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A B S T R A C T   

The operational stability under continuous illumination and the shelf stability in air are all important for the real 
application of the organic solar cells (OSCs). In this work, we investigated the influence of the commonly used 
electron transporting layer (ETL), i. e. ZnO and polyethyleneimine (PEI) on the shelf and operational stability of 
the PM6:Y6 OSCs. Due to the photocatalysis effect of ZnO, the operational stability of ZnO ETL-based device is 
worse than the PEI ETL-based device. Due to the hygroscopicity of PEI, the shelf stability of the PEI ETL-based 
device is worse than the ZnO ETL-based device. By using a ZnO:PEI composite ETL, a balanced shelf and 
operational stability was obtained. For the inverted PM6: Y6 solar cells, the device could remain 80% and 60% of 
the initial efficiency after 1200 h continuous illumination, and storage in air for 1500 h, respectively.   

1. Introduction 

Organic solar cells (OSCs) have several advantages of light weight, 
solution processing and semitransparency [1–3], showing extensive 
application prospect. Non-fullerene organic solar cells have achieved 
significant development over recent ten years. Recently, the efficiency of 
non-fullerene single-junction cells has reached above 18% [4]. Nowa-
days, device stability shows as a critical issue that decides the real 
application of organic solar cells [5]. To improve the efficiency and 
stability, many efforts were taken to develop new donor, acceptor [6], 
and interfacial material [7], develop interface modification [8] and 
phase separation morphology regulation strategy. Among the above 
aspects, the interfacial layer can significantly impact the OSCs stability 
due to interface chemical reaction [9]. 

ZnO is the most commonly used electron transport layer (ETL) in 
non-fullerene solar cells because of its low cost, easy preparation and 
environmental friendliness [10]. However, previous works found ZnO 
would cause photoinduced degradation of organic materials [11], which 
could result in a quick degradation. To solve this problem, the ZnO films 
should be modified by surface modification or compositing with other 
materials. Ma et al. [12] treated ZnO surface with hydroxide or hydroxyl 

scavengers to restrain the generation of hydroxyl radicals so that they 
improved the stability of the OSCs. Sankara et al. [13] used rGO and ZnO 
nanocomposite as an ETL to improve the charge extraction properties. 
Besides ZnO, polyethyleneimine (PEI) is also a promising candidate for 
the electron transport layer in the organic solar cells. PEI is a 
non-conjugated polymer with low work function. It is often coated be-
tween the high work function electrode and the semiconducting layers 
as a surface modifier to greatly reduce the work function of metals, 
transparent conductive metal oxides, conductive polymers and gra-
phene [14–16]. Sadeghianlemraski et al. used PEI instead of ZnO in 
fullerene solar cells to maintain the charge selectivity of the 
electron-collecting contacts and greatly reduce the open-circuit voltage 
(VOC) loss of OSCs [17,18]. However, PEI may react as a nucleophile 
with the C––O moiety of the non-fullerene acceptor small molecule and 
prevent the intramolecular charge transfer [19]. The reaction between 
PEI and acceptor is associated with the structure of acceptor. Composite 
buffer layers containing metal oxides and polymer showed several ad-
vantages of improved film quality, higher working thicknesses, and 
higher printing compatibility. Zhan et al. [20] used an ethoxylated 
polyethyleneimine (PEIE) modification layer to make flexible and better 
bending resistance non-fullerene all-plastic devices. Seong-Geun et al. 
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used a PEI-ZnO complex colloid containing 2-(2-methoxyethoxy) acetic 
acid (MEA) organic dispersant. The addition of PEI reduced the work 
function of the ZnO colloid, completed the gaps in the ZnO coating layer, 
and made the surface smoother, resulting in the enhancement of the 
devices short circuit current (JSC) and fill factor (FF) [21]. ZnO:PEI 
composite layer could also be used in large-scale roll-to-roll 
micro-gravure printing as a thickness insensitive electron transport 
layer. With the composite of PEI, the ink stability and the film me-
chanical property were improved [22]. ZnO:PEI composite based device 
showed superior fill factor and wide tolerance of layer thickness [23]. 
Regarding the device stability, Zhou et al. [19,24] found that the 
non-fullerene receptor Y6 material had good chemical stability with 
amine and use PEI chelated with Zn2+ as the interfacial layer material of 
ultra-flexible solar cells, which had the excellent bending ability [25]. 

