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Abstract

In this article, we have evaluated the performance of inverted organic solar cells (OSCs) fabricated under ambient air and
inert environment. Here, poly([4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]{3-fluoro-2-[(2-ethyl-
hexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7) donor with [6,6]-phenyl C70-butyric acid methyl ester (PC;;BM)
acceptor were employed as a photoactive layer. The calculated power conversion efficiency (PCE) from current—voltage
(J-V) characteristics for a device fabricated under an inert environment is 6.90% as compared to 3.96% for a device
fabricated in ambient condition (25 °C, 100 kPa). The results revealed that the device processed in ambient conditions
degrades the photovoltaic performance parameters, and the PCE decreased by 42.62% as compared to the devices fab-
ricated in an inert environment. Along with this, we have also discussed in detail, the effect of the working environment on
photoactive layers by Raman spectroscopy. The UV-Vis spectroscopy and Atomic Force Microscopy (AFM) techniques
are presented to illustrate the optical properties and morphology of the photo-active layer respectively.

1 Introduction

The development of organic solar cells (OSCs) received
tremendous attention in recent years due to several
advantages like; use of non-toxic and flexible materials,
lightweight, environmentally friendly, and solution-pro-
cessed roll to roll processing (Brabec 2004; Balderrama
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et al. 2013; Gupta et al. 2016; Zhao et al. 2017; Wang et al.
2014, 2017). Recently, researchers have achieved PCE
over 13% (Zhao et al. 2017; Xu et al. 2018) in single
junction OSCs using novel and efficient donor—acceptor
materials as an active blend layer. The roll to roll fabri-
cation process is the most dominant one for large scale
fabrication of OSCs (Zhang et al. 2016). However, the
complete fabrication process is still challenging to realize
in an inert environment. Moreover, it is also known that
OSCs degrade in ambient conditions due to the low envi-
ronmental stability of organic semiconductor materials
(Balderrama et al. 2016). As per literature, the almost all
OSCs devices fabrication process reported, in an inert
environment. However, the effect of fabrication processes
carried under an ambient-air condition is not commonly
reported. Therefore, a more detailed analysis is required to
know the consequences of the fabrication process, under
ambient conditions.

Here, we reported the performance of inverted
PTB7:PC;1BM OSCs fabricated under three different
environmental conditions. In the first case study, fabricated
one reference device in a nitrogen environment, and other
two test devices in an ambient conditions with slight
variation in their fabrication process as mentioned in the
device fabrication section. The device fabrication process
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in ambient conditions include steps like solvent and blend
preparation, active layer spin coating and annealing pro-
cess. The absorption, structural, and morphological analy-
sis of all the three batch photoactive layer films were
analyzed to perceive the role of environmental conditions
on their properties. The significance of this study is to help
in the design, fabrication, and optimization of the OSCs in
ambient-air conditions and to reduce the overall practical
efforts of device fabrication at a large scale.

2 Experimental details

2.1 Materials

Indium tin oxide (ITO) coated glass substrates were pur-
chased from Latech, Singapore having sheet resistance
15-20 O/sq. The donor PTB7 and accepter PC;;BM used
in fabricating devices were purchased from 1-Material,
Canada. Molybdenum (VI) oxide (99.999% purity) and
Zinc acetate were purchased from Alfa Aesar, USA and
Sigma-Aldrich, respectively.

2.2 Measurements and characterization

SCIENCETECH FS-02 solar simulator were used to
measure photovoltaic characteristics of fabricated devices.
The Keithley 2420 unit was used as source meter. The
measurements conducted under exposure of AM 1.5 with
the intensity of 100 mW/cm?. The nanomorphology of
PTB7:PC;1BM bulk heterojunction (BHJ) films were
examined by Veeco Nano Scope V atomic force micro-
scopy (AFM). The absorption spectra was recorded by UV
2401PC, Shimadzu UV-Vis spectroscopy. The Raman
spectroscopy was performed by HORIBA T64000 at
Source wavelength of 514 nm.

The glass substrates were used to prepared sample films
UV-Vis spectroscopy and AFM at same procedure and
condition as prepared for device fabrication.

2.3 Device fabrication

Three different groups of OSCs were fabricated under
different environmental conditions. Fabricated devices
were categorized in A, B, and C batches. Batch A devices
were fabricated completely inside glovebox (N, filled) used
as a reference. Whereas B and C batches devices are fab-
ricated in ambient-air (18 °C temperature, 69% relative
humidity) conditions. The photoactive layer annealing
environment is different for batch B (in vacuum oven,
29 mbar) and C (in ambient condition) devices.

