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Boosting the performance and stability of inverted
perovskite solar cells by using a carbolong
derivative to modulate the cathode interfacef
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Perovskite solar cells (PSCs) require low work function (WF) cathodes to collect electrons, but often
chemically reactive metals are used for devices with inverted configuration. Reactive metals (such as Ag,
Cu and Al) with low WF encounter easy oxidation and corrosion, which threatens the long-term stability
of devices. Herein, we tailor an organometallic carbolong derivative to modulate the cathode interface
in inverted PSCs for the enhancement of power conversion efficiency (PCE) and stability. Density
functional theory and surface WF characterization reveal that this organometallic compound can reduce
the WF of metals by forming interfacial and molecular dipoles, which reduce the energy barrier for
electron transport from the electron transport layer to the external metal cathode. By using this
carbolong derivative to modulate the cathode interface, inverted PSCs based on the commonly used Ag
cathode obtain a PCE of 21.46% with a remarkable FF of 83.14%. By replacing low-WF Ag with high WF
Au, the devices achieve more than 20% PCE and improved ambient stability, and can maintain over 85%
of the initial PCE for over 500 h in an inert environment under the maximum power point (MPP)
tracking. This work provides a significant route for the realization of high-efficiency and stable PSCs by

rsc.li/frontiers-materials

Introduction

Perovskite solar cells (PSCs) can be solution-processed and have
achieved over 25% power conversion efficiency (PCE), which
enable them to be an extremely competitive candidate in the
new-generation photovoltaic sphere." PSCs with inverted
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integrating rationally designed cathode interfacial materials and chemically stable metals.

configuration possess advantages of low-temperature processa-
bility and long device stability, and they can be integrated into
tandem devices to further push the PCE promisingly over the
S-Q limit.>” The main body of inverted PSCs is a sandwich
structure (hole transporting layer (HTL)/perovskite absorber/
electron transporting layer (ETL)) processed between a trans-
parent conductive oxide (TCO) and an external metal cathode
that requires a low work-function (WF).® However, the low WF
cathode commonly uses reactive metals, such as silver (Ag),
copper (Cu) and aluminum (Al), which are chemically unstable
due to their character of being easily oxidized by air, which
severely threatens the long-term stability of the inverted
devices.’

In general, a cathode interlayer (CIL) is introduced between
the ETL and the cathode metal to modulate the interfacial
energy barrier and facilitate the carrier transport.">"" In addi-
tion, a dense and hydrophobic CIL spacer is efficacious to
protect the underneath layers from metal electrode diffusion
and moisture penetration.’>'® One alternative approach to
achieve a long-lived cathode is to design CIL materials that
can both modify the interfaces and allow the use of chemically
stable metals."* For example, Fang et al. reported a benzotria-
zole CIL to form a protective layer by suppressing the reaction
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Previous work Champion PCE of inverted PSCs
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Fig. 1 Modification of the carbolong framework and the device perfor-
mance results achieved by their usage as ClLs combining both low-WF Ag
and high-WF Au cathodes in inverted PSCs.

