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Cathode interfacial layer (CIL) plays an indispensable role in improving power conversion efficiency (PCE) for
perovskite solar cells (PSCs). To acquire low-cost, environmentally friendly and effective cathode interfacial
materials (CIMs), a natural pigment, laccaic acid (LA), is utilized as CIL for achieving high-performance PSCs.
Attributing to the introduction of LA CIL, the work function (WF) of silver cathode is decreased obviously,
leading to better interfacial ohmic contact. This lower WF in cathode could facilitate electron transport, resulting
in distinct suppression in charge recombination and energy loss. As a result, the introduction of LA CIL improves
the photovoltaic performance effectively in 1.77 eV wide bandgap PSCs with a high open-circuit voltage (Voc) of
1.32 V, a high fill factor (FF) of 81 % and a PCE of 18.48 %. Interestingly, LA shows a broad application as
interconnect layer (ICL) in perovskite-organic tandem solar cells (POTSCs), in which it results in a high PCE of
23.51 % with a V¢ of 2.15 V. This Vo is one of the highest values in POTSCs. Hence, LA exhibits a promising
feature as a natural product to construct CIL and ICL in solar cells for realizing a low-cost, green and sustainable
photovoltaic technology.

1. Introduction [8] including perovskite-perovskite TSCs (PPTSCs) [9,10], perovskite-

organic TSCs (POTSCs) [11,12] and perovskite-silicon TSCs (PSTSCs)

Solar cells, as one of the efficient technologies for converting solar
energy into electricity, are developed rapidly during last decades.
Among these solar cells, perovskite solar cells (PSCs) as an emerging
technology have attracted much attention both academically and
commercially, ascribing to their advantages in feasibly accessible re-
sources, low cost, solution process and large-scale fabrication [1,2]. Till
now, the power conversion efficiencies (PCEs) of conversional and
inverted PSCs (i-PSCs) have exceeded 26 %, which positions it as a
competitive candidate for commercial application [3-5].

Recently, the i-PSCs [6,7], typically containing the device architec-
ture of ITO/hole transport layer (HTL)/perovskite layer/electron
transport layer (ETL)/cathode interfacial layer (CIL)/cathode, have
been investigated intensively due to their merits in feasible fabrication,
high stability and excellent compatibility in tandem solar cells (TSCs)

* Corresponding authors.

[13-16]. Comparing to the PPTSCs and PSTSCs, the POTSCs offer ad-
vantages of lower production costs, flexibility, lightweight design, and
greater material tunability, making them a more cost-effective and
versatile alternative, particularly for flexible and environmentally
friendly applications [17]. Furthermore, POTSCs combine the strengths
of both perovskite and organic technologies, where wide-bandgap PSCs
serve as a front cell for absorbing short-wavelength light, while versatile
low-bandgap OSCs function as a rare cell for absorbing longer wave-
lengths. This complementary absorption enables full-spectrum solar
coverage and, therefore, high photovoltaic performance can be expected
from POTSCs [18,19].

It is noted that the interfacial layers in the PSCs play a crucial role in
achieving high photovoltaic performance, which could tune the elec-
trode work function (WF), passivate interfacial defects, protect active
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layer and so on. As a result, a good interface would elevate the photo-
voltaic performance remarkably by reducing charge recombination, but
a poor interface may interfere charge extraction and attenuate device
performance dramatically [20-22]. Therefore, the interface engineering
is an indispensable process for attaining high photovoltaic performance
in PSCs. Among these interfaces, the cathode interface is one of very
prominent interfaces in PSCs, which have been studied widely in the
recent years [23]. To find useful cathode interfacial materials (CIMs),
many inorganics, small molecules and polymers have been developed
successfully. Preliminarily, the n-type semiconducting metal oxides are
one kind of potential CIMs which can be used in PSCs, such as ZnO [24],
TiOx [22] and MXene [25,26]. Moreover, semiconducting organics and
polymers are also developed widely to work as CILs in PSCs because of
their merits in feasibly chemical functionalization, solution process-
ibility and easy energy level tunability, such as fullerene derivatives
[27], perylene diimide derivatives [28-30] and naphthalene diimide-
based polymers [31]. Among these organic and polymeric CIMs, the
most widely used are phenanthroline-based small molecules, such as
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) [32] and 4,7-
diphenyl-1,10-phenanthroline (Bphen) [33] and 4,7-dimethoxy-[1,10]
phenanthroline (Phen-OMe) [34], attributing to their suitable energy

(a)
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levels and operatable synthesis. Even though these small molecules and
polymers could realize high efficiency in PSCs, they also suffer from an
inevitable disadvantage of which these CIMs should be chemically
synthesized via complicated routes, leading to high cost and large
environmental footprint. Therefore, it is urgent to develop a new
methodology to fabricate environmentally friendly CIMs in PSCs.

