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Thinsilicon wafers used in tunnel oxide passivated contact tandem

solar cells have reduced thermal mass and higher thermal conductivity,
which accelerate heat transfer during perovskite subcell deposition.

This rapid heat transfer induces fast crystallization of the perovskite layer,
compromising film quality and tandem performance. Here we introduce
2-mercaptobenzothiazole, which exhibits dual-mode binding with
perovskite organic cations, to modulate crystallization dynamics.

This approach improves morphological uniformity, eliminates voids

and suppresses halide segregation, while reducing non-radiative
recombination and lowering the trap-assisted recombination rate from
3.2x10°t0 4.3 x10* cms™. The two-terminal monolithic perovskite/tunnel
oxide passivated contact tandem cell achieves a certified stabilized power
conversion efficiency of 32.76% and retains 91% of its initial efficiency
after 1,700 h of continuous operation. This work uncovers a previously
overlooked perovskite crystallization issue on industrial silicon wafers,
providing critical insights for integrating perovskite solar cells into
mainstream silicon technology.

Crystallinesilicon (c-Si) photovoltaics have long dominated the global
photovoltaic market, holding a 97% market share as 0f 2024". The indus-
try’s transition from passivated emitter and rear cell (PERC) designs
to more advanced tunnel oxide passivated contact (TOPCon) solar
cells has progressed much more rapidly than anticipated®. Today, TOP-
Con technology has become the most widely deployed photovoltaic
solution, offering superior surface passivation that leads to higher
efficiency, alower temperature coefficient and compatibility with
existing PERC production lines. Its excellent passivation quality also
ensures consistent performance even with thinner wafers, making it
aleading choice in the current photovoltaic market® .

The mainstream adoption of silicon technology will influence
the choice of silicon bottom cells in perovskite/Si tandems. Recent
efficiency improvements in c-Si photovoltaics have been driven by
advancesin passivating contact technologies, including silicon hetero-
junction (SHJ), TOPCon solar cells and back contact (BC) solar cells® %,
In 2024, TOPCon technology achieved a power conversion efficiency
(PCE) 0f 26.58%, narrowing the efficiency gap with SHJ to less than 1%
(ref. 9). This makes further expansion of the SHJ) market increasingly
challenging. Whereas BC solar cells show potential as the next major
silicon single-junction technology after TOPCon, they are not ideal
for integration into monolithic tandem modules with perovskites'.
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The photovoltaic market is likely to remain TOPCon-dominated in
the near term. At present, reported perovskite/SH) tandem devices
lead with proof-of-concept certified efficiency of 34.58% (refs.11-14),
whereasthereported perovskite/TOPContandems have only reached
acertified 32.32% efficiency in the literature so far>2°,

The dominance of ¢-Si photovoltaics in the market is driven by con-
tinuous innovations that improve efficiency while reducing costs*-**.
In terms of cost, the industry has substantially decreased Si wafer
thickness from 300 pm in 2004 to the current industrial standard
of 130 um (refs. 1,21). However, this shift presents a major challenge:
depositing high-quality perovskite films on these industrially fabri-
cated thin Siwafers.

Although perovskite crystallization has been thoroughly explored
insingle-junction®and multi-junction®2® perovskite solar cells fabri-
cated onstandard glass substrates, transitioning perovskite processing
fromglass to tandem architectures using Si wafers introduces a set of
challenges that the community has not yet fully addressed. Akey factor
is the thermal conductivity of the substrate itself—a critical but often
overlooked component?. Unlike glass, silicon substrates have higher
thermal conductivity and, when thinner, can accelerate heat transfer
during the perovskite annealing process. This rapid heat dissipation
canresultinuncontrolled crystallization, leading to defects and poor
morphology in the perovskite films. Developing a tailored approach
to perovskite crystallization dynamics, specifically designed for inte-
grating high-quality perovskite layers with industrially fabricated thin
TOPConbottom cell, remainsacritical gap. Addressing this challenge
would enable amore transformative and commercially viable solution
for perovskite/Sitandems. Studies of perovskite crystallizationissues
when using thin silicon wafers as the substrates are lacking, making
our study one of the earliest to highlight and investigate this effect.

In this Article, we investigate the heat transfer profile and its
impact on perovskite crystallization when growing perovskite on
industrial Si substrates in one-step solution processed perovskite
for two-terminal perovskite-Si tandem solar cells. We find that the
perovskite crystallization rate accelerates by a factor of three on Si
substrates compared with typical glass substrates, inducing defec-
tive film morphology and optoelectronic properties. To address this,
we introduce a dual-mode-binding ligand that controls the principal
organic cations (Formamidinium, FA) to regulate crystallization. This
approach supplements previous strategies mainly focused on strong
coordination with inorganiclead halides?®*, allowing for refined crys-
tal growth and improved film quality of perovskite films on Si wafers.
We achieve animplied open-circuit voltage (iV,c) of1.29 V for 1.68 eV
wide-bandgap perovskite cell, facilitating the successful integration
of high-quality wide-bandgap perovskites with industrial Si wafers.
Thisintegrationresultsinapower conversion efficiency of 32.54% and
stabilized efficiency of 32.76%, both certified by National Photovoltaic
Industry Metrology Test Center (NPVM) and an open-circuit voltage
(Vo) of 1.97 V for perovskite/TOPCon tandem solar cells. This work
notonly advances the understanding of substrate-specific perovskite
crystallization behaviour but also establishes a suitable pathway to
integrate perovskite materials with mainstream silicon technology.

