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Abstract

All-perovskite tandem solar cells are regarded as the next generation of
devices capable of enhancing the solar energy utilization rate. Unlike single-
junction perovskite solar cells (PSCs), the efficacy of tandem cells is contin-
gent upon the performance of both the top and bottom cells. In this study, we
employed a simultaneous co-modification strategy to incorporate phenyl-
ethylammonium iodide (PEAI) at both the top and bottom interfaces of the
perovskite film, aiming to boost the top cell's performance. Both experimental
and theoretical findings indicate that PEAI not only elevates the perovskite
film quality through chemical interactions but also mitigates nonradiative
recombination within the device. Consequently, the efficiency of the wide-
bandgap (1.77 eV) PSCs based on nickel oxide (NiO,) attained a level of
16.5%. Simultaneously, the all-perovskite tandem solar cells achieved an effi-
ciency of 26.81% and demonstrated superior stability.

KEYWORDS
all perovskite tandem solar cells, co-modification, nonradiative recombination, PEAI,
perovskite solar cells

achieved a certified power conversion efficiency (PCE)
exceeding 26%.> Moreover, all-perovskite tandem solar

Over the last decade, organic-inorganic hybrid perov-
skite materials have gained prominence in applications
such as solar cells, light-emitting diodes, and memory
devices, attributed to their superior light absorption
properties, extended carrier diffusion lengths, and robust
defect tolerance etc."? Among various developments,
single-junction perovskite solar cells (PSCs) have

cells, designed to enhance solar energy conversion effi-
ciency, have garnered significant interest.* ® These tan-
dem cells typically combine wide and narrow bandgap
PSCs. While recent advancements have seen narrow
bandgap PSCs reaching a PCE of 23.6%, wide bandgap
PSCs lag behind in achieving comparable efficiency
levels.” Thus, optimizing the performance of wide
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bandgap PSCs is crucial for harmonizing the efficiencies
of both solar cell types.

Nickel oxide (NiO,), serving as an inorganic hole
transport layer (HTL), is extensively utilized in PSCs
owing to its superior stability, high transparency, and
compatible energy levels.*'® However, significant non-
radiative recombination is observed at the NiO,/perov-
skite interface, prompting numerous studies aimed at
enhancing this interface. Many works have been reported
to improve the NiO,/perovskite (PVK) interface.'’** He
et al. implemented a molecular modification approach to
fabricate NiO,-based inverted PSCs with F6TCNNQ
modification. This modification substantially reduced the
energy offset between the NiO, and perovskite layers
from 0.18 to 0.04 eV, facilitating more efficient hole
extraction from the perovskite film to the NiO, HTL.
Consequently, the device incorporating FETCNNQ ach-
ieved a remarkable PCE of 20.86%.'" Similarly, Zhang
et al. introduced a bottom interface modification strategy,
ultimately achieving PSCs with an efficiency of 21.62% by
incorporating polyethylene oxide.'” Thus, enhancing the
NiO,/perovskite interface contact is crucial for further
improving device efficiency.

Furthermore, the PVK/Cq, interface exhibits a sig-
nificant amount of non-radiative recombination, which
adversely impacts the performance of the device. This
behavior is primarily attributed to the fact that the energy
levels presented in the perovskite and fullerene sides are
misaligned. Specifically, when there are mismatches be-
tween the conduction band of PVK and the LUMO level
of Cg, the charge carriers are trapped at these energy
levels. The trapped electrons recombine non-radiatively
rather than participate in the generation of electric cur-
rent, leading to the decline in efficiency."® Additionally,
the non-radiative recombination is indeed facilitated by
the presence of interface disorders. For instance, newly
formed dislocations and impurities create trap states that
help in the recombination process. Compounded by the
fact that many perovskites and Cgo are morphologically
incompatible hence making the contact poor with
incomplete surface coverage at the top, the non-radiative
recombination is increased.'® Consequently, the various
approaches designed to improve the perovskite top
interface have been designed.'” These include improving
the deposition techniques to produce smoother and more
continuous Cg, layer that reduces the number of the
defects and improves energy level alignments. Such ap-
proaches seek to reduce the level of the interface traps as
well a morphological compatibility between the PVK and
Ceo layers thus mitigates some of the non-radiative
recombination hence improve the device.'® Zhang et al.
introduced a post-treatment method using tetra-n-
octadecyl ammonium bromide (TODB), which diverges

