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SUMMARY

Low-bandgap tin (Sn)-lead (Pb) perovskites are a critical component in all-perovskite
tandem solar cells, dictating their efficiency and durability. However, the current state-
of-the-art Sn-Pb  perovskite  solar cells exclusively use  poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) as the hole transport
layer (HTL), but suffer from a significant consequence, i.e., it causes undesired buried
interface degradation. Here, we show that the deprotonation of the -SOsH group in PSS
is the root cause of the interface degradation due to its low acid dissociation constant
(pKa), which leads to acidic erosion and iodine volatilization in Sn-Pb perovskites under
operational conditions. We identify that HTL materials featuring the carboxyl (-COOH)
group with a higher pKa, such as poly[3-(4-carboxybutyl)thiophene-2,5-diyl] (P3CT),
can simultaneously suppress the deprotonation and strengthen the interface binding
with Sn-Pb perovskite, mitigating the buried-interface degradation. Motivated by
established P3CT-X modification, we introduce Pb doping to P3CT to increase its work
function and reduce energy loss at the interface. The Pb-doped P3CT HTL enabled us
to fabricate efficient and stable all-perovskite tandem solar cells with a champion
efficiency of 27.8% and an operational lifetime of over 1,000 h with 97% retaining

efficiency under maximum power point tracking.



INTRODUCTION

Owing to the outstanding photoelectrical properties of metal halide perovskites
and the tremendous efforts of researchers worldwide, perovskite solar cells (PSCs) have
significantly progressed over the past decade.!® The record power conversion
efficiency of single-junction PSCs has surpassed 26.1%, approaching the Shockley—
Queisser (S-Q) detailed balance efficiency limit.>’ To overcome the efficiency limit of
single-junction devices, a viable approach is to develop multi-junction tandem solar
cells by combining two or more semiconductor absorber layers with complementary
bandgaps to simultaneously reduce thermalization loss and widen the collection of the
solar spectrum.®'* A recent breakthrough in monolithic perovskite-silicon tandem solar
cells with a certified efficiency of 33.9% manifested the potential of perovskite tandem
photovoltaic (PV) technologies that can eclipse the S-Q limit of single-junction solar

cells.”

All-perovskite tandem solar cells (APTSCs) consisting of a wide-bandgap (WBG,
1.7 -1.8 eV) top cell with a low-bandgap (LBG, 1.2-1.3 eV) bottom cell offer a unique
avenue to realize ultra-high efficiency thin-film tandem devices at low economic and
environmental costs.!>!® They have attracted substantial interest in recent years and
rapidly advanced to achieve high certified efficiencies of more than 29%,
outperforming their single-junction perovskite counterparts. The progress of APTSCs
has been mainly driven by the advances in their key component of the LBG perovskite
subcell.'? Many efforts have been devoted to improving film quality and reducing

undesired non-radiative recombination in LBG PSCs, such as crystallization



52527 and functional surface layer construction'”.

controls,'>2!2* defects passivation,
Despite impressive improvements in efficiency, the durability of both LBG and
APTSC:s still lagged far behind their single-junction Pb-perovskite counterparts due to

the ease of degradation in the Sn-containing LBG perovskites.?*

Currently, almost all high-efficiency APTSCs use
poly(3,4ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) as the hole
transfer layer (HTL) (Table S1). However, PEDOT:PSS with the sulfonate group (-
SOsH) causes degradation of halide perovskites due to its hygroscopic and strongly
acidic properties.’3? Particularly, it triggers iodide redox reactions (21" — I») and tin
oxidation (Sn?" — Sn*") at its interface with Sn-Pb perovskites. These redox reactions
create a large number of iodine vacancies (V1) and tin vacancies (Vsn), hindering charge
carrier extraction and increasing non-radiative recombination. Moreover, the adverse

interfacial reactions are exacerbated under stressed conditions,>***

severely worsening
the stability of LBG PSCs and APTSCs. Although mitigation strategies have been
explored to alleviate the detrimental interface degradation,*!23%37 the ubiquitous use
of PEDOT:PSS in the LBG subcell remains a major stability challenge for high-
efficiency APTSCs. A comprehensive understanding of the interface reactions between

PEDOT:PSS and Sn-Pb perovskite has yet to be addressed, and more effective

strategies are needed to develop desirable HTLs for stable and efficient APTSCs.

In this work, we identify that the deprotonation of PSS is the primary cause of the
photoinduced interface degradation of Sn-Pb perovskite solar cells. Our density-

functional theory (DFT) calculation shows that the deprotonation of the -SO3;H group



in PSS significantly lowers the energy barrier for the formation of iodine vacancy (V)
at the perovskite/HTL interface and releases volatile hydrogen iodide (HI). We show
that electron delocalization in the benzene-SOs™ radical significantly weakens the bond
of O-H, resulting in the low acid dissociation constant (pK,) of PSS. We further show
that alternative HTLs with -COOH, such as poly[3-(4-carboxylatebutyl)thiophene
(P3CT), display less electron delocalization, providing an effective strategy to suppress
the deprotonation from the HTL. Motivated by previous works on P3CT-X modification
(X = methylamine or alkali metal cations) that have been used in a variety of PSCs,**
! we introduce Pb-doping to increase its work function and minimize the energy level
offset with the Sn-Pb perovskite. The Pb dopants also provide nucleation sites to enable
high-quality Sn-Pb perovskite film growth. Therefore, replacing the traditional
PEDOT:PSS HTL with Pb-doped P3CT enabled us to fabricate efficient LBG PSCs and
APTSCs with improved stability. We demonstrated LBG PSCs and APTSCs with
champion efficiencies of 22.7% and 27.8%. Importantly, an APTSC retained >90% of
its initial efficiency after maximum power point tracking under nearly 1 sun

illumination for over 1000 h.

