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The commercialization of perovskite/Si tandem solar cells requires low product costs, achievable

through high efficiency and inexpensive components. Here, we report a highly efficient monolithic

perovskite tandem device utilizing a commercial passivated emitter and rear cell (PERC), with the aid of

a fluorine-substituted carbazole-based self-assembled monolayer (SAM). Modified SAM molecules

enhanced charge transfer due to the larger dipole moments resulting from asymmetric charge

distribution. The negative adsorption energy and well-ordered molecules alleviated residual stress in

perovskite films and reduced trap density at the interfaces, leading to suppressed non-radiative

recombination and improved open-circuit voltage of the perovskite top cell. As a result, the best single-

junction perovskite cell exhibits a certified efficiency of 20.14%, with a good operational stability

maintaining 90% of its initial efficiency after 1500 hours. The best perovskite/Si tandem cell, fabricated

with cost-effective PERC bottom cells, exhibits a conversion efficiency of 30.05%, which is the highest

among PERC-based perovskite tandem solar cells.

Broader context
To overcome the hurdles in commercializing perovskite/Si tandem solar cells, it is crucial to decrease power production costs by achieving high efficiency with
cost-effective materials. In this study, we demonstrate a perovskite/Si tandem solar cell with an efficiency over 30% with a fluorine-substituted carbazole-based
self-assembled monolayer (SAM) using a commercial passivated emitter and rear cell (PERC) composed of scalable and low-cost components. The fluorine
substitution strategy induces an asymmetric molecular structure, resulting in a larger dipole moment. It increases the work function and deepens the highest
molecular orbital (HOMO) level, thereby improving energy level alignment at the perovskite/SAM interfaces and facilitating effective charge transfer.
Additionally, modified SAM molecules lead to energetically favorable adsorption, stabilize the perovskite lattice, and prevent the formation of I� vacancies,
resulting in improved operational stability of wide-bandgap perovskite solar cells by inhibiting halide segregation. We achieved a power conversion efficiency
(PCE) of 21.62% in a single-junction wide-bandgap perovskite top cell that retained 90% of its initial efficiency after 1500 hours of continuous illumination.
Furthermore, we achieved a PCE of 30.05% in a monolithic 2T perovskite/PERC tandem cell, surpassing the previous highest efficiency for PERC-based tandem
solar cells.

Introduction

Tandem solar cells employing halide perovskites are attracting
significant attention as a high-efficiency photoenergy conver-
sion device.1–8 For example, the efficiency of the monolithic
2-terminal (2T) perovskite/Si tandem cells has rapidly increased
to 34.6%, surpassing the theoretical Shockley–Queisser (S–Q)
limit by reducing non-absorption and thermalization losses.9–15

Perovskite materials are promising candidates for the top cell
of Si tandem devices, due to their high absorption coefficient,
tunable bandgap, and ease of processing through various
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deposition methods.16–21 To fully utilize the advantages of
high-efficiency perovskite/Si tandem cells, it is crucial to reduce
fabrication and materials costs, ensuring that their power
generation cost becomes low enough to enable commercializa-
tion. In this context, the use of widely used silicon bottom cells,
such as the passivated emitter and rear cell (PERC) and the
tunnel oxide passivated contact (TOPCon) cell, is desirable.22–24

Since Albrecht et al. introduced carbazole-based self-
assembled monolayers (SAMs) with phosphonic acid anchoring
groups as hole extraction layers for the p–i–n type inverted
structures, these materials have been most widely used in
highly efficient perovskite-based tandem solar cells.2,25–30 SAMs
exhibit high surface coverage on substrates, forming conformal
layers regardless of morphology when applied via a solution
process, even on micro-sized textured silicon. In addition, the
ultra-thin thickness and large bandgap of SAMs effectively
mitigate parasitic absorption losses, while their favourable
energy band levels facilitate efficient hole extraction.2 Repre-
sentative SAMs used in perovskite solar cells include 2PACz
([2-(9H-carbazol-9-yl)ethyl]phosphonic acid) and its derivatives,
such as MeO-2PACz and Me-4PACz. These derivatives are
modified by altering the length of methyl groups or making
substitutions in the carbazole moiety to tune their properties.25

Substituted functional groups, such as methoxy or methyl
groups, interact with perovskite films and effectively passivate
defects at the interfaces.31,32 However, these substitutions also
influence the molecular symmetry and the local charge dis-
tribution, thereby affecting the dipole moment and energy

band levels.33,34 Therefore, designing SAM molecules is crucial
for achieving highly efficient photovoltaics.

