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Abstract: Inverted perovskite/organic tandem solar cells (P/O TSCs) suffer from poor long-term device stability due to
halide segregation in organic-inorganic hybrid wide-band gap (WBG) perovskites, which hinders their practical
deployment. Therefore, developing all-inorganic WBG perovskites for incorporation into P/O TSCs is a promising
strategy because of their superior stability under continuous illumination. However, these inorganic WBG perovskites
also face some critical issues, including rapid crystallization, phase instability, and large energy loss, etc. To tackle these
issues, two multifunctional additives based on 9,10-anthraquinone-2-sulfonic acid (AQS) are developed to regulate the
perovskite crystallization by mediating the intermediate phases and suppress the halide segregation through the redox-
shuttle effect. By coupling with organic cations having the desirable functional groups and dipole moments, these
additives can effectively passivate the defects and adjust the alignment of interface energy levels. Consequently, a record
V. approaching 1.3 V with high power conversion efficiency (PCE) of 18.59 % could be achieved in a 1.78 eV band gap
single-junction inverted all-inorganic PSC. More importantly, the P/O TSC derived from this cell demonstrates a Ty,
\lifetime of 1000 h under continuous operation, presenting the most stable P/O TSCs reported so far. )

~

1. Introduction

The development of perovskite/organic tandem solar cell (P/
O TSC) is promising way to surpass the Shockley—Queisser
(S-Q) limit"? and reduce the levelized cost of electricity
(LCOE).P4 Over the past few years, there is a dynamic
development in P/O TSC fueled by the emergence of narrow
band gap (NBG) Y-derivative acceptors for organic solar
cells (OSCs).”® Currently, a record power conversion
efficiency (PCE) of 25.82 %! has been achieved in inverted
P/O TSCs based on combining with a wide-band gap
(WBG) organic—-inorganic hybrid perovskite subcell. How-
ever, the stability of these tandem cells is still not optimal,

especially under the continuous operation conditions.!*!!]
The long-term stability of inverted P/O TSCs lag behind that
of single-junction normal band gap perovskite devices,”>!
primarily due to the photo-induced halide segregation in
WBG hybrid perovskites front subcell."!

One way to improve the stability of tandem cells is to
employ WBG all-inorganic perovskites that have been
shown to have superior stability under light illumination and
thermal stress."”) However, the poor film quality and large
energy loss caused by the rapid crystallization®?! and
mismatched energy levels!™ of these inorganic perovskites
strongly hinder the realization of high-performance all-
inorganic perovskite solar cells (PSCs). Recently, Li et al.l']
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and Xu et al.”?! used dipole molecules and crosslinked (3-
mercaptopropyl) trimethoxysilane (MPTS) as interfacial
modifiers to regulate the surface energy level of the
perovskite, improving the open-circuit voltage (V,.) of its
derived device to ~1.22 V. Nevertheless, these values are
much lower than those obtained from the organic-inorganic
hybrid perovskites (V,.>1.3 V) with similar band gaps!®**!
due to high defect density in these WBG perovskites.*!
Additionally, the WBG all-inorganic perovskites also suffer
from halide segregation under continuous illumination.>
Therefore, it is critical to develop an effective way to
regulate the crystallization of all-inorganic perovskites and
optimize their energy alignment and phase stability simulta-
neously.