RESULTS AND DISCUSSION
Theoretical calculations on the perovskite HTL interface and
molecular design

Acidic functional groups are commonly included in the organic HTL of PSCs to
form strong bonds with both the transparent conducting oxide (TCO) on the substrate

and perovskite layer, promoting uniform perovskite film deposition over a large



area.*>*> However, acid dissociation from HTLs may introduce a severe challenge to
the durability of PSCs. Notably, the stability of most high-efficiency Sn-containing
PSCs and APTSC:s is seriously limited by the -SOsH group in PEDOT:PSS, owing to
the inevitable surface reactions. We performed DFT -calculations of the
APbo.5Sno sI3/PSS (A = methylammonium and formamidinium, or MA and FA)
interface to identify the degradation mechanism of acidity-induced interface
degradation. As shown in Figure 1A, a PSS molecule binds to the MAPbo 5Sng 53
perovskite surface with the Pb(Sn)-I termination and releases a proton (H"), which then
extracts an [ atom from the perovskite surface, forming an I vacancy (Vi) at the
perovskite interface and HI as a decomposition byproduct. This process facilitates the
subsequent escape of HI and MA gas molecules, which is energetically more favorable
by 0.19 eV as compared to the escape of HI and MA molecules on the bare perovskite
surface without the influence of PSS (Figure S1). The released I may also form I, and
oxidize the Sn** into Sn**, inducing catastrophic interface degradation. Similar DFT
calculations were carried out on the MA-I terminated surface (Figure S2) and on
FAPDbo 5Sno 513 perovskite (Figure S3), showing reduced formation energy for organic
and HI gas species after binding a PSS molecule on the perovskite surface. This acidic
reaction at the perovskite/HTL interface is likely to cause buried interface degradation

in LBG PSCs and APTSCs.

To better understand the acidic dissociation from PSS, we calculated the charge
distribution in the basic carboxylic, phosphonate, and sulfonate groups. Figure 1B

presents the Hirshfeld charge distribution in representative molecules with the simplest



structures. Their relative acidity, defined as the capability to donate a proton and form
a conjugate base, can be evaluated by the negative charge located on the oxygen atom
bonded with the hydrogen. The calculated charge distributions on the O of the -OH in
carboxylic (-COOH), phosphonate (-PO3H>), and sulfonate (-SO3H) moieties attached
with a methyl group are -0.672, -0.626, and -0.579, respectively. A more negative
charge located on the O of -OH indicates a stronger O-H bond and a more polarized
(less stable) conjugate base, corresponding to a lower acidity. Therefore, among these
acidic groups, -COOH shows the lowest acidity and -SO3H the highest acidity. The
higher acidity of -SOsH than -PO3H> can be attributed to the higher electronegative of
S than P (2.58 eV vs 2.19 eV). With the same coordination, the S atom is expected to
accept more negative charge than the P atom due to its higher electronegativity,
resulting in less electron charge on the O atom of the -OH group in -SOsH, making it
easier to lose the proton. To quantify the deprotonation properties of different acidic
functional groups, we calculated the acid dissociation constant (pK,) for these
functional groups (Figure 1C). The sulfonate group shows the strongest acidity with a
pKa of -1.61, while phosphonate and carboxylic groups show less acidity with pK,
values of 1.87 and 4.54, respectively. The DFT calculations further reveal that the
deprotonation energy of CH3-COOH is 1.13 and 0.66 eV higher than that CH3-SOsH
and CH3-POsHb», respectively. Therefore, the close-to-neutral (high pK,) functional
group based on -COOH can potentially ameliorate interface degradation at the Sn-Pb

perovskite/HTL interface.

Figure 1D shows the molecular structure and pK, of three commonly used HTLs.



The PSS presents an even lower pKa (-2.36) than CH3-SO3H, which is attributed to the
increased electron delocalization of the benzene-SO3 moiety in its conjugate base. In
comparison, the widely used phosphonate acid carbazole (PACz)-based self-assembled
monolayer HTL, such as 2PACz, shows a positive pK, of 1.49, but it is a medium-strong
acidity (pKa<2). Therefore, it may still present a long-term stability challenge if the -
POsH:> ends are not entirely bound to the substrate. In contrast, P3CT with a carboxylic
group shows a pK, value as high as 5.23. We found that the P3CT solution shows a
close to neutral nature (pH 6-7, Figure S4), which is expected to significantly suppress

the interface decomposition for efficient and stable Sn-Pb PSCs and ATPSCs.
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Figure 1. Theoretical calculations on interfacial reaction and molecular designs.



(A) DFT simulations of the reaction and decomposition at the Sn-Pb
perovskite/PEDOT:PSS interface.

(B-C) Hirshfeld charge distributions (B) and the calculated pKa (C) of the carboxylic,
phosphonate, and sulfonate functional groups attached to the methyl end.

(D) Molecular structures and pKa. numbers (red) of the reported HTLs for high-
efficiency PSCs.

(E) Energy difference (Epsct-Epss) of the surface bonding energy and the energy
barriers of acidic erosion.

We then calculated formation energy barriers for the deprotonation-erosion
process on the Sn-Pb perovskite surface with P3CT and PSS molecules, and their
energy differences are presented in Figure 1E (detailed diagram of simulations is
shown in Figure S5). Compared with PSS, P3CT increases the energy barrier of acidic
reaction on the perovskite by 1.04 eV, greatly hindering the undesirable acidic erosions
at the buried interface. Additionally, P3CT also shows a higher binding strength on the
perovskite than the PSS, with an energy difference AE;, of 0.62 eV (Figure S6), which
prevents surface defect formation and inhibits the decomposition of perovskite.
Furthermore, we found that the energy barrier for the volitation of MA and HI from
perovskite after deprotonation/erosion is increased by 0.1 eV after replacing PSS with
P3CT (Figure S7). The calculations reveal that P3CT can suppress acidic erosion and
increase bonding energy to the perovskite, promising superior efficiency and stability

in ATPSCs.

