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Solution-processable graphene mesh transparent
electrodes for organic solar cells
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Graphene mesh electrodes (GMEs) with good conductivity and transparency
have been fabricated by the standard industrial photolithography and O2 plasma
etching process using graphene solutions. Organic photovoltaic (OPV) cells using
GMEs as the transparent electrodes with a blend of poly-(3-hexylthiophene)/
phenyl-C61-butyric acid methyl ester (P3HT/PC61BM) as the active layer have
been fabricated and exhibit a power conversion efficiency (PCE) of 2.04%, the
highest PCE for solution-processed graphene transparent electrode-based solar
cells reported to date.
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Organic photovoltaic (OPV) cells have drawn more
and more attention as a non-exhaustible and clean
energy source with the advantages of low-cost, lightweight, large-area, and high mechanical flexibility [1].
Transparent electrode materials are the critical component of OPV cells. Currently, indium tin oxide (ITO)
has been the dominant material used as the electrodes
because it offers high transparency in the visible range
of the solar spectrum as well as good conductivity.
Address correspondence to yschen99@nankai.edu.cn

However, it appears to be increasingly problematic to
continue to rely on ITO transparent electrodes due to
the scarcity of indium reserves, the intensive processing
requirements, its instability in acid or base, and the
highly brittle nature of the metal oxide [2, 3]. Seeking
replacement materials for ITO with comparable performance and lower cost is in high demand.
In recent years, graphene, a two-dimensional
carbon material, has attracted great attention owing
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to its intrinsic outstanding electronic [4, 5], optical [6],
thermal [7] and mechanical [8] properties. Graphenebased materials have been widely studied as transparent electrodes [9–33]. Among the general methods
to obtain graphene thin films such as micromechanical
exfoliation, epitaxial growth, chemical vapor deposition
(CVD) and reduced graphene oxide (rGO), the last
method demonstrates the advantages of low cost,
simplicity of fabrication technique, and ease of scaleup for practical applications. However, there is an
unavoidable tradeoff between the transparency and
conductivity for rGO-based transparent electrodes.
OPV cells based on rGO electrodes generally exhibit
poor power conversion efficiencies (PCE) of less
than 1.0% [15–20], mainly owing to their combined
characteristics of large sheet resistance and low
transparency when used in OPV cells. So the key issue
for graphene-based transparent electrodes is to obtain
films with both good conductivity and appropriate
transparency.
Meanwhile, metal grid electrodes with high transparency have been widely investigated and comparable
OPV performances with ITO have also been obtained
[34–37]. However, discontinuities in the conductivity
of these films on a local scale are generated in the active
layer and recombine before diffusing to the closest grid
line. In addition, most methods for the fabrication
of such patterned metal grids are cumbersome and
involve costly patterning techniques.
Inspired by such metal grid or mesh electrodes,
graphene mesh electrodes (GME) have been prepared

in this study. In previous work, Zhang et al. reported
the fabrication of graphene nanomesh (GNM) using
anodic aluminum oxide (AAO) as an etch mask with
poly(methyl methacrylate) as the adhesion layer between the AAO template and the rGO sheets assembled
on a Si/SiO2 substrate together with O2 plasma etching
[38], and Mullen patterned graphene using evaporated
Al as the mask and O2 plasma to remove graphene
not protected by the mask [22]. In this work, we
report the fabrication of GMEs by using the standard
industrial photolithography and O2 plasma etching
process, which is a conventional technology in the
semiconductor industry and is practical for producing
graphene mesh transparent electrodes on a large scale.
OPV devices employing the GMEs as the transparent
electrodes with poly-(3-hexylthiophene)/phenyl-C61butyric acid methyl ester (P3HT/PC61BM) as the active
layer [1] have been fabricated and exhibit a PCE of
2.04%, which corresponds to 67% of the efficiency of the
control device using ITO as the transparent electrode.
To the best of our knowledge, this is the highest PCE for
a solution-processed graphene transparent electrodebased OPV cell.
The fabrication of GMEs by the conventional
photolithography and O2 plasma etching methods is
illustrated in Fig. 1. First, a GO dispersion in water
was spin-coated on a pre-cleaned quartz substrate
and was then thermally annealed at 950 °C to restore
graphene film conductivity. GO was prepared with
a modified Hummers’ method as described in our
previous work [39]. The thickness of the as prepared

