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In this paper, we present the first organic photovoltaic (OPV) devices fabricated with FeClg
intercalated few layer graphene (i-FLG) electrodes. i-FLG electrodes were first fabricated
and characterized by electrical and spectroscopic means, showing enhanced conductive
properties compared to pristine graphene. These electrodes were then used in the
fabrication of OPV devices and tested against devices made with commercially available
Indium Tin Oxide (ITO) electrodes. Both types of device achieved similar efficiencies,
while the i-FLG based device exhibited superior charge transport properties due to
the increase in work function characterizing i-FLG. Both types of device underwent a
stability study using both periodic and continuous illumination measurements, which
revealed i-FLG based OPVs to be significantly more stable than those based on ITO.
These improvements are expected to translate to increased device lifetimes and a greater
total energy payback from i-FLG based photovoltaic devices. These results highlight the
potential benefits of using intercalated graphene materials as an alternative to ITO in
photovoltaic devices.
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1. INTRODUCTION

Increasing concerns over the threat of climate change are driving requirements for a substantial
change to our methods of energy production. Photovoltaic energy harvesting promises to provide
a renewable source of energy with far less associated CO, emissions than conventional fossil fuels
(Pehl et al., 2017), and has the potential to meet a greater energy need than all other renewable
energy sources combined (Darling and You, 2013). Yet the high monetary and material cost of
large scale manufacture and installation of solar cells has proved a barrier to many promising
photovoltaic technologies in the past (Darling and You, 2013). For a new photovoltaic technology
to rise through the energy market it must not only have a high efficiency, but also a long enough
device lifetime to pay back the energy cost of fabrication. This is quantified by the Energy Payback
Time (EPBT) metric, being the time required for a device to operate in order to repay the energy
cost of the device’s fabrication. Organic Photovoltaic (OPV) devices have significantly shorter
EPBTs than conventional Si solar cells, on the order of days (Espinosa et al., 2012) as opposed
to years for Si devices (Fthenakis and Kim, 2011; Bhandari et al., 2015; Malinowski et al., 2017).
OPVs have the potential to provide a lower manufacturing cost than conventional photovoltaic
technologies. However, one of the key contributions to the energy cost of fabrication for OPV
devices is the cost required to produce the Indium Tin Oxide (ITO) electrode (Espinosa et al.,
2011), accounting for up to 87% of the energy cost of fabrication for OPV devices. The replacement
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of ITO in OPV devices has the potential to reduce production
costs to the point where OPV technologies can provide cheaper
energy than alternative Photovoltaic technologies (Darling and
You, 2013). Another key requirement for an increased EPBT
is the stability of OPV devices. Various degradation pathways
present in the OVP devices have been identified, including
the thermal stability of the active layers (Wong et al., 2014),
photo-oxidation (Razzell-Hollis et al., 2014; Speller et al., 2019),
atmospheric oxidation (Weu et al., 2019), and the ingress of water
into the cell (Glen et al., 2016). Apart from these degradation
pathways, there is significant evidence that ITO contributes to
the degradation due to the ingress of indium ions into the active
layers, caused by the acidic conditions from the PEDOT:PSS Hole
Transport Layers (HTL) (Gallardo et al., 2007; Wu et al., 2007;
Sharma et al., 2011). Finding a suitable electrode to replace ITO
is therefore paramount to the development of OPV technologies
and the lowered cost of renewable energy.

One such candidate for a replacement electrode is graphene.
Gaining notoriety after its discovery in 2004 (Novoselov et al.,
2004), graphene quickly became one of the most rigorously
studied materials of the twenty-first century due to its impressive
electronic (Novoselov et al., 2005; Castro Neto et al., 2009),
mechanical (Lee et al., 2008), and optical properties (Nair et al.,
2008). Due to its two dimensional (2D) hexagonal arrangement of
carbon atoms, graphene has both excellent mechanical strength
and conductivity, while also being thin enough to have excellent
transmission to light in the visible range. These combined
properties not only make graphene an excellent material for
use as a transparent electrode across many applications, but are
especially promising for OPV devices, as it allows the devices
to utilize the OPV materials’ inherent flexibility. However, the
fabrication of a suitable graphene electrode that can compete
with the properties of ITO has proved to be a challenge.
Large area samples of graphene grown by Chemical Vapor
Deposition (CVD) have a high sheet resistance when compared
to mechanically exfoliated graphene (Sun et al, 2010), and
a much higher sheet resistance than ITO. Likewise, graphene
exfoliated in solution or solution processed reduced graphene
oxide has also shown promise for large area optoelectronic
device applications due to its low cost method of production,
further reducing the EPBT required of the device. Though
this has been the subject of much research (Kymakis et al.,
2013; Balis et al., 2016) the sheet resistance of these samples
remains many orders of magnitude higher than that of ITO
(Kymakis et al., 2011), making it difficult to achieve comparable
efficiencies with such electrodes. However, the sheet resistance
of graphene can be significantly reduced through doping, either
by chemical or physical means (Brunetti et al., 2015; Shin et al.,
2018). Out of the many explored routes to improve graphene’s
conductive properties, few methods have shown more promise
than intercalation of Few Layer Graphene (FLG) by FeCl;
(Khrapach et al.,, 2012; Bointon et al., 2014). In this process,
FeCls molecules are able to penetrate between the layers in the
graphene, causing a strong p-doping effect. This results in a
reduction of the sheet resistance of the intercalated Few Layer
graphene (i-FLG) by up to two orders of magnitude (Khrapach
et al, 2012), as well as a significant increase in the sample’s

Work Function (WF) (Bointon et al., 2015). In addition to
these highly desirable traits, the i-FLG is stable to high levels
of humidity across a wide range of temperatures (Wehenkel
et al.,, 2015) and can be processed in large areas (Bointon et al.,
2015; Walsh et al., 2018). i-FLG has so far been demonstrated
as a transparent electrode in optoelectronic devices such as
photodetectors (Withers et al., 2013; de Sanctis et al., 2017) and
flexible lighting devices (Torres Alonso et al., 2016).

In this investigation we fabricate i-FLG electrodes and
use them to produce functioning OPV devices, using
PTB7/PC70BM Bulk Heterojunction (BHJ) active layer.
The electrical conductivity, optical transmittance and surface
morphology of i-FLG has already been characterized and
published elsewhere (Khrapach et al., 2012; Bointon et al., 2014,
2015; Wehenkel et al., 2015; Walsh et al., 2018) by our group.
These devices are compared to devices fabricated in tandem
using commercially available ITO as the anode. While comparing
device performance metrics is paramount to identifying new
materials for OPV device fabrication, investigating the impact to
device stability is also an important and often overlooked factor.
As such, device stability studies under both continuous and
periodic illumination were performed, the results give insight
into methods of improving device stability by the replacement of
ITO as the anode material.

2. MATERIALS AND METHODS

Here, we detail the materials and methods used in the fabrication
and characterization of OPV devices made with ITO and i-FLG
electrodes.

2.1. Fabrication

Transfer and intercalation of FLG samples was performed
following the procedures set out in previous works (Khrapach
etal,,2012; Walsh et al., 2018). FLG samples grown on Ni/Si/SiO,
substrates were purchased from Graphene Supermarket, and
coated with a protective layer of Poly(Methyl Methacrylate)
(PMMA). A solution of FeCl3 was used to etch the Ni catalyst,
allowing the FLG to be transferred to a glass substrate. After
cleaning and removal of the PMMA protective layer using washes
in Acetone and Isopropyl Alcohol (IPA), FLG samples were
intercalated with FeCls using a three zone furnace method. The
FeCls intercalant was heated to a temperature of 315°C causing it
to sublimate, while the sample was maintained at a temperature
0f 360°C. This allows the molecules of FeCls to penetrate between
the graphene layers, intercalating the FLG sample.