from prior approaches by utilizing long-chain molecules
for the modification of the perovskite top interface. This
method involves large cations adhering to the perovskite
surface for modification, TODB selectively passivating
defects at the interface owing to its ionic nature, and the
anticipation that ultralong alkyl chains will further refine
the interfacial properties of the perovskite films. As a
result, devices treated with TODB have achieved effi-
ciencies exceeding 20% alongside remarkable stability."®
Our previous research has also underscored the signifi-
cance of top interface modification in enhancing the
quality of perovskite films and reducing nonradiative
recombination in devices.'”*' By deploying suitable
materials for top interface modification, we have notably
advanced the performance and durability of the devices.
As we all know, due to the particularity of perovskite
materials, the properties, and defects of perovskite films
with different element ratios and different band gaps are
completely different. This is why many modified mate-
rials that have been proven to be effective, when replac-
ing the perovskite composition, showed completely
different results. On the other hand, collaborative modi-
fication is also a big challenge. There are few works
reporting collaborative strategies to improve device per-
formance. This is mainly due to the fact that when trying
to change the substrate for perovskite film deposition, the
quality, defects, and energy bands of the film will all
change. Therefore, we advocate for a comprehensive
double-sided passivation approach by applying phenyl-
ethyl ammonium iodide (PEAI) at both the top and bot-
tom wide-bandgap perovskite interfaces. Through both
theoretical analysis and experimental validation, we have
demonstrated the intricate chemical interactions between
PEAI, the perovskite material, and NiO,. These in-
teractions significantly enhance the perovskite film's
quality, leading to a reduction in bulk nonradiative
recombination and stronger interface cohesion. More-
over, the diminution of interface defects contributes to a
decrease in non-radiative recombination at the interfaces.
Consequently, our approach facilitated single-junction
wide-bandgap PSCs to achieve a notable PCE of 16.5%,
alongside an enhancement in device stability. Addition-
ally, the PEAI-modified all-perovskite tandem solar cell
achieved an outstanding champion PCE of 26.81%.

2 | RESULTS AND DISCUSSION

In this study, the configuration of the top cell utilized was
ITO/NiO,/(PEAI)/PVK  (FAsCso.Pbl, ¢Br; ,)/(PEAI)/
Ceo/BCP/Ag, with the fabrication process illustrated in
Figure 1A. PEAI was introduced concurrently at the top
and bottom interfaces of the device. X-ray photoelectron
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FIGURE 1 (A) Schematic diagram of PEAI co-modification strategy. XPS spectra of the PEAI with (B) NiO,. Ni 2p and (C) perovskite
Pb 4f. The surfaces for the perovskite with the (D) I-defect, (E) Br-defect, and (F) perfect surface contact with the PEAIL (G) Defect (I-defect
and Br-defect) formation energy of the perovskite film with or without PEAI modification.
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spectroscopy (XPS) measurements confirmed the pres-
ence of PEAI on the NiO, surface. Notably, the I 3d signal
was absent on the bare ITO/NiO, interface but was
distinctly observed on the ITO/NiO,/PEAI interface,
indicating successful adsorption of PEAI on the NiO, film
(Figure Sla). Furthermore, XPS analyses revealed shifts
in the Ni 2p and O 1s signals upon PEAI application, as
shown in Figure 1B and Figure S1b, suggesting a robust
chemical interaction between NiO, and PEAI that en-
sures the stable adsorption of PEAI on the NiO, film,
resistant to displacement by subsequent perovskite solu-
tions. Additional XPS evidence of chemical interactions
between PEAI and the perovskite film was observed, as
presented in Figure 1C, with Pb 4f and I 3d signals
shifting toward lower binding energies post-PEAI modi-
fication (Figure S1c). Next, we used Fourier Transform
Infrared Spectroscopy to further reveal the chemical
interaction between NiO, and PEAL?** As shown in the
Figure S2, we tested the infrared signals of PEAI powder,
ITO/NiO,, and ITO/NiO,/PEAI respectively. The results
show that compared with ITO/NiO,, ITO/NiO,/PEAI has
many characteristic peaks of PEAI, which shows that
PEAI does exist on the NiO, film (it should be noted that
in the preparation procedure of ITO/NiO,/PEAI, we
finally used The DMF/DMSO mixed solvent rinsed the
surface and further annealed it), even after the mixed
solvent rinse. Then we compared the infrared signals of
ITO/NiO,/PEAI and PEAI powders and partially ampli-
fied them. As shown in the figure, 690 and 740 cm™~! are
usually attributed to the C-H bending vibration of aro-
matic rings, especially in benzene ring structures. The
vibration at 940 cm™' usually corresponds to the C-H
bending vibration, especially in benzene rings or other
types of cyclic hydrocarbons. The vibration at 1250 cm ™
usually corresponds to some type of C-N stretching vi-
bration.* This vibrational signature is due to the vibra-
tion of the chemical bond between carbon and nitrogen.
The infrared results show that there is a strong chemical
interaction between PEAI and NiO,, which is consistent
with the XPS results. In addition, we believe that it is
precisely because of these effects that the signal of PEAI
can still be detected even if the NiO,/PEAI surface is
rinsed with mixed solvents. These interactions are
anticipated to enhance the perovskite film's quality and
the device's overall performance.

The interaction between PEAI and perovskite was
further substantiated through density functional theory
(DFT) calculations. We investigated three distinct
perovskite surfaces: iodine-deficient (initial model S3a
and optimized model S3d), bromine-deficient (initial
model S3b and optimized model S3e), and defect-free
(initial model S3c and optimized model S3f). As shown
in Figure 1D-F, charge transfer analysis was utilized to

assess the interaction between PEAI and perovskite
across these surfaces, revealing significant charge
migration upon contact with PEAI. This indicates a
robust chemical interaction, anticipated to not only
passivate existing surface defects (iodine or bromine de-
ficiencies) but also enhance interface adhesion. It should
be noted that since DFT cannot distinguish between the
upper and lower interfaces, the results of DFT can not
only show that PEAI can effectively improve the interface
contact of the lower interface, but also improve the film
quality and interface contact of the upper interface. In
addition, the introduction of PEAI will also increase the
defect formation energy of the perovskite film. As shown
in Figure 1G, when perovskite is deposited on the PEAI
substrate, both I defects and Br defects show higher
defect formation energy. This means that more energy is
required to form these defects, and therefore, defects
during film formation can be effectively reduced. Unlike
mere defect passivation, completely blocking defect for-
mation (during film formation) can significantly improve
film quality (especially bulk quality). In summary, both
empirical and theoretical evidence confirms a significant
chemical interaction between PEAI and perovskite, and
underscoring its potential to enhance perovskite film
quality.

The chemical interaction between PEAI and the
perovskite film motivated us to further investigate its
impact on film quality. UV-Vis absorption measurements
indicate a slight increase in the intensity for devices
incorporating PEAI both between the ITO/NiO,
interfaces and atop the perovskite film, compared to
the baseline ITO/NiO,/PVK configuration (refer to
Figure S4a), the perovskite film thickness tests
(Figure S4b) show an increase in the thickness of
perovskite films deposited on PEAI substrates, which is
consistent with previous reports that changing the film's
deposition substrate changes the thickness of the film.**
The band gap values of these films consistently register at
1.77 eV. Moreover, Urbach energy analysis, detailed in
Figure S5, corroborates the positive effect of PEAI on film
quality: a reduction in Urbach energy from 59.00 meV in
the control sample to 38.88 meV in films modified by
PEAI at both interfaces.”” This result prove that the
perovskite film became more ordered, which means
fewer defects in the perovskite film after co-PEAI modi-
fied. Scanning electron microscopy (SEM) observations
suggest a marginal increase in grain size following PEAI
treatment, particularly notable in films with bottom
interface modifications (Figure 2A-C), attributing this
change to alterations in the film's growth substrate and
consequent adjustments in the growth process, aligning
with prior studies.** X-ray diffraction (XRD) (Figure S6)
analysis further supports these findings, showing
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FIGURE 2 SEM image of the film with the structure of (A) ITO/NiO,/PVK, (B) ITO/NiO,/PEAI/PVK, and (C) ITO/NiO,/PEAI/PVK/
PEAI GIXRD patterns of the perovskite films based on (D) ITO/NiO,/PVK and (E) ITO/NiO,/PEAI/PVK. (F) d-spacing values obtained