Stability of the perovskite/HTL interface
To identify the interface reaction at the HTL/Sn-Pb perovskite interface, time-
resolved mass spectrometry (TR-MS) measurements were taken under 1 sun

illumination incident on the glass side (schematic diagram shown in the inset of Figure



2A). Figure 2A plots TR-MS evolution traces of HI and MA signals after turning on
the illumination. A substantial spike of MA partial vapor pressure accompanied by
gradually increasing HI vapor pressure was detected after exposing the Sn-Pb
perovskite/PEDOT:PSS sample to 1-sun irradiation. The observed gas signals manifest
severe photodegradation at the perovskite/PEDOT:PSS interface. In contrast, the P3CT-
Pb/perovskite sample shows much lower vapor pressure of MA and almost negligible
HI partial pressure, indicating significantly suppressed surface photodegradation.
Additionally, we compared the photodecomposition of Sn-Pb perovskite/HTL
interfaces based on MeO-2PACz and neutral HTLs, such as poly(triaryl amine) (PTAA)
and PEDOT without PSS (Figure S8). The perovskite/MeO-2PACz interface exhibits
photodecomposition with MA and HI emissions similar to acidic PEDOT:PSS, which
is likely due to the relatively strong acidity of MeO-2PACz (pKa = 1.49). In comparison,
PTAA and neutral PEDOT exhibit superior photostability than acidic HTLs. The results
agree with the DFT calculations that suppressing the deprotonation of HTLs is
significant in prolonging the photostability of Sn-Pb PSCs. Compared with PEDOT
(without PSS) and PTAA, P3CT is more suitable for Sn-Pb perovskite and tandem
device fabrication owing to its better wettability (Figure S9) and effective buried
surface passivation.

Figure 2B and C compares the SEM images of the buried (bottom) surface of
perovskite films before and after light-thermal aging, peeled off from the PEDOT:PSS
and P3CT-Pb HTLs, respectively. The fresh perovskite film peeled off from P3CT-Pb

shows fewer pores and voids than PEDOT:PSS, benefiting from the stronger interface



binding between perovskite and P3CT-Pb than PEDOT:PSS. After light-thermal aging
at 60 °C and 0.9 sun illumination for 5 days, the perovskite film on PEDOT:PSS
experienced severe decomposition, creating a large number of voids and microcracks
around grain boundaries on the surface (Figure 2B) and throughout the perovskite layer
(Figure S10A). In sharp contrast, the surface and cross-sectional SEM view of the
perovskite film on P3CT-Pb remain unchanged after aging under the same conditions
(Figure 2C and Figure S10B), proving its superior stability enabled by a robust
interface. To identify the chemical decomposition, we peeled off the perovskite films
and soaked them into a toluene solution for light-thermal aging tests. As shown in the
inset image of Figure 2C, the solution containing the PEDOT:PSS sample became pink
after aging for 3 days, while the P3CT-Pb sample remained colorless. The pronounced
absorbance peaks associated with I> and Snly species appeared in the optical absorbance
spectrum of the aged PEDOT:PSS sample but not the P3CT-Pb one (Figure 2D),
confirming the interface robustness of the P3CT-Pb sample.

We conducted XPS measurements to identify the chemical variations on the buried
surface of the perovskite films before and after aging. The pristine Sn-Pb perovskite
film deposited on PEDOT:PSS shows remarkably high Sn*" (Figure 2E top) and Io
signals (Figure S11A), likely due to the defective interface formation during annealing.
The ratios of Sn**/Sn?" (Figure 2F top) and Io/I (Figure 2G top) were significantly
increased after light-thermal aging for 5 days, revealing the unstable nature of the
perovskite/PEDOT:PSS interface. In contrast, the undesired Sn*' and Iy signals were

suppressed in the fresh perovskite film deposited on the P3CT-Pb HTL (Figure 2E



bottom and Figure S11B) and were only slightly increased after aging (Figure 2G).
Additionally, we observed evidence of residue PEDOT:PSS and P3CT on the peeled-
off perovskite surface through S-2p XPS measurements (Figure S11C). After light-
thermal aging, the S-2p signal in the PEDOT:PSS sample diminished, while that in the
P3CT-Pb sample retained (Figure S11D), indicating the stronger binding strength for
the perovskite/P3CT-Pb interface. These results confirm that the P3CT-Pb HTL can
mitigate the buried interface degradation of Sn-Pb perovskites, making it a good

candidate for stable LBG PSCs and APTSCs.
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Figure 2. Stability of buried interface with PEDOT:PSS and P3CT-Pb HTLs.

(A) TR-MS results of MA and HI gases releases of Sn-Pb perovskite on PEDOT and
P3CT-Pb HTLs. The inset is the schematic diagram of TR-MS measurements.

(B-C) SEM images of the buried surface of Sn-Pb perovskite on PEDOT:PSS (B) and
P3CT-Pb (C) before (left) and after (right) aging at 60 °C and 0.9 sun illumination (from
glass side) for 5 days. The scale bar is 1 um.

(D) UV-vis absorptance spectra of the toluene solution with the Sn-Pb perovskite films
after aging for 3 days. The inset image is a photo of the solutions.

(E-G) Sn 3d XPS spectra of the buried bottom surface of fresh (E) perovskite, Sn 3d
XPS spectra (F) and I 3d (G) of aged films on PEDOT:PSS (top) and P3CT-Pb (bottom).
(H) SCLC plots of the perovskite films based on a hole-only device structure.



The trap density (V) of the fresh and aged Sn-Pb perovskite films was measured
using the space charge limited current (SCLC) method with a hole-only device structure,
and the results are presented in Figure 2H. Benefiting from stronger interface binding
and enhanced crystallinity, the fresh Sn-Pb perovskite film deposited on P3CT-Pb
shows a lower N; of 1.72x10'> cm™ than on PEDOT:PSS (2.26x10" cm™). The N; of
the aged Sn-Pb perovskite film on PEDOT:PSS increased to 3.45x 10" cm™, while the
N; of the aged perovskite on P3CT-Pb only slightly increased to 1.94x10'> cm™. The
result confirms that replacing PEDOT:PSS with P3CT-Pb reduces defect density and

improves the stability of Sn-Pb perovskite films.