In terms of device stability, both the operational stability under 
continuous illumination and the storage stability in air are important for 
practical application. The former decided the function of devices during 
the long-term working process, and the latter decided the convenience 
during business transport. Therefore, synergetic considerations on shelf 
stability and operational stability are necessary. Most of the works 
focused on the working stability. Several works demonstrated the shelf 
stability was influenced by the interfacial layer and the photoactive 
layer. Ameri et al. [26] designed a ternary device of PBDB-TF:IT-4F with 
5% ICMA to enhance air stability in the dark. Ma et al. [27] found 
addition of 1,8-diiodooctane (DIO) would influence the work stability 
and air stability. Besides, Tang et al. [28] developed a porous ZnO/PEIE 
(P–ZnO) hybrid material as ETL for the 
P–ZnO/PBDB-T/DTPPSe-2F-based device. It presented a long-term 
storage stability, that maintaining 85% PCE in ambient air-condition 
without encapsulation for 1000 h. Similarly, Chen et al. [29] used 
polyolefin elastomer (POE) as anode interfacial layer instead of MoO3, 
and the PM6:IT-4F device maintained 80.8% of the initial PCE after 
storage in air for 150 h when the humidity was approximately 70%. 
However, few works have been reported on the systematic research on 
operational and shelf stability. 

In this work, we investigated the influence of ETL on the shelf and 
operational stability of the inverted OSCs. ZnO and PEI ETLs were used 
for comparison. OSCs using PEI ETL achieved good operational stability. 
However, it degraded quickly during air storage. In contrast, the device 

with ZnO ETL degraded quickly under continuous illumination, while 
showed relatively better storage stability. Therefore, we used ZnO:PEI 
composite ETL to improve the performance, and make a balance be-
tween the shelf and operational stability for the non-fullerene solar cells. 
With ZnO:PEI composite ETL, we get excellent operational and shelf 
stability, with around 80% and 60% performance after 1200 h contin-
uous illumination, and air storage, respectively. 

2. Experimental section 

2.1. Materials 

PEI was purchased from Sigma-Aldrich. The weight-average molec-
ular weight (Mw) of the PEI is about 25 kDa and the number-average 
molecular weight (Mn) is about 10 kDa. ZnO was prepared in our lab-
oratory according to previous work [30]. Polymer PM6 (PBDB-T-2F) and 
Y6 were purchased from Organtec. 

2.2. Fabrication of OSCs 

Organic solar cells with the structure of ITO/ETL (pure ZnO/pure 
PEI/ZnO:PEI)/PM6:Y6/MoO3/Al (as showed in Fig. 1(a)) were fabri-
cated. ITO glasses were successively ultrasonic cleaned by deionized 
water, acetone and isopropanol, then stored in isopropanol. When 
fabrication, ITO glasses were dried by nitrogen flow and UV ozone 
treatment for 30 min. The electron transfer layer was spin-coated on ITO 
glass and annealed at 130 ◦C for 10 min. The concentration of the ZnO 
nanoinks was 15 mg/mL. PEI was dissolved in methanol and the con-
centration was 0.4 mg/mL. ZnO:PEI composite material contained 0.5 
mg/mL PEI and 15 mg/mL ZnO in methanol solution. The active layer 
was spin coated on the top of ETLs by a sequential deposition method 
[31–33]. This method could effectively control the morphology and 
phase separation of the active layer. The active layer was annealed at 
100 ◦C for 10 min. After that, 20 nm MoO3 and 100 nm Al were fabri-
cated by thermal evaporation. The effective area of the devices was 0.09 
cm2. 

Fig. 1. (a) The inverted device structure and molecule structures of PM6, Y6, PEI (b) J-V curves, (c) EQE spectra and (d) J-V dark curves of the PM6:Y6 solar cells 
with ZnO, PEI, ZnO:PEI as the ETL. 
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2.3. Characterization 

All characterizations of OSCs were measured without encapsulation. 
Digital source meter (Keithley, model 2400, USA) was used to test cur-
rent density-voltage (J-V) characteristics of OSCs at a light intensity of 
100 mW/cm2 by Xenon-arc-lamp-based solar simulator (Zolix SS150, 
China). External quantum efficiencies (EQE) were measured under one 
sun operation conditions. An electrochemical workstation (Metrohm 

Autolab PGSTAT 302 N, The Netherlands) was applied to test impedance 
spectra. An ultraviolet–visible spectrophotometer (PerkinElmer Lambda 
750, USA) was employed to characterize the absorption spectra of Y6/ 
ETL layer. Operational stabilities were measured at maximum power 
point in the glove box (H2O < 10 ppm, O2 < 10 ppm) under continuously 
illuminated with LED white light (D&R Light, LW5300KA-150, Suzhou 
D&R Instruments). The absorption spectra of the Y6/ETLs films were 
measured after several hours’ continuous illumination. The shelf sta-
bilities of the OSCs and the absorption spectra of the Y6/ETLs films were 
measured through storing the devices in air environment (25 ◦C, 
35–45%RH) and regularly testing VOC, JSC, FF and PCE. 

3. Results and discussion 

3.1. Device performance of the ZnO, PEI and ZnO:PEI ETL-based OSCs 

The device structure of the ITO/ETL/Active layer/MoO3/Al inverted 
OSCs is shown in Fig. 1(a), where ZnO, PEI and ZnO:PEI composite 
material were used as the ETLs. Molecule chemical structures of PM6, Y6 
and PEI (polyethyleneimine) are also shown in Fig. 1(a). ZnO:PEI 
composite ETL was optimized through regulating the concentration of 
PEI. 

The J-V characteristic and EQE curves of the PM6:Y6 devices with 
different ETLs are shown in Fig. 1(b–d). The detailed performance pa-
rameters of those devices are listed in Table 1. As can be seen from the J- 
V and EQE curves, and Table 1, PM6:Y6 based devices with ZnO, PEI and 
ZnO:PEI ETLs gave nearly identical VOC of 0.84 V. ZnO and ZnO:PEI ETL 
devices gave a same FF of 0.70, which was slightly higher than that of 
the PEI based device. Furthermore, ZnO:PEI (0.05 mM) ETL-based de-
vice had a JSC of 26.96 mA/cm2, which was better than 26.29 mA/cm2 

for the PEI ETL-based device and 25.84 mA/cm2 for the ZnO ETL-based 
device. The EQE curve of the PM6:Y6 OSCs had a weak sharp peak at 
about 365 nm and a broad peak at about 400–900 nm. Among the three 

Table 1 
Performance of PM6:Y6 devices with ZnO, PEI and ZnO:PEI as ETL.  

ETL VOC (V) JSC 

(mA/ 
cm2) 

FF PCE (%)a Rs 
(Ω*cm2) 

Rsh 
(Ω*cm2) 

ZnO 0.84 
(0.84 ±
0.01) 

25.84 0.70 
(0.70 ±
0.01) 

15.20 
(15.12 ±
0.08) 

3.8 1275 

PEI 
(0.04 
mM) 

0.84 
(0.84 ±
0.01) 

26.29 0.69 
(0.69 ±
0.01) 

15.24 
(15.18 ±
0.06) 

4.2 1218 

PEI (0.1 
mM) 