between the degraded perovskite and Cu electrode.’ Li and
Yang et al. reported the use of a phenyl phosphine-inlaid
semiconducting polymer as the CIL in inverted PSCs to attain
a simultaneous enhancement of device efficiency and thermal/
lighting stability."® Although the CILs with ample molecular
structures have been reported to improve the device perfor-
mance and stability, the molecular design and employment of
novel CIL materials that allow the use of high-WF and chemi-
cally stable metals as cathodes are still under explored. Our
recent work showed that the utilization of a series of novel
organometallics with n-conjugating frameworks (carbolong
complexes'®) can drastically reduce the metal WF and hence
achieve high device PCE and superior operational stability for
both perovskite solar cells'” and organic solar cells."®'® Inter-
estingly, the coordination sphere modification of the carbolong
framework would improve the device performance. As shown in
Fig. 1, the introduction of carbolong complex a1 (M-CCC core),
of which the iridium center is chelated by a tridentate carbon-
carbon-carbon (CCC) ligand, as the CIL material in inverted
PSCs obtained champion PCEs of 20.65% (Ag as the metal
cathode) and 18.09% (Au as the metal cathode).'” Furthermore,
when the modified framework b1 (M-CCO core) was employed
as the CIL, the device performance, especially for the high
work-function Au cathode, was enhanced significantly.'” The
remarkable improvement of efficiencies in PSCs by using
distinct organometallic frameworks as interfacial materials
prompts us to consider whether the rational design of the
carbolong framework is still applicable to modulate the inter-
facial properties of the cathode in inverted PSCs, thus boosting
the device PCE.
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Herein, we report the irida-carbolong derivative 1 that
exhibits a brand-new organometallic framework as the CIL in
inverted PSCs to enhance the device performance and stability.
This material can extensively reduce the WF of external metals
in inverted PSCs by forming interfacial molecular dipoles.
Hence, the employment of compound 1 as the CIL in inverted
PSCs reduces the energy barrier for electron transport from the
ETL to the external metal, which facilitates the fill factor (FF)
and current density (Js). The inverted PSCs based on the Ag
cathode obtain a champion PCE of 21.46% with a remarkable
FF of 83.14%. As a proof of concept, we replaced the low-WF
Ag with high WF Au as the cathode for the fabrication of
high performance and stable inverted PSCs. The devices
based on the Au cathode with the CIL achieve more than 20%
PCE and can maintain over 85% of the initial PCE for over
500 h in an inert environment under the maximum power
point (MPP) tracking. This work establishes a route for the
achievement of high performance and stable PSCs by combin-
ing the rationally designed CIL material with the chemically
stable metal.

Experimental methods
Synthesis and characterization of the irida-carbolong derivative 1

To a mixture of a1 (160 mg, 0.15 mmol) and 3-chloroperbenzoic
acid (129 mg, 0.75 mmol) was added dichloromethane (10 mL).
The mixture was then stirred at room temperature for 30 min to
give a yellow green solution. After the completion of the
reaction, the solution was evaporated under vacuum to a
volume of approximately 2 mL. Addition of diethyl ether
(20 mL) produced a yellowish precipitate, which was collected
and washed with diethyl ether (3 x 20 mL) and dried under
vacuum to give compound 1 as a yellow solid. Yield: 130 mg,
80%. 'H NMR (400 MHz, CD,Cl,, ): 9.16 (s, 1H, C7H), 6.32
(t, J(PH) = 3.0 Hz, 1H, C3H), 7.93-6.85 (m, 29H, Ph), 4.20
(d, J(PH) = 5.2 Hz, 1H, C1H), 3.76 (s, 3H, COOCH;), 3.73
(s, 3H, COOCH,), 3.12 (d, J(HH) = 5.1 Hz, 1H, C11H), 3.11
(d, apparent br, 1H, C11H), 2.95 (d, J(HH) = 18.6 Hz, 1H, C9H),
2.38 ppm (d, J(HH) = 18.6 Hz, 1H, C9H); *'P{'"H} NMR
(161.9 MHz, CD,Cl,, §): 15.00 (d, J(PP) = 316.6 Hz, IrPPh;),
—2.31 ppm (d, J(PP) = 316.6 Hz, IrPPh;); C{'H} NMR
(100.6 MHz, CD,Cl,, plus “C-dept 135, "H-">C HSQC and
'H-"*C HMBC, 6): 209.3 (d, J(PP) = 2.9 Hz, C2), 193.9 (s, C7),
174.4 (t, J(PC) = 8.7 Hz, C8), 170.9 (s, COOMe), 170.1
(s, COOMe), 166.4 (t, J(PC) = 9.9 Hz, C6), 156.5 (dd, J(PC) =
27.1 Hz, J(PC) = 4.0 Hz, C4), 155.3 (s, C12), 143.0 (t, J(PC) =
5.2 Hz C3), 138.1-126.1 (m, Ph), 55.8 (s, C10), 53.6 (s, COOCH3),
41.7 (s, C9), 40.4 (s, C11), 38.9 ppm (d, J(PC) = 2.0 Hz, C1);
HRMS (ESI) m/z: caled for [Cs;H,,IrO,P,]",1021.2030; found,
1021.2065. CCDC 2133382 contains the supplementary crystal-
lographic data of compound 1 for this paper.¥

Material and solution preparation for PSC fabrication

FAI (216.68 mg), Pbl, (626.97 mg), MABr (15.68 mg), and PbBr,
(51.38 mg) were weighed in a vial in a glovebox. To them was
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added 1 mL of mixed solvent of DMF and DMSO in a volume
ratio (v/v) of 4/1. The solution was stirred at 65 °C for 60
minutes, and to it was added 40 pL of the CsI solution
(519.62 mg CsI dissolved in 1 mL of DMSO). The mixed
precursor was stirred at 65 °C for 15 min before use. PTAA
solution was prepared by dissolving 6 mg of PTAA into 2 mL of
CB and stirring for 1 h. PCs;BM solution was prepared by
weighing 30 mg of PCs;BM into 1.5 mL of CB and stirring at
70 °C for 2 h.

Fabrication of inverted PSCs

ITO glass was cleaned using detergent, acetone and isopropa-
nol under sonication for 20 minutes respectively. The ITO glass
was dried with nitrogen and treated by air plasma for 4 minutes
before transferring into a glove box for further spin-coating
procedures. PTAA was spin-coated at 6000 rpm for 30 s and
annealed at 100 °C for 10 minutes. The perovskite precursor
was deposited by spin-coating at 1000 rpm for 10 s and then
5000 rpm for 30 s. 250 uL of CB were splashed at 8 s before the
end of the high-speed step. The substrate was immediately
annealed at 100 °C for 20 min. PCs;BM was spin-coated on the
perovskite layer at 1000 rpm for 45 s. Ethanol solution with or
without compound 1 was spin-coated at 5000 rpm for 60 s.
100 nm Ag or 80 nm Au was deposited in the thermal evapora-
tor. The device area of 0.04 em” is defined by the overlap of the
ITO and metal electrode.

Characterization

The absorbance spectra of solutions and films were recorded
using a UV-Vis spectrophotometer (Agilent Cary 5000). The film
surface morphology was detected using scanning electron
microscopy (SEM, ZEISS Merlin). The film surface topography
and surface potential were recorded by atomic force microscopy
(AFM, Asylum Research MFP-3D-Stand Alone) under the electric
mode of scanning Kelvin probe microscopy (SKPM). Ultraviolet
photoelectron spectroscopy (UPS) was performed with a non-
monochromated He Io photon source (hv = 21.22 eV) to detect
the work function of the metals with or without the deposition
of the carbolong-derived compound. A source meter (Keysight
B2901A) and a solar simulator (Enlitech SS-F5-3A) were used to
measure the current density-voltage (J-V) curves. The device
J-V curves were measured with 10 mV intervals and 10 ms delay
time under AM 1.5 G at 100 mW cm ™ light intensity illumina-
tion. The external quantum efficiency (EQE) spectra were
recorded with a quantum efficiency measuring facility (Enlitech
QER-3011), in which the light intensity at every measured
wavelength was calibrated with a standard silicon photodiode.
Maximum-power-point (MPP) outputs were collected by mea-
suring the steady-state current density at the MPP voltage in an
inert environment. All the above device measurements were
performed in a nitrogen filled glove box. Transient photocur-
rent (TPC) measurements were carried out with a self-build
system, where the solar cells were excited using a 532 nm
incident laser (SpitLight Compact I00) and a digital oscillo-
scope (Keysight) was used to record the photocurrent decay
signal of the sample. Time-resolved photoluminescence (TRPL)
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spectra were recorded using a fluorescence spectrometer (Fluo
Time 300) with the incident light intensity of one sun. Electro-
chemical impedance spectroscopy (EIS) was performed in the
frequency range from 200 Hz to 2 MHz using the electro-
chemical workstation (Princeton Applied Research, P4000+)
under illumination conditions at the open-circuit voltage.