In this study, we have developed two multifunctional
organic additives based on 9,10-anthraquinone-2-sulfonic
acid (AQS).®! The AQ has been widely used as redox
mediator due to its stable redox process, fast kinetics and
synthetic tunability.””?! The sulfonic group on AQ scaffold
can further tune the redox potential of AQ unit and interact
with Pbl, to form an intermediate phase to regulate the
crystallization process. The in situ characterizations verified
the role of AQS in prolonging the intermediate-phase stage
thereby slow down the crystallization rate. Meanwhile, the
AQS possesses a suitable redox potential of —0.21 V versus
normal hydrogen electrode (NHE) between Pb (—0.365V
versus NHE) and I, (0.536 V versus NHE),®! therefore, it
can act as a redox mediator to simultaneously reduce iodine
and oxidize the metallic lead for suppressing halide
segregation for enhancing phase stability. Different dipole
moments on the energy alignment were also investigated by
introducing 4-(trifluoromethyl)benzylammonium (FPMA)
and 4-(trifluoromethyl)benzyl- ethylammonium (FPEA) as
the counter cation for AQS, respectively. These cations not
only possess impressive defect passivation capability, but
also enable the device with desirable energy alignment. As a
result, the single-junction all-inorganic PSCs could obtain a
high PCE of 18.23% with a high V,. approaching 1.3V,
which is among the highest for inverted all-inorganic PSCs
with the E, of 1.78 eV. Moreover, inverted P/O TSCs were
fabricated by integrating this WBG PSC with an organic
rear subcell to show an efficiency of over 23 %. Importantly,
the P/O TSC with AQS:FPEA exhibited notable long-term
stability with a Ty, lifetime of 1000 h under maximum-
power-point tracking (MPPT), which is very encouraging for
the development for more robust P/O TSCs.

Results and Discussions

Two multifunctional molecules, ie., AQS:FPMA and
AQS:FPEA, were synthesized through a neutralization
reaction, as shown in Scheme S1 (Supporting Information,
SI). The chemical structures of the molecules are displayed
in Figure 1 and their nuclear magnetic resonance (NMR)
data are presented in Figures S1-S6 (SI). In the design of
these two multifunctional additives, the AQS unit with the
sulfonic acid functionalized quinoid unit could interact with
Pb** and suppress the phase segregation via redox shuttle.
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Furthermore, by selecting two organic cations with large
dipole moments (18.96 D for FPMA and 23.72D for
FPEA), these additives could also tune the surface energy
level. To examine the thermal stability of these additives,
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed. As shown in Figure S7
(SI), the AQS:FPMA and AQS:FPEA only show weight
loss at 272°C and 289°C, respectively. Meanwhile, no
thermal transitions could be observed in the DSC thermo-
grams, suggesting their excellent thermal stability.

These molecules were then introduced into all-inorganic
WBG perovskite CsPb(I,Br,,); precursors as additives to
study their effect on colloidal particles®™! in solution phase.
The dynamic light scattering (DLS) diagram in Figure 1b
shows that the particle size decreases with the introduction
of AQS:FPMA and AQS:FPEA. It indicates that the
additives could interact with perovskite components to
suppress the formation of original intermediate phase to
further slow down the crystallization rate® and contribute
to the formation of high-crystallinity perovskite films. To
verify this, X-ray diffraction (XRD) characterization was
first conducted on perovskite films without thermal anneal-
ing, as shown in Figure lc. The control perovskite film
(without any additive) exhibits a strong diffraction peak
corresponding to the intermediate phase of DMAI-PbI,-
DMSO.?! However, in the target perovskite film (with
AQS:FPEA), the formation of DMAI-PbI,-DMSO inter-
mediate phase is significantly suppressed with the appear-
ance of a new diffraction peak at a higher 26 position. This
indicates the introduction of AQS-based additives led to the
formation of a new intermediate phase more thermodynam-
ic favorable than DMAI-PbL,-DMSO.

To study which functional groups in AQS involved in
the formation of the intermediate phase, the AQS-Pbl,
powder was prepared and characterized by Fourier-trans-
form infrared spectroscopy (FTIR). As shown in Figure 1d,
the vibration mode from the S=O of the sulfonic acid on
AQS shifted toward the low wavenumber, suggesting the
strong interaction between Pbl, and AQS (Figure le).
Therefore, we anticipated that the SO;  in AQS could
participate in the formation of a new intermediate phase,
possibly DMAI-Pbl,-AQS (DMSO), to compete with the
original intermediate phase, thus reducing the colloidal
particle size of the aggregates in precursor and regulating
the crystallization of inorganic perovskite (Figure 1f).

