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Inhibiting metal-inward diffusion-induced
degradation through strong chemical
coordination toward stable and efficient
inverted perovskite solar cells†
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The inward diffusion of metal electrodes is one of the main reasons for the deterioration of the long-term

device stability of perovskite solar cells (PSCs). Thus, herein, we adopt a simple additive engineering

strategy to modify the barrier material bathocuproine (BCP) with 1,3,5-triazine-2,4,6-trithiol trisodium salt

(TTTS). Different from the traditional physical blocking strategies, TTTS could prevent the metal electrodes

(e.g., gold, silver, and copper) from diffusing inward through the strong chemical coordination between

TTTS and the metal electrode. The TTTS additive also improved the conductivity and band structure of

BCP, thus enhancing the ability of BCP to extract electrons from the perovskite layer to the electrode.

Consequently, the inverted device modified with TTTS exhibited a high efficiency of 22.59%, which is

among the highest efficiencies reported to date for inverted PSCs. More importantly, it showed excellent

operational, ambient, and thermal stability. The target device maintained its initial efficiency with no loss

under continuous one-sun illumination at maximum power point tracking after 1000 h (the champion

device), 91% in air (50% � 5% RH) for 5000 h, and 93% after heating at 85 1C for 1500 h (average

efficiency from ten devices).

Broader context
Perovskite solar cells (PSCs) have rapidly developed in the past decade due to their excellent optoelectronic properties. The photoelectric conversion efficiency
(PCE) of inverted PSCs has quickly increased to 23%, which is approaching that of regular-structured devices. However, long-term stability is still the main
obstacle restricting their commercialization. Although numerous physical separation barriers have been proven to effectively enhance the device stability, they
do not satisfy operational stability at high efficiency. In this context, a chemical barrier strategy using a triazine salt chelating agent to coordinate the metal
electrode achieves inhibition of its inward diffusion and excellent operational, ambient, and thermal stabilities. Our work provides a new strategy to improve
the device efficiency and stability, thus hopefully can be applied for the commercialization of PSCs.

1. Introduction

The power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has been rapidly improving in the past decade owing to
their tunable bandgap,1–3 high absorption coefficient,4–6 high
charge mobility,7,8 low exciton binding energy,9–11 long carrier
diffusion length,12–14 simple process15,16 and low manufactur-
ing cost.17–19 The PCE of normal (n–i–p) PSCs exceeds 25.5%,20

while that of inverted PSCs has reached 23.0%.21 Although the
PCE of PSCs is impressive, their poor stability has become a
bottleneck, restricting their commercialization.22–24

The inward diffusion of the metal electrode has been proven
to be one of the critical issues that deteriorates the device
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stability.25,26 As reported by Grätzel et al., a considerable
amount of Au diffused inward to the perovskite region through
the charge transport layer (CTL) when the temperature of
thermal aging exceeded 70 1C.27 Boyd et al. reported that the
metal electrode migrated into the active layer and degraded the
photoelectric performance and stability of PSCs after acceler-
ated aging.28 Ming et al. conducted first-principles calculations
on the formation energetics and diffusion dynamics in the
perovskite layer for common metals. They showed that many
metals can diffuse into the perovskite and introduce deep-level
defects, consequently promoting the degradation of the
perovskite.29 Thus far, physical barriers are widely employed
to block the inward diffusion of the metal electrode via inter-
face engineering at the interface of perovskite/CTL or CTL/
electrode. Liu et al. reported that the diffusion of the metal
electrodes could be inhibited by a surface patch constructed via
the introduction of methimazole (MMI) to form an MMI–PbI2

complex at the perovskite/CTL interface.30 The target device
maintained almost 80% of its initial efficiency after one-sun
continuous illumination for 672 h. Wu et al. reported that
the Bi at the CTL/electrode interface could protect the metal
from migrating to the perovskite layer for 500 h in N2.31 In
addition, Cr,32 Al2O3,33 MoOx,34 ZnO35 and AgAl36 layers were
also employed as physical barriers at the CTL/electrode
interface.37,38 However, the metal atoms tend to diffuse
through these physical separation barriers under long-term
light or heat stresses, which is not beneficial to the perdurable
stability of the device and high efficiency.

Herein, we introduced the 1,3,5-triazine-2,4,6-trithiol triso-
dium salt (TTTS) in the common barrier material bathocu-
proine (BCP) via a simple additive engineering strategy to block
the diffusion of the metal electrode via strong chemical coor-
dination, as shown in Fig. 1(a). TTTS is a chelating agent to
precipitate heavy metals because it contains three sulfur ions
with very strong lone pair electrons, where it binds the ele-
mental forms of metals. In our studies, TTTS could coordinate
with common metals electrode, such as gold (Au), silver (Ag)
and copper (Cu). Different from the physical blocking strate-
gies, TTTS could prevent the metal electrode from diffusing
inward via the interaction between the metal electrode and its
sulfur (S) atoms. In addition, the TTTS additive improved the
conductivity and optimized the band structure of the BCP layer
for more efficient charge extraction. Consequently, the mod-
ified PSCs achieved a champion PCE of 22.59% and excellent
operational, ambient, and thermal stability. The encapsulated
champion devices with modified BCP layer exhibited almost no
loss in their initial power output after continuous one-sun
illumination at 45 1C and the maximum power point tracking
of 1000 h. In addition, the unencapsulated device also showed
91% (average PCE from ten devices) ambient stability when
tested at 50% � 5% relative humidity (RH) and 25 1C in air for
5000 h and 93% (average PCE from ten devices) thermal
stability when tested at 85 1C in N2 for 1500 h. Thus, this work
provides an effective strategy to simultaneously block the
inward diffusion of the metal electrode and enhance the device
efficiency.

Fig. 1 Device structure and photoelectric performance of PSCs. (a) Device structure and schematic of the BCP layer with TTTS. (b) J–V curves at
different scan directions of the champion devices without or with TTTS. The scan rate is 0.1 V s�1. (c) EQE spectra and the corresponding integrated JSC of
the control and TTTS-modified devices. (d) Steady-state photocurrent and SPO of the control and BCP:TTTS devices (MPP is 0.90 and 1.01 eV,
respectively). (e) J–V characterization of the large-area devices (1 cm2) without or with TTTS. The scan rate is 0.1 V s�1. The inset is a photo of the large-
area device.
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2. Results and discussion

The structure of the prepared PSCs is ITO/NiOx (20 nm)/per-
ovskite (about 550 nm, denoted as CsFAMA)/PCBM:C60 (about
46 nm)/BCP without or with TTTS (10 nm)/Au (100 nm) (Cs is
caesium, FA is formamidinium, MA is methylammonium,
PCBM is [6,6]-phenyl-C61-butyric acid methyl ester, and ITO
is indium tin oxide), as shown in Fig. 1(a). The TTTS molecule
was introduced in the BCP layer by blending BCP and TTTS as a
mixed layer (termed BCP:TTTS). First, we investigated the
device photoelectric performance via J–V curves. The device
was optimized using different concentrations of TTTS in the
BCP layer (Fig. S1, ESI†) and the detailed photoelectric para-
meters are recorded in Table S1 (ESI†) (the scan rate is
0.1 V s�1). The optimal concentration of the TTTS additive is
0.05 mg mL�1, and the corresponding device is denoted as
BCP:TTTS device. The reverse and forward scanning curves and
the corresponding detailed parameters are recorded in Fig. 1(b)
and Table 1, respectively. The BCP:TTTS device displayed an
increase in PCE from 19.93% (19.04) to 22.59% (21.88) due
to the increase in the open-circuit voltage (VOC) from 1.11
(1.10) V to 1.20 (1.19) V, JSC from 22.24 (21.73) mA cm�2 to
22.73 (22.36) mA cm�2 and fill factor (FF) from 80.74% (79.67)
to 82.84% (82.24) in the reverse (forward) direction. The PCE of
the control device was consistent with the previous result39 and
that of the BCP:TTTS device is among the highest for inverted
devices reported to date. In addition, the BCP:TTTS device
showed superior reproducibility (see the device statistics in
Fig. S2, ESI†).

