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ABSTRACT

Transparