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Abstract: In this research, inverted bulk heterojunction organic solar cells (BHJ OSC) with
poly(3-hexylthiophene-2,5-diyl): (6,6)-phenyl C61 butyric acid methyl (P3HT:PCBM) as the active
layer were fabricated by a sol-gel spin coating method using flexible PET and non-flexible glass as
substrates. The power conversion efficiency (PCE) and the stability of the cells were investigated.
According to the results, the non-flexible device showed higher short circuit current (Jsc) as well as
open-circuit voltage (Voc) as compared to the flexible one so that 2.52% and 0.67% PCE for non-flexible
and flexible cells were obtained, respectively. From the stability point of view, the non-flexible device
maintained 51% of its initial efficiency after six weeks in a dark atmosphere, while it was about
19% for the flexible cell after four weeks. The most important reason for the higher PCE with the
higher stability in the non-flexible cell can be attributed to its higher shunt resistance (Rsh) and better
interlayer connections at the electron collector side.

Keywords: stability; PCE; OSC; inverted flexible structure; ZnO

1. Introduction

Since 1958 when the first organic solar cell (OSC) was fabricated by Calvin, the generation of
renewable energy by OSCs has attracted much attention due to its advantages including cost-efficiency,
intrinsic flexibility, semi-transparency, light-weight, environment-friendly composition, solution-based
fabrication process, and roll-to-roll manufacturing. The efficiency, lifetime, and the cost are the most
important subjects in the photovoltaics industry. Although OSCs are cheap in comparison to the
dominant silicon solar cells, their efficiency and lifetime are challenges remaining ahead [1–4].

OSCs based on donor (D)−acceptor (A) materials are a kind of third-generation solar cells in
which the organic polymer material acts as the light-absorbing layer. They are classified as: (i) organic
bulk-heterojunction (BHJ) thin-film solar cells, (ii) organic tandem solar cells, and (iii) organic
dye-sensitized solar cells, which makes them fit as a solar power source in space, building, automobile,
gadget and memory device application [5,6]. Among the mentioned kinds of OSCs, although the
maximum power conversion efficiency (PCE) of 17.3% was achieved in a tandem device till date,
the BHJ structure is considered a more attractive structure than others due to the 3D interpenetrating
network layer of D-A materials, resulting in enhanced p-n junctions in its active layer. During the past
few years, rapid development on optimizing the active layer of BHJ OSC has been focused on facile
functionalization of small molecule acceptors (SMA) like fullerenes and non-fullerenes with excellent
tunability so that a ternary device of non-fullerene SMA with about 16.5% PCE made the BHJ OSC one
step closer to industrialization [7–14].
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Basically, in a regular BHJ OSC structure, a high work function material like transparent indium
tin oxide (ITO) is usually used as the bottom electrode or anode, and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) is often applied as a buffer layer to transport holes.
Moreover, the active layer is produced as by a mixed highly conducting polymer blend of D-polymers
such as P3HT combined with A-molecules such as PCBM, as well as using Al, Mg, or Ca as the
low work function metals for top electrode or cathode. In regular structure, absorption of photons
by D-material results in generation and diffusion of excitons towards the D-A materials interface,
followed by dissociation and transport of electrons and holes to cathode and anode, respectively.
However, the PCE and the device stability under exposure to sunlight are still problems laying ahead
in BHJ OSC [15–18].

To improve the stability of BHJ OSC it is important to understand the degradation factors which
affect the device lifetime. Degradation at interfaces especially between ITO and PEDOT:PSS is one of
the most problematic issues due to the hygroscopic and acidic nature of PEDOT:PSS that can corrode
the surface of ITO, resulting in indium diffusion into photoactive layer and degradation of the device.
Moreover, low work function metals as the cathode can easily be oxidized by oxygen. Infiltration of
humidity and ultra-violet light influx to the active layers as well as thermal stresses can also decrease
the lifetime of the device significantly [19–21].