from (D, E) as a function of incidence angle.

enhanced peak intensities post-PEAI integration, indica-
tive of improved crystallinity in the perovskite film. To
elucidate the mechanism behind the enhanced quality of
perovskite films through bottom modification, we eval-
uated the water contact angle, with findings presented in
Figure S7. We tested the water contact angle of different
device structures (ITO/NiO, (control) and ITO/NiO,/
PEALI (target)). As a result, because NiO, has super hy-
drophilicity, the contact angle is very small and has

exceeded the possible test range of the instrument.
However, we found that compared to the control device,
the target device showed a larger hydrosphere, which
means that water spreads more easily on the NiO,/PEAI
surface, which also reflects that PEAI can further reduce
the water contact of NiO,. This also leads to the subse-
quent formation of higher quality perovskite films.***’
Additionally, Atomic Force Microscopy analysis revealed
a decrease in surface roughness upon PEAI deposition on
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NiO, (see Figure S8), indicating that substrate modifica-
tions indeed can influence film quality.*

Changes in the substrate have been reported also can
affect the stress distribution in the perovskite film.** So,
we further investigated the impact of PEAI on perovskite
film stress by conducting depth-dependent Grazing
Incidence X-ray Diffraction (GIXRD) analyses. For the
ITO/NiO,/PVK structure, characteristic peak shifts to-
ward lower angles were observed as incident angles (w)
increased from 0.5° to 5°, suggesting stress and strain in
the film (illustrated in Figure 2D). Conversely, for the
PEAI-modified interface (ITO/NiO,/PEAI/PVK), the
peaks remained virtually unchanged over the same w
range, indicating a significant reduction in interfacial
stress (shown in Figure 2E and 2F). Photoluminescence
(PL) measurements provided additional insights into the
modification's effectiveness, demonstrating a marked in-
crease in PL intensity for the modified perovskite film
compared to the control film. The intensity progression
from glass/PVK to glass/PEAI/PVK, and further to glass/
PEAI/PVK/PEAI, substantiates the role of PEAI in miti-
gating perovskite film defects (refer to Figure S9).

The enhanced film quality and significant chemical
interactions prompted an investigation into the influence
of PEAI on device performance. Figure 3A illustrates the
characteristic current-voltage (J-V) curves for devices,
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[
w
1

Current density (mA/cm?2)
[
o

5 - ../PVK/..
../[PEAI/PVK/..
../[PEAI/PVK/PEAI/..
0 T T T T T T
00 02 04 06 08 10 1.2
(C) Voltage (V)
100 + L - 2
> °
A 2 o e
2\:’ 80 1 A ~
w
o 60 -
£ |
= 40 ../PVK/..
20 ../PEAI/PVK]/..
../PEAI/PVK/PEAI/.. N2
0 T T T T T
0 500 1000 1500 2000
Time (h)

comparing those with and without PEAI modification
(control: ITO/NiO,/PVK/Ce¢,/BCP/Ag; bottom: ITO/
NiO,/PEAI/PVK/Ceo/BCP/Ag; both: ITO/NiO,/PEAI/
PVK/PEAI/C4,/BCP/Ag). The photovoltaic parameters
associated with these configurations are summarized in
Table 1. The control device achieved a PCE of 10.72%,
whereas devices modified at the bottom and both modi-
fications exhibited PCEs of 15.46% and 16.37%, respec-
tively. The external quantum efficiency (EQE) analysis
corroborated the integrated current density values
derived from the J-V curves, as shown in Figure 3B.
Device stability, with and without PEAI modification,
was assessed and documented in Figure 3C,D. Long-term