Interestingly, some natural products (NPs) are promising material
resources that are inherently green and biocompatible, and they have
been widely utilized, particularly in the food industry. It is widely
known that there exist many kinds of polar groups in NPs, such as hy-
droxyl, carboxyl, amino and carbonyl, which would potentially interact
with perovskite layer or metal electrodes to improve photovoltaic per-
formance. For instance, the introduction of NPs, such as caffeine [35],
natural piperine [36] and vitamin [37], can passivate the interfacial
defects of perovskite layer; and the NPs also worked as an interfacial
passivator for buried interface, such as cobalamin [38] and citric acid
[39].

These diverse achievements in interfacial passivation using NPs
highlight their potential as excellent interfacial materials for PSCs. In
this study, we introduce a natural pigment, laccaic acid (LA), extracted
from the natural shellac, as CIL in PSCs (as presented in Fig. 1 and

(b)
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Fig. 1. (a) The device structure of i-PSCs and the photographs of shellac and LA; (b) energy level diagram; the work functions of theoretical calculation for (c) neat
Ag, (d) LA modified Ag; (e) charge density redistribution on the surface of Ag (111) with LA modification; (f) proposed work mechanism of the interfacial dipoles of
LA on the surface of Ag (111); and (g) the UPS curves of neat Ag, and BCP and LA modified Ag.
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Fig. S2). Characterization reveals that LA contains several polar groups,
including hydroxyl, carboxyl, and carbonyl groups, which can effec-
tively interact with the silver (Ag) cathode. Through introducing LA as
CIL between ETL and Ag cathode, a distinctly interfacial dipole is
formed, resulting in the obvious decrease in WF of Ag. Owing to the
lowered WF of Ag, it facilitates the electron transport at interface and
forms better ohmic contact between ETL and cathode, leading to the
lower interfacial energy loss, and ultimately realizing higher PCE in
wide-bandgap (WBG) PSCs. When a perovskite layer with a wide band
gap of 1.77 eV is utilized as active layer in i-PSCs, the PCE is improved to
18.48 % with a high open-circuit voltage (Vo) of 1.32 V and a high fill
factor (FF) of 81 % as compared to the control device without LA (a PCE
of 15.39 %, a Vpoc of 1.26 V and an FF of 73 %). Interestingly, the
introduction of LA as CIL enhances both V¢ and FF simultaneously in
the resulting devices. To the best of our knowledge, this Vg is one of the
highest values for WBG PSCs (refer to Table S3). Furthermore, LA dis-
plays broader applicability as interfacial layers, where it could work as
efficient interconnect layer (ICL) in POTSCs. Through introducing LA
into the ICL, the POTSCs show a high PCE of 23.51 % with Vpc of 2.15V
and short-circuit current density (Jsc) of 14.91 mA cm 2 Hence, these
results demonstrate that the natural pigment LA can work as efficient
CILs in PSCs and ICLs in POTSCs, which position it as a competitive
candidate for functional layers instead of the chemically synthesized
materials for achieving high-performance PSCs.

2. Results and discussion
2.1. Theoretical calculation and work mechanism

To investigate the photovoltaic performance of LA as CIL, the i-PSCs
with the device structure of ITO/PTAA/Al>,03/Csg.1FAg oPb(Iy.6Bro.4)3/
PEAI/PCBM/LA/Ag was constructed, where the Csg 1FAq.9Pb(Ip ¢Bro.4)3
worked as a WBG perovskite layer and PEAI as a passivating layer, as
presented in Fig. 1a. Here, LA is a natural pigment which is from the
natural shellac. It is widely known that LA is denoted as natural red 25,
which is used widely in food and medical industries as a green additive.
Comparing to the widely used CILs such as BCP and Bphen, LA shows a
low-cost advantage (as presented in Table S1). Therefore, LA is an
environmentally friendly organic material for developing sustainable
photovoltaic technology. To get the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels
of LA, the electrochemical measurement was carried out, as shown in
Fig. S1. It is found that the HOMO and LUMO energy levels of LA are
located at —5.55 and — 3.75 eV, respectively, and the related energy
level diagram are presented in Fig. 1b.