Our density functional theory (DFT) calculations pro-
vided the theoretical evidence for forming a new intermedi-
ate phase. As illustrated in Figure 2a, the binding energies
(Epindings) of DMSO-Pbl,, C=0 < C-Pbl,, and SO;-Pbl, are
—0.95, —0.75, and —1.54eV, respectively. The largest
absolute E,gn, of SO;5-Pbl, indicates that the -SO; group of
AQS is most likely to participate in the formation of a new
intermediate phase. The formation energies (EjomatonS) Of
various possible intermediate phases were calculated, with
values of —4.07 and —5.55 eV for DMSO-Pbl, and AQS-
DMSO-Pbl,, respectively. This result illustrates that the
AQS-involved intermediate phase with the lower Efmagion 1S
more thermodynamically favored to form in the precursor,
agreeing well with the XRD patterns of the wet perovskite
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Figure 1. (a) The chemical structure of AQS™. DFT-calculated electrostatic potential and dipole moment of CF;-PMA* (FPMA™) and CF;-PEA"
(FPEA™). (b) The DLS diagrams of inorganic perovskite without additive and with AQS: FPMA and AQS:FPEA. (c) The XRD plots of the control
precursor film without additive and target film with AQS:FPEA. (d) The FTIR spectra of bare AQS and AQS: Pbl,. (e) High-resolution Pb 4f XPS
plots of the annealed control perovskite film and perovskite films with AQS-based additives. (f) Diagrams of our hypothesis that AQS-group can

regulate the formation of intermediate phases.

films. The new intermediate phase would potentially modu-
late the crystallization to optimize the film quality of the
resultant perovskite.*"

Next, in situ characterizations of perovskite films were
performed to reveal the effect of the AQS-involved inter-
mediate phase on the crystallization of WBG all-inorganic
perovskite during annealing. Considering that AQS:FPEA
played a more significant role in reducing the particle size of
the precursor solution, we selected the AQS:FPEA-contain-
ing film as the target film in the in situ characterizations. As
shown in Figure 2c, the width of the absorption peak of the
control film decreases in the first 5 s attributed to the solvent
volatilization. No significant change can be observed within
100s. After 100s, a fast broadening of absorption peak
indicates the rapid crystallization process in forming the
perovskite phase in the control film. In contrast, the
absorption peak of the target film, as recorded in Figure 2d,
shows a gradient change pattern. The presence of a step
with strong absorption at the preliminary annealing stage is
associated with the formation of AQS-DMSO-Pbl, inter-
mediate phase. Subsequently, a slowdown crystallization
process illustrates that the AQS-based additive can partic-
ipate in regulating the crystallization of all-inorganic
perovskites. Our in situ grazing incident wide-angle X-ray
scattering (GIWAXS) characterizations further provided
direct information on the crystallization process. Figures 2e—

Angew. Chem. Int. Ed. 2024, 63, €202412515 (3 of 8)

f are the 2D mappings displaying variations of diffraction
peaks along the g, direction depending on the annealing
time. The stronger (110) and (220) diffraction peaks® in the
target film after annealing (Figure 2f and Figure S8, SI)
implying that the AQS-based additives facilitate the for-
mation of photo-active y phase.” As the phase transition
during annealing can be clearly distinguished at g, around
2A‘1, the line-cut profiles were further extracted corre-
sponding to (220) peaks of control and target films. A clear
plateau with strong diffraction intensity and a subsequent
slow-down crystallization process can also be observed
(Figures 2g-h), which is highly consistent with their in situ
absorption profiles (Figure 2d). These results synergistically
verified our hypothesis that the AQS-based additives can
lead to the formation of a new intermediate phase to
regulate the crystallization for achieving better crystallinity.

Considering the unique effect of AQS-based additives
on regulating the crystallization of all-inorganic perovskites,
the film quality of the perovskite with and without the
additives were further investigated in detail. The top-view-
ing scanning electronic microscopy (SEM) was first used to
characterize the morphology of the all-inorganic perovskite
films. As displayed in Figures 3a—d, the grain sizes of the
perovskites with either AQS:FPMA or AQS:FPEA are
enlarged with respect to the control sample, probably
resulting from the slowed crystallization mediated by the

