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SUMMARY

Although efficiency over 18% has been achieved, the real application of organic
solar cells is still impeded by inferior stability because of degradation and limited
studies. Here we report efficient normal structure organic solar cells delivering
promising stability under different conditions, based on PMé6:BTP-eC9 blend
and AZO/AI cathode. The impact of cathode on device stability is systematically
studied by screening the leading electron transporting layers i.e., AZO, PFN-Br,
PDINN, and metal electrodes (Al and Ag). Strong correlation between cathode
and stability is demonstrated. The optimal AZO/Al-cathode device delivers the
best efficiency of 15.76%, with shelf-stability of T83 > 1,200 h, thermal stability
of T60 > 300 h, and MPP operational stability of T87 > 500 h. As far as we
know, this is the best stability achieved for PM6:Y6/derivative cells in literature
so far, based on well-studied simple cathode system and without any tailoring/
dopant for the active blend.

INTRODUCTION

Organic solar cells (OSCs) can be solution-processed on flexible substrates at low temperatures, enabling
fast and inexpensive manufacturing. Thus they have attracted great attention in past decades. Huge prog-
ress in power conversion efficiency (PCE) has been achieved since advances in material and device engi-
neering (Zheng et al., 2019). Especially, the shifting from traditional utilization of fullerene/derivatives as
electron acceptors to non-fullerene acceptors (NFAs) (Hou et al., 2018; Lin et al., 2015), for instance,
NFA Y6 (Yuan et al.,, 2019) and derivatives (Cheng et al., 2018), boosts the state-of-the-art efficiency to
over 18% (Liu et al., 2020b; Zhan et al., 2021). Despite the great achievements in device efficiency, the
commercialization of OSCs is still limited by their relatively low stability, owing to degradations and limited
study (Mateker and McGehee, 2017; Rafique et al., 2018). Understanding and overcoming the degradation
mechanism/problems are essential. Developing efficient OSCs with promising thermal and long-term
operational stability is greatly demanded by the community.

Degradation can occur at each part of a device stack, for instance, active blend, interlayer, and electrode
because of extrinsic (e.g., environmentally induced water and oxygen) or intrinsic (e.g., light, heat, and elec-
tric bias) factors (Mateker and McGehee, 2017). By which, morphology change, chemical reaction, and en-
ergy level mismatch could happen at all function layers or/and their contact, thus degrading the device per-
formance. And in the real application, the performance decay is usually a result of a complex interplay of
these multiple processes (Labanti et al., 2021).

Most stability studies have been focused on fullerene-based cells (Cheng et al., 2016; Jorgensen et al,,
2012; Li et al., 2017; Zhang et al., 2019). But relatively less has been dedicated to efficient NFA-based sys-
tems about this topic (Du et al., 2020). To promote the stability of NFA-based OSCs, different strategies
including tailoring of NFA (Du et al., 2020; Hu et al., 2020; Labanti et al., 2021) and donor (Zhang et al.,
2021), designing new active materials (Bin et al., 2020), ternary-blend method (Yang et al., 2020), utilization
of stabilizer/dopant (Linglong Ye et al., 2020; Zhang et al., 2019), and interface engineering (Lin et al., 2020;
Yao et al., 2020), have been adopted. Focusing on photo-stability, Brabec (Du et al., 2020) and coworkers
systematically studied the PMé/derivatives: IT-4F blend systems. It is concluded that NFA aggregation
because of incompatibility with donor material contributes to performance loss. T80 (80% of the initial
PCE) lifetime of ~1,300 h can be obtained for optimal inverted devices (ITO/ZnO/blend/MoO3/Al) under
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Figure 1. Material property and schematic depict of cathode contact

(A) Chemical structure of polymer donor PM6, NFA BTP-eC9, and interfacial materials utilized.

(B) Configuration of normal device structure (ITO/PEDOT:PSS/PM6:BTP-eC9/ETL/Metal) adopted in the study and
schematic diagram of contact at ETL/Metal.

(C) Energy level alignment of the materials used in devices.

(D) Absorption spectra of the polymer donor PMé and NFA BTP-eC9.

illumination and open circuit condition. With a similar inverted structure, Kim et al. (Labanti et al., 2021),
optimized the interaction between ITIC and donor PBDB-T by selenium-substitution on ITIC to stabilized
the blend, thus promoting the device photo-stability.

Thermal stress is considered another sensitive and key factor causing performance decay as its strong
impact on blend nanoscale morphology by phase separation (Speller et al., 2019; Zhang et al., 2017). To
improve device thermal-stability, polymer donors with different molecular weights were utilized for blend
(PBDB-T4CI5S:Y6) morphology optimization by Huang et al. (Zhang et al., 2021). Much improved shelf- and
thermal-stability were accomplished with a medium molecular weight owing to optimal miscibility between
donor and Yé. Based on the ternary strategy, by adding a third polymer acceptor PZl into the PMé:BTTT-2ClI
blend to improve crystallinity, Min and coworkers (Yang et al., 2020) greatly enhanced the thermal stability
of the device in a normal structure.

Based on those studies focused on curing the blend morphology change, although long-term stability of
10-year-lifetime is promised (Du et al., 2019), NFA-based OSCs still suffer from significant degradations (Du
et al., 2020; Mateker and McGehee, 2017). Besides active blend, we consider interlayer, for instance, the
electron transporting layer (ETL) and electrode present significant influence on performance stability as
well (Lin et al., 2020; Yao et al., 2020) because they play a key role in determining device polarity and charge
extraction efficiency (Yin et al., 2016). Yao et al. (Yao et al., 2020), demonstrated that cathode significantly
influences not only efficiency but also storage stability. However, their impact on device stability has
received limited attention so far. Developing/screening efficient cathode systems providing high stability
for OSC, and understanding the mechanisms are in great demand.
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Figure 2. Device performance based on different cathodes

(A and B) J-V curves and efficiency statistics of devices based on AZO/Al, PFN-Br/Al, or PDINN/AI cathode.

(C and D) J-V curves and efficiency statistics of devices based on AZO/Ag, PFN-Br/Ag, or PDINN/Ag cathode. The
statistics are based on 14 individual cells.

In this work, we report efficient PM6:BTP-eC9 (Cui et al., 2020) organic solar cells delivering promising sta-
bility under different conditions. The devices are fabricated in the normal structure of ITO/PEDOT:PSS/
PM6:BTP-eC9/ETL/Metal (Liu et al., 2017). Based on representative electron transporting materials
(ETMs) AZO (Liu et al., 2017), PFEN-Br (Cui et al., 2020), and PDINN (Yao et al., 2020) as ETL and the most
typical metal electrode Al and Ag, the impact of the cathode (ETL/Metal) on device stability are systemat-
ically studied. Stability details are revealed and the underlying mechanisms are proposed and discussed.
The optimal AZO/Al-cathode device delivers the best efficiency of 15.76%, with shelf-stability of T83 >
1,200 h, thermal-stability of T60 > 300 h, and MPP operational stability of T87 > 500 h. As far as we
know, this is one of the best stabilities achieved for efficient polymer:NFA OSCs in literature so far (Classen
et al., 2019; Yang et al., 2020), based on well-studied simple cathode system and without any tailoring/
dopant for active blend.

RESULTS AND DISCUSSION

The chemical structure of polymer donor PMé (Zhang et al., 2015), NFA BTP-eC9 (Cui et al., 2020), and inter-
facial materials, and the adopted normal device structure (ITO/HTL/PMé6:BTP-eC9/ETL/Metal) are pre-
sented in Figure 1. Poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS) is utilized as
the hole transporting layer (HTL). Three representative ETLs i.e., AZO, PFN-Br, and PDINN, combined
with metal electrode Al or Ag, are adopted to compose the cathode and for comparison. Figure 1B depicts
the schematic diagram of contact between ETL and electrode, showing possible interactions that corre-
lated to the device degradation. Energy level alignment of all the materials used in devices and the absorp-
tion spectra of active materials are presented in Figures 1C and 1D.