Characterization of perovskite films and LBG PSCs

P3CT has been used as the HTL for a variety of PSCs with remarkable efficiency
and stability.!*3*44 However, compared to the more widely used HTLs, such as
poly(triaryl amine) (PTAA) and self-assembled monolayers (SAMs),**® the efficiency
of P3CT-based PSCs is still limited by a high Voc deficit due to a large valence band
mismatch between the P3CT HTL and perovskite. Motivated by the reports in the

literatures,**->°

we considered P3CT doped with metal cations to tune the work function
of P3CT. We first prepared P3CT HTLs with different dopants, including methylamine
(MA), cesium hydroxide (CsOH), and Pbl,. We evaluated their impact on tuning Et
using Kelvin probe force microscopy (KPFM) measurements (Figure S12). P3CT-Pb

shows a higher surface work function than P3CT-MA and P3CT-Cs. Additionally, the

DFT results (Figure S13 and Table S2) reveal that the Pb doping in P3CT significantly



reduces the positive charges on the Pb cation and increases charge numbers on the S
and C atoms of the thiophene ring of the P3CT monomer, indicating that Pbl; interacts
with P3CT by attracting the lone-pair electrons of the S atom on the thiophene ring
toward the Pb atom. As shown in Figure 3A, obviously higher binding energies of the
S-2p orbital levels of thiophene and the reversed shifts of Pb-4f levels (Figure S14) are
observed when mixing P3CT and Pbl,. This charge transfer increases the hole density
in the thiophene chains and down-shifts the Fermi energy (Er) of the P3CT HTL, which
minimizes the band offset between the HTL and perovskite and facilitates hole

extraction.

The ultraviolet photoelectron spectroscopy (UPS) spectra of PEDOT:PSS and
P3CT were collected (Figure S15), and the corresponding energy level diagrams are
plotted in Figure 3B. The bare P3CT film shows a similar valence band energy level
(Ev) but a slightly deeper Erat -5.08 eV than PEDOT: PSS. After conjugating with Pbla,
the P3CT-Pb film exhibits more negative Er and Ey levels at -5.13 and -5.36 eV,
reducing the Ey offset with the Sn-Pb perovskite. We evaluated the effect of Pbl»
conjugation on the hole conductivity of P3CT using a hole-only structure. The P3CT-

Pb film exhibits a higher conductivity than the bare P3CT (Figure S16).

We further compared the optical and morphological properties of P3CT and
PEDOT: PSS. Despite above-bandgap (~1.9 eV) absorption at short wavelengths,
P3CT-Pb shows a higher transmittance at long wavelengths (> 640 nm) than PEDOT:
PSS (Figure S17), which makes P3CT more desirable for the HTL of the bottom subcell

in a tandem structure. Atomic force microscope (AFM) measurements reveal a slightly



higher surface roughness (1.89 nm) for P3CT-Pb than PEDOT: PSS (1.38 nm) (Figure
S18). The larger roughness with Pbl, frameworks can act as nucleation seeds to allow

the heterogeneous growth of Sn-Pb perovskite films for large grains with improved

crystallinity.
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Figure 3. Investigations on the energy level of P3CT-Pb, crystalline and
photoelectrical properties and corresponding photovoltaic performance.

(A-B) XPS S 2p level (A) and energy-levels (B) of the P3CT and P3CT-Pb HTLs.

(C) Top-view (top) and cross-section (bottom) SEM images of Sn-Pb perovskite
deposited on PEDOT:PSS and P3CT-Pb HTLs. The scale bar is 1 um.

(D) TRPL and PL curves (inset) of the Sn-Pb perovskite films.

(E-G), J-V curves (E), EQE curves (F) and MPPT stability (G) of the LBG PSCs. The
inset in E is the efficiency statistics of the corresponding LBG PSCs.

We further evaluated the crystallinity and structural properties of Sn-Pb films
deposited on different HTLs. The scanning electron microscopy (SEM, Figure 3C)
measurement manifests that Sn-Pb perovskite film deposited on PEDOT: PSS has
inhomogeneous surface morphology and relatively small apparent grain domains with
an average size of 440 nm (Figure S19A). In comparison, the film grown on P3CT-Pb
exhibits uniform morphology, featuring larger apparent grain domains with an average

size of 670 nm (Figure S19B) and crystal terrains on the surface. The cross-sectional



SEM images display more desired columnar grains with larger size for the Sn-Pb
perovskite film on P3CT-Pb, well better than the randomly oriented and irregularly
shaped grains in the perovskite film on PEDOT: PSS (Figure 3C, bottom). Apart from
the enhanced microstructures, the perovskite film on P3CT-Pb also shows a smaller
surface roughness of 20.5 nm than that on PEDOT: PSS (24.8 nm) (Figure S20). A
smooth perovskite surface is critical to form good contact with the Ceo electron-

transport layer (ETL) to reduce surface recombination.

We compared the X-ray diffraction (XRD) patterns and optical absorption of the
perovskite films. All films present only the o phase of the perovskite with the same
characteristic XRD peaks and a bandgap of 1.26 eV (Figure S21), indicating the trace
amount of Pblr from P3CT-Pb has a negligible impact on the perovskite phase and
bandgap. The film on P3CT-Pb shows a 2-fold higher XRD intensity and 1.3 times
increase in grain size calculated by the Scherrer formula than the film on PEDOT: PSS
(Figure S21A), which is consistent with the trend of grain size change determined by
the SEM measurements. We also assessed the microstructure and crystallinity of
perovskite films deposited on different P3CT-based HTLs. The film deposited on P3CT-
Pb shows the most intense XRD peaks and the largest grain size among them (Figure
S22), suggesting the strong interaction between P3CT-Pb and perovskite facilitates the

crystallization of Sn-Pb perovskites.