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. (a) The calculated binding energis (Eyingings) of DMSO-Pbl,, C=O (AQS)-Pbl, and SO; (AQS)-Pbl,. (b) The calculated formation energies
(Eformations) of DMSO-Pbl, and AQS-DMSO-Pbl,. The inserts of Figures (a) and (b) are the optimized molecular and crystal structure. The in situ
absorption spectra of the annealing process of control perovskite film without additive (c) and target perovskite film with AQS:FPEA (d). The in
situ GIWAXS patterns of the annealing process of control perovskite film without additive (e) and target perovskite film with AQS: FPEA (f). The
line-cut profiles correspond to the formation of the y phase and the disappearance of the & phase in the control film without additive (g) and the
target film with AQS: FPEA (h).
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Figure 3. The SEM patterns of the control perovskite film (a), the AQS: FPMA-based film (b) and the AQS: FPEA-based film (c). (d) The statistic of
grain sizes corresponding to Figures 3a—c. (e) The XRD plots of perovskite films with or without additives. The PL spectra (f) and TRPL spectra (g)
of different perovskite films. (h) The UPS spectra of the control perovskite film and films with additives. (i) The energy level diagram of perovskites
corresponds to the UPS spectra.
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AQS-involved intermediate phase. Their crystal structures
were also studied by XRD, as provided in Figure 3e. It
reveals that the favorable y phase dominates after thermal
annealing, while the films with AQS-based additives ex-
hibited stronger (110) diffraction peaks, showing better
crystallinity of the target perovskite samples. Therefore, we
anticipate the non-radiative recombination could be sup-
pressed in the target perovskites due to improved film
quality. To prove this, steady-state photoluminescence (PL)
and time-resolved photoluminescence (TRPL) were used to
study the recombination and carrier dynamics within
perovskites (Figure 3f-g). All samples show similar PL
peaks at ~698 nm corresponding to the band gap of 1.78 eV.
Compared with the control perovskite, a stronger PL
intensity was observed in the perovskites with AQS-based
additives, indicating suppressed non-radiative recombina-
tion. These results agree well with the prolonged carrier
lifetime of the perovskite after modifications, where the
average carrier lifetimes were calculated to be 66.58 ns,
92.21 ns, and 94.40 ns for control, perovskite with AQS:P-
PMEA, and with AQS:FPEA, respectively.

The electronic structure of the films was investigated by
ultraviolet photoelectron spectroscopy (UPS) to examine
the energy levels of perovskites with and without additives.
As shown in Figures 3h—i, the work functions (WFs) of
perovskite surface decrease from 4.89 eV to 4.56 eV and
4.52 eV after introducing AQS:FPMA and AQS:FPEA

o
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into perovskite, respectively. The WF shifts by 0.33-3.37 eV
towards vacuum level indicates that the modified perov-
skites become more n-type, which can be attributed to the
dipolar cations"! of AQS. The more n-type surface can
facilitate more efficient charge transfer at the interface,
resulting in lower interfacial recombination loss.

To study the impact of multifunctional additives on
device performance, inverted inorganic WBG PSCs were
fabricated with the device structure shown in Figure 4a. As
displayed in Figures 4b—c and Figure S9 (SI), the devices
based on AQS-based additives show increased photovoltage
performance with a remarkable V.. of 129V can be
achieved for AQS:FPEA-based device, representing the
highest V.. value among the inverted all-inorganic PSCs
with ~1.78 eV band gap. In addition, as shown in Figure S10
and Table S1 (SI), the current density-voltage (J-V) charac-
teristics of PSCs with AQS-based additives exhibit sup-
pressed hysteresis compared to that of the control cell.
Meanwhile, due to the improved film quality, higher
External Quantum Efficiency (EQE) responses of devices
with AQS-based additives can also be found in Figure S11
(SI), affording an increased 0.46 mAcm™ in the integrated
short-circuit current density (/) from EQE. Moreover, the
target device with AQS-FPEA also exhibited a higher
stabilized power output (SPO) than the control PSC (Fig-
ure S12, ST).
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Figure 4. (a) The device architecture of the inverted inorganic PSC. (b) J-V characteristics of the control PSC, and PSCs with AQS: FPMA and
AQS:FPEA. (c) The statistics of V, of inverted inorganic PSCs in this work and corresponding literature. (d) The light-intensity dependent curves
of V,. of the control device, and devices with AQS: FPMA and AQS: FPEA. The dark-current curves (e) and the trap-state density (f) of the control
device, and devices with AQS:FPMA and AQS:FPEA. (g) The Pb 4f high-resolution XPS spectra of the aged perovskite without additive and with
AQS:FPEA. (h) The Pb° ratio of aged perovskites without additive, and with AQS: FPMA and AQS: FPEA. (i) The MPPT stability of the control