Figure 1 Illustration of the schematic steps for the preparation of the graphene mesh electrodes.
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rGO film is ~100 nm. Afterwards, the photolithography
and O2 plasma etching process were conducted. The
standard industrial photolithography process was
followed, which includes the spin-coating of positive
photoresist on the surface of the rGO film, exposure
to ultraviolet light, development, O2 plasma etching
steps, and the removal of the photoresist patterns.
Details are given in the Electronic Supplementary
Materials (ESM). The graphene grid patterns were
obtained by the protection of the photoresist patterns,
and the unprotected graphene sheets were etched
away by O2 plasma. In this way, the pattern of the
resulting GME structures can be controlled precisely
and follows exactly that of the mask used (Figs. 2(a)
and 2(b)). Atomic force microscopy (AFM) images
are shown in the ESM (Figs. S1(a) and S1(b)). The
mask used had a 50 μm period and 10 μm line width

Figure 2 (a) and (b) Microscopy images of the GME with a 50 μm
period and 10 μm line width. The scale bar in the microscopy
images is 0.1 mm (a) and 0.02 mm (b). (c) Optical images of the
as-prepared rGO films (the upper image) and the GMEs (the
lower image).

and can be conveniently adjusted. The theoretical
transparency of the mask is 70%, which is determined
by the line width of the grid lines, or equivalently,
the opening ratio of the grid. The transparency of the
graphene electrode before the mask-based etching is
~8% and the transparency of the electrode after the
mask-based etching has been greatly improved to 65%,
slightly smaller than the mask’s theoretical value of
70% (Fig. 2(c)). This is probably due to the unavoidable
edge effect of the mask during the etching process. It
should be noted that the patterned graphene films
prepared following the above procedure offer the promise of application not only for transparent electrodes
but also for integrated circuits and other devices.
Before the etching, the film with 8% transmittance at
550 nm had a sheet resistance of about 150 Ω·sq.–1. The
depth of the pits is mainly dependent on the O2 plasma
etching time, which also impacts the transparency. With
the increase of the the O2 plasma etching time (from 4
to 10 min), the depth of the pits increased (see Fig. 3),
and the transparency also improved significantly over
the whole spectral region, as shown in Fig. 4. Other
masks with different patterning periods and line widths
have also been used to prepare the GMEs, such as
one with a 50 μm period and 20 μm line width and
another one with a 30 μm period and 10 μm line width.
However, the maximum transparencies obtained were
50% and 56% respectively for these two cases. Overall,
the GME with 50 μm period and 10 μm line width,
which has a higher transparency and comparable
sheet resistance, gave the best performance as the
transparent electrode in OPV.

Figure 3 The depth of the pit as a function of different O2 plasma
etching times.
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Figure 6 Configuration of the OPV device GME/PEDOT:PSS/
P3HT:PC61BM/LiF/Al.
Figure 4 Optical transmittance spectra of GMEs with different
depths of the pits.

As expected, the conductivity of the as-prepared
GMEs based on the same mask is also closely related
to the depth of the pits. With a given initial film
thickness of ~100 nm, a concomitant decrease in film
conductivity was observed with an increase of the
depth of the pit from 40 to 100 nm, controlled by O2
plasma etching time (Fig. 5). Under our conditions, the
etched graphene films could reach a sheet resistance
of 700 Ω·sq.–1 (transmittance of 65% at 550 nm), which
is much lower than the resistance of 17.9 kΩ·sq.–1
(transmittance of 69% at 550 nm) without etching [15].
To investigate the suitability of the GMEs as
anodes in OPV cells, devices with the structure of
GME/PEDOT:PSS/P3HT:PC61BM/LiF/Al (PEDOT:PSS =
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
were fabricated (Fig. 6; details of the fabrication of the

Figure 5 Variation of sheet resistance for different depths of the
pits in the GMEs.

device are in the ESM). Normally, the rGO film surface
is hydrophobic, which makes it difficult to get a
uniform PEDOT:PSS layer. However, our as-obtained
GMEs are more hydrophilic than those not etched,
because the O2 plasma can produce some oxygencontaining functional groups on the surface. The
characteristic parameters of OPV devices using GMEs
with different transparency and sheet resistance
together, with the reference device using ITO as the
transparent electrodes, are listed in Table 1. The open
circuit voltage (Voc) of the devices based on GMEs is
about 0.52 V, which is comparable with that of ITObased devices. Meanwhile, on going from device 1 to
device 4 when the graphene is not completely etched
away for the etched areas, the short-circuit current
density (Jsc) increases from 2.97 to 6.35 mA·cm–2 as
the thickness of the graphene in the etched areas is
Table 1 Summary of the photovoltaic performance of OPV devices
based on GMEs with different depths of the pits (d), transparency (T)
and sheet resistance (RSR) and the reference device based on ITO
Device (d, T, RSR
of GME)