Recently, the inverted structure has been highlighted for improving the stability of OSCs. In this
structure, PEDOT:PSS which is an internal chemical reaction agent is removed or replaced with a
transition metal oxides as a suitable alternatives for of the hole transporting layer (HTL). On the other
hand, the devices in inverted configuration can use different materials as an electron transporting layer
(ETL) such as ZnO, TiOx, Cs2CO3, or CsF2 for modifying the surface of ITO. Moreover, the inverted
structure uses high work function metals for top electrodes such as Au or Ag that can be prepared
by solution processing techniques which leads to manufacturing cost reduction [16,21,22]. Working
principles in inverted BHJ OSCs can be described as follows: (i) absorption of photons in D material,
resulting in the formation of excitons, (ii) migration of excitons towards the interface of D-A materials,
(iii) dissociation and transport of electron-hole towards the appropriate electrodes via ETL and HTL,
(iv) collection of electron and hole at the bottom and top electrodes, respectively [15,19].

The sol-gel spin coating method is the most commonly solution-based technique for fabrication
of BHJ-OSCs thin films in inverted structures due to its advantages such as low cost, simplicity
in fabrication, control of atomic-scale of materials, the capability of large area deposition at room
temperature, control on the thickness and the capability of flexible thin films fabrication [23–25].

Different strategies have been developed to increase the stability of OSCs such as encapsulation,
engineering of the active layer materials, using stable electrodes, employing inverted geometry,
optimizing buffer layers, and especially the morphology engineering of active layer [26]. Dupuis et al.
showed in their research that the structure of P3HT dramatically influenced the photodegradation
process of P3HT thin films. Moreover, Wang et al. successfully presented an in-operando GISAXS
measurement by which they prove that maintaining the nanomorphology of the BHJ layer can play
an important role in final stability of inverted OSC [27–29]. Among the ETL materials, zinc oxide
(ZnO) has been demonstrated as one of the most commonly used material especially for flexible and
non-flexible inverted devices regarding its high electron mobility, high transparency across the visible
spectral region, appropriate low work function, long-term stability and easy attainability by solution
processing [30–33].

Although much research has been done on OSCs with flexible substrates, the time-dependence of its
performance (stability) with flexible and non-flexible substrates has not been compared simultaneously.
So, as the novelty of this research, inverted OSCs were fabricated via spin coating technique, consisting
of (Ag/PCBM:P3HT/ZnO/ITO/PET or glass) as the flexible device (with PET) and as the non-flexible
device (with glass). photovoltaic parameters and device stability of the prepared devices were
investigated over time. Of course, it needs to be considered that the molecular weight of P3HT can
affect the performance of the BHJ OSC [34–36], however, in this work, it was not the goal of the research
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so we avoid the effects of our P3HT’s molecular weight (Mn 54,000-75,000) which were similarly used
in all samples.

2. Experimental

2.1. Chemicals & Materials

Zinc acetate dihydrate (Zn (O2CCH3)2), 99.5%, Merck Co., Darmstadt, Germany); 2-Methoxyethanol
((CH3OCH2CH2OH), 76.09 g/mol, 99.8%, Merck Co., Darmstadt, Germany); Monoethanolamine
(C2H7NO, 61.08 g/mol, +98%, Merck Co., Darmstadt, Germany); P3HT (99.995%, Sigma Aldrich Co.,
St. Louis, MI, USA, Mn 54,000–75,000); PC61BM (99.5%, Sigma Aldrich Co., St. Louis, MI, USA);
Dichlorobenzene (analytical grade, +99%, Sigma Aldrich Co., St. Louis, MI, USA); ITO-coated
PET (Solaronix, Aubonne, Switzerland, sheet resistance of 14 Ω/sq); glass substrate (Isfahan Optics
Industries, Isfahan, Iran, sheet resistance of 80 Ω/sq).