0.82 
(0.82 ±
0.01) 

24.58 0.64 
(0.64 ±
0.01) 

12.96 
(12.54 ±
0.26) 

7.5 799 

ZnO:PEI 
(0.02 
mM) 

0.84 
(0.84 ±
0.01) 

25.90 0.69 
(0.69 ±
0.01) 

15.12 
(14.99 ±
0.12) 

3.5 1034 

ZnO:PEI 
(0.05 
mM) 

0.84 
(0.84 ±
0.01) 

26.96 0.70 
(0.70 ±
0.01) 

15.85 
(15.80 ±
0.05) 

3.6 1212 

ZnO:PEI 
(0.07 
mM) 

0.84 
(0.84 ±
0.01) 

26.09 0.70 
(0.70 ±
0.01) 

15.27 
(15.20 ±
0.09) 

3.6 950 

ZnO:PEI 
(0.1 
mM) 

0.84 
(0.84 ±
0.01) 

25.62 0.70 
(0.70 ±
0.01) 

15.06 
(14.89 ±
0.17) 

3.6 1021  

a The average performance was calculated from 8 individual devices. 

Fig. 2. Normalized (a) VOC, (b) JSC, (c) FF, and (d) PCE decay of the PM6:Y6 solar cells with ZnO, PEI, ZnO:PEI as the ETLs under continuous illumination.  
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ETLs-based devices, EQE curves of PEI and ZnO:PEI device had wider 
absorption at 400–500 nm. Therefore, ZnO:PEI (0.05 mM) and PEI ETL 
based device gave the higher JSC. To explain the difference of JSC, the 
thickness of the active layers on different ETLs were measured. The re-
sults showed similar thickness of PM6:Y6 on different ETLs (115, 117 
and 120 nm on ZnO, PEI, and ZnO:PEI ETL, respectively). Meanwhile, 
the transmittance spectra of the ZnO, PEI and ZnO:PEI films had been 
tested and showed in Figure S1. It was found that the PEI and ZnO:PEI 
films showed higher transmittance spectra in the region of 420–470 nm, 
which would lead to the increase in transmittance of ETL. That was the 
reason for the higher JSC of the PEI and ZnO:PEI-based device relative to 
the ZnO device. These results indicated the PEI ETL based devices have 
the advantage in JSC and ZnO ETL based devices have advantageous in 
FF. The ZnO:PEI ETL based device with PEI concentration of 0.05 mM 
showed the highest PCE of 15.85% due to combining the ZnO and PEI as 

the ETL. In addition, it was meaningful to find that ZnO:PEI composite 
ETL with 0.1 mM PEI showed a similar efficiency of 15.06%, while de-
vice with pure 0.1 mM PEI had VOC of 0.82 V, JSC of 24.58 mA/cm2, FF of 
0.64, PCE of 12.96%. This result revealed that the PEI concentration in 
ZnO:PEI can be much higher than the pure PEI concentration. The dark 
J-V curves of the PM6:Y6 devices with three ETLs were shown in Fig. 1 
(d). Rectification ratio increased from 596 of ZnO ETL device, and 1.2 ×
104 of PEI ETL device to 5.4 × 104 of ZnO:PEI ETL device, which would 
improve the charge selectivity and enhance the device performance. 

3.2. Operational stability of the ZnO, PEI and ZnO:PEI ETL-based devices 

The operational stability of the PM6:Y6 OSCs was measured through 
aging the devices in the glove box under continuous illumination. Fig. 2 
(a–d) exhibits the evolution of VOC, JSC, FF and PCE of these devices. The 