Before being used in OPV devices, i-FLG electrodes were
cleaned using a 5 min UV/Ozone treatment (UV/Ozone Cleaner,
Ossila) in order to improve the wetting of the i-FLG surface
by the hole transport layer (HTL). OPV device fabrication
was performed following the standard design and blend ratios
for PTB7:PC70BM OPV devices (He et al.,, 2011; Ding et al,
2016). An aqueous solution of poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), purchased from Ossila
(HTL Solar, Ossila), is spin coated to form a 40 nm thick HTL
over the i-FLG anode. The Bulk Heterojunction (BHJ) active
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layer solution is prepared from a mixture of Poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl] [3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
(PTB7) polymer donor and Phenyl-C70-butyric acid methyl
ester (PC70BM) fullerene acceptor. These two compounds are
mixed in a 1.5:1 ratio in a solution of Dichlorobenzene (DCB)
with 3%/vol 1,8-Diiodooctane (DIO). This BH]J solution is then
spincoated onto the HTL for a thickness of 90 nm. Finally, a
Zinc Oxide (ZnO) Electron Transport Layer (ETL) is spincoated
onto the BHJ and an Aluminum cathode deposited by thermal
evaporation, using a custom built evaporation mask to define
the solar cell active area. Devices were not encapsulated such
that the impact of atmospheric degradation on the devices could
be understood.

2.2. Characterization

Raman Spectroscopy was used to characterize the i-FLG, as has
been extensively demonstrated in previous works. A custom built
multipurpose microscope was used (Sanctis et al., 2017), with a
30-50 mW, 514 nm laser (2 s exposure time, 1 um spot diameter).
Raman spectra were taken periodically over a 30 x 30 pum area,
allowing a Raman map to be produced. The doping across the
sample can be observed through the relative shift in the G peak
position of the Raman spectrum. Hence, Raman maps could be
used to characterize the average doping in the sample.

The sheet resistance of graphene samples was measured by the
4-point probe method after the samples had been intercalated.
Work Function values for the samples were measured by
Scanning Kelvin Prove Force Microscopy (SKPFM) over a 20 x
20 pm area.

A class ABB solar simulator (Newport, 94011A) is used to
expose OPV devices to a AM1.5G spectrum with an irradiance
of 1 Sun. Current-Voltage (IV) characteristics are measured,
running forward and reverse voltage sweeps between 1 and —1
V, with a voltage step of 10 mV and a settle time of 10 ms.
Measurements were taken in both light and dark conditions
to fully characterize the devices. The stability of the OPV
devices was investigated in two manners, one where the device
performance was measured under continuous illumination and
another where the devices were periodically characterized in
between being stored in a desiccator. Four curves were taken
every 60 s under continuous illumination over a period of 1
h, while under periodic illumination devices were characterized
multiple times over the period of 11 days, or until the
device failed.

3. RESULTS

Figure 1A shows an optical image of the intercalated graphene
electrode on a quartz substrate. The inset shows a magnified
optical microscope image of the FLG film (scale bar shown).
Ni grown CVD graphene grows in a patchwork manner, with
individual graphene domains spanning some 10’ of pm. This
gives the surface of the sample an inherent roughness due to
the variation in number of layers in each graphene domain. This
also produces variation in the doping of the intercalated sample,
due to variation in the staging of the intercalant molecules.

Raman spectroscopy is used to characterize the doping of
the graphene sample, which gives access to a wide variety of
important information such as the doping conditions, strain, and
number of layers among others. The doping level can be easily
extracted by calculating the relative shift in G-peak compared
to an undoped sample as was described by Lazzeri and Mauri
(2006). Figure 1B shows the G-peak of the Raman spectrum for
an i-FLG sample. The G-peak is composed of three subpeaks,
relating to different doping environments in the sample caused
by the aforementioned variation in intercalant staging. This can
be quantified by the relative G-peak shift metric, (PosG) (Walsh
etal., 2018), as shown by Equation (1).