Heat transfer and its impact on perovskite
crystallization

First, we employ thermal conduction simulations to investigate
how heat transfer influences the crystallization dynamics of per-
ovskite. In Fig. 1a, we compare two distinct substrates: an indium tin
oxide (ITO)-glass substrate with a typical thickness of .1 mm and an
industrial-thin Czochralski (CZ) c-Si wafer with athickness of 130 pm.
The thermal conductivity of ¢-Si and glass is set to be 148 W mK™ and
0.98 W mK, respectively®’. Notably, the c-Si wafer is approximately ten
times thinner than the glass substrate, while its thermal conductivity
is approximately 151 times higher than that of the glass, resulting in
vastly different heat transfer characteristics. Hence we apply thermal

conduction simulations to disclose the different heat transfer behav-
iours between Si and glass (Fig. 1b and Supplementary Figs.1and 2).
The curves represent the temperature profiles of the two substrates
when placed on ahotplate maintained at 100 °C. The c-Si wafer reaches
the target temperature within just 10 seconds, whereas the glass sub-
strate requires over 40 seconds to achieve the same temperature. This
discrepancy is especially pronounced during the early stages of heat-
ing (Fig. 1c). For instance, at the 5th second, the surface temperature
of the c-Si wafer has reached 98 °C, while the glass substrate has only
risen to 65 °C (Supplementary Fig. 3). These early-stage heat transfer
is crucial for modulating perovskite crystal nucleation and growth and
ultimately determining the quality of the resulting perovskite films**,

This huge difference of heat transfer process inspires us to study
the crystallization behaviours of perovskite on different substrates.
Usinginsitu photoluminescence (PL) tracking, we observe the distinct
crystallization dynamics of perovskite films grown on glass and Si
substrates, respectively (Fig. 1d,e and Supplementary Fig. 4a,b). On
glass, the PL emission peak gradually shifts from 702.9 nmto 728.3 nm,
reflecting an evolving bandgap during the crystallization process. This
peak shifting correlates with the formation of bromide-rich nuclei,
followed by gradual iodide incorporation into the perovskite lattice
during early growth stages®*. This transition lasts for over 15 seconds
on glass, whereas it completes in just 5 seconds on Si, highlighting a
markedly threefold accelerated crystallization process. Cross-section
scanning electron microscopy (SEM) analysis visually elucidates the
impact of crystallization differences on film morphology (Fig. 1f,g). The
perovskite film formon glass exhibits acompact and uniformstructure,
while that on Si displays marked voids close to the buried interface, a
feature known to adversely affect device performance®. These find-
ings underscore the critical influence of substrate thermal conduction
profiles on the crystallization behaviour and resulting film quality of
perovskite materials. We decouple theroles accelerated-heat-transfer
playsinthe formation of voids, and defects, by comparing the perovs-
kite films grown on a Si substrate and thermally retarded Si substrate
(Si/Glass, whichis a Siwafer fixed on aglass substrate using tape), where
we find thatif heat transfer is retarded on Si/Glass, the voids are mostly
eliminated (Supplementary Fig. 4c,d).

To this point, we have explained why directly adapting perovskite
recipes optimized for standard glass-based devices to tandem cells is
fundamentally ineffective. The primary challenge arises from the rapid
crystallization induced by high thermal conductivity and reduced
thickness of industrial Si substrates, which disrupts the formation
of high-quality perovskite films. Figure 1h schematically illustrates
the relationship between the crystallization dynamics and resulting
perovskite morphologies on glass and Si substrates, respectively. Dur-
ing annealing, perovskite films crystallize inatop-down manner, thus
theresidual solventis trapped atbottomregion and escaped through
unsolidified pathways in the upper perovskite layer**”. On glass, the
slower temperature ramp allows sufficient time for solvent evapora-
tion, leading to compact, pinhole-free films. In contrast, the ultra-fast
heat transfer on Si prematurely solidifies the upper perovskite layer,
trapping residual solvent underneath. This results in void formation
and defective morphologies within the films.

Refining crystallization by dual-mode binding
ligand for FA*

Therapid and poorly controlled perovskite crystallization dynamics on
thin Siwafers pose acritical challenge for achieving high-performance
perovskite-Si tandem cells. To address this, we carefully examine
the composition of perovskite precursor, which includes both inor-
ganic components (for example, lead halides) and organic counter-
parts (for example, formamidinium iodide and methylammonium
bromide). Although the addition of dimethyl sulfoxide (DMSO) has
been shown to moderate perovskite crystallization through strong
interactions with inorganic lead halides and the minority organic
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Fig. 1| Thermal properties, crystallization dynamics and morphological
comparison of perovskite films on glass and c-Si substrates. a, Visual summary
of thickness and thermal conductivity properties of glass and c-Si substrates.

b, Simulated annealing temperature profiles on glass and c-Si substrates. ¢, 3D
temperature profile at the first second of heating on glass and c-Si substrates.
The simulation domain dimensions are 180 x 180 x 1,100 um? for the glass case