In this work, we present a strategy to develop a highly
efficient and cost-effective 2T perovskite/Si tandem cell incor-
porating a commercial PERC cell. The strategy involves the
substitution of one methoxy group of [4-(3,6-dimethoxy-9H-
carbazol-9-yl)butyl]phosphonic acid (MeO-4PACz) with fluorine,
resulting in a large dipole moment due to the asymmetric
molecular structure (F-MeO-4PACz). The modification led to
an increased work function (WF), a deeper highest occupied
molecular orbital (HOMO) level, and improved alignment of the
SAM molecules. These altered properties of the F-MeO-4PACz
molecules suppressed charge recombination and enhanced
charge transfer at the perovskite/SAM interface. Consequently,
the perovskite single-junction device with the fluorine-
substituted SAM exhibited improved photovoltage and a high
certified efficiency of 20.14%, which retained 90% of its initial
efficiency after continuous operation for 1500 hours. Further-
more, the highest-performing 2T perovskite/Si tandem cell,
with a power conversion efficiency (PCE) of 30.05%, was suc-
cessfully fabricated using a commercial PERC.

Results and discussion
Designing SAM molecules

Fig. 1a depicts the molecular structures and the electrostatic
potential (ESP) distributions of a series of SAM molecules with
varying substituents and aliphatic chain lengths (n = 2, 4),

Fig. 1 Chemical structure and electrical property of the SAMs. (a) Schematic representation of the SAMs structures, dipole moments, and electrostatic
potential distributions. (b) UPS spectra showing the secondary electron cut-off region and the valence band onset. (c) Energy level alignment and
electron density distribution of perovskite in conjunction with various hole-selective layers.
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including the MeO-4PACz and F-MeO-4PACz molecules that we
synthesized. Phosphonic acid anchor groups are adsorbed on
the indium-doped tin oxide (ITO) layer, modulating the WF
through the dipole moment contribution of SAM molecules
and thus facilitating charge extraction.2,35 The detailed synth-
esis methods and 1H NMR spectra are provided in the experi-
mental section and Fig. S21–S29 (SI). The methoxy substitution

on the carbazole core is known to passivate interfacial defects
in perovskite solar cells.2,31,32 However, the bilaterally substi-
tuted methoxy group pair increases the symmetry of the SAM
molecules, causing the molecular dipole moments, calculated
using density functional theory (DFT), to be significantly
reduced from 1.95 D (for 2PACz) to 0.27 D and 0.33 D for
MeO-2PACz and MeO-4PACz, respectively. The reduced

Fig. 2 Single-junction device performance, charge dynamics, and stability. (a) Representative J–V curves of the perovskite single-junction solar cells
with different SAMs. (b) Statistical J–V parameters with varying substituent of the SAMs. These statistics, derived from measurements of over 80 active
areas, present the minimum, mean, and maximum values as symbols, with the box representing the 10th and 90th percentiles. (c) Temperature
dependence of VOC and recombination activation energy (EA) determined by 0 K intercept from linear extrapolation of the perovskite single-junction
solar cells. (d) tDOS plots of the inflection frequencies determined from the derivative �fdC/df. (e) and (f) Time-resolved PL spectra of the perovskite
absorbers. The inset of (e) shows the results obtained by exciting the front side of the ITO/SAM/perovskite film using a 520 nm laser with a penetration
depth of 217 nm. The inset of (f) shows the spectra obtained by exciting the back side of the ITO/SAM/perovskite/C60 film with a 405 nm laser, exhibiting a
penetration depth of 27 nm. (g) PL analysis of the perovskite absorbers under continuous laser irradiation for 20 min. (h) Long-term stability of the
perovskite single-junction devices under 1-sun illumination with encapsulation (ISOS-L-1I).
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molecular dipole moment diminishes the WF shift, impeding
favourable energy alignment between perovskites and SAMs.25

On the other hand, the substitution of one methoxy group with
a fluorine functional group (F-MeO-4PACz) gives rise to an
asymmetric molecular structure, resulting in an imbalanced
charge distribution due to the electron-withdrawing effect. As a
result, the molecular dipole moment increases to 2.28 D, while
preserving the defect passivation effect of the methoxy group,
which is expected to facilitate charge extraction.

