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Wide-bandgap (WBG; >1.65 electron volts) perovskites based on iodine-bromine (I-Br) mixed halides are critical
components of perovskite-based tandem solar cells (TSCs). However, the uncontrolled crystallization dynamics of
Br-rich species lead to reduced grain sizes and high defect densities in WBG perovskite films. Herein, a multifunc-
tional additive 3,4,5-trifluorobenzamide (TFBZ) was introduced to enhance the crystallinity and passivate defects
of the methylammonium (MA)-free WBG perovskite films. The TFBZ demonstrates superior passivation capability
compared to benzamide, effectively mitigating both iodine vacancies and undercoordinated Pb?* defects via
fluorine-enhanced interactions. In addition, the fluorine substituents in TFBZ could form N-H---F hydrogen bonds
with formamidinium iodide to retard the crystallization rate of the perovskite. This proposed method is effective in
defect passivation and crystal growth modulation for both 1.67- and 1.79-electron volt MA-free WBG perovskites,
enabling the fabrication of MA-free all-perovskite TSCs with an encouraging power conversion efficiency of 29.01%

(certified at 28.52%).

INTRODUCTION

Wide-bandgap (WBG; >1.65 eV) perovskites are essential compo-
nents of various perovskite-based tandem solar cells (TSCs) (1-3). To
optimize the performance of the whole tandem stacks, it is imperative
to enhance the efficiency and stability of the WBG perovskite sub-
cells. In recent years, methylammonium (MA)-free WBG perovskite
films have attracted considerable attention due to their excellent
thermal and phase stability. The removal of volatile MA compo-
nents effectively suppresses ion migration and phase segregation in
perovskites (4), improving device stability during prolonged opera-
tion. However, in MA-free perovskites, lattice distortion induced by
the large-sized formamidinium cation (FA*; 253 pm) and the forma-
tion of uncontrolled intermediate phases disrupt crystallization ki-
netics, leading to structural defects such as pinholes and cracks (5-7).
The high-bromine (Br) content in WBG perovskites promotes rapid
crystallization during film formation (8). Due to Br’s low solubility
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(enhancing nucleation) and small ionic radius (accelerating grain
coarsening) (9), the resulting films often exhibit reduced grain sizes,
rough surfaces, and nonuniform halide phase distribution (10). The
defect states at interfaces and grain boundaries serve as nonradiative
recombination centers, causing severe charge carrier loss (11, 12).
Moreover, rough film surface commonly leads to poor contact be-
tween the perovskite layer and charge transport layer, increasing the
interface resistance and hindering carrier extraction and transport
(13, 14). Critically, such structural defects also degrade long-term
stability: Pinholes facilitate moisture and oxygen infiltration, defec-
tive grain boundaries accelerate ion migration, and inhomogeneous
phase distribution triggers halide segregation (15). Thus, developing
crystallization modulation and defect passivation strategies is essen-
tial for achieving efficient and stable MA-free WBG perovskites.

So far, various strategies aimed at reducing defect density and im-
proving the crystallinity of perovskite films have been reported (16, 17).
Notably, additive engineering is perceived as a straightforward and
efficacious approach to address the aforementioned challenges and
enhance the performance of perovskite solar cells (PSCs). Among
these additives, specific passivation groups such as amino (-NH,) and
carbonyl (-C=0) are commonly used to interact with defect sites in
perovskite films. For instance, Jiang et al. (18) enhanced the passiv-
ation capability for lead-based defects by modulating the spatial
torsion angle of aromatic ketones, which increased the electron
cloud density around carbonyl groups. In a separate study, 2-amino-4,5-
imidazoledicarbonitrile was incorporated into WBG perovskite to
suppress photoinduced iodine migration and phase segregation
(19). Additionally, fluoroalkyl groups, valued for their strong elec-
tronegativity and hydrophobicity, have been incorporated into passiv-
ation materials to improve perovskite stability (20-22). However,
current research primarily focuses on studying individual functional
groups in isolation, while the synergistic mechanisms among mul-
tiple functional groups, particularly their combined effects on defect
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passivation and crystallization modulation, remain underexplored.
This leaves great potential for tailoring multifunctional additives
with robust passivation effects and crystallization modulation prop-
erties, enabling high-quality perovskite films with low defect densi-
ties and large grains to enhance the efficiency and stability of MA-free
WBG PSCs.

In this work, we report a multifunctional additive: 3,4,5-
trifluorobenzamide (TFBZ), which can modulate MA-free WBG
perovskite crystallization and simultaneously passivate defects. First,
the -NH; and -C=0 functional groups in TFBZ could coordinate
with the perovskite to passivate defects. Second, the fluoride (F)
substituents in TFBZ form a large molecular dipole, which enhances
the passivation effects of -NH, and -C=0 groups. Third, the fluo-
rine substituents form N-H---F hydrogen bonds with formamidini-
um iodide (FAI), slowing the crystallization of the WBG perovskite.
The prolonged crystallization window facilitates the ordered growth
of perovskite grains, reducing grain boundaries and pinholes while
lowering defect density, thereby suppressing nonradiative recombi-
nation. Consequently, the optimized 1.67-eV MA-free WBG PSCs
exhibit a champion power conversion efficiency (PCE) of 22.78%
and an open-circuit voltage (Voc) of 1.28 V. The unencapsu-
lated TFBZ-based device maintains 85% of its initial efficiency after
2400 hours under ambient air. This method was also effective for
1.79-eV MA-free WBG PSCs, achieving a PCE 0f 20.21% and a V¢
of 1.36 V. Meanwhile, MA-free all-perovskite TSCs with a champion
PCE of 29.01% (certified at 28.52%) were obtained when integrated
with 1.25-eV MA-free narrow-bandgap (NBG) perovskite subcells.
This PCE is the highest reported value for MA-free all-perovskite
TSCs. Furthermore, the TFBZ-based MA-free all-perovskite TSCs
exhibited no more than 20% PCE loss after 800 hours of continuous
illumination in Nj.

RESULTS
Interactions between additives and WBG perovskite
Designing anchoring groups that can facilitate strong absorption on
perovskites is a promising approach for achieving controllable crystal-
lization and excellent defect passivation (23). The benzamide (BZD)
molecule comprises -NH, and —~C=0 function groups, which can in-
teract with the defect sites in perovskites to passivate traps (24). Here,
we use TFBZ as an additive, which contains three F atoms at the para
positions of -NH, and -C=0 (Fig. 1A). Theoretical calculations re-
veal that TFBZ has a larger dipole moment and greater molecular po-
larity than BZD (table S1), which suggests the possibility of stronger
intermolecular interactions. Density functional theory (DFT) calcula-
tions were performed to compare the adsorption energies of BZD and
TFBZ with the surface terminations of perovskite. The adsorption en-
ergy of TFBZ on the FAI termination (—0.941 eV) is three times stron-
ger than that of BZD (—0.327 eV) (Fig. 1B). Similarly, TFBZ exhibits
more favorable adsorption on Pbl, termination (—0.495 eV) com-
pared to BZD (—0.208 eV) (Fig. 1C). To address potential composi-
tional complexity, we further calculated the adsorption energies for
FABr and PbBr, terminations. Notably, both Br-containing termina-
tions showed analogous trends, with TFBZ demonstrating consistent-
ly stronger adsorption on perovskite surfaces (fig. S1). These results
demonstrate that fluorine substituents substantially enhance the inter-
action between TFBZ and perovskite components.