Slow and homogenous crystallization

—B

Glass Glass Glass Glass

and 180 x 180 x 130 um? for the Si case. d,e, In situ photoluminescence (PL)
spectrashowing emissions peak evolution during crystallization on glass
and c-Si. f,g, Cross-section SEM images of perovskite films on glass and c-Si.
Thescalebaris 0.5 um. h, Schematic representation of crystallization
mechanisms on glass and c-Si substrates.

cation—methylammonium (MA*)*, as evidenced in single-junction
devices™?®, perovskite crystallization on silicon substrates remains
problematic, where the process is still excessively rapid. This limi-
tation underscores the need to move beyond conventional more
inorganic-cations-focused regulation strategies (hereafter referred
to as ‘inorganic control’) and to explore the largely underdeveloped
pathway of organic cation regulation (‘organic control’), in which FA*
constitutes the dominant cation (-80 mol%). By directly targeting the
principal FA* organic cations, we aim to tailor perovskite crystallization
specifically for industrial Si-based tandem devices.

Therefore, we identify 2-Mercaptobenzothiazole (MBT) as a
ligand capable of binding with organic cations (FA) to regulate the
crystal growth of perovskite films. Here we adopt the broader chemi-
cal convention®**, using the term ‘ligand’ to describe MBT as an
organic binding molecule targeting and interacting with FA*, rather
thaninthe narrower coordination chemistry sense. Notably, as shown
in Fig. 2b, this ligand features dual-mode binding ability—specifi-
cally the heterocyclic N atom and the thiol (-SH) group—that enable
simultaneous hydrogen bonding and electrostatic interaction with
FA cations. This type of dual-mode interactions provides a stronger
and more stable intermolecular interactions compared to single-site
binding. This mechanism is similar to the commonly applied mecha-
nism of chelation with Pbl, in the inorganic control strategy, which

provides multiple binding points with Pb that regulates the crystal-
lization process®***,

Specifically, unlike previously reported multi-binding ligands
that primarily interact with inorganic Pb?, MBT primarily works
through dual-site interactions with FA*—the principal organic cation
in wide-bandgap perovskites. This substantially differentiates our
ligand MBT from the majority of reported effective ligands for perovs-
kite crystallization regulation strategy. Such a organic-cation-focused
approach supplements conventional ‘inorganic control’ approach and
isespecially valuable for resolving the rapid crystallization challenges
observed on thermally conductive Si substrates.

To demonstrate the dual-site and dual-mode binding ability of
MBT with FA cations, we conduct electrostatic potential (ESP) map-
ping and nuclear magnetic resonance (NMR) spectroscopy. Onthe one
hand, The Natomat the heterocyclicringin MBT is most likely to form
hydrogenbond withammoniumHatoms (NH-N)inFAasitis the most
electron-rich part of theligand (Fig. 2a and Supplementary Fig. 5). From
'H NMR results shown in Fig. 2¢, the splitting of H atoms from -NH,
group in FA at 8.73 ppm was observed, which resulted from the spin
coupling between FA cations and ligands*>*. This confirms the forma-
tion of hydrogen bonds between FA cation and MBT. On the other hand,
the Hatom of the thiol group is the most electron-poor site of the MBT
ligand (Fig. 2a), thusitis likely to interact withammonium group in FA
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cations through the intermolecular electrostatic force. The'HNMRin
Fig.2d and Supplementary Fig. 6 revealed an up-field chemical shift of
the Hatom fromthe thiol group, which confirms the electron-accepting
behaviour of the thiol group from FA cations. Itis noteworthy that the
Satom from the thiol groupin MBT canalso formhydrogenbond (S...
H-N) with FAbecause of its electronegativity. In addition, although the
thiol group has the chemical potential to bind with Pbl,, the chemical
shift of theHatominthethiol groupis negligible when MBT mixed with
Pbl, Thisindicates that MBT has a higher tendency tobind with FAl than
with Pbl,, whichis consistent with the density functional theory (DFT)
calculations of the binding energy as shown in Supplementary Fig. 7.In
conclusion, the MBT ligand shows the capability of dual-mode binding
with FA cations through combined hydrogen bonding and electrostatic
force, which can provide an effective control over FA cations.
Combining effective organic control with existing inorganic con-
trol canadd an additional force, compared to sole control of inorganic
Pb cations, to regulate and rationalize crystallization dynamics in
perovskite deposition. Therefore, to demonstrate it, we introduce
the ligand (1 mol%) into the precursor solution and investigated its
impact on the crystallization dynamics of perovskites in the early
stage during annealing through in situ grazing-incidence wide-angle
X-ray scattering (GIWAXS) measurements (Fig. 2e). We refer to the
perovskite films prepared using precursor with the ligand as target
samples, and the films without ligand as control samples. All diffraction
peaksindexed to the corresponding crystalline phases canbe foundin
Supplementary Fig. 8a. We observed that the perovskite intermediate
phases of (MA,FA,.,),(Pbslg)-2DMSO (space group Cmc2,) (g=4.9,5.3,
6.8 nm™) forms before annealing”, indicating that our strategy does
not alter the perovskite intermediate phases. However, the target
sample exhibits a prolonged retention of these intermediate phases
during annealing, suggesting an extended crystallization process that

facilitates aretarded and homogeneous crystallization pathway (Fig. 2e
and Supplementary Fig. 8b). This prolonged retentionis attributed to
the more stableinteraction between FAland MBT, where the dual-mode
binding effect—through hydrogen bonding and electrostatic force at
both the heterocyclic N atom and H atomin -SH group—stabilizes the
intermediate phases. This stabilization prevents premature transi-
tion to the perovskite phase, thereby enabling a more controlled and
uniform crystallization process (Fig. 2f).

