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A B S T R A C T   

The performance and industrial visibility of organic solar cells (OSCs) are greatly impacted by the functionality 
and stability of the interfacial layers. Many reported interface materials exhibited limitations in their fabrication 
temperature along with the operational stability toward the industrial up-scalability. In this work, a systematic 
analysis was conducted on the fresh and photo-aged-inverted non-fullerene organic solar cells (iNF-OSCs) with 
different structures of the electron transporting layers (ZnO, ZnO/PDINO, and PDINO), through studying their 
optical and electronic properties using external quantum efficiency measurements and impedance spectroscopy. 
Consequently, we presented PDINO as an efficient low temperature operation cathode interlayer for iNF-OSCs. 
Compared to the benchmark interface layers for i-OSCs such as ZnO, the PDINO interlayer used to replace the 
ZnO film, exhibiting a remarkable operational photostability. Where PDINO based iNF-OSCs demonstrated an 
extremely photostable behavior that is almost three times higher than the ZnO based devices under AM 1.5G 
(100 mW cm− 2) continuous illumination conditions. This behavior might be attributed to the PDINO interlayer 
properties, which undergoes with no photochemical reaction with the contacted PM6:Y7 photo-active layer, 
avoiding the inescapable photocatalytic effect that is commonly obtained by the ZnO interlayer.   

1. Introduction 

The power conversion efficiency (PCE) of organic solar cells (OSCs) 
has been promptly improved once emerging the recently developed non- 
fullerene small-molecules acceptors (NFAs), approaching PCE of 20% 
[1–6]. This remarkable increase in the power conversion efficiencies 
was due to the significant enhancement in the light absorption along 
with diminishing the energy losses [5,7–11], particularly upon mini
mizing the trade-off behavior between voltage loss and charge genera
tion in nonfullerene organic solar cells (NF–OSCs) [12–14]. Despite the 
efficiency, long-term operational stability, particularly illumination 
stability, considers as a major challenging issue that must be confronted 
for the commercialization of OSCs [15–18]. Several strategies have been 
investigated to understand the intrinsic photo-degradation mechanism 
in order to overcome this recent demanding subject. Some of these av
enues concern about the stability of the bulk-heterojunction photoactive 
blend microstructure through additives modifications to tune the 
properties of the photo-active layer [19–22]. Some other approaches 
determined the critical role of the interface materials stability and their 

compatibility with the contacted photo-active layer and electrodes, 
reflecting their importance for long-term stable OSCs [15,18,23–25]. 
This interface-induced instability approach is less frequently studied and 
still debatable even for high-performance systems. Moreover, the ar
chitecture of the OSCs has a pronounced impact on the stability of the 
devices as shown by M. T. Lloyd et al. group work [26], B. MacLeod [27] 
and several other reported studies, where the inverted structure assists 
the OSCs stability over the conventional structures from the scale of 
minutes up to years [25–31]. 

Furthermore, zinc oxide (ZnO) is the typically used cathode inter
layer in inverted OSCs (i-OSCs), which exhibit better oxygen and hu
midity resistance as compared to the interface materials used in the 
conventional structure [25–29,32]. However, it possesses inescapable 
photo-instability behavior upon ultraviolet (UV) illumination, known as 
photocatalytic effect [33], resulting in photoinduced shunts and cause 
charge carrier recombination at the ZnO/photoactive layer interface, 
which in turn dramatically diminishing the performance of the corre
sponding devices [34]. Therefore, developing a compatible and photo
stable cathode inter layer materials that could provide efficient and 
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photostable OSCs classified as an urgent need for the scalability of OSCs. 
Thus, herein, we demonstrate the use of PDINO as a promising low 
temperature operation cathode interlayer that provides a highly pho
tostable inverted non-fullerene organic solar cells (iNF-OSCs). 

2. Experimental Methods 

2.1. Materials 

PM6(poly[2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl) 
benzo[1,2-b; 4,5 b’]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis 
(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c’]dithiophene-4,8-dione)]) polymer 
donor, Y7 (2,2’-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl- 
12,13-dihydro- [1,2,5]thiadiazolo [3,4-e]thieno[2′′,3’’:4′,5’]thieno 
[2′,3′,:4,5] pyrrolo[3,2-g]thieno[2′,3’:4,5]thieno [3,2-b]indole-2,10- 
diyl)bis(methanylylidene))bis(5,6-dicholoro-3-oxo-2,3-dihydro-1H- 
indene-2,1-diylidene))dimalononitrile) nonfullerene acceptor and 
PDINO (N,N′-Bis(N,N-dimethylpropan-1-amine oxide)perylene- 
3,4,9,10-tetracarboxylic diimide) cathode interlayer were purchased 
from One-Material Inc. 1-chloronaphthalene (CN) solvent additive, 1- 
chlorobenzene solvent, ethanol, zinc acetate dehydrate and the hole 
transporting layer of vanadium oxide (V2O5) were supplied from Sigma- 
Aldrich. Finally, the metal contact with high purity silver (Ag) wire 
(99.99%) was purchased from Testbourne Ltd. 

2.2. Device fabrication 

The iNF-OSCs with structure of ITO/ETL/PM6:Y7/V2O5/Ag were 
constructed as follows. The indium tin oxide (ITO) pre-patterned glass 
substrate with the sheet resistance of 10 Ω cm− 2 were ultrasonicated in 
detergent water, acetone, methanol, and isopropanol alcohol for 10 min, 
subsequently. The cleaned ITO-glass substrates were dried with nitrogen 
gun and transferred to an oven for 10 min at 100 ◦C. Before fabrication, 
the substrates were treated in ultraviolet-ozone for 15 min. The zinc 
oxide (ZnO) sol-gel precursor was prepared regarding our previous work 
[35–37]. 150 mg of zinc acetate dihydrate was dissolved in 1 mL of 
2-methoxyethanol and 30 μL ethanolamine, then the mixture was left for 
1 h under vigorous stirring at 70 ◦C, then after cooling it was diluted by 
methanol 1:1 (v/v) ratio to obtain ZnO precursor solution. The ZnO 
precursor solution was spin-coated on the top of the precleaned ITO 
substrates to deposit 30, and 30, 20 nm ZnO-film thicknesses for the 
A-ZnO-ETL and the optimization of B–ZnO/PDINO based devices, 
respectively, then annealed in air for 1 h at 200 ◦C. The ZnO-coated ITO 
substrates were transferred to a nitrogen-filled glove box for the PDINO 
and active layer deposition. Regarding the PDINO based devices, we 
prepared 1 mg/ml PDINO/methanol solution that stirred for 4 h. Then 
the PDINO solution was deposited over the ZnO film to obtain thick
nesses of 10 and 15 nm for the optimization of B–ZnO/PDINO based 
devices, then 10, 20, and 35 nm for the optimization process of the 
C-PDINO based ones. It is important to note that all the device fabrica
tion steps for devices C were conducted inside the glove box. 