Fig. 3. Light dependence of (a) VOC and (b) JSC (c) Electrochemical impedance spectroscopy (EIS) for aged PM6:Y6 devices in the N2-filled glove box under light 
illumination for 1200 h; The UV–vis absorption spectra of (d) ZnO/Y6, (e) PEI/Y6, (f) ZnO:PEI/Y6 films and (g) the absorption decays rate of those films under 
illumination. 
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devices performance after illumination aging was listed in Table S1. As 
shown by Fig. 2(a), VOC showed slight degradation during 1200 h aging. 
For the ZnO, PEI, and ZnO:PEI ETL-based devices, VOC remained 90%, 
93% and 94% of the initial value, respectively. As shown by Fig. 2(b), 
the degradation process of Jsc contained a fast burn-in degradation and 
slow degradation process. The ZnO device showed the fastest decay 
speed for the burn-in degradation process, while the PEI device showed 
the slowest decay speed. Finally, the JSC of the ZnO, PEI, ZnO:PEI de-
vices were 85%, 90% and 94% of the initial value. For the evolution of 
FF, PEI and ZnO:PEI-based devices showed a short rapid decay process 
within 100 h and a slow long time continuous decay after 100 h. During 
the slow decay step, the FF values were relatively stable. However, the 
ZnO ETL cells showed a continuous fast decay during the whole aging 
period. Finally, the normalized FF values of the PEI, and ZnO:PEI devices 
were 89% and 93%. While the normalized FF value for the ZnO ETL 
devices decreased to 63% after 750 h. Hence, we found the PCE of the 
ZnO based device shows a faster degradation at the first 100 h and a 
relative slow degradation from 100 to 750 h. The first degradation step 
would be both caused by decay of JSC and FF, and the slow degradation 
step was mainly due to the decay of FF. As a consequence, the ZnO-based 
PM6:Y6 device decayed to 40% after 750 h. The evolution of PCE for the 
PEI and ZnO:PEI-based cells also presented a fast degradation and a slow 
degradation step. 71% and 80% efficiency were retained after 1200 h. 

The light intensity-dependent J-V characteristics of the aged devices 
were measured for further study, as described in Fig. 3. For ideal p-n 
junction solar cells [34], the VOC and the logarithm of the light intensity 
are linearly dependent, in which the slope is nkBT/q. In these parame-
ters, kB presents the Boltzmann constant, T is absolute temperature, q is 
the elementary charge, and n is often associated with the trap-assisted 
recombination. As showed in Fig. 3(a) the n values of the ZnO, PEI, 
and ZnO:PEI devices were 1.17, 1.18, 1.17, which were very similar. 
These results indicated that devices after illumination decay had similar 
trap-assisted recombination. The plots of JSC versus the light intensity 
are demonstrated in Fig. 3(b). The relationship between JSC and light 
intensity is J∝Iα. α presents the bimolecular recombination degree and 
the loss of the carrier caused by space charge effects. And α of devices 
were all about 0.998 with little difference, which suggested bimolecular 
charge recombination and space charge effects can be ignored. 

The electrochemical impedance spectroscopy (EIS) analysis was used 

to analyze the degeneration devices. The equivalent circuit model and 
the EIS fitting lines are shown in Fig. 3(c). Detailed data of R0, R1, R2, C1 
and C2 were listed in Table S2. R0 revealed resistance of electrodes and 
wires. R1 and C1 came from the interface junction [35]. R2 and C2 came 
from bulk-heterojunction (BHJ). According to Table S2, after 1200 h of 
illumination, R1 of ZnO, PEI and ZnO:PEI-based devices is 6909, 1583 
and 5439 Ω, indicated the PEI-based device has smaller interface contact 
resistance. R2 of ZnO, PEI and ZnO:PEI ETL-based devices was 331,700, 
9633 and 5962 Ω, respectively. R2 of the ZnO ETL-based devices was 
extremely higher than those of PEI and ZnO:PEI, which may indicate the 
serious degradation in the active layer and cause the loss of exciton 
transport in ZnO-based devices. 

