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Self-assembled monolayers (SAMs) have displayed unpredictable potential in
efficient perovskite solar cells (PSCs). Yet most of SAMs are largely suitable for
pure Pb-based devices, precisely developing promising hole-selective contacts
(HSCs) for Sn-based PSCs and exploring the underlying general mechanism are
fundamentally desired. Here, based on the prototypical donor-acceptor SAM
MPA-BT-BA (BT), oligoether side chains with different length (i.e., methoxy, 2-
methoxyethoxy, 2-(2-methoxyethoxy)ethoxy group) were custom-introduced
on the benzothiadiazole unit to produce the target SAMs with acronyms MPA-
MBT-BA (MBT), MPA-EBT-BA (EBT), and MPA-MEBT-BA (MEBT), respectively,
and acting as HSCs for efficient Sn-Pb PSCs and all-perovskite tandems. The
introduction of oligoether side chains enables HSCs effectively accelerate hole
extraction, regulate the crystal growth and passivate surface defects of Sn-Pb
perovskites. In particular, benefiting from the enhanced Sn-Pb perovskite film
quality and the suppressed interfacial non-radiative recombination losses,
EBT-tailored LBG devices yield a champion efficiency of 23.54%, enabling
28.61% efficient monolithic all-perovskite tandems with an impressive Voc of
2.155V and excellent operational stability as well as 28.22%-efficiency 4-T
tandems.

Power conversion efficiency (PCE) of single-junction perovskite solar lead (Sn-Pb) low-bandgap (LBG) perovskite bottom subcells to fabri-
cells (PSCs) has been boosted to a certified 26.7%'. However, their cate all-perovskite tandem solar cells (TSCs) holds great potential to
theoretical efficiency has been invariably limited by Shockley-Queisser  break the S-Q limit*™.

(S-Q) efficiency. The win-win collaboration between 1.7 and 1.9 eV Complementary spectral absorption, simple and low-cost solu-
wide-bandgap (WBG) perovskite top subcells and 1.1-1.3 eV mixed tin-  tion processing, and friendly energy consumption of perovskites make
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all-perovskite TSCs develop rapidly’ . In 2015, Zhou et al. constructed
monolithic all-perovskite TSCs, demonstrating the proof-of-concept
success of all-perovskite tandems with bottom-up solution-
processing". Recently, the reported PCEs of all-perovskite TSCs have
beyond 28%'*%°, obviously surpassing the highest efficiency of single-
junction PSCs.

Hole-selective contact (HSC) with minimized interfacial non-
radiative losses is an essential element to target the optimal perfor-
mance of PSCs. Recently, self-assembled molecules (SAMs) have been
displaying great potential as HSCs in perovskite-based devices” . The
SAMs possess unique properties, such as simple preparation process,
low synthesis cost, nearly negligible parasitic absorption, tunable
energy levels, defect passivation ability, etc, offering viable promises
to fabricate efficient solar cells**%

Though most of SAMs are suitable for pure-Pb WBG
devices?***"*, detailed studies on SAMs in Sn-based PSCs are still
lacking, in which the acidic nature and parasitic absorption losses of
widely-used PEDOT:PSS may limit the performance and stability of Sn-
based PSCs***. This suggests that designing effective HSCs suitable
for Sn-based devices is more challenging compared to their pure-Pb
counterparts.

Notably, the energy levels of all the reported SAMs in Sn-Pb
devices are mismatched with the corresponding perovskite layers
compared to PEDOT:PSS*~!, Regulating Sn-Pb perovskite growth and
achieving high-quality films with few defects on buried interface are
critical requirements for the design of efficient HSCs in Sn-Pb PSCs**™*,
Given that most SAMs reported to date are dominated by carbazole
and its derivatives as building block which may be generally limited by
few functional sites and uncontrollable electrical properties, donor-
acceptor (D-A) SAMs established by our group show specific merits
such as multifunctional sites, high dipole moment and tunable
optoelectronic and interfacial properties®**5°>*, In our previous
work, the D-A SAM MPA-BT-BA (denoted as BT) has been proven to be
effective as HSC in conventional PSCs**’, however, it is not working
well in Sn-Pb devices mainly due to the deficient regulation of Sn-Pb
perovskites. Therefore, it is imperative to explore efficient SAMs with
suitable dipole moment and excellent electrical properties so as to
strengthen the properties of SAMs/perovskite interface and regulate
the growth of Sn-Pb perovskites.

By leveraging the advantages of D-A backbone of SAMs, here we
precisely designed a series of D-A type SAMs by incorporating oli-
goether side chain modulation strategy which can act as efficient HSCs
for 1.25eV FAqsMAp3Cso1PbosSngsls PSCs and all-perovskite tan-
dems. Generally, oligoether side chain engineering is adopted as an
efficient chemical strategy to regulate the solubility, dipole moment,
molecular stacking mode and the resultant electronic and interfacial
properties of the organic semiconductors in the film state. In PSCs,
oligoether side chain engineering can also endow HSCs with multi-
functional properties either for small molecules®®*’, metal complexes®°
or polymers®.

