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Abstract

Two-terminal monolithic perovskite-silicon tandem solar cells demonstrate huge advantages
in power conversion efficiency (PCE) compared to their respective single-junction
counterparts2, However, suppressing interfacial recombination at the wide-bandgap
perovskite/electron transport layerinterface, without compromising its superior charge
transport performance, remains a significant challenge for perovskite-silicon tandem cells**,
By exploiting the nanoscale discretely distributed LiF ultrathin layer followed by an additional
deposition of diammonium diiodide molecule, we have devised a bilayer intertwined
passivation strategy that combines efficient electron extraction with further suppression of
nonradiative recombination. We constructed perovskite-silicon tandem devices on double-
side textured Czochralski (CZ)-based silicon heterojunction cell, which featured a mildly-
textured front surface and a heavily-textured rear surface, leading to simultaneously
enhanced photocurrent and uncompromised rear passivation. The resulting perovskite-
silicon tandem achieved an independently certified stabilized PCE of 33.89%, accompanied by
animpressive fill factor (FF) of 83.0% and an open-circuit voltage (V) of nearly 1.97 volts. To
our knowledge, this represents the first reported certified efficiency of a two-junction tandem

solar cell exceeding the single-junction Shockley-Queisser limit of 33.7%.
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Fig. 1 | Photoluminescence spectra and performance loss analysis. a, PL imaging for the bare
perovskite ~ (PVSK), PVSK/EDAI, PVSK/LiF/EDAI, PVSK/Ce, PVSK/LiF/Cq,
perovskite/LiF/EDAI/Ceo. The substrate size is around 20 mm * 20 mm, and Ceo deposition was
defined by a mask of 15 mm x 15 mm. b, PLQY data of the perovskite films, without Ceo layer,
after Ceo layer deposition, and after complete top Ceo/SnO2/IZO contact depositions. ¢, TRPL
spectra of the perovskite films coated with different passivation layers, followed by complete top
contacts of Ceo/SnO2/1Z0. d, Typical measured J-V curves (solidline) and Pseudo J-V curves
(hollow circle) from Suns-Vo. measurements for semitransparent single-junction perovskite
devices with an aperture area of 1.0 cm? and with different passivation layers. e, Power loss
analysis for different passivation layer stacks.
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Fig. 2 | Interface interaction and electronic properties. a, b, ToF-SIMS three-dimensional (3D)
map distribution of (a) LiF- and (b) EDAI- related charged fragments for the LiF/EDAI bilayer-
treated perovskite films followed by Ceo and SnO:2 deposition fabricated on textured silicon
substrate. ¢, Schematic diagram of the perovskite/ETL interface structure with LiF/EDAI bilayer
passivation. d, e, f, Cross-sectional KPFM amplitude images for the perovskite subcells on
textured silicon substrate for the unpassivated (d), LiF-alone treated (e) and LiF/EDAI bilayer-
treated (f) devices. The electrical field distribution along the lateral direction of a pyramid valley
area and a spire area were directly plotted on the graphs. g, h, XPS spectra of the Pb 4f(g), and N
1s (h) core levels for the bare perovskite film and passivated films. i, j, Valence band edge region
(i) and photoelectron cut-off region (j) for the bare perovskite and EDAI-treated perovskite films
with and without 3 nm Ceo capping layer. All samples were deposited on IZO/SAMs coated ¢-Si
substrates.
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Fig. 3 | DFT calculations|. a, b, Optimized slab structures for (a) defective FAl-rich (100)-Vea
with PA" and EDA?" adsorption and (b) defective Pblo-rich (100)-Vps with PA?* and EDA?"
adsorption. ¢, Calculated binding energies between ammonium cation (PA", PhA>", EDA%,
PDA?', and BDA?") and defective FAPbI3 (100) surfaces. PA, n-propylammonium; PhA, 1,4-
phenylenediammonium; EDA, ethylenediammonium; PDA, propane-1,3-diammonium; BDA,
butane-1,4-diammonium;. d, e, PDOS for (d) defective FAI-rich (100)-Vra before and after PA™
and EDA?" adsorption and (e) defective Pblz-rich (100)-Vrb before and after PA* and EDA?"
adsorption. All the DFT calculations were performed at GGA/PBE+vdW level of theory.
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Fig. 4 | Photovoltaic performances and stability tests. a, Schematic of the monolithic
perovskite/silicon tandem solar cell built from a double-side textured silicon heterojunction cell,
featuring asymmetrically sized textures on the front and rear surfaces. The front surface on the
silicon bottom cell display a sub-micrometer pyramid texture, while the rear surface has a pyramid
texture of >3 um. b, ¢, SEM cross-sectional images of our tandem, showing (b) solution-processed
perovskite on mildly textured front surface and (c¢) standard size pyramid texture on the rear side.
d, Effective minority carrier lifetime (7ef) measurements on the three kinds of wafers featuring
different textures. e, EQE comparison of the perovskite/silicon tandems employing mild texture
and standard texture on the rear side, respectively. f, Photovoltaic performance parameter statistics
for 1-cm? perovskite/silicon tandem based on different interfacial stack structures at ETL side. The
box outline represents the standard deviation of the data. g, In-house J-} curves of our tandem cell

before shipping to NREL labs, measured under forward (For) and reverse (Rev) scans. The inset
shows the stabilized power output of the tandem device at a fixed applied voltage of 1.71 V under
AM 1.5G illumination. h, J-V curve and the maximum power output point of one tandem cell,
measured by NREL using asymptotic maximum power scan method. i, Evolution of photovoltaic
parameters over air storage time for the control (LiF-treated) and bilayer passivated tandems. The
symbols represent the average values from three devices. The measurements were performed in
air environment under AM1.5G illumination. Between each measurement, the unencapsulated
devices were stored in lab environment at ~25 °C and ~20% RH. j, MPPT stability of the
perovskite/silicon tandems under simulated 1-sun illumination at room temperature.
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