We measured the external quantum efficiency (EQE) of the
control and BCP:TTTS devices, as shown in Fig. 1(c). Compared
with the control device, a higher EQE in the entire wavelength
region for the BCP:TTTS device was observed. The integrated
JSC values are consistent with the J–V curves for the control
(21.12 mA cm�2) and BCP:TTTS (21.81 mA cm�2) devices. In
addition, the steady-state photocurrent and stabilized power
output (SPO) of the devices were measured at the maximum
power point (i.e., MPP, 0.90 and 1.01 V for the control and
BCP:TTTS devices, respectively), as shown in Fig. 1(d). Com-
pared with the slightly decreased SPO for the control device, the
higher and more stable SPO for the BCP:TTTS device is satis-
factory. In addition, we prepared an upscaled device with an
active area of 1 cm2 and obtained a PCE of 20.21% via the blade
coating and anti-immersion method, revealing that our strategy
is feasible for large-area devices (Fig. 1(e) and Table S2, ESI†).

We further investigated the optical and electrical properties
of the BCP:TTTS device. The absorption of both the control and

BCP:TTTS devices was similar (Fig. S3, ESI†). In addition, the
introduction of TTTS in the BCP film had little effect on the
morphology of the BCP layer, which was confirmed by the SEM
images (Fig. S4, ESI†), AFM images (Fig. S5, ESI†), and XPS
spectra (Fig. S6, ESI†). We further studied the influence of TTTS
on the electrical properties of the BCP film. The characteriza-
tion of the conductivity with the structures of ITO/BCP without
or with TTTS/Au is shown in Fig. 2(a). The conductivity of the
BCP film increased from 0.71 � 10�5 to 1.09 � 10�5 S cm�1

after modification with TTTS, which reveals its electron extrac-
tion capability.40 Transient photocurrent (TPC) measurement
was also employed to characterize the carrier extraction and
collection efficiency of an entire device (Fig. 2(b)). The TPC
decay time for the BCP:TTTS device (0.16 ms) was shorter than
that of the control device (0.30 ms), indicating its better carrier
extraction and collection after TTTS modification.41 The charge
recombination and carrier lifetime were characterized by the
transient photovoltage (TPV) decay time. The TPV measure-
ment showed an enhancement in the carrier lifetime from
631.61 to 1092.70 ms after TTTS modification, indicating that
the TTTS additive is beneficial to reduce charge recombination
and enhance carrier transport (Fig. 2(c)).

We calculated the electronic energy level diagram (Fig. 2(d))
using the Tauc plots of (ahn)2 versus hn (Fig. S7, ESI†) and
ultraviolet photoelectron spectroscopy (UPS) (Fig. 2(e)) to
inspect the mechanism of the excellent electrical properties
of the films. The band gaps of the BCP and BCP:TTTS films
were 3.62 and 3.59 eV, respectively. The calculated Fermi level
(EF) exhibited almost no change after TTTS modification, which
was 4.09 and 4.06 eV for the BCP and BCP:TTTS films, respec-
tively. Compared with the BCP film, the conduction band
minimum (CBM) of the BCP:TTTS film shifted to a deeper level
by about 0.1 eV accompanied by an increase in electron affinity.
Therefore, there is narrower energy gap between EF and CBM
(DEC = ECBM � EF) when BCP is coated on top of the PCBM:C60

layer, which indicates a lower electronic barrier and higher
electron extraction ability, as shown in Fig. 2(f).42 In addition,
the wider energy gap between EF and the valence band max-
imum (VBM) (DEV = EF � EVBM) reveals higher hole-blocking
ability.43 A lower electronic barrier and higher hole-blocking
ability are expected to result in better electron extraction. The
BCP:TTTS device also displayed a smaller series resistance (Rs)
and larger shunt resistance (Rsh), as shown in Table 1, which
was confirmed by electrochemical impedance spectroscopy
(EIS) (Fig. S8, ESI†) and dark J–V characterization (Fig. S9,
ESI†). Overall, the improved VOC is likely attributed to the better
band alignment and reduced charge recombination; the