In this work, based on the prototypical D-A SAM, BT, oligoether
side chains with different length (i.e., methoxy, 2-methoxyethoxy, 2-(2-
methoxyethoxy)ethoxy group) were introduced on the benzothiadia-
zole unit to produce the target SAMs with acronyms MPA-MBT-BA
(MBT), MPA-EBT-BA (EBT), and MPA-MEBT-BA (MEBT), respectively.
As confirmed in the literatures that the introduction of oligoether
chains at the 5,6-positions of benzothiadiazole unit can regulate the
molecular packing and film morphological properties of the target
molecules while maintaining their specific optoelectronic properties.
While in this work, it was found that although the introduction of
oligoether side chains elevated the energy level compared to BT, all the
MBT, EBT, and MEBT can effectively regulate the crystal growth and
passivate surface defects of Sn-Pb perovskites. In particular, EBT can
achieve a balance among the properties of accelerated hole extraction,
effective regulation of Sn-Pb perovskite processing and strong defects

passivation effect, which contribute to high-quality Sn-Pb perovskite
and superior buried interface properties for suppressing non-radiative
recombination losses. As a result, EBT-tailored LBG PSCs yield a
champion efficiency of 23.54%, enabling 28.61% efficient two-terminal
(2-T) all-perovskite tandems with an impressive Voc of 2.155V and
28.22%-efficiency 4-T tandems.

Results

Interconnection mechanisms of hole-selective contacts

The designed SAMs featuring oligoether side chains were synthesized
within four steps (Supplementary Fig. 1) in a moderate total yield (Sup-
plementary Table 1) and low-cost evaluation (Supplementary Table 2).
Methoxy group substituted SAM MBT (4-(7-(4-(bis(4-methoxyphenyl)
amino)phenyl)-5,6-dimethoxybenzolc][1,2,5]thiadiazol-4-yl)benzoic acid)
was obtained from the 4,7-dibromo-5,6-dimethoxybenzol[c][1,2,5]
thiadiazole as the starting material, while EBT (4-(7-(4-(bis(4-methox-
yphenyl)amino)phenyl)-5,6-bis(2-methoxyethoxy)benzo[c][1,2,5]thiadia-
zol-4-yl)benzoic acid) and MEBT (4-(7-(4-(bis(4-methoxyphenyl)amino)
phenyl)-5,6-bis(2-methoxyethoxy)benzol[c][1,2,5]thiadiazol-4-yl)benzoic
acid) were synthesized using oligoether side chain substituted ben-
zothiadiazole unit which was afforded by nucleophilic substitution with
4,7-dibromo-5,6-difluorobenzolc][1,2,5]thiadiazole as the starting mate-
rial. The molecular structures of MBT, EBT and MEBT were confirmed by
'H NMR®,C NMR, and HRMS characterizations (Fig. 1a, Supplementary
Figs. 2-10).

Supplementary Fig. 11 shows the front and side views of the cor-
responding molecules. Clearly, the four SAMs have the similar mole-
cular configurations, in which anchoring group is benzoic acid (BA), 4-
methoxy-N-(4-methoxyphenyl)N-phenylaniline (MPA) and benzo[c]
[1,2,5]thiadiazole (BT) are served as donor and acceptor units,
respectively. The introduction of oligoether side chain hardly affect
the backbone structure of the SAMs. Despite, the side chain engi-
neering may have significant implications on the electric properties
and molecular stacking behaviors of the SAMs. As shown in Supple-
mentary Fig. 12, all the modified molecules exhibit blue-shifted
absorption compared to BT, suggesting the enlarged molecular
bandgap. It is reasonable that the introduction of oligoether side
chains may elevate the energy levels of the SAMs due to their electron-
donating nature. As seen in Supplementary Fig. 13 and Supplementary
Table 3, the elevation of the lowest unoccupied molecular orbitals is
larger than that of the highest occupied molecular orbitals (HOMOs),
leading to the increase in bandgap. Figure 1b shows the electrostatic
surface potential and dipole moment of molecules, EBT has a highest
dipole moment of 7.88 D compared to BT (7.41 D), MBT (6.78 D), and
MEBT (6.55D), suggesting that EBT may have more efficient charge
extraction capability®>®*,

To more directly explore the effect of side chain engineering on
molecular stacking behavior onto ITO substrate, molecular dynamics
simulations were employed to investigate the microstructure of dif-
ferent molecules near the confined ITO substrate from the atomic level
(Fig. 1c, Supplementary Fig. 14, and Supplementary Note 1), the density
and orientation distribution are depicted in Fig. 1d. In terms of the
orientation of the C-N axis, the angle between C-N and Z axis of BT is
approximately 90°, i.e., the molecular backbone is nearly parallel to
ITO substrate. In addition, the angles between molecular backbone
and ITO substrates are about 15° and 5° for MBT and EBT, respectively.
However, the C-N angle distribution of the MEBT molecule is mainly at
80° and/or 30°, i.e., the angle between MEBT backbone and ITO sub-
strates is about 10° and/or 60°, implying more disordered distribution.
Thus, it can be seen that BT, MBT, and EBT display a face-on dominant
orientation on ITO substrate for efficient hole hopping and transport
between the perovskites, HSCs, and ITO*, meanwhile MEBT exhibits a
relatively disordered orientation when deposited on ITO. The variation
of orientation distribution between molecules is mainly ascribed to the
introduction of oligoether side chain in BT, among which 2-(2-
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methoxyethoxy)ethoxy group induced the relatively disordered
orientation of MEBT after anchoring to ITO substrate.