The effect of fluorine substitution on the energy levels has
been experimentally investigated using ultraviolet photoelec-
tron spectroscopy (UPS) of the SAMs on ITO/glass substrates
(Fig. 1b). The UPS spectra in the secondary electron cut-off and
valence band onset regions show that 2PACz and F-MeO-4PACz,
which have larger dipole moments, exhibit higher WFs com-
pared to those with smaller dipole moments, such as
MeO-2PACz and MeO-4PACz. A direct comparison between
MeO-4PACz and F-MeO-4PACz shows that fluorine substitution
increases the WF from 4.72 eV to 4.94 eV. The contact potential
difference (CPD) measured by Kelvin probe force microscopy
(KPFM) also shows more negative value, meaning a larger WF,
for F-MeO-4PACz compared with MeO-4PACz (Fig. S1, SI).
Fig. 1c presents the energy band levels of SAMs and perovskite
obtained by UPS, which is in a good agreement with those
calculated by DFT (Fig. S2, SI). The HOMO level of 2PACz
(�5.74 eV) shifts upward upon methoxy substitution
(�5.15 eV for MeO-2PACz) because the methoxy group, as an
electron-donating substituent, increases the electron density in
the p-conjugation system as can be confirmed from the electron
density distribution in Fig. 1c. On the other hand, the fluorine
group functions as an electron-withdrawing substituent, redu-
cing the electron density by creating electron holes. Thus, the
HOMO level of MeO-4PACz shifts downward from �5.19 eV to
�5.29 eV upon substitution of methoxy group with fluorine
(F-MeO-4PACz), which is close to the HOMO level of the
perovskite absorber material. Consequently, the F-MeO-4PACz
molecule is believed to be the best choice for the SAM of the
perovskite solar cell, as it exhibits a large WF while preserving
the defect passivation effect of the methoxy group and provid-
ing appropriate band alignment with the perovskite layer.

Single-junction performances

Fig. 2a compares the current density–voltage (J–V) curves of
opaque single-junction wide-bandgap perovskite solar cells as a
function of fluorine substitution, with the inset illustrating the
schematic structure of the device, and their photovoltaic prop-
erties and diode parameters obtained from dark J–V curves are
summarized in Table S1 (SI). The bandgap energy (Eg) of the
perovskite absorber layer with the composition Cs0.05

(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 is 1.68 eV (Fig. S3, SI), which
is an optimal value for a double-junction Si tandem. To evaluate
the specific impact of the fluorine substituent, two SAM mole-
cules, MeO-4PACz and F-MeO-4PACz, have been selected for
further investigation. The optimal concentration of the SAM
coating solution was determined to be 1 mM based on our
preliminary experiments (Fig. S4, SI), in which the cell

performance was predominantly influenced by the fill factor
(FF). Notably, higher concentrations resulted in a reduced FF,
suggesting that an increased SAM thickness contributes to
higher series resistance. The J–V curves demonstrate that the
fluorine substitution increases the open-circuit voltage (VOC)
and FF, while the short-circuit current density ( JSC) remains
essentially unchanged. The reduction in shunt conductance
(Gsh), reverse saturation current density ( J0), and series resis-
tance (RS), as shown in Table S1 (SI), is consistent with the
observed increase in VOC and FF. The statistical J–V parameters,
presented in Fig. 2b, also exhibit similar trends. Consequently,
the F-MeO-4PACz-based device achieves a high PCE of 21.62%
with JSC, VOC, and FF values of 21.23 mA cm�2, 1.22 V, and 0.83,
respectively. No J–V hysteresis effect is observed, and the JSC

value obtained from the J–V curve closely matches the value
calculated from the external quantum efficiency (EQE) curve
(Fig. S5, SI). The grain sizes, absorbance, and crystallinity of the
perovskite layer were barely affected by the type of SAM
molecules (Fig. S6, SI), resulting in similar JSC values for the
two samples. On the other hand, the activation energy (EA) of
the main recombination process5 obtained from the y-intercept
of the fitted line in the temperature dependency of VOC

(Fig. 2c), increases from 1.61 eV to 1.68 eV with the fluorine-
modified SAM molecules. The transient photovoltage decay
(TPVD) measurement also reveals that the F-MeO-4PACz device
exhibits a longer carrier lifetime (Fig. S7, SI), confirming that
the interfacial electrical traps were effectively passivated by the
fluorine substitution in the SAM molecule. The lower trap
density of states (tDOS, Fig. 2d), higher defect activation energy
obtained from thermal admittance spectroscopy (TAS, Fig. S8,
SI), and the smaller trap-filling limit voltage (VTFL) derived from
space charge limited current (SCLC) analysis of the hole-only
device (Fig. S9, SI) further support the reduction of defects and
trap states at the perovskite/HTL interface. In addition to the
lower HOMO level of the F-MeO-4PACz molecule and the band-
shift effect induced by its larger dipole moment, the interfacial
defect passivation effect likely contributes to the increased VOC

of the fluorine-substituted device. The effect of the fluorine
substituent in the SAM on the hole extraction at the perovskite/
HTL interface was investigated using steady-state (SS) and time-
resolved (TR) photoluminescence (PL) measurements. Fig. 2e
and f compare the TR-PL curves of the perovskite layer depos-
ited on the SAM depending on the fluorine substitution, with
the insets schematically illustrating the measurement condi-
tions. The F-MeO-4PACz sample exhibits slower decay with
520 nm probing light incident from the perovskite side, indi-
cating reduced charge recombination, which is consistent with
the stronger intensity observed in the SS-PL measurement (Fig.
S10, SI). In order to minimize the influence of the charge
recombination on the PL results, a C60 ETL was additionally
deposited on top of the perovskite layer, and probing light with
a shorter wavelength of 405 nm was illuminated from the SAM
side. By using the probing light with a higher absorption
coefficient incident from the contact side, photoexcited charge
carriers can be preferentially generated near the interface,
while photoelectrons generated outside the interface can be
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effectively extracted by the C60 layer.36 Under the modified
measurement conditions, the F-MeO-4PACz sample exhibits
faster decay and stronger PL quenching (Fig. S11, SI), indicat-
ing that fluorine substitution in the SAM molecule actually
enhances hole extraction from the perovskite layer. The
enhanced interfacial charge extraction also contributes to the
reduced RS of the device, and consequently, to the higher FF.

The fluorine substitution also influenced the photostability
of the wide-bandgap perovskite thin films consisting of mixed
halides, as can be seen from the peak shift in the PL spectra
under continuous laser illumination (Fig. 2g). Both samples
show a gradual red shift of the luminescence peaks during laser
illumination, which is a characteristic indicator of halide
segregation in mixed-halide perovskites.37,38 However, the peak
shift in the F-MeO-4PACz thin film is slower than the unmodi-
fied counterpart, suggesting that fluorine substitution effec-
tively suppresses halide segregation, thereby enhancing

photostability. Although the mechanism by which the
fluorine-modified SAM molecules retard the halide segregation
process remains unclear, it can be hypothesized that the
fluorine functional group impedes the migration of halide
vacancies. Consequently, the atomic diffusion of halogen
atoms, which drives halide segregation, may be suppressed.
The long-term operational stability of the encapsulated semi-
transparent perovskite solar cells was characterized by the
maximum power point tracking (MPPT) measurement follow-
ing the ISOS-L-1I protocol, using a white LED light source
(Fig. 2h). The F-MeO-4PACz-based device maintains 90% of
its initial efficiency up to 1500 h, while the unsubstituted
counterpart exhibits a 30% decrease in efficiency after 750 h,
demonstrating a significant improvement in long-term opera-
tional stability due to the fluorine substitution in the SAM
molecule (Fig. S12, SI). In addition, the single-junction trans-
parent device with F-MeO-4PACz exhibited enhanced thermal

Fig. 3 Buried interface properties. (a)–(c) Computational simulations of the SAM/perovskite adsorption model. Thermodynamically stable iodide anti-
site defect model and the defect formation energy (a). The preferred adsorption model, adsorption energy, Bader charge distribution, and energy level
state of the MeO-4PACz (b) and F-MeO-4PACz (c) with perovskites in the presence of iodide anti-site defect. (d) XPS spectra of the Pb 4f and I 3d, (e)
GIXRD pattern, and (f) the comparison of residual stress of the perovskite bottom surface that were peeled off from the MeO-4PACz or F-MeO-4PACz/
perovskite interface.
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and light stability compared to the unsubstituted SAM, main-
taining 92% of its initial efficiency under continuous illumina-
tion for 100 h (Fig. S13, SI). The enhanced stability can be
attributed to the suppression of halide segregation and the
prevention of charge accumulation at the perovskite/HTL inter-
face, resulting from the facilitated charge extraction.