Table 1 The photovoltaic parameters of the devices without and with TTTS in the forward and reverse scan directions. The scan rate is 0.1 V s�1

Device (mg mL�1) VOC (V) JSC (mA cm�2) FF (%) PCE (%) Rs (O cm2) Rsh (O cm2)

Control Fa 1.10 (1.10 � 0.02) 21.73 (20.71 � 0.26) 79.67 (78.86 � 0.47) 19.04 (18.12 � 0.58) 8.54 2601
Rb 1.11 (1.10 � 0.02) 22.24 (21.73 � 0.24) 80.74 (79.95 � 0.42) 19.93 (19.09 � 0.54)

0.05 Fa 1.19 (1.19 � 0.01) 22.36 (22.01 � 0.22) 82.24 (81.78 � 0.37) 21.88 (21.05 � 0.36) 2.03 18824
Rb 1.20 (1.20 � 0.01) 22.73 (22.42 � 0.19) 82.84 (82.41 � 0.35) 22.59 (21.87 � 0.33)

a The forward scan direction. b The reverse scan direction.
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increased JSC of the BCP:TTTS devices should be attributed to
the enhanced carrier extraction and transport; and the incre-
ment in FF mainly stems from the decreased Rs and increased
Rsh (Fig. S8 and S9, ESI† and Table 1).

In addition to the excellent PCE, we continued to monitor
the operational, ambient, and thermal stabilities of the devices
without and with TTTS (relevant parameters of aging experi-
ments are given in Tables S3–S5, ESI†). Fig. 3(a) displays the
operational stability of the encapsulated champion devices
soaked in one-sun continuous illumination at 45 1C to track
MPP. The optimized device exhibited no loss in its initial SPO
after 1000 h, while the control device exhibited 55% loss after
630 h. We also studied the ambient stability at 25 1C and 50% �
5% relative humidity (RH), as shown in Fig. 3(b). The unencapsu-
lated BCP:TTTS device maintained 91% (average PCE from ten
devices) of its initial PCE after 5000 h, while the control device just
retained 64% after 2100 h. Fig. 3(c) shows the thermal stability
test with the unencapsulated devices at 85 1C for 1500 h in a N2-
filled glovebox. The BCP: TTTS device maintained 93% of its PCE
(average PCE from ten devices) after 1500 h, whereas the control
device only retained 62% of its PCE after 800 h.

We investigated the origin of the stability enhancement after
TTTS modification. First, Fourier transform infrared spectro-
scopy (FTIR) (Fig. S10, ESI†) and X-ray photoelectron spectro-
scopy (XPS) (Fig. 4(a) and (b) and Fig. S11, ESI†) were performed
to investigate the interaction between TTTS and the Au elec-
trode (note: an B10 nm thin Au film was thermally deposited
on top of the TTTS, BCP or BCP:TTTS film to obtain better FTIR
and XPS information). The peak at 845.2 cm�1 in the FTIR
spectrum of the TTTS film is assigned to the stretching