The thickness of the ultrathin film of different HSCs can be esti-
mated by X-ray reflectivity (XRR) measurements (Supplementary
Fig. 15a and Supplementary Note 2). Combining with the calculated
molecular lengths (Supplementary Fig. 15b), it can be deduced that all
the HSCs on ITO were formed as a multilayer film rather than mono-
layer film. The unanchored molecules remained on top of anchored
ones®, and the uniform surface potential of four ITO/SAMs films
(Supplementary Fig. 16) indicates the homogeneous distribution of all
the molecules on the surface of ITO®. Moreover, part of molecules are
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Fig. 1| Material properties and interconnection mechanism between ITO,
HSCs, and perovskite. a Molecular structure of BT, MBT, EBT, and MEBT.

b Electrostatic surface potential and corresponding dipole moment of BT, MBT,
EBT, and MEBT. Molecular dynamics simulation of hole-selective molecule on ITO

: A
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substrate. ¢ Schematic of the C-N axis (i.e., the angle between the C-N and the Z-axis
when the atom C points to the atom of BT, MBT, EBT, and MEBT. d Probability
distribution of the C-N axis for BT, MBT, EBT, and MEBT. e Interconnection
mechanisms between ITO, HSCs, and perovskite.
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atoms on oligoether side chains can provide sufficient passivation sites
toward defects of buried interface which may strengthen the passi-
vation effect and reduce non-radiative recombination losses (Fig. 1e).
The specific interaction mechanisms and the corresponding experi-
mental analysis will be discussed as follow.

Improved LBG Sn-Pb perovskite quality and underlying
mechanism

Cyclic voltammetry (CV) was used to determine the energy levels of
molecules as depicted in Supplementary Fig. 17 and Supplementary
Table 1. We further detected the energy level alignment at the ITO/
SAMs/LBG perovskite interfaces using ultraviolet photo-electron
spectrometry (UPS) (Supplementary Fig. 18). As shown in Fig. 2a, the
HOMO of ITO downshifts to —5.0 ~-5.1eV after modification with
SAMs, indicative of matched energy level with that of perovskite
(-5.42 eV). In addition, with the increase of oligoether side chain, the
work functions (WFs) of modified ITO gradually upshifts from 4.14 eV
(ITO/BT) to 4.10 eV (ITO/MBT), 3.98 eV (ITO/EBT) and 3.87 eV (ITO/
MEBT), which may be attributed to the various dipole moments and
different molecular orientations of the SAMs. If judging from the
energetic picture only, the higher conduction band minimum and the

deeper WF are energetically more hole-selective and preferable for
hole extraction. However, in a practical sense, other factors may
profoundly influence the interfacial charge dynamics such as surface
roughness, loading density of SAMs, interfacial contact and even the
growth of overlaying perovskite layer>>®",

Hence, we investigated the effect of HSCs on the growth dynamics
and quality of 1.25eV Sn-Pb perovskite on different ITO/HSCs sub-
strates. Thereafter, LBG perovskites on BT, MBT, EBT, and MEBT are
denoted as BT/LBG, MBT/LBG, EBT/LBG, and MEBT/LBG, respectively.
All HSCs exhibit comparable surface roughness on ITO (Supplemen-
tary Fig. 19). Compared to ITO/BT sample (Supplementary Fig. 20), the
contact angle of DMF on ITO/MBT, ITO/EBT, and ITO/MEBT substrates
successively decrease, indicating that a better wettability of the per-
ovskite precursor on modified HSCs and therefore resulting in a uni-
form coverage of the perovskites.

As expected, the perovskite films deposited on modified HSCs
show enhanced crystallinity (Supplementary Fig. 21). Meaningfully, the
perovskite films show similar cross-sectional morphology (Supple-
mentary Fig. 22). However, the surface morphology of modified per-
ovskite films looks slightly different from that of the BT/LBG film
(Fig. 2b and Supplementary Fig. 23). We attribute this difference to the
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Fig. 2 | Characterizations of improved Sn-Pb perovskite quality. a Energy level
diagrams of the HSCs/perovskite. Ex and Eyac correspond to Fermi and vacuum
levels, respectively. Ecgy and Eygy correspond to the energy of the valence band
maximum and conduction band minimum, respectively. b Top-view SEM images of