PosGO% + 21‘2:1 PosG;AreaG;
AreaG, 2
o 4 > i1 AreaG;

(PosG) = (1)

This metric weighs the relative peak shift of each sub-peak by
its area (half area for GO peak, as the G-peak narrows with
doping; Pisana et al, 2007; Das et al., 2008), normalized to
the total area of the peak. Using this PosG metric, a map of
the intercalation across a 30 x 30 um area was generated in
Figure 1C. The maps of various areas are then converted to
histograms to better compare the degree of intercalation in
different samples. In Figure 1D, we show the PosG histograms
for pristine and intercalated samples, with the average PosG
values displayed above their respective histograms. Variation in
the value of (PosG) is caused by the variation in the sample
thickness. This produces different staging conditions, as thicker
areas of graphene typically intercalate better than thin areas,
thereby receiving a higher level of doping. From the histogram
it is clear to see that the entire sample has been intercalated,
resulting in a highly doped electrode material with reduced sheet
resistance and increased work function.

0)Y devices with the structure
Quartz/Anode/PEDOT:PSS/PTB7:PC70BM/Zn0O/Al were
fabricated, using both ITO and i-FLG as the anode materials,
respectively. Figure 2A shows the structure for devices utilizing
i-FLG as the anode. In this structure the absorption of photons
occurs in the BHJ layer (PTB7:PC70BM), forming excitons
which diffuse through the BHJ layer until they reach a boundary
at the donor/acceptor interface (Yan et al., 2018). This allows
the exciton to separate into charge carriers (electrons and
holes), which are then transported through the donor/acceptor
materials and electron/hole transport layers. The energy band
structure that is produced as a result of device structure is
shown in Figure 2B. The band gap of the solar cell is defined
by the difference in the energy of the HOMO of the donor
compound and the LUMO of the acceptor compound, which
in this case is 1.1 eV. The key difference between the two
devices fabricated lies in the differences between their electrodes.
The i-FLG electrode possesses a much higher work function
due to the lowered Fermi level of the graphene layers caused
by p-doping from intercalation. The work function of i-FLG
allows for a better match to the energy level of the hole
transport layer (PEDOT:PSS). This leads to an improvement
in charge extraction capabilities of the OPV device when
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FIGURE 1 | (A) Image of 1 x 1 cm FeCls intercalated Few Layer Graphene electrode with magnified insert showing patchwork structure of the Ni CVD graphene. (B)
G-peak of the Raman spectrum of FeCls intercalated graphene. p-doping causes a stiffening of the G-peak, forming three sub-peaks (GO, G1, and G2), each relating
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compared to ITO counterpart devices. Such improvement can
be seen in Figure 2C from the shape of the i-FLG devices
IV curve. The IV curve is used to assess the performance
of the solar cell devices by comparing calculated efficiency
values, along with many other device performance metrics.
The increased work function of the i-FLG electrodes leads to
an increased fill factor of 47.5% compared to 36.4% for ITO
devices, as well as a lowered series resistance and increased
shunt resistance. However, ITO devices performed better with
a peak efficiency of 3.15% and an average device efficiency
of 2.43 £ 0.11%, compared to a peak and average efficiency
of 2.78% and 1.83 & 0.29% for the i-FLG devices. Average
device efficiencies were calculated from 11 ITO devices and
5 i-FLG devices. The higher efficiency is due to the larger Jsc
for ITO devices caused by ITO’s high transmittance of around
85%, compared to i-FLG’s transmittance of 75% at 550 nm
(Supplementary Figure 1). This allows for the absorption of
a greater number of photons by the BHJ and therefore the
generation of a larger photocurrent. Despite this, the difference
in device efficiency is relatively small, while it can be seen that

there is a significant improvement to charge transport when
using the i-FLG electrodes.

