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ABSTRACT: Morphological control of the layers within the bulk heterojunction
organic photovoltaics (BHJ-OPVs) is a key feature that governs their performance. In
the present work, we demonstrate that zinc oxideZnOinterlayers sprayed via the
intermittent spray pyrolysis technique, employing a low-concentration precursor
solution, can yield inverted BHJ-OPVs as efficient as the standard reported ones using
the conventional laboratory-scale spin-coating technique. However, we record a pioneer
stability behavior of the fabricated inverted fullerene organic photovoltaics (iF-OPVs)
with various sprayed ZnO conditions. Thus, after optimizing the sprayed ZnO
interfacial layer morphology for the inverted PTB7-Th:PC70BM devices, by carefully
inspecting the interdependence between the sprayed ZnO thin film morphology and
the figures of merit of the optimized iF-OPVs, we conducted a distinct analysis on the
optical and electronic properties of the fresh and degraded devices using external
quantum efficiency measurements and impedance spectroscopy. Hence, we showed
that the most proper ZnO microstructural morphology was obtained by spraying 25 running cycles (25R). Remarkably, we observed
that 25R-ZnO-based iF-OPV devices showed a stunning stability behavior and maintained 85% of their initial power conversion
efficiency even after 16.7 months without encapsulation in a dry nitrogen glovebox, demonstrating an excellent shelf stability.
Accordingly, this approach might facilitate the scalability of inverted OPVs for industrial production visibility.

KEYWORDS: stability of fullerene organic photovoltaics, ZnO electron transporting layer, thin film deposition techniques,
intermittent spray pyrolysis, degradation mechanisms in organic photovoltaics

1. INTRODUCTION

Since 2005, it has been proposed that polymer-based solution-
processed organic photovoltaics (OPVs) with a 10% power
conversion efficiency (PCE) would be adequate for initiating
the commercialization, which would in turn assist the cost
savings of broad materials development.1 However, production
of OPVs on a large scale and at a competitive price is a
breakthrough waiting to be achieved. Importantly, while OPVs
will essentially continue incremental progress in the PCE, the
devices will also require advanced stability for long-term
operation to be able to compete in the commercial applications
field. There are tremendous attempts that have been
performed to understand the degradation mechanisms and
improve the OPV cell stability, including the enhancement of
the active blend materials, which indicated more photo-
chemical stability,2 the insertion of the polymeric side chains
that improve thermal stability,3,4 and the encapsulation
techniques.5,6 Moreover, some other avenues involve interlayer
morphology tuning to provide a better film quality through the
selection of interfacial materials, interfacial device engineering,
and the approach of the inverted structure along with the layer
deposition techniques.7−11 Regarding the latest mentioned
approaches, as shown by Lloyd et al.,12 MacLeod et al.,13 and

several other reported studies, the inverted architectures has
noticeably improved the OPV device stability over the
conventional structures from the scale of minutes up to
years.13−15 Therefore, with this context, we fabricated an
inverted fullerene OPV (iF-OPV) based on selecting zinc oxide
(ZnO) as the electron interfacial transporting material
[electron transport layer (ETL)] for reinforcing the electron
collection at the transparent conducting electrode and
acquiring a high-performance and stable OPV.13 This selection
was mainly regarding its n-type conductivity and high optical
transmission at vital wavelengths for solar energy conversion
applications.16−19 Furthermore, the ZnO thin film was
subjected to various deposition techniques, including spin
coating,13,20 atomic layer deposition,21 inkjet printing,22−24

and spray pyrolysis techniques.7,8 This in turn influences the
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morphology, substrate coverage, and contact quality (rough-
ness) of the ZnO layer at the interface with the organic
absorber blend. These parameters are the most noteworthy
factors in identifying the performance and stability of OPV
devices.14,25

In this piece of work, we report the use of an intermittent
spray pyrolysis technique to modify and optimize the ZnO film
using a low-concentration ZnO precursor solution as an
extension of the previous work.8 Moreover, to focus on the
study of the intrinsic degradation behavior of the fabricated
devices, we stored and analyzed the samples in an inert
atmosphere of <0.1 ppm O2 and <0.1 ppm H2O to avoid the
possible degradations that might arise from the oxygen and the
ambient moisture. Subsequently, we related the exhibited
microstructural morphology of the ZnO film with the
photovoltaic performance of the fabricated fresh and aged
devices. The demonstrated PCE values of the fabricated
devices are either better than or comparable to those in the
previous reports obtained using different ZnO precursor
solution concentrations as well as the conventional spin
coating technique.8,14,15 The insights gained into the
significance of the morphology of sprayed ZnO films highly
assisted the development of the film quality.13,19,25 Hence, in
this work, a novel and pioneer record behavior of the iF-OPVs
is presented via a significant enhancement of its stability,
achieving 12,000 h (16.7 months). This improvement is
provided through the modification of the ZnO interfacial layer
concentration along with the use of the spraying deposition
parameters. Therefore, a systematic study was accomplished to
reveal the dependance of the ZnO film morphology on the
deposition parameters. Moreover, a distinct investigation was
carried out on the electric properties and the corresponding
charge transfer, separation, recombination mechanisms, and
trap density through the impedance spectroscopy (IS)
measurements of the fresh and degraded devices.

2. EXPERIMENTAL METHODS
This section reports the materials, synthesis, and characteristics of the
iF-OPVs with an ITO/ZnO/PTB7:Th:C70BM/V2O5/Ag structure, as
demonstrated in Figure 1.
2.1. Materials. The transparent conducting oxide used was an

indium tin oxide (ITO) patterned glass substrate with a sheet
resistance of 10 Ω·cm−2 purchased from PsioTec Ltd. Donor polymer
PTB7:Th and fullerene acceptor PC70BM were supplied by One-

Material Inc. and Solenne BV, respectively. Zinc acetate dehydrate
(99.999%), 2-methoxyethanol (99.9%), ethanolamine (99.5%),
methanol, ethanol, chlorobenzene (CB), and 1,8-diiodooctane
(DIO) were obtained from Sigma-Aldrich. Vanadium oxide (V2O5)
and a high-purity silver (Ag) wire (99.99%) were purchased from
Sigma-Aldrich and Testbourne Ltd., respectively.

2.2. Device Fabrication. Prepatterned ITO-coated glass sub-
strates were subsequently cleaned with a detergent in deionized water
and then ultrasonicated in acetone, ethanol, and isopropyl alcohol.
Then, the ITO substrates were dried in a 100 °C oven for 10 min and
exposed to UV−ozone for 15 min. The ZnO precursor solution was
synthesized using the sol−gel method according to the previously
reported studies of our group8,22,26,27 by dissolving 150 mg of zinc
acetate dihydrate in 1 mL of 2-methoxyethanol and 30 μL of
ethanolamine solution. The prepared mixture was stirred at 70 °C for
1 h and then diluted to a 1:1 (v/v) ratio of methanol to prepare the
ZnO precursor stock solution. This solution was further diluted by
ethanol with a 0.5:9.5 (v/v) ratio and then sprayed over the preheated
ITOs at 350 °C. Then, the ZnO sprayed films were annealed for 1 h
and removed to cool down. The used spray pyrolysis tool along with
the procedure details used to spray the ZnO solution using the
intermittent spray pyrolysis approach was described in our previously
reported work.8 In the current work, various numbers of spraying
running cycles (R) of 15R, 20R, 25R, and 30R were performed to
deposit different thicknesses of the ZnO film. Each intermittently
spraying running cycle (1R) step is defined as 7 s of continuous
spraying and 3 s of hold, followed by repeating the same attitude till
the corresponding number of spraying running cycles required has
been sprayed.