MEBT

Sn-Pb perovskite films deposited on different HSCs. ¢ SEM and d corresponding
photoluminescence (PL) mapping images of buried interfaces of Sn-Pb perovskite
films deposited on different HSCs.
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effective oligoether side-chain engineering inducing the regulation of
Sn-Pb perovskite crystallization. Moreover, their morphologies of
buried surfaces are obviously different (Fig. 2c). The BT/LBG film
exhibits disordered surface morphology with numerous small-size
perovskite grains, meanwhile the density of PL mapping is lower and
more inhomogeneous (Fig. 2d). After introducing side chains into BT,
the EBT/LBG sample shows homogeneous surface morphology with
compact and uniform perovskite grains, evidenced by the enhanced
intensity and improved homogeneous PL mapping. The grain homo-
geneity of MEBT/LBG perovskite film gradually deteriorates and the
corresponding PL mapping also exhibits weakened intensity and dis-
tribution uniformity, although their homogeneity is obviously better
than that of BT/LBG sample. We attribute this to the relatively dis-
ordered orientation of MEBT after anchoring to ITO. The above phe-
nomenon has indicted that the SAMs with distinct oligoether side
chains could remarkably affect the growth process of Sn-Pb per-
ovskites, especially the quality of buried surface of perovskite films.
Density functional theory (DFT) calculations (Supplementary
Note 3) were performed to better reveal the underlying mechanism.
Considering the processing conditions of perovskite films are very
dynamic with variables, we calculated the binding energies of different
oligoether groups with bare Sn** and Pb®* ions (Fig. 3a). All the groups
have a stronger coordination ability with Sn** compared to Pb*
(Fig. 3b), suggesting that these groups would preferentially bind to Sn
over Pb, which facilitates to regulate and retard the crystallization and
growth process of Sn-contained perovskites, leading to balance of the
crystallization of Sn- and Pb-contained perovskites. Henceforth,

compared to BT/LBG film, MBT/LBG, EBT/LBG, and MEBT/LBG films
display more uniform perovskite grains (Fig. 2c).

We note that the coordination ability of oligoether side chains with
Sn?* depends on the chain length with an order of MBT < EBT < MEBT. As
analyzed, the MEBT/LBG films should have the best uniform perovskite
grains, but the opposite happened. This can be attributed to the rela-
tively disordered orientation of MEBT and the formation of multilayer
film after anchoring to ITO, largely making insufficient coordination
between 2-(2-methoxyethoxy)ethoxy group with Sn*/Pb* ions. Thus,
MEBT does not deliver the effective influence as MBT and EBT in reg-
ulating crystal growth of Sn-Pb perovskites, and the buried surface of
MEBT/LBG film displays some small grains around mature grains
(Fig. 2¢). The further shift of Sn 3d and Pb 4f peaks for LBG/MBT, LBG/
EBT, and LBG/MEBT films compared to that of LBG/BT sample in X-ray
photoelectron spectroscopy (XPS) measurements (Supplementary
Fig. 24) confirm the DFT calculations.

The surface potential of different perovskite films was also char-
acterized with Kelvin probe force microscopy (KPFM). As shown in
Fig. 3¢, the lower and more uniform surface potential of EBT/LBG film
indicates a lower WF and the decreased self p-doping®’ (i.e., reduced
Sn vacancy density) induced by the oxidation of Sn** to Sn**, demon-
strated by the reduced Sn** content in Fig. 3d. This means EBT not only
regulates the growth process of Sn-Pb perovskite, but also improves
the film quality making entire Sn-Pb perovskite crystal more stable
overall for suppressing the oxidation of Sn?7°,

Based on the above analysis, we can briefly summarize that EBT
shows the face-on dominant orientation on ITO, higher dipole moment
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Fig. 3 | DFT calculations and characterizations of LBG Sn-Pb perovskite films. a
Models of the interactions between MBT, EBT, and MEBT with Pb* and Sn** ions.
b Interaction energies of MBT, EBT, and MEBT with Pb*" and Sn** ions. ¢ KPFM
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images of Sn-Pb perovskite films deposited on different HSCs. The dimension of
scanning area in KPFM images is 2 um by 2 pm. d Sn 3d5/2 XPS spectra of Sn-Pb
perovskite films deposited on different HSCs.
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for efficient charge extraction, efficient regulation of crystal growth
and surface defect passivation for high-quality Sn-Pb perovskite films,
beneficial for improved device performance.

Performance of LBG Sn-Pb PSCs

We then fabricated 1.25eV LBG PSCs with a structure of glass/ITO/
HSCs/LBG perovskite/fullerene(Cq0)/2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP)/Cu. As shown in Fig. 4a and Table 1, the BT/LBG
PSC shows a PCE of 21.41 (21.04)% with an open-circuit voltage (Voc)
of 0.854 (0.857) V, a short-circuit current density (Jsc) of 32.51
(32.45) mA cm™, and a fill factor (FF) of 77.13 (75.67)% under reverse
(forward) scan. Apparently, all the devices based on MBT, EBT, and
MEBT yield enhanced photovoltaic performance. Especially the EBT/
LBG PSC shows a champion PCE of 23.54 (23.49)% with a V¢ of 0.882
(0.880) V, a Jsc of 32.71 (32.75) mA cm™, and an FF of 81.59 (81.51)%
under reverse (forward) scan. In addition, the EBT/LBG PSCs display
lower hysteresis and better reproducibility (Supplementary Fig. 25).
Notably, the performance of EBT/LBG PSCs displays a relatively wide
window of suitable concentration processing of SAMs (at least
between 0.3 mgmL™ and 0.5mgmL", Supplementary Fig. 26), and
then 0.35mgmL™ is the optimal concentration for HSCs. This wide

processing window of solution concentration further demonstrates
the promise of employing SAMs as HSCs for efficient perovskite-
based devices.