TABLE 1 Photovoltaic parameters of the champion control,

bottom and both-modification devices measured under

simulated AM 1.5 G one sun illumination of 100 mW cm™2

Device  Jsc [mAcm™] Voc[V] FF[%] PCE [%]
Control®  16.12 1.085 61.3 10.72
Bottom®  17.22 1.165 771 15.46
Both® 17.35 1.192 79.2 16.37

*ITO/NiO,/PVK/Cqo/BCP/Ag.
°ITO/NiO,/PEAI/PVK/Cgo/BCP/Ag.
°ITO/NiO,/PEAI/PVK/PEAI/C4,/BCP/Ag.
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FIGURE 3 (A)J-Vcurves and (B) EQE spectra of the device with or without PEAI modification. (C) N, and (D) thermal stability of

unpackaged devices which are stored in an N,-filled glove box.
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stability tests of unencapsulated control and modified
devices under a N, atmosphere revealed that after 2000 h,
the control device retained 50% of its initial PCE, while
the PEAI/PVK -based device maintained 75%, and the
dual-modified device preserved 87% of their original
PCEs (Figure 3C) after aging 2000 h. Thermal stability
tests conducted at 85°C in darkness within a N, atmo-
sphere, depicted in Figure 3D, demonstrated that the
modified device sustained at least 79% of its initial PCE
after 500 h, in contrast to the control device, which
maintained only 32%. Literature suggests that device
failure is exacerbated not solely by defect abundance but
also by internal film stress leading to cracking and
accelerated device degradation.*® This work proved that
the PEAI has been found to not only diminish film
defects but also alleviate internal stresses, thereby
enhancing device stability.

Such a significant increase in efficiency, we believe, is
not just due to improvements in film quality, a systematic
understanding of the underlying loss mechanisms is
necessary. In the following, we apply the methodology
introduced by Guillemoles et al. and Kriickemeier et al.
and quantitatively characterized the key loss mechanisms
in our control and optimized PSCs by comparing the
photovoltaic parameters short-circuit current density
(Jsc), open-circuit voltage (Vo c), fill factor (FF) and PCE to
the corresponding values estimated by the detailed bal-
ance (DB) model.?>* The corresponding DB limit effi-
ciency (PCEPP) for a solar cell with a bandgap of 1.77 €V is
estimated to be 27.74% with an ideal Jsc (J§¢), ideal Voc
(V3e), and ideal FF (FF"®) 0f 20.47 mA cm™2,1.483 V, and
91.33%, respectively.>** As a consequence, the normal-
ized efficiency of a solar cell can be expressed as:*’

PCE  Jc Voc FF
PCEP®  Jg V3¢ FFPP

:JS_C Vglg Voc FFO(VOC) res
REVEL VR FE

In this expression, it is straightforward to break down the
losses in a solar cell into five factors representing
different physical loss mechanisms, requiring different
optimization strategies. These key factors are summed up

in Table 2. The corresponding ratios of different losses in
our control and optimized devices are exhibited in
Figure 4A. Note that these ratios are plotted on a loga-
rithmic axis. A higher percentage (59.554%) of the DB
limit efficiency is achieved for both-modified devices,
whereas the PCE of control devices reaches only 40.664%
and the bottom-modification device reaches 54.219%.