The polymer blend solution was synthesized by dissolving 25 mg of
PTB7-Th:PC70BM in 1 mL of CB/DIO (97:3, % v/v) at a 1:1.5 (w/
w) ratio. Before deposition, the solution was retained under stirring at
40 °C for 48 h. An approximately 100 nm film of the PTB7-
Th:PC70BM active blend was spin-coated (750 rpm, 30 s) on glass/
ITO/ZnO inside the glovebox.8,15,22 Finally, the samples were
conducted in a vacuum chamber to evaporate V2O5, followed by Ag
films under high-vacuum conditions (≤1 × 10−6 mbar) to acquire
thicknesses of 4 and 100 nm, respectively. To ensure the obtained cell
area, we used a shadow mask with an area of 0.09 cm2 during the
previously mentioned thermal evaporation process.

2.3. Device Measurement and Characterization. The current
density−voltage (J−V) characteristics parameters were extracted
using a Keithley 2400 source measure unit with a solar simulator
light source (Abet Technologies model 11,000 class type A). The AM
1.5G (100 mW cm−2) standard light intensity of the spectrum was
calibrated using a certified monocrystalline silicon photodiode of
NREL. The J−V measurements were conducted in the dark to obtain
J−V dark curves. J−V curves were obtained from −1 to 1 V in the
forward direction, with a scan step of 0.01 V. All the J−V

Figure 1. Scheme of the fabricated iF-OPV with the chemical structure of the PTB7-Th:PC70BM active blend and the energy level alignment of
each layer within the fabricated device.
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measurements were conducted at room temperature. Moreover, the
external quantum efficiency (EQE) measurement was performed
using a Lasing IPCE-DC model under a forward wavelength sweep
direction from 300 to 800 nm. In addition, IS measurements were
achieved using an HP-4192A analyzer under an AM 1.5G illumination
condition. Impedance data were acquired in the frequency range
between 5 Hz and 1 MHz by applying an AC signal with a 5 mV
amplitude. The devices were measured in a carefully sealed holder
inside the glovebox. IS experimental data were fitted using an Ivium
software analyzer. It is worth noting that the device performance was
measured both prior to and after the impedance measurements,
presenting no significant degradation. ZnO film topography images
were derived via a tapping mode of atomic force microscopy (AFM)
using silicon probes of 1−5 N m−1 spring constant. Furthermore, a
Molecular Imaging Pico SPM II instrument (pico+ software) was
used to analyze the ZnO surface morphology images, providing the
root mean square (rms) values. The film thickness within the devices
was measured using the surface profilometer (Ambios Technology-XP
1). Finally, the transmittance spectra were measured using a
PerkinElmer LAMBDA 950-UV/vis/NIR spectrometer integrating
sphere at room temperature.

3. RESULTS AND DISCUSSION
An intermittent spray pyrolysis approach8 has been used to
optimize the deposition of the ZnO film through different
numbers of running cycles (R) of the ZnO precursor solution
(as described in the Experimental Methods section). We focus
our investigation toward modifying the substrate coverage and
surface morphology of the ZnO films and pointing out the
morphological compact spot where ZnO films can achieve a
similar benchmark efficiency along with an improved stability
behavior. The influence of these optimization procedures on
the performance and stability of iF-OPVs was studied by
fabricating the inverted structure devices of ITO/ZnO/PTB7-
Th:PC70BM/V2O5/Ag, as shown in Figure 1. ZnO was used as
the n-type charge transport layer and V2O5 was used as the p-
type charge transport layer. Furthermore, PTB7-Th:PC70BM
was employed as the photo-absorber active layer. The chemical
structures of the PTB7-Th polymer donor and PC70BM
fullerene acceptor with the energy level alignment of the
devices are illustrated in Figure 1. The semiconductor band

edge energy positions and the metal work functions were
provided from refs 15, 20, 28, and 29.
To easily distinguish the optimization performed on the

ZnO film, we labeled the fabricated iF-OPVs as A, B, C, and D
for the devices with 15R, 20R, 25R, and 30R as the number of
r spraying running cycles to prepare the ZnO layer,
respectively. Figure 2 displays the current density−voltage
(J−V) characteristics of the freshly fabricated iF-OPVs (T100
the time of the initial PCE, fresh devices) with different
processing methods of ZnO spraying running cycles measured
under AM 1.5G (100 mW/cm2) and dark conditions. The
obtained photovoltaic parameter statistics of the corresponding
devices are listed in Table 1. As demonstrated in Figure 2a, it
can be noticed that all the devices have almost the same open-
circuit voltage (VOC) value. Moreover, C-based devices (25R-
ZnO) demonstrated the champion performance as it exhibited
the maximum PCE of 9.86%, with an average VOC of 0.8 V, a
current density (JSC) of 18.42 mA cm−2, a fill factor (FF) of
0.67, a series resistance (RS) of 2.31 Ω cm2, and a shunt
resistance (RSh) of 774 Ω cm2. On the other hand, device A
(15R-ZnO) possessed the lowest performance parameters with
the maximum PCE, average VOC, JSC, FF, RS, and RSh of 7.76%,
0.78 V, 17.17 mA cm−2, 0.54, 4.63 Ω cm2, and 429 Ω cm2,
respectively. In addition, device B (20R-ZnO) showed
performance parameters with the maximum PCE, average
VOC, JSC, FF, RS, and RSh of 9.80%, 0.79 V, 18.26 mA cm−2,
0.66, 2.83 Ω cm2, and 765 Ω cm2, respectively, and device D
(30R-ZnO) with 9.60%, 0.76 V, 18.88 mA cm−2, 0.63, 3.07 Ω
cm2, and 381 Ω cm2, respectively. It is worth mentioning that
the number of spraying running cycles (R) controls the
thickness of the formed ZnO film. Hence, we observed that as
the ZnO thickness increases (R-increases), the JSC of the
fabricated devices improves. However, in device D (30R-
ZnO), the slight enhancement of the JSC was at the expense of
a marginal reduction of the VOC and FF, which as a
consequence diminishes the PCE as shown in Table 1. Figure
2b shows the dark J−V curves for the freshly fabricated cells.
Under a reverse bias, we obtained a 1 order of magnitude

Figure 2. Current density−voltage (J−V) characteristic curves (a) under AM 1.5G illumination and (b) under a dark condition for fresh iF-OPVs.

Table 1. Photovoltaic Performance Parameter Statistics of the Devices, Extracted from the Average of at Least Nine Devices

device T100 VOC (V) JSC (mA/cm2) FF PCE (%) PCEMAX (%) RS (Ω cm2) RSH (Ω cm2)

A-15R-ZnO 0.78 ± 0.02 17.17 ± 0.20 0.54 ± 0.02 7.53 ± 0.23 7.76 4.63 ± 0.41 429 ± 26
B-20R-ZnO 0.79 ± 0.01 18.26 ± 0.12 0.66 ± 0.01 9.71 ± 0.09 9.80 2.83 ± 0.32 765 ± 17
C-25R-ZnO 0.80 ± 0.02 18.42 ± 0.19 0.67 ± 0.04 9.80 ± 0.11 9.86 2.31 ± 0.11 774 ± 24
D-30R-ZnO 0.78 ± 0.01 18.88 ± 0.31 0.63 ± 0.03 9.46 ± 0.14 9.60 3.07 ± 0.43 381 ± 19
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lower leakage current for B and C devices than for A and D
ones.
This result of less leakage current in the B and C devices

might be attributed to the higher shunt resistance RSH
30 values

of 1.64 × 104 in device B and 2.69 × 104 Ω cm2 in device C
than the values of 2.32 × 103 of device A and 3.88 × 103 Ω cm2

of device D in the dark. This enhancement in the RSH in the B-
and C-based devices discloses the lower charge carrier
recombination in the active blend film.31 This behavior agrees
with the enhanced FF observed for devices B and C (Table 1).
In addition, the diminished FF and JSC value for device A
under illumination (Figure 2a) matches the highest leakage
current obtained in the dark that is shown in Figure 2b.
Figure 3 illustrates the AFM surface topographic and phase

images of the ZnO thin film deposited via the spray pyrolysis
technique onto the glass substrate to investigate the
morphological variations of the sprayed ZnO films. The
average thickness of the ZnO films was optimized as a function
of the number of spraying running cycles, where 15R-ZnO,
20R-ZnO, 25R-ZnO, and 30R-ZnO with the varying number
of running cycles correspond to 10, 18, 25, and 35 nm,
respectively. As can be noticed in the 15R-ZnO film in Figure
3a, it contains many defects that lead to an erratic surface with
an rms of 2.86 nm. Although after increasing the number of
spraying running cycles to 20R and 25R, the thicknesses
increased, the ZnO film obtained was featureless and
homogeneous, which leads to a roughness reduction with
rms values of 2.13 and 1.77 nm, respectively, as presented in
Figure 3b,c. In addition, upon further increasing the spraying
running cycles to 30R, the roughness increased to an rms of