The complete fabrication process step by step is shown
in Fig. 1. ITO substrates patterned by laser scriber and
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cleaned by wet chemical method with deionized water
followed by acetone, and isopropanol. Cleaned substrates
dried in oven and UV-O; treated for 15 min before use.
PTB7 and PC; BM used to prepared blend (25 mg/ml)
1:1.5 (w/w%), dissolved in chlorobenzene (CB) with 1,8-
diiodooctane (DIO) 3% (v/v%). Zinc oxide (ZnO) prepared
via a sol—gel process by using 0.1 M concentration of zinc
acetate dehydrate [Zn(CH3COO)-2H,0] in anhydrous
ethanol, and added ethanolamine to the solution.

The fabricated device structure is ITO/ZnO/photoactive
layer/MoOs/Al (Fig. 2a), and Fig. 2b are shown the energy
levels (eV) diagrams. The ZnO was spin casted over pre-
cleaned ITO substrates at 3000 rpm for 45 s and baked at
200 °C for 2 h. The blend solution was spin casted over
ZnO film at 1000 rpm for the 60 s and annealed at 80 °C
for 10 min to remove residue solvent. The MoO;3
(~ 10 nm) layer was thermally deposited followed by Al
(~ 100 nm) in high vacuum (~ 4 x 10~° mbar) by
thermal deposition unit. The 6 mm? pixel area measured in
all cases. Thus the size of fabricated unit cells is about
6 mm?. The final devices were encapsulated inside the inert
atmosphere.

3 Results and discussions

Figure 3a shows the J-V characteristics of the fabricated
devices, under illumination at AM 1.5. Table 1 summarizes
the best photovoltaic characteristics, i.e., open circuit
voltage (V,), short circuit current (Jg), fill factor (FF),
PCE, series (R,) and shunt resistance (Rg,).

The PCE of devices of A, B, and C batches are 6.90%,
3.96%, and 1.60%, respectively. The batch C devices
exhibited the lowest PCE as they were exposed to robust
environmental impact (oxygen and water); hence its
architecture (layers) gets degraded during processing and
annealing. The simultaneous exposure to water and
annealing decreases the device stability due to decrement
of its mechanical properties. Along with that the detailed
Raman study in our case highlighted that exposure to air
results in structural changes in PTB7 due to air exposure.
Leakage current also increases in the case when devices
were fabricated in the air. For the C batch devices, the
absorption intensity was also lowest in comparison to
device sets A and B because of the loss of chromophores
resulting from broken conjugation and chain scission due
to oxidation of the PTB7 in an ambient environment.
Hence, the device efficiency was lowest for the C set
devices. The B sets devices exhibited intermediate PCEs as
photoactive layer annealing was done in inert environment
(in vacuum oven, 29 mbar), hence the mechanical prop-
erties of the active layer are less affected then type C
devices. Thus, their efficiency is slightly higher than B set
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of devices. For the case of set A devices, the whole fab-
rication steps were performed inside glove box (N, filled),
hence the degradation was minimum because of least
exposure to environmental conditions (air and humidity),
hence the PCE was maximum for set A devices. It is also
assumed that the external stresses such as humidity affect

the mechanical properties of different layers of the OPV
device. It is known that exposure to humidity with simul-
taneous annealing results in growing of microstructures in
the active layer which forms a weak layer in the bulk
heterostructure of the active layer. This generated weak
layer decreases the mechanical; stability of the active layer
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Fig. 3 a J-V characteristics of OSCs of A (reference device), B
(annealed in vacuum), C (Annealed in ambient conditions)
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Fig. 4 Raman spectrum of fabricated OSCs of all batches

Table 1 Photovoltaic

parameters of the fabricated Devices Voe (V) I (mA/em?) FF PCE (%) R, (Q/cm?) R, (kK'Q/cm?)
0SCs A 0.74 14.7 0.63 6.90 58 27

B 0.67 112 0.52 3.96 13 0.416

C 0.46 9.2 036 1.60 27.47 0.303

hence of the overall device structure (Corazza et al. 2016).
Moreover, the most commonly used non-transparent elec-
trode i.e. aluminum (Al) is reactive with water; hence it is
also affected with humidity.