The photocurrent loss Jsc/Joe (orange, Figure 4A) is
similar for both the bottom and both devices while higher
than the control device. From Figure 3B, the film
deposited on NiO, shows a lower quantum efficiency,
while deposited on NiO,/PEAI can improve the quantum
efficiency and increase the device's current density. In
addition, the bottom-modified film still shows insuffi-
cient quantum efficiency in the short-wavelength range,
while the both-PEAI-modified film can further increase
quantum efficiency (Figure S7). The FF of a solar cell is
governed by recombination and resistance.>® Thus, the
FF loss FF/FF"® depends on two parts: the nonradiative
loss FFo(Voc)/FFP® (blue, Figure 4A) that is due to the
Voc loss relative to the DB model and the loss Fip = FF/
FFy(Voc) (pink, Figure 4A) that is due to resistive effects
(series and shunt resistance).”® Here, the FF, is given by
the empirical equation:

qVc Ve
2 -In (e +0.72)

FF, (2)

qVoc
niqaKgT + 1

where Ky is the Boltzmann constant, T the device
temperature, and n;q is the ideality factor. Consistent
with the high Voc of 1.192 V, lower nonradiative FF
losses were achieved for the optimized PSCs. Addition-
ally, their resistive losses (Fjs) decreased compared to
those of control devices. This trend is evident in
Figure 4B, where the loss AFF, = FFy(Voc) — FF de-
creases from 22.78% to 8.25% for both-modified PSCs.
Overall, reduced nonradiative and resistive losses
contribute to the optimized devices exhibiting a higher
FF value. The losses from the V¢ deficit can be divided
into radiative losses V24/V58 (yellow, Figure 4A) and
nonradiative losses Vpc /VS*S (green, Figure 4A), as
shown in Figure 4A. According to a previous report,*
we calculated the radiative limit V2 by combining EQE
(QF®), QL™ from Fourier transform photocurrent

TABLE 2 The parameter values of the figures of merit for control device and optimized device.

Device PCE/(PCEP®) [%]  Jsc/ToE [%]

Control 40.66 51.86 65.90
Bottom 54.22 62.89 73.10
Both 59.55 67.14 76.01

Ved/VEE (%]

Voc/VE3 [%]  FFy(Voc)/FEP® [%]  FF/FE(Voc) [%]

76.54 89.63 100.00
81.34 91.09 100.00
83.26 91.89 100.00
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FIGURE 4 (A) Visualization of potential improvement for our devices relative to the ideal DB model, using partitioning of the

different losses as introduced in a previous report.*® (B) The detailed fill factor losses of control and optimized devices. (C) Vg‘g of the device
with or without PEAI modification. (D) QFLS test to uncover the nonradiative occurrences in bulk (glass/(PEAI)/PVK/(PEAI)) and interface

(ITO/NiO,/(PEAI)/PVK/(PEAI)/Cqp.

spectroscopy, and QF" from electroluminescence (EL)
spectra. As shown in Figure S10, the calculated V24 values
for our control and optimized devices are 1.464, 1.465, and
1.471 V, respectively. Regarding nonradiative recombina-
tion losses, Va4 = Vi _ 1, for optimized devices is
significantly reduced from 0.370 to 0.279 V (Figure 4C).
The internal quasi-Fermi level splitting (QFLS) analysis
has proven to be an efficient approach for quantifying the
origin of energy losses (recombination losses) in perov-
skites. Here, we use QFLS to differentiate between non-
radiative bulk and interface losses. As shown in Figure 4D,
both modified devices show higher bulk QFLS and inter-
face QFLS. This result demonstrates that the PEAI can not
only reduce bulk nonradiative losses by improving the
perovskite film's quality but also reduce interface non-
radiative losses via enhanced interface links. Finally, time-
resolved photoluminescence (TRPL) was also used to
demonstrate carrier extraction in the device. As shown in
Figure S11, compared to the control device, the target
device exhibits a lower carrier lifetime, which shows that
the introduction of PEAI is beneficial to carrier transport
in the device.

