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ABSTRACT: In this research work, for the first time, stable high-performance
inverted polymer solar cells (iPSCs) have been fabricated utilizing facile and low-
cost intermittent spray pyrolysis (SP) technique to deposit transparent thin films
of zinc oxide (ZnO) as electron interfacial transporting layer (ETL). The
performed iPSCs have the structure of ITO/ZnO/PBDTTT-EFT:PC70BM/
V2O5/Ag. The thickness diversity of the ETL layer was adjusted by varying the
concentration of the ZnO precursor solution, while fixed thicknesses were
fabricated for the other layers in the iPSCs. Moreover, the influence of the
deposition techniques on the interface roughness, performance, and stability of
the devices has been detected and discussed. By increasing the concentration of
the ZnO precursor solution as well as the number of spraying running cycles, the
thickness and roughness of the ZnO film increase. The highest power conversion
efficiency (10%) of the fresh iPSCs with ZnO-SP was obtained by using a ZnO-
precursor solution concentration of 1:4 in ethanol with 7 spraying running cycles.
This efficiency is almost the same as the iPSCs fabricated ZnO-ETL by the laboratory-scale spin coating (SC) technique that was
used as a reference. Furthermore, it was interesting to observe that the stability of the devices intermittently sprayed by ZnO-SP was
higher than the controlled reference ones that were fabricated by ZnO-SC. Hence, deep insight studies have been carried out for the
fresh and degraded iPSCs using dark current−voltage characteristics and impedance spectroscopy measurements to investigate the
electrical parameters for the ZnO film obtained by the SP and SC techniques. The results indicated that the interface roughness
between the ZnO and the active layers plays an important role in enhancing light trapping and the light absorbance inside the cell
which increases the generated electric current as well as the stability of the devices.

KEYWORDS: polymer solar cells, spray pyrolysis, thin film deposition techniques, interfacial layers, film morphology,
stability of organic solar cells

1. INTRODUCTION

There is an urgent need to speed upmoving on the development
of renewable energy technologies in order to cover the shortages
in energy demands nowadays along with reducing the CO2
emission.1 Accordingly, performing applications that can utilize
the sunlight in terms of harvesting clean and renewable energy
without burning the fossil fuels is an extremely attractive and
essential approach. Photovoltaics or titled solar cells have been
addressed as one of the most remarkable renewable energy
technologies in the field of renewable solar energy.2 The reason
behind that is no greenhouse gas emission or any other gaseous
pollutants are produced during the operation. Currently,
polymer solar cells (PSCs) used for harnessing solar energy
based on thin film organic materials get great attention due to
their lightweight, high flexibility, low manufacturing cost, and
short energy payback time as well as facile conjugation with
other products and applications.3,4 The efficiency of polymer
solar cells has been dramatically increased from 6% to 18%
during a period of less than one decade.5−10 PSCs have been

started with a single active layer, then a donor−acceptor bilayer
followed by planar heterojunction, and a breakthrough to the
bulk heterojunction (BHJ) which greatly improves the charge
separation mechanism.4,5,11,12 BHJ polymer solar cells were
initially fabricated using a conventional structure of the
conjugated p-type polymer semiconductor (electron donor)
and n-type fullerene derivatives (electron acceptor) sandwiched
between the transparent conducting oxide (TCO) anode,
mostly indium tin oxide (ITO) that collects the holes and the
low work function metal cathode (e.g., Al or Ca), which collects
the electrons.7,13 Unfortunately, this conventional structure
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suffers from rapid degradation due to the use of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) as an anode buffer layer, which is hygroscopic and
acidic.14 To overcome this potential problem and prevent the
corrosion between the ITO and the PEDOT:PSS, polymer solar
cells with an inverted structure (iPSCs) have been designed with
air stable and high work function metal (e.g., Ag, Au) to collect
holes, whereas ITO collects the generated electrons.15,16 In this
approach with regard to the iPSCs structure, there are two extra
impeded layers with the purpose of enhancing the charge
transfer during the cell operation and getting better performance
of the iPSCs.12,17−19 One is a transparent layer that is introduced
between the ITO, and the active layer is named the electron-
transporting layer (ETL). The other is located between the
metal electrode and the active layer called the hole-transporting
layer (HTL). However, the stability of the polymer solar cells is
still an important issue to investigate the origin of the
degradation processes that occurred and the mechanisms of
the intrinsic or extrinsic degradation leads to device
instability.20−22 Most of the literature pointed to overcoming
the extrinsic instability by the encapsulation to prevent the
degradation due to the humidity and oxygen.23 The other side of
the intrinsic degradation was studied by using different
interfacial layers and thin film materials.20 In addition,
understanding the degradation mechanism due to intrinsic
instability of the solar cell’s materials as well the impact of
interfaces is important to avoid the main reason for this sort of
degradation.20,23 In the iPSCs, the type of the electron-
transporting layer is one of the important factors that limit the
performance of the devices. Commonly used ETLs in iPSCs are
titanium dioxide (TiO2), zinc oxide (ZnO), and poly[(9,9-
bis(3-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9
dioctylfluorene)] (PFN).18,23,24 ZnO thin film has been figured
as one of the most promising oxide materials due to its high
chemical stability and electrical properties. Also, it plays a virtual
role in the optoelectronic applications as a metal oxide
semiconductor that is alternative to TiO2 such as perovskite,
dye synthesized, thin film solar cells, photodetectors, and
transistors.16,25−30

Moreover, in the iPSCs, thin film ZnO is used as ETL and a
hole blocking layer as well because of its high electron mobility
and transparency. In addition, ZnO films are simply synthesized
by several chemical methods as well as controlling the

morphology during the preparation and the deposition
techniques are adaptable.15,16,25,27,29