Fourier transform infrared (FTIR) spectroscopy was used to pre-
liminarily investigate the interaction mechanism between TFBZ and
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perovskite. Figure 1D shows that the N-H stretching vibration
peak of BZD shifts from 3389.1 to 3373.1 cm™" after mixing with
perovskite, and the C=0 stretching vibration peak shifts from 1674.6
to 1671.4 cm ™. For TFBZ, the N-H stretching vibration peak shifts
from 3395.2 to 3368.9 cm ™, and the C=0 peak moves from 1685.1 to
1679.2 cm™". The larger shifts of the N-H and C=0 stretching vibra-
tion peaks of TFBZ indicate that TFBZ can coordinate with perovskite
more robustly than BZD, which is consistent with the DFT calcula-
tions. The shifts of the C=0O stretching vibration peaks are attributed to
their interaction with uncoordinated Pb>" (25). The shifts of the N-H
stretching vibration peaks may result from the formation of N-H--I
hydrogen bonds between -NH, groups and perovskite components,
which leads to electron delocalization in the N-H bonds (26). 'H nu-
clear magnetic resonance (NMR) spectroscopy further confirmed the
hydrogen bonding between the additives and perovskite. As shown
in Fig. 1E, the BZD exhibits characteristic peaks at 8.00 and 7.38 parts
per million (ppm), corresponding to its -NH, groups. Upon mixing
BZD with FAI these -NH, peaks shift to 7.96 and 7.35 ppm, respec-
tively, while mixing with Pbl, results in shifts to 7.96 and 7.36 ppm.
Similarly, the -NH, peaks of TEFBZ appear at 8.14 and 7.71 ppm. When
TFBZ is mixed with FAI, the corresponding -NH, peaks shift to
8.05 and 7.66 ppm, whereas mixing with Pbl, induces shifts to 8.05 and
7.67 ppm. The observed chemical shift indicates the formation of
N-H--I hydrogen bonds between the additives and perovskite com-
ponents, which can effectively anchor iodide ions, thereby suppressing
the formation of iodide vacancies (27). Notably, the more pronounced
peak shifts observed for TFBZ mixtures demonstrate stronger hydro-
gen bonding with perovskite compared to BZD. The chemical states of
primary elements on the perovskite surface upon interaction with
additives were investigated by x-ray photoelectron spectroscopy (XPS)
(Fig. 1F and fig. S2). The peaks associated with I 3d in the control
perovskite occur at 630.41 eV (I 3ds5,) and 618.93 eV (I 3ds;,). After
BZD addition, the I 3d3/; and I 3ds), peaks shifted to 630.7 and 619.2 eV,
respectively. Upon TFBZ incorporation, the peaks further shifted to
630.9 eV (I 3d3,,) and 619.4 eV (I 3ds),). This shift can be attributed
to hydrogen bond formation between the perovskite and the -NH,
group, as further evidenced by the corresponding displacement of the
N-H bond peak in TFBZ after mixing with perovskite (fig. S3). Similar
peak shifts were observed for Pb 4f upon BZD and TFBZ addition,
confirming that TFBZ exhibits stronger interaction with uncoordinated
Pb**, consistent with FTIR and DFT results. lodine vacancies and un-
dercoordinated Pb** in perovskite films are the primary sources of
nonradiative recombination (28). The enhanced interaction between
TFBZ and perovskite can effectively suppress the formation of uncoor-
dinated Pb** and iodide vacancies, thereby improving carrier lifetime.

We then analyzed the interaction between the fluorine groups in
TFBZ and perovskite using '’F NMR. After TEBZ mixes with FAI,
'9F shifts to a higher & value (fig. S4), which is attributed to the N-
H---F hydrogen bonds between the fluorine atoms of TFBZ and the
FA™ cations. This interaction withdraws electron density from the fluo-
rine atoms, reducing their shielding effect and resulting in the
observed chemical shift (29). The N-H--F hydrogen bonds between
TFBZ and FA" can effectively suppress the formation of cation va-
cancies, thereby enhancing the stability of perovskite films.

Modulation of WBG perovskite crystallization

The interaction between additives and perovskite has the potential
to affect the crystallization process of the perovskite (30). To evalu-
ate the effect of BZD and TFBZ on the WBG perovskite crystallization,
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Fig. 1. Molecular structures of additives and their interaction with perovskite. (A) Molecular structures of BZD and TFBZ. (B) Density functional theory (DFT) calcula-
tions of the adsorption energies between the FAl termination and BZD/TFBZ molecules. (C) DFT calculations of the adsorption energies between the Pbl, termination and
BZD/TFBZ molecules. (D) Partial enlarged view of the Fourier transform infrared (FTIR) spectra for TFBZ and BZD, as well as their mixtures with perovskite. (E) Partial en-
larged view of 'H nuclear magnetic resonance (NMR) spectra for BZD, TFBZ, and their mixtures with FAI and Pbl, in DMSO-ds solvent. (F) X-ray photoelectron spectros-
copy (XPS) spectra of Pb 4f and | 3d for perovskite films with and without TFBZ/BZD addition. a.u., arbitrary unit.

in situ ultraviolet-visible (UV-Vis) transmission and in situ photolu-
minescence (PL) measurements were conducted (fig. S5). The in situ
UV-vis spectra reveal three distinct stages of perovskite film forma-
tion: (I) a liquid stage with negligible absorbance, (II) a nucleation
and crystal growth stage with intensifying absorbance, (III) a solid-
film stage with stabilized absorbance (31). Compared with the con-
trol and BZD-based (denoted as w/BZD) perovskite films, the
TFBZ-based (denoted as w/TFBZ) perovskite film exhibited a pro-
longed nucleation and crystallization process after chlorobenzene
(CB) antisolvent dripping (Fig. 2A). The crystallization time was
quantified by monitoring the time-dependent PL intensity at 740 nm
(photon energy of 1.67 eV). The PL intensity maxima for the con-
trol, w/BZD, and w/TFBZ films were observed at 28.98, 31.47, and
38.71 s after antisolvent dripping, respectively, corresponding to
their respective crystallization completion times (fig. S6). This
crystallization-modulating effect was also observed during the

Jiaetal, Sci. Adv. 11, eadv4501 (2025) 17 September 2025

annealing process. Time-dependent UV-vis transmittance analysis
at 600 nm revealed that the w/TFBZ film required 27.41 s to com-
plete crystallization, which was longer than both the control film
(19.54 s) and the w/BZD film (20.63 s) (fig. S7). This may be attrib-
uted to the strong hydrogen bonding between TFBZ and FA*, which
inhibits the direct reaction of Pbl, and PbBr, with organic ammo-
nium salts, thus retarding the perovskite crystallization rate (5).