Buried interface properties

The properties of the buried interface were further investigated
using DFT calculations. The binding energy and electron
density calculations reveal that the formation energy of the I�

vacancy is �0.61 eV, indicating that the I� vacancy within the
perovskite lattice is thermodynamically stable (Fig. 3a). Thus,
further calculations were conducted based on the presence of
I� vacancies in the perovskite lattice. The adsorption energies
for different possible adsorption modes of the SAM molecules
were calculated in the presence of the I� vacancies in the
perovskite lattice (Fig. S14, SI), and Fig. 3b and c show the
most energetically favourable adsorption modes of SAM mole-
cules with and without fluorine substitution. In the case of
MeO-4PACz, both the methoxy and phosphonic acid groups
tend to align toward the perovskite surface, resulting in the
lowest adsorption energy of �1.08 eV. In contrast, for F-MeO-
4PACz, the methoxy group is oriented toward the perovskite
surface, while the phosphonic acid group points to the opposite
direction. This orientation is favourable for efficient hole
extraction at the ITO/SAM/perovskite interface. The electron
density distribution and Bader charge analysis were also influ-
enced by the fluorine substitution (Fig. S15, SI). For MeO-
4PACz, the O atoms in methoxy groups of the SAM molecule
form strong covalent bonds with the Pb atom in the perovskite
lattice, resulting in Bader charges of �0.13 e for Pb and 0.08 e
for O. The negative and positive Bader charges indicate the loss
and gain of electrons, respectively. In contrast, for F-MeO-
4PACz, Pb loses 0.04 e and O gains 0.02 e, as it has only one
O atom from the methoxy group near the perovskite surface,
whereas MeO-4PACz has five O atoms (two in the methoxy
groups and three in the phosphonic acid group). Notably, C
atoms of the perovskite gain 0.16 e and H atoms in the methoxy
group lose 0.18 e only for F-MeO-4PACz, due to the high
electronegativity of F, exhibiting dipole–dipole interactions at
the SAM/perovskite interface. As a result, the Fermi energy of
the perovskite shifts by �0.04 eV for F-MeO-4PACz and +0.22 eV
for MeO-4PACz. Consequently, the energy band alignment is
adjusted toward more favourable energy levels, facilitating
charge transfer between SAM and perovskite, which is consis-
tent with the faster charge extraction results in Fig. 1. It should
also be noted that the total adsorption energy of �2.42 eV for F-
MeO-4PACz is more negative than that of MeO-4PACz, indicat-
ing that F-MeO-4PACz forms a more energetically favourable
adsorption and contributes to stabilizing the perovskite lattice
with the I� vacancies.

Fig. 3d shows X-ray photoelectron spectroscopy (XPS) spec-
tra of the bottom surface of perovskite layers that were peeled
off from the SAM/perovskite layers. No residual SAM molecules
were detected, as confirmed by the XPS spectrum, which

showed no trace of fluorine (Fig. S16, SI). The perovskite layer
deposited on the fluorine-substituted SAM exhibits a slight
peak shift of the Pb 4f peak toward lower binding energy
compared with the unsubstituted counterpart. This observation
is consistent with DFT calculations and Bader charge analysis,
which indicate less oxidation of the Pb atoms with fluorine
substitution.39,40 I 3d spectrum also exhibits a slightly higher I�

content for F-MeO-4PACz, indicating the fluorine substitution
presumably suppresses the formation of I� vacancies at the
interface.41 Fig. 3e presents grazing incident X-ray diffraction
(GIXRD) patterns of the (110) plane of the perovskite buried
interface, with and without fluorine substitution, obtained
from the detached surfaces. The (110) peak shifts to higher
angles with increasing incident angle (c), and this dependence
can be used to evaluate the residual stress (sR) of the thin films
as shown in Fig. 3f.42,43 The calculated sR was significantly
reduced from 19.86 MPa to 10.76 MPa for F-MeO-4PACz,
indicating that the fluorine substitution can alleviate the lattice
distortion of perovskite films, particularly near the perovskite/
SAM interface. This result is also qualitatively consistent with
the DFT calculations, which show that F-MeO-4PACz stabilizes
the perovskite lattice with the I� vacancies.