vibration peak of C–S, which is blue-shifted to a higher wave-
number at 850.7 cm�1 after the thermal deposition of Au. This
result indicates that the S in TTTS may interact with Au. We
further obtained evidence for the molecular interactions
between TTTS and Au via XPS. It is observed that the two main
peaks of Au 4f located at 87.8 and 84.1 eV for the BCP/Au film
shifted towards a higher binding energy after the incorporation
of TTTS (corresponding to 88.0 and 84.3 eV for the BCP:TTTS/
Au film), respectively. In addition, a new doublet appeared at
88.9 and 85.1 eV in the Au 4f XPS spectra after deconvolution for
the BCP:TTTS/Au film, which should be attributed to the S–Au
bond.44 Meanwhile, we found that the two main peaks of S 2p
from the BCP:TTTS/Au film shifted towards lower binding eneries
at 163.0 and 161.9 eV compared with that of the pure TTTS film
(163.2 and 162.0 eV), respectively (Fig. 4(b)). The weaker doublet at
162.6 and 161.6 eV suggests the formation of an S–Au bond,
indicating the strong chemical coordination interaction between
TTTS and Au.45 It should be noted that we did not observe strong
interaction between the N atoms in TTTS and Au because the lone
pair of the N atoms contributes to the conjugation system of the
triazine ring (see Fig. S11, ESI† and detailed discussion).

The strong interaction between TTTS and Au enabled the
more conformal deposition of Au. To study the effect of TTTS
on the buried surface of the Au electrode, we obtained the
scanning electron microscopy (SEM) images of the BCP and
BCP:TTTS films with thin Au film (B20 nm). As shown in
Fig. 4(c), an intermittent Au surface is observed when Au was
directly deposited on top of the BCP film. After the incorpora-
tion of TTTS additive into the BCP film, interestingly, the Au
film became smoother and more uniform (Fig. 4(d)), which

Fig. 2 Electrical characterization of devices. (a) Conductivity measurements of BCP films without and with TTTS. The inset is the device structure with
ITO/BCP without and with the TTTS/Au design. (b) TPC and (c) TPV decay characteristics of the control and BCP:TTTS devices. The fitting curves were
obtained from a bi-exponential decay function. (d) Electronic energy level diagram of BCP films without and with TTTS. (e) UPS spectra of BCP and
BCP:TTTS films. (f) Band diagram after the BCP layer or BCP:TTTS layer is spin-coated over the PCBM:C60 layer.
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should be attributed to the interaction between TTTS and Au to
immobilize the Au atoms and effectively improve the Au growth
kinetics.46,47 Atomic force microscopy (AFM) images also con-
firm the smaller root-mean-square (RMS) surface roughness of
the BCP:TTTS/Au film (4.15 nm) compared to that of the BCP/
Au film (4.52 nm) (Fig. 4(e) and (f), respectively). The smooth
and conformal Au film is favorable for the extraction of
electrons from the electron transport layer (ETL) to the Au
electrode.48

We performed conductive-atomic force microscopy (C-AFM)
to explore the impact of Au migration on the perovskite films.49

As shown in Fig. 5(a), the ETL and Au electrode coating on the
perovskite films were stripped after continuous heating at 85 1C
after 0, 100, 200 and 300 h, respectively. All the C-AFM images
were obtained under an applied bias of 1 V on the perovskite

films (Fig. 5(b)). In the case of the perovskite film based on
the BCP layer, the current signal gradually increased with an
increase in the heating time. A clear current signal appeared at
the grain boundary of the control perovskite film after contin-
uous heating for 300 h compared with the corresponding
topography (Fig. S12, ESI†), indicating a significantly enhanced
transmission pathway in the perovskite film, which is attrib-
uted to the migrated Au.50 On the contrary, there was no
obvious current intensity change for the perovskite film based
on the BCP:TTTS layer. The current of the perovskite film
did not increase significantly even after 300 h of heating,
indicating the effective blocking ability of TTTS on Au. The
diffused Au on the perovskite film was further observed by SEM
imaging and energy dispersive X-ray (EDX) mapping, as shown
in Fig. S13 (ESI†).