2.2. Synthesis

For the preparation of 0.75 M ZnO solution, 3.41 g of zinc acetate dihydrate (Zn (O2CCH3)2) was
dissolved in 20 mL of 2-methoxyethanol, followed by adding 0.9 mL of monoethanolamine (C2H7NO)
as stabilizer into the solution. The solution was slowly stirred for 60 min via a magnetic stir-bar
mixer, then aged for 24 h to increase the strength of the solution against cracking during drying [37].
The as-deposited thin film was annealed in the atmosphere at 100 ◦C for 10 min. To prepare the active
layer, a mixture of 50 mg P3HT as well as 50 mg PC61BM were dissolved in 2 mL of dichlorobenzene,
followed by stirring at 50 ◦C for 24 h. The ITO-coated PET as well as glass were used as flexible
and non-flexible substrates, respectively. PET-ITO was etched by acetone and the same process for
glass-ITO was done by hydrochloric acid as well as nitric acid. Afterward, the substrates were rinsed
by deionized water, then they dried at 100 ◦C for 10 min. All the etching and rinsing materials were
purchased by Merc Co in analytical grades. The aged ZnO solution was deposited on PET-ITO and
glass-ITO by a spin coating method (Backer Viera Trading Co. Tehran, Iran, model SC-410A) for 50 sec
at 4000 rpm, followed by drying at 140 ◦C for 60 min in the atmosphere. Then a layer of P3HT:PC61BM
was deposited on the ZnO layer by spin coating method for 30 sec at 1500 rpm. The samples were
annealed at 120 ◦C in a vacuum chamber of 10−6 mbar for 20 min. Ultimately, a 50 nm layer of silver
as the anode was deposited on P3HT:PC61BM layer by a thermal-PVD method. Figure 1 shows the
energy level diagram of a typical BHJ OSC.
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2.3. Analysis

The optical transmittance was measured by UV–vis spectrophotometer (UV-2100, Rayleigh,
Beijing, China, wavelength range: 200–900 nm, wavelength accuracy: ±0.3 nm). The J-V diagram was
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obtained by a solar simulator (SIM-1030, IRASOL, Tehran, Iran, multiple LED source, wavelength
range: 380–1000 nm) under AM 1.5 solar spectrum, equipped with a potentiostat (Em Stat2, PalmSens
BV, Houten, The Netherlands). The light intensity was adjusted by a calibrated Si reference cell towards
sunlight intensity of 80 mW/cm2.

3. Results and Discussion

Figure 2 presents the initial J-V curves of prepared solar cells with Jsc 11.35, Voc 0.60, FF 37 and
PCE 2.52 for the non-flexible device, as well as Jsc 2.65, Voc 0.56, FF 45 and PCE 0.67 for the flexible
one. The mechanism of calculation of PCE is considered as PCE = Jsc × Voc × FF/Pin, where Jsc is the
short-circuit current density, Voc is the open-circuit voltage, FF is the fill factor, and Pin is the power
density of the incident light of 100 mW/cm2 [8]. According to the figure, there is a difference of about
0.04 V between the open-circuit voltage (Voc) in flexible and non-flexible solar cells. One of the most
important influential agents on Voc is the recombination rate of injected electrons [5]. The barriers
against charge-transport will result in accumulation of carriers and increasing the series resistance,
leading to more carrier recombination probability and decreasing the Voc. The tangent slope of the
vertical part (near Voc) which is proportional to the reciprocal of series resistance (1/Rs) can be seen
in J-V diagram of both non-flexible and flexible devices, leading to the difference between Rs as the
transference resistance in flexible and non-flexible devices so that the steeper slope in the non-flexible
device (with glass) against flexible device (with PET) can prove the higher Rs of the flexible device.
This can be related to the trap states at the interface of PET-ITO/ZnO, leading to lower mobility in the
flexible device which results in higher charge transfer resistance as well as higher probability of carrier
recombination that can play an important role in decreasing of Voc as compared to the non-flexible
device [38–40].
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Moreover, the tangent slope of the transverse part (near Jsc) in J-V curve can be proportional to
the reciprocal of shunt resistance (1/Rsh), so according to Figure 2, the steeper mentioned slope in the
flexible device as compared to the non-flexible one can result in higher Rsh in the non-flexible device.
Rsh is considered as a manufacturing defect based on poor solar cell design. It seems that the lattice
defects on the surface of ITO during the cleaning process (cleaning by acetone-soaked cotton) can result
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in a more forward leakage path of carriers in the flexible cell as compared to the non-flexible one, so it
can be concluded that the resistance of glass-ITO against degradation is more than the PET-ITO [40–43].
Of course, the morphological testing should be used for reliable decision making, however, according
to the same materials and the same manufacturing steps for all samples, the difference in outcomes
can possibly be related to the effects of substrates. Furthermore, using electrochemical impedance
measurements to exact estimate the charge transference resistance can provide more exact information.