Results and discussion

As illustrated in Fig. 2(A), we designed and synthesized the
irida-carbolong derivative 1 by treatment of the reported irida-
carbolong a1'” with 3-chloroperbenzoic acid (m-CPBA) at room
temperature (RT), and it was obtained as a yellow solid in 80%
yield. The identity of compound 1 was characterized by nuclear
magnetic resonance (NMR) spectroscopy and high-resolution
mass spectrometry (see the ESL i Fig. S1-S4 for details). The
solid structure of compound 1 was also determined by single-
crystal X-ray diffraction as depicted in Fig. 2(B), which clearly
shows its ionic character and the existence of a [BF,]” counter
anion. Interestingly, the iridium center is chelated by a tetra-
dentate phosphorus—carbon-carbon-oxygen (PCCO) ligand,
which indicates the carbon-carbon coupling between C1 and
one of the phenyl carbons in the PPh; ligand. We calculated the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the cation of com-
pound 1, which are presented in Fig. 2(C) and (D), respectively.
The HOMO is —8.81 eV and the LUMO is —5.74 eV. The UV-Vis
absorption of compound 1 in ethanol is shown in Fig. 2(E),
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Fig. 2 (A) Synthetic route for the target irida-carbolong derivative 1.
(B) Single-crystal X-ray diffraction structure of 1 (ellipsoids are at the
50% probability level, and the hydrogen atoms of phenyl groups in PPhs
were omitted for clarity), DFT calculations of the (C) HOMO and (D) LUMO
for the cation of compound 1, (E) UV-Vis absorbance, and (F) thermo-
gravimetric curve of compound 1.
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which displays broad absorption from the UV to the visible
region. According to the UV-Vis absorption, the bandgap of
compound 1 was estimated to be 2.08 eV. The thermogravi-
metric curve of compound 1 is presented in Fig. 2(F). The 5%
weight loss temperature (To5) at 206.1 °C suggests its good
thermal stability, which is crucial to avoid degradation during
the thermal evaporation of the external metal cathode.

To verify the capacity of compound 1 as the CIL in inverted
PSCs, we fabricated photovoltaic devices with the structure of
ITO/PTAA/perovskite/PCq; BM/CIL/Ag (Fig. 3(A)).>° All the layers
except for the electrodes are solution processed, which is low-
cost and straightforward.”® The perovskite composition is
(CsPDbI3)g.05[(FAPDI;)o o(MAPDBTr3), 1], whose related characteri-
zation including surface SEM morphology (Fig. S5, ESIt), film
XRD (Fig. S6, ESIt), UV-Vis absorption and PL curves (Fig. S7,
ESIt) can be found in the ESL.t We recorded the -V curves with
the forward scan and reverse scan of the champion devices
without and with the CIL as shown in Fig. 3(B) and (C),
respectively. Their detailed photovoltaic parameters are listed
in Table S1 (ESIt). The pristine device without the CIL presents
a highest PCE of 17.39%, with an open-circuit voltage (V,) of
1.08 V, a short-circuit current density (Js.) of 22.79 mA cm ™2,
and a fill factor (FF) of 70.38%. The optimized concentration of
compound 1 is 0.8 mg mL ", which enables a film with 8 nm
thickness as measured using a spectroscopic ellipsometer.
Under this optimal condition, the champion device with com-
pound 1 as the CIL delivers a highest PCE of 21.46%, with a V.
of 1.08 V, a J,. of 23.88 mA cm 2, and a FF of 83.14%. In
comparison, the effects of CIL thickness on the device perfor-
mance were also taken into consideration as shown in Table S2
(ESIt), which clearly shows that the thickness of 8 nm is the
best. To show the superiority of the irida-carbolong derivative 1
of this work to the other cathode interlayers, we fabricated the
PSCs with the widely-used bathocuproine (BCP) as the CIL. The
photovoltaic parameters of the 8 nm BCP based device are
also included in Table S1 (ESIt). The PSCs with BCP possess a
highest PCE of 19.02%, with a V,. of 1.07 V, a J, of
21.57 mA cm 2, and a FF of 82.40%, still lower than our
compound 1 based device. In addition, we compared our
results with the reported literature as listed in Table S3 (ESIT).
The performances of our CIL included devices are among the
highest reported values for inverted PSCs without passivation
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Fig. 3 (A) Device structure. J-V curves of the best device (B) without and
(C) with the CIL. (D) EQE and calculated Js. curves. (E) MPP output.
(F) Device statistics.
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processing. The EQE values of both devices with and without
compound 1 are shown in Fig. 3(D). After inserting the CIL, the
device presents an enhanced EQE compared with the pristine
device at every measured wavelength. The integrated J,. of the
pristine device is 21.09 mA cm > while that of the CIL-modified
device is 22.12 mA cm 2 The calculated J,. values of the
pristine device and the CIL-modified device show 7.46% and
7.37% difference with those measured from j-V curves. To
confirm the PCE under stabilized conditions, we measured
the maximum-power-point (MPP) outputs of typical devices
with and without the CIL, and the results are plotted in
Fig. 3(E). The MPP outputs within 600 s under AM 1.5G one
sun illumination give a stabilized device PCE of 19.5% for the
CIL-modified device and 15% for the pristine device. To inves-
tigate the device reproducibility, the PCE values of pristine and
CIL-modified devices with a respective total number of 20 were
statistically studied and their distributions are presented in
Fig. 3(F). The average PCE values with standard deviation of the
pristine and CIL-modified devices are 15.21 + 1.42% and
19.61 £+ 0.9%, respectively, which are highly in line with the
J-V and MPP measurements. Therefore, compound 1 as the CIL
plays an important role in enhancing the device performance.