To further investigate the role of TFBZ in the perovskite film for-
mation process, the wet films were characterized by x-ray diffraction
(XRD) before annealing. As shown in fig. S8, the control wet film
shows distinct peaks of nonphotoactive 8-phase and intermediate
phases, which may result in nonuniform grain formation and a
rough surface, thereby reducing the efficiency of PSCs (32). In com-
parison, the a-phase signal in the w/TFBZ wet film is stronger, with
almost no d-phase detected, indicating that the TFBZ additive can
effectively reduce the residual 5-phase and enhance the phase purity
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Fig. 2. Effect of additives on the nucleation, crystallization, and morphology of perovskite films. (A) 2D contour maps of in situ UV-vis transmission spectra for the
control, w/BZD, and w/TFBZ during spin coating. (B) Top-view scanning electron microscopy (SEM) images of control, w/BZD, and w/TFBZ perovskite films. The insets show
the grain size distributions. (C) Cross-sectional SEM images of control, w/BZD, and w/TFBZ perovskite films. (D) Schematic illustration of the crystallization processes in
control and TFBZ-modified perovskite films. a.u., arbitrary unit.
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of the final film. The XRD results of the annealed perovskite films
reveal less residual crystalline Pbl, phase in the w/TFBZ film (fig. S9),
indicating enhanced conversion efficiency of Pbl, during perovskite
crystallization. Besides, w/TFBZ film exhibits a smaller full width at
half maximum for the (100) peak (0.107°) compared to the control
film (0.154°) and w/BZD film (0.136°), indicating the larger grain
sizes of the w/TFBZ film (table S2). Figure S10 presents the two-
dimensional (2D) grazing-incidence wide-angle x-ray scattering
(GIWAXS) data and the corresponding 1D out-of-plane radial cake
cut profiles of the perovskite films. The strongest isotropic ring lo-
cated at ~10 nm ™" corresponds to the (100) crystallographic plane of
the perovskite structure, while the faint out-of-plane diffraction arc
in the low-g region around 9 nm™" is associated with Pbl,. Com-
pared to the control and w/BZD films, the w/TFBZ film exhibits a
stronger intensity of the (100) peak, indicating that the TFBZ addi-
tive enhances the crystallinity of the perovskite, thereby facilitating
charge carrier transport. Moreover, the attenuated PbI, characteris-
tic scattering signal in the w/TFBZ film, consistent with XRD observa-
tions, suggests reduced carrier recombination at grain boundaries.

The morphology of the control, w/BZD, and w/TFBZ perovskite
films was investigated using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). As shown in Fig. 2B, distinct
white Pbl, phases were observed in the control and w/BZD films,
likely due to incomplete precursor conversion during rapid crystalliza-
tion. Residual Pbl, on the surface can act as nonradiative recombina-
tion centers and accelerate moisture-induced degradation, ultimately
impairing device efficiency and stability (33). In contrast, the w/TFBZ
perovskite film exhibited enlarged, uniformly distributed grains and
the disappearance of the Pbl, phase. The formation of large-sized
grains can be attributed to TFBZ-induced retardation of crystalliza-
tion kinetics, which reduces instantaneous nucleation density and
crystallization rate, thereby favoring lateral grain expansion and co-
alescence (34). Energy-dispersive x-ray spectroscopy analysis shows
that TFBZ is primarily distributed at the grain boundaries (fig. S11).
This distribution correlates with the suppression of Pbl, formation
at these sites, likely resulting from coordination between TFBZ’s
carbonyl group and undercoordinated Pb** ions, which inhibits
Pbl, precipitation. Cross-sectional SEM images revealed that the
control and w/BZD perovskite films consisted of granular crystals
stacked together, whereas the w/TFBZ perovskite film displayed
vertically aligned through-growth grains (Fig. 2C). This indicates
that TFBZ effectively improves the quality of the perovskite film.
The reduced grain boundaries and vertically grown grains facilitate
the transport of photogenerated charge carriers. UV-vis spectros-
copy analysis shows a slight increase in the absorption intensity of
the w/TFBZ film, possibly due to more uniform crystal growth and
improved film quality (fig. S12). AFM images reveal distinct varia-
tions in film roughness, with the root-mean-square roughness val-
ues of the control, w/BZD, and w/TFBZ films being 30.5, 26.6, and
22.2 nm, respectively (fig. S13). The reduced surface roughness indi-
cates decreased nonradiative recombination sites at the interface.
The smoother surface also facilitates better contact between the
perovskite layer and electron transport layer, promoting charge ex-
traction and efficiency collection. On the basis of the above results,
we speculate that the incorporation of TFBZ additive can delay crys-
tallization through hydrogen bonding interactions and suppress
the formation of nonphotoactive 8-phase and residual Pbl,, thereby
improving the quality of the perovskite layer. The crystallization-
modulating effect of the TFBZ is illustrated in Fig. 2D.

Jiaetal, Sci. Adv. 11, eadv4501 (2025) 17 September 2025

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS)
analysis reveals a gradual increase in F~ signal intensity from the top
surface to the bottom interface in the perovskite film (fig. S14), as
the large molecular size TFBZ was driven downward during the top-
down crystallization process of the perovskite (13). The graded dis-
tribution of TFBZ enables optimal passivation at the buried interface
where defects are most deleterious. To investigate the effect of addi-
tives on the buried interface, we peeled off the perovskite films from
the substrates (fig. S15). SEM images reveal that the w/TFBZ film
exhibits a smoother bottom surface, larger grain size, and less re-
sidual Pbl, (fig. S16), which can collectively lower interfacial resis-
tance and improve charge collection.