Figure 3 shows the optical transparency of ZnO thin film in which high optical transparency of
ZnO is indicated. The transparency of 90% can transmit sunlight to the active layer at the desired level,
and in this respect is not an obstacle to the entry of light.
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Although the non-flexible solar cell reached a higher efficiency than the flexible one, its PCE is too
low. This can be related to the annealing condition of this study in which ZnO thin film was annealed
at the atmosphere, resulting in more oxygen penetration within the crystal lattice of ZnO. Oxygen can
act as a barrier to electrical conductivity (electron absorber), so to eliminate this problem, annealing
should be done in a vacuum or in a noble gas [24,44]. Of course, it should be considered that the
vacuum annealing can result in lower transparency.

To measure the stability of solar cells, the J-V curves have been obtained in dark condition with
an ambient atmosphere during six and four weeks for non-flexible and flexible cells, respectively.
According to Figure 4 and Table 1, the PCE of the non-flexible cell remained nearly stable during
the first two weeks. At the end of the third week, the PCE decreased to about 70% of initial PCE,
which nearly remained constant during the next two weeks. Then it drops to about 50% of the initial
PCE at the end of the sixth week. As it can be seen in Figure 4, the flexible cell demonstrated a dramatic
decrease in PCE to about 45% during the first week and then dropped to about 36% of its initial value
at the end of second week. It remained nearly stable in the next two weeks, followed by a reduction
to about 20% of initial PCE at the end of the fourth week. As shown, the drop in the PCE of the cell
with the PET substrate is much higher than the cell with the glass one which can be related to more
desirable connections at the interface of glass-ITO/ZnO rather than PET-ITO/ZnO, resulting in more
surface states at the interface of PET-ITO/ZnO that can act as recombination sites [45,46].



Surfaces 2020, 3 324Surfaces 2020, 3 FOR PEER REVIEW  6 

 
Figure 4. Stability of flexible and non-flexible solar cells after four and six weeks, respectively. 

Table 1. Stability of photovoltaic parameters of flexible and non-flexible solar cells over time. All the 
devices were fabricated in an area of 1cm2. 

Day 
Jsc (mA.cm−2) Voc (V) FF (%) PCE (%) 

Glass PET Glass PET Glass PET Glass PET 
0 11.35 ± 0.56 2.65 ± 0.75 0.60 ± 0.01 0.56 ± 0.01 37 ± 0.016 45 ± 0.019 2.52 ± 0.17 0.67 ± 0.20 
7 10.44 ± 0.53 1.68 ± 0.32 0.60 ± 0.01 0.53 ± 0.02 37 ± 0.023 33 ± 0.025 2.32 ± 0.16 0.30 ± 0.07 
14 10.25 ± 0.48 1.37 ± 0.43 0.58 ± 0.02 0.53 ± 0.01 37 ± 0.013 33 ± 0.013 2.20 ± 0.18 0.24 ± 0.08 
21 8.23 ± 0.43 0.96 ± 0.14 0.57 ± 0.01 0.53 ± 0.01 37 ± 0.019 33 ± 0.027 1.74 ± 0.13 0.17 ± 0.3 
28 7.63 ± 0.40 0.75 ± 0.28 0.57 ± 0.02 0.52 ± 0.01 37 ± 0.020 33 ± 0.016 1.61 ± 0.25 0.13 ± 0.05 
35 7.32 ± 0.43  0.56 ± 0.01  35 ± 0.026  1.43 ± 0.13  
42 6.95 ± 0.39  0.52 ± 0.01  36 ± 0.017  1.30 ± 0.1  