Voc
(V)

Jsc
(mA·cm–2)

FF

PCE
(%)

1 (40–45 nm, 21%,
401 Ω·sq.–1)

0.50

2.97

0.57

0.86

2 (70–75 nm, 38%,
486 Ω·sq.–1)

0.52

3.50

0.54

0.99

3 (80–85 nm, 46%,
512 Ω·sq.–1)

0.54

5.66

0.55

1.66

4 (85–90 nm, 55%,
608 Ω·sq.–1)

0.54

6.35

0.58

2.04

5 (~100 nm, 65%,
750 Ω·sq.–1)

0.52

2.39

0.34

0.41

ITO

0.56

8.98

0.60

3.00
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reduced, and thus the enhancement in transparency
directly results in a great improvement in the PCE
from 0.86% to 2.04%. However after the transparency
reaches ~65%, Jsc and FF are markedly reduced, as in
the case for device 5 in Table 1. The Raman spectrum
of the GME of device 5 (Fig. 7) recorded for the
patterned regions of the graphene mesh on quartz
substrates shows that the unetched channels display
the characteristic graphene D and G bands at 1,354
and 1,596 cm–1. However, for the etched area of GME,
both the D and G bands disappear, indicating that
no residual graphene material remains in the pit
area under these conditions. We thus believe that the
graphene in the pit area was totally etched away under
this condition, which resulted in discontinuities of
charge transportation channels on a local scale comparable to the spacing of the grids, and this would
significantly reduce the efficiency of the charge
collection. Similar results have been observed for
metal mesh electrodes [34–36]. We also investigated
the photovoltaic performance of cells based on GMEs
with different initial thickness when the graphene in
the pits is completely etched away. The photovoltaic
characteristic results are listed in Table S1 (in the ESM):
the values of Jsc and FF are very low, as discussed
above for the case of device 5. Therefore, there is an
optimum depth of the pits for the GMEs in order to
achieve the best OPV performance.

Figure 7 The Raman spectra for the GME with 65% transparency
for device 5 in Table 1. The unetched area exhibits the characteristic D and G peaks of graphene materials. For the etched
area, the absence of the typical D and G peaks indicates the
complete removal of the graphene in the etched area.

For comparison, the control device using ITO as the
electrode has been tested under the same conditions
and a PCE of 3.00% was obtained with a Voc of 0.56 V,
Jsc of 8.98 mA·cm–2 and a FF of 0.60 (Fig. 8). While the
overall performance of devices using GME is still
lower than that using ITO, it is better than that of
analogous cells based on rGO reported previously
[15–20]. The lower efficiency of the device based
on GMEs is probably still mainly due to the low
transparency. The devices prepared in this study also
showed much higher FF (0.58) than the previously
reported graphene film electrode devices (0.48) [15–20],
which is due to the well-established heterojunction and
the low series resistance of the device configuration.
Another possible reason is that the shunt resistance
(Rsh) of the GME-based OPV device gave a value of
1.52 × 103 Ω·cm–2, which is slightly higher than that
of the ITO-based OPV device (1.42 × 103 Ω·cm–2). The
shunt resistance (Rsh) is given by the inverse gradient
of the J–V curves at the open-circuit voltage. Also, we
noted that the device based on GME exhibited good
diode behavior with a rectification ratio of approximately three orders of magnitude at biases ±1 V
(Fig. S2 in the ESM). All these factors contributed to
the improved performance of the GME-based OPV
devices. Further studies are in progress to improve
the performance of the GME-based solar cell devices
by optimizing the transparency of the GMEs and controlling the interfacial contact between the graphene
electrode and the PEDOT:PSS layer.

Figure 8 The current density–voltage (J–V) curves of the anode/
PEDOT:PSS/P3HT:PC61BM/LiF/Al photovoltaic cells with ITO
(red) or GME (black) as the anode under illumination of AM.1.5,
100 mW.cm–2.
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In conclusion, OPV devices based on GMEs have
been fabricated for the first time and 2.04% PCE has
been achieved, the highest PCE value obtained to date
using solution-processed graphene materials as the
transparent electrode material. Using the standard
industrial photolithography technique, the mesh
electrode patterns can be controlled precisely to achieve
a balance of the conductivity and transparency. These
results, combined with the solution-processable and
readily available GO, make the application of graphene
as the transparent electrode in OPV and other
optoelectronic devices a realistic proposition.
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