The PM6:Y7 blend was performed with the weight ratio of 1:1 dis
solved in chlorobenzene to prepare the total concentration of 20 mg/mL 
solution. Then, the blend solution was stirred and heated at 80 ◦C for 3 h. 
2 vol% of 1-chloronapthalene was added as solvent additives to the 
blend. The blend solution was spin-coated onto the A-ZnO, B–ZnO/ 
PDINO and C-PDINO substrates to obtain an active layer thickness 
around 100 nm. Then, the prepared films were treated with 100 ◦C for 1 
h. The substrates were finally transferred into an evaporation chamber 
inside the glove box where 5 nm of V2O5 and 100 nm Ag were 
sequentially deposited under high vacuum conditions (≤1 × 10− 6 

mbar). The V2O5 layer was deposited at a rate of 0.05 kÅ/s and the Ag 
film rate was 0.1 kÅ/s for the initial 10 nm thickness then increased to 
0.4 Å/s till 100 nm film thickness that performed in 190 min [38] with 
effective devices area of 0.09 cm2. Finally, we transferred the fabricated 
devices from the evaporator to the sample holder inside the glove box 

which was carefully sealed for the device’s measurement steps. 

2.3. Device measurement and characterization 

The thicknesses of the prepared films within the devices were 
measured by the surface profilometer (AMBIOSTECHNOLOGY-XP 1). 
The current density – voltage (J-V) characteristics were extracted using a 
Keithley 2400 Source Measure Unit with a solar simulator (Abet Tech
nologies model 11000 class type A, Xenon arc) as an artificial light 
source. The standard light intensity of the AM 1.5G spectrum was cali
brated by an NREL certified monocrystalline silicon photodiode. The 
devices were tested under illumination at the standard light intensity of 
100 mW cm− 2. Moreover, dark measurements were performed to ob
tained J-V dark curves. Furthermore, all the J-V characteristics were 
performed at room temperature in the forward direction from − 1 to 1 V, 
with a scan step of 0.01 V. VOC and JSC over different light intensity were 
obtained by J-V measurements under the solar simulator using a set of 
optical density filters. The external quantum efficiency (EQE) mea
surements were conducted via Lasing IPCE-DC model under a forward 
wavelength sweep direction from 300 nm to 1100 nm. The photo
luminescence (PL) measurement carried out on a Fluorolog Horiba Jobin 
Yvon spectrofluorimeter using 600 nm excitation wavelength. Imped
ance spectroscopy (IS) measurements were performed under simulated 
AM 1.5G illumination using an HP-4192A impedance analyzer. Imped
ance data were extracted at three different DC levels: JSC point, near 
Vmpp, and close to VOC. The IS experimental data were fitted using Ivium 
software analyzer. The performance of the devices was tested both prior 
to and after the impedance measurements with no significant sign of 
degradation. All measurements were conducted under N2 atmosphere 
where all devices were measured in a sealed holder that was carefully 
closed inside the glove box under an N2 atmosphere (the holder photo 
presented in the SI Fig. S1). Blend films morphologies topography im
ages were obtained by atomic force microscopy (AFM) in a tapping 
mode using silicon probes with a spring constant of 1–5 N m− 1 and a 
resonant frequency of 75 kHz. Molecular Imaging Pico SPM II instru
ment (pico+) software was used to analyze the surface morphology 
images. Finally, the transmittance spectra were conducted using Perki
nElmer Lambda 950-UV/vis/NIR spectrometer with an integrating 
sphere at room temperature. 

3. Results and discussions 

In this work, we fabricated the iNF-OSCs using three different 
structures of electron interfacial layers. Where, bilayer stack of PDINO/ 
ZnO (named Type B-based devices) and PDINO (named Type C- based 
devices) were used as cathode interlayers to fabricate iNF-OSCs with the 
configuration of ITO/ETL/PM6:Y7/V2O5/Ag as illustrated in Fig. 1a. 
Moreover, control devices with ZnO as cathode electron transporting 
layer (ETLs) that optimized in our previous work [37] were used for 
comparison (named Type A-based devices). The schematic energy levels 
of the fabricated iNF-OSCs were demonstrated in Fig. 1b. The perfor
mance of the fabricated iNF-OSCs to optimize the interlayers in Type B 
and C devices incorporating different thickness of ZnO and PDINO films 
was displayed in Figs. S2a and b using the representative current 
density-voltage (J-V) characteristics under simulated AM 1.5G illumi
nation at 100 mW cm− 2. In addition, the photovoltaic performance 
parameters statistics were summarized in Table S1. Accordingly, we 
selected devices-III of type B (III–B) with ZnO/PDINO bilayers thick
nesses of 20/10 nm, respectively and devices II of type C (II–C) with 
PDINO film thickness of 20 nm as the optimized devices that illustrated 
in the PCE % box plots in Figs. S2c and d and Table S1. Furthermore, the 
fabrication parameters and procedures were described in the 2.2. Device 
Fabrication in the 2. Experimental Methods section. 

The control ZnO-based devices (A-ZnO-ETL) in our previous report 
[37] exhibited a maximum power conversion efficiency (PCEMax) of 
13.62% with an average open-circuit voltage (VOC) of 0.75 V, a short 

E. Moustafa et al.                                                                                                                                                                                                                               



Solar Energy Materials and Solar Cells 248 (2022) 111985

3

circuit current density (JSC) of 28.61 mA cm− 2, fill factor (FF) of 0.64, 
series (RS) and shunt (RSh) resistances of 1.20 and 382 Ω cm2, respec
tively. Using the optimized ZnO/PDINO stacking bilayer cathode 
(B–ZnO/PDINO-ETL) based devices, we obtained a reduction of the 
PCEMax to 11.40% and the JSC to 25.77 mA cm− 2 as well as a slight 
diminishing in the average VOC (0.72 V), FF (0.61) and RSh (344 Ω cm2) 
along with a bit increase in the RS average values to 1.65 Ω cm2. Same 
behavior was observed for the PDINO-based devices (C-PDINO-ETL) that 
revealed a PCEMax, average VOC, JSC, FF, and RS of 10.91%, 0.72 V, 
26.15 mA cm− 2, 0.58 and 4.71 Ω cm2, respectively. In contrast, the RSh 
values where slightly improved to 397 Ω cm2 as listed in Table 1. 

The previously mentioned devices of types A (A-ZnO), B (B–ZnO/ 
PDINO) and C (C-PDINO) were determined to perform the photostability 
aging test under continues exposure of simulated AM 1.5G illumination 
condition (100 mW cm− 2) as demonstrated in Fig. S1, following the 
international Summit on OSC Stability ISOS Standard [39] till achieving 
80% of their initial PCE-T100 values (T80). The T100 is the time of the 
initial PCE values of the fresh-prepared devices, T90 is the time reaching 
90% of their initial PCE as explained by the protocol [39]. During the 
Photo-aging test measurements, the devices were kept under continues 
light exposure and measured every 10 min for the first 20 min, then 
every 20 min till the 80 min, then every 40 min till the T80 degradation 
time as presented in the inset labels of Fig. S3. In this study, we pointed 
out the significant effect obtained by the photo-aging test. Therefore, it 
was conducted in an inert atmosphere of <0.1 ppm O2 < 0.1 ppm H2O 
using the sealed samples holder mentioned previously, to avoid the 
possible degradations that might arise from the oxygen and the ambient 
moisture. 