It is noted that the existence of CIL in PSCs would affect the WFs of
the Ag cathode, which would play a key role in the determination of the
performance of PSCs [40]. To investigate influence of LA on Ag cathode,
both theoretical calculation (the simplified chemical structure was
presented in Fig. $2) and ultra-violet photoelectron spectrometer (UPS)
test were conducted to evaluate the WFs, as shown in Fig. 1(c-g). The
calculated WF of pristine Ag (111) is 4.52 eV, which agrees well with the
result reported in literature [41,42], while the introduction of LA as a
modifier on the Ag interface leads to a down shift of WF to 4.19 eV,
which is 0.33 eV lower than that of pristine Ag cathode. This reduction
of WF is possibly owing to the formation of interfacial dipole at the Ag
interface. To verify this dipole formation, an electron density distribu-
tion was theoretically calculated, as presented in Fig. 1e. It is shown that
a distinct electron transfer process from the LA layer to Ag cathode oc-
curs, resulting in an apparent electron density variation near the Ag
(111) interface (~8 A). This result implies that the electron transfer
would happen in about 8 A length, and thus the interfacial dipole is
formed among this length scale. To further elucidate this electron den-
sity distribution for forming interfacial dipole, the interfacial dipole Ap
at the Ag (111) interface with LA was calculated, as displayed in Fig. 1f.
It is noted that a Ap of 1.55 D is formed with the distinct upward
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direction from Ag to LA, which is the direct nature of the interfacial
dipole, leading to the obvious WF reduction of LA-modified Ag cathode.
To verify the results from theoretical calculation, the UPS test was car-
ried out, as displayed in Fig. 1(g). It is featured that the binding energies
of BCP and LA modified Ag surfaces are shifted to the higher values,
leading to the distinct WFs reduction of Ag to 4.18 and 4.11 eV for BCP
and LA, respectively, whereas the bare Ag shows a higher WF of 4.62 eV.
To further verify the WF difference caused by the introduction of LA, the
Kelvin probe force microscope (KPFM) test was used to measure the WFs
of Ag, where the bare Ag gives a WF of 4.56 eV and a LA-modified Ag
shows a lower WF of 4.36 eV. Clearly, the introduction of CILs, espe-
cially for LA, would lower the WF of Ag cathode effectively, resulting
from the formation of right interfacial dipoles at the Ag interface. Sub-
sequently, these suitable low WFs would improve the interfacial ohmic
contact between active layer and cathode, facilitating efficient electron
extraction and transport, thereby realizing high Voc, FF and PCE in
PSCs.