Despite the importance of the materials used as ETL, the
deposition techniques consider an essential factor because it
controls the film morphology in addition to the interface
roughness between the layers, which has a direct effect on the
overall behavior and performance of the iPSCs.31−33 Different
thin film deposition techniques have been used for the
fabrication of iPSCs such as roll to roll,34 inkjet printing,35

spin coating (SC),18,36 and spray pyrolysis (SP) techniques.37,38

The spray pyrolysis technique is one of the most economic
techniques that has many superior advantages. It is a very simple
thin film deposition technique that does not require any vacuum
condition at any stage. That is a tremendously vital factor that
allows the process to scale-up for industrial applications.39−41

Furthermore, it is a cost-effective technique (especially
regarding to the equipment costs), easy to control the deposition
parameters, and a reproducible thin film deposition techni-
que.39,40 Moreover, the SP technique has the ability of
fabricating the film by different compositions that enables
preparing films with gradients through the film thickness, which
is highly effective for the optical applications.41,42

In this research work, iPSCs have been fabricated on the basis
of the optically active semiconducting polymer poly[4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b]dithiophene-co-
3-fluorothieno[3,4b]thiophene-2-carboxylate] (PBDTTT-
EFT) that blended with PC70BM to compose the active layer.
A thin film of vanadium oxide (V2O5) has been used as HTL
followed by silver (Ag) as a metal contact. Several studies have
been reported on the fabrication of thin film ZnO ETL with SP
technique in polymer solar cells.43,44 However, currently, there
are no reports of performed iPSCs using the SP technique to
achieve high power conversion efficiency with the structure of
ITO/ZnO/PBDTTT-EFT:PC70BM/V2O5/Ag. Consequently,
it is important tomention that our ZnO-ETL has been deposited
using spray pyrolysis thin film deposition technique with the
intermittent approach. That gave the niche of producing high
ZnO film quality along with retaining the high performance and
stability of the fabricated iPSCs. In parallel with the iPSCs
fabricated by the SP, a laboratory-scale spin coating technique
has been used to fabricate ZnO-ETL as a controlled reference
iPSCs. Furthermore, different ZnO precursor solution concen-

Figure 1. (a) Schematic illustration of the fabricated iPSCs structure, (b) Schematic diagram of the spray pyrolysis (SP) technique setup for ZnO-ETL
thin film deposition.
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trations and various spraying parameters have been investigated
and optimized to perform efficient and stable iPSCs.

2. EXPERIMENTAL PROCEDURES
This section describes the materials used, the synthesis procedures, and
the characterization tools used during the fabrication of iPSCs based on
a structure of ITO/ZnO/PBDTTT-EFT:C70BM/V2O5/Ag as shown
in Figure 1a.
2.1. Materials. The TCO used was indium tin oxide patterned glass

substrate with a resistivity of 10 Ω·sq−1 purchased from PsiOTec Ltd.
For synthesizing the ZnO-ETL precursor solution, zinc acetate
dihydrate (99.999%, A-Aldrich), 2-methoxyethanol (99.9%, Sigma-
Aldrich), and ethanolamine 99.5% (A-Aldrich) were provided. The
donor polymer PBDTTT-EFT and the fullerene acceptor PC70BM
were supplied from One-Material Inc. and Solenne BV, respectively.
V2O5 used as HTL was delivered from Sigma-Aldrich with 99.999%
purity as well as the Ag, from Testbourne Ltd.
2.2. Device Fabrication. In the beginning, ITOs have been

carefully cleaned with detergent and water, subsequent 10 min
ultrasonicated in acetone, methanol, and isopropanol and then dried
by nitrogen flow and placed in the oven at 100 °C for 10 min. Followed
by UV−ozone treatment for 20 min to remove any organic residue as
well as activating the ITO surface. The ZnO precursor solution was
synthesized by dissolving 150 mg of zinc acetate dihydrate in 1 mL of 2-
methoxyethanol and then added 30 μL of ethanolamine solution. Then,
the mixture was left for 1 h under vigorous stirring at 70 °C. The
prepared ZnO solution was diluted by methanol 1:1 (v/v) ratio to
obtain the stock solution. In the case of fabricating the reference solar
cells, ZnO stock solution was spin coated on the top of the precleaned
ITO at 3000 rpm for 30 s and then left for 1 h annealing at 200 °C,35

while, for the SP technique, the synthesized stock solution was diluted
with ethanol and then sprayed over the preheated ITOs at 350 °C, and

the deposited films were left to annealed for 1 h. Three different
concentration ratios of ZnO solution have been prepared, B samples
with 1:6 (v/v) ratio, C samples with 1:4 (v/v) ratio, and D samples with
1:2 (v/v) ratio. It is worth mentioning that our approach of spraying
procedure is different than the conventional continues spraying one to
avoid the accumulation that might produce defects in the film and as
consequence affect the performance of the devices.43,45,46 In our
method, the spraying process was intermittently where each spraying
running cycle (1R) takes 7 s of direct solution spraying and 3 s hold and
then starting the next cycle following the same procedures. Moreover,
each concentration of the mentioned samples (B, C, andD) was used to
fabricate the ZnO layers by applying different numbers of running
cycles (3R, 5R, 7R, and 9R). The spray pyrolysis setup used for
depositing the ZnO-ETL schematically illustrated in Figure 1b. This
experimental setup consists of a glass spraying gun, a temperature-
controlled hot plate, and a stand holder that flexibly changes the
distance between the spraying gun and the samples on the surface of the
hot plate. The spraying gun consists of a double-nozzle sprayer that
coaxially conjugated with quartz and a capillary tube inside. The glass
spraying gun was attached to the stand holder during the deposition
process. The ZnO prepared precursor solution inlet through the
capillary tube together with the quartz tube that passes the compressed
air as a carrier gas in order to spray the ZnO precursor solution on the
top of the preheated ITOs. The distance between the gun and the ITO
substrate was adjusted to cover the entire deposited surfaces.