2.61 nm (Figure 3d). Interestingly, the same behavior was
obtained by Jagadamma et al. and Ma and co-workers.14,25 The
relation between the ZnO film thicknesses and the rms values
is demonstrated in Figure 3e. We imply that the effect might be
due to the ZnO surface coverage during the ZnO precursor
solution spraying processes, as simplified in Figure 3f, where in
the 15R-based film, the surface was not fully covered, which
caused some surface imperfection. This basically matches with
the low FF and RSh values and high RS values observed from
the A-based cells. Then, by increasing the number of spraying
running cycles to 20R and 25R, we noticed that the film
roughness diminished, reflecting a uniform sprayed ZnO film
along with better density and quality. This surprising behavior
confirms the higher RSh and FF values and the lower RS values
obtained for B- and C-based devices. Moreover, regarding the
30R-ZnO film, the higher roughness might be attributed to the
excess ZnO precursor solution sprayed that leads to some
surface aggregations and a non-homogeneous ZnO film, which
may cause the increase of the film roughness. Consequently,
we observed that 15R- and 30R-based ZnO films possessed the
highest surface roughness, which indicates the higher leakage
current32 obtained from A- and D-based devices, as previously
discussed in Figure 2b. It is worth noting that as compared to
our previously reported work8 as well as the work of
Jagadamma et al.,14 we found out that the mentioned surface
modification performed for the ZnO film in the current work
via the intermittent spray pyrolysis approach using low
concentration of ZnO solution (Experimental Methods)
suppressed the surface roughness of the deposited ZnO film,

Figure 3. AFM topographic and phase images of the ZnO film with (a) 15R (thickness = 10 nm), (b) 20R (thickness = 18 nm), (c) 25R (thickness
= 25 nm), and (d) 30R (thickness = 35 nm). (e) rms surface roughness of ZnO films as a function of film thickness. (f) Schematics simplifying the
evaluated ZnO surface morphology measured using the AFM tip.
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exhibiting better film quality along with providing higher
device performance.
Figure 4a shows the EQE response of the fabricated devices.

As shown, the trend of the EQE is almost similar to that of JSC
of the fabricated iF-OPVs with ZnO films of different
thicknesses. Regarding the absorption spectra of donor and
acceptor materials, all devices display photo-response spectra
with a broad range of 300−800 nm, which is mainly attributed
to the absorption spectra of the PTB7-Th:PC70BM blend.27

Devices based on A-15R-ZnO showed the lowest maximum
plateau photoresponse of 80%, while B- and D-based devices
possessed 90% and C devices exhibited the highest plateau
value of 95%. This observed reduction in the spectra of device
A might be related to the insufficient charge extraction and
transport mechanism that highly matches their low obtained
performance parameters, as listed in Table 1. Furthermore, we
note that the calculated integrated JSC values from the EQE
spectra are 15.79, 17.98, 18.01, and 17.12 mA cm−2 for A, B, C,
and D devices, respectively. These calculated JSC values
basically confirm the obtained values by the J−V measure-
ments under illumination with an approximate error
percentage of less than 10 (Table 1).
To further understand the influence of different numbers of

R used to fabricate the ZnO film on the underlying PTB7-
Th:PC70BM blend films and investigate the relation regarding
the enhancement of the JSC in the fabricated cells, we measured
the UV−visible transmittance spectrum of the sprayed ZnO
films with different, R, thicknesses, as presented in Figure 4b.

On one hand, we compare the effect of the deposition
techniques on the transmittance (T %) of the fabricated ZnO
film. As is seen in Figure 4b, we demonstrated the
transmittance of ZnO films fabricated using the spin coating
technique (ZnO-SC) in the previously reported work8 and the
current studied ones deposited using the intermittent spray
pyrolysis technique. It was interesting to manifest that the ZnO
film sprayed using the spray pyrolysis technique (ZnO-SP)
exhibited higher T % than the ZnO film deposited using the
spin coating technique (ZnO-SC). This can be noticed by the
naked eye, as demonstrated in the inset photos of the ZnO
films in Figure 4b. This means that the ZnO-SP films allow
more light to be passed to be absorbed by the active layer and
therefore enhance the photogeneration of charges. Interest-
ingly, this behavior was confirmed by the UV−visible
absorbance spectra of the ZnO/active blend for each device
configuration, as illustrated in Figure S1. This reveals the
enhancement of the JSC values that was noticeable for the ZnO-
SP based devices. On the other hand, in the current work, we
compare the transmittance of the ZnO sprayed films with
different thicknesses. The obtained results followed the logical
trend where transmittance decreases as the thickness increases.
Furthermore, it is important to mention that the A-15R-ZnO-
based film, however, has the lowest thickness, the highest
transmittance (Figure 4b), and high absorbance respond
(Figure S1), but it exhibited the lowest JSC value (Table 1).
This might be attributed to the major defects obtained in the
15R-ZnO-film, as discussed previously (Figure 3a), that led to

Figure 4. (a) EQE spectra (left) and the integrated short-circuit current (right) of the freshly fabricated iF-OPVs, (b) UV−vis optical transmittance
characteristics of the various ZnO films deposited using intermittent spray pyrolysis (15R, 20R, 25R, and 30R) along with the ZnO film coated
using the spin coating technique reported in our previous work.8 (c) EQE vs photon energy of the fresh iF-OPVs with the inset values of Urbach
energy (EU), and (d) JPh vs Veff curves of the fresh iF-OPVs with ZnO interfacial layers of various thicknesses.
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the higher film roughness. This behavior devoted the high RS
and low RSh values that explain the diminishment in the FF and
as a consequence the reduction of the PCE of A-based devices
(15R-ZnO) (Table 1). Moreover, we can see that the D-30R-
ZnO-film possessed the lower transmittance (Figure 4b), but
the D-based devices showed the highest JSC value, which might
be attributed to the highest absorbance responses observed in
Figure S1. A similar behavior was noticed in our previously
reported work,8 which suggested it to be related to the film
roughness. As the film roughness increases, it assists the light
trapping inside the solar cells, which plays an important role in
increasing the light absorbance by the active absorber
layer.33,34 Consequently, higher photogeneration of charges
can be exhibited, resulting in a higher JSC value of the
fabricated devices.
Furthermore, it was interesting to observe the reason behind

the diminishment of the JSC, VOC, and PCE of the A-based
devices by investigating the blend film optical properties using
the Urbach equation given below35,36