2.2. Photovoltaic performance

To evaluate the CIL characteristics, the photovoltaic performance
was measured, and the J-V curves were presented in Fig. 2a, and the
corresponding statistical data were shown in Fig. S3 and S4. To optimize
the fabrication condition, the effect of different LA concentrations on
photovoltaic performance was also investigated, as shown in Fig. S5,
and the corresponding data were summarized in Table S2. It is found
that the LA concentration with 0.5 mg ml ™! presents the best photo-
voltaic performance. As a comparison, the widely used CIL of BCP was
also utilized here as a control device. It is shown that the photovoltaic
performance is improved dramatically when the CILs of BCP or LA are
introduced in i-PSCs, where the PCEs are increased to 18.27 % and
18.48 % for BCP and LA, respectively. While the device without any CIL
only gives a low PCE of 15.39 %. Interestingly, the device with LA as CIL
exhibits the highest photovoltaic performance with impressively high
Voc of 1.32 V and FF of 81 % as compared to the devices without and
with BCP as CIL. Moreover, the PSCs incorporating LA as the CIL exhibit
high performance reproducibility, as shown in Fig. S4, highlighting the
strong potential of LA as an excellent CIL. Furthermore, LA-based PSC
shows the lowest hysteresis effect, as presented in Fig. S6 and Table 1. In
Fig. 2b, it displays the external quantum efficiency (EQE) curves of i-
PSCs, illustrating that the PSCs show a wide-range light response from
300 to 700 nm. Importantly, the devices with BCP and LA present the
highest light-to-electric conversion efficiencies, exceeding 80 %. Espe-
cially, the EQEs reach about 90 % at around 400-550 nm. These high
EQE response would result in high Jg¢, and the integrated Jscs from EQE
curves are consistent with the results from J-V curves. In Fig. 2c, it
showed the stabilized power output (SPO) curves for the PSCs without
CILs, and with BCP or LA as CILs, respectively. In addition, the device
shelf lifetime test was carried out, as present in Fig. S7. It shows that the
introduction of CILs would improve the device shelf lifetime obviously,
where the LA-modified device gives the highest lifetime than control and
BCP-modified devices, indicating that LA is an excellent interfacial layer
for improving photovoltaic performance. Apparently, the device with LA
as CIL presents the highest device shelf lifetime than those of devices
without CIL, and with BCP as CIL, depicting that the LA could realize
stable photovoltaic performance in i-PSCs [43,44]. To evaluate the re-
sults in this work, the comparison of band gap-Voc-PCE statistics in wide
bandgap based i-PSCs was summarized, as displayed in Fig. 2d and
Table S3. To the best of our knowledge, this photovoltaic performance is
one of the best values for WBG i-PSCs.

2.3. Surface morphology investigation
It is widely known that the surface morphology of active layer plays a

significant role in achieving high-performance PSCs, whereas optimal
surface morphology would promote photovoltaic characteristics
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Fig. 2. (a) J-V, (b) EQE and (c) SPO curves for the PSCs without and with BCP and LA as CILs, respectively; (d) The literature comparison of band gap-Voc-PCE
statistics in wide bandgap (1.6-1.9 eV) based i-PSCs, and the red star represents the photovoltaic performance in this work.

Table 1
Summary of photovoltaic properties based on the devices with different CILs
under AM 1.5 G, 100 mw cm 2.

CILs  Scan Voo s s FF PCE%a  PCEmax
direction W) (mA (mA (%) (%) (%)
cm ) cm?)
15.07
F. 1.2 16. 16. 14.
none S 6 6.56 6.49 69 (+£0.3) 4.70
15.11
RS 1.26  16.51 73 (£0.4) 15.39
17.85
BCP F. 1.31 17. 17.2 17.
C S 3 7.55 7.24 77 (£0.1) 7.93
18.07
RS 1.30 17.57 80 (£0.2) 18.27
18.1
FS 1.32  17.54 17.23 80 8.19 18.42
(+0.2)
LA 18.23
1.32 17. 1 : 18.
RS 3 7.50 8 (+£0.2) 8.48

The FS and RS represent the forward scan and reverse scan, respectively.
3 The average PCE values from 10 individual devices.
b) Integrated Jgc from EQE curves.

tremendously. Therefore, atomic force microscopy (AFM) and scanning
electron microscopy (SEM) were carried out to investigate the surface
morphology under the device structure of ITO/PTAA/Al,O3/perovskite/
PCBM/CILs, as presented in Fig. 3. The AFM images indicate that the
pristine film without CIL presents a rough surface with root-mean-

square (rms) roughness of 9.11 nm, while the rms roughness of the de-
vices with BCP and LA as CILs decrease to 6.24 and 5.81 nm, respec-
tively. Interestingly, the LA modified surface displays the lowest rms
roughness, which would be beneficial for forming optimal interface
between PCBM and Ag cathode, and thereby promoting interfacial
electron transport and minimizing interfacial energy loss. Surprisingly,
the surfaces of PCBM layers with BCP and LA as modifiers visualize
large-scale domains and much more continuous feature, specifically for
LA-modified surface, indicating that this excellent surface is preferable
to electron transport and impeding interfacial energy loss. Moreover, the
X-ray photoelectron spectroscopy (XPS) measurement was also utilized
to verify the interaction between LA and Ag, as shown in Fig. S8 [45]. It
illustrates that the binding energy of Ag 3d of pristine Ag without LA
modification is 368.0 eV, but the binding energy of Ag 3d is shifted to
367.7 eV when the Ag electrode is modified by LA. This result implies
that the LA can interact with Ag effectively. To further investigate the
coverage of CIL layers, the test of water contact angles was performed, as
presented in Fig. 3(d-f). The water contact angle of pristine PCBM layer
is 100.6°, while those of CILs-modified PCBM layers with BCP and LA are
decreased to 95.7° and 80.9°, respectively, which implies that the CILs
can deposit on the PCBM layer efficiently. Hence, the LA as CIL could
improve PCBM surface, which is potentially beneficial for achieving
high photovoltaic performance in i-PSCs.
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characteristics for the PSCs without and with BCP and LA as CILs, respectively.
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2.4. Charge carrier dynamics