After the basic characterization of the OPV devices,
their stability to atmospheric degradation was investigated by
measuring device performance under continuous illumination.
The reduction in performance is a result of both the continued
exposure to light and the damage caused to the devices from
atmospheric factors, such as humidity and oxidation of active
layers (Yilmaz et al., 2017). Device efficiencies displayed have
been normalized to the device’s performance at the beginning
of measurement to better show the change in performance
over time. Figure3A shows the normalized efficiency data
for both devices over the first hour of testing. As is clearly
shown in the graph, the efficiency of the ITO device degrades
much more rapidly than the i-FLG device, dropping by 20%
of its original efficiency over the first 30 min before the rate
of degradation begins to decrease. i-FLG devices show a far
slower rate of degradation, exhibiting a linear drop in efficiency
of around 5% over the full hour of exposure, compared to
a drop of more than 25% observed for ITO devices. This
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drop in efficiency is primarily caused by a drop in short
circuit current observed for both devices. However, as with
efficiency, the short circuit current for ITO devices drops far
more rapidly than for i-FLG devices, as shown in Figure 3B.
In addition to the drop in the short circuit current, it can be
seen that the series resistance of the ITO devices also increases
faster than i-FLG under the same illumination conditions
(Figure 3C). The series resistance of i-FLG electrodes only
increases very slightly over the course of the testing, remaining
below 40 Q cm? for the full duration of the investigation.
ITO device series resistance, however, is around 60 € cm? at
the start of the measurement and varies by as much as 20
Q cm? between each measurement, eventually increasing by
approximately 25 Q c¢m? after the hour of testing. The shunt
resistance for both sets of devices varied significantly during the
continuous illumination measurements. However, the average
values remained constant at around 140 Qcm ™2 for ITO and 115
Qcm~2 for i-FLG devices (Supplementary Figure 6). The lower
shunt resistance of i-FLG devices indicates alternate current
paths present in the BHJ and are likely due to variation in
OPV batches as opposed to originating from a difference in
the electrodes. These results indicate that not only is i-FLG a
better performing electrode in terms of charge extraction, but it
is also much more resilient to the degradation associated with
device operation.

The decay behavior shown by the ITO based devices is typical
for many OPV devices, showing an initial rapid decrease in
efficiency in what is known as the burn in phase, before reverting
to a slower rate of degradation (Mateker and McGehee, 2017).
Fitting both sets of data with decay equations we find that i-FLG
devices’ decay obeys a zeroth order decay law, while ITO devices

obey a second order decay law; as described by Equations (2) and
(3), respectively.

E(t) = E(0)At ()
Lo L 3)
E(t) E()

where Ej is the efficiency at time t = 0, E(t) is the efficiency
measured after some time, ¢, and A is the decay constant.
The higher order decay rate exhibited by ITO devices is likely
due to additional intrinsic/extrinsic factors affecting the device
degradation in ITO devices, compared to i-FLG devices. This
means that while both devices will be similarly impacted by the
atmospheric conditions the devices are exposed to, additional
factors are impacting the ITO devices. A prime contender for a
key aspect of device degradation that impacts ITO based devices
more strongly than i-FLG devices is the acidity of the PEDOT:PSS
layer damaging the ITO electrode (Girtan and Rusu, 2010;
Sharma et al., 2011). This explains the rise in series resistance
of ITO devices and why i-FLG devices did not exhibit the same
increase. In addition, this damage to the ITO can result in the
ingress of indium ions into the polymer layers of the device,
further accelerating device degradation by the creation of defects
in the active layers of the device. Such a diffuse contact can cause
the formation of large area charge blocking layers, this has also
been observed to occur at the Al cathode due to the oxidation
of the Al at the Al/ZnO interface (Wang et al,, 2011). i-FLG
has been shown to be very resilient to damage from a range
of environmental conditions, such as corrosive environments
(Srimaneepong et al., 2020) or high temperature and humidity
(Wehenkel et al., 2015). It is likely that resistance to acidic

Frontiers in Electronics | www.frontiersin.org

5 April 2021 | Volume 2 | Article 643687


https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://www.frontiersin.org/journals/electronics#articles

Walsh et al.