It is noteworthy that although MBT also has the potential to
coordinate with DMSO (Supplementary Fig. 9), this interaction could
only occur with free DMSO molecules that are not coordinating to
PbX, (X =1, Br), as there is no new signal representing the expanded
PbX,-DMSO phase. Therefore, during the intermolecular exchange pro-
cess between FAland DMSO, MBT primarily interacts with FA cations.
However, MBT could interact with free DMSO and retard its evapora-
tionto further slow down the crystallization. In situ PL measurements
(Supplementary Fig.10) further corroborate the role of MBT in modu-
lating perovskite crystallization on Si. Without MBT, the PL intensity
rises sharply within the first few seconds, indicating rapid solvent loss
andaccelerated crystallization. By contrast, with MBT, the PL intensity
exhibitsaninitial decrease followed by gradual recovery within~5-20's,
closely resembling the behaviour observed on glass. This modified
PL evolution demonstrates that MBT retards DMSO volatilization and
FAI-DMSO exchange, thereby slowing crystallization and enabling a
more controlled growth process on Si.

Optimized perovskite films with reduced
non-radiative losses

As shownin Fig. 3a-d, the slower crystallization process in the target
sampleyields amore dense and uniform perovskite film morphology.
SEMimages of boththe buried interface and cross section confirmthis.
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In contrast, the control sample without MBT shows prominent voids
and non-uniformities in the bulk and buried interface regions, and
pronounced surface wrinkling (Supplementary Fig. 11b), caused by
rapid, uncontrolled crystallization that disrupts film integrity, which
compromise optoelectronic properties. Whereas the MBT-treated
filmis free of voids and morphological discontinuities, highlighting
enhanced crystallinity and homogeneity. The Atomic Force Micros-
copy (AFM) height maps further confirm a smoother surface for the
MBT-treated film, whereas the control shows pronounced roughness
(Supplementary Fig.12a,b and Supplementary Table 1). These results
demonstrate that MBT stabilizes intermediate phases, enabling con-
trolled crystallization withimproved crystal quality, which collectively
lead to high-quality perovskite films on industrial silicon wafers. It is
noted that the beneficial role of MBT in regulating crystallization and
inhibiting void formationis preserved when moving from planar Sito
textured Si substrates (Supplementary Fig. 13).

To assess the enhancement of optoelectronic properties for per-
ovskite films grown on thin c-Si, confocal photoluminescence (PL)
imaging is performed (Fig. 3e,f). The results reveal that compared to
the control sample, the target film exhibited pronounced stronger and
more uniform PL emissions across the entire detection area, indicative
ofadecreasein defect density and improvement in film morphology.
The perovskite film heterogeneity has been a continuous challenge
to achieve high-quality light absorber, thus the uniformity of element
distribution (Supplementary Fig. 14) and the A, peak maximum map
(Fig.3g, h) through the X-ray fluorescence measurement the hyperspec-
tralimaging microscope, respectively, were conducted to assess phase
homogeneity. While the target perovskite film displays most occurring

PL peaks at 735 nm (1.69 eV) on CZ Si wafer, the control perovskite film
displays the most occurring PL peaks at 750 nm (1.65 eV) on CZ Si wafer,
the lower PL peak can be attributed to compositional inhomogeneity
and partial degradation during measurement. The histograms of the
hyperspectralimages are provided in the Supplementary Fig. 15. The
Kelvin Probe Force Microscopy (KPFM) potential maps also confirm
more homogeneous potential distribution for the target sample, com-
pared to the control sample, suggesting improved surface electronic
uniformity (Supplementary Fig. 16). The suppression of the red shift
and theimproved uniformity of element and potential distribution for
thetarget sample confirms that the rationalized perovskite crystalliza-
tion process facilitated formation of homogeneous perovskite films
on CZ Si wafers. Time-of-Flight Secondary lon Mass Spectrometry
(TOF-SIMS) profile of perovskite films with MBT deposited on thin Si
indicates that MBT is primarily located at the top and bottominterfaces
of the perovskite layer (Supplementary Fig. 17). There may be trace
incorporation atgrain boundaries or in the bulk, but the concentration
istoolowtobereliably detected. Given MBT’s ability to form hydrogen
bonds and electrostatic interactions, it may contribute to a certain
extent to interfacial defect passivation.

We carry out time-resolved photoluminescence (TRPL) for per-
ovskite films to quantify the charge carrier lifetime in the control and
target samples (Fig. 3i,j and Supplementary Fig. 18). We extract the
averageradiative lifetime through a mono-exponential decay equation,
thelifetime for the target sampleis three times longer than the control
sample, indicatingadecrease in the non-radiative recombination loss
in the target film. To further quantify trap-assistant recombination
rates, we further investigated non-radiative recombination processes
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Fig. 4 | Device architecture, performance and stability evaluation of
perovskite/silicon tandem solar cells. a, Schematicillustration of the tandem
device architecture. b, Cross-sectional SEM image of the tandem device. The
scalebaris 2 um. ¢, Current density-voltage (J-V) characteristics of control and
target tandem devices. d,e, Statistical distributions of V,c and PCE for control
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the state-of-the-art TOPCon tandems, with spheres and triangles respectively
representing certified and non-certified PCEs" %", g, Certified stabilized
efficiency of the target tandem device by NPVM. h, Long-term operational
stability of control and target tandem devices under continuous illumination
(ISOS-L-1protocol, 1sun, 25 °C, maximum power point tracking). The starting
efficiencies for the encapsulated target and control tandem devices are 29.15%
and 26.47%, respectively. Credit: g, NPVM.