Fig. 3 Stability characterization of the control and BCP:TTTS devices. (a) Operational stability test of encapsulated devices under one-sun illumination
without UV (ultraviolet) filter at 45 1C to track the MPP. The SPO trace is the degradation of a single champion device for the control and BCP:TTTS
devices. (b) Ambient stability test of unencapsulated devices in air (25 1C, 50 � 5% RH). (c) Thermal stability test of unencapsulated devices at 85 1C in an
N2-filled glovebox. The average PCE and standard error were calculated from ten devices.
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To observe the vertical distribution of Au, we conducted
cross-sectional scanning transmission electron microscopy

(STEM) and EDX spectroscopy. The STEM images and EDX
mapping were obtained from the shaped devices via focused

Fig. 4 Effect of TTTS on the Au electrode. (a) Au 4f and (b) S 2p XPS spectra of TTTS, BCP/Au and BCP:TTTS/Au films. SEM images of (c) the BCP/Au film
and (d) BCP:TTTS/Au film. AFM images of (e) BCP/Au film and (f) BCP:TTTS/Au film.

Fig. 5 C-AFM images of perovskite films after the top Au electrode and ETL were stripped. (a) The preparation process of perovskite films for C-AFM
characterization. C-AFM images of perovskite films obtained from the PSCs (b) without and (c) with TTTS after different heating times (i.e., 0, 100, 200 and
300 h) at 85 1C in an N2-filled glovebox. All C-AFM images were obtained under an applied bias of 1 V on the perovskite films. CB is chlorobenzene.
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ion beam (FIB) before (Fig. S14, ESI†) and after (Fig. 6(a)
and (b)) accelerated aging at 85 1C in an N2-filled glovebox
for 300 h. The perovskite active layer and Au electrode,
separated by an ETL can be clearly observed in the STEM
images. We measured the thickness of the layers for the fresh
and aged devices, where the thickness of Au (50 nm) was
basically the same for the BCP:TTTS device before and after
aging; however, it was reduced from 50 nm to 45 nm for the
control device, suggesting that a large amount of Au strayed
from the electrode region. The EDX mapping also shows that
a significant Au signal can be observed throughout the
perovskite layer for the control device (Fig. 6(a)), which
indicates Au migration through the whole perovskite
layer.51 On the contrary, the Au signal is only obviously
observed in the ETL for the BCP:TTTS device (Fig. 6(b)) owing
to the strong interaction between Au and TTTS, which
inhibited its further migration to the perovskite layer. This
was also confirmed by the line-scanning profiles, as shown in
Fig. 6(c) and (d).

The inward diffusion of Au into the perovskite layer may
cause deep-level defects as effective recombination centers,
resulting in the deterioration of the stability of PSCs.29 There-
fore, we employed the trap density of states (tDOS) to investi-
gate the effect of TTTS on the defect density of the devices
before and after the thermal stability test. We calculated the
tDOS using the following equation:52

NT Eoð Þ ¼ �Vbi

qW

dC

do
o

kBT
(1)

where C is the capacitance, W is the depletion width, kB is the
Boltzmann constant and q is the electron charge. Vbi is the
built-in potential obtained from the Mott–Schottky plot (Fig.
S15, ESI†), and Eo is the energy demarcation calculated from

the applied angular frequency (o) according to the following
equation:52

Eo ¼ kBT ln
o0

o
(2)

where o0 is the attempt-to-escape frequency. Before the stabi-
lity test, the tDOS values of the BCP:TTTS device were similar to
that of the control device, as shown in Fig. 6(e). After the
stability test (Fig. 6(f)), the tDOS values of the BCP:TTTS device
exhibited no obvious change compared to that before the
stability test. In contrast, a significant increase in the tDOS
was observed for the control device after the stability test,
indicating the presence of more defects caused by the
diffusion of Au.