The superior crystallinity of the perovskite on P3CT-Pb also leads to improved
photoelectrical properties. The photoexcited charge carrier dynamics of perovskite

films deposited on different HTLs were studied by steady-state photoluminescence (PL)



and time-resolved PL (TRPL) measurements. When excited from the film side, the
perovskite film on P3CT-Pb presents 100 times higher PL intensity and 18 times higher
carrier lifetime than the film on PEDOT:PSS (Figure S23 and Table S3), which is
attributed to the improved crystallinity and suppressed non-radiative recombination.
When excited from the glass (HTL) side (Figure 3D), the films present weaker PL peak
intensity and shorter TRPL carrier lifetimes due to the fast hole extraction and interface
recombination. Apparent improvements in the PL intensity were observed in the
perovskite films on P3CT-based HTLs than PEDOT: PSS (Figure S24), indicating that
P3CT effectively suppresses the undesired non-radiative recombination at the Sn-Pb
perovskite/HTL interface. The film on P3CT-Pb shows the highest PL intensity and the
longest carrier lifetime among all, revealing its superior defect passivation properties
when in contact with the perovskite. We further measured the PL quantum yield (PLQY,
Figure S25) from the glass side to quantify the quasi-Femi energy splitting in Sn-Pb
perovskite films as an impact of interfacial non-radiative recombination. Benefiting
from the better energy level alignment and reduced surface defects, the
perovskite/P3CT-Pb sample shows the highest PLQY of 2.42%, corresponding to the

highest implied Voc of 918 mV.

We fabricated LBG PSCs with the PEDOT:PSS and P3CT HTLs in the device
structure of ITO/HTL/Sn-Pb perovskite/Cso/BCP/Ag. Figure 3E presents the J-V
curves of the champion LBG devices based on PEDOT:PSS and P3CT-Pb. The detailed
PV parameters are listed in Table 1. The device based on PEDOT:PSS shows a PCE of

20.4%, with a Voc of 0.856 V, a short-circuit current density (Jsc) of 31.4 mA/cm?, and



a FF of 75.8%. The devices based on P3CT-based HTLs show improvements in all PV
parameters (Figure S26 and Table S4). The best-performing device based on P3CT-Pb
delivers the highest PCE of 22.7% with a high Voc of 0.884 V, a Ji of 32.0 mA/cm?,
and a FF of 80.3%. The Js. of the LBG PSCs was verified by the external quantum
efficiency (EQE) measurements (Figure 3F). In agreement with the UV-vis
transmittance data, the device based on P3CT-Pb shows lower EQEs at short
wavelengths (<600 nm) and higher EQEs at long wavelengths (>600 nm) than the
PEDOT:PSS device, resulting in an increased integrated Jsc from 31.2 to 31.5 mA/cm?.
We fabricated 25 individual devices for each group, and their statistical results are
presented in Table 1 and Figure S27. The devices based on PC3T-Pb show remarkable
enhancements in Voc, FF, and thus PCE (Figure 3E inset), with narrower distribution
and better reproducibility than those based on PEDOT:PSS. This improvement is
mainly attributed to the perovskite/P3CT-Pb interface, which has stronger interface
binding, better energy level alignment, and superior charge carrier extraction properties

than the interface with PEDOT:PSS.

Capacity-voltage (C-V) measurements were conducted to understand the improved
device performance of corresponding LBG PSCs. Due to the poor crystallinity and high
defect density at the buried interface, the device on PEDOT:PSS suffers from a poor
diode quality with a considerable leakage current and a low built-in potential (Vi) of
0.705 V (Figure S28). With more desirable energy level alignment and interface
passivation, the device with P3CT-Pb shows an increased Vi of 0.758 V and a better

diode ideality factor. We also conducted the transient photovoltage (TPV) and



photocurrent (TPC) measurements to study the carrier transport dynamics in LBG PSCs.
As presented in Figure S29A, the device with the P3CT-Pb HTL shows a slower
photovoltage decay than the PEDOT:PSS-based one, indicating reduced non-radiative
recombination in the devices. Meanwhile, the TPC curves display a shorter decay in the
P3CT-based cells than PEDOT:PSS (Figure S29B), indicating fast carrier extraction.
Additionally, Nyquist analysis shows that the P3CT-based device has larger
recombination resistance and smaller series resistance than the PEDOT:PSS-based one
(Figure S30).

Table 1| Photovoltaic parameters of the champion efficiency and statistics results
of the single LBG and tandem PSCs.

Device HTL Scan Voc Jse FF PCE
S
structure direction ) (mA cm?) (%) (%)
Single
PEDOT:PSS Reverse 0.856 314 75.8 20.4
LBG
Forward 0.850 313 74.1 19.7
Average 0.849+0.013 31.1+0.5 76.2+1.2 20.2+0.3
Single
P3CT-Pb Reverse 0.884 32.0 80.3 22.7
LBG
Forward 0.882 319 79.5 224
Average 0.878+0.005 31.8+0.2  78.8+1.0 22.0+£0.4
Tandem PEDOT:PSS Reverse 2.096 15.5 81.1 26.4
Forward 2.096 15.5 79.6 25.9
Average 2.046+0.033 15.4+0.1 79.6+1.1 25.1+0.6
Tandem P3CT-Pb Reverse 2.147 15.7 82.6 27.8
Forward 2.146 15.7 81.5 27.5
Average 2.127+0.017 15.6+0.1 80.9+1.3 27.0+0.6

In addition to improving efficiency, the P3CT-Pb HTL also benefits the thermal



and light stability of Sn-Pb PSCs. A typical cell with the PEDOT:PSS HTL exhibited
severe degradation with ~80% efficiency loss after 528 h of thermal aging on a 60 °C
hotplate (Figure S31A), mainly due to the acidic erosion at the perovskite/HTL
interface.’*! A P3CT-based device stressed under the same condition retained ~90%
of its initial efficiency, indicating that replacing the PEDOT:PSS HTL with P3CT-Pb
significantly enhances the thermal tolerance of LBG PSCs. Additionally, P3CT-based
cells also demonstrated decent operational stability under maximum power point
tracking (MPPT) conditions. As shown in Figure 3G, A typical P3CT-based Sn-Pb PSC
retained ~90% of its initial efficiency after MPPT for more than 1,000 h (Ty lifetime),
which was well better than a reference cell based on PEDOT:PSS that degraded by ~50%
after 500 h. The suppression of HTL deprotonation also benefits the MPPT stability of
normal-bandgap Pb-based PSCs. A PSC based on the P3CT-Pb HTL retained >95% of
its initial efficiency after 1000 h of continuous operation at 60 °C in the air,

demonstrating robust photostability of the perovskite/P3CT interface.