in perovskite films grown on c-Sisubstrates. Thus, fluence-dependent
TRPL measurements are conducted with the injection carrier density
from 2.0 x 10 cm™ to 3.6 x 10" cm™. The extracted trap-assistant
recombination rates are 3.2 x 10° and 4.3 x 10* cm s for the control
and target sample, respectively, revealing a substantially reduced
non-radiative recombination rate in the optimized perovskite films.
Tothebest of our knowledge, the optimized sample exhibits one of the
lowest trap-assisted recombination rates reported to date, which con-
firms aminimized non-radiative recombination inthe perovskite layer
through our strategy*®~'. Additionally, photoluminescence quantum
yield (PLQY) measurements demonstrate aquantum yield of1.80% for
thetarget perovskitesin afull device stack (Si/ITO/NiO,/self-assembled
monolayer (SAM)/Perovskite/surface treatment/C,,/SnO,/ITO), much
higher than the PLQY of 0.15% for the control perovskites (Fig. 3k,1).
Moreover, this high PLQY corresponds toaniV,:exceeding1.29 V, rep-
resenting an enhancement of 60 mV compared to the control sample.

This is among the highest reported iV, or quasi-Fermi level splitting
values for a full device stack under 1-sun equivalent illumination for
wide-bandgap perovskites (-1.70 eV) designed for c-Si-based tandem
solar cells™.

Rationalized perovskites for TOPContandem
solar cells
To evaluate the performance of perovskite filmsin tandem solar cells,
devices with a 0.925 cm? active area were fabricated, using industrial
TOPCon c-Sibottom cells asshownin Fig. 4a. The cross-sectional SEM
image of the tandem solar cell shows the complete coverage of per-
ovskite top cell on c¢-Si bottom cell featuring a textured surface with
widely distributed pyramid sizes (Fig. 4b and Supplementary Fig.19).
The photovoltaic performance of perovskite/TOPCon tandem
solar cellswas theninvestigated. Figure 4c demonstrates the current
density-voltage (/-V) curves of the best-performing target and control
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tandem solar cells, respectively. The target tandem device exhibits a
higher fill factor (FF) of 83.78% than that of the control device with a
FF 0f80.35%. The FF gainis mainly attributed to reduced trap-assisted
recombination and improved carrier lifetime. Notably, the target
device achieves an impressive V,c 0f 1.95 V; this corresponds to a V¢
enhancement of ~50 mV compared to control device with a V¢ of
1.90 V, demonstrating one of the highest reported Vs for perovs-
kite/TOPCon tandem solar cells. This advancement enabled a power
conversion efficiency of 33.62% for perovskite/TOPCon tandem solar
cells, outperformingits control counterpart witha PCE of 31.28%, we
attribute this improvement to the rationalized crystal growth, opti-
mized film morphology and minimized non-radiative recombination
of the perovskite layer after the addition of organic control. The sta-
tistics of the photovoltaic performance for control and target tandem
devices canbe foundinSupplementary Fig.20.Figure 4d,e shows the
statistics of the V,c and PCE values of the control and target perovskite/
TOPContandems, highlighting the effective enhancement of V. and
PCE with good reproducibility of our strategy. The external quantum
efficiency (EQE) spectra of both sub-cells (Supplementary Fig. 21)
yield integrated current densities of 20.31 and 20.30 mA cm for
the top and bottom cells, respectively, in good agreement with the
measured Jic. We also carry out electroluminescence imaging (EL)
for the control and target tandem devices (Supplementary Fig. 22),
and the target device shows substantially more uniform EL intensity,
reflecting improved charge transport and enhanced film quality. We
sent our perovskite/TOPCon tandem solar cell to NPVM for third-party
independent measurement (Supplementary Fig.23), and we achieved
a certified power conversion efficiency of 32.54% with negligible
hysteresis (Supplementary Fig. 23) and a 300 s maximum power
point tracking (MPPT) efficiency of 32.76% (Fig. 4g). This is among
the highest reported certified stabilized efficiencies for monolithic
perovskite/TOPCon tandem solar cells. Figure 4f summarizes the
previous state-of-the-art PCEs reported for two-terminal monolithic
perovskite/TOPCon tandem solar cells” 2%, Detailed information
of device performance of these tandem solar cells can be found in
Supplementary Table 2.

To evaluate the stability of our perovskite/TOPCon tandems solar
cells, the tandem devices were encapsulated to measure their opera-
tional stability in ambient air according to ISOS-L-1 protocol®®; the
starting PCEs of the encapsulated target and control tandem devices
before stability testing were 29.15% and 26.47%, respectively. As shown
in Fig. 4h, the target tandem device retained 91% of its initial PCE for
nearly 1,700 h continuous operation under MPPT conditions at room
temperature and relative humidity of 85%; it outperforms the con-
trol device, which degrades more rapidly, indicating considerably
improved device stability. These results underscore the substantial
stability enhancement achieved through rationalized crystallization
and defect suppression strategies, further validating the suitability of
this approach for industrial applications.