Fig. 1c,d,e depicts the T100, T90 and T80 J-V characteristics of the A- 
ZnO, B–ZnO/PDINO and C-PDINO based devices under continues illu
mination. In addition, the devices T90 and T80 lifetimes are summarized 
in Table 2, as well the decrease in the performance of the photo-aged 
devices over time was described in Fig. S3. Moreover, the normalized 
PCE values are summarized in Fig. 2a. It was surprising to obtain that the 
lowest T100 performance devices possessed by the PDINO interlayer (C- 
PDINO) exhibited excellent photostability, maintaining 80% of their 
efficiency after 520 min illumination, while the B–ZnO/PDINO based 
devices showed a lower photostability by reaching their T80 after 200 
min. However, the highest T100 performance ZnO-based control iNF- 

OSCs demonstrated a rapid decay in the PCE presenting an accelerated 
degradation, achieving T80 after 160 min only under same condition, 
which agreed with the recent work reported by M. Cui et al. [15]. Hence, 
it is worthy to notice that after achieving T80, the C-PDINO based devices 

Fig. 1. (a) Schematic diagram of the fabricated iNF-OSCs structure, (b) the energy band diagrams of the inverted OSCs, current density-voltage (J–V) characteristic 
curves under AM 1.5 G illumination of the photo-aged (c) A-ZnO (d) B–ZnO/PDINO and (e) C-PDINO based devices. 

Table 1 
Inverted organic solar cells performance parameters statistics of the T100 fresh, 
T90 and T80 photo-degraded devices over photo-aging times under AM 1.5 G 
illumination.  

Device 
Type 

VOC 

(V) 
JSC 

(mA/ 
cm2) 

FF PCE 
(%) 

PCEMAX 

* (%) 
RS (Ω 
cm2) 

RSh 

(Ω 
cm2) 

A-ZnO-ETL 
T100- 0 

min 
[37] 

0.75 
±

0.02 

28.61 
± 0.33 

0.64 
±

0.09 

13.04 
± 0.58 

13.62 1.20 
±

0.13 

382 
± 61 

T90- 40 
min 

0.73 
±

0.01 

26.12 
± 0.82 

0.61 
±

0.03 

11.46 
± 0.42 

11.88 1.31 
±

0.24 

362 
± 26 

T80- 
160 
min 

0.66 
±

0.01 

27.01 
± 0.62 

0.52 
±

0.04 

10.11 
± 0.41 

10.52 2.41 
±

0.14 

314 
± 12 

B–ZnO/PDINO-ETL 
T100- 0 

min 
0.72 
±

0.01 

25.77 
± 0.21 

0.61 
±

0.02 

11.00 
± 0.40 

11.40 1.65 
±

0.14 

344 
± 22 

T90- 80 
min 

0.72 
±

0.01 

25.01 
± 61 

0.55 
±

0.06 

9.81 ±
0.08 

9.89 2.15 
±

0.21 

289 
± 24 

T80- 
200 
min 

0.70 
±

0.01 

22.69 
± 0.47 

0.57 
±

0.04 

9.00 ±
0.03 

9.03 2.05 
±

0.11 

342 
± 46 

C-PDINO-ETL 
T100-0 

min 
0.72 
±

0.01 

26.15 
± 0.23 

0.58 
±

0.04 

10.26 
± 0.65 

10.91 4.71 
±

0.23 

397 
± 51 

T90- 
320 
min 

0.70 
±

0.02 

25.80 
± 0.42 

0.54 
±

0.03 

9.55 ±
0.20 

9.75 3.64 
±

0.61 

364 
± 46 

T80- 
520 
min 

0.68 
±

0.02 

25.62 
± 0.63 

0.51 
±

0.02 

8.63 ±
0.21 

8.84 4.88 
±

0.19 

238 
± 61 

The statistics average values of the performance parameters based on 9 devices. 
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showed almost 3 times longer lifetime than the ZnO-based devices 
(control-A-ZnO and B–ZnO/PDINO) under same photo-aging conditions 
as simplified in Table 2. Furthermore, it is important to note that in early 
minutes, the ZnO based devices (Type A and B) demonstrated a faster 
decay than the C-PDINO based devices that clarified in Fig. S4. This 
phenomenon is known as a “burn in loss” degradation behavior which is 
commonly observed performance loss under light [20,40]. This intrinsic 
light-driven degradation is believed to be due to the material properties 
[19,41,42] and the photochemical reaction between the interfacial 
layers and the photoactive layer [18,40,43,44]. Hence, we can observe 
that the C-PDINO based devices exhibited insignificant burn in loss ef
fect that reflecting their outstanding photostable behavior. 

Moreover, we can clearly see a sharp burn in loss of the VOC and FF 
values regarding the control A-ZnO based devices as shown in Fig. 2b 
and c, VOC reached 88% while the FF achieved 82% after only 160 min of 
illumination. This detected attitude might reveal the fast photo- 
degradation behavior observed for Type A devices. Unlike the stabi
lized VOC and FF for the C-PDINO based devices, VOC showed a consis
tence slow decrease and maintained 95% (Fig. 2b) and the FF remained 
88% (Fig. 2c) after prolonged 520 min illumination, providing a 
remarkable photostability behavior. It is worth to mention that the VOC 
losses commonly obtained due to the light-induced trap states/defects 
which reveal the traps in the devices as reported by N. Gasparini et al. 
work [45]. Upon this context, we can depict that the C-PDINO based 
devices possessed lower photo–induced defects within the devices than 
the ZnO based ones (Type A and B). This might attributed to replacing 
the ZnO layer with the PDINO film that avoids the inescapable photo
catalytic behavior of the ZnO that would facilitate the decomposition of 
the organic active blend result in photo-instability issues upon the UV 
illumination as exhibited elsewhere [15,33,42,46]. 