As mentioned above, the introduction of LA CIL has improved the
photovoltaic performance in i-PSCS. To understand the nature of LA
function, the investigation on charge carrier dynamics were carried out,
as presented in Figs. (4 and 5). In Fig. 4(a), it gives the photo-
luminescence (PL) spectra of the perovskite films with PCBM and CILs. It
is noted that the pristine perovskite layer shows a high PL emission,
whereas the PL is quenched dramatically when PCBM is added; more-
over, the PL is quenched further when CILs of BCP and LA are covered
atop the PCBM layer, indicating that the CILs could enhance the electron
transfer and transport at interface efficiently. This effect can be reflected
from the time-resolved photoluminescence (TRPL) spectra obviously, as
shown in Fig. 2(b). It is clear that the lifetime of pristine perovskite is
about 150 ns, but when the PCBM layer is covered on perovskite, the
lifetime is decreased to 119 ns, implying the efficient charge transfer
occurred. Notably, the lifetimes are further decreased to 48 and 22 ns for
the composite films with BCP and LA as ClLs, respectively, indicating
that the CILs would facilitate interfacial electron transport, which is
consisted with the results from photovoltaic devices [46]. To understand
the charge carrier transport in the device, the J-V curves in dark were
measured, as displayed in Fig. 2(c). Comparing to the PSC device
without CIL, it is observed that the devices with CILs modification
exhibit largely reduced reverse saturation current densities (RSCDs).
Specifically, the device with LA as CIL shows the lowest RSCD, ascribing
to the improved interfacial ohmic contact and decreased WF of Ag
cathodes [47]. To further clarify the effects of different CILs on PSCs, the
tests of photogenerated current density (Jpn) vs effective voltage (Vegr)
were carried out, as presented in Fig. 2(d). This effect would account for
the related charge dissociation and collection efficiency. It is noted that
the photogenerated current densities among these three kinds of devices
without CIL and with BCP and LA as CILs could reach the corresponding
saturation (Jgt) at high Vg, suggesting that the exciton dissociation and
collection are efficient enough. Through the calculation, the exciton
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dissociation rates (74iss) are 90.6 %, 91.2 % and 94.5 % for bare Ag, and
with BCP and LA as CILs, respectively. It illustrates that the LA modified
device gives the highest 74iss, indicating that the new LA-based CIL could
promote the exciton dissociation ability efficiently in PSCs. It is known
that the introduction of CIL in PSCs could improve the electron mobility
(pe) of PCBM. Here, the space-charge limited current (SCLC) method was
applied to record the p.s of PCBM, where the electron-only devices were
constructed under the device architecture of ITO/SnO5/PCBM/CIL/Ag,
as shown in Fig. 4(e). It is noted that the pristine PCBM without any CIL
modification gives the ye of 1.66 x 10~* cm? V™! 571, but the yes of
PCBM layers with modification of BCP and LA are increased to 3.01 x
107* and 3.03 x 10~* ecm? V! 571, respectively, indicating that the
introduction of CILs would enhance the . of PCBM layer efficiently
which is beneficial for facilitating electron transport and inhibiting
interfacial recombination. To investigate the carrier separation and
transport, the Mott-Schottky curves was performed for extracting the
built-in potentials (V,;s) in the devices, as displayed in Fig. 4(f). It shows
that the Vy;s for the devices without CIL, and with BCP and LA as CILs,
are 0.89, 0.96 and 0.99 V, respectively. It is obvious that the V4, of LA-
modified device is superior to the other two devices, implying that this
device poses the highest internal driving force for carrier separation and
transport [48]. Hence, this highest V;,; in LA-based device leads to the
highest Vo in PSCs, which is consistent to the results extracted from J-V
curves in Fig. 2(a).