Reduction of trap density in WBG perovskite films

Transient absorption (TA) spectroscopy was used to investigate the
excited-state carrier dynamics in control, BZD-based, and TFBZ-
based perovskite films, with a temporal resolution spanning from
0.1 to 1000 ps. All films exhibited a photobleaching (PB) peak at
730 nm (Fig. 3A). Notably, the w/TFBZ film demonstrated excellent
spectral stability, exhibiting negligible PB peak shift within the
1000-ps timeframe, indicating its uniform composition and homo-
geneous photogenerated carriers (35). Furthermore, both the con-
trol and w/BZD film show substantial PB signal decay, demonstrating
fast recombination of photogenerated carriers at the PB position.
The PB signal of the w/TFBZ film remains stable, indicating that
FBZ effectively passivates defect states in the perovskite film, thereby
suppressing nonradiative recombination and extending charge car-
rier lifetimes. Subsequently, the carrier diffusion and recombination
process on the surfaces (~20 nm) of all three perovskite films is studied
by performing TA spectroscopy in reflection geometry [i.e., transient
reflection (TR) measurements]. The dynamics of surface carriers are
predominantly influenced by two processes: surface recombination
and diffusion into the bulk. This method facilitates the simultaneous
quantification of two crucial parameters, the diffusion coefficient
(D) and surface recombination velocity (S), by modeling the distinct
surface carrier kinetics through a comprehensive fitting procedure.
In this study, we used a 1D diffusion equation, incorporating the
initial and boundary conditions specific to thin films

ONwt) _ O°N@, ) Nt
ot 0x? Tg

(1)

N, 1) |,z = Npe™™ (2)

ON(x,t)
ot x=0

ON(x,t)

S
= —=N(0,1)
D ot x=Lpg

~2N (Lo ) (3)

In the given equation, N represents the carrier concentration, D
denotes the diffusion coefficient, Ty signifies the bulk carrier life-
time, Ny is the initial surface carrier concentration, a is the absorp-
tion coefficient at the chosen photon energy, Lpc indicates the thickness
of the film, and S stands for the surface recombination velocity. The
carrier recombination can be considered negligible on a 7-ns times-
cale; therefore, the second term in Eq. 1 is disregarded. By selecting
varying pump photon energies, the absorption coefficient « in the
initial condition equation (Eq. 2) is changed. A higher pump photon
energy induces a larger gradient of the initial photocarrier density,
and the TR dynamics decay faster. Three different pump wavelengths
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Fig. 3. Carrier dynamics and nonradiative recombination of WBG perovskite thin films. (A) The pseudocolor representation of TA spectral evolution for the control,
w/BZD, and w/TFBZ perovskite films. (B) Normalized surface carrier kinetics of the control, w/BZD, and w/TFBZ perovskite films photoexcited at the indicated wave-
length (solid traces are nonlinear least-squares global best-fit curves). (C) Time-resolved microwave conductivity (TRMC) decays of the control, w/BZD, and w/TFBZ
perovskite films. (D) Charge carrier mobilities of the control, w/BZD, and w/TFBZ perovskite films. (E) TRPL spectra of the control, w/BZD, and w/TFBZ perovskite films.

a.u., arbitrary unit.

are used; the best-fit curves successfully reproduce the TR kinetics
in all three perovskite films, as shown by the solid lines in Fig. 3B.
The parameters are listed in table S3; the control film exhibits a D of
1.03x 10> m?*s™" and an S of 12.20 ms™". After adding BZD, D in-
creases to 4.36 X 107> m”s™", and S decreases to 7.51 ms™", indicat-
ing improved charge transport and reduced surface recombination.
D increases to 7.18 X 107> m” s™!, and S decreases to 2.92 ms™" for
the w/TFBZ perovskite film, showing the highest diffusion efficien-
cy and the lowest recombination rate among the three films.

The dynamics of photogenerated carrier migration and recombi-
nation in the perovskite films were characterized using time-resolved
microwave conductivity (TRMC) (Fig. 3, C and D). The carrier dif-
fusion lengths (Lp) of perovskite films for the control, w/BZD, and
w/TFBZ are 6.96, 7.12, and 7.70 pm, respectively, while their corre-
sponding carrier mobilities are 17.51, 19.22, and 21.23 cm* V™' 57!
(table S4). Compared to the control film and w/BZD film, the w/TFBZ

Jiaetal, Sci. Adv. 11, eadv4501 (2025) 17 September 2025

film exhibits prolonged carrier lifetime and enhanced carrier mobility,
indicating that TFBZ effectively suppresses nonradiative recombi-
nation of photogenerated carriers in the perovskite film. Time-resolved
PL (TRPL) and steady-state PL measurements were performed at
both the top and bottom surfaces to further investigate the recombi-
nation dynamics. The TRPL results for the top surface reveal re-
duced nonradiative recombination in the TFBZ-based perovskite
film, with the carrier lifetime of w/TFBZ film (1.58 ps) being much
higher than that of w/BZD film (1.21 ps) and the control film (0.83 ps)
(Fig. 3E and table S5). Furthermore, the TFBZ-based perovskite ex-
hibited a substantially prolonged carrier lifetime at the bottom in-
terface (fig. S17), confirming the effective suppression of trap states
by TFBZ at the buried interface. The w/TFBZ film also demonstrated
stronger PL emission intensity at both the top and bottom surfaces
compared to the control and w/BZD films (fig. S18). All these results
indicate lower trap density and inhibited nonradiative recombination
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in the w/TFBZ perovskite film (36). PL quantum yield (PLQY) mea-
surements were performed to quantify the nonradiative recombina-
tion losses in the perovskite films. The w/TFBZ film exhibits a higher
PLQY (2.021%) compared to the control film (0.661%) and w/BZD
film (1.273%) (fig. S19), demonstrating the superior capability of
TFBZ in suppressing defect-assisted nonradiative recombination. This
enhancement is likely attributed to the improved crystallinity of the
perovskite film (37). The trap densities of electron-only devices [indium
tin oxide (ITO)/Cgo/perovskites/Cgo/silver (Ag)] and hole-only devices
{ITO/[4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-
4PACz)/perovskites/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)/Ag} were evaluated using space-charge limited current mea-
surements (fig. S20). The trap density (N;) was determined from the
trap-filled limit voltage (Vrpr). Compared to the control film, both
electron-only and hole-only devices based on BZD and TFBZ exhibit
lower trap densities, with the TFBZ-based film showing the lowest
trap density. The reduced trap density is attributed to the suppres-
sion of iodine and cation vacancies in the perovskite lattice.

Stability of the WBG perovskite films

To evaluate the effectiveness of our strategy on the photostability of
perovskite films, time-dependent PL measurements were performed
under continuous illumination. The PL spectrum peaks of the con-
trol and w/BZD film exhibit a distinct red shift (Fig. 4A), indicating
halide phase segregation. In contrast, the w/TFBZ film shows a neg-
ligible PL peak shift, indicating suppressed light-induced phase seg-
regation. To further verify this, ion migration energy (E,) was studied
using the temperature-dependent conductivity measurement. The
ion migration energy is obtained based on the Nernst-Einstein relation:

o(T) = %"exp( — kiaT ), where o(T) is the conductivity, T denotes the

temperature, 6y is a constant, kg is the Boltzmann constant, ¢ is
ionic conductivity, and E, is the ion migration activation energy
(38). The E, values calculated from the slope of the fitted line at rela-
tively high temperatures for the control, w/BZD, and w/TFBZ films
are 0.211, 0.271, and 0.371 eV, respectively (Fig. 4B). The higher E,
of the w/TFBZ film indicates suppressed halide migration, which is
attributed to the reduction of halogen ion vacancies in the perovskite
lattice, thereby decreasing the pathways for ion migration (39).