device without additive and the target device with AQS: FPEA.
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Then, the ideal factors of perovskite devices were
examined by performing the light-intensity dependent V..
As exhibited in Figure 4d, the lower ideal factors are
obtained in devices based on AQS-based additives, indicat-
ing suppressed trap-assisted recombination in devices.
Meanwhile, the electrochemical impedance spectroscopy
(EIS) measurements were performed to study the carrier-
recombination process.””! As exhibited in Nyquist plots
(Figure S13, SI), the larger recombination resistances (R..s)
of the devices based on AQS:FPMA (2178 1) and AQS:F-
FPEA (2231 Q) than that of the control device (1269 Q)
reveal the suppressed carrier recombination process®>* in
devices with AQS-based additives, which implies the lower
trap densities in the devices.

Further, space-charge-limited-current (SCLC) method
was used to quantify the trap densities (NV,,,s) of different
devices (Figure 4e), the trap-filled limit voltage (Vg ) of the
control device is 0.867 V, while that of AQS:FPMA and
AQS:FPEA-based devices is 0.531 V and 0.392 V, respec-
tively, indicating lower trap density®™®! in the devices with
AQS-containing additives. The Ny,,s were calculated based
on the following equation:*"

2eV,
trap— q[:l;FL (1 )

N

where ¢ represents the dielectric constant, ¢ is the elemen-
tary electric charge, and L is the film thickness. As
summarized in Figure 4f and Table 1, the N,,,s of perovskite
devices were reduced from 2.964x10'cm™ of the control
device to 1.816x10°cm™ (w/ AQS:FPMA) and
1.340x10" cm ™ (w/AQS:FPEA). These results suggest that
AQS-based additives can significantly reduce the recombi-
nation loss in PSCs, which could be ascribed to their better
film quality, desirable dipole moment and defect passivation
effect. Moreover, thermal admittance spectroscopy (TAS)M!
was performed to study the effect of AQS-based additives
on the energetic distribution of defects in perovskites. As
exhibited in Figure S14 (SI), the introduction of AQS:F-
FPEA not only can modulate the energy level of defects but
also reduce the total trap state density with 7.62x10' and
1.26x10"7 cm™ for the devices with and without AQS:F-
FPEA, respectively. This can be attributed to its impact on
regulating crystallization and defect passivation,*>*! which
suppress the recombination loss and ion migration®! in
perovskites to result in high V. and enhanced stability of
the devices.

Table 1: The statistics of photovoltaic parameters of single-junction PSCs.
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Then, the effects of additives on the phase stability and
device durability of inorganic perovskites were further
investigated. X-ray photoelectron spectroscopy (XPS) was
used to investigate if AQS-based additives could reduce the
formation of Pb° caused by the reduction of Pb*' in the
mixed-halide systems. To mimic device aging, perovskite
films were exposed to continuous irradiation at an intensity
equal to 1 sun for 24h. After aging, as exhibited in
Figure 4g, a significant metallic Pb 4f signal could be
detected in the XPS spectra of aged control films, while
those of aged perovskites with AQS-based additives showed
negligible signals. The ratios of Pb’ to total Pb elements
were also calculated in different aged perovskites. As
summarized in Figure 4h, the ratio can be reduced from
4.59 % in the aged control perovskite to 1.75 % in the aged
w/ AQS:FPMA perovskite (Figure S15, SI) and 1.06 % in
the aged w/ AQS:FPEA perovskite. Meantime, the intro-
duction of AQS-based additives also result in more stable 1/
Pb ratio in inorganic perovskite as shown in Figure S16 (SI),
suggesting the emergence of oxidative product I° is sup-
pressed. The PL spectroscopy was further performed to
investigate the effect of AQS-based additives on halide
segregation in perovskites. As exhibited in Figure S17 (SI),
the stable PL spectra of the perovskite films with AQS-
based additives illustrate the capability of AQS on suppress-
ing the halide segregation issue. These results demonstrate
that AQS can induce an impressive redox-shuttle effect™ on
enhancing the phase stability of the mixed-halide perovskite
and the stability of the derived devices. Moreover, due to
the hydrophobic trifluoromethyl (—CF;) group of organic
cations, the perovskite films with AQS-based additives also
exhibit enhanced hydrophobicity (Figure S18, SI), contribu-
ting to the better device stability under ambient atmosphere.
As expected, the device based on AQS:FPEA can maintain
94 % of the initial PCE after MPP tracking for 1000 h, while
the efficiency of the control device decreased 32 % after
470 h (Figure 4i). This result further reveals the unique
impact of AQS-containing additives in enhancing the
durability of WBG inorganic perovskites, which is crucial
for their future deployment.