To investigate the charge carrier recombination in the devices, the
Vocs and Jgcs variation under different light intensity were performed,
as presented in Fig. 5(a&b). In Fig. 5(a), it gives the Vpcs-light intensity
relationship, where it follows the formula of V¢ « nkTIn(I)/q. It is noted
that the slop constants are 1.34kT/q, 1.28kT/q and 1.13kT/q for the
devices without CIL, and with BCP and LA as CILs, respectively. Obvi-
ously, the LA-modified device shows the lowest slop, implying that the
introduction of LA as CIL could impede the trap-assisted recombination
in the PSCs [49]. Additionally, to further study the internal bimolecular
recombination in the PSCs, the Jgc-light intensity relationship was
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Fig. 5. (a) Voc-light intensity (In I) and (b) Jsc-light intensity characteristics, (c) J-V curves in dark of the electron-only device for perovskite layer, (d) Nyquist plots
in dark and charge carrier dynamics test for (e) TPV-time and (f) TPC-time characteristics.
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tested, where it follows the power law of Jsc  I%, as shown in Fig. 5(b). It
is well-known that if the slope in Jgc-light intensity relationship is
approaching to 1, it manifests that the bimolecular recombination would
be absent in the device. As presented in Fig. 2(b), the slopes for bare Ag,
BCP and LA modified devices are 0.977, 0.989 and 0.991, respectively,
suggesting LA-based CIL can suppress the bimolecular recombination
more effectively, and ultimately obtain the highest photovoltaic per-
formance. To quantitatively investigate the trap-state density in PSCs,
the electron-only devices under the architecture of ITO/SnOy/perov-
skite/CIL/Ag were adopted, as presented in Fig. 5(c). The trap-filled
limited voltages (VygLs) for the devices without CIL and with BCP and
LA as CILs are 0.689, 0.676 and 0.301 V, corresponding to the related
trap densities (n;s) of 2.96 x 10,16 2.91 x 10'® and 1.29 x 10'° cm’s,
respectively. It shows that the device with LA as CIL exhibits the lowest
n, than the other two devices, suggesting that LA-modified device could
passivate the traps efficiently and thus suppress the interfacial recom-
bination [50]. Moreover, the electrochemical impedance spectroscopy
(EIS) test was also carried out to study the electron transport and
recombination dynamics in PSCs, and the related Nyquist plots were
presented in Fig. 5(d). It illustrates that the recombination resistances
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(Ryecs) for the control device, and BCP and LA modified devices are
500.11, 1194.63 and 1614.91 Q, respectively. Evidently, the LA-based
device shows the highest Ry than control and BCP-modified devices,
implying that the trap-assisted recombination is hindered at interface
and the electron extraction and transport are promoted efficiently in
PSCs [51]. To explore the charge extraction and recombination process
comprehensively, the transient photovoltage (TPV) and transient
photocurrent (TPC) were further carried out in detail, as shown in Fig. 5
(e&f). In Fig. 5(e), it gives the charge carrier decay lifetimes of the de-
vices for control device and BCP and LA modified devices are 1.03, 1.69
and 2.74 ms, respectively. It is noted that the LA-based device has the
highest decay lifetime, indicating enough time for charge carriers
sweeping out from device, and inhibiting the interfacial recombination
effectively. In addition, TPC was also utilized to evaluate the charge
carrier extraction process of PSCs, as displayed in Fig. 5(f). It is observed
that the charge carries extraction times with none, BCP and LA as CILs
are 1.21, 0.61, and 0.58 ms, respectively, indicating that the LA-
modified PSC extracts charge carriers out of device more efficiently.
This fast charge carrier extraction would diminish the possibility of
charge recombination, benefiting for the achievement on high
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Fig. 6. (a) The device structure of POTSC, (b) the cross-section SEM image of POTSC, (c) J-V curves, (d) the statistic histogram of PCEs, (e) SPO curves, (f) EQE
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photovoltaic performance of LA-based PSC.
2.5. Investigation on perovskite-organic tandem solar cells