From the analysis of device performance, the employment of
compound 1 as the CIL mainly boosts the FF and J,., which are
highly related to the carrier transport efficiency. Generally, a
low-WF metal has a lower interfacial energy barrier relative to
the ETL and can improve the carrier transport. The introduc-
tion of compound 1 as the CIL was expected to reduce the WF
of the Ag surface since we have confirmed that the WF of PCBM
is almost not impacted by the CIL as shown in Fig. S8 (ESIY),
despite the efficient reduction of the PCBM surface roughness
(Fig. S9, ESIf). To verify the WF reduction of metal Ag enabled
by the introduction of compound 1, we first conducted the
density functional theory (DFT) study via building the adsorp-
tion model with different molecular configurations and per-
formed molecular dynamics simulation to obtain the final
configuration as shown in Fig. S10 (ESIt). In the final molecular
adsorption configuration with the lowest energy as shown in
Fig. 4(A), [BF4] anion tends to adsorb on the Ag surface and
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Fig. 4 (A) Molecular configuration with the lowest binding energy on the
Ag (111) surface and (B) localized potential curve of compound 1 adsorbed
on the Ag surface. (C) UPS curves of Ag surfaces with and without the
coverage of the CIL. SKPM mapping of metal surfaces (D) before and
(E) after the deposition of the CIL and their (F) linecut profiles.
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thus the organometallic cation is sterically distributed on the
anion surface, leading to the formation of the anion-cation
molecular dipole (u1). In addition, the cation in compound 1 is
large enough to cover the [BF,]™ anion, and parts of the cations
prefer to contact with the Ag surface directly, contributing to
another interfacial dipole (12) on the Ag surface. Both the
molecular dipole (u1) and interfacial dipole (u2) would syner-
gistically help increase the inner surface potential and reduce
the WF of Ag.>* The local potential curve derived from the
adsorption model is shown in Fig. 4(B). The WF of the Ag (111)
surface is obviously reduced from 4.3 eV to 3.95 eV, which is a
0.35 eV reduction.