The active blend solution consisted in a 25 mg/mL solution of
PBDTTT-EFT:PC70BM with 1:1.5 (w/w) ratio, in chlorobenzene:-
DIO (97:3 (%, v/v)). Then the blend is stirred and heated at 40 °C for
18 h. The prepared solution was left for 48 h for aging and then filtered
and spun over the ZnO film at 750 rpm for 30 s to obtain a thickness of
100 nm.47 Lastly, the samples were introduced to a vacuum chamber to
thermally evaporate V2O5 followed by Ag films under high-vacuum
conditions (≤1 × 10−6 mbar) to obtain thicknesses of 4 and 100 nm,

Figure 2. J−V characteristic curves under illumination of the iPSCs fabricated by ZnO-ETL SP technique at running cycles of 3R, 5R, 7R, and 9R with
ZnO precursor concentrations of (a) B(1:6)-ZnO-SP, (b) C(1:4)-ZnO-SP, and (c) D(1:2)-ZnO-SP.
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respectively. The evaporation process was performed using a shadow
mask to design a cell with an area of 0.09 cm2. Considering that the
entire fabrication process (after depositing the ZnO films) has
proceeded inside the glovebox under a controlled nitrogen atmosphere.
2.3. Device Characterizations. Atomic force microscope (AFM)

was utilized to investigate the surface topography by tapping mode for
detecting the surface roughness of the prepared ZnO films using spin
coating and spray pyrolysis techniques. The thicknesses of the prepared
ZnO films were measured by the surface profilometer (AMBIOS
TECHNOLOGY-XP-1). The transmittance and reflectance spectra
were performed at room temperature using PerkinElmer Lambda 950
UV/vis/NIR spectrometer with an integrating sphere. Current
density−voltage (J−V) characteristics curves and parameters of the
fabricated iPSCs have been investigated with a Keithley 2400 source-
measure unit at room temperature under illumination using a solar
simulator (Abet Technology model 11000 class type A, Xenon arc) and
dark conditions. Calibration for the solar simulator intensity was
operated with a Fraunhofer certified photovoltaic cell to yield a 100
mW/cm2 and AM1.5 spectrum. In addition, a mask with a well-defined
area has been attached to the sample holder in order to specify the
effective area for accurate measurement. External quantum efficiency
(EQE) measurements were performed with the wavelength range from
300 to 800 nm using Lasing, S.A. (IPCE-DC, LS1109-232) and a
Newport 2936-R power-meter unit system. Impedance spectroscopy
(IS) measurements were carried out at different applied bias voltages
(0.0 V, 0.5 V, and VOC) and an AC signal with 50 mV amplitude at
frequency range 5 Hz to 1 MHz, utilizing the same AM1.5 illumination
conditions with HP-4192A impedance analyzer.

3. RESULTS AND DISCUSSION

In this research work, the effect of different concentrations of
ZnO precursor solutions and the spraying conditions by
intermittent SP technique on the performance and the stability
of iPSCs have been investigated. In addition, the high-efficiency
iPSCs fabricated with the optimized SP-deposition conditions
have been compared with the state-of-the-art reference cells
fabricated by the laboratory-scale SC technique (sample A,
ZnO-SC).

3.1. Optimization of ZnO Film Deposited by Spray
Pyrolysis Technique. In order to optimize the thin ZnO film
by SP technique, three different concentrations of ZnO solution,
B (1:6), C (1:4), and D (1:2) were sprayed with four different
numbers of running cycles (3R, 5R, 7R, and 9R) as described in
Experimental Section. The fabricated iPSCs were identified as B-
ZnO-SP, C-ZnO-SP, andD-ZnO-SP, respectively. The perform-
ance parameters of the mentioned iPSCs fabricated have been
extracted from the illustrated current density−voltage character-
istic curves represented in Figure 2. Table 1 demonstrates the
performance parameters for B-ZnO-SP, C-ZnO-SP, and D-
ZnO-SP iPSCs. It has been observed that the entire fabricated
iPSCs have fairly the same VOC. Moreover, the performance of
the solar cells improved as the concentration of ZnO-precursor
solution increased from B to C but decreased in the D
concentration. Besides, as the number of running cycles
increased from 3R to 7R, the performance of the iPSCs was

Table 1. Performance Parameters for B-ZnO-SP, C-ZnO-SP, andD-ZnO-SP iPSCs Fabricated by Spray Pyrolysis (SP) Technique
with Running Cycles of 3R, 5R, 7R, and 9R and the ZnO-SC Referencea

VOC (V) JSC (mA·cm−2) FF (%) PCE (%) RS (Ω·cm2) RSH (Ω·cm2)

B (1:6)
9R 0.75 ± 0.01 18.51 ± 0.43 63.61 ± 0.39 9.00 ± 0.19 1.96 ± 0.15 610 ± 22

best 0.76 18.94 64.00 9.19 2.11 582
7R 0.78 ± 0.01 18.14 ± 0.64 67.00 ± 0.20 9.73 ± 0.24 3.04 ± 0.12 610 ± 6

best 0.79 18.78 67.20 9.97 2.47 616
5R 0.79 ± 0.01 17.46 ± 0.54 65.41 ± 0.59 9.23 ± 0.26 2.43 ± 0.45 664 ± 7

best 0.80 18.00 66.00 9.49 2.88 671
3R 0.78 ± 0.01 16.69 ± 0.55 65.86 ± 0.24 8.61 ± 1.28 3.00 ± 0.38 642 ± 13

best 0.79 17.24 66.10 8.89 3.08 655
C (1:4)

9R 0.71 ± 0.01 19.37 ± 0.27 58.38 ± 0.62 8.11 ± 20 3.21 ± 0.25 298 ± 12
best 0.72 19.64 59.00 8.31 2.79 300