Performance parameters of the device with different cathode are summarized in Figure 2 and Table 1.
Combined with metal Al electrode, all three leading ETLs deliver a decent PCE of over 15%. A champion
PCE of 15.76% is obtained based on AZO/Al cathode, with an open circuit voltage (Voc) of 0.86 V, short
circuit current density (Jsc) of 25.10 mA ecm™2, and fill factor (FF) of 72.8%. When combined with Ag elec-
trode, the ETLs provide comparable efficiency of over 15% again except for AZO. The AZO/Ag cathode
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Table 1. Parameters of different cathode-based OSCs

EHL Metal  Voc (V)  Jsc(mAcm™3)  FF (%)  PCE (%) Rs (Qcm?) R (kQcm?)
AZO Al 0.86 25.10 72.8 15.76 (15.22) 56.9 15.54
PFN-Br 0.84 25.01 72.7 15.29 (14.69) 68.9 26.08

PDINN 0.85 24.29 73.0 15.15 (14.61) 82.0 30.09

AZO Ag 0.83 24.55 53.1 10.78 (10.19) 103.5 8.73

PFN-Br 0.85 24.87 71.2 15.11 (14.75) 82.3 26.96
PDINN 0.86 24.21 75.0 15.69 (15.01) 61.4 24.67

The average PCE in parentheses was based on 14 individual devices.

delivers PCE of only 10.78% due to slightly suppressed Voc and dramatically lowered FF by imperfect con-
tact of AZO/Ag (Mihailetchi et al., 2003), This is evidenced by the high series resistance and low shunt resis-
tance (Table 1), further confirmed by the sheet resistance (Table S1).

First, the shelf/storage stability of different-cathode-based devices was tested in Ny-filled glove box at
room temperature (Figure 3, left column). Almost all devices based on the leading ETLs and metal elec-
trodes presented a fairly stable performance in a long-term shelf-storage under indoor daylight (ID-DL)
in the glove box. The best shelf-stability of the device is achieved with PDINN/Ag cathode, retaining
95% of its initial efficiency (T95) in 50 days i.e. 1,200 h (T95 > 1,200 h). The PDINN/AI, AZO/Al, and PFN-
Br/Ag cathode devices maintained over 80% of their initial efficiency in the same time scale (T80> 1,200
h). Slightly faster performance decay was observed for AZO/Ag cathode device, with 75% of initial effi-
ciency maintained in 1,200 h. And the PFN-Br/Al device presented a relatively fast decay with 37% of the
initial value remained in 1,200 h, which is consistent with the result in other reports (Cui et al., 2020; Sun
et al., 2021). To understand the efficiency decay in shelf-storage, the performance parameters including
Voc, Jsc, and FF of devices were presented in Figure S1. It is concluded that for Al-electrode-based de-
vices, the decay can be influenced by all the parameters (Figures STA-S1C). Especially, the decay of the
PFN-Br/Al-cathode device is directly ascribed to its quick FF loss (Figure S1C). While differently in Ag-elec-
trode-based devices, the Jscs remain quite stable, which could be related to the stable reflectivity of Ag
electrodes when compared to Al electrodes (Figure S7). Voc loss (Figure S1D) is the main reason causing
the efficiency decay of AZO/Ag devices. And again the FF loss (Figure STF) should mainly account for the
PFN-Br/Ag device decay.