Interestingly, the overall JSC values were diminished for both A-ZnO- 
ETL and B–ZnO/PDINO based devices (Fig. 1c and d, Fig. 2d) over 

photo-aged time, in contrast to the C-PDINO based devices that almost 
maintained its JSC values till 520 min (T80-almost 9 h) (Figs. 1e and 2d). 
However, it was interesting to observe a 2% increase in respect of the JSC 
initial values after 90 min of illumination for the A-ZnO based cells, then 
a sharp decrease till the T80 after 160 min. This increment in the JSC 
values may deliver from the UV-irradiation dependence, reported as 
light-soaking effect [47,48]. This light-soaking phenomenon was widely 
observed for the inverted OSCs using ZnO or other metal oxide materials 
as ETL as well as it is highly considered to evaluate the photostability 
behavior of the photo-aged OSCs [49–51]. There are two main suggested 
mechanisms behind the origin of this phenomenon. First, it may obtain 
from the photo-induced rearrangement of the Fermi levels at the 
ITO/metal oxides interfaces upon the filling of trap states during the 
illumination, that diminishes the potential barrier and thus enhance the 
electron extraction through the ITO/metal oxide interface [47,50,52, 
53]. Second, the interfacial dipole clue role between the 
metal-oxide/organic blend film interface as reported elsewhere [52,54, 
55]. Interestingly, this observed effect for the A-ZnO based devices was 
highly matched with the previously discussed PCE, VOC and FF burn in 
loss behavior that verifies the rapid photo-degradation of these devices. 
Accordingly, we think that the different T80 lifetimes between the 
fabricated devices systems are due to the intrinsic photostability varia
tion of the ZnO and PDINO ETLs. Moreover, it was pronounced that the 
insertion of the PDINO layer between the active blend and the ZnO film 
in the B–ZnO/PDINO based devices acts as a shield that partially sup
presses the accelerated photo-degradation arise from the ZnO photo
catalytic effect appeared in the A-ZnO based devices. Therefore, by 
avoiding the ZnO in the C-PDINO based devices, they did not manifest 
any light soaking behavior reflecting the good quality of the devices [52] 
along with obtaining very week effect of burn in loss providing stunning 
photostability behavior. 

For further investigation regarding the obtained performance pa
rameters of the photo-aged fabricated i-OSCs, we performed the J-V 
characteristic for the T100 fresh, the T90 and T80 i-OSCs at dark as shown 
in Fig. 3a,b,c. As displayed in Fig. 3a, the A-ZnO based devices suffered 
from an almost two orders in magnitude increased leakage current under 
the reverse bias condition as compared to the fresh devices after 2.5 h 
continuous illumination. Such behavior indicates a high shunt possi
bility recognized as “photo-induced shunts” that responsible for 

Table 2 
Photostability lifetime of the photo-aged iNF-OSCs under AM 1.5G illumination.  

Standard lifetime A-ZnO-ETL B–ZnO/PDINO-ETL C-PDINO-ETL 

T90 (min) 40 80 320 
T80(min) 160 200 520  

Fig. 2. Normalized performance parameters of the iNF-OSCs (a) PCE, (b) VOC, (c) FF, and (d) JSC of the iNF-OSCs over photo-aging time.  
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diminishing the charge carrier at the semiconductor/ZnO selective 
interface [56], which is responsible for lowering the JSC in the device, in 
addition, low RSh is in charge of the low FF in the OSCs [57]. This ob
tained result agreed with the fast performance decay upon the illumi
nation as demonstrated in Fig. 2a and Table 1. In clear contrast, 
B–ZnO/PDINO and C-PDINO based devices (Fig. 3b and c) revealed 
more stable behavior even after longer time of photo-degradation. This 
underlining the remarkable photostability of the PDINO based devices 
especially the C-PDINO ones that showed inconsiderable change even 
after almost 9 h of constant illumination. 

Furthermore, Fig. 3d demonstrates the UV–visible absorption spectra 
for the PM6:Y7 blend over the ITO/ZnO (A-ZnO-ETL), ITO/ZnO/PDINO 
(B–ZnO/PDINO-ETL) and ITO/PDINO (C-PDINO-ETL) samples before 
(T100) and after (T80-as Listed in Table 2) the AM 1.5G illumination to 
evaluate the absorption spectra under same photo-aging conditions. 
After the illumination, we can see that the ZnO-based films (Type A and 
B) illustrate a significant diminishing in the peaks intensity (inset 
photo), reflecting the interface and blend decomposition via the pho
tocatalytic activity of the ZnO, which in agreement with the work by M. 
Cui and co-workers [15]. In contrary, the C-PDINO based films showed 
more sustained absorption spectra even after prolonged 520 min of 
illumination. 

As further evidence that the remarkable reduced photocatalytic ac
tivity of the PDINO is responsible for the lifetime enhancement, we 
investigated the previously mentioned T100 and T80 aged films through 
photoluminescence (PL) spectroscopy as presented in Fig. 3e. The photo- 
degraded ZnO based films showed a dramatically increased PL intensity 
of 88% for A-ZnO based films. This implies a crucial inhibition of the 
exciton dissociation for the respective photo-aged devices, which is 
considered one of the key reasons for the rapid initial photo-degradation 
[16,17,58]. Same behavior was observed by L. Duan et al. using different 
fullerene and non-fullerene active blend, indicating that the presence of 
ZnO assists the decomposition of the contacted blend layer upon illu
mination due to the previously discussed photocatalytic effect of the 
ZnO [16]. Unlike the C-PDINO based films, where the PL spectrum 
increased only 7% compared to the fresh films upon 520 min under 

light. This indicated that the excitons maintain their efficient dissocia
tion ability into charge carriers [16,17,58] even after longer time of 
exposure announcing the champion photostability behavior of C-PDINO 
based films. 

Finally, it was interesting to find that the B–ZnO/PDINO based film 
showed an increment of the PL intensity by 39% after 200 min which is 
right between the A-ZnO and the C-PDINO based films, providing a clear 
proof that the presence of PDINO reduced the photocatalytic activity 
along with improving the lifetime of the fabricated devices. Herein, this 
observation is highly consistent with the obtained performance results 
for the corresponding devices from the J-V characterization. 

The charge recombination mechanisms within the devices regarding 
the photo-aging test were further explored through investigating the 
light intensity (PLight, from 0.1 to 100 mW cm− 2) dependence of the T100- 
fresh and T80-photodegraded i-OSCs J-V characteristics. The JSC and VOC 
as a function of PLight were plotted in logarithmic scale along with the 
linear fitting as presented in Fig. 4a,b,c and 4d,e,f, respectively. The 
relation between the JSC and PLight was modeled as JSC α PS1

Light , where S1 

represents the power law exponent. Under short circuit condition, S1 
value should approach 1 if the bimolecular recombination is insignifi
cant, and values less than 1 implies that the bimolecular recombination 
of the free charge carriers will limit the photocurrent of devices [59,60]. 