7R 0.79 ± 0.01 18.04 ± 0.42 68.04 ± 0.57 9.82 ± 0.18 2.80 ± 0.20 734 ± 20
best 0.79 18.46 68.61 10.00 2.83 720

5R 0.78 ± 0.01 17.79 ± 0.60 66.57 ± 0.46 9.48 ± 0.12 2.96 ± 0.23 604 ± 7
best 0.79 18.39 67.03 9.60 2.89 611

3R 0.78 ± 0.01 17.54 ± 0.45 65.86 ± 0.46 8.78 ± 0.54 3.40 ± 0.31 758 ± 16
best 0.79 17.99 66.32 9.32 2.98 764

D (1:2)
9R 0.75 ± 0.01 17.94 ± 0.45 59.65 ± 0.35 8.21 ± 0.19 2.46 ± 0.19 400 ± 17

best 0.76 18.39 60.00 8.40 2.67 417
7R 0.75 ± 0.01 18.70 ± 0.32 63.80 ± 0.40 9.15 ± 0.15 2.23 ± 0.60 490 ± 28

best 0.76 19.02 64.20 9.30 2.00 499
5R 0.74 ± 0.02 18.86 ± 0.20 63.29 ± 0.71 9.08 ± 0.21 1.87 ± 0.24 564 ± 26

best 0.76 19.06 64.00 9.29 2.07 590
3R 0.75 ± 0.02 18.74 ± 0.23 62.91 ± 0.209 8.95 ± 0.09 2.63 ± 0.19 511 ± 17

best 0.75 18.97 63.20 9.04 2.11 524
ZnO-SC

0.79 ± 0.01 17.45 ± 0.28 72.60 ± 0.40 10.00 ± 0.20 1.90 ± 0.13 1129 ± 13
best 0.79 17.69 73.00 10.19 1.03 1140

aThe average parameters were calculated from a minimum 8 fabricated cells of each.
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enhanced except for 9R, which decreased again as illustrated in
Figure S1a.
For B-ZnO-SP devices fabricated by 7R-SP technique, the

measured values of open circuit voltage (VOC), current density
(JSC), fill factor (FF), series resistance (RS), shunt resistance
(RSH), and power conversion efficiency (PCE) were 0.79 V,
18.78 mA/cm2, 67.20%, 2.47 Ω·cm2, 616 Ω·cm2, and 9.97%,
respectively. While for the C-ZnO-SP cells performed with 7R,
the VOC, JSC, FF, RS, RSH, and PCE were 0.79 V, 18.46 mA/cm2,
68.61%, 2.83 Ω·cm2, 720 Ω·cm2, and 10.00%, respectively. The
D-ZnO-SP devices with 7R were obtained VOC = 0.76 V, JSC =
19.02 mA/cm2, FF = 64.20%, RS = 2.00 Ω·cm2, RSH = 499 Ω·
cm2, and PCE of 9.30%. The lower performance of sample D-
ZnO-SP might be due to the highest concentration of the ZnO
precursor solution D, as well as high numbers of running cycles
(9R) deposited which increase the thickness along with
decreasing RSH that affected negatively on the performance of
the devices. Consequently, at B, C, and D concentrations, the
iPSCs prepared by the 7R-SP have followed the same trend of
showing higher performance among those prepared by 3R, 5R,

and 9R. In addition, the devices with C concentration showed
the highest performance as illustrated in Figure S1b.
On the basis of the exhibited results, the iPSCs with 7R for B,

C, and D concentrations have been selected to be compared
with the reference-controlled devices fabricated by the lab-scale
SC technique (Sample A: ZnO-SC) because they have obtained
the best performance among 3R, 5R, and 9R iPSCs.

3.2. Study and Analysis of the iPSCs with ZnO-ETL
Deposited by SC and the Optimumof 7R-SP Techniques.
The following section explains in detail the effects of the
concentration of ZnO precursor solutions (B, C, and D) sprayed
by 7R-SP intermittently on the film formation and the interfacial
roughness as well as the performance of the iPSCs, besides
comparison with the standard reference ZnO-SC iPSCs. As
illustrated in Figure 3, AFM images show the surface roughness
topographical profile for the prepared ZnO films using SC and
SP techniques. The estimated root-mean-square (RMS) surface
roughness values of ZnO films were 1.97, 2.95, 3.06, and 3.99 nm
for SC, B-7R-SP, C-7R-SP, and D-7R-SP, respectively. The
average thicknesses of ZnO-film were 30, 20, 25, and 50 nm for

Figure 3. AFM topographical images of the ZnO films deposited by SC (a) and 7R-SP cells of B (b), C (c), and D (d) concentrations.

Figure 4. J−V characteristic curves of 7R-B-SP, 7R-C-SP, and 7R-D-SP fabricated by SP and the reference cell ZnO-SC fabricated by laboratory-scale
SC (a) under illumination conditions (AM 1.5) and (b) at dark condition (symbols for experimental data and the lines for the fitting).
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ZnO-SC, B-7R-SP, C-7R-SP, and D-7R-SP, respectively.
Through these studies, it has been investigated that the ZnO
films prepared by the SP technique possess higher surface
roughness values than those deposited by the SC technique.
This indicates that the coating method itself has an impact on
the film morphology and roughness where the SC technique
usually provides a smooth and uniform film, while SP technique
is known as a randomly spraying method which produces more
rough film than the SC technique.37,48

