CC and CCST devices exhibited a ~10% increase in
PCE at the early stage (0-200 hours), which is assumably caused
by the slow recovery of processing-induced defects in the bulk
perovskite and interfaces in the devices. The CC and CCST
devices retained 91% and 92% of the highest efficiency after
2000 hours, respectively (Fig. 5a). In contrast, the control
devices experienced faster degradation during storage. This is

(a) 2
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w o
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Fig.5
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probably caused by two factors, lower crystallinity of the
perovskite film which may accelerate moisture intrusion and
oxidation degradation,® and the acidic PEDOT: PSS induced
erosion reaction.”® We then raised the storage temperature to
85 °C to evaluate the thermal stability. Compared to the control,
CC and CCST devices exhibited superior thermal stability, both
retaining 88% of their initial PCE after 500 hours aging (Fig. 5b).
XRD results demonstrate an increased PbI, content in the
control perovskite film after 500 hours of 85 °C thermal aging,
while the CC film remains free of Pbl, (Fig. 5d). Moreover,
cracks and voids appeared at the buried interface in the control
device after thermal aging (Fig. 5e), which are absent in the CC
device. These findings suggest that the rapid degradation of the
control devices is rooted in the decomposition of tin-lead
perovskite at the buried surface, which can be significantly
mitigated by the incorporation of CC. To evaluate the opera-
tional stability, an encapsulated CCST cell was operated at
maximum power point (MPP) condition under AM1.5G one-sun
illumination in air (Fig. 5¢), and the ambient temperature was
maintained at 20-25 °C (ISOS-L-1I). The CCST device retained
91% of its initial PCE after 500 hours of MPP operation.

(d)

Control cC
Pbl,
5 i
K i
> |on L ]| oh L A
: |
9
£
500 h I\JL L . &
10 20 10 20
206 (degree) 20 (degree)
(e) Control device CC device

(a) Storage stability measurements, (b) thermal stability measurements of unencapsulated control, CC, and CCST devices. (c) MPP tracking

measurement of an encapsulated CCST device. (d) The XRD of aged perovskite film on control and CC films at 85 °C for 500 hours. (e) Cross-SEM
images of control and CC devices after heat aging for 500 hours. Scale bars, 500 nm.
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Conclusion

In summary, we doped the PEDOT : PSS by cesium carbonate to
mitigate the acidity of the HTL and transform the poly-
electrolyte substrate into a robust polymer matrix. The modified
PEDOT : PSS is insoluble in polar organic solvent and the PSS
chains are prevented from infiltrating the perovskite layer. The
CC doping also contributes to a higher work function of the
HTL and increased conductivity. Non-radiative recombination
at the buried interface is suppressed, as well as the decompo-
sition of the perovskite lattice. We achieved an efficiency of over
23% in MA-free tin-lead PSCs, with a degradation of less than
10% after 500 hours of MPP operation.
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