Photovoltaic performance and stability of tandem devices

We fabricated APTSCs with different HTLs for the LBG subcell to evaluate the
impact of HTLs on the tandem device performance. The schematic diagram and cross-
sectional SEM image of the tandem device are presented in Figure 4A and Figure S32.
The WBG perovskite top subcells used for tandem fabrication show an average
efficiency of 18.7% (Figure S33). Figure 4B presents the J-V curves of the champion
tandem cells based on the P3CT-Pb and PEDOT:PSS HTLs. Their detailed parameters

are listed in Table 1. The PEDOT:PSS-based tandem shows PCE of 26.4 (25.9)%, Voc



of 2.096 (2.096) V, Jsc of 15.5 (15.5) mA/cm?, and FF of 81.1 (79.6)%, measured by
the reverse (forward) scan. In comparison, the champion P3CT-based tandem shows
PCE 0f27.8 (27.5)%, Voc of 2.147 (2.146) V, Jsc of 15.7 (15.7) mA/cm?, and FF of 82.6
(81.5)%. The stabilized power output (SPO) efficiencies of the devices based on P3CT-
Pb and PEDOT:PSS are 27.6% and 25.8%, respectively (Figure S34). Figure 4C plots
the EQE spectra of the tandem cell based on P3CT-Pb, showing the integrated current
density of 15.5 and 15.6 mA/cm? for the top and bottom subcells, respectively, which

are well matched with the Jsc of the tandem.
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Figure 4. Photovoltaic performance and stability of tandem PSCs.
(A-E) Schematic diagram and cross-section SEM image of the tandem device (A), J-V

curves (B), EQE spectra (C), statistic PCE (D), and MPP tracking stability (E) of the
tandem PSCs.

The P3CT-based tandems also show a higher average efficiency of 27.0% (Figure
4D) with improved Voc and FF (Figure S35) than PEDOT:PSS-based devices, proving

excellent reproducibility of the high-efficiency tandems with the P3CT-Pb HTL. To



evaluate the tandem stability, we measured the MPPT of the encapsulated tandem cells
in air. Impressively, the device remained at 97% of its initial efficiency after continuous
tracking for 1000 h (Figure 4E), which was substantially improved compared with
state-of-the-art APTSCs based on the PEDOT:PSS HTL (Table S1). The enhanced
tandem stability is mainly attributed to the stabilized buried interface of the perovskite

and P3CT-Pb HTL.

Conclusions

We unveiled that the acid dissociation from the PEDOT:PSS HTL is the primary
cause for the buried interface degradation in LBG Sn-Pb PSCs through theoretical and
experimental studies. The DFT calculation revealed that deprotonation of acidic HTL
monomers can facilitate the formation of Vi defects on the perovskite surface and
release HI, lowering the energy barriers of the volatilization of MA and I from the
perovskite surface. We further identified that reducing electron delocalization in the
conjugate base of an HTL monomer can increase its pK. and suppress the acid
dissociation, improving the HTL/perovskite interface stability. Guided by this strategy,
we replaced PEDOT:PSS HTL with a nearly neutral HTL based on P3CT to mitigate
the buried interface degradation in LBG PSCs. Additionally, doping P3CT with Pb
cations reduced the valence band offset with Sn-Pb perovskite and provided nucleation
seeds for enhancing perovskite crystallization, resulting in improved film quality. The
use of Pb-doped P3CT enabled us to fabricate efficient and stable APTSCs with an

efficiency of 27.8% and a Too MPPT lifetime of over 1,000 h. Our molecular design



strategy on stabilizing the perovskite/HTL interface provides a direction for achieving

efficient and stable APTSCs.

EXPERIMENTAL PROCEDURES
Resource Availability
Lead Contact

Further information and requests for resources and materials should be

directed to and will be fulfilled by the Lead Contact, Yanfa Yan

(vanfa.yan@utoledo.edu).

Materials Availability

This study did not generate new unique materials.

Data and Code Availability

This study did not generate or analyze (datasets or code).

Materials

The solvent of N,N-dimethylformamid (DMF, 99.8%), dimethyl sulfoxide
(DMSO, 99.9%), deionized water (H20), isopropanol (IPA, 99.5%), methanol (Me-OH,
99.5%), anhydrous ethanol (Et-OH, 99%), anisole (99%) and chlorobenzene (CB,
99.9%) were purchased from Sigma Aldrich. Tin (II) iodine (Snlz2, 99.999% for
perovskite precursor), tin (II) fluorine (SnF2, 99%), polyethylenimine (PEIE, 80%
ethoxylated solution), methylamine (MA, 33% w/w in Ethanol), cesium hydroxide
(CsOH, monohydrate, 99.95%), lead powder (=100 mesh, 99.95%), ethylenediamine

(EDA, 99%), Poly(triaryl amine), Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]



(PTAA), PFN-Br and ammonium thiocyanate (NH4SCN) were ordered from Sigma-
Aldrich. The organic halide salts of methylammonium iodide (MAI), formamidinium
iodide (FAI) were obtained from Greatcell Solar Company. Bathocuproine (BCP), lead
iodine (Pbly), lead bromine (PbBr»), 1,3-propane-diammonium iodide (PDAI), cesium
iodine (Csl), [4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonate acid (Me-
4PACz,>99.0%) and MeO-2PACz were bought from TCI company. NiOx nanoparticles
(NPs) powder were offered by Advanced Election Technology Co., Ltd. Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate solution (PEDOT: PSS) was obtained
from Ossila. C60 powder was purchased from WNano-C. ALD precursor of
tetrakis(dimethylamino) tin (iv) (99.99%-Sn, 50-1815 Tin) was bought from Strem
Chemicals. Poly[3-(4-carboxylbutyl)thiophene (P3CT, Mw: 30-40k) was purchased
from Rieke Metals. All raw materials were directly used without further treatment.
Precursor solution preparations

WBG perovskite precursors: Wide bandgap perovskite precursor solutions (1.2 M,
FA0.8Cs0.2Pbli §Bri.2) were prepared with the recipe of 0.96 M FAI + 0.24 M Csl+ 0.48
M Pbl; + 0.72 M PbBr; dissolved in 1 mixed solvent DMF/DMSO with volume ratio
of 4:1. The precursors were stirred for 1 h to dissolve all chemicals and further filtered
with 0.22 pym PTFE membrane before using.