Then, we fabricated the perovskite/perovskite tandem
solar cell to prove the potential of the PEAI on tandem
solar cells further. As shown in Figure 5A, the structure

of ITO/NiO,/(PEAI)/WBG perovskite/(PEAI)/Cgo/ALD
Sn0,/IZO/PEDOT:PSS/NBG perovskite/Cqo/BCP/Ag was
designed in this work. The typical J-V curves of the best-
performing tandem solar cells with PEAI modification
are shown in Figure 5B. After using PEAI, we can get a
high PCE of 26.81% with a Jsc of 17.98 mA cm ™2, a Ve
of 1.79 V, and an FF of 0.833, and Figure 5C shows the
IPCE result of the device with PEAI modification, among
them, the integrated current of wide-bandgap PSC is
18.15 mA cm™2, while the integrated current of narrow-
bandgap PSC is 18.01 mA cm ™2, which is consistent with
the Jsc of all perovskite tandem solar cell. Figure 5D and
FIgure S12 presents the statistical results of the tandem
solar cells with or without PEAI modification. As we can
see that the dual-modified tandem devices show a high
average PCE compared with the control devices.
Figure S13 shows the steady-state output of the all
perovskite tandem solar. It can be seen that after 1000 s
of continuous operation, the power output of the device
is still stable, which means that the device has good
working stability. Finally, the stability of the tandem
solar cells was tested in a glovebox filled with N,. As
shown in Figure S14, the dual-modified tandem solar
cells maintained 86.5% of its initial PCE (26.8%) after
aging for 1000 h.
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3 | CONCLUSION

In conclusion, this study introduces a comprehensive
passivation approach termed co-interface collaborative
passivation. The incorporation of PEAI enhances the
perovskite film's quality by diminishing bulk non-
radiative recombination and bolstering the film's inter-
facial adhesion through potent chemical interactions,
which in turn mitigates surface defects and further cur-
tails interfacial nonradiative recombination. DFT results
corroborate these experimental findings. Ultimately, de-
vices employing this co-modification strategy exhibited
an efficiency of 16.5% in single-junction PSCs and 26.81%
in all-perovskite tandem solar cells. This research not
only offers a blueprint for the development of co-
modification strategies but also promotes the further
commercialization of PSCs.

4 | EXPERIMENTAL DETAILS
4.1 | Materials

All chemical reagents were used as received without
further purification. Xi'an Polymer Light Technology

Corp. supplied PTAA. PCBM, FAI, Csl, PbBr,, and Pbl,
were purchased from Advanced Election Technology
CO., Ltd. PEAI, FABr, MAI, and MABr were obtained
from Tokyo Chemical Industry Co., Ltd. Sigma Aldrich
provided EDA, CsBr, Snl,, SnF,, GuASCN, BCP, and Cg.
All solvents were purchased from Sigma Aldrich.
PEDOT:PSS aqueous solution (Al 4083) was purchased
from Heraeus Clevios. NiO, was synthesized based on
previous reports.>*

4.2 | Device fabrication

ITO glasses were ultrasonically cleaned for 20 min in
sequence with detergent water and isopropyl alcohol.
Then the ITO was treated for 5 min with plasma. Then
the glasses were transformed into the glove box. 20 mg
NiO, was dissolved in 1 mL water and stirred for 10 min
at room temperature. Then the NiO, was spin-coated on
the ITO with the speed of 4000 rpm for the 30 s, followed
by annealing at 100°C for 10 min. For bottom PEAI
modification: 1 mg of PEAI was dissolved in 1 mL IPA
and this solution was spining coated on the NiO, at a
speed of 5000 rpm for the 30 s. Then the substrate was put
on the hot stage at a temperature of 100°C for 10 min.
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The perovskite precursor solution was prepared by dis-
solving FAI (99.05 mg), CsI (37.41 mg), FABr (47.98 mg),
PbI, (331.93 mg), PbBr, (176.16 mg), and CsBr (20.43 mg)
in 1 mL of DMSO/DMF (1/4, v/v) mixture. The perov-
skite film was deposited using the two-step spin-coating
method at 2000 rpm for 10 s and 6000 rpm for the 40 s,
with 150 uL of CB antisolvent dripped over perovskite
films for 30 s before the program was terminated, and the
film was subsequently annealed at 100°C for 10 min. For
top PEAI modification: 1 mg/mL PEAI was dissloved in
IPA, and then was spin-coated on the perovskite film at a
speed of 5000 rpm for the 30 s. Then the substrate was
put on the hot stage at a temperature of 100°C for 10 min.
After cooling to room temperature, the substrates were
transferred to the evaporation system. Finally, Cg,
(20 nm), BCP (7 nm), and Ag (100 nm) were sequentially
deposited on top of the perovskite by thermal evaporation
under a vacuum of 5 x 107 Pa through using a shadow
mask.