The BT/LBG, MBT/LBG, EBT/LBG, and MEBT/LBG PSCs yield
EQE-integrated Jscs of 32.07, 32.20, 32.31, and 32.14 mA cm?
(Fig. 4b), respectively. All the ITO/SAMs samples yield excellent
transparency due to their ultra-thin thickness (Supplementary
Fig. 27), and so we can attribute the enhanced Jscs of modified
devices to the improved Sn-Pb perovskite quality. In addition, after
replacing BT with EBT as HSC, the FF and V¢ of LBG PSCs show the
more significant improvement. We attribute the enhanced FF to
EBT-induced high-quality perovskite films, efficient hole transport
for suppressing non-radiative recombination losses at the HSC/
perovskite interface’.

Figures 4c, d show the steady-state PL spectra and time-resolved
photoluminescence (TRPL) decays. The EBT/LBG sample has a higher PL
intensity and longer carrier lifetime 1, (6515 ns) than those of BT/LBG
(212.1ns), MBT/LBG (424.9 ns), and MEBT/LBG (247.4 ns), where the
longer T, is mainly ascribed to suppressed interfacial non-radiative
recombination losses, which agrees well with the results of PL mapping
images of buried interfaces of perovskite films (Fig. 2d).
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Fig. 4 | Photovoltaic performance of single-junction Sn-Pb PSCs. a/-V curves and
b External quantum efficiency (EQE) spectra of different LBG PSCs. ¢ PL and d TRPL
decays of LBG perovskites deposited on different ITO/HSCs substrates. e Voltage-
dependent EQEg, spectra and f the corresponding AVoc, nonrad Of different LBG

PSCs. g Voc dependence on light intensity and h Mott-Schottky plots of different
LBG PSCs. i Long-term stability of different LBG PSCs at room temperature in N,
atmosphere. The initial PCEs of corresponding BT/LBG and EBT/LBG PSCs are
23.31% and 21.06%, respectively.
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Table 1| Summary on photovoltaic performance of single-
junction PSCs and all-perovskite tandems including 1.25 eV
LBG PSCs, BT and EBT-tailored 2-T all-perovskite tandems
under reverse and forward voltage scans, and 1.77 eV WBG
top cell, filtered LBG bottom cell and corresponding 2-T all-
perovskite tandems under reverse voltage scan

Cells HSC Scan Voc (V)  Jsc FF(%) PCE (%)
direction (mA
cm?)
LBG BT Reverse 0.854 32.51 7713 21.4
Forward 0.857 32.45 75.67 21.04
MBT Reverse 0.876 32.61 80.98 23.13
Forward 0.873 32.63 80.95 23.06
EBT Reverse 0.882 32.71 81.59 23.54
Forward 0.880 32.75 81.51 23.49
MEBT Reverse 0.864 32.6 78.6 2213
Forward 0.870 32.49 77.88 22.01
2-T BT Reverse 2121 15.93 79.75 26.95
Forward 2116 15.96 79.51 26.85
EBT Reverse 2.155 16.05 82.73  28.61
Forward 2.153 16.08 82.37 2852
WBG 2F Reverse 1.3 17.85 82.39 19.2
Filtered LBG  EBT Reverse 0.836 13.4 81.23 9.1
4-T - Reverse - - - 28.22

To further quantify the non-radiative recombination losses and
explore the enhanced Voc, EQEr. measurements were performed.
Apparently, the higher EQEg, value of EBT/LBG PSCs (Fig. 4e) demon-
strates the suppressed interfacial non-radiative recombination losses,
agreeing with the larger recombination resistance in low-frequency
region (Supplementary Fig. 28). Voc losses caused by non-radiative
recombination (AVoc, nonrad) €an be quantified with the formula: AVgc,

nonrad = — %In(EQEEL)”, we then calculated the AVoc, nonraa Values of

different PSCs and depicted in Fig. 4f. The EBT/LBG PSCs yield a lower
AVoc, nonrad Value of 82 mV than those of BT/LBG (107 mV), MBT/LBG
(87 mV), and MEBT/LBG (94 mV) devices, which is consistent with higher
Voc output of EBT/LBG PSCs. We also found that EBT/LBG PSCs exhibit
smaller ideality factor (Fig. 4g) and larger built-in potential (Fig. 4h),
further demonstrating the significantly suppressed nonradiative
recombination losses and stronger driving force for higher Voc output
inside the devices.