In Fig. 4a,b,c, we observed a difference in the dependency behavior 
at low and high light intensities. At low P Light (<1 mw/cm2), the linearly 
fitted S1 values for all devices were quite similar as well as at T100 and 
T80 conditions (around 0.62–0.64 which is less than 1) that pronounces a 
major effect of bimolecular recombination. But different attitude was 
observed for the S1 values at high PLight (>10 mW cm− 2), where the S1 
values for the T100 fresh A-ZnO, B–ZnO/PDINO and C-PDINO devices 
were 0.99, 0.96, and 0.91, respectively. Despite, these observed values 
depicted that the A-ZnO based iNF-OSCs exhibited the lowest bimolec
ular recombination which greatly matched with its highest initial per
formance (Table 1). But S1 values for the entire T100 devices are close to 
unity. Hence, it is worth to note that, regarding the T100 fresh prepared 
devices, the diminishing in the JSC of structure B and C based devices as 
compared to A ones, might be due to the transmittance behavior of the 

Fig. 3. J-V characteristic curves of the T100 fresh and T90, T80 photo-degraded iNF-OSCs at dark of (a) A-ZnO, (b) B–ZnO/PDINO, and (c) C-PDINO based devices, (d) 
UV–vis optical characteristics of the T100 and T80 photo-aged PM6:Y7 blend films over different ETLs, (e) Photoluminescence spectra of the T100 and T80 photo-aged 
PM6:Y7 blend films over different ETLs. 

E. Moustafa et al.                                                                                                                                                                                                                               



Solar Energy Materials and Solar Cells 248 (2022) 111985

6

ETLs as presented in Fig. S5 not because of the recombination behavior. 
Where B–ZnO/PDINO and C-PDINO based films showed the lower film 
transmittance, indicating lower amount of light could reach the photo- 
active blend and in turn lower value of generated current (Table 1). 
However, after the T80 photo-aged of the device (listed in Table 2), we 
exhibited that the S1 values were 0.89, 0.91, and 0.97, respectively, 
reflecting more implemented bimolecular recombination within the A- 
ZnO based devices upon the illumination (for 2.5 h only) than the others. 
This behavior explains the rapid photo-degradation behavior that 
observed for Type A devices as previously discussed (Fig. 1d). 

Interestingly, C-PDINO based devices showed a pioneer behavior in 
photo-degradation resistance with smaller extent of bimolecular 
recombination presenting almost same S1 value after prolonged illumi
nation time of 520 min. This attitude verifies the stable JSC values over 
the illumination aging time test and in turn the highest photostability of 
this kind of devices. Hence, it can be notice that the order of the T80-S1 
values of the corresponding iNF-OSCs is consistent with their obtained 
photostability behavior (Fig. 2a). 

To gain more insights into the recombination kinetics inside the fresh 
and photo-degraded devices, we display their semi-logarithmic VOC 
dependence vs PLight (Fig. 4d,e,f) that followed the Shockley diode 
equation [61–63] of: 

VOCαS2(
KT
q
)Ln(Plight)αnid(

KT
q
)Ln(JSC) (1)  

where, nid is the ideality factor of the diode (nid = S2/S1), k is the 
Boltzmann constant, T is the temperature, and q is the elementary 
charge. S2 values (Fig. 4d,e,f insets) were calculated by fitting Equation 
(1), then obtaining the nid values of 1.12, 1.01 and 1.06 for the T100 fresh 
A-ZnO, B–ZnO/PDINO and C-PDINO i-OSCs, respectively. It is apparent 
that all fresh devices has almost similar nid values, indicating that the 
bimolecular recombination is governing the charge recombination in 
the fresh iNF-OSC devices along with insignificant trap-assisted recom
bination process [64–66]. After the illumination of T80 times of the 
examined devices, the nid value for the A-ZnO was clearly escalated to 
1.87 (Fig. 4d), underlining the dominated trap-assisted recombination 
mechanism upon 2.5 h of the samples photo-aging due to the increase of 
trap density [67,68]. In contrary, we surprisingly found that the nid 
values of the both T80 photo-aged B–ZnO/PDINO and C-PDINO based 

devices were 1.00 and 1.01(Fig. 4e and f), implying a negligible 
trap-assisted recombination behavior within the devices, resulting in 
most stable VOC values over aging time. We suggest that, in case of the 
PDINO based devices, the interfacial trap-assisted recombination was 
effectively diminished upon the photo-induced light which enhance the 
photostability of the devices. These observations are coherent with the 
observed photostability behavior of the photo-aged devices (Figs. 1 and 
2). It explains the rapid decay of the VOC, FF and in turn the PCE over the 
AM 1.5G aging time upon the light-induced trap formation in the A-ZnO 
based devices. In addition, it clarifies the remarkable photo-stability 
behavior of the entire performance parameters in the photo-aged 
C-PDINO based i-OSCs (Figs. 1 and 2 and Table 1). 

To further understand the charge dynamics behind the dramatic 
decrease of the performance of the ZnO based device as well as the 
perceptible photostability of the C-PDINO based cells upon the photo- 
aging test, we measured the photocurrent density (JPh) vs the effective 
voltage (Veff) of the fresh and photo-aged devices in double logarithmic 
scale as plotted in Fig. 5a,b,c. JPh equals JL-JD, where JLand JD are the 
photocurrent densities under illumination and dark current densities, 
respectively. Veff is defined as VO–V, where VO is the voltage when JL =

JD and V is the applied bias voltage [64,69,70]. This dependence of the 
JPh on the Veff assists the calculation of the exciton dissociation proba
bilities (Pdiss), maximum amount of absorbed photons that provides the 
dissociation and generation of free carriers (Gmax) and the generation 
rate (Grat) of the free charge carriers in the fabricated devices [71,72] as 
listed in Table S2 of the T100-fresh and the photo-aged (T90 and T80) 
samples (calculation details explained in the SI). For the entire tested 
samples, we found that the JPh increased linearly at low Veff (<0.3 V), 
then it starts to saturate by increasing the Veff > 0.3 V, representing an 
efficient photogenerated charge carrier that can extracted by the elec
trodes [71,73]. Regarding the Pdiss of the fresh devices, A-ZnO, 
B–ZnO/PDINO and C-PDINO based devices were calculated as 98.44, 
98.10, and 98.58%, respectively, then after exposure to light till T80 they 
obtained values of 96.57% (within 160 min), 96.94 (within 200 min) 
and 96.32% (within 520 min), respectively. For fair comparison, it 
worthy to notice, despite all the devices presented almost same value of 
Pdiss over the photo-aging time, but C-PDINO based devices showed the 
longest time to achieve this value, which is closely related to the high 
photostability of the devices, in contrast to the other ZnO based cells. 

Fig. 4. T100 and T80 iNF-OSCs (a,b,c) JSC and (d,e,f) VOC versus the light intensity (Plight), symbols for the experimental data and the line for the fitted data.  
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This results was in good matching with the stabilized performance pa
rameters over photo-aging time for the C-PDINO based devices (Figs. 1 
and 2), as well as it correlated with the lowest T80 recombination be
haviors discussed in Fig. 4 c,f. 

Furthermore, the Gmax and the Grat for the fresh devices were 
following the same trend of their performances (Table 1), where A-ZnO 
> B–ZnO/PDINO > C-PDINO as listed in Table S2. However, by 
approaching the T90 and T80 of the samples photo-aging test, we dis
closed that the Gmax and the Grat were decreased for types A and B 
samples but it showed a fascinating sustained behavior even with longer 
photo-aged time than the others (Table S2). 