Conclusions

Weidentify key challenges in perovskite film quality on industrial c-Si
bottom cells, where the high thermal conductivity and low thermal
mass of Si wafers accelerate heat transfer, causing rapid crystalliza-
tion and defects. To address this, we introduce a dual-mode binding
ligand with formamidinium cations, which regulates crystalliza-
tion dynamics and improves film quality on industrial TOPCon Si
wafers. This approach enhances morphology and optoelectronic
properties, enabling high-quality perovskite integration. As aresult,
our tandem devices achieve a certified PCE of 32.76%, advancing
high-performance tandem photovoltaics for future mainstream
TOPCon technology. In addition, we believe our strategy holds
potential to be applied in industrial production lines using scalable
and high-throughput solution processing methods*® to bridge our
research to industrial application.

Methods

Materials

Caesium iodide (Csl), lead iodide (Pbl,), lead bromide (PbBr,) and
2-Mercaptobenzothiazole (MBT) were purchased from TCI Chemi-
cals. Formamidinium iodide (FAI) and methylammonium bro-
mide (MABr) were purchased from Greatcell Solar Materials. N,
N-dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide
(DMSO, anhydrous, 99.9%), isopropanol (anhydrous, 99.5%) and chlo-
robenzene (CB, anhydrous, 99.8%) were purchased from Sigma Aldrich.
Ph-4PACz was synthesized according to our previous report™. Unless
stated otherwise, all materials were used as received.

Silicon solar cells fabrication

In this study, anindustrially viable TOPCon cell fabrication process
was employed. The silicon wafers utilized were Czochralski-grown,
phosphorus-doped n-type monocrystalline silicon, with a resistiv-
ity ranging from 0.3 to 1.2 Q-cm and dimensions of approximately
182.3 mm x 183.75 mm. The wafers, with a thickness of around 130
pm, underwentindustrial alkaline texturing using a KOH and organic
additive solution. A boron emitter was then created in a boron dif-
fusion furnace using a BCl; source. Subsequent steps included a
single-sided HF treatment and an alkaline texturing process to elimi-
nate the rear diffused layers. A thin thermal oxide layer was grown
on the rear side, followed by the deposition of intrinsic poly-Si via
low-pressure chemical vapour deposition. The intrinsic poly-Si was
dopedinaPOCI,diffusion furnace to form n+ poly-Si. A single-sided
HF process and a KOH etch were applied to remove the front-side
wrap-around poly-Si. The front-side borosilicate glass and rear phos-
phosilicate glass layers were etched away using HF and cleaned with
RCA clean (standard wafer cleaning procedure) and deionized (DI)
water solutions. The textured surface was passivated using atomic
layer deposition (ALD) of Al,O, and capped with plasma-enhanced
chemical vapor deposition (PECVD) SiN,. The 20-nm ITO layer was
deposited as a interconnection layer using a high-temperature
process at 450 °C. Due to the relatively thick n-type poly-Si layer
beneath, the TOPCon bottom cell is sufficiently robust against
sputter-induced damage, and no additional protective measures
were necessary during ITO deposition.

Tandem solar cells fabrication

A 1.8 M Cs, osMA,sFA, sPb(l, 555sBro»s5); perovskite precursor was
prepared by dissolving Csl, MABr, FAI, PbBr, and Pbl, in a mixture
of DMF and DMSO (4:1v/v). A deep-yellow-coloured precursor was
formed by stirring at 60 °C for 2 h and then filtered using a 0.45 pm
polytetrafluoroethylene (PTFE) membrane before use. A1 mol%
ligand of MBT was added to the solution for the target precursor;
the concentration was determined through an optimization study
(Supplementary Fig. 24). The TOPCon Silicon bottom cells with ITO
were first treated by ultraviolet ozone for 10 min and then immedi-
ately transferred to asputtering tool to deposit 15 nm NiO, film. Then,
thesiliconbottom cells were transferred to a N,-filled glovebox. The
Ph-4PACz (1 mg ml™inIPA) was spin coated on the Siat 4,000 rpm for
30 s, followed by annealing at 100 °C for 10 min. Then, the perovskite
precursor was spin coated at 1,000 rpm for 15 s (acceleration rate
500rpms™),3,500 rpmfor35s (accelerationrate1,000 rpms™) and
7,000 rpm for 12 s (acceleration rate 2,000 rpms™), respectively. At
the startof the third step, 200 pl CB was dropped as antisolvent. The
films were then annealed at 100 °C for 30 min. Then, amixed solution
of 1 mg EDAI, and 1 mg 3F-PEAIl in 1 ml IPA was spin coated at 4,000
rpmfor30 s, followed by annealing at 100 °C for 5 min for perovskite
surface passivation, according to our previous report®. Then,12 nm
C¢owas deposited by athermal evaporator,10 nm SnO, was deposited
by ALD system, then the cells were transferred to a magnetron sput-
tering system to deposit 40 nm ITO. Then, 500 nm silver frame and
fingers were deposited by a thermal evaporator. Finally, 100 nm LiF
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was deposited by a thermal evaporator to finish the tandem device.
Theback contact of the tandem was realized by thermal evaporation
of a500 nmsilver.