4. Conclusions 

In the present work, the stability of inverted non-flexible (with glass substrate) and flexible (with 
PET substrate) solar cells with P3HT:PCBM as an active layer as well as ZnO thin film as the ETL 
were investigated. Power conversion efficiencies of 0.67% and 2.52% were achieved for flexible and 
non-flexible cells, respectively. The lower PCE of the flexible cell as compared to the non-flexible one 
could be related to the higher series resistance of the flexible solar cell. The creation of defects during 
the process in at the surface of ITO for flexible cell causes the increase of series resistance, resulting 
in a decrease of charge carrier mobility and Voc. Moreover, non-flexible cell showed more stability 
than the flexible one. The final efficiency of the non-flexible cell was reached about 51% of the initial 
value after 42 days, while it was about 19% of the initial value after 28 days for the flexible one. Given 
the significant potential and the hopeful path ahead of BHJ OSCs with non-fullerene SMA which 
have been shown in the researches, the results of this study could help as a way to improve the 
efficiency of OSCs based on non-fullerene SMA. 

Author Contributions: Conceptualization, M.-R.Z.-M.; methodology, S.S. and M.F.; software, S.S.; validation, 
M.-R.Z.-M., S.S. and M.F.; formal analysis, S.S. and M.F.; investigation, S.S. and M.F.; resources, S.S.; data 
curation, M.-R.Z.-M. and M.F.; writing—original draft preparation, M.-R.Z.-M.; writing—review and editing, 
M.F.; visualization, M.F.; supervision, M.-R.Z.-M.; project administration, M.-R.Z.-M.; All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflict of interest. 

Figure 4. Stability of flexible and non-flexible solar cells after four and six weeks, respectively.

Table 1. Stability of photovoltaic parameters of flexible and non-flexible solar cells over time. All the
devices were fabricated in an area of 1cm2.

Day
Jsc (mA.cm−2) Voc (V) FF (%) PCE (%)

Glass PET Glass PET Glass PET Glass PET

0 11.35 ± 0.56 2.65 ± 0.75 0.60 ± 0.01 0.56 ± 0.01 37 ± 0.016 45 ± 0.019 2.52 ± 0.17 0.67 ± 0.20

7 10.44 ± 0.53 1.68 ± 0.32 0.60 ± 0.01 0.53 ± 0.02 37 ± 0.023 33 ± 0.025 2.32 ± 0.16 0.30 ± 0.07

14 10.25 ± 0.48 1.37 ± 0.43 0.58 ± 0.02 0.53 ± 0.01 37 ± 0.013 33 ± 0.013 2.20 ± 0.18 0.24 ± 0.08

21 8.23 ± 0.43 0.96 ± 0.14 0.57 ± 0.01 0.53 ± 0.01 37 ± 0.019 33 ± 0.027 1.74 ± 0.13 0.17 ± 0.3

28 7.63 ± 0.40 0.75 ± 0.28 0.57 ± 0.02 0.52 ± 0.01 37 ± 0.020 33 ± 0.016 1.61 ± 0.25 0.13 ± 0.05

35 7.32 ± 0.43 0.56 ± 0.01 35 ± 0.026 1.43 ± 0.13

42 6.95 ± 0.39 0.52 ± 0.01 36 ± 0.017 1.30 ± 0.1
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In the present work, the stability of inverted non-flexible (with glass substrate) and flexible
(with PET substrate) solar cells with P3HT:PCBM as an active layer as well as ZnO thin film as the ETL
were investigated. Power conversion efficiencies of 0.67% and 2.52% were achieved for flexible and
non-flexible cells, respectively. The lower PCE of the flexible cell as compared to the non-flexible one
could be related to the higher series resistance of the flexible solar cell. The creation of defects during
the process in at the surface of ITO for flexible cell causes the increase of series resistance, resulting in a
decrease of charge carrier mobility and Voc. Moreover, non-flexible cell showed more stability than
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