The thermal-stability test was conducted for the different cathode devices under 85°C thermal stress in N,
atmosphere. As shown in Figure 3 (right column), a much-accelerated decay process was recorded for all
devices, compared to their shelf-stability. Combined with the Al electrode, both PFN-Br and PDINN ETL-
based devices degraded fast to failure within a few tens of hours (Figure 3B). This is consistent with the re-
sults reported in literatures (Cui et al., 2020; Sun et al., 2021; Yao et al., 2020). Relatively more stable per-
formance was recorded for AZO/Al-cathode device. It maintained 60% of initial efficiency for over 300 hours
(T60 > 300 h) under thermal stress. When combined with the Ag electrode, the devices presented overall
improved thermal stability compared to the Al-electrode-based cells (Figure 3D). And again the AZO-
based device delivered the best thermal stability. These results indicate that AZO ETL shows superiority
in achieving good thermal stability for this type of OSCs, compared to PFN-Br and PDINN ETLs. This could
be ascribed to the better morphological and chemical stability (Hewlett and Mclachlan, 2016; Liu et al.,
2016) of AZO as inorganic material than the organic molecules, under thermal conditions. Different from
shelf-storage, all parameters including Voc, Jsc, and FF showed a specific decrease under thermal stress
(Figure S2). The synergetic effect of these decreases resulted in the accelerated decay of devices under
thermal stress. We consider that the different decay processes by cathode variation could be related to
morphology and/or chemical changes at the cathode, which will be discussed later. It should be noted
that under thermal stress, almost zero Jsc loss was recorded again, for AZO/Al and AZO/Ag cathode de-
vices (Figures S2B and S2E).

Operational stability is one of the most essential parameters for the practical application of OSCs. Figure 4
shows the long-term operational stability of devices under maximum power point (MPP) tracking and 1 sun
illumination in N, atmosphere. Interestingly, superior MPP operational stability is obtained for AZO-Al and
PDINN/AI cathode devices, with T98 > 200 h and T90 > 200 h respectively. The PFN-Br/Al device presents

4 iScience 24, 103027, September 24, 2021
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Figure 3. Efficiency decay of devices with different cathodes

(A and C) Efficiency decay of different-cathode-based devices under shelf-storage.

(B and D) Efficiency decay of different-cathode-based cells under 85°C thermal stress. (Aging test is conducted in N,
atmosphere in the glove box. The standard deviation is based on 8 individual devices.)

relatively fast performance decay (T40 = 130 h) under MPP aging. When combined with Ag electrode, the
devices provide comparable but slightly lowered operational stability (Figure 4B), with 70-90% of initial ef-
ficiency maintained in 200 hours. Similar to shelf-storage, the efficiency decay of the PFN-Br device is mainly
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Figure 4. Operational stability of cells with different cathodes

(A-C) Operational stability of different cells under maximum power point (MPP) tracking in N, atmosphere, with the
cathode of (A) ETL/AI, (B) ETL/Ag, and (C) AZO/AIl. (The deviation is based on 4 individual devices.)
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Figure 5. Decay of performance parameters

(A-F) Parameters decay of OSCs with different ETL (AZO, PFN-Br or PDINN) and metal electrode (Al or Ag), under MPP operation: (A and D) Voc; (B and E)

Jsc; (C and F) FF. (The deviation is based on 4 individual devices.)

dominated by FF loss (Figure 5C); the decay of the AZO/Ag device is more determined by the Voc loss (Fig-
ure 5D). The best MPP operational stability is recorded based on the AZO/Al device (ITO/PEDOT:PSS/
PM6:BTP-eC9/AZO/Al) (Figure 4C), with T98 > 200 h and T87 > 500 h confirmed. To the best of our knowl-
edge, this is the best long-term operational stability of PMé:Yé/derivatives OSCs reported in the literature
so far. As a comparison, typical stability parameters of NFA-based binary OSCs in literature are summa-
rized in Table 2, together with the devices in this work. It should be noted that the whole aging process
has been conducted in a moisture-free and oxygen-free atmosphere.