It was previously reported that the degradation of organic acceptor 
materials at the interface of ZnO is the main reason of poor stability in 
non-fullerene acceptor based OSCs due to the photocatalysis of ZnO 
[12]. And it was demonstrated that the long-term stability of OSCs was 
improved by modifying ZnO ETL. To further clarify the degradation 
characteristics, the evolution of the UV–vis spectra of the ZnO/Y6, 
PEI/Y6 and ZnO:PEI/Y6 films during the continuous illumination was 
measured. Fig. 3(d–g) shows the evolution of the UV–vis spectra of the 
ZnO/Y6, PEI/Y6 and ZnO:PEI/Y6 films after 325 h illumination. The 
absorption peak of the Y6 film at 800 nm was recorded. Frist, it should 
be clarified that the initial absorption intensity of Y6 on the PEI ETL is 
stronger than the films on the ZnO and ZnO:PEI ETLs, shown in 
Figure S2(a). However, the absorption intensity of Y6 in the PM6:Y6 
blend films was nearly the same on the different ETLs (Figure S2(b)). 
These results indicated different adhesion between Y6 and different 
ETLs, but similar adhesion of the PM6:Y6 blend solution with different 
ETLs. As showed by the evolution of the absorption spectra, we found 
the absorbance of the Y6 component gradually decreases during 
continuous illumination. Particularly, the absorption of the Y6 compo-
nent of the ZnO/Y6 film showed an obvious decrease. In contrast, a 
slight change was observed in the PEI/Y6 film. It is worth mentioning 
that the decay of the acceptor under light and air is negligible 
(Figure S3). Thus, the gradual decrease of the absorption spectra of Y6 
was caused by interface degradation. Besides, A0 was initial absorption, 
t was the illumination time and At was absorption after t hours illumi-
nation. The decay rate was calculated using an equation of (A0-At)/A0, 
and the dependence of decay rate on time was plotted in Fig. 3(g). It is 

Fig. 4. (a) O 1s core level of the ZnO and ZnO:PEI films and (b) N 1s core level of the PEI and ZnO:PEI films.  
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indicated that the decay rate of absorption in ZnO/Y6 was the fastest, 
and the decay rate of absorption in PEI/Y6 was the slowest. Also, the 
decay speed was fast in the first 100 h and slow from 100 to 300 h. This 
change trend of absorption decay for Y6/ETLs was similar to the 
degradation of devices performance under illumination. And the decay 
rate of absorption induced by the photocatalysis of ZnO can be slowed 
down by doping PEI into the ZnO ETL. A similar phenomenon was re-
ported in previous works where Zn atoms in ZnO films could be chelated 
with the incorporation of PEI [25]. 

We deeply explored the operational stability mechanism from the 
aspects of the component and defects of ZnO films. The X-ray photo-
electron spectroscopy (XPS) spectra of ZnO and ZnO:PEI films had been 
investigated to characterize the films surface properties. Fig. 4(a) pre-
sents the XPS spectra of O 1s of ZnO and ZnO:PEI films. The O ls core 
level peaks were composed of two peaks. The peak at 530 eV came from 
the lattice oxygen of ZnO, and binding energy of 531.5 eV XPS peak 
corresponded to adsorbed oxygen and oxygen defects on the surface of 
the ZnO films. In comparison with the ZnO films, the count of absorbed 
oxygen in ZnO:PEI films decreased from 47.51% to 43.96%. And Fig. 4 
(b) shows the XPS spectra of N 1s of PEI and ZnO:PEI films. The binding 
energy of 400 eV peak corresponded to the protonated nitrogen, and 
peak at 398 eV was attributed to neutral state. When composited with 
ZnO, the content of 400 eV binding energy of N atoms increased to 
94.78%, suggesting more nitrogen protonated. This result showed that 
the adsorbed oxygen defection of ZnO film could been passivated with 
the composition of PEI, which was consistent with the previous result 
[24]. Therefore, the operational stability of ZnO:PEI cells was improved 
relative to the ZnO device. 