To experimentally confirm the WF reduction of the Ag surface
after using compound 1 as the CIL, we carried out the UPS
measurements. The WF can be calculated according to the equation
WEF =13 — Ecyeor, Where A3 is the incident photon energy of 21.2 eV,
and E.,.of is the energy of the secondary electron cut-off. The WF of
the Ag surface shows a 0.5 eV reduction after CIL modification
according to the energy of the secondary electron cut-off as shown
in Fig. 4(C). Moreover, we further characterized the WF change
before and after the coverage of compound 1 on the Ag surface by
performing scanning Kelvin probe microscopy (SKPM). As shown in
Fig. 4(D) and (E), the surface potential mappings of Ag surfaces
before and after the deposition of the CIL reveal a noticeable
increase. From the comparison of their extracted line-cut
profiles as shown in Fig. 4(F), the surface potential is increased
from —254.829 mV to 323.847 mV. According to the equation
Om = @eip — €Vep, Where @y and @y, refer to the WF of the metal
and conductive tip, respectively, e is the charge constant, and V;, is
the contact potential, the change of measured surface potentials
before and after the introduction of the CIL reflects a WF reduction
of approximately 0.59 eV after introducing compound 1.

To clarify how the dipoles generated by the CIL affect the
metal electrode work function, a schematic diagram of the
energy level and dipole distribution is plotted in Fig. 5(A). Due
to the CIL dipole layer at the interface of PC¢;BM and the metal
cathode, the vacuum energy level (E,,.) is steeply shifted, and it
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Fig. 5 (A) Schematic diagram of the energy level and dipole distribution,
(B) TPC, (C) TRPL and (D) EIS curves of the solar cells with and without the
CIL.
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therefore reduces the apparent WF of the metal cathode by A.>*
This electric dipole interlayer can strongly affect the carrier
transport when embodied into photovoltaic devices. To study
the carrier transport at the cathode interface in the perovskite-
included devices, we collected the transient photocurrent (TPC)
decay profiles of the PSCs with and without the CIL. As shown
in Fig. 5(B), the device without the CIL has a longer photo-
current decay life time of 0.43 ps, longer than the CIL modified
device of 0.19 ps. The shorter lifetime after the usage of the CIL
signifies the enhanced carrier extracted to the electrodes in the
CIL modified PSCs.”> We further performed time-resolved
photoluminescence (TRPL) to characterize the carrier transport
dynamics in the PSCs with and without the CIL as presented in
Fig. 5(C). The fast extraction of carriers to the electrode would
result in less carrier recombination and a shorter TRPL life-
time. The decay spectra were fitted with a bi-exponential
function I(t) = A; exp(—t/t1) + A, exp(—t/1,), where 1, is a fast
component and 7, is a slow component. The fitting parameters
are listed in Table S4 (ESIf). The PSCs with the CIL have a
shorter average decay lifetime 7,, (., = A17T; + Ay7,), which
indicates a facilitated carrier transport compared with the
pristine device without the CIL. Much higher carrier transport
should result in less interfacial carrier recombination induced
by carrier accumulation in PSCs, which were further character-
ized by EIS. The EIS Nyquist plots of PSCs with and without the
CIL are shown in Fig. 5(D). According to the inset equivalent
circuit, the EIS resistances mainly contain a transport resis-
tance (R.) and a recombination resistance (R..). A larger
semicircle of the PSCs with the CIL corresponds to a larger
Ryec, which indicates the inhibited carrier recombination in the
devices with the CIL.?® Therefore, the reduction of the Ag WF
enabled by the CIL leads to improved carrier transport and
suppressed carrier recombination at the ETL/cathode interface,
contributing to the much-boosted device FF and J.

As low-WF metals encounter air-exposure-caused oxidation
and halogen-diffusion-induced corrosion, it is promising to
replace Ag with other high-WF and chemically stable
metals.”® For concept demonstration, we employed high-WF
and chemically stable metal gold (Au) as the cathode in the
inverted PSCs. The J-V curves of Au based champion devices
with and without the CIL are exhibited in Fig. 6(A). The
photovoltaic parameters are listed in Table S5 (ESIt). The
champion device without the CIL has a V,. of 1.08 V, a Ji. of
22.12 mA cm 2, a FF of 59.33% and a PCE of 14.11% while the
device with the CIL has a V. of 1.08 V, a J,. of 23.92 mA cm ™2, a
FF of 80.36% and a PCE of 20.82% under reverse scan condi-
tions. Similar to the Ag based devices, the Au based devices also
show boosted FF and J,. after the introduction of the CIL. Due
to the higher WF of Au than Ag, there is a larger energy barrier
for electron transport at the PC¢;BM/Au interface, which leads
to worse FF and Js.. The employment of the CIL can reduce the
WF of Au as demonstrated by the SKPM measurements
(Fig. S11, ESIt), which results in the facilitated carrier transport
at the ETL/cathode interface and improved device FF and Jg.

For stability measurements, we first measured the change of
device efficiencies relative to the initial point under ambient
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Fig. 6 (A) J-V curves of champion PSCs based on the gold cathode with
and without the CIL. (B) Environmental stability of six devices based on the
gold (Au) cathode and silver (Ag) cathode with and without the CIL, with
devices without encapsulation being stored in air and measured in a
glovebox. (C) Light stability of PSCs based on the gold cathode with and
without the CIL. Devices were measured under MPP tracking in the glove
box with continuous white LED light soaking.

conditions. Unencapsulated devices based on the Au cathode
and Ag cathode with and without the CIL were stored in air with
a humidity of 55 + 10%. As shown in Fig. 6(B), within 300 h
tracking time, the devices with the CIL present better ambient
stability than the devices without the CIL and the Au/CIL
devices present the best stability, which can hold over 80% of
the initial PCE for more than 250 h. By contrast, the PCE of the
Au based device without the CIL decreases to nearly 80% of the
initial PCE at around 150 h. In addition, the PCE decrease
speed of the Ag based devices with the CIL is faster than Au
with CIL devices and is similar to the Au without CIL devices,
which reveals the more stable nature of the Au cathode. Like-
wise, the Ag devices with the CIL are more stable than devices
without the CIL. The fortified environmental stability of devices
with the CIL may come from the increased hydrophobic proper-
ties of our CIL as proved via the water contact angle measure-
ments shown in Fig. S12 (ESIF).”” The PCsBM has a water
contact angle of 71.3°, while that of the CIL covered PC¢,BM is
85.7°. The increased hydrophobicity after the introduction of
the CIL can mitigate the penetration of humidity, thus enhan-
cing the air stability a lot. We further measured the operational
stability under MPP tracking in a glove box with white LED light
soaking. Normalized PCEs of devices based on the Au cathode
with and without the CIL present continuous decrease as
shown in Fig. 6(C). However, the devices with the introduction
of the CIL show a delayed decrease to the time of 85% of the
initial PCE (Tgs). The Tgs of the CIL-modified device is 500 h
while that of the pristine device is only 150 h. Therefore, the
introduction of a CIL to the Au based inverted PSCs obviously
enhances the device operational stability.

This work focuses on the metal cathode stability enabled by
the tailored CIL material. Although many reported devices with
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Ag, Cu, or Al electrodes had very stable performances, even
more stable than the values reported in this work, their
achievements were based on the complicated treatment/passi-
vation of the perovskite layer.>*”>> Hence, our device efficiency
and stability can be further improved by the interfacial/bulk
passivation of the perovskite layer, which is beyond the scope of
this manuscript and will be reported in our future work.**~>

Conclusions

In summary, we designed and synthesized the novel irida-
carbolong derivative 1 as the cathode interlayer (CIL) to mod-
ulate the cathode interface of inverted PSCs for the enhance-
ment of device PCE and stability. Compound 1 can reduce the
work function (WF) of both Ag and Au by forming interfacial
and molecular dipoles, which can reduce the energy barrier for
electron transport from the electron transporting layer (ETL) to
the external cathode metal, thus boosting the device FF and J;.
a lot. The CIL modified PSCs based on the Ag cathode exhibit a
high performance of 21.46% and a remarkable FF of 83.14%. By
replacing the reactive metal Ag with the chemically stable metal
Au, the CIL modified devices attain an over 20% PCE and an
operational stability of more than 500 h under Tgs MPP track-
ing. This concept of combining the rationally designed CIL and
high WF metal provides a significant route for the realization of
high-efficiency and stable PSCs.
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