Additionally, the effect of the TFBZ additive on the humidity sta-
bility of WBG perovskite films was evaluated. Figure 4C shows the
evolution of photographs of the WBG perovskite films at 25°C and
under a relative humidity (RH) of 85%. The control film starts yel-
lowing at 240 hours. In contrast, the black phases of the w/BZD and
w/TFBZ perovskite films show prolonged durability. The w/BZD
perovskite film turns yellow within 360 hours, while the w/TFBZ
film maintains its black phase for more than 720 hours. The results
demonstrate that the TFBZ additive enhances the humidity stability
of perovskite films, owing to the hydrophobic nature of its fluorine
substituents, as confirmed by water contact angle measurements
(Fig. 4D).

Photovoltaic performance of WBG PSCs and

all-perovskite TSCs

We then fabricated 1.67-eV inverted MA-free WBG PSCs on the basis
of the following device structure: ITO/nickel oxide (NiO,)/Me-4PACz/
CSO_15FA0,85Pb(10,77Br0,23)3/lithium fluoride (LiF)/Ca)/bﬁthOCllPI’OiHG
(BCP)/Ag. Figure 5A shows the corresponding cross-sectional SEM
image of the PSC. Compared with the control device, both the BZD

Jiaetal, Sci. Adv. 11, eadv4501 (2025) 17 September 2025

and TFBZ additives improve the performance of PSCs (Fig. 5B). Cham-
pion device using TFBZ additive achieves a PCE of 22.78%, with a Voc
of 1.27 V, a fill factor (FF) of 84.52%, and a short-circuit current den-
sity (Jsc) of 21.21 mA cm ™2 (Table 1). In contrast, the efficiencies of the
control and w/BZD WBG PSCs are 19.26 and 21.17%, with the V¢ of
1.22 and 1.25V, FF of 78.39 and 81.74%, and Jsc of 20.09 and 20.74 mA
cm™?, respectively. The optimal molar concentrations of BZD and TFBZ
additives are 0.1 and 0.12%, respectively (fig. S21 and tables S6 and S7).
Besides, the w/TFBZ PSC has a higher external quantum efficiency
(EQE) value (fig. S22), with its integrated Jsc increasing from 20.02 to
20.80 mA cm . The photovoltaic (PV) parameter statistics of the con-
trol, w/BZD, and w/TFBZ devices further confirm the effectiveness of
TFBZ in improving the performance of WBG PSCs (Fig. 5C and
fig. S23).

To gain more insights into the improved performance of the w/
TFBZ PSCs, a series of characterizations was performed. To quanti-
tatively analyze the impact of the TFBZ additive on the V¢ loss of
devices, electroluminescence EQE (EQEg;) was characterized by oper-
ating PSCs as light-emitting diodes. The voltage loss AV; caused by
nonradiative recombination can be calculated using highly sensitive
EQE (40). The EL intensity of the TFBZ-based device is twice that of
the control, and AV3 decreases from 0.116 to 0.086 V (fig. S24 and
table S8). These results demonstrate that TFBZ effectively suppress-
es nonradiative recombination in the perovskite layer, leading to a
higher Vo in the corresponding device.

To study the charge transport in PSCs, electrochemical imped-
ance spectroscopy (EIS) was performed. The semicircle observed at
low frequencies represents the complex resistance (Ry.) at the inter-
face between the perovskite and transport layer (41). Compared
with the control device and w/BZD device, the w/TFBZ device has a
higher Ry, indicating its superior carrier extraction capacity (fig. S25
and table S9). The built-in potential (V},;) of the devices was deter-
mined from Mott-Schottky (MS) measurements at 10 kHz. The w/
TFBZ device exhibited a higher Vi; (1.08 V) compared to the con-
trol (1.0 V) and w/BZD (1.03 V) devices (fig. S25). This enhanced
Vii provides a stronger driving force for charge separation, consis-
tent with the observed increase in V. The current density of the w/
TFBZ device under dark conditions is more than one order of mag-
nitude lower than that of the control device and w/BZD device
(fig. S26). This indicates that a higher number of photogenerated
carriers traverse through the device, rather than being directly
shunted along defect-assisted channels. To further investigate charge
carrier recombination, we analyzed the light intensity-dependent
Voc measurements to determine the ideality factor (1) of the PSCs
(10). Compared to the control device and w/BZD device, the ideal
factor of the w/TFBZ device is notably closer to 1 (fig. S27), indicat-
ing suppressed trap-assisted recombination (42). These results are
consistent with the current density-voltage (J-V) characteristics,
further confirming the improved charge transport and reduced de-
fect density in the w/TFBZ film.

The characteristics of carrier transmission and extraction dy-
namics were further studied by measuring transient photovoltage
(TPV) and transient photocurrent (TPC) (43). The TFBZ-based de-
vice exhibits slower voltage decay and faster current decay (fig. S28),
indicating suppressed charge recombination and improved charge
transport, thereby leading to improved Voc and FE UV photoelec-
tron spectroscopy (UPS) reveals that the Fermi level of the control
film, w/BZD film, and w/TFBZ film is -4.22, -4.08, and -4.21 eV, re-
spectively (fig. S29). The upward shift of the Fermi level facilitates
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Fig. 4. Stability of WBG perovskite thin films. (A) PL spectra of the control, w/BZD, and w/TFBZ perovskite films under continuous illumination for different times.
(B) lon migration activation energy of the control, w/BZD, and w/TFBZ perovskite films. (C) The evolution of photographs of the WBG perovskite films stored at 25°C and
under 85% relative humidity (RH). (D) Water contact angles of the control, w/BZD, and w/TFBZ perovskite films. h, hours. a.u., arbitrary unit.

band bending, enhances charge carrier extraction, and further sup-
presses charge recombination at the interface (44). Thus, the reduc-
tion of traps at the interface and a better energy alignment may be the
reasons behind the improved performance of w/TFBZ WBG PSCs.
When operating at the maximum power point (MPP), the stable
power output (SPO) efficiencies reach 20.02, 21.15, and 21.61% for
the control, BZD-based, and TFBZ-based devices, respectively, demon-
strating the superior photostability of TFBZ-based devices (fig. S30).
The operational stability of the encapsulated devices was further
evaluated through MPP tracking under continuous simulated light
illumination (100 mW cm™2). After 800 hours of illumination, the
w/TFBZ device still maintained 80% of its initial efficiency (Fig. 5D),

Jiaetal, Sci. Adv. 11, eadv4501 (2025) 17 September 2025

whereas the w/BZD and control devices dropped to 65 and 50%. The
improved operational stability can be attributed to the synergistic
effect of TFBZ in simultaneously enhancing crystallinity and pas-
sivating defects, which effectively suppresses light-induced phase
segregation and inhibits interfacial nonradiative recombination in
PSCs. Moreover, the w/TFBZ device exhibited better air stability
than the control and w/BZD devices. After being stored in the air for
2400 hours, the w/TFBZ device still maintained over 85% of its ini-
tial efficiency (Fig. 5E). The improved air stability can be attributed
to the enhanced hydrophobicity and reduced defect density of the
w/TFBZ film, which effectively suppresses the phase segregation un-
der moisture and oxygen exposure.