3.3. Shelf stability of the ZnO, PEI and ZnO:PEI ETL-based devices 

Fig. 5 depicts the performance decay curves of devices with different 
electron transporting layers in the air and dark environment without 

encapsulation. OSCs were stored in an air environment (25 ◦C, 35–45% 
RH) without illumination, and the J-V characteristics of the devices were 
measured at different time. Detail device performance after aging was 
shown in Table S3. PEI ETL-based devices displayed 80% loss of VOC and 
60% loss of FF at the first 175 h. These losses resulted in the deadly 
degradation of PCE. Only 40% efficiency of the intimal value remained. 
From 175 to 1500 h, the device performance kept relatively stable. 
Whatever, typical “S” shape was observed in the J-V curves (as showed 
in Figure S4). Thus, the device performance was very low. In contrast, 
ZnO and ZnO:PEI devices showed relatively stable VOC and JSC. FF 
continuously decayed to 80% of the initial value. Consequently, 
normalized PCE values of ZnO and ZnO:PEI could both remain above 
60%. These results showed the PEI-based device showed a poor shelf 
device relative to the ZnO device. But, using the ZnO:PEI composite ETL, 
a comparable lifetime as the ZnO device could be obtained. 

The interface combination in the aged devices was analyzed using 
the light intensity-dependent J-V curves and the EIS spectra as Fig. 6 
(a–c), n corresponded to ZnO, PEI, ZnO:PEI based devices after air sta-
bility test were 1.56, 1.82 and 1.79, respectively, indicating that after air 
decay, ZnO based devices owned the lowest trap-assisted recombination 
degree. From the plots of JSC versus the light intensity, α around 1 in 
these ETLs-based devices, suggesting bimolecular charge recombination 
and space charge effects are negligible as well. As showed in Table S4, 
these devices presented similar R2 and C2, but quite different R1 and C1. 
Specifically, after 1500 h of air decay, the PEI-based devices showed a R1 
of 66,450 Ω, which was much larger than 3755 and 2757 Ω. But the 
corresponding R2 was in the same order of magnitude as others. Such a 
result implied interface degradation might be the main degradation 
reason for the PEI-based devices. 

At the same time, the evolution of the absorption spectrum degen-
eration of the Y6 films during long-term storage in air (25 ◦C, 45%RH) 
was also measured. As shown in Fig. 6(d–g), it was found the absorption 
intensity of the Y6 films on different ETLs also gradually decreased as 

Fig. 5. Normalized (a) VOC, (b) JSC, (c) FF, and (d) PCE decay of the PM6:Y6 solar cells with ZnO, PEI, ZnO:PEI as the ETLs stored in the air with room temperature a 
relative humidity of around 30%. 
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storage in dark air conditions, indicating the degradation of Y6 molec-
ular. Nevertheless, the decline speed was much slower than the films 
during continuous illumination (as shown in Fig. 6(g)). Among the films 
on different ETLs, the degradation speed of the ZnO/Y6 films was the 
fastest, and that of the PEI/Y6 films was the slowest. Such a result was in 
agreement with the case of continuous illumination, while inconsistent 
with device shelf degradation. Particularly, the PEI ETL based device 
degraded fastest in air, whereas decrease of the absorption intensity was 
the smallest. Thus, we could make a reasonable speculation that the 
degradation of Y6 molecular was not the critical reason for device 
degradation during air storage. Herein, it was interesting to find the 
similar decomposition of Y6 on ZnO films during storage in the dark air, 
indicated the interface degradation between Y6 and ZnO was not only 
caused by the photocatalysis effect of ZnO. In our previous work, we 
demonstrated the existence of surface hydroxy on the ZnO was the 

original interface degradation of the non-fullerene acceptor [12,36]. 
When stored in air, more hydroxy groups would be absorbed on the 
surface of ZnO because of moisture, which might accelerate such 
degradation. Therefore, we could make a speculation that both photo-
catalysis effect and direct chemical reaction would occur between ZnO 
and the non-fullerene acceptor, and the former and later took re-
sponsibility for operational degradation and shelf degradation, respec-
tively. But the photocatalysis degradation was much faster. 