In addition, regarding the ZnO films sprayed by the SP, as the
concentration of the prepared ZnO solution increases, the
thickness along with the roughness increased.
Figure 4a illustrates the illuminated J−Vmeasurements of the

iPSCs performed by 7R-SP with B, C, and D concentrations
along with the ZnO-SC-controlled reference cells. The detailed
comparison of the performance parameters is shown in Table 1
and Supporting Information Figure S2. Despite the best
efficiency values being obtained for the reference ZnO-SC
iPSCs, these devices have the lowest short circuit current values.
This can be due to the difference in the thickness and surface
roughness of the ZnO film sprayed by SP, which proves that
there is a dependence on the device’s performance on the
thickness and roughness of the sprayed ZnO films. Moreover,
the lowest performance of D-7R-SP iPSCs can be attributed to
the interfacemismatch as a consequence of higher concentration
and ZnO-surface roughness.
Figure 4b presents the J−V characteristic curve under dark

conditions for the iPSCs with 7R-SP of B, C, and D
concentrations and the ZnO-SC devices. This figure shows the
experimental data (symbols) and the fitting model values (line)
of the fabricated devices using a two diodes equivalent model as
illustrated in Figure S3. It is important to mention that not only
the usual series and shunt resistances are included but also a
space charge limiting current (SCLC) element is needed to
properly fit the experimental fresh ZnO-SP data at the reverse
and low forward voltages because of the high-leakage current
density (Jrev). The fitting values are shown in Table S1. We
found that all of the samples showed a similar exponential
mechanism with n1 around 1.25 at medium forward voltages and
saturation current density values of 0.6 < J01 (10

−13 A/cm2) <
5.8. In addition, the Jrev for D-7R-ZnO-SP samples is higher than
those of B-7R-ZnO-SP and C-7R-ZnO-SP devices. This
confirms the effect of surface roughness of the film because D-

7R-ZnO-SP devices have the highest surface roughness of the
ZnO film, which consequently, affected the D-7R-SP cells’
performance by having the lowest RSH that plays an effective role
in decreasing the PCE of the fabricated devices. This attitude can
be ascribed to the created trapping sites due to the formation of
aggregated ZnO particles on the film surface related to the high
concentration of the ZnO−D solution.49−52

In fact, ZnO-SC iPSCs have shown a higher performance but
a lower JSC and Jrev, while D-7R-SP iPSCs showed a lower
performance but a higher JSC and Jrev. On one hand, the
reduction of VOC and FF as RSH decreases can be found
elsewhere.53,54 On the other hand, the enhancement of JSC as
RSH decreases cannot be explained using electrical parameters
but optically in the following section.
Figure 5a displays the EQE spectra for the fabricated devices,

which have a similar range of absorption, but a slight difference
in the intensities and the shape between the spectra that is
probably due to a difference in light reflection properties of the
ZnO-ETL layers in the devices because of the roughness and
thickness variations. The calculated JSC from the integration of
the EQE spectra for the SC-ZnO, B-7R-SP, C-7R-SP, and D-7R-
SP iPSCs were 17.57, 18.43, 18.01, and 18.82 mA/cm2,
respectively, which agreed with the measured ones obtained
from the J−V characteristics under illumination shown in Table
1. The achieved results showed an increase in the JSC for the cells
prepared by ZnO-SP more than as prepared by the ZnO-SC
technique. This observation indicates the higher absorption of
photons as confirmed by UV−vis analysis for the calculated
absorbance spectra in Figure 5b for the ITO/ZnO/active layer
structure. The spray-coated ZnO devices showed higher
absorbance than the ZnO-SC ones. In addition, Figure S4a
demonstrates that the transmission for the ITO/ZnO-SP/active
layer structures was lower than the ITO/ZnO-SC/active layer
structures, which indicates that the active layer in the SP devices
absorbed more light than the ZnO-SC fabricated devices. It is
worth mentioning that D-7R-SP iPSCs exhibit the highest JSC
and the highest ZnO film roughness. That is in good agreement
with the observed phenomena of increasing the absorbance and
the light trapping inside the solar cells by increasing the surface
roughness.33,55,56 The reflectance depends on the surface
roughness for each layer as well as affects the interfaces related
to the light trapping that takes place inside the cell.33,55

Accordingly, the reflectance decreases as the roughness

Figure 5. (a) EQE spectra (left) and the integrated short circuit current (right), (b) UV−visible optical characteristics of the ITO/ZnO/active layer
structure of the 7R-B-SP, 7R-C-SP and 7R-D-SP iPSCs fabricated by SP technique and the reference cell ZnO-SC fabricated by SC.
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increases, which is indicated by increasing the absorbance as a
result of the effect of light trapping that occurred inside the
cell,3,33,56,57 as shown in Figure S4b. Moreover, the observed
EQE results confirm the obtained transmittance measurements
presented in Figure S4a.
Consequently, the observed lower transmittance and

reflectance of the ZnO-7R-SP samples than the ZnO-SC ones
were due to the higher interface roughness between the ZnO
layer and the active layer. This interface roughness assisted the
light trapping inside the cells to obtain higher light absorbance
and enhances the current generation JSC, from which it has been
monitored that the lowest reflectance produces the best light
trapping for higher interface roughness D-7R-SP samples
fabricated by the SP technique.
3.3. Stability Study of ZnO-SC and Optimal ZnO-7R-SP

iPSCs. The stability of the fabricated iPSCs has been
investigated through a comparison between the performance
behavior of ZnO-SC, B-7R-SP, C-7R-SP, and D-7R-SP iPSCs
over time where the devices reached about 80% (T80after
5000 h) of their initial efficiencies (T1000 h). This is to study
the influence of the ZnO-ETL deposited by SC and intermittent
SP techniques along with the respective interface to the active
layer on the stability of the fabricated devices, by varying only
the fabrication conditions of the ZnO-ETL between the devices
that enabled specifying the degradation effect related to the ETL
interface in the devices. The mentioned fabricated iPSCs were
exposed to light during the J−V measurement and afterward
returned inside the glovebox in dark during the entire
investigation period in electronic grade 99.999% N2 (H2O <
0.1 ppm;O2 < 0.1 ppm). From this comparison, it can be noticed
that a decrease in the performance of the solar cells has occurred,
as shown in Figure S5 and Table S2, where the experimental
measurements and the correlated performance parameters of the
fabricated iPSCs during the degradation process are presented,
respectively.
Figure 6a shows the decay of the normalized PCE of the iPSCs