The Tandem PSC was prepared in the following way
(here, the concentration of the wide bandgap perovskite
precursor solution is increased to 1.3 M). After depositing
the C¢y on the wide bandgap perovskite film, the sub-
strates were then transferred to the ALD system to de-
posit 20 nm SnO, at 100°C. Tetrakis-(dimethylamino) tin
(iv) and deionized water were employed as the precursor.
After ALD-SnO, deposition, the substrates were trans-
ferred to the magnetron sputtering system to deposit
100 nm IZO on the ALD-SnO,. The PEDOT:PSS layer
was spin-cast on IZO and annealed at 120°C for 20 min.
Then the narrow bandgap perovskite was prepared on the
PEDOT: PSS. We adopted our previous preparation
technology>”: NBG-PVK solution was obtained by mixing
Cs0.0sFAg.05Sn1;3 (1.8 M), MAPDI; (1.8 M) (with 13.23 mg
of GuASCN as additive) and MAPbBr; (1.8 M) in a
certain volume ratio. The perovskite precursor was then
dropped onto the PEDOT:PSS and spin-coated at 1000
rpm for 10 s, followed by 5000 rpm for 50 s. 750 uL
toluene was dropped at 20 s from the beginning, followed
by heating at 100°C for 5 min. The perovskite layer was
then passivated by EDA (0.1 mM in toluene) molecules
by employing a spin coater. Next, PCBM (7.5 mg/mL in
CB) was coated at 5000 rpm for 50 s, followed by heating
at 75°C for 5 min. Finally, C¢,(20 nm), BCP (7 nm), and
Ag (100 nm) were deposited under high vacuum condi-
tions by thermal evaporation to give the tandem PSC.

4.3 | Characterization

X-ray photoelectron spectroscopy (XPS, JPS-9200 spec-
trometer, JEOL) was used to analyze the surface chem-
istry state. A Mg target was used for generating the

1253.6 eV light as an X-ray source. Spectra were collected
with a step of 0.1 and 10 eV pass energy. The absorbance
spectra were collected by using UV-vis spectroscopy (V-
670 Spectrophotometer, JASCO), with a background of
air. The PLQY of the perovskite film was obtained with
an integrating sphere of an Absolute PL Quantum Yield
Spectrometer system (C11347, Hamamatsu Photonics,
Hamamatsu, Japan). Photoluminescence (PL) spectros-
copy and TRPL Spectroscopy (Quantaurus Tau, Hama-
matsu) were collected with an excitation laser of 465 nm.
XRD patterns were obtained by using an X-ray diffrac-
tometer (SmartLab/R/Kal/RE, Rigaku). The character-
ization of solar cell devices was executed by using a
system source meter (Model 2611A, Keithley) under a
solar simulator (CEP-2000SRR, Bunkoukeiki). The light
source was calibrated by using two kinds of standard
solar cells (BS-520BK and BS-500IR76, Bunkoukeiki) for
the xenon lamp and halogen lamp. For measurements
under illumination, the mask size of 0.1 and 0.04 cm?
were used. The integrated Jsc from EQE data is based on
the ASTM G173-03 Reference Spectra (Global tilt). Cal-
culations were performed within the Density Functional
(DFT) formalism using the Perdew-Burke-Ernzerhof
(PBE) GGA exchange-correlation functional.’® All cal-
culations were performed utilizing the CP2K package
within Gaussian-augmented plane waves dual basis set
using the molecularly optimized MOLOPT double &-
valence polarized basis set implemented in CP2K code
which has a very small Basis Set Superposition Errors in
gas and condensed phases.>”® The grid cutoff was 450
Ry. The structural minimization was performed with the
help of the Broyden-Fletcher-Goldfarb-Shanno algorithm
(BFGS). Multiwfn 3.8 (dev) is used to analyze the calcu-
lation results.*
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