LBG  perovskite  precursors: Low bandgap perovskite solutions
(Cs0.05FA0.7MAg.25Pbo.sSno 513, 1.8 M) were prepared in the same way as our previous
paper.®! To reduce Sn** cations in precursor, 5 mg lead was added into the solution with

stirred in a glovebox at room temperature for 3 h before use."”



HTL and surface passivation solutions: NiOx NPs were distributed decentralized in DI
water with a concentration of 10 mg/mL. Me-4PACZ was dissolved in Et-OH (0.3
mg/mL). PDAIL was dissolved in IPA with a concentration of 1 mg/mL. P3CT and
P3CT-Pb were prepared in two steps: the first step is to dissolve 10 mg P3CT or
P3CT/Pblz (weight ratio of 2:1) in 1 mL DMF and then dilute the high concentration
solution with CB into desirable concentration (1 mg/mL for single-junction devices and
3 mg/mL for tandem devices). For pH measurement of P3CT materials, the P3CT
powders were dissolved in DMSO (2 mg/mL) and diluted into 0.1 mg/mL with
methanol before dipping on pH paper. P3CT-MA and P3CT-Cs were prepared
according to the literature.'® PEIE were diluted with IPA into 0.025 wt%. EDA solutions
were prepared via dissolving 1 uL EDA in 20 mL CB. PEDOT:PSS solutions for tandem
were prepared by diluting the raw solution with IPA (volume ratio of 1:2).

Devices fabrications:

LBG PSCs: The ITO substrates were ultrasonically cleaned at Micro-90 detergent, H>O,
acetone, and IPA for 20 min, respectively. The ITO substrates were dried under nitrogen
flow and further cleaned with UV ozone for 30 min. The PEDOT:PSS HTLs were spin-
coated on ITO glass at 4000 rpm for 30 s in ambient conditions and annealed at 140 °C
for 15 min. While P3CT HTLs were spin-coating in a glovebox (N> filled) at 3500 rpm
for 30 s, and annealed at 100 °C hotplate for 10 min. The PTAA (1 mg/mL in toluene)
HTLs were coated on ITO at 4000 rpm for 30 s in glovebox and annealed at 100 °C for
10 min. For good wettability, PFN-Br (0.5 mg/mL in methanol) was coated on PTAA

at 6000 rpm for 20 s. The thick MeO-2PACZ (0.5 mg/mL in ethanol) were coated on



ITO at 1500 rpm for 30 s, following annealed at 100 °C for 10 min. After that, 50 pL
LBG perovskite precursors were dropped on cooled substrates and spin coating with
the procedure of 1000 rpm for 10 s and 3500 rpm for 40 s in the glovebox. The anti-
solvent treatment with 400 uL. CB was conducted at 20 s before the end of the coating.
The wet films were moved to a 100 “C hotplate and annealed for 10 min to transmit the
intermedium phase into a desirable photovoltaic phase. For surface passivation, 50 puL
EDA solution (in CB) was dynamically spin-coated on the cold perovskite films at 5000
rpm for 30 s, and further annealed at 100 °C for 5 min. After that, the substrates were
transferred to a vacuum chamber to evaporate 25 nm C60, 6 nm BCP, and 130 nm Ag.
All-perovskite tandem devices: The ITO substrates were cleaned with the same
procedures as the single-junction devices. NiOx NPs were then spin-coated on cleaned
ITO substrates at 4000 rpm for 30 s without annealing. The substrates were transferred
into a glovebox to coat the Me-4PACz HTL at 3000 rpm for 25 s, further annealed at
100 °C for 10 min. Then WBG perovskite films were deposited on the substrates at a
speed of 3800 rpm for 32 s with an acceleration speed of 1000. 150 uL anisole as
antisolvent was fast dropped on the wet films at 22" s. Annealing at 110 °C for 15 min
was taken to form high-quality WBG perovskite films. Then PDAI, was dynamically
coated on the cooled WBG perovskite as surface passivation, followed by annealing at
100 °C for 5 min. After that, the substrates were transferred into an evaporation chamber
to deposit 30 nm C60. Before wettability and growth of atomic layer deposition (ALD),
PEIE was spin-coated on the films at 5000 rpm for 30 s without annealing. 25 nm ALD

SnO; film and 1 nm Au were deposited on the substrates sequentially. Diluted



PEDOT:PSS solution for tandems was spin coated at 3000 rpm for 10 s in the clean
room (controlled humidity below 30%) and further dried at 120 °C hotplate for 8 min.
The P3CT HTLs were coated at 3000 rpm for 30 s in a glovebox and annealed at 100
°C for 5 min. LBG perovskite films were coated on the substrates at 800 rpm for 5 s and
3500 rpm for 40 s. 400 pL CB antisolvent was dropped on the films at 20 s before the
end of spin procedures. Finally, EDA treatment and C60/BCP evaporation were the
same as the single junction devices.

Normal-bandgap PSCs: The normal-bandgap perovskite films were deposited as the
same as the literature®? and we replaced the BCP and Ag with the ALD SnO; (15 nm)
and Au respectively. Before measurements, the devices were packaged with UV epoxy
in a glovebox.