The EBT-tailored LBG PSCs display superior long-term stability. As
shown in Fig. 4i, the EBT/LBG PSCs can retain over 95% of their initial
efficiency after storage of 3600 h in N, atmosphere, which is mainly
ascribed to the improved Sn-Pb perovskite films quality and sup-
pressed interfacial non-radiative losses.

Performance of all-perovskite tandem solar cells

We then fabricated 2-T all-perovskite TSCs with the architecture of
glass/ITO/2F/1.77 eV FA gCso2Pb(lo.¢Bro.4)3 WBG perovskite (1.2 M)/
Ceo/ALD-Sn0O,/indium zinc oxide (1IZO)/PEDOT:PSS/BT or EBT/1.25 eV
LBG perovskite/Cso/BCP/Cu. The 1.77 eV WBG PSC yields a PCE of
19.44 (19.41)% with a Voc of 1.32 (1.32) V, a Jsc 0f 17.81 (17.81) mA cm?,
and an FF of 82.68 (82.58)% under reverse (forward) scan (Supple-
mentary Fig. 29a). The corresponding EQE-integrated Jsc of
17.21 mA cm™ (Supplementary Fig. 29b), which is almost consistent
with the Jsc obtained from J-V curve. Figure 5a shows the cross-
sectional SEM image of EBT-tailored all-perovskite tandem. As shown
in Fig. 5b and Table 1, BT-tailored 2-T TSCs only show a PCE of 26.95
(26.85)% with a Jsc of 15.93 (15.96) mA cm?, a Voc of 2.121 (2.116) V,
and an FF of 79.75 (79.51)% under reverse (forward) scan. The best-

performing EBT-tailored 2-T tandem yields a champion PCE of 28.61
(28.52)% with a Jsc of 16.05 (16.08) mA cm2, a Voc of 2.155 (2.153) V,
and an FF of 82.73 (82.37)% under the reverse (forward) voltage scan.
The integrated /scs of WBG and LBG subcells in EBT-tailored 2-T TSCs
are 15.91 and 16.04 mA cm™?, respectively (Fig. 5¢). Moreover, our
optimized 2-T TSCs achieve an average PCE and V¢ of 28.13%
(Fig. 5d) and 2.14 V (Fig. 5e), respectively.

We also investigated the operating stability of unencapsulated
tandems under simulated 1-sun illumination with maximum power
point (MPP) tracking in glovebox (Fig. 5f). Our EBT-tailored tandem
shows excellent operational stability and can retain 92% of its initial
efficiency after 400 h of continuous illumination.

To further demonstrate the potential of the EBT-tailored LBG
PSCs in all-perovskite tandems, we fabricated 4-T all-perovskite TSCs
by mechanically stacking 1.77 eV WBG perovskite (1.4 M) top subcells
with our EBT/LBG perovskite bottom subcell (Supplementary Fig. 30).
As shown in Fig. 5g, the semi-transparent WBG top subcell has a PCE of
19.12%, the EBT/LBG bottom subcell yields a PCE of 23.3% meanwhile its
filtered PCE is 9.1%. The EQE-integrated Jscs of semi-transparent WBG
top subcell and filtered EBT/LBG bottom subcell are 17.5 and
13.0 mA cm, respectively (Fig. 5h). As a result, our champion 4-T
tandem yields a PCE of 28.22%, which is among the highest reported
values of 4-T all-perovskite TSCs.

Discussion

We have demonstrated that oligoether side-chain engineering enables
efficient donor-acceptor self-assembled HSCs for Sn-Pb LBG PSCs and
all-perovskite tandems. Benefiting from the efficient charge extraction
and EBT-induced high-quality Sn-Pb perovskite films by regulating the
crystal growth and passivating surface defects, the interfacial non-
radiative recombination losses are effectively reduced inside the EBT-
tailored devices. As a result, EBT-tailored LBG PSCs achieve a champion
PCE of 23.54%, enabling 28.61% efficient monolithic all-perovskite TSCs
with an impressive Voc of 2.155V and excellent operational stability as
well as 28.22%-efficiency 4-T tandems. This work provides an impor-
tant insight into promising molecular design strategy to precisely
explore charge-selective materials suitable for various-bandgap per-
ovskites towards efficient perovskite-based single-junction and tan-
dem devices.