fabricated by the 7R-SP and SC techniques after 5000 h (T80). It
depicted the T80 degradation for the ZnO-7R-SP iPSCs was
slower than that of the ZnO-SC iPSCs, where the normalized
PCE% for the fabricated ZnO-SC, B-7R-SP, C-7R-SP, and D-
7R-SP iPSCs were 76.42%, 79.68%, 84.20%, and 82.72%,
respectively. Consequently, it can be noticed that the PCE decay
rate over time for the iPSCs fabricated using C-7R-SPwas slower

than that fabricated by ZnO-SC as well as the other
concentrations by the SP technique. That might be attributed
to the enhancement of the interfacial formed between the active
layer and the sprayed ZnO layer. By evaluating the transient of
the normalized performance parameters plotted in Figure S6,
the VOC of entire devices have been kept almost the same during
the degradation test for 5000 h, which might represent the
stability of the active layer as it was kept inside the glovebox.21,22

In addition, we can notice that JSC has changed in a different
trend as it first enhanced then decreased slowly. Also, the values
of RSH decreased for the iPSCs fabricated by the SC technique,
while there was a fluctuation between increasing and decreasing
for the SP-7R iPSCs. But the RS was obviously increased for the
whole fabricated iPSCs. Furthermore, there was a clear decrease
in the FF which might be due to increasing the RS of the devices
over time as clarified from the normalized FF curve of the
degraded iPSCs in Figure 6b and Figure S6b. These curves
confirmed that the decrease in the FF is the main factor that
reduces the PCE over time, indicating the presence of electrodes
or interfacial layers degradation.21 In addition, it should be
emphasized that the decay of the performance parameters
related to the ZnO-SC iPSCs were faster than the 7R-SP iPSCs.
Accordingly, the iPSCs fabricated using ZnO-SP showed higher
intrinsic stability more than those fabricated by ZnO-SC.
Furthermore, these obtained results are in good agreement

with the dark J−V characteristics, as shown in Figure S7. The
figure showed a clear increase in the leakage current upon
degradation for the entire devices as confirmed by the fitting
parameters for the T80 and T90 (devices reached about 90% from
the initial value) summarized in Table S3 and Table S4,
respectively. Also, these results have the same behavior observed
in the previous works that report long lifetimes of devices
exposed only under nitrogen environment.58,59

3.4. Impedance Spectroscopy Insight Analysis for
Studying the Effect of ZnO-Interfacial Deposited Layer
by SC and 7R-SP Techniques of the Fresh and Degraded
iPSCs. In this part, a deep study has been performed for the T100
fresh and T 80 degraded ZnO-SC and ZnO-7R-SP iPSCs using
impedance spectroscopy. It is a powerful method for analyzing
the bulk and interface properties in solar cells besides diagnosing
degradation effects in organic solar cells.60,61

The change in trap emission can be tracked through
capacitance measurements since it is known that semiconductor

Figure 6. (a) Normalized power conversion efficiency of the iPSCs devices regarding their initial values as a function of timeT80 (after 5000 h) and (b)
normalized FF curve over T80 degradation time.
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devices have a depletion region that exhibits parallel plate-like
capacitance, named the depletion capacitance.62,63 Thus, IS has
been used for measuring the capacitance−frequency to calculate
the density of state that has been operated for polymer:fullerene
solar cells.20,63,64 The DOS at a given energy level, Eω, can be
estimated assuming that the variation of the capacitance of the
device with the frequency is related to the trapping and release of
charge by shallow trap sites in the band gap close to the Fermi
energy level as follows:20,65

ω
ω

= − ∂
∂ωE

V
tqTk

DOS( )
C

traps
Bi

B (1)

where C is the measured capacitance, VBi is the built-in voltage

(assuming that VBi = VOC), ω is the angular frequency, t is the

layer thickness, kB is the Boltzmann constant, q is the electron

charge, and T is room temperature (300 K).

Figure 7. Density of state (DOS) as a function of energy of ZnO-SC, B-7R-SP, C-7R-SP, and D-7R-SP iPSCs under AM1.5 illumination: (a) freshly
prepared iPSCs and (b) iPSCs after 5000 h in N2 atmosphere.

Figure 8. Impedance spectra measured under illumination (IS-AM1.5) for ZnO-SC and C-7R-SP iPSCs at VOC (a) for the T100 freshly prepared iPSCs
and (b) for the degraded iPSCs after 5000 h (T80). Using symbols for the experimental data and the fitting results in solid lines by applying the
equivalent circuit model, (c) 3RC solid black lines for the fresh prepared iPSCs and the added dashed red lines for theT80 degraded iPSCs following the
Debye model.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c00455
ACS Appl. Energy Mater. 2021, 4, 4099−4111

4106

https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00455?fig=fig8&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c00455?rel=cite-as&ref=PDF&jav=VoR


To convert the dependence of the DOS from the angular
momentum into energy dependence, the following equation has
been applied:

β
ω

ω= = −ωE k T E k T( ) ln
2 N

lntraps B O B
i
k
jjj

y
{
zzz

(2)

where β is the cross-section and N is the effective density of
state.65,66 Since assuming that 2βN is independent of the
frequency value, the change in its value is related to the shift in
the DOS values on the energy scale, EO. Regarding the freshly
prepared devices, DOS values presented in Figure 7a show a
single-exponential trap distribution for all of the samples. In
addition, the same slope values were obtained which defines the
same trap activation energy and carrier response.67 However, the
main difference was obtained in the D-7R-SP samples with the
lowest DOS values for a given frequency. We can explain this
result using eq 2, as a shift in the EO value due to the increase of
the βN value. As a consequence, it is expected to have lower
energy as a result of higher traps located in the iPSCs which
confirm the low performance of the D-7R-SP samples.
In Figure 7b, we found that the T80 degraded ZnO-SC devices

create more trapping sites than the ZnO-SP devices. In addition,
it can be noticed that deep traps states have been observed only
for the devices fabricated by the ZnO-SC technique due to the
degradation process. On the other hand, the devices fabricated
by the ZnO-SP technique showed only shallow traps of tail
states. Furthermore, by comparing the energy shift values of the
T100 fresh and the T80 degraded samples shown in Figure S8, we
obtained that the degraded ZnO-SC devices have almost five
times trapping sites more than the fresh ones. While the T80
degraded ZnO-SP devices showed less than double the trapping
of the tail state only. Accordingly, after 5000 h of degradation, it
can be said that the ZnO-SP iPSCs have a higher stability than
ZnO-SC devices. That also has been confirmed by the
mentioned J−V degradation tests.
As an alternative way for an insight analysis to manifest the

difference in the performance of the fabricated iPSCs due to the
interface roughness effect, a comparison between the real and
imaginary impedancemeasurements has been carried out for the
best cells’ performance of C-7R-SP and the controlled reference
cell ZnO-SC has been inspected. Figure 8a shows a typical
semicircle behavior of Nyquist plot for the fresh ZnO-SC and C-
7R-SP iPSCs, with a bias voltage of VOC. It has been observed
that at a given frequency the Cole−Cole plot of the ZnO-SC
devices has lower series resistance as well a smaller arc radius size
than the C-7R-SP devices. This might explain the higher
performance of the T100 fresh ZnO-SC iPSCs. On the other
hand, Figure 8b illustrates the arc behavior with some deviation
from the typical shape due to the T80 degradation, where a
second arc appeared at a high frequency more clearly in the
ZnO-SC devices in addition to the higher arc radius than the C-
7R-SP devices. This might confirm the faster degradation
behavior related to the ZnO-SC than the C-7R-SP samples
shown in the previous characterizations. Moreover, these
behaviors have been observed also in the Cole−Cole plot at a
bias voltage of 0.5 V illustrated in Figure S9.
Figure 8c demonstrates the electrical equivalent circuit used

to fit the experimental Z′−Z″ data. The components used to fit
the plots with one arc, fresh iPSCs, are shown in black solid lines,
whereas the additional components used to fit the second arc
that appeared at high frequency, T80 degraded iPSC, are shown
in red dashed lines. This circuit model consists of distributed

resistors, R, which refer to the resistance of electrons
transportation in each layer where R1, R2, and R3 are with
regard to V2O5, ZnO, and the blend layers, respectively. In
addition, C refers to the geometrical capacitance values of each
layer, proving a parallel association of resistor and capacitor for
three resistor/capacitor elements in series (3RC). RS represents
the series resistance from the ITO layer as well due to the
interface between the ITO and the ETL,23,68,69 and L is the
added inductor to fit the data at high frequency. It is important
to mention that the model composed of an extra impeded R4C4
in series which attached in parallel to R1C1 that followed the
Debye model69 to explain the effect of the degradation takes
place in the iPSCs over time. This model considers the presence
of a single type of trap created in one layer. Also, the parameter
values of each layer were fitted simultaneously.
To gain further insight into the obtained fitted data

summarized in Table S5, it can be exhibited not only that the
fitting capacitance values for each layer for both samples
fabricated by SP and SC techniques are similar but also that they
are in good agreement with the theoretical values shown in
Table S6. Also, it can be concluded that at VOC the IS data were
controlled by the geometrical capacitances related to the metal−
insulator−metal (MIM) model providing the presence of fully
depleted layers.70

Regarding the resistance values obtained from the fitting,
several differences were found for the ZnO-SC vs C-7R-SP
iPSCs. But themain difference results from the RS element as the
ZnO film deposited by the SP technique has higher values than
that produced from the ZnO film deposited by the SC
technique. This explained the arc of the fresh T100 C-7R-SP
plot that appears at a lower frequency as well as higher arc radius
than the ZnO-SC shown in Figure 8a, where the RS values for the
fresh ZnO-SC were around 7 Ω, which might be referred to as
the ITO film resistance, while, for the C-7R-SP, the RS values
were around 12 Ω, which could be attributed to the ITO film
resistance in addition to the interface resistance between the
ZnO film deposited by SP and the ITO. This observed result is
correlated with the Bode plot at VOC and 0.5 V in Figure S10.
This might be related to the higher interface roughness between
the ITO and the ZnO layer coated by SP. In addition, it was in
good agreement with the RS evaluated by the J−V character-
ization as shown in Table 1. Moreover, during the fabrication of
the iPSCs and the degradation test discussed before, the VOC of
entire devices almost did not show severe changes, so that the
active layer did not affect by the deposition operation of the ZnO
layer, so that it can be assumed that themain effect was related to
the ZnO/ITO interface, because ITO was the main layer
exposed to the high temperature of 350 °C during the SP
deposition, which might affect its interface resistance with the
ZnO layer. This means that the increment of the resistance was
not related to the layer itself, even if it has been deposited by
different techniques, but it was related to the interface effect.
Furthermore, Table S7 presents the extracted charge time (τ)

values for the fabricated iPSCs at VOC and 0.5 V, where, at VOC
for the freshly prepared iPSCs, the τ of the ZnO-SC (1.1 × 10−6

s) was a bit smaller than the ones for the C-7R-SP (1.3× 10−6 s),
which also correlated with the previously obtained results
providing much higher performance of the fresh ZnO-SC
devices. The same trend of the results has been observed for the
iPSCs at 0.5 V.
Regarding the additional arc observed in Figure 8b at high