Considering the impressive device performance of the
all-inorganic WBG PSCs, we further explored their applica-
tions in P/O TSCs. The inverted P/O TSCs based on
AQS:FPEA were constructed with an architecture depicted
in Figure 5a. The PM6:BTP-eC9:PC; BM active layer was
selected to integrate with the optimal AQS:FPEA-based
inorganic perovskite to fabricate the inverted P/O TSC. The

Additive Ve Jue
v) (mA/cm?)
w/o 1.24 17.80
(1.23440.005) (17.7040.10)
w/AQS: FPMA 1.27 17.83
(1.262+0.008) (17.93+0.12)
w/AQS: FPEA 1.29 18.07

(1.286+0.005) (18.07+0.10)

FF PCE Ny
(%) (%) (10" cm )
77.18 17.04 2.964
(77.0440.71) (16.83£0.21)

79.38 17.97 1.816
(78.53+0.65) (17.7740.20)

79.74 18.59 1.340
(79.24+0.67) (18.39£0.13)
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Figure 5. (a) The architecture of P/O TSC based on inorganic perovskite. (b) J-V characteristics of the P/O TSC, single-junction PSC and single-
junction OSC. (c) EQE curves of P/O TSCs. The star dot represents the PCE achieved in this work. (d) The PCE evaluation of P/O TSCs based on
inorganic perovskite with AQS: FPEA. (e) The statistics of lifetime development of P/O TSCs.

resultant TSC exhibits a high PCE of 23.24 % (Figure 5b)
with a V,. of 211V, a J of 14.38 mA/cm* (14.11 mA/cm?
integrated by EQE in Figure 5c), and a fill factor (FF) of
76.58 %. This is the highest PCE among inverted P/O TSCs
based on all-inorganic perovskite as a sub-cell (Figure S19,
SI). Besides, the durable efficiency during the SPO tracking
(Figure S20, SI) indicates that the AQS-based inorganic PSC
has great potential to be used in constructing highly durable
TSCs. More importantly, a Ty, lifetime of 1000 h (Figure 5d)
under MPPT can be achieved, which is also among the best
device lifetime reported so far for P/O TSCs.

Conclusion

Two novel multifunctional additives, AQS:FPMA and
AQS:FPEA, have been designed and synthesized. The
AQS unit plays a critical role in forming a new intermediate
phase, leading to high-quality all-inorganic perovskites with
reduced defect density through regulated crystallization.
Moreover, the efficient redox shuttling in AQS also
enhances the phase stability of these WBG perovskites,
therefore, contributes to the improved stability of derived
devices. The integration of AQS with organic dipolar
molecules, FPMA and FPEA, further enables effective
passivation of Pb*" and adjustment of surface energy level.
As a result, a high PCE over 18 % and a record V,~13V
could be achieved in a single-junction all-inorganic PSC with
superior long-term stability under the MPPT condition.
More importantly, the WBG inorganic perovskite could be
used as the front subcell in constructing an inverted P/O
TSC to achieve a very encouraging 7Ty, lifetime of 1000 h
under MPPT, surpassing most reported lifetime for P/O
TSCs.
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