To see the insight of the degradation mechanism of the PEI-based 
device in air, we designed an aging step to the ITO/ETL for 750 h in 
the air (25 ◦C, 35–45%RH). After that, the active layer, MoO3 and Al 
were deposited on three different electron transport layers to form the 
devices. The device performance is showed in Table S5. PEI-based de-
vices gave a VOC of 0.82 V, JSC of 25.57 mA/cm2, FF of 0.58 and PCE of 
12.18%. ZnO-based devices gave a reasonable performance of 14.36% 

Fig. 6. Light intensity dependence of (a) VOC and (b) JSC and (c) Electrochemical impedance spectroscopy (EIS) for the aged PM6:Y6 devices with different ETLs after 
storage in the dark air environment for 1500 h; The UV–vis absorption spectra of (d) ZnO/Y6, (e) PEI/Y6, (f) ZnO:PEI/Y6 films stored in the air at room temperature a 
relative humidity of 40 ± 5% and (g) the absorption decay curves of corresponding to those films. 

M. Li et al.                                                                                                                                                                                                                                       



Organic Electronics 96 (2021) 106257

8

with VOC of 0.82 V, JSC of 26.67 mA/cm2, FF of 0.66. The performance of 
ZnO:PEI-based devices are VOC of 0.82 V, JSC of 26.30 mA/cm2, FF of 
0.67 and PCE of 14.45%.We can see these devices with aged ZnO and 
ZnO:PEI ETLs gave a similar performance to the devices with fresh- 
prepared ETLs, unlike the PEI devices. This result proved the degrada-
tion of PEI lead to the fast performance decay in air condition, which 
was because of the hygroscopic of PEI molecular [14,15]. 

Furthermore, Fig. 7 demonstrates the influence of humidity condi-
tions on the shelf stability of the devices. Three different humidity 
conditions, i. e. 25%RH, 55%RH, and 85%RH were compared. For the 
ZnO ETL device, the humidity showed a slight influence on the perfor-
mance, specifically for the case of low humidity condition. Under the 
condition of 85%RH, the device performance declined 5% after 48 h. 
Unlike the case of ZnO, the PEI ETL-based device was highly sensitive to 
humidity. The degradation speed increased greatly with the increase of 
environmental humidity. For the 25%RH, 55%RH, 85%RH humidity, 
the performance decreased to 85% (PCE = 13.01%), 80% (PCE =
12.06%), and 71% (PCE = 10.76%). The ZnO:PEI composite ETL device 
displayed lower humidity sensitivity than PEI devices. Under the 55% 
RH humidity condition, 94% (PCE = 14.39%) of PCE after 48 h was 
observed. And as increasing humidity to 85%RH, the PCE of ZnO:PEI 
composite ETL-based devices remained 86% (PCE = 13.10%). 

4. Conclusions 

In this work, we compared the shelf and operational stability of the 
PM6:Y6 solar cells with different ETLs. The results showed the device 
with ZnO ETL degraded much quickly than the PEI ETL-based device. 
However, under the air storage condition, the ZnO ETL-based device was 
much more stable than the PEI ETL-based device. The quick photo- 
degradation of the ZnO cells was due to the degradation of Y6 due to 
the photocatalysis effect, and the quick air decay of the PEI-based device 
was originated from the degradation of PEI. With a composite ETL with 
ZnO and PEI, synergetic improvement of stability both in the continuous 
illumination and air storage conditions was achieved. Organic solar cells 
with ZnO:PEI electron transport layer remained 80% of the original PCE 
after illumination for 1200 h, and remained above 60% of PCE after 
1500 h storage in air. 
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