α α= −E e( ) E E E
0

( )/g U

where α(E) is the optical absorption coefficient, α0 is the band
edge optical absorption coefficient, E is the photon energy, and
EU is the Urbach energy. The EU value describes the energetic
disorder in the molecular orbitals as it features the density of
states (DOS) distribution.35 Accordingly, the lower EU value
reveals the abrupt band edge.26,36 Figure 4c shows the double
logarithmic scale of the EQE versus the photon energy to
manifest the effect of the ZnO film thickness sprayed using the
spray pyrolysis technique on the optical properties of the blend
active layer. We noticed that all the devices obtained a similar
slope of tail-state distribution in the low-energy region. This
behavior describes the quiet negligible effect of the energetic
disorder of the active blend.8 Moreover, the calculated EU
values (in the inset of Figure 4c) were a bit close for all cells;
however, the lowest EU value was obtained for device C. This
might reflect the less disorder distribution induced in the C-
based devices that matches with their highest VOC value and
provides the champion performance among the other cells
(Table 1). The same behavior can be noticed for the A-based
devices, which have the highest EU value. This indicates that a
bit higher disorder suppresses the VOC, JSC, and FF of A-based
devices and consequently the device PCE, as confirmed by the
J−V characteristics (Figure 2 and Table 1).
It is known that the charge carrier extraction possibility can

be used to unravel the mechanisms behind the current loss
during charge extraction, which is basically calculated by the
carrier transport layers and the interfaces between these layers
and the active layers.37,38 Accordingly, for a more consistent
comparison between the fabricated iF-OPVs, we calculated the
dependence of the photocurrent (JPh) on the effective voltage
(Veff) to determine the exciton dissociation probabilities (Pdiss),
the generation rate (Grat) of the free charge carriers, and the
maximum amount of absorbed photons that impart the
dissociation and generation of free carriers (Gmax) in the
fabricated iF-OPVs.39,40 JPh is described as JL − JD, where JL is
the current density under light illumination and JD is the
current density in the dark. Veff is defined as VO − V, where VO
is the voltage when JPh = 0 and V is the applied voltage.41−43

The Gmax, values were obtained by calculating Gmax = Jsat/
qL,39,40,43,44 where Jsat is the saturation current density, L is the
thickness of the blend film, and q is the elementary charge.

Then, we evaluated Pdiss and Grat values from the
equations39,40,43,44 Pdiss = JSC/Jsat and Grat = PdissGmax,
respectively. Table 2 lists the calculated optoelectronic
parameters from the Jph−Veff characteristics.

In Figure 4d, we depicted the curves of Jph−Veff in a double
logarithmic scale for the cells. The exhibited results denoted
that the JPh of the devices increased linearly at low Veff (Veff <
0.5 V for A-based devices and Veff < 0.2 V for the B-, C-, and
D-based devices) and then it tends to saturate indicating the
proper charge carrier separation.39 Moreover, the Jsat values
evaluated from Figure 4d showed that B-, C-, and D-based cells
have more efficient charge carrier separation within the
interfaces of the active absorber layer39,42 than the A-based
devices (Table 2). In addition, the values of the Gmax for the A,
B, C, and D devices were 1.11 × 1028, 1.16 × 1028, 1.17 × 1028,
and 1.22 × 1028 m−3 s−1, respectively. It is interesting to notice
that the highest value of the Gmax was for D-based devices
corresponds with its highest JSC value obtained from the J−V
characteristics under illumination (Figure 2a). In turn, this
behavior matched with the Grat values (Table 2) of the devices,
indicating the effective dissociation of the photogenerated
excitons for B-, C-, and D-based devices compared to that for
A cells, which is consistent with the corresponding perform-
ances of the devices (Table 1). However, the Pdiss value was
higher for B and C devices than for A and D ones, which
correlates with their highest FF and PCE values (Table1). In
addition, the maximum value of Pdiss was achieved for the C-
based devices (98.51%) with a 25R-ZnO film of 25 nm
thickness, which may imply that the 25R modification
condition provided the highest level of surface passivation to
the device.37 This observation is highly matched with the
lowest film roughness obtained for the 25R-ZnO film showing
better surface coverage, as shown in Figure 3.
In the following part, we performed a degradation study of

the fabricated devices by storing them inside a dry glovebox
under dark conditions in an electronic grade of 99.999% N2
(H2O humidity < 0.1 ppm and oxygen < 0.1 ppm) during the
entire examination time. The samples are exposed to light
during the electrical measurements and then stored back in the
glovebox. The goal of this study is to manifest the modification
effect of the ZnO film using the intermittent spray pyrolysis
approach on the stability behavior of the fabricated devices. In
addition, it is crucial to indicate the intrinsic degradation
mechanisms upon the influence of the interfacial layers.
Figure 5a shows the illuminated J−V characteristics of the

studied devices with respect to the aging time until they
achieved about 80% of their initial efficiencies, known as T80.
The T100 (the time of the initial PCE), T95 (the time for
reaching 95% of the initial efficiency value), T90 (the time for
reaching 90% of the initial efficiency value), and T85 (the time
for reaching 85% of the initial efficiency value) are described in
the protocol.45 More detailed photovoltaic performance

Table 2. Optoelectronic Parameters Calculated from the
Jph−Veff Curves of the Freshly Fabricated iF-OPVs

device T100

J-sat
(mA/cm2)

Gmax
(×1028 m−3 s−1)

Pdiss
(%)

Grat
(× 1030 m−3 s−1)

A-15R-ZnO 17.80 1.11 97.60 1.08
B-20R-ZnO 18.66 1.16 98.51 1.15
C-25R-ZnO 18.75 1.17 98.24 1.15
D-30R-ZnO 19.60 1.22 97.15 1.19
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statistics of the devices over time are summarized in Table S1.
In addition, the decrease in the performance of the degraded
devices over time is described in Figure S2.
It is worth mentioning that A-15R-ZnO-based devices have

been excluded from the degradation comparison as it showed
the lowest performance behavior. Hence, we focused on
comparing the champion devices of C-25R-ZnO with the high-
performance iF-OPVs of B-20R-ZnO and D-30R-ZnO ones.
On one hand, it can be generally observed that the J−V curves
of the entire degraded cells (after 12,000 h) showed a
pronounced shift to lower JSC with respect to the fresh devices
(T100). On the other hand, the change in the VOC was not
noticeable for the degraded cells compared to that for the fresh
ones. These behaviors are clearly observed in Figure 5b for the

normalized VOC and JSC parameters of the degraded devices
over aging time.
Moreover, it was interesting to notice that devices B and D

reached 80% of their initial PCE after 12,000 h (16.7 months),
while devices C still retained 85% of their initial PCE, as
illustrated in the plot of the normalized PCE with respect to
the time in Figure 5b. Remarkably, by considering our
previously reported work,8 we can clearly notice that the
ZnO-SC and C-ZnO-SP (sprayed via 7R high concentration of
the ZnO precursor solution) iF-OPV devices achieved almost
T80 after 5000 h only, demonstrating lower stability perform-
ance than the current work, as illustrated in Figure 5b.
Furthermore, the FF showed a more stable behavior for C-

based devices than B and D cells, where after 12,000 h, the FF

Figure 5. (a) Current density−voltage (J−V) characteristic curves under AM 1.5G illumination, (b) normalized performance parameters, and (c)
J−V characteristic curves in the dark of the degraded iF-OPVs with respect to the aging time (12,000 h)device stability study.
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values were 0.66, 0.57, and 0.57 for C, B, and D devices,
respectively (Table S1). This might be attributed to the slight
increase as well as the marginal decrease of the RS and RSh,
respectively, of C-based devices during the degradation time, as
presented in Figure 5b. Accordingly, it might be the main
reason behind devices C retaining the highest performance
after 12,000 h, rendering the most stable behavior among the
other devices.
It was interesting to observe an increase in the JSC values of

the B-20R-ZnO device after 8000 h and then a decrease again
till T80. A similar behavior was exhibited for the C-25R-ZnO
and D-30R-ZnO devices after 9000 h, followed by a decrease
till 12,000 h. This increment in the JSC values may originate
from the UV irradiation dependence, reported as the light-
soaking effect occurred during the measurements of the
degraded devices, when the UV components from the solar
simulator spectrum irradiate the cells.46 This phenomenon was
widely observed for the degraded inverted OPVs using ZnO or
other metal oxide materials as the ETL.46 There are two main
suggested mechanisms behind the origin of this phenomenon.
First, it may originate from the photo-induced rearrangement
of the Fermi levels at the ITO/metal oxide interfaces upon the
filling of trap states during the light exposure, which diminishes
the potential barrier and thus enhances the electron extraction
through the ITO/metal oxide interface.46 Second, the
interfacial dipole clue role between the metal-oxide and the
organic blend film interface as reported elsewhere.47 This
behavior was confirmed by the small reduction in the RS values
during degradation (Figure 5b), followed by a rapid increase,
which reflects the slightly enhanced FF as well, and then a
decrease again till 12,000 h for the degraded devices (Figure
5b).

Hence, considering these obtained results along with the
compared Jagadamma et al. reported work14 carried out with
the same condition of degradation providing a maximum of 13
months of degradation, we indicated a higher performance as
well as stability behavior for the C-based device regarding the
modified ZnO film sprayed with 25R. In addition, based on the
context in Table 3, it is worth clarifying that our modified ZnO
film-based iF-OPV devices presented a pioneer record of
stability behavior among the previously reported studies using
the same photoactive absorber blend in a N2 atmosphere
without encapsulation.
Figure 5c presents the evaluation of the J−V characteristics

in the dark of the representative degraded devices. The devices
showed an increase in the leakage current with a 1 order of
magnitude difference between the fresh and degraded cells.
This greatly matched with the noticed reduction in the JSC
values of the degraded devices in Figure 5a. Moreover, it was
surprising to find that D-30R-ZnO devices showed a bit lower
leakage current after 8000 h, followed by an increase of 2-fold
till the T80. This behavior might be attributed to the mentioned
light soaking phenomenon of the inverted OPVs due to the
diminishing of the photoinduced shunts, which enhances the
RSh,

46,47 followed by a further increase, as illustrated in Figure
5b, confirming the increment of the JSC

48 during the
degradation and then a decline till 12,000 h, as discussed
previously.
Despite the information provided from the J−V character-

istics that explained the effect of the ZnO modification on the
performance parameters as well as the degradation behavior of
the devices, an in-depth insight into the performance
deterioration of the fresh and degraded cells cannot be
obtained. Hence, IS characteristics were measured to gain a
comprehensive understanding regarding the electric properties

Table 3. Photovoltaic Performance Parameters of the Previously Reported iF-OPV Devices before and after Aging; PCEA: the
PCE of the Aged Devices and PCEF: the PCE of the Fresh Devices

device structure
evaluated aging

time (h)
VOC
(V)

JSC
(mA/cm2) FF

fresh PCE
(%)

aged PCE
(%)

PCEA/PCEF
(%) refs

C-25R-ZnOITO/ZnO/Blend/V2O5/Ag 12,000 0.80 18.42 0.67 9.86% 8.40 85 this work
ZnO-SCITO/ZnO/Blend/MoOX/Ag 8600 0.74 14.20 0.63 6.50 5.85 90 14
ZnO-SCITO/ZnO/Blend/V2O5/Ag 5000 0.79 17.69 0.73 10.19 7.77 76 8, previous

work
C-7R-ZnO-SPITO/ZnO/Blend/V2O5/Ag 0.79 18.46 0.68 10.00 8.32 83
ITO/PEDOT:PSS/Blend/PFN/Ag 2400a 0.74 19.30 0.57 8.20 4.10 50a 49, 50
Inv-ML-STITO/ZnO/Blend/MoOx/Ag 1900 0.75 10.0 0.72 5.37 5.14 80 51
Inv-STITO/ZnO/Blend/MoOx/Ag 750 0.73 8.09 0.74 4.39 3.51
Inv-OpaqueITO/ZnO/Blend/MoOx/Ag 250 0.75 13.26 0.73 7.27 5.82
ITO/ZnO/Blend/MoOx/Ag 1000 0.82 14.19 0.53 6.25 3.83 61 52
ITO/PFN/Blend/MoOx/Ag 1460 0.81 16.2 0.68 8.9 4.81 54 53
ITO/FGr/Blend/MoOx/Ag 0.81 17.2 0.68 9.5 9.03 95
ITO/PEDOT:PSS/Blend/PDINO/Ag 630 0.79 16.22 0.68 8.78 4.66 53 54
ITO/BiOCl-NPs/Blend/PDINO/Ag 0.79 18.42 0.68 9.92 7.92 80
ITO/TiOX/Blend/MoOx/Ag 500 0.71 14.80 0.62 6.5 2.28 35
ITO/TiOX/TPPZn/Blend/MoOx/Ag 0.72 14.90 0.66 7.1 3.55 50
ITO/TiOX/TPPCOOHZn/Blend/MoOx/Ag 0.73 15.70 0.67 7.7 4.62 60
ITO/ZnO/Blend/MoOx/Ag 4300 0.74 14.30 0.67 7.10 5.54 78 53
ITO/ZnO/Al/Blend/MoOx/Ag 0.75 15.20 0.70 8.00 6.80 85
ITO/PEDOT:PSS/Blend/PDINO/Ag 1200 0.81 16.50 0.66 8.60 6.71 78 55
ITO/PEDOT:PSS/Blend/PDINO/PCB/Ag 0.82 17.60 0.70 9.9 9.70 98
ITO/PEDOT:PSS/Blend/C60/Al 24 0.76 16.30 0.70 8.70 6.53 75 56
ITO/PEDOT:PSS/Blend/C60/Au 0.76 15.80 0.71 8.60 8.51 99
ITO/Cu-Gr/PEDOT:PSS/Blend/C60/Au 720 0.80 16.3 0.65 8.5 8.33 98 57

aThe estimated value from the degradation curve in the references.
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of the fresh and degraded devices upon the interfacial charge
transfer and carrier recombination58 due to the modification of
the ZnO film within the iF-OPVs. IS was used to measure the
response of the device when an external alternating current was
applied.59

Figure 6a shows the Cole−Cole plots for the T100 fresh and
12,000 h degraded devices under illumination at the open-
circuit bias voltage with their corresponding Bode plots in
Figure 6b, which reveals the efficient transfer at the active
layer/electrode interfaces.58 Figure 6a for the T100 fresh and
12,000 h degraded samples illustrates a typical semicircle
curves with the Z′(Ω) real part of impedance as the x-axis and
the Ź́(Ω) imaginary part as the y-axis. It can be noticed that
the semicircle radii showed a variation in sizes from one device
to another, which is basically correlated to the different charge
injection or extraction that takes place within the device.58,60,61

Then, we observed that the C-based devices presented a
smaller arc radius as well as lower impedance than the B- and
D-based ones. The same behavior was obtained for the T90

degraded samples demonstrated in Figure S3. It is worth
mentioning that the diameter of the arc radius increases as the
aging time increases. However, the increase in the arc radius
was noticeable for the B- and D-based T80-12,000 h degraded
cells more than the C (T85-12,000 h)-based ones, verifying the
more stable behavior of C devices. In addition, as Arredondo et
al. suggested, the low-frequency impedance arc indicates
charge accumulation, reflecting inadequate charge extracted
by the contacts of the device.50 Accordingly, in Figure 6a, we
can notice that the low-frequency arc was the smallest for the
C-based devices as well as the arc size. This behavior reflects
the effective charge extraction in the device leading to lower
leakage current (Figures 2b and 5c), higher VOC, and, as a
result, enhanced device performance and stability (Table 1,
Figure 5b, and Table S1). On the other hand, this detected
behavior confirms the lower performance of devices B and D
(20R and 30R-ZnOTable 1) as they possess a higher low-
frequency arc, which might be related to the more pronounced
charge accumulation effect that could be derived from the

Figure 6. (a) Cole−Cole curves under AM 1.5G illumination at VOC of the T100‑fresh (left) and 12,000 h aged devices (right), symbols are
presented for the experimental data and the fitting results in solid lines, applying (b) equivalent circuit using the Debye model. (c) Bode plot:
experimental (symbols) and fitted (lines) values for the real part (left axis) and the imaginary part (right axis) of T100 for the fresh devices (left) and
after 12,000 h for the degraded cells (right) at VOC. The fitted lines are obtained using the data demonstrated in Table S2.
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disorder of the blend morphology over the corresponding
sprayed ZnO films.30 This consideration is correlated with the
higher ZnO surface roughness obtained for B- and D-based
films (Figure 3b,d) and higher leakage current and lower Voc of
the B- and D-based devices. Moreover, this behavior is in good
agreement with a prior work.26 Interestingly, we exhibited a
typical Cole−Cole plot attitude by applying similar measure-
ments of Z′(Ω) versus Z″(Ω) at the maximum power point
applied voltage (VMPP) and the short-circuit current for the
T100-fresh and T90-12,000 h degraded samples, as shown in
Figure S4.
As a consequence, to obtain an in-depth insight into the

physical parameters of the fresh and degraded cells and to
understand this behavior, we conducted an electrical
equivalent circuit to fit the experimental Z′−Z″ data. The
basic electrical circuit components used to fit the plots (solid
lines) are presented in Figure 6b for the T100 fresh and 12,000
h degraded cells. The proper fitted parameters are listed in
Table S2. This equivalent circuit possesses a distributed
resistor (R), which refers to the electron transportation
resistance of each layer within the device. Hence, R1, R2, and
R3 components are for ZnO, the PTB7-Th:PC70BM active
blend layer, and the V2O5 layer, respectively. In addition, C
represents the geometrical capacitance values of each layer,
exhibiting a parallel association of the resistor and capacitor for
3 RC resistive/capacitive components in series. Moreover, the
RS component represents the metallic wire series resistance as
well as the resistance from the ohmic components such as ITO
films and Ag electrodes,8,58 and L is the inductor used for
proper fitting of the data at high frequency.58 It is interesting to
notice that the model consists of an addition R4C4 unit
included in series that is connected in parallel to the R2C2 unit
of the PTB7-Th:PC70BM blend film following the Debye
model,8,62 considering the presence of a single type of trap
created in the corresponding film.62 Hence, the Debye model
was the most proper one used to fit the obtained experimental
data, clarifying the effect of the modified ZnO film on the
performance and stability behavior of the iF-OPV devices.
From the fitting values listed in Table S2, we manifested that

the fitting values of the capacitance of each layer matched
greatly with the theoretical ones summarized in Table S3. This
might reflect that at VOC, the impedance data were governed
by the geometrical capacitances given by the metal insulator−
metal (MIM) model, indicating a fully depleted layer
behavior.63,64 Regarding the values of the resistance from the
fitted data, we found out that for both T100 fresh and 12,000 h
degraded devices, insignificant changes were observed for the
RS values from one device to another as well as with the aging
time. This might reflect the negligible influence of the ZnO
film modification on the resistance of the ITO film.
First, by detecting the effect of ZnO film modification on the

T100 fresh devices, we found that the R1 values for the ZnO film
of C-based devices (17.0 Ω) are less than that obtained in B
and D devices (18.0 and 24.0 Ω, respectively). Furthermore,
the values of R2 for the blend layer deposited over the sprayed
ZnO films were 18.5, 10.0, and 13.0 Ω for the B-, C-, and D-
based devices, respectively. Then, it can be clearly observed
that the 25R ZnO film suppresses the R2 value for the blend,
resulting in a better film quality that assists the charge
transportation paths within the active blend layer, providing
less impeded traps within the film.58 This behavior confirms
the enhancement in the interface between the blend film and
the ZnO interfacial film, which might be attributed to the

homogeneity of the film morphology observed for the 25R-
ZnO films, as discussed previously in the AFM analysis (Figure
3c). Regarding the V2O5 interfacial layer, we revealed no
obvious effect upon the ZnO film modification within the
fabricated devices. Accordingly, the total resistance values
(RTotal) evaluated for the cells (summarized in Table S2) were
mainly controlled by the R1 value of the ZnO film. This
showed the same trend behavior of R1 by representing the
higher values for B- and D-based devices, confirming their low
performance, and the smallest RTotal and Z′ values along with
the smallest arc radius for device C, confirming the enhanced
iF-OPV performance. We can notice that the mentioned
resistance behavior obtained for the devices was verified by the
Bode plot in Figure 6cT100. Interestingly, these observed
results greatly matched with the lowest value of RS, highest
value of the FF, and in turn the champion PCE of the C-based
devices from the J−V characteristics under a similar
illumination condition (Figure 2 and Table 1).
Second, regarding the fitted resistance values of 12,000 h

degraded devices listed in Table S2, we noticed that R1 values
related to the ZnO film remained lower for C-based devices
(16.0 Ω) than for B and D ones (17.0 and 35.0 Ω). However,
B- and C-based devices succeeded in keeping their similar
initial resistance value (T100) after 12,000 h, but the degraded
D-based devices showed a pronounced enhancement of their
R1 value by 45% compared to that of the fresh ones (Figure S5
and Table S2). Furthermore, the observed fitted R2 values (of
the blend) for the 12,000 h devices were increased by 70, 30,
and 43% of their initial values (T100) for the B-, C-, and D-
based cells, respectively. Otherwise, the R3 values of the V2O5
film were increased by almost similar percentages of ≈40% for
the entire degraded cells (Figure S5). Since the RS values
(regarding the ITO) were almost similar for the fresh and
degraded devices, we can assume that the traps created during
the time of the degradation mainly affect the blend interface
with the ZnO ETL and the V2O5 hole transport layer.
Accordingly, we can disclose that the degraded devices were
controlled by the R2 value of the blend as the RTotal obeyed a
similar trend by showing the lowest value for the C-based
devices (65.0 Ω) and the highest for the D-based devices (93.0
Ω), as listed in Table S2. This might confirm the lowest Z′
values measured and their lowest arc size (Figure 6a12,000
h) of the C devices, reflecting the highest stability obtained for
the corresponding devices (Figure 5). This variation of the
resistance behavior obtained was clarified by the Bode plots in
(Figure 6c12,000 h). This can be described by the fact that
less pronounced defects were created within the blend layer of
the C devices, as ascribed by the value of resistance evaluated
from the Debye model.62 Therefore, Figure S5 demonstrates
that C-based devices show the highest consistency of the
resistance values in each layer till 12,000 h. In addition, this
observation confirmed the J−V characteristics for the stability
study, which clarifies that after 12,000 h, C devices retained
85% of their performance while the other iF-OPVs reached
80% of their performance. Based on these results, it is apparent
that the properties of the electron transporting interfacial layer
(ZnO film modification) can have a significant impact on the
stability of the OPV devices.
It was surprising to note that all the degraded devices

prepared using the intermittent spray pyrolysis technique
showed a single arc of impedance, which is in agreement with
our previous work.8 However, in that previous work, the
Cole−Cole plots showed an extra arc for the degraded samples
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prepared using the spin coating technique, which verifies the
efficient degradation inhibition provided by the modification of
the ZnO interfacial layer upon the variation of the deposition
techniques. Furthermore, the comparison between the
previous and current samples prepared using the intermittent
spray pyrolysis technique indicates that the concentration of
the ZnO precursor solution and the deposition parameters play
a crucial role in enhancing the device performance and
stability.
A further procedure to study the behavior of the

recombination mechanisms through the IS technique is the
capacitance-frequency (Cf) measurements to evaluate the trap
DOS. It is known that the main source of traps in the OPVs is
the disorder.65 Therefore, this characterization was carried out
for OPVs in many reported research studies to investigate the
change in trap emission along with the imperfection and
energy disorder-exhibiting tail states inside the cells.8,58,65,66

Accordingly, at a given energy level, Eω, we can calculate the
traps DOS by varying the capacitance with respect to the
frequency of the device. This corresponds to the charge release
by shallow traps in the band gap close to the Fermi energy
level, as given by eq 165,66

ω
ω

= − ∂
∂ωE

V
tqTk

C
DOS ( )traps

OC

B (1)

where VOC is the open-circuit voltage from the J−V
characteristics (Table 1) under illumination conditions, C is
the measured capacitance, ω is the angular frequency, kB is the
Boltzmann constant, t is the thickness of the layer, q is the
electron charge, and T is the room temperature (around 300
K).
To evaluate the relation of the dependency of energy on the

trap DOS, we applied the following equation

β
ω

ω= = −ωE k T
N

E k T( ) ln
2

lnBtraps O B (2)

where N is the effective DOS and β is the cross-section.67 By
assuming that 2βN does not depend on of the value of the
frequency, the value variation is corelated to the shift in the
DOS values on the energy scale (EO).

66

Figure 7 displays the calculated trap DOS plotted as a
function of energy for T100 and 12,000 h devices. We noticed
that all samples exhibited the same carrier response and trap
activation energy, showing a single exponential trap distribu-
tion with almost the same slope values.68 For the T100 fresh
samples, we did not observe a significant change in the DOS
value for all devices. However, C-based devices presented

slightly higher DOS values than the others. This behavior is
greatly consistent with the EU results discussed previously in
Figure 4c and clarifies the impedance behavior as well in Figure
6a, along with explaining the higher FF and VOC obtained for
C-based devices in Figure 2a and Table 1. Thus, it might be
correlated to the enhanced 25R-ZnO film quality, as discussed
previously in Figure 3c.
Then, for the 12,000 h degraded devices, we can observe a

decrease in the DOS values for a given frequency. This
behavior can be explained by eq 2 as a shift in the EO value
upon increasing the βN value. Hence, the degraded devices
showed lower energy, representing higher interfacial-induced
defects in the devices, than the fresh ones as an intrinsic source
of traps.8,65,67,69 Moreover, it was interesting to find out that
the DOS value for the 12,000 h degraded C-based devices was
higher than that of B- and D-based devices (Figure 7-12,000
h). The energy shifting values (X) calculations are clarified in
the Supporting Information. By performing a comparative
analysis for the values of the energy shift of the 12,000 h
degraded devices in Figure S6, we obtained that the B- and D-
based devices exhibited a higher shifting value than the C-
based one. This indicates that less trapped sites are located in
device C, verifying their superior stable behavior toward the
degradation. This detected behavior interestingly agreed with
the obtained 12,000 h J−V characteristics in Figure 5 as well as
the impedance behavior given in Figure 6a. Furthermore, the
opposite behavior of D-based devices confirms the increase of
the interface DOS values for this sample, which is correlated
with its lower VOC, PCE, and the diminished stability behavior.
Interestingly, the same attitude was distinguished for the T90
degraded devices presented in Figure S7.
Accordingly, the observed data showed that modifying the

ZnO film via spraying 25R using the intermittent spray
pyrolysis approach enhanced the ZnO film quality as well as
that of the attached active blend film. Therefore, it was
interesting to mention that this modification assists the
stability of the fabricated devices (C-based devices) more
than that for the other cells. In addition, comparing with the
previously reported work,8 we can clearly notice the significant
stability enhancement obtained by the modified 25R-ZnO film
sprayed with a low concentration of the ZnO precursor
solution (reached T85 after 12,000 h) compared to that of the
ZnO film spin-coated and the ZnO film sprayed using a high
concentration of the ZnO precursor solution (reached T85 after
5000 h). This might be attributed to the better ZnO film
quality obtained using the 25R fabrication of low ZnO
precursor solution, which provides less defect sites for the

Figure 7. DOS vs |kBT ln ω| under AM 1.5G illumination at VOC of the T100 fresh devices (left) and the 12,000 h degraded (right) iF-OPVs.
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over-coated blend layer, which in turn plays an important role
in enhancing the device performance and stability.68

4. CONCLUSIONS
In summary, the importance of the surface roughness of the
ZnO layer (ETL) in identifying the PV performance
parameters of the iF-OPVs was detected by using PTB7-
Th:PC70BM as the photoactive layer. We demonstrated that
the careful tuning of the microstructure features, morphology,
and properties of the sprayed ZnO film via a low concentration
precursor solution depends sensitively on the chosen number
of spraying running cycles using the intermittent spray
pyrolysis approach. Hence, the optimized morphology of the
sprayed ZnO (with the lowest roughness and full surface
coverage) was achieved through the 25R condition, yielding
the best performance of a 9.86% PCE along with an enhanced
average VOC (0.80 V) and FF (0.67) for the C-based device.
Furthermore, we tested their stability behavior, which
demonstrated a pioneer record with respect to device
performance, maintaining 85% of the starting efficiency even
after 16.7 months of storage without encapsulation inside a
nitrogen glovebox. The difference in the device performance
and stability appears to originate from the different ZnO
surface morphologies obtained that control the presence of
defects at the surface and their subsequent adjacent organic
active layer blend. As a sequence, the surface roughness
determines the effective interfacial region between the active
layer and the ZnO layer and thus the density of trap sites at the
interface that was investigated by the IS measurements for the
fresh and degraded iF-OPVs. Therefore, the proposed
electrical equivalent circuit module fitting the experimental
data of the IS allowed us to recognize the impact of each
interlayer on the device performance and the correlated
stability behavior. Accordingly, we showed that the remarkable
stability enhancement behavior of the C-based devices
correlates with the marginal interface DOS values for this
sample among the others. Finally, it is worth mentioning that
the obtained high efficiency and excellent stability of the
fabricated inverted OPVs using the spray pyrolysis technique
could facilitate their scale up to the industrial production
approach.
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(49) Barreiro-Argüelles, D.; Ramos-Ortiz, G.; Maldonado, J. L.;
Pérez-Gutiérrez, E.; Romero-Borja, D.; Meneses-Nava, M. A.;
Nolasco, J. C. Stability Study in Organic Solar Cells Based on
PTB7:PC71BM and the Scaling Effect of the Active Layer. Sol. Energy
2018, 163, 510−518.
(50) Arredondo, B.; Martín-López, M. B.; Romero, B.; Vergaz, R.;
Romero-Gomez, P.; Martorell, J. Monitoring Degradation Mecha-
nisms in PTB7:PC71BM Photovoltaic Cells by Means of Impedance
Spectroscopy. Sol. Energy Mater. Sol. Cells 2016, 144, 422−428.
(51) Romero-Gomez, P.; Betancur, R.; Martinez-Otero, A.; Elias, X.;
Mariano, M.; Romero, B.; Arredondo, B.; Vergaz, R.; Martorell, J.
Enhanced Stability in Semi-Transparent PTB7/PC71BM Photo-
voltaic Cells. Sol. Energy Mater. Sol. Cells 2015, 137, 44−49.
(52) Ko, E. Y.; Park, G. E.; Lee, J. H.; Kim, H. J.; Lee, D. H.; Ahn,
H.; Uddin, M. A.; Woo, H. Y.; Cho, M. J.; Choi, D. H. Excellent
Long-Term Stability of Power Conversion Efficiency in Non-
Fullerene-Based Polymer Solar Cells Bearing Tricyanovinylene-
Functionalized n-Type Small Molecules. ACS Appl. Mater. Interfaces
2017, 9, 8838−8847.
(53) Duan, L.; Uddin, A. Progress in Stability of Organic Solar Cells.
Adv. Sci. 2020, 7, 1903259.
(54) Liu, B.; Wang, Y.; Chen, P.; Zhang, X.; Sun, H.; Tang, Y.; Liao,
Q.; Huang, J.; Wang, H.; Meng, H.; Guo, X. Boosting E Ffi Ciency
and Stability of Organic Solar Cells Using Ultralow-Cost BiOCl
Nanoplates as Hole Transporting Layers. ACS Appl. Mater. Interfaces
2019, 11, 33505−33514.
(55) Huai, Z.; Wang, L.; Sun, Y.; Fan, R.; Huang, S.; Zhao, X.; Li, X.;
Fu, G.; Yang, S. High-Effi Ciency and Stable Organic Solar Cells

Enabled by Dual Cathode Bu Ff Er Layers. ACS Appl. Mater. Interfaces
2018, 10, 5682−5692.
(56) Page, Z. A.; Liu, Y.; Duzhko, V. V.; Russell, T. P.; Emrick, T.
Fulleropyrrolidine Interlayers: Tailoring Electrodes to Raise Organic
Solar Cell Efficiency. Science 2014, 346, 441−444.
(57) Lee, J. A. Highly Robust and Stable Graphene-Encapsulated
Cu-Grid Hybrid Transparent Electrode. J. Mater. Chem. A 2018, 6,
24805−24813.
(58) Von Hauff, E. Impedance Spectroscopy for Emerging
Photovoltaics. J. Phys. Chem. C 2019, 123, 11329−11346.
(59) Guerrero, A.; Marchesi, L. F.; Boix, P. P.; Bisquert, J.; Garcia-
Belmonte, G. Recombination in Organic Bulk Heterojunction Solar
Cells: Small Dependence of Interfacial Charge Transfer Kinetics on
Fullerene Affinity. J. Phys. Chem. Lett. 2012, 3, 1386−1392.
(60) Pockett, A.; Lee, H. K. H.; Coles, B. L.; Tsoi, W. C.; Carnie, M.
J. A Combined Transient Photovoltage and Impedance Spectroscopy
Approach for a Comprehensive Study of Interlayer Degradation in
Non-Fullerene Acceptor Organic Solar Cells. Nanoscale 2019, 11,
10872−10883.
(61) Hailegnaw, B.; Sariciftci, N. S.; Scharber, M. C. Impedance
Spectroscopy of Perovskite Solar Cells: Studying the Dynamics of
Charge Carriers Before and After Continuous Operation. Phys. Status
Solidi A 2020, 217, 2000291.
(62) He, Z.; Huang, K.; Guo, C.; Jin, Z.; Hou, C. A Debye
Dispersion Model of a Two-Layered Material. AIP Adv. 2019, 9,
045321.
(63) Schroeder, H. Poole-Frenkel-Effect as Dominating Current
Mechanism in Thin Oxide Films - An Illusion? J. Appl. Phys. 2015,
117, 215103.
(64) Mullenbach, T. K.; Zou, Y.; Holst, J.; Holmes, R. J. Interpreting
Impedance Spectra of Organic Photovoltaic Cells - Extracting Charge
Transit and Recombination Rates. J. Appl. Phys. 2014, 116, 124513.
(65) Haneef, H. F.; Zeidell, A. M.; Jurchescu, O. D. Charge Carrier
Traps in Organic Semiconductors: A Review on the Underlying
Physics and Impact on Electronic Devices. J. Mater. Chem. C 2020, 8,
759−787.
(66) Ecker, B.; Nolasco, J. C.; Pallarés, J.; Marsal, L. F.; Posdorfer, J.;
Parisi, J.; Von Hauff, E. Degradation Effects Related to the Hole
Transport Layer in Organic Solar Cells. Adv. Funct. Mater. 2011, 21,
2705−2711.
(67) Walter, T.; Herberholz, R.; Müller, C.; Schock, H. W.
Determination of Defect Distributions from Admittance Measure-
ments and Application to Cu(In,Ga)Se2 Based Heterojunctions. J.
Appl. Phys. 1996, 80, 4411−4420.
(68) Garcia-Belmonte, G.; Munar, A.; Barea, E. M.; Bisquert, J.;
Ugarte, I.; Pacios, R. Charge Carrier Mobility and Lifetime of Organic
Bulk Heterojunctions Analyzed by Impedance Spectroscopy. Org.
Electron. 2008, 9, 847−851.
(69) Wu, J.; Luke, J.; Lee, H. K. H.; Shakya Tuladhar, P.; Cha, H.;
Jang, S. Y.; Tsoi, W. C.; Heeney, M.; Kang, H.; Lee, K.; Kirchartz, T.;
Kim, J. S.; Durrant, J. R. Tail State Limited Photocurrent Collection
of Thick Photoactive Layers in Organic Solar Cells. Nat. Commun.
2019, 10, 5159.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03994
ACS Appl. Energy Mater. 2022, 5, 4390−4403

4403

https://doi.org/10.1021/nn102295p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn102295p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9tc03210j
https://doi.org/10.1039/c9tc03210j
https://doi.org/10.1039/c9tc03210j
https://doi.org/10.1021/acsami.0c19198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c19198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c19198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4ee02990a
https://doi.org/10.1039/c4ee02990a
https://doi.org/10.1039/c4ee02990a
https://doi.org/10.1039/c4ee02990a
https://doi.org/10.1016/j.solmat.2011.01.036
https://doi.org/10.1016/j.solmat.2011.01.036
https://doi.org/10.1002/advs.201500245
https://doi.org/10.1002/advs.201500245
https://doi.org/10.1002/advs.201500245
https://doi.org/10.1002/advs.201500245
https://doi.org/10.1021/jp509879v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp509879v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp509879v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cp51383a
https://doi.org/10.1016/j.solener.2018.01.090
https://doi.org/10.1016/j.solener.2018.01.090
https://doi.org/10.1016/j.solmat.2015.09.050
https://doi.org/10.1016/j.solmat.2015.09.050
https://doi.org/10.1016/j.solmat.2015.09.050
https://doi.org/10.1016/j.solmat.2015.01.026
https://doi.org/10.1016/j.solmat.2015.01.026
https://doi.org/10.1021/acsami.6b15707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201903259
https://doi.org/10.1021/acsami.9b12583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b12583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b12583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b15240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b15240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1255826
https://doi.org/10.1126/science.1255826
https://doi.org/10.1021/acs.jpcc.9b00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz3003958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz3003958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz3003958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9nr02337b
https://doi.org/10.1039/c9nr02337b
https://doi.org/10.1039/c9nr02337b
https://doi.org/10.1002/pssa.202000291
https://doi.org/10.1002/pssa.202000291
https://doi.org/10.1002/pssa.202000291
https://doi.org/10.1063/1.5085377
https://doi.org/10.1063/1.5085377
https://doi.org/10.1063/1.4921949
https://doi.org/10.1063/1.4921949
https://doi.org/10.1063/1.4896269
https://doi.org/10.1063/1.4896269
https://doi.org/10.1063/1.4896269
https://doi.org/10.1039/c9tc05695e
https://doi.org/10.1039/c9tc05695e
https://doi.org/10.1039/c9tc05695e
https://doi.org/10.1002/adfm.201100429
https://doi.org/10.1002/adfm.201100429
https://doi.org/10.1063/1.363401
https://doi.org/10.1063/1.363401
https://doi.org/10.1016/j.orgel.2008.06.007
https://doi.org/10.1016/j.orgel.2008.06.007
https://doi.org/10.1038/s41467-019-12951-7
https://doi.org/10.1038/s41467-019-12951-7
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