Device testing

Thein-house current density-voltage (/-V) measurements of the per-
ovskite/TOPCon tandem solar cells were recorded with SINUS-220,
Wavelabs under simulated 1-sun AM 1.5 Gillumination (100 mW cm™)
in air, with a scanning rate of 100 mV s (voltage step of 10 mV and
delay time 0f200 ms). The active areawas determined by the aperture
shade mask with an area of 0.925 cm? placed on top of the tandem
solar cells. The Class AAA solar simulator’s irradiance was calibrated
using secondary World PV Scale (WPVS) reference device (traceable
to primary WPVS reference device calibrated at Institute for Solar
Energy Research Hamelin (ISFH)), using IEC60904-1(2020) method.
No spectral mismatch factor correction was applied.

Stability testing

For the stability tests, the tandem devices were encapsulated between
two glasses with butyl rubber edge sealant and polyolefin elastomer
(POE) encapsulant, which were laminated in a laminator (EVG 501) at
100 °C for 10 min. Metal strips were used to extend the electrodes of
the devices to the outside of the glass. The MPPT of the encapsulated
tandem devices were measured with MPP Tracking-4B source meas-
ure unit system (Shenzhen Lancheng Technology Co. Ltd.) under a
100 mW cm? light-emitting diode (LED). The measurements were
carried outinambientatmosphere at atemperature of 25°Cand about
85% relative humidity.

SEM characterization

SEM images were taken with Regulus SU8200 system (Hitachi)
at 3 kV accelerating voltage under SE mode. The SEM samples
on ITO glass (Fig. 1f,g) and TOPCon Si substrates (Fig. 3a-d and
Supplementary Figs. 4, 11 and 13) were prepared using the the same
stack configuration (Substrate/ITO/NiO,/SAM/Perovskite) to ensure
consistency and avoid the underlying layer influencing the crystal-
lization behaviour and film morphology. The cleaning and deposi-
tion procedures strictly follow those used for device fabrication; the
SEM samples for buried interfaces were prepared as follows. Two
as-prepared half-cells (Si/ITO/NiO,/SAM/Perovskite) were immedi-
ately transferred into wafer bonding tool (EVG 501). In a vacuum envi-
ronment, the two half-cells were piled perovskite to perovskite and
annealed under ~1.6 MPa at 100 °C for 10 min. Afterward, the bonded
samples were taken out and separated by applying tensile force. One
can observe on a half-cell that the dark area represents the buried
perovskite onlocal interface.

Other characterizations

Grazing-incidence X-ray scattering (GIWAXS) studies were performed
atthe BL14B1beamline of the Shanghai Synchrotron Radiation Facility.
Abeam of23 x 32 um?shape with amonochromatic X-ray wavelength
of 1.24 A and a high brilliance impinged the samples at an incidence
angle of 1° to probe the sample. For GIWAXS, a Mar 225 detector was
used with a sample-to-detector distance of 365 mm. Data reduction
was performed with DPDAK software®’. Si attenuation of 2.33 mm™
and horizontal polarization of 0.98 was used, and an air attenuation
coefficient of 3.01 x 10™* mm™ was used for GIWAXS. The beam cen-
tre was measured directly by applying the X-ray absorbers, and the
LaB6 sample was calibrated for the sample-to-detector distance.
In situ photoluminescence (PL) spectra were recorded using a USB
2000+ spectrometer (Ocean Optics) equipped witha1,000-um opti-
cal fibre inside an N, glovebox. The excitation was provided by a UV
lamp emitting light ata wavelength of 365 nm. The nuclear magnetic
resonance (NMR) spectrawererecorded onaBruker Ascend 400 MHz
spectrometer using DMSO-d6 as the solvent and tetramethylsilane

as the reference. The NMR samples were prepared by dissolving the
different combinations of materials (MBT, FAI or Pbl,) in DMSO-dé6.
Electrostatic surface potential (ESP) simulations and the graphic of
chemical structure in Fig. 2a were calculated and created by Gaussian
09 program package with B3LYP/6-311 G basis®’. Confocal PL mapping
was measured on a Nikon Al confocal microscope equipped with a
633 nm continuous-wave laser. For hyperspectral microscope char-
acterization, wide-field hyperspectral microscopy measurements
were conducted using the Photon etc. IMA model. We employed x20
air objective lenses from Olympus (MPLFN), which were specifically
chromatic aberration corrected. We utilized a continuous-wave laser
with a wavelength of 405 nm. A dichroic mirror was utilized to filter
the excitation laser. The emitted light from the sample was directed
ontoavolume Bragg grating, which spectrally separated the light and
directed it onto a CCD camera. The CCD camera, maintained at 0 °C
with athermoelectric cooler, had a resolution 0of 1,024 x 1,024 pixels
and operated within a wavelength range of 650-850 nm. By varying
the angle of the grating concerning the incident light, we obtained
the spectral information for the light emanating from each point on
the sample. Fluence-dependent TRPL measurements were conducted
by PicoQuant FluoTime 300 spectrometer. After tuning the lens to
its optimum position, the steady-state PL and the lifetime measure-
ment are conducted with laser excitation at 515.8 nm in ambient air
with the films encapsulated. The power densities were recorded by
Thorlabs PM16-130, and the beam size was measured by beam profiler
(BC207VIS(/M)). Photoluminescence quantum yield (PLQY) measure-
ments were performed using the LuQY Pro system from Quantum
Yield Berlin, with a 515 nm laser providing equivalent 1-sun intensity
laser. EQE was conducted with the Quantum Efficiency Measurement
System with voltage bias and multiple LED source bias (Enlitech). AFM
and KPFM measurements were conducted with the Park NX20 system.
AFM measurements were conducted with non-contact mode. Fre-
quency modulation mode (sideband KPFM) was applied throughout
the measurements to obtain better contrasts and higher resolution.
Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS) analy-
sis was performed using an IONTOF TOF-SIMS.5 instrument under
3.1x1078 mbar vacuum. A pulsed Bi"* primary beam set at 30 keV was
utilized for analysis, operating in random raster mode with a scanning
areaof100 x 100 pm?.