8of 14

G20z ‘TT Jequeda uo A1seAIuN 21uyasiAjod Buoy BuoH e Hio'aous s mmmy/:sdny wodj papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
20 -
Ag e D
e s
LiF/C¢,/BCP 215_ 3
E
. 2
1.67-eV perovskite 2 — — Control, forward
%10 T —— Control, reverse
. = - - w/BZD, forward
NiO,/Me-4PACz 2 —— w/BZD, reverse
ITO 3 51 - - W/TFBZ, forward
—— W/TFBZ, reverse
1 um
I
O T T T T T T 18 T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 Control w/BZD w/TFBZ
Voltage (V)
D E
1.0 1.0+
0.8
w
3] bt & 0.8-
o T a
06+ B
- g
= Tg 0.6 4
E 04/ £ 20°+ 5°C, 25 + 5% RH
z —a— Control MPP tracking under AM 1.5G illumination. z —=a— Control Unencapsulated devices.
—o— w/BZD Encapsulated devices operating in ambient conditions. 044 —o—w/BZD
029~ wrTFBZ —o— W/TFBZ
0.0 T T T 0.2 T T T T T
0 200 400 600 800 0 400 800 1200 1600 2000 2400
Time (h) Time (h)
F G 18 H
301
—~ x %
& .
g 28 x M This work
12 W
<
£ .26 *
> X *
= —o— Control, forward o o
c 24 4 *
S —a— Control, reverse O
o —o— w/TFBZ, forward a *
g 6 —o— W/TFBZ, reverse 22
3 *
204 & MA-free all-perovskite TSCs
% All-perovskite TSCs contain MA
S4800 5.0 kV 8.9 mm x40.0k SE(M) 0 T T T T T 18 T T T T T
0.0 0.4 0.8 1.2 1.6 2.0 1.7 1.8 1.9 2.0 21 22 23
Voltage (V) Voc (V)

Fig. 5. Structure and performance of MA-free WBG perovskite and all-perovskite tandem devices. (A) Cross-sectional SEM image of the 1.67-eV PSC device with the
following structure: ITO/NiO,/Me-4PACz/perovskite/LiF/Ceo/BCP/Ag. (B) J-V curves of the best-performing devices for control, w/BZD, and w/TFBZ. (C) Statistical box plot
of PCEs. (D) MPP test performed under a xenon lamp without filters at 1 sun for the encapsulated control, w/BZD, and w/TFBZ devices. (E) Ambient stability test performed
under 25° + 5°C and 20 + 5% RH for the unencapsulated control, w/BZD, and w/TFBZ devices. (F) Cross-sectional SEM image of the MA-free all-perovskite tandem device.
TRJ, tunnel recombination junction. (G) J-V curves of the best-performing all-perovskite tandem devices without and with TFBZ. (H) Comparison of PCE and V¢ of the
champion device achieved in this work with reported high-performance all-perovskite tandem devices (source data are from tables S12 and S13).

Table 1. Photovoltaic parameters of the 1.67-eV WBG PSCs shown in Fig. 5B. The devices were measured with an active area of 0.09 cm? under 1-sun

illumination.

Device Scan direction Voc (V) Jsc (mA cm?) FF (%) PCE (%)

Control Reverse 1.22 20.09 78.39 19.26
Forward 1.22 20.46 77.44 19.40

w/BZD Reverse 1.25 20.74 81.74 21.17
Forward 1.25 20.92 80.91 21.12

w/TFBZ Reverse 1.27 21.21 84.52 22.78
Forward 1.27 21.22 84.51 22.78

Jiaetal, Sci. Adv. 11, eadv4501 (2025)
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Encouraged by the improved efficiency and stability of the 1.67-eV
MA-free WBG PSCs, 1.79-eV MA-free WBG PSCs were fabricated
by using TFBZ as an additive, and the device structure is ITO/NiOy/
Me-4PACZ/CSOA2FA0A3Pb(IoﬁBroA)3/LiF/C50/BCP/Ag. As shown in ﬁg
S31 and table S10, the best-performing TFBZ-based device achieved
a champion PCE of 20.21%, surpassing the control device (18.07%).
Compared to those PSCs with a bandgap of ~1.79 eV that have been
reported, our device exhibits the highest PCE (table S11). The EQE
spectrum (fig. S31) reveals an enhanced integrated current density,
increasing from 16.96 to 17.45 mA cm™2 Furthermore, statistical
analysis of the PCE distribution (fig. S31) confirms that the TFBZ
additive effectively enhanced the photovoltaic performance of the
1.79-eV WBG PSCs.

By integrating the above 1.79-eV MA-free WBG perovskite with
an MA-free Cs25FA 75Pbg 5Sng 513 NBG perovskite (~1.25 eV), we fab-
ricated monolithic MA-free all-perovskite TSCs. The cross-sectional
SEM image of the all-perovskite TSC is shown in Fig. 5F. As shown
in Fig. 5G and Table 2, the PCE of the all-perovskite TSC was im-
proved from 26.77 to 29.01% with the addition of TFBZ in the WBG
perovskite. One such MA-free all-perovskite TSC was certified in a
third-party organization and achieved a certified efficiency of 28.52%
(fig. S$32). This is the highest reported PCE value among MA-free
all-perovskite TSCs (Fig. 5H and tables S12 and S13). The EQE is
shown in fig. $33. The corresponding SPO is 25.90% for the control
device and 28.93% for the TFBZ-based device (fig. S34), which closely
aligns with the PCE obtained from J-V measurements. The evolu-
tion of PCEs of the unencapsulated all-perovskite tandem devices
was measured under N, conditions to determine the impact of TFBZ.
After 800 hours of continuous illumination, the w/TFBZ device ex-
hibited no more than 20% loss in PCE, while the PCE of the control
device dropped to half of its initial value after 400 hours (fig. S34).