Because the same fabrication process has been utilized to prepare the active layer of all the devices, we
consider the difference in efficiency decay of devices must be related to their cathode property, which is
the sole part varied in the devices. Different properties of ETLs and/or electrode metals would cause
different morphology and/or chemical changes at the cathode, and contribute to different degradation.
To explore the details and understand the degradation, morphology, and chemical/electronic state at
interface of ETL/electrode were characterized. Al and Ag films (100 nm) on glass substrate were treated
in warmed (85°C) AZO, PFN-Br, and PDINN solutions (Figure 6A) to simulate and accelerate the interaction
between ETL and metal electrode in the device. Obvious morphology change was observed for metal films.
Especially, large morphology and color change were demonstrated for Al films treated with PFN-Br and
PDINN solutions (Figure 6B), compared to the control film (Al-air), suggesting strong interaction between
Al and the PFN-Br and PDINN molecules. While kept in AZO solution, the Al film presented a nonobvious
morphology/color change. This could explain the different thermal stability of their corresponding devices
(Figure 3B). A similar phenomenon but overall much slighter morphology change was observed for Ag
films, compared to Al films. This is consistent with the improved thermal stability of their corresponding
devices (Figures 3B and 3D). Again, a relatively larger morphology change was recorded for Ag film treated
by organic solutions, but almost no change was recorded for the AZO-solution-treated one. This could be
ascribed to the better chemical stability of Ag than Al, probably because of higher work-function. To
exclude the influence of solvents, fresh metal Al and Ag films were treated by using pure methanol and tri-
fluoroethanol (TFE) solvent, respectively, at 85°C. No obvious morphology change was observed
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Table 2. Typical stability parameters of NFA-based binary OSCs in literature, together with our devices

Active layer (AL) Device Conditions Aged time Best PCE (%) Remain (%) References
PMé6:Y6 ITO/PEDOT:PSS/AL/PDINN/Ag Dark-Shelf 1,200 h 17.2 90 Nat. Comm. 2020 (Yao et al., 2020)
PM6:Y6 ITO/PEDOT:PSS/AL/DPO/AI 1 Sun 225 h 15.2 40 ACS Energy Lett. 2020 (Gasparini
et al., 2020)
PMé6:PTIC ITO/ZnO/AL/MoO3/Ag 1 Sun 50 h 10.27 70 Nat. Com. 2019 (Yu et al., 2019)
PMé6:1T-4F ITO/ZnO/AL/MoO3/Al 1 Sun 1,300 h 10.8 78 Adv. Mat. 2020 (Du et al., 2020)
PMé:IT-4F ITO/ZnO/AL/MoO3/Ag 100°C 34 h 1212 75 ACS Energy Let. 2020 (Park et al., 2020)
PM6:BTP-eC9 ITO/PEDOT:PSS/AL/PFN-Br/Al  50°C 100 h 17.8 58 Adv. Mat. 2020 (Cui et al., 2020)
PM6:BTTT-2Cl ITO/PEDOT:PSS/AL/PDINO/AI  110°C 120 h 13.13 48 Nat. Comm. 2020 (Yang et al., 2020)
PM6:N3 ITO/PEDOT:PSS/AL/PFN-Br/Ag MPP 50 h 15.94 20 ACE Energy Lett. 2020 (Lin et al., 2020)
ITO/2PACz/AL/PEN-Br/Ag 120 h 16.6 74

PBQ-QF:0-IDTBR  ITO/ZnO/Ba(OH),/AL/MoO3/Al @V 1000 h 8.08 80 Adv. Energy. Mater. 2019 (Classen

or @Jsc et al., 2019)
B1:BTP-eC9 ITO-CI/AL/AI Shelf 200 h 14.86 72 Energy Environ. Sci. 2021 (Sun et al.,

1 Sun 200 h 40 2021)
PMé6:BTP-eC9 ITO/PEDOT:PSS/AL/AZO/AI Shelf 1,200 h 15.76 83 This work

85°C 318 h 60

MPP 513 h 87

compared to the ETL-solution-treated films (Figure S3). This demonstrates that the interactions between
ETL molecule and electrode metal contribute to cathode degradation, thus device performance.