Characteristics

HTLs and perovskite films characteristics: The UV-vis absorption spectra of perovskite
films and transmittance spectra of various HTLs were tested on the PerkinElmer
Lambda 1050. XPS and UPS spectra of various materials were collected at the Kratos
AXIS ULTRA DALD. SEM and XRD measurements were conducted on the Hitachi S-
4800 and RigakuUltima III with Cu Ka radiation, respectively. For evaluating the
buried morphology and chemical bond environment of perovskite deposited on
different HTLs, the LBG perovskite films were peeled off from ITO glass. The
processes were to fix the UV epoxy (with cover glass) under UV light and then peel off
the perovskite from substrates via fall down several times. To explore the buried

perovskite surfaces, the films were firstly aged under 0.9 sun white LED light & 60 °C



for several days (glass side toward light and film side on hotplate) and then peeled off
for measurements. The AFM and KPFM of various films were collected using a Vecco
D500 atomic force microscope. The steady-state photoluminescence (PL) and time-
resolved PL (TRPL) measurements were using a custom-built system with Hotiba
Symphony-II CCD detector/Horiba iHR 320 and Becke & Hickl TCSPC (HPM100-10,
SPM130), respectively. The excited laser was 633 nm for both PL and TRPL
measurements. The PLQY of samples was measured by a custom-built system, and the
process was the same as the previous report.’!

SCLC measurements on LBG perovskite films and various HTLs: To estimate the hole
mobility of various HTLs materials, the hole-only structure of ITO/NiOx/HTL
materials/PTAA/MoO3/Ag was fabricated. PEDOT:PSS was coated the same as the
single junction devices fabrications. The concentration of P3CT-X was increased to 4
mg/mL for thick films (25 nm). The data were collected with Keithly 2400 with the
scanning voltage from 0 V to 4 V with 300 scanning points (around 7 min for each
scanning). The SCLC measurements of perovskite films were performed based on
ITO/HTLs/perovskite/PTAA/MoOs3/Ag. The scanning procedure was 0-1.2 V with 200
scanning points (around 5 min for each scanning).

Time-resolved mass spectroscopy measurements: The TR-MS of each sample were
measured on a built-in-house TPD system.>® The samples were loaded in transparent
test tubes with the ITO side toward the light. The samples need to be vacuumed under
dark conditions for 12 h to remove the air. The light source was 1 sun Xe lamp

(Newport). The data of mass signals were recorded with a step of 10 s.



PSCs characteristics: Both LBG and tandem PSCs were encapsulated with UV epoxy
and cover glasses before measurements in ambient conditions. The J-V curves were
collected using a PV Measurements Inc. solar simulator with AM 1.5G solar irradiation
and a Keithley 2400 source meter. The scanning range is -0.1 V to 0.95 V with a rate of
100 mV/s. The area of devices was defined by the overlapping area between the metal
electrode (Ag) and ITO, corresponding to 0.073 cm?. The Js from J-V curves were
confirmed with the external quantum efficiency (EQE) equipment (model IVQES-C,
PV Measurements Inc.). The spectra of the solar simulator and EQE light source were
calibrated by the standard silicon solar cells certified by NREL. For tandem PSCs, 530
and 940 lamps were applied to collect the EQE of bottom and top subcells, respectively.
The TPC and TPV spectra were conducted on the encapsulated LBG PSCs at a
PiCoscope 6454 controlled by a custom-built Python problem. The excited light
intensity of 0.8 sun. The EIS and C-V spectra of each device were recorded using a
Solartron Modulab potentiostat. Thermal stability was tested via aging the LBG devices
at 60 °C hotplate in a glovebox and measuring the photovoltaic performance regularly.
Stability measurements: The thermal stability of the devices was evaluated by aging the
devices (encapsulated) at 60 °C hotplate in a glovebox and collecting the photovoltaic
performance in regular time. The MPP stability of single junction and tandem PSCs
were tracked under 0.9 sun illumination (white LED) in ambient conditions. A metal
mask with an area of 0.0615 cm? was covered on devices (glass side) during MPP
tracking. The temperature around devices was controlled below 30 °C with fan cooling.

The MPPT of the normal-bandgap PSCs was conducted by putting the encapsulated



devices into the controlled 60 “C oven with the w-LED illuminations. We used the
Perturb & Observe (P&O) algorithm to track the performance of our solar cells at the
vicinity of the maximum power point (MPP) under continuous light illumination.>* The
MPP tracking data (timestamp, voltage, current, and power) was recorded every ~3.7 s.
The algorithm measures the present values of voltage V(k), current I(k), and power P(k).
After that, it perturbs the operating voltage V(k+1) = V(k) = AV and observes the
change of power P(k+1) - P(k). The iteration continues with the voltage perturbation
that maximizes the power. The PCE of each device was recorded with a Keithley 2400
source meter.

DFT calculations: The structural relaxation and static self-consistent energy
simulations are conducted by the CP2K package at the PBE level.>>*® The calculations
of formation energies and binding energies are carried out based on a 3-layer
MASnosPbosls perovskite slab model with the typical (001) surface orientation
terminated by Sn/Pb-I framework. The computations employed the norm-conserving
Goedecker-Teter-Hutter (GTH) pseudopotential alongside a double-§ valence
polarization basis set, obtained through meticulous adjustment of molecular
geometries.’”>® The computations were constrained to the gamma point exclusively,
with a consistent energy cut-off threshold of 400 Rydberg retained throughout the
analysis. The self-consistent field (SCF) convergence criterion was established at 1x10"
7 Hartree per atom. Furthermore, Grimme's D3 correction was incorporated to account
for intermolecular interactions.’* ®! The pK, values of various molecules are calculated

with the MarvinSketck software.



The energy barrier associated with the deprotonation-erosion process was calculated
for the free state PSS and P3CT molecules before they are absorbed into the perovskite
surface, as shown in the equation: E = [E(M™) + E(HD)] — [E(M) + E(I7)],
where E(M") denotes the total energy of a deprotonated PSS/P3CT, E(HI) denotes the
total energy of a HI molecule, E(M) denotes the total energy of a PSS/P3CT molecule,

and E(I") denotes the total energy of an I ion.
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