DISCUSSION

In summary, to address the critical challenges of poor crystallinity
and high defect densities in MA-free WBG PSCs, we introduced a
well-designed multifunctional additive, TFBZ. The fluorine atoms
in TFBZ play an important role in enhancing the chemical bonding
between the perovskite defect site and the formamide group in TFBZ,
which exhibits a stronger passivation effect than BZD. Fluorine at-
oms also function as hydrogen bond acceptors and interact with FAI
to form N-H---F hydrogen bonds, which retards the crystallization
rate of the perovskites. The synergistic effect of fluorine atoms and
the formamide group in TFBZ generates high-quality perovskite
films with large grain sizes and low defect density. This method demon-
strates broad applicability to MA-free WBG PSCs with bandgaps of
both 1.67 and 1.79 eV. The resulting devices achieved remarkable

PCEs of 22.78 and 20.21%, respectively, while simultaneously exhib-
iting enhanced operational stability. Even more impressively, by com-
bining the efficient 1.79-eV MA-free WBG perovskite with a 1.25-eV
MA-free NBG perovskite, we achieved an MA-free two-terminal
all-perovskite tandem device with an encouraging PCE of 29.01%.
Overall, these findings underscore the efficacy of our approach in
strategically designing the functional groups in additives to enhance
the chemical interactions. This approach simultaneously enhances
crystallinity and reduces defect densities in MA-free WBG perovskite
films, ultimately enabling high-performance single-junction MA-free
WBG PSCs and all-perovskite TSCs with improved efficiency and
long-term operational stability.

MATERIALS AND METHODS

Materials

Anhydrous solvents including N,N-dimethylformamide (DMF;
99.8%), dimethyl sulfoxide (DMSO; 99.9%), CB (99.8%), ethanol
(99.5%), isopropyl alcohol (IPA; 99.5%) were all purchased from
Sigma-Aldrich. Lead thiocyanate [Pb(SCN),; 99.5%] was purchased
from Sigma-Aldrich. FAI (99.99%) was purchased from Greatcell
Solar Materials. Lead iodide (Pbly; 99.99%), tin iodide(IT) (Snl,,
97%), tin fluoride(II) (SnFy; 98%), and Me-4PACz (99.0%) were
purchased from Tokyo Chemical Industry Co. Ltd. cesium iodide
(CsI; 99.999%), formamidinium Br (FABr; 99.9%), lead bromide
(PbBr3; 99.99%), octylammonium bromide (OABr; 99.5%), and
phenethylammonium bromide (PEABr; 99.5%) were purchased
from Xian Yuri Solar Co. Ltd. NiO, was purchased from Advanced
Election Technology Co. Ltd. Poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS; CLEVIOS PVP AI 4083) was
purchased from Heraeus LLC. TFBZ was purchased from MedBio.
BZD was purchased from Aladdin. For evaporating materials, LiF
(99.99%) was purchased from Sigma-Aldrich. C¢y and BCP were
purchased from Xian Yuri Solar Co. Ltd. All chemicals were used
directly as received.

Preparation of perovskite precursor solutions

Perovskite precursor solution at 1.5 M was prepared by mixing
58.46 mg of Csl, 159.96 mg of FAI, 43.13 mg of FABr, 126.62 mg of
PbBr;, 532.47 mg of Pbl, in 1 ml of mixture solvent (DMSO:DMF =
1:4 v/v) with a chemical formula of Csg ;5FA(gsPb(Ig77Brg23)3 to
form a 1.67-eV perovskite. Perovskite precursor solution at 1.2 M was
prepared by mixing 62.35 mg of CsI, 60 mg of FABr, 82.55 mg of FAI,
176.16 mg of PbBry, 331.92 mg of Pbl,, and 4.85 mg of Pb(SCN),
in 1 ml of mixture solvent (DMSO:DMF = 1:3 v/v) with a chemical
formula of Csg2FAsPb(IpeBro4)s to form a 1.79-eV perovskite. To
minimize defects in perovskite film, 0.12 mol % of TFBZ or 0.1 mol % of

Table 2. Photovoltaic parameters of the all-perovskite TSCs shown in Fig. 5G. The devices were measured with an active area of 0.09 cm? under 1-sun

illumination.

Device Scan direction

Jsc (mAcm™?) FF (%) PCE (%)

Control Reverse

Forward

Jiaetal, Sci. Adv. 11, eadv4501 (2025) 17 September 2025
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BZD was added to the two WBG perovskite precursor solutions. As
for NBG perovskite films, 2.0 M Csg25FA 75Pbg 5Sng 513 precursor
solution was prepared by dissolving 129.90 mg of CsI, 257.96 mg
of FAL, 461.01 mg of Pbl,, 372.52 mg of Snl, and 15.67 mg of SnF,
in 1 ml of mixture solvent (DMSO:DMF = 1:4 v/v). The precursor
solution was then stirred at room temperature for 2 hours. All pre-
cursors were filtered with 0.22-pm PTFE filters before use.

Device fabrication of 1.67-eV WBG PSCs

The prepatterned ITO substrates were cleaned in an ultrasonic cleaner
with acetone and IPA for 15 min, respectively. The ITO substrates were
treated with UV ozone for 15 min. The NiO, nanoparticles (20 mg
ml™) dispersed in deionized water were spin coated onto the ITO sub-
strate at 4000 rpm for 30 s and then annealed at 120°C for 10 min in
ambient air. After that, Me-4PACz (0.5 mg ml™) was spin coated on the
ITO/NiOy at 3000 rpm for 30 s and then annealed at 100°C for 10 min
in an N,-filled glove box. The preprepared Csy 15FA(s5Pb(Io77Bro.23)3
solution was spin coated on the substrates at 1000 rpm for 10 s and
then at 5000 rpm for 30 s. CB (200 pl) was dripped onto the center
of the wet film 15 s before the end of the spin-coating process. The
perovskite films were immediately annealed at 100°C for 10 min on
a hot plate. After cooling down to room temperature, 30 pl of OABr
solution with a concentration of 1 mg ml™" dissolved in IPA was
dynamically spin coated on the perovskite film at 5000 rpm for 30 s
and then annealed at 100°C for 10 min. All the spin-coating pro-
cesses were conducted in an N,-filled glove box with a controlled
temperature of 18° to 24°C, and the water and oxygen levels should
be both controlled at less than 0.01 ppm. Last, 1-nm LiF at a rate of
0.02 A s7', 25-nm Cgp at a rate of 0.5 A s™', 7-nm BCP at a rate of
0.5 A s7!, and 100-nm Ag electrode at a rate of 1.0 A s™" were ther-
mally evaporated, respectively, under high vacuum (<4 x 107° torr).