As mentioned above, the natural pigment LA can work as an efficient
CIL in WBG PSCs via synergistic improvement on Vo¢ and FF. Therefore,
it is potentially a novel candidate CIL to be utilized in ICL in POTSCs
[52-54]. To explore the photovoltaic performance, the POTSC was
fabricated within the device structure of ITO/PTAA/Al;03/Csgy.1FAg.oPb
(Io.6Bro.4)3/PEAl/PCBM/LA/ALD  SnO,/PEDOT:  PSS/PM6:L8-BO/
PDINN/Ag, where the 1.77 eV-based WBG perovskite was used as
front cell and the PM6:L8-BO (the chemical structures were displayed in
Fig. S9.) based OSC was used as rare cell, as presented in Fig. 6(a). In
Fig. 6(b), it shows the cross-section scan electron microscopy (SEM)
image of POTSC, which declares that all the active and functional layers
are deposited sequentially and completely. To get the photovoltaic
characteristics, the J-V curves were tested, as shown in Fig. 6(c). It is
noted that we can acquire a high photovoltaic performance with a V¢ of
2.15V, aJgc of 14.91 mA cm ™2, an FF of 73 %, and a PCE of 23.51 %, and
the corresponding photovoltaic properties of front and rare cells are
summarized in Table S4. To evaluate the reproducibility of POTSCs, the
statistics on PCE distribution is provided in Fig. 6(d), where an average
efficiency of 22.64 % is achieved. This means that the LA could realize
high reproducibility in fabricating POTSCs. Furthermore, the SPO of
POTSC was also examined at MPP tracking under continuous one sun
illumination, as depicted in Fig. 6(e). It shows a stabilized efficiency of
23 % under a steady voltage of 1.77 V, confirming the excellent reli-
ability in POTSC. In Fig. 6(f), it provided the EQE spectra of the corre-
sponding WBG PSC and low-bandgap OSC in a 2 T tandem cell,
respectively. It shows that this POTSC possesses a broad responsibility
from 300 to 900 nm, and most of EQE values exceed 80 %, exhibiting
excellent photocurrent matching. The integrated Js¢ values from EQE
curves for WBG PSC and OSC are 14.88 and 14.70 mA cm ™2, which agree
well with the Jsc obtained from the corresponding J-V curves. To eval-
uate the function of LA as efficient ICL in POTSCs, we compared the
results of Voc-PCE statistics published in literature for the inverted
perovskite-binary organic TSCs, as presented in Fig. 6(g) and Table S5.
To the best of our knowledge, a Vo of 2.15 V with a PCE of >23.5 % is
one of the highest values in inverted organic-inorganic perovskite-bi-
nary organic TSCs. Interestingly, the introduction of LA in ICL also re-
sults in high device shelf lifetime, as shown in Fig. 6(h). Hence, these
results demonstrate that the natural pigment LA could work as an effi-
cient and stable interlayer in ICL for high-performance POTSCs.

3. Conclusion

To conclude, a natural pigment (LA) is utilized as an efficient CIL for
WBG PSCs and TOPSCs. Owning to the introduction of LA CIL, the WF of
Ag cathode is reduced distinctly, leading to matchable interfacial ohmic
contact and thereby facilitating electron transport. Furthermore, LA CIL
can slow down interfacial recombination and energy loss, resulting in
the synergistic improvement on Vpcs and FFs in PSCs. Interestingly, LA
demonstrates broad applicability as CIL in both WBG PSCs and TOPSCs,
where WBG PSC gives a PCE of 18.48 % with a high Voc of 1.32 V and a
high FF of 81 %, and TOPSC exhibits a high PCE of 23.51 % with a V¢ of
2.15V. These high Vs, FFs and PCEs are among the highest values both
in 1.77 eV-based WBG PSC and TOPSC. In addition, the introduction of
LA CIL also enhances the device stabilities in WBG PSC and TOPSC.
Hence, reflecting from this study, the low-cost and environmentally
friendly natural pigments would be a potential candidate to work as
efficient CILs for constructing high-performance and stable PSCs and
TOPSCs in future.

3.1. Experimental section

The details of materials, characterization, device fabrication and
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tests, and photophysical measurement are presented in the supporting
information.
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