To further understand the cathode changes, X-ray photoelectron spectroscopy (XPS) was conducted at the
interface (Figure 7). Figure 7A shows the Al 2p spectra of the treated films. Both metallic Al (72.2 eV) and
AlL,O3 (74.2 eV) are detected at the surface of the control film (Al-air) owing to exposure in air, which
matches well the theoretic peak positions (Liu et al., 2020a). After being treated with PFN-Br and PDINN
solution, the Al (2p) metallic core level (Al 2p3/2) (Figure 7A) shifts toward higher binding energy (from
72.2to 72.4 eV) and the Al 2p1/2 peak almost disappears, suggesting electron transfer from metal atoms
to organic molecules by strong chemical reaction. When treated with AZO solution, this energy shift is not
measured and both core line peaks (Al 2p 1/2 and 3/2) retained, suggesting no chemical reactions. A similar
phenomenon is observed for Ag films (Figure 7B). A clear shift of Ag 3d core line spectra toward higher
binding energy is observed for all ETL-treated Ag electrodes, but with an overall more gentle process
compared to the Al electrode (Figure 6B). The biggest shift is recorded for PFN-Br treated Ag films, prob-
ably because of more halide of this material (Wang et al., 2021; Zhao et al., 2016). These results indicate a
stronger chemical interaction between the metal electrode and the organic ETL molecules than between
metal and AZO (as depicted in Figure 1B) under thermal conditions, which is consistent with the recorded
thermal stability of the devices. Further, as for the chemical interaction or reaction mechanism, we consider
it is related to redox reactions between metal and haloid (Wang et al., 2021; Zhao et al., 2016), or amino
group, as depicted in Figure 1B and evidenced by the morphology changes of metal films (Figures é
and S4-57).

Conclusions

In summary, we report efficient PM6:BTP-eC9 OSCs delivering promising long-term stability, with a normal
structure of ITO/PEDOT:PSS/PM6:BTP-eC9/AZO/Al. Representative ETLs (AZO, PFN-Br, and PDINN) and
the most typical metal electrodes (Al and Ag) are screened to compose the cathode (ETL/Metal) and for
comparison. The impact of cathode on device performance and stability is systematically studied. Relative
details are revealed and possible reason/mechanisms are discussed. Fairly stable performance (T80 > 1,200
h) is expectable for the leading ETLs-based cells under shelf-storage. The decay is much accelerated for
devices under thermal stress, especially for organic ETL/Al devices owing to chemical reactions at the cath-
ode. The optimal AZO/Al device delivers the best efficiency of 15.76%, with promising shelf-stability of
T80 > 1,200 h, thermal-stability of T60 > 300 h, and MPP operational stability of T87 > 500 h. This is the
best stability achieved for efficient PMé:Yé/derivative cells in literature so far, without any tailoring/dopant
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Figure 6. Morphological characteristics of cathodes

(A) Thermal-evaporated 100 nm Al or Ag film on the glass substrate, kept in AZO, PFN-Br, and PDINN solutions to simulate the reactions between metal and
the ETL under 85°C. The one kept in the air is for control.

(B) Photo of the films after treatment by different ETL solutions.

L

for the active blend. This cathode system could fulfill the requirement of commercialization of OSC,
because of its low cost and material abundance. This study provides insight into cathode impact on device
degradation and strategy to promote the stability of OSCs.
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Figure 7. XPS characteristics of cathodes
(A and B) Core line XPS spectra of (A) Al 2p of the Al film and (B) Ag 3d of the Ag film, treated by AZO, PFN-Br, and PDINN
solutions.
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Limitations of the study

In the current study, organic solar cells that were used are based on leading electron transporting materials
and typical electrode metals. Other representative electron selecting materials e.g., PDINO, DPO and
PNDIT-F3N are notincluded. The fabricated organic solar cells based on PM6:BTP-eC9 blend provide rela-
tively lower efficiency compared to those top values of the cells reported in literature.
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REGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals and reagents

PM6
BTP-eC9
PEDOT:PSS
PFN-Br

Aluminum nitrate monohydrate

Solarmer Materials Inc.
Solarmer Materials Inc.
J&K Scientific

Solarmer Materials Inc

Sinopharm Chemical Reagent Co.

zinc acetate dihydrate

potassium hydroxide

CAS#1802013-84-8
CAS#NA
CAS#155090-83-8
CAS#889672-99-5
CAS#7784-27-2
CAS#557-34-6
CAS#1310-58-3

Chloroform Sigma-Aldrich CAS#865-49-6
1-chloronaphthalene Sigma-Aldrich CAS#90-13-1
Trifluoroethanol Sigma-Aldrich CAS#75-89-8
Silver/Aluminium Zhongnuo New Material Technology Co. CAS#Ag13402

CAS#AI13501
ITO substrate Shenzhen huayulianhe Technology Co. CAS#NA
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Hai-Qiao Wang (hqwang@nimte.ac.cn)

Materials availability

This study did not generate new, unique reagents. Any additional information about the device fabrication,
tests and conditions reported in this paper is available from the lead contact upon request.