By combining the obtained results from the light intensity depen
dence on JSC and VOC, along with the voltage dependence of JPh, a side 
from the PCE values, C-PDINO based devices revealed week recombi
nation losses in addition to highest resistance time toward the photo- 
aging test, which accounting their superior improvement of its opera
tional photostability. 

As a part of investigating the mechanism behind the photo- 
degradation within the fabricated i-OSCs, external quantum efficiency 
(EQE) measurements were conducted for the fresh and the photo-aged 
devices. It is worth to mention that all measurements were performed 
under same condition of 1 sun, AM 1.5G illumination to evaluate a 
proper comparison with the other characteristics. 

Fig. 6a,b,c depict the plots of EQE versus the photon energy for A- 
ZnO, B–ZnO/PDINO and C-PDINO based devices, respectively. it can be 
seen that the photocurrent spectrum response of the entire devices is up 
to 1.4 eV [74] regarding same photo-active blend of PM6:Y7. Hence, the 
higher photocurrent response of the devices is more probably correlated 
to the excitation of the active polymer blend, and the lower photocur
rent response than 1.4 eV is more likely attributed to the charge transfer 
states [75,76]. Accordingly, the Urbach energy (EU) of the devices was 
defined with the absorption tail (known as Urbach tail) below 1.4 eV by 
following Equation [74,77]. 

α(E)= α0 e(E− Eg)/EU (2)  

where, E represent the photon energy, α (E) is the light absorption co
efficient, α0 is the optical absorption coefficient at the band edge, and EU 
is the estimated Urbach energy. The EU value reveals the trap-mediated 
charge recombination [78] which represents the energetic disorder in 
the molecular orbitals [75,77]. The extracted EU values of the fresh and 
photo-aged i-OSCs were presented in the corresponding insets in Fig. 4a, 
b,c. We manifested that both photo-aged types of A and B ZnO-based 
devices showed a noticeable increase in the T90 and T80 EU values as 
compared to the T100-fresh corresponding devices. A higher EU usually 
indicates a higher energetic disorder that originates the reduction of the 
device performance via implemented density of state distributions that 
assist the recombination [78], which determined as a common reason 
for fast initial photo-degradation of the photo-aged devices. This 
observation gives a proper declaration regarding the VOC and FF burn in 
losses [79] along with the produced trap-assisted recombination that 
leads to the rapid photo-degradation behavior exhibited by the 
ZnO-based devices, particularly A-ZnO ones, as presented in the previ
ously discussed characteristics. However, by avoiding the presence of 
the ZnO in the C-PDINO based devices, we obtained the most stable EU 
values over the photo-aging test time (inset of Fig. 6c). This withstand 
attitude pointed out the insignificant existence of trap-mediated charge 
recombination and in turn less displayed energetic disorder upon 520 
min of illumination. 

Fig. 6c,d,e illustrate the EQE response of the fresh and photo- 
degraded samples over wavelength rang of 300–1100 nm. Regarding 
A-ZnO based devices, the photo-aged devices showed a noticed dimin
ishing in the absorption over the full range (Fig. 6c), which suggested to 
be related to the insufficient charge extraction and transport mecha
nism, which greatly matched with the performance drop obtained for 
the photo-aged A-ZnO cells with in 160 min, discussed in the J-V 
characteristics (Figs. 1 and 2). Moreover, in case of the photo-aged 
B–ZnO/PDINO based cells, we can observe that at T80, the absorption 
reduction did not carry out over the full wavelength range (such A-ZnO 
cell), but it started from 500 nm then sharply decreased (Fig. 6d). This 

Fig. 5. JPh versus Veff characteristics of the T100, T90 and T80 (a) A-ZnO, (b) 
B–ZnO/PDINO, and (c) C-PDINO based devices over photo-aging time. 
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obtained behavior might reflects that despite the presence of the PDINO 
layer between the ZnO and active blend may partially assist the device 
resistance toward photo-degradation and extended the cells lifetime to 
200 min, but the ZnO still has the pronounced photocatalytic contri
bution of degrading the contacted layers and as a sequence assists the 
decay of the device performance. Furthermore, the exhibited EQE 
reduction for both types of A and B photo-aged devices is consistent with 
the observed JSC loss from the J-V characteristics (Fig. 2d). While the 
photo-aged C-PDINO based devices signify inconsiderable decrease of 
the EQE absorption response, indicating the most photo-stable behavior 
over aging test time (for 520 min) as compared to the fresh ones (Fig. 6f). 
This obtained behavior is perfectly coherent with the stabilized JSC 
values obtained over photo-aging time by the J-V characteristics in 
Fig. 2d. Furthermore, the calculated integrated JSC values from the EQE 
spectra for the fresh T90, and T80 photo-aged devices were listed in 
Table S2, which consistent with the values obtained from the J-V mea
surements under AM 1.5G illumination with the maximum error values 
less than 10% (Table 1). 

Impedance spectroscopy was carried out under AM 1.5G illumina
tion condition as an alternative insight study to investigate the elec
tronic properties of the fabricated devices with respect to the interfacial 
charge transfer and carrier recombination [80] along with providing the 
mechanisms behind the performance deterioration of the photo-aged 
tested devices. Hence, we conducted the capacitance-frequency (Cƒ) 
measurements to calculate the trap density of state (DOS) that explained 
in the supplementary information in Equation S1,S2. Fig. 7 displays the 
evaluated trap-DOS curve as a function of energy for the fresh and the 
T80 photo-degraded devices. It demonstrates a single exponential trap 
distribution which defines the same trap activation energy and carrier 
response within the devices [81,82]. Furthermore, after the T80 
photo-aging time (Table 2), a decline in the DOS values for a given 
frequency can be revealed for all devices. This behavior can be explained 
as DOS energy shift of EO (explained by Equation S3 in the supple
mentary information). Thus, the T80 photo-aged devices demonstrated 
lower energy, reflecting higher interfacial induced defects in the devices 
compared to the T100 fresh ones as an intrinsic origin of tarps [35, 
83–86]. 

In consequence, we measured the values of the energy shifting (X) for 
the T80 photo-degraded cells, which explained in the supplementary 
information, presented by the blue line in Fig. 7. We detected that the 

order of energy sifting value (X) is following the trend of A-ZnO >
B–ZnO/PDINO > C-PDINO. Hence, C-PDINO based cells provided lower 
shifting value of X than the ZnO-based ones, indicating less trapped sites 
implemented in these cells, confirming their superior photostable 
behavior toward the illumination. Interestingly, A-ZnO based devices 
showed the highest X value of double, demonstrating highest contri
bution of photo-induced traps within the device. Moreover, we can 
clearly notice that the T80 ZnO-based devices (A and B types) possessed 
an additional impeded deep-trap sites [82,87] (Fig. 7a and b), that did 
not observe for the T80 C-PDINO based i-OSCs (Fig. 7c), consisting with 
their rapid photo-degradation performance, particularly the drop in the 
FF and VOC [79,88], presented by the J-V and EQE characteristics. It is 
worth to mention that this sequence of attitude is highly matched with 
the obtained sequence behavior of the previously discussed EU values 
over photo-aging times in Fig. 6a,b,c, depicting same observation of 
energy disorder upon trap creation. 