Heat transfer simulation model
To analyse the heating process, a finite volume model is adopted for
the thermal conduction simulation®.

oh

P, =V (kVT)

where pand kare the density and thermal conductivity of the material.
hand Tarethe specificenthalpy and temperature. On the surface, the
heat convection and radiation conditions are adopted. The bottom s
afixed temperature condition to heat the glass and silicon and then
heat the perovskite. The material properties of the glass and silicon
arelisted in Supplementary Table 3 *%.

DFT calculations

Allthe spin-polarized density functional theory (DFT) calculations were
performed with the Vienna Ab initio Simulation Package (5.4.4 version)
under the framework of projector augmented wave method®*®*. The
generalized gradient approximation of the Perdew-Burke-Ernzerhof
functional was employed as the exchange-correlation functional®*. The
valence wave functions were expanded by plane wave with a cut-off
energy of 400 eV, while all the structures were optimized until the force
oneachatomwaslessthan 0.02 eV A™. The neural molecules MBT was
optimized ina25 Ax 25 Ax 25 A unit cell. Then a pair of Pbl, or FAl was
added into the model to calculate the interaction strength between
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MBT and Pbl,/FAI. The binding energy was calculated according to
the following equation:

Epinding = EmBT+pbl,/Fal — EmBT — Epbi,/Fal

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

Data availability
The datathatsupport the findings of this study are available within the
Article and its Supplementary Information.
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» Experimental design

Please check: are the following details reported in the manuscript?
1. Dimensions
XYes 0925 cm2.

Area of the tested solar cells
o
] ] |Z| Yes  Corresponding masks were used during the test.
Method used to determine the device area
o
2. Current-voltage characterization
Current density-voltage (J-V) plots in both forward Yes  We provide J-V plots in both forward and backward direction in Supplementary Fig.
and backward direction [INo 2
Voltage scan conditions Yes  See details in Method.
For instance: scan direction, speed, dwell times |:| No
Test environment Yes  See details in Method.

For instance: characterization temperature, in air or in glove box |:| No

Protocol for preconditioning of the device before its [_]Yes  No preconditioning condition s used.

characterization No
Stability of the J-V characteristic IZ Yes  We provided MPPT data in Supplementary Fig. 23.

Verified with time evolution of the maximum power point or with D No
the photocurrent at maximum power point; see ref. 7 for details.

3. Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during |:| Yes  Negligible hysteresis was observed for tandem devices.
the characterization X No

. |:| Yes  Hysteresis is not relevant to our concept.
Related experimental data

No
4. Efficiency
External quantum efficiency (EQE) or incident DX Yes  we provide EQE data in Supplementary Fig. 21.
photons to current efficiency (IPCE) [ ]no
A comparison between the integrated response under IXI Yes  We compare the integrated Jsc with one from JV scan. The difference between the
the standard reference spectrum and the response I:‘ No  integratedJscfrom EQE and Jsc from JV scan is within 2% in tandem solar cells, which
measure under the simulator is within accuracy confidence of the measurements.

For tandem solar cells, the bias illumination and bias DX Yes  see details in Method.

voltage used for each subcell |:| No
5. Calibration
Light source and reference cell or sensor used for the X]Yes  see details in Method.
characterization [ ]nNo
Confirmation that the reference cell was calibrated |Z Yes  Our solar simulator was calibrated by Si reference cell.
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Calculation of spectral mismatch between the Yes  The champion devices were sent to certification, the certified device spectra

reference cell and the devices under test I:‘ No mismatch factor can be found in Supplementary Fig. 23.
Mask/aperture
) ) IZ Yes  Optical aperture masks (0.925 cm2) were used.
Size of the mask/aperture used during testing
[Ino
Variation of the measured short-circuit current [_]Yes  Nosignificant variations was observed.
density with the mask/aperture area No

Performance certification

Identity of the independent certification laboratory IZl Yes  We provide independent measurement data in Fig. 4g and Supplementary Fig. 23.
that confirmed the photovoltaic performance |:| No

A copy of any certificate(s) Yes  We provide measurement report in Supplementary Fig. 23.

Provide in Supplementary Information |:| No

Statistics

Yes  Fourteen tandem solar cells were tested for statisticsal analysis.
[]No

o . . Yes  We provide statistics in Fig. 4 and Supplementary Fig. 20.
Statistical analysis of the device performance D No
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Long-term stability analysis

Type of analysis, bias conditions and environmental Yes  We provided stability data in Fig. 4h
conditions [INo

For instance: illumination type, temperature, atmosphere
humidity, encapsulation method, preconditioning temperature
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