To verify the universality of the TTTS additive strategy, we
studied other common metal electrodes such as Cu and Ag.
TTTS also has strong interaction with Cu (Ag) as it is attached to
Au. J–V characterization (Fig. 7(a) and (b)), operational stability
(Fig. 7(c) and (d)) and thermal stability (Fig. 7(e) and (f)) tests
were performed. The BCP:TTTS device with Cu electrode
showed an improved PCE of 21.31% from 19.11% (control
device) (Table S6, ESI†). Similarly, the PCE of the BCP:TTTS
device with the Ag electrode was enhanced from 19.66% (con-
trol device) to 21.53% (Table S7, ESI†). This directly reveals that
the TTTS additive strategy is universal for improving the device
efficiency. Moreover, the optimized encapsulated champion
devices with the Cu or Ag electrode maintained 97% or 96%
of their initial SPO after MPP tracking and continuous illumi-
nation at 45 1C after 1000 h, respectively. In addition, the
optimized unencapsulated BCP:TTTS devices with the Cu and
Ag electrodes showed excellent thermal stability, maintaining
94% and 91% (average PCE from ten devices) of their initial
PCE values at 85 1C in an N2-filled glovebox after 1500 h,

Fig. 6 STEM and tDOS characterization of the devices. Cross-sectional STEM analysis and the corresponding EDX mapping of the Au element for
the aged devices (a) without and (b) with TTTS. Corresponding line-scanning profiles of the devices (c) without and (d) with TTTS. The inset is the
regional distribution of each functional layer in the PSCs. tDOS curves of the control and BCP:TTTS devices (e) before and (f) after the thermal
stability test.
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respectively. For the scaling up of PSCs, Ag paste may be
applied during the preparation of the perovskite cells.53 There-
fore, we selected Ag paste as the electrode and prepared PSCs
for the operational stability test, as shown in Fig. S16 (ESI†).
The SPO value of the modified device with TTTS was main-
tained at 93% compared with that of the control device (62%)
after 500 h continuous illumination at 45 1C. We also intro-
duced TTTS in conventional PSCs.54 As shown in Fig. S17 and
S18 (ESI†), the modified device with TTTS displays an enhanced
PCE from 19.45% (control device) to 22.13%, and its champion
SPO after 500 h was still maintained at 92% compared with the
control device (68%) in the operational stability test. Thus,
these results indicate the universality of the blocking effect for
TTTS additive to Cu and Ag.

3. Conclusions

We employed TTTS as a multifunctional additive to inhibit
metal-inward diffusion-induced degradation toward stable and
efficient inverted perovskite solar cells. Different from the
physical separation barriers, the TTTS additive blocked the
inward diffusion of the metal electrode (Au, Cu, and Ag)
through strong chemical coordination, leading to a signifi-
cantly improved device stability, including operational, ambi-
ent, and thermal stabilities. The optimized champion devices
exhibited almost no loss in their initial efficiency at the MPP
under continuous one-sun light soaking for 1000 h, 91%
(average PCE from ten devices) in air (50% � 5% RH) at
25 1C for 5000 h, and 93% (average PCE from ten devices)
after heating at 85 1C in N2 for 1500 h. In addition, TTTS can
adjust the band structure of BCP, enhance electron extraction
and transport, and thus reduce carrier recombination. The

champion BCP:TTTS device achieved an exciting PCE of
22.59%, which is among the highest PCEs for inverted PSCs.
Our study provides an effective and universal additive engineer-
ing strategy to prevent the inward diffusion of the metal
electrode without sacrificing the efficiency.
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Fig. 7 J–V curves and stability characterization of the control and BCP:TTTS devices with different electrodes. J–V curves of the devices with (a) Cu and
(b) Ag electrodes. The scan rate was 0.1 V s�1. Operational stability with (c) Cu and (d) Ag electrodes. The operational stability test of the encapsulated
devices was conducted under one-sun illumination without a UV (ultraviolet) filter at 45 1C to track the MPP. The SPO traces are the degradation of a
single champion device for the control and BCP:TTTS devices. Thermal stability devices with (e) Cu and (f) Ag electrodes. The thermal stability test of the
unencapsulated devices was performed at 85 1C in an N2-filled glovebox. The average PCE and standard error were calculated from ten devices.
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