frequency for the T80 degraded iPSCs, specially ZnO-SC
devices, it has been successfully fitted by the extra R4C4 circuit
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using the Debye model.70 On one side, it is essential to note that
the extra C4 value of the V2O5 layer of both ZnO-SC and C-7R-
SP were almost the same giving the highest layer capacitance in
the devices which limits the performance for both devices due to
the presence of a single type of traps that has created in the V2O5
layer during the degradation process. On the other side, this
second arc could be explained by the great increase in the
resistance of the V2O5 layer in the T80 degraded ZnO-SC iPSCs
(53.0 Ω) in comparison with the C-7R-SP cells (17.8 Ω) as
showed in Table S5. Moreover, Figure S11 illustrates the Bode
plot for the ZnO-SC and C-7R-SP iPSCs at VOC and 0.5 V for
T80 degraded iPSCs. This plot confirms the higher resistance
observed by the ZnO-SC devices after T80 degradation which
results in decreasing the performance of the device along with
the stability. In addition, the τ for the degraded ZnO-SC iPSCs
(7.4 × 10−6 s) was higher than the ones of C-7R-SP (6.5 × 10−6

s) at VOC as shown in Table S7. As it was limited by the V2O5
layer because of the highest R and C values, the same considered
behavior observed at 0.5 V for the T80 degraded iPSCs. That
might be the same reason for the increasing arc size for T80-
degraded ZnO-SC devices more than the arc obtained for the C-
7R-SP devices in Figure 8b. This could be attributed to the
deposition mechanism using the intermittent SP approach.
Where tiny spray droplets quickly dried on a hot substrate (350
°C) which immediately evaporates on top of the ITO.
Furthermore, the holding time of this approach avoids the
accumulation or retaining of any solvents or moisture inside the
ZnO layer during the deposition. That might minimize the layer
degradation and consequently the contacted layers and the
entire device. In addition, the spraying technique with high
substrate temperature helps solution adhesion and bonding to
itself and to the substrate to obtain a high-quality layer. That
might explain the better stability of the fabricated devices using
the SP technique.37 Furthermore, the same behavior of the
Nyquist and the Bode plots has been observed for the B-7R-SP
and D-7R-SP samples as shown in Figure S12 and the
summarized fitting parameters listed in Table S8.
Finally, it can be noticed that the C and τ were quite equal for

both freshly fabricated iPSCs by SC and SP techniques.
However, after the degradation test, the iPSCs fabricated by
the C-7R-SP technique showed lower τ and lower decay of the
performance, which indicated the enhancement of the stability
of the devices that also was confirmed by the J−V and DOS
analysis.

4. CONCLUSION
The effect of different concentrations for the ZnO precursor
solutions B, C, and D to deposit a thin film of the ZnO-ETL
using intermittent spray pyrolysis approach have been
investigated on the performance and the stability of the
fabricated iPSCs. The films fabricated by the intermittent SP
techniques demonstrated more surface roughness than that
deposited by the SC technique. In the case of the iPSCs
fabricated using the ZnO-SP technique, the results demon-
strated that the 7R-SP have shown higher iPSCs’ performance
more than the others. Moreover, C-7R-SP devices showed
higher JSC more than that fabricated by the laboratory-scale
ZnO-SC technique and fairly similar performance achieving
devices with the same VOC (0.79 V) as well efficiency of 10%. It
was noticeable that the main difference between the fabricated
iPSCs by ZnO-SC and C-7R-SP obtained from the interface
roughness effect between the ITO and the ZnO deposited film.
The good side was regarding the active layer side, that being a

textured surface enhances the light trapping inside the solar cell
which increases the absorbance of the incident light and
generates higher JSC. In addition, this proper interface contact
with the active layer enhances the overall stability for the ZnO-
SP iPSCs. While the negative side was the effect of the interface
between the ZnO sprayed layer and the ITO that increases the
RS. However, the rate of degradation of the iPSCs fabricated by
the ZnO-SP technique was slower than the iPSCs synthesized by
the ZnO-SC technique. It is important to consider that the main
advantages for the C-7R-SP iPSCs were not only higher JSC and
longer stability but also the ability to fabricate the ZnO-ETL
using the SP technique with maintaining the high performance
of the iPSCs.
Moreover, for the leakage current J−V dark characteristics

assuming SCLC was the appropriate model to evaluate the
losses that resulted from the trap sites. In addition, impedance
spectroscopy provided a detailed mechanism regarding the
interface effect obtained which clarifies the main difference that
occurred due to the performed deposition techniques.
Furthermore, not only the exponential tail density of states
can be calculated for fresh and degraded samples but also the
electrical equivalent circuit analysis using the 3RC and Debye
models. These models presented a simple way to diagnose the
loss mechanisms and investigate degradation mechanisms and
stability issues in the fabricated devices.
Hence, the investigated results point out that the deposition

techniques have a vital role that affects the film formation as well
as the performance and stability of the devices. Taking these
facts into account leads to the next step of improving the
interface between the ZnO layer and the ITO to perform lower
RS, which might enhance the device stability and performance.
Lastly, the intermittent spray pyrolysis approach is a powerful,
low-cost, simple, and reproducible technique. It is promising for
integrating the iPSCs to the industrial scale by easily attaching it
with the roll to roll and other mass production techniques.
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■ ABBREVIATIONS
DOS = density of state
EQE = external quantum efficiency
FF = fill factor
iPSCs = inverted polymer solar cells
IS = impedance spectroscopy
Jrev = leakage current
JSC = current density
J−V = current density−voltage
open circuit voltage = VOC
PCE = power conversion efficiency
R = spraying running cycles
RS = series resistance
RSH = shunt resistance
SC = spin coating
SCLC = space charge limiting current
SP = spray pyrolysis
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