Methods

Materials

The synthesis process of BT, MBT, EBT, and MEBT molecule was
described in the synthesis section in Supplementary note 1. N,N-
dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.9%),
chlorobenzene (CB, 99.9%), toluene (TL), isopropanol (IPA, 99.5%), tin
(1) flourine (SnF5, 99%), tin (Il) iodide (Snl,, 99.999%), tin (II) fluorine
(SnF,, 99%), Pb(SCN),, and ammonium thiocyanate (NH,SCN) were
purchased from Sigma-Aldrich. Formamidinium iodide (FAI) and
Methylammonium iodide (MAI) were purchased from Greatcell Solar
Company. Lead bromide (PbBr,) and lead iodide (Pbl,) were pur-
chased from TCI. Cesium iodide (Csl, 99%) was purchased from Alfa
Aesar. Diethyl ether (DE) was purchased from Chengdu Chron Che-
mical Co., Ltd. Ethylenediammonium diiodide (EDAI,, 98%) was pur-
chased from Xi'an Polymer Light Technology Corporation. C¢o was
purchased from Nano-C. Copper (Cu) was purchased from Zhong-
nuoxincai Co., Ltd. Tetrakis(dimethylamino) tin (IV) (99.9999%) for
ALD-SnO, was purchased from Nanjing Ai Mou Yuan Scientific Equip-
ment Co., Ltd. The ceramic 2-inch indium zinc oxide (IZO) target was
purchased from Shijiazhuang Huake metal material technol-
ogy Co., Ltd.

Precursor preparation
HSCs solution: HSCs solution was obtained by dissolving 0.35 mg of
BT/MBT/EBT/MEBT in I mL of TL solution and stirred for 2 h.
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Fig. 5 | Photovoltaic performance of all-perovskite tandems. a Cross-sectional
SEM image of an entire EBT-tailored all-perovskite TSC. bJ-V curves of BT and EBT-
tailored all-perovskite tandems. ¢ EQE spectra of subcells in the best-performing all-
perovskite tandems. d PCE and e V¢ histograms of 30 EBT-tailored tandem cells.
f MPP tracking of EBT-tailored 2-T all-perovskite TSC was performed using

multicolor LED solar simulator with AM1.5 G in a glovebox at about 25-30 °C. The
initial PCE of corresponding all-perovskite tandem cell is 28.4%. g J-V curves of WBG
top cell, original LBG bottom cell, and filtered LBG bottom cell. h EQE spectra of

WBG top cell and filtered LBG bottom cell.

1.25eV LBG perovskite FAggMAp3CspiPbosSnosls: 1.8 M LBG
precursor was obtained after dissolving 414.91 mg of Pbl,, 335.27 mg of
Snl,, 185.73 mg of FAI, 85.84 mg of MAI, 46.77 mg of Csl, 14.10 mg of
SnF,, and 2.57 mg of NH,SCN in 1 mL mixed solution of DMF and DMSO
(DMF: DMSO =31, v:v). Then the precursor was stirred for 5h and
filtered through a 0.22 pm PTFE filter before use.

1.77 eV WBG perovskite FAgsCso2Pb(lo¢Bro4)s: 1.2M WBG pre-
cursor was prepared by dissolving the 0.96 mmol FAI, 0.24 mmol Csl,
0.48 mmol Pbl,, 0.72 mmol PbBr, and 0.012 mmol Pb(SCN), in 1mL
mixed solution (DMF:DMSO =3:1, v:v) and stirred overnight. 1.4 M
WBG precursor was prepared with the same way.

Device fabrication

1.25eV LBG PSCs: The cleaning of ITO substrates is the same as the
previous work*. ITO substrates were cleaned with detergent, deio-
nized water, and ethanol for 15 min in turn. The obtained substrates
were dried with nitrogen flow and cleaned by ultraviolet-ozone for
15 min, and then moved them into a nitrogen-filled glovebox. For BT/
MBT/EBT/MEBT HSCs, 60 pL solution (0.35mgmL™ in TL) was
deposited on the ITO substrates and then spin-coated at 3000 rpm for

20, followed by annealing at 105°C for 10 min. 55pL perovskite
precursor solution was spin-coated onto the HSCs by a two-step pro-
cess (1000 rpm for 10 s and 4000 rpm for 50 s). 500 pL CB was drop-
ped onto the substrates during the second spin-coating step. Then, the
perovskite films were annealed at 100 °C for 10 min. 70 pL EDAI,
solution was deposited on the LBG perovskite films at 4000 rpm for
305, followed by annealing at 100 °C for 5 min. Finally, the obtained
perovskite films were successively evaporated 20-nm Cgo, 5-nm BCP
and 100-nm Cu.