Furthermore, impedance Nyquist test was performed to gain a better 
understating of the photo-degradation effect within the tested devices. 
The obtained data from the IS was originated from the response testing 
of the devices under AM 1.5G illumination and an applied AC signal with 
5 mV amplitude in the frequency range between 5 Hz and 2 MHz. Fig. 8 
shows typical Nyquist plots that were obtained for the T100 fresh and T80 
photo-aged iNF-OSC and their corresponding Bode plots presented in 
Fig. S6 [42] at VOC. All plots exhibited a semicircle shape, reflecting the 
efficient transfer at the active layer/electrode interface [80]. As an 
initial observation, we can notice that all the devices obtained a single 
process represented by one arc behavior. In addition, the diameter of the 
arc increased for the photo-aged devices over aging times (Table 2), 
considering the increment in the bulk resistance of the devices upon the 
continuous light exposure [89]. Nevertheless, it was interesting to notice 
that this increment is much higher in the A-ZnO based devices, unlike 
C-PDINO based ones. Same behavior was observed for photo-aged de
vices at maximum power point voltage (Vmpp) and short circuit current 
(Voltage = 0 V) in Fig. S7. Accordingly, it is worth to mention that the 
size of the arc is commonly correlated to the device resistance [80]. 
Hence, to gain more information about the physical parameters of each 
layer within the fresh and photo-aged cells, we analyzed the plots with 
an electrical equivalent circuit using Debye model [37,90]shown in 
Fig. S8, which provided a proper fitting for the experimental data 
(presented as solid lines in Fig. 8). The equivalent circuit contains, RS 

Fig. 6. EQE vs photon energy of the (a) A-ZnO (b) B–ZnO/PDINO, (c) C-PDINO iNF-OPVs with the inset values of Urbach energy (EU), EQE spectra (left) and the 
integrated short circuit current (right) of T100, T90 and T80 photo-aged (d) A-ZnO (e) B–ZnO/PDINO, (f) C-PDINO iNF-OSCs. 
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represents the series resistance which indicates the resistance of the 
contact and the ohmic components [35,80]. A parallel association of 
resistor (R) and capacitor (C) for 3 RC elements in series, where R rep
resents the resistance of electrons transportation in each layer as R1, R2 
and R3 refers to ETL, PM6:Y7 and the V2O5 layer, respectively. In 
addition, C refers to the geometrical dielectric component capacitance 
values of each layer. Moreover, the R4C4 were in series which attached 
in parallel to R2C2 corresponding the photo-active layer (PM6:Y7) 
obeying Debye model [90], explaining the effect of the 
photo-degradation behavior that carried out in the photo-active blend 
within the A, B and C based devices regarding the variation of the 
contacted ETLs. This model considers the existence of a single type of 

trap implemented in one layer [90] upon the continuous illumination 
process. Finally, L is the included inductor applied to fit the data prop
erly at high frequency [80]. Then, the extracted parameters from the 
fitting were listed in Table S4. 

The exhibited fitting capacitance values for each layer were highly 
matched with the theoretical values shown in Table S5. This might imply 
that at VOC, the IS data was controlled by the geometrical capacitances 
provided by the metal insulator-metal model indicating the presence of 
fully depleted layers [91]. 

Regarding the fitted resistance values for each layer of the T100 fresh 
and T80 photo-aged devices (Table S4), it can be seen that the RS values 
were at the range of 3.0–5.0 Ω in the entire devices. This might indicate 
that the different ETLs did not show a significant effect in the ITO/ETL 
interface upon the photo-aging test. Similar behavior was observed for 
the V2O5 layers, which show consistent resistance values (R3) before and 
after the phot-aging test for the entire devices as presented in Table S4 
and Fig. S9. 

On one hand, as for the T100 and T80 A-ZnO based devices, we found 
that the R1 values of the ZnO layer slightly increased for from 28 to 33 Ω, 
respectively. While the R2 values were almost doubled from 20 to 43 Ω 
(Fig. S9a). In turn, the total resistance (Rtotal) of the device were 
increased from 67 to 79 Ω (Table S4), which controlled by the photo- 
active blend resistance (R2). This obtained behavior is greatly matched 
with the escalated RS values obtained by the J-V measurements under 
illumination over aging times (Table 1). Moreover, it confirms the burn 
in losses effect observed for the A-ZnO performance parameters, espe
cially the VOC and FF parameters, which leads to their rapid photo 
degradation behavior (Figs. 1 and 2). 

On the other hand, regarding the B–ZnO/PDINO based devices, the 
R1-ZnO values were 22 and 28 Ω for the T100 and T80 photo-aging time, 
respectively, while R1-PDINO values were 8 and 11 Ω, respectively. In 
addition, the R2 values were 64 Ω for the T100 devices and 66 Ω for the 
photo-aged devices (Fig. S9b). From the obtained fitted values, we can 
notice that both R1 and R2 values showed a slight increment in their 
resistance values after the photo-aging test (200 min), where the RTotal 
values rather increased from 79 to 92 Ω (Table S4). This attitude con
firms their higher photo-stability as compared to the A-ZnO ones 
(Fig. 2a). Furthermore, T80 C-PDINO based cells showed the highest 
stable R1 and R2 values (Fig. S9c) with respect to the longest exposure 
time to the light (520 min) as compared to the T100 fresh ones. Where, 
the R1, R2 and RTotal presented a bit increase from 25 to 30 Ω, from 64 to 
66 Ω and from 106 to 117 Ω, respectively. This explains the steady RS 
values obtained by the J-V measurements (Table 1) over aging time 
which in turn provided a superior JSC photo-stability behavior (Fig. 2d). 
Accordingly, to perform a fair comparison regarding the fitted resistance 
values between the T100 and T80 of each device, we considered the 
thickness difference of each device and then calculated the variation of 
RTotal/thickness percentage as illustrated in Fig. 8d. We found that A- 
ZnO based devices exhibited the highest ratio of resistance increment by 
22.2%, while the B–ZnO/PDINO cells increased by 9.6% and the C- 
PDINO based ones increased by only 8.8%. This obtained results ex
plains the much higher variation in the arc diameters that obtained for 
the A-ZnO-devices (Fig. 8a) and the less variation exhibited for the C- 
PDINO based devices (Fig. 8d). With respect to the T80 times (Table 2), it 
was considered the lowest for A-ZnO devices, reveling their fast photo- 
degradation behavior, and the highest for the C-PDINO cells, marking 
their impressive photostable behavior. 