PERC-tandem performances

Most high-efficiency perovskite tandem cells have been demon-
strated using silicon heterojunction (SHJ) bottom cells, owing
to their superior performance compared to other types of Si
cells. However, the PERC cell still holds advantages over SHJ
cells as the most widely used and cost-effective commercial
silicon solar cell.44 Fig. 4a shows that the power production cost
of the SHJ cell is approximately 27% higher than that of the
PERC cell, which should contribute to the improved cost-
effectiveness of the final tandem cells. In the same context,
the highly efficient and stable wide-bandgap perovskite top
cells, featuring F-MeO-4PACz SAM, have been integrated with
the PERC bottom cell, as shown in Fig. 4b. Fig. 4c shows the J–V
curve of the best-performing 2T perovskite/Si tandem cell,
consisting of the F-MeO-4PACz-based perovskite top cell and
a PERC bottom cell. The measured parameters for this tandem
cell are a JSC value of 19.80 mA cm�2, a VOC value of 1.90 V, a FF
value of 79.88%, and a conversion efficiency of 30.05% with an
aperture size of 1 cm2. Both MeO- and F-MeO-4PACz SAMs
worked effectively on the SHJ bottom cell (Fig. S17, SI). No
hysteresis effect is observed in the J–V curve, and the steady-
state power output (SPO) measurement demonstrates a stabi-
lized efficiency of 30.0% (Fig. 4d), which is consistent with the
value obtained from the J–V measurement. After 1000 min, the
tandem cell retained 498% of its initial efficiency, indicating
stable device performance (Fig. S18, SI). The solar cell para-
meters of the individual subcells (i.e., a transparent wide-
bandgap perovskite single-junction solar cell and a PERC
bottom cell, obtained by removing the top cell from the tandem
cell) can be found from their respective J–V curves (Fig. S19 and
S20, SI). Notably, the VOC of the tandem cell (1.90 V) is close to
the sum of the subcell VOC values (0.67 V for the bottom cell and
1.21 V for the top cell), and the tandem JSC closely matches the
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value calculated from the subcell EQE curves (Fig. 4e). The
champion efficiency of over 30% achieved in this study repre-
sents the highest reported performance for 2T perovskite/Si
solar cells employing a PERC bottom cell (Fig. 4f).45–50

Conclusions

We investigated the effects of asymmetric fluorine substitution
in carbazole-based SAM molecules (F-MeO-4PACz) on the per-
formance of wide-bandgap perovskite solar cells and their
monolithic Si tandem cells. F-MeO-4PACz exhibited a larger
dipole moment, higher WF, and a deeper HOMO level com-
pared to the unsubstituted counterpart (MeO-4PACz), leading
to an increased VOC. Additionally, it facilitated more efficient
charge transfer at the interfaces due to the improved energy
band alignment with perovskite films, resulting in an increased
FF. DFT calculations confirmed that the modification enhances
the alignment of the SAM molecules and stabilizes the perovs-
kite/SAM interface, contributing to improved VOC and long-
term operational stability of the perovskite solar cells. The best
wide-bandgap single-junction top cell exhibited a high certified
efficiency of 20.14% and a decent operational stability of
1500 hours (T90). Finally, a high conversion efficiency of

30.05% was achieved for a cost-effective monolithic 2T perovs-
kite/Si tandem solar cell, which is the highest efficiency
reported for those utilizing the commercial PERC bottom cell.
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Fig. 4 2T tandem device performance and stability. (a) Comparison of power production costs in PERC (20.5% PCE) and SHJ (22.5% PCE) cells. The cost
analysis assumes 1 GW of annual production facilities in China, as reported by NREL. The figures are modified versions of the original figure in ref. 44. (b)
Schematic stack and cross-section TEM and FE-SEM images of an our 2T perovskite/Si tandem device. (c) and (d) J–V curves (c), SPO near maximum
power point without encapsulation (d), subcell EQE spectra (e), and the efficiency trend of PERC-based tandem device (f) of the champion 2T perovskite/
Si tandem device.
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