All-perovskite TSCs: The cleaning of ITO substrates is the same as
mentioned above. 70 L solution (0.3 mgmL™) of 2F dissolved in TL
was deposited on the ITO substrates and spin-coated at 4000 rpm for
305, followed by annealing at 100 °C for 15 min. The perovskite pre-
cursor was dropped on HSCs and immediately spin-coated using a two-
stage technique (500 rpm for 2 s and 4000 rpm for 60 s), with 660 pL
DE dripped at 25s of the second step. Then the obtained WBG per-
ovskite films were annealed at 60 °C for 2 min, followed by 100 °C for
10 min. After the perovskite films were cooled down, 70 pL of
2-thiopheneethylammonium chloride (TEACI) solution was deposited
onto the perovskite films at 3000 rpm for 30 s, and annealed at 100 °C
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for 5 min. The as-prepared perovskite films were transferred to an
evaporation chamber and evaporated 20 nm-Cg4o. Then the samples
were transferred to the ALD chamber (Ensure scientific) to deposit
20 nm-Sn0, film at 90°C with tetrakis(dimethylamino)-tin(IV)
(TDMA-Sn) as the Sn source and water as the oxidizer. 100-nm IZO
was sputtered ata 70 W power during under Ar pressure of 0.3 Pato
obtain semi-transparent WBG subcells. For the 2-T all-perovskite
tandems, PEDOT:PSS diluted with IPA (v:v =1:4) was deposited onto
the as-prepared 1ZO layer and then annealed at 100 °C for 5 min, and
followed by depositing HSCs with annealing at 105°C for 5 min.
Last, the obtained films were transferred to glovebox for the fab-
rication of LBG subcells as mentioned above. Finally, the 2-T all-
perovskite TSCs with a structure of glass/ITO/2F/WBG perovskite/
Cs0/ALD-Sn0,/1ZO/PEDOT:PSS/HSCs/LBG perovskite/Cgo/BCP/Cu
were fabricated.

Characterizations of HSMs

'H NMR and C NMR spectra were performed on the Bruker Ascend
400 MHz spectrometer. ThermoScientificTM Q-Exactive was
employed to perform high-resolution mass (HRMS) spectra. Elemental
analyses (EAs) of compounds were characterized at Shenzhen Uni-
versity (Shenzhen, Guangdong, China). XRR curves were acquired on
an X-ray diffractometer with a rotating Cu-Ka anode source.

Characterizations of films and devices

The top-view and cross-sectional SEM images of all the perovskite films
and devices were performed with a field emission SEM instrument
(Hitachi S-4800), and the top-view SEM images of buried surfae were
characterized with SEM (SU-70, Japan Hitachi Nake high-tech enter-
prise). PL intensity mapping of different perovskite films were per-
formed by Vis-NIR-XU (Nanophoton Corporation) with an excitation of
532 nm. The exfoliation process of the Sn-Pb perovskite films is same as
that of our previous work”. The exfoliation technique of perovskite
buried interfaces via blade-coating a bilayer film composed of self-
polymerized epoxy resin on the surface of perovskite film. Firstly,
50 pL solution (0.4 mgmL™) of PMMA dissolved in TL was blade-
coated on the surface of perovskite film. Epoxy precursor was obtained
by mixing diglycidyl ether bisphenol A type, n-octylamine and m-
xylylenediamine, and then the epoxy layer was blade-coated on the
prepared perovskite film and annealed at 70 °C for 10 min. After the
epoxy was completely solidified at room temperture, perovskite film
can be easily exfoliated from ITO substrate with a glass nipping plier.
AFM and KPFM images of different samples were obtained by a Bruker
Nano Inc DI Multi Mode 8. For KPFM images, surface potential differ-
ence between the sample and tip is a relative value, which reflects the
average SP distribution of the sample. X-ray diffractometer (Bruker D2
Phase) with Cu-Ka radiation (A =0.154 nm) was used to characterize
XRD patterns of perovskite films under 30 kV and 10 mA excitation.
The steady-state PL and TRPL measurements were measured by
FLS980 (Edinburgh Inc.). PL spectra were obtained using a 532-nm
Xeon lamp with a monochromator. TRPL were characterized through a
supercontinuum pulsed laser (Wuhan Yangtze Soton Laser Co. Ltd.)
with a wavelength of 532 nm. UV-Vis optical absorption spectra were
obtained by an ultraviolet-visible spectrophotometer (PerkinElmer
Lambda 950). Ultraviolet photoemission spectroscopy (UPS) was
characterized employing the photoelectron spectrometer (ESCALAB
250Xi, Thermo Fisher Scientific). XPS spectra of different perovskite
films were performed with a photoelectron spectrometer (ESCALAB
250Xi, Thermal Fisher Scientific).

J-V curves of solar cells were obtained with Keysight B2901A
source meter under AMLS5 G illumination using solar simulator (SS-F5,
Enlitech) with an output intensity of 100 mW cm in the glovebox. The
scan rate is 80 mVs™ and scanning range is —0.04-0.9 V. The light
intensity was adjusted from 1 to 100 mW cm™ to perform the light
intensity dependence tests. The corresponding measured area of

devices defined with a non-reflective black shadow mask is 0.0576 cm?
The solar cell quantum efficiency measurement system (QE-R, Enli-
tech) was employed to obtain the spectral response of different PSCs
and TSCs. Mott-Schottky plots and EIS measurements were performed
using the all-in-one characterization system (PAIOS, Fluxim AG).
External electroluminescence quantum efficiency (EQEg) measure-
ment was measured on ELCT-3010 (Enlitech) with a step of 0.1V. The
MPP tracking was performed using multicolor LED solar simulator
(Guangzhou Crysco Equipment Co. Ltd) with AMLS5 G, 100 mW cm2in
the glovebox at about 25-30 °C.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All the main data are available in the main text, the Supplementary
Information, and the Source Data file. All other data of this study are
available from the corresponding authors on request. Source data are
provided with this paper.
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