The parameters V., FF, J., and PCE of B and C bat-
ches devices were reduced in comparison to the reference
devices. The batch C devices had a robust environmental
impact (oxygen and water) on V., and it gets degraded
during processing and annealing. The series (R;) and shunt
(Ryp) resistance were calculated under light IV curve at V.
and J, respectively (Bashahu and Habyarimana 1995).
The increasing value of Rg shows that the bulk resistance of
active layer and the contact resistance between electrodes
and layer has increased and the decreased Ry, witness the
leakage current while handing the fabrication in the
ambient conditions. The thienothiophene (TT) and ben-
zodithiophene (BDT) alternating structure form the mole-
cules called PTB7, which behaves as an intermolecular
electron donor—acceptor system (He et al. 2014). The
changes in PTB7 molecular structure under different
working environment has been characterized by the Raman
Spectroscopy. Figure 4 shows the Raman spectra of blend
films which prepared as same as used for device fabrica-
tion. The three distinguishing peaks at 1489 cm™',
1549 cm™' and 1578 cm™' wavenumber observed. The
Peak 1489 cm™' which is corresponding to the C=C
stretching mode of the BDT unit’s fused thiophenes
(Razzell-Hollis et al. 2014). The peak 1549 em™ ! and
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1578 cm ™" corresponding to C=C stretching mode of the
non-fluorinated thiophene of the TT unit, and to the C=C
stretching mode of the fluorinated thiophene of TT,
respectively (Razzell-Hollis et al. 2014). The peak at
1489 cm ™! is the main informative peak, which arises due
to the conjugated backbone of PTB7. The excitation
wavelength used in our case for Raman measurements is
514 nm which coincides with the absorption range of PTB7
molecules. This overlapping wavelength helps in maxi-
mizing Raman scattering from vibrational modes associ-
ated with the conjugated backbone and shows the structural
changes in PTB7 due to ambient-air exposure. The calcu-
lated value of full width at half maximum (FWHM) for
batch A ~ 31.75, B ~ 123.77, and C ~ 219.50 at C=C
stretch mode (1489 cm™') increased, which shows
decreasing degree of molecular order of PTB7 chain in
case of air-processing. This reduction in intensity of Raman
peaks of B and C batch suggested a loss of chromophores
and chains with the broken conjugated system caused due
to insertion of oxygen into the film during fabrication in
ambient conditions (Noh et al. 2016). Batch C, where the
annealing of the photoactive layer was done in air, occurs a
peak shift by 4 cm™' (1489-1493 cm™'), highlighting a
change in bond lengths on the BDT unit after photo-oxi-
dation (Razzell-Hollis et al. 2014). All this occurs due to
the disruption of the m-conjugation.

The optical absorption spectra recorded by UV-Vis
spectroscopy of films are shown in Fig. 5. The three major
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Fig. 5 Optical absorption spectra of the blended films of

PTB7:PC;,BM

absorption peaks at 375 nm, 480 nm, 624 nm and 682 nm
are observed in all batches film. The Where n—n* transition
and internal charge transfer peaks have observed at 624 and
682 nm which demonstrating a good quality of the blend
(Huang et al. 2015). Furthermore, it is witnessed that the
blended films of all batches show similar behavior con-
cerning the wavelengths. However, the intensity of
absorption is different for all the cases. The enhanced
absorption of light contributes to higher photocurrent
generation in case A devices (Hu et al. 2013). The reason
for low light absorption in case B and C is due to loss of
chromophores resulting from broken conjugation and chain
scission due to oxidation of the PTB7 in an ambient con-
ditions (Razzell-Hollis et al. 2014; Alem et al. 2012).
The nanomorphology (Fig. 6) of bulk heterojunction
(BHJ) films were investigated by AFM. The batch A film
shows a root mean square (RMS) roughness of 4.05 nm.

=
d
<+
X
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v

However, the morphology of B and C batch films shows
RMS roughness of 5.55 nm and 6.67 nm, respectively.
Because of the smoother morphology for devices A, the
expectation of charge transport and collection are to be
higher for this batch, which are in agreement with our
device results (Table 1). However, the morphology of the
device C is less smooth than device B. Thus, AFM results
reveal that the working atmosphere and conditions have a
significant effect on the morphology and roughness of the
photoactive layers.

4 Conclusions

In this article, the consequence of environmental conditions
on the photovoltaic performance of PTB7: PC;BM
inverted OSCs, have been investigated. Three different sets
(A, B and C) of devices were made under different pro-
cessing conditions. In our case, the PCE of the solar cell
devices fabricated under ambient condition (B and C)
decreased by 42.62% and 431%, respectively, as compared
to the reference (A) prepared in an inert atmosphere. The
J-V parameters, AFM images, and the Raman spec-
troscopy results revealed that the annealing of the pho-
toactive layer under vacuum has less impact on device
performance compare to annealing in ambient condition.
Raman spectroscopy measurement highlighted that
annealing in ambient conditions leads to the insertion of
oxygen into the film which influences the bond length of
the electron-rich unit in PTB7 and thus causes a decrement
in current and voltage values. By interpretation of the
results, we have concluded that the processing environment
for device fabrication contributed as an essential role in
determining the output parameters of the resultant devices.

S1.10 nm

93.56 nm

Fig. 6 AFM images of the blended films of PTB7:PC;;BM of batcha A, b B, ¢ C
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