Improved OPV Stability With i-FLG-Electrodes

A B
1.05 : : : : ; 2
- = 1
i ° -
1 T i 8
T S N L PR e S S
E _________ g 0.9
~— » e - P
> 095 Mg ¥ R0 s
& ) ° 0.8
§ 0.9 5
&=
h] C
- 085" ] 100
N
a— o~
S o8 I
E ™ - Q
g * -F-;LG . S 60
—_— ~—~
0.75 e ITO c‘m 40
——Fit e ®
i, *
0.7 L L L L -. @ 20
0 10 20 30 40 50 60 0 20 40 60
Time / Minutes Time / Minutes
FIGURE 3 | (A) Normalized efficiency stability over time for ITO and i-FLG devices. Solid lines show the fit to the data, dashed lines show 95% confidence range. Data
is normalized to the performance of the device at t = 0. (B) Variation in Normalized short circuit current over time. (C) Variation in device series resistance over time.

conditions prevents damage to the i-FLG electrode, while the
ITO electrode is very susceptible to this type of damage, although
this would require further study to explicitly demonstrate. Other
sources of degradation that will still affect the i-FLG devices are
primarily the ingress of water and air molecules into the device
active layers. This causes the oxidation of the donor and acceptor
molecules, increasing trap density and lowering the photocurrent
generated by the cell.

Figure 4 shows the performance of the i-FLG and ITO based
OPV devices subjected to periodic illumination. Under these
conditions, devices performed for a much greater length of time
before degrading, i.e., for more than 250 h as compared to devices
subjected to continuous illumination. This effect may be due to
the fact that the devices were stored in a desiccator between each
successive measurement, limiting the damage to the device that
could be caused by exposure to light and atmospheric factors
such as humidity and exposure to oxygen. When comparing the
performance of i-FLG devices with ITO devices (Figure 4A),
we observed that after 3 days from the first measurement, both
sets showed an increase in the normalized efficiency caused by
an increase in the open circuit voltage of both devices (shown
in Figure 4B for ITO and Figure 4C for i-FLG). This is likely
due to the removal of remnant solvent in the BHJ during the
period in the desiccator, allowing the donor/acceptor compounds
to rearrange in the BHJ. Such an effect would reduce unwanted
charge carrier recombination, increasing the open circuit voltage.
What is most notable in this measurement is that after 100 h
all ITO devices had failed, while all i-FLG devices maintained
a better performance than their original measurement for more
than 250 h. This indicates that i-FLG has the potential to greatly

improve the lifetime of OPV devices, removing the unstable and
costly ITO from the devices entirely.

4. DISCUSSION

In conclusion, our investigation raises evidence that the
replacement of ITO electrodes in OPV devices can greatly
improve the stability of the device’s performance. FeCl;
Intercalated FLG electrode based devices proved to be much
more stable than ITO based devices under both continuous and
periodic illumination. This highlights a relatively unexplored
benefit of replacing ITO with graphene based transparent
electrodes in OPV devices. The key aspect of device degradation
that impacts ITO based devices more strongly than i-FLG
devices is the acidity of the PEDOT:PSS layer damaging
the ITO electrode. This effect leads to an increase in series
resistance of ITO devices, while i-FLG devices did not exhibit
the same effect. Indeed, i-FLG has been shown to be very
resilient to damage from many sources, but most notably
from high pH acids, such as HCI, due to the impressive
chemical inertness of the graphene surface (Singh Raman
and Tiwari, 2014; Kwon et al, 2018). In the absence of
degradation due to acidity, device performance is primarily
effected by the ingress of water and air molecules into the device
active layers. Device efliciencies were lower than similar OPV
devices published in the literature for both ITO and i-FLG
electrodes. This is likely caused by the commercially available
materials used in the BHJ, and the fabrication of the OPV
devices not yet being fully optimized. As higher efficiencies
have been demonstrated for ITO devices in the past, it is
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likely that even higher efficiencies can also be achieved for i-
FLG devices also. Once fully optimized, future work should
focus on investigating the i-FLG device flexibility and changes
in performance. Previous investigations have highlighted that
graphene based electrodes outperform ITO devices under bent
conditions (Kymakis et al., 2013). It is also highly probable that
device stability and lifetimes could be improved by using device
encapsulation procedures.
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