Device fabrication of 1.79-eV WBG PSCs

The prepatterned ITO substrates were cleaned in an ultrasonic cleaner
with acetone and IPA for 15 min, respectively. The ITO substrates
were treated with UV ozone for 15 min. The NiO, nanoparticles (20 mg
ml™) dispersed in deionized water were spin coated onto the ITO sub-
strate at 4000 rpm for 30 s and then annealed at 120°C for 10 min in
ambient air. After that, Me-4PACz (0.5 mg ml™) was spin coated on the
ITO/NiOy at 3000 rpm for 30 s and then annealed at 100°C for 10 min
in an N,-filled glove box. The preprepared Cs,FAggPb(Ip¢Bro )3 so-
lution was spin coated at 500 rpm for 2 s and 4000 rpm for 60 s. CB
was dripped onto the center of the wet film at 35 s before the end of
spin coating. After that, the perovskite films were annealed at 65°C for
2 min, and 100°C for 10 min. After cooling down to room tempera-
ture, 30 pl of PEABr (2 mg ml™" in IPA) was applied to the perovskite
film and annealed at 100°C for 10 min. All the spin-coating processes
were conducted in an N,-filled glove box with a controlled tempera-
ture of 18° to 24°C, and the water and oxygen levels should be both
controlled at less than 0.01 ppm. The evaporation process is the same
as the fabrication of the 1.67-eV device mentioned above.

Device fabrication of monolithic all-perovskite TSCs

For the WBG front subcell, the NiOy, Me-4PACz, 1.79-eV bandgap
perovskite, PEABr, LiF, and Cgy were sequentially deposited in the
same procedure as the WBG PSCs. Then, the SnO, (30 nm)/Au
(1 nm) tunnel recombination junction was deposited sequentially
by the atomic layer deposition and thermal evaporation system onto
the WBG subcell. After that, PEDOT:PSS was spin coated on top of
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the WBG subcell with 4000 rpm for 30 s. Then, the substrates were
transferred onto a hot plate and annealed at 100°C for 20 min in air.
After the cooling, the substrate was transferred to an N,-filled glove
box to deposit the NBG perovskite subcell. The NBG perovskite pre-
cursor solution was spin coated on the WBG subcell at 5000 rpm for
80 s, during which 250 pl of CB was dripped onto the center of the
wet film at 55 s before the end of spin coating. After that, the perovskite
films were annealed at 120°C for 15 min. Then, 25-nm Cgj at a rate
of 0.5 A s™', 7-nm BCP at a rate of 0.5 A s™!, and 100-nm Ag elec-
trode at a rate of 1.0 A s™! were thermally evaporated, respectively,
under high vacuum (<4 X 107° torr).

Solar cell characterization and stability tests

J-V measurements were carried out using an Enli-Tech SS-X180R-
3A solar simulator with air mass 1.5G spectrum and light intensity
of 100 mW c¢m™? in the nitrogen glove box at ~25°C. The PSCs were
measured both in reverse and forward scan with a 10-mV interval
and 10-ms delay time. The steady-state power output curves were
recorded by tracing the current density at a bias (voltage at MPP).
The device area was defined and characterized as 0.119 cm” by a
metal shadow mask. During J-V measurement, an optical aperture
mask (9 mm?) was used to determine the cell area. The dark current
density of devices was measured by a Keithley 2450 source meter.
EQE measurements for PSCs were conducted by Enli-Tech QE-R
measuring instrument. For EQE measurement of tandem cells, the
WBG perovskite front subcells were measured with continuous light
from a halogen lamp with an 800-nm polarized optical filter, while
the NBG perovskite bottom subcells were measured with continu-
ous light from a halogen lamp with a 500-nm polarized optical filter.
For the MPP tracking test under illumination, we encapsulated the
cell area with AB glue and epoxy resin. We fixed the device at the
MPP voltage (Vi,pp) and recorded the change in current density at
~25°C and ~50% RH. The humidity stability and light stability of the
devices were tested by the structure of Glass/ITO/NiO,/Me-4PACz/
Perovskite/LiF/Cg0/SnO,/Ag. The long-term MPP tracking was car-
ried out on a multichannel solar cells stability test system from Wuhan
91PVKSolar Technology Co. Ltd., China.

TA and TR measurements

TA and TR measurements are conducted using a pump-probe spec-
trometer setup in transmission and reflection mode, respectively.
Initially, a Ti:sapphire amplifier generates a fundamental laser pulse
at 800 nm, operating at a repetition rate of 1 kHz. This fundamental
pulse is then split into two branches by a beam splitter. One branch
is directed toward an optical parametric amplifier to generate the pump
pulse spanning from 290 to 2600 nm. The pump pulse, modulated at
a frequency of 500 Hz, undergoes attenuation via neutral-density
filter wheels. Simultaneously, the other branch of the fundamental
pulse is focused into a sapphire crystal to produce a white-light con-
tinuum spanning from 350 to 1600 nm, used as the probe. Time
delays between the pump and probe pulses (up to 8 ns) are achieved
using a motorized translation stage with a retro-reflecting mirror.
The pump and probe beams are spatially overlapped on the sample
surface. In TA configuration both beams are incident on the sample
normally. In TR configuration, the probe beam incident angle is
fixed at 45°, while the pump beam is incident on the sample nor-
mally. The focused spot size at the sample position is ~200 pm for
the probe beam and 600 pm for the pump beam.
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In situ UV-vis and PL measurements

The in situ UV-vis tests were carried out using a QE65 Pro UV-vis
spectrometer (Ocean Optics). The sample was spin coated onto a
glass substrate evaporated with 100 nm of Ag. During testing, the
light from the tungsten light source passes through the optical fiber
and convex lens before illuminating the sample and then is reflected
by the Ag on the back of the glass onto the convex lens.

Other characterizations

The FTIR spectroscopy was measured by Nicolet 6700, with a wave-
length range of 4000 to 400 cm™'. The XPS and the UPS spectra
were tested by ESCALAB 250Xi, Thermo Fisher Scientific K-Alpha.
The SEM images were acquired using S-4800, HITACHI. The XRD
patterns were obtained using a Bruker ECO D8 series. GIWAXS
tests were performed by the GANESHA 300 XL SAXS system with
an x-ray photon energy of 8.05 keV. AFM images were obtained us-
ing Bruker Dimension Icon XR equipment. PL and TRPL spectra
were conducted by Micro Time 200 PicoQuant GmbH. For TRMC
measurement, a FieldFox Handheld Microwave Analyzer (Keysight,
N9915A) was applied as a microwave source and detector. UV-Vis
absorption spectra were measured by lambda 7508, PerkinElmer.
The EIS and MS plots were performed by using the electrochemical
workstation EC-lab (SP300) in the dark. PLQY was tested by Enli-Tech
with a 405-nm laser light source. The TOF-SIMS measurements were
conducted with a PHI nano TOF III. A Bi*™* beam (30 kV, 2 nA,
200 pm) with a raster size of 100 pm was used as the primary beam
to detect the samples, sputtering with an Ar* beam (2 kV, 100 nA,
400 pm by 400 pm).

Supplementary Materials
This PDF file includes:

Figs. S1to S34

Tables S1to S13
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