Data and code availability
All data have been provided in the paper or Supplemental Information.

This study did not generate any other specific data.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

METHOD DETAILS

Materials and reagents

Patterned ITO glass substrates (Ry < 10 Q/00, T% > 83%) were provided by Shenzhen huayulianhe Tech-
nology Co. Organic active materials PMé and BTP-eC9 were obtained from Solarmer Materials Inc.
Aluminum nitrate monohydrate (AI(NO3)3-9H,0), zinc acetate dihydrate (Zn(Ac),-2H,0), and potassium
hydroxide (KOH) were purchased from Sinopharm Chemical Reagent Co. Chloroform (CF), 1-chloronaph-
thalene (CN) and TFE were bought from Sigma-Aldrich. All the available chemical reagents were used as
received without any further purification. The AZO nanoparticles were synthesized with a modified method
according to published literature (Liu et al., 2017).

Device fabrication

The ITO-coated glass substrates were cleaned by sequential sonication in detergent, deionized water,
acetone, and isopropanol for 15 min at each step. Then the pre-cleaned ITO substrates were treated
with oxygen plasma for 10 min. A PEDOT:PSS (Baytron, Clevious 4083) aqueous solution was spin-coated
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onto the ITO substrates and then annealed in air at 140 oC for 20 min. Next, the active layer was deposited
by spin coating from a PMé:BTP-eC9 (1:1.2 wt%, 16 mg/mL) solution in the mixed solvent of CF:CN (99.5:0.5
vol%) under 3500 rpm for 40 s. Then the AZO solution (in TFE) was spin-coated onto the active layer at
5000 rpm for 60 s. The PFN-Br solution (0.5 mg/ml in methanol) was spin-coated onto the active layer at
4000 rpm for 30 s and the PDINN solution (1 mg/ml in methanol) was spin-coated onto the active layer
at 4000 rpm for 30 s. Then the devices were immediately put into the chamber for electrode deposition.
Finally, the device fabrication was completed by thermal evaporation of 100 nm Al or Ag as the electrode
under a pressure less than 4 x 107 Pa. The effective device area was defined to be 0.06 cm? controlled with
a shadow mask.

Characterizations

The current density-voltage characteristics were measured inside an Np-filled glove box, using a Keithley
2400 source meter under the illumination of AM 1.5G (100 mW cm~2), with a Sol3A class AAA solar simulator
(Newport, model 94023A, 2x2 in.). The lamp was calibrated by a 2x2 cm? mono-crystalline silicon refer-
ence cell (KG5 filter) provided by Newport Corporation. XPS measurements were carried out using a Kratos
AXIS ULTRA DALD XPS system. For XPS, survey scans were recorded using a monochromatic Al Ka. X-ray
source (1486.6 eV) to determine surface metal valence changes. For operational stability test, white LED
(spectra region: 430-800 nm, Suzhou D&R instruments Co., Ltd. PVLT-6001M-16A) was continuously
applied to the device for illumination. Its intensity was adjusted in a way that the generated photocurrent
matched the one under a solar simulator. A semiconductor refrigeration technique was applied to control
the device temperature below 30 °C in the aging process to avoid heat influence. The moisture and O, con-
centrations were kept below 0.1 p.p.m foraging in the N, glove box. J-V scan was conducted in situ (without
moving the devices) every 30 minutes to trace the performance and MPP point. A variable resistor as the
load was introduced to connect with the device immediately after each J-V scan, to make the device always
work at MPP. It should be noted that the decay curve starts to record once the device is subjected to aging.
It means all decay processes are contained in the decay curve, including burn-in loss.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data in this manuscript are shown as the means + SD.
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