Finally, it is worth to mention that the key reason of the highest 
resistance variation obtained by the A-ZnO based devices might be 
attributed to photocatalytic effect of the ZnO film, which highly accel
erated the photo-degradation the photo-active blend (Fig. S9a) and in 
turn the entire devices [33]. Interestingly, the resistance variation was 
diminished by adding the PDINO layer between the ZnO and the 
photo-active blend as observed in the B–ZnO/PDINO devices. As well, 
this difference in the resistance values was highly suppressed by 
replacing the ZnO with PDINO, which avoid the photo-degradation of 

Fig. 7. DOS as function of |kBTlnω| at VOC under AM 1.5G illumination of the 
T100 and T80 photo-aged iNF-OPVs over times (blue line with shifting value of 
X), (a) A-ZnO, (b) B–ZnO/PDINO, and (c) C-PDINO based devices. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

E. Moustafa et al.                                                                                                                                                                                                                               



Solar Energy Materials and Solar Cells 248 (2022) 111985

10

Fig. 8. Nyquist plots at VOC under AM 1.5G illumination of the T100 and T80 photo-aged (a) A-ZnO, (b) B–ZnO/PDINO, and (c) C-PDINO based devices, using symbols 
for the experimental data and the fitting results in solid lines by applying the equivalent circuit in Figs. S8 and (d) the total resistance variation of the T100 and T80 
iNF-OSCs with respect to the total thickness within each device. 

Fig. 9. AFM topography and phase images of the PM6:Y7 blend films over different ETLs of T100 (a) A-ZnO, (b) B–ZnO/PDINO, (c) C-PDINO based films and the T80 
photo-degraded (d) A-ZnO, (e) B–ZnO/PDINO, (f) C-PDINO based films. 
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the photo-active blend and showing better resistance toward the 
illumination. 

Atomic force microscope (AFM) characteristics were performed to 
investigate the active blend morphology changes during the photo-aging 
test. AFM images and the corresponding phases were demonstrated in 
Fig. 9 for both T100 fresh and T80 photo-aged tested based films of ITO/ 
ETLs/active blend, considering the T80 photo-aging times of the corre
sponding devices as listed in Table 2. Regarding the T100 fresh films, we 
can clearly see that the A-ZnO based films (ITO/ZnO/PM6:Y7 film) 
showed the lowest root mean square (RMS) value of 1.43 nm (Fig. 9a), 
representing lowest surface roughness. Moreover, B–ZnO/PDIBO (ITO/ 
ZnO/PDINO/PM6:Y7) and C-PDINO (ITO/PDINO/PM6:Y7) based films 
exhibited higher RMS values of 3.51 and 4.21 nm, respectively (Fig. 9b 
and c). This behavior agreed with the lowest RS along with the highest 
FF values obtained for the T100 A-ZnO based devices and the contrary 
behavior of the B and C based devices as obtained from the J-V char
acteristics (Table 1) due to their higher surface roughness. In addition, 
this observation might reveal the higher performance of the T100 fresh A- 
ZnO based devices than the others. 

However, after the T80 photo-aging test, we found that a huge in
crease in the surface roughness with RMS value of 8.19 nm (7 times 
higher than T100) was observed for the A-ZnO based exposed films 
(Fig. 9d), explaining the FF as well the PCE burn in photo-degradation 
behavior (Fig. 2) along with the highest leakage current (Fig. 3a) 
exhibited for the A-ZnO based devices within short time of 2.5 h. 
Interestingly, same behavior was observed from the reported work of L. 
Duan et al. [42]. In addition, more stable attitude was obtained by 
B–ZnO/PDINO based films, where the RMS values were doubled to 7.01 
nm (Fig. 9e). Surprisingly, T80 C-PDINO based exposed film presented a 
quite similar RMS value of 4.91 as compared to the T100 fresh films even 
after prolonged photo-aging time of 520 min. In addition, it showed 
lower RMS value among the further T80 devices, conserving the suitable 
phase separation and better pathways in the active layer [73]. Hence, we 
observed a noticeable effect regarding the photo-aging response upon 
changing the ETL. First, with reference to the A-ZnO based films, during 
the photo-degradation, it is suspected that photocatalytic effect plays a 
significant role in transferring the degradation to the contacted active 
blend, appeared to induce a greater extent of the film surface roughness. 
Where, the high RMS value with rough surface morphology indicated 
significant aggregation existence inside the active blend, which corre
spond the large phase separated domains with more excitons traps that 
in turn affect the charge dissociation process [16,92,93]. This observa
tion is highly matched with the obtained R2 fitted value (Table S4) from 
the previously discussed IS measurements, which showed a great in
crease in its value after the T80 photo-aging test along with a noticeable 
enlargement in the arc diameter of the A-ZnO-based devices (Fig. 8a). 

Second, with respect to the C-PDINO based films, we suggested that 
the PDINO layer resist the photo-degradation and in turn preserve the 
blend film from degradation that presented in maintaining the rough
ness of the films over the photo-aging time. This agreed with the con
sistency of the resistance fitted values, R1 and R2 of the C-PDINO based 
devices that characterized by the IS discussed in Fig. 8c, along with the 
JSC and RS values obtained by the J-V characteristic over photo-aging 
times (Fig. 2, Table 1) as well as the constant leakage current 
behavior (Fig. 3c). Finally, it was interesting to find that the B–ZnO/ 
PDINO films as well as the B-based devices performance showed a 
moderate behavior between both A and C ones, reflecting the effect of 
adding the PDINO film in increasing the photostability of the blend and 
in turn the full devices. Upon this context, we noticed that the photo
stability of the fabricated i-OSCs enhanced through avoiding the inter
face contact between the active layer and the ZnO film along with 
providing a good compatibility with the PDINO host system. 

4. Conclusion 

In conclusion, we presented an extremely efficient PDINO based 

cathode interlayer for iNF-OSCs, achieving excellent photostability 
behavior. The iNF-OSCs incorporating the PDINO interlayer (C-PDINO 
based devices) maintained 80% of the initial efficiency after continuous 
illumination (AM 1.5G, 100 mW cm− 2) for 520 min, while the ZnO- 
based control iNF-OSCs (A-ZnO based devices) remained only for 160 
min under same conditions. The remarkable photostability of the C- 
PDINO based devices were mainly attributed to the avoidance of the 
photo-induced shunts and the photocatalytic behavior, which are inev
itably in the ZnO based i-OSCs. Moreover, C-PDINO based devices 
refrained from the burn-in photo-degradation phenomena, which cause 
a significant reduction in the performance of the exposed devices by 
providing negative effects on energy transfer, exciton dissociation and 
charge recombination processes which may be more related to the bulk 
of the active layer as appeared for the ZnO based iNF-OSCs. Hence, this 
piece of work clearly demonstrates that PDINO is a promising cathode 
interlayer for tremendously photostable i-OSCs, particularly for large- 
scale production. As it fits the requirements of low-temperature fabri
cation, can be used in very fine-tuned thicknesses, showing great resis
tance behavior toward light, and does not react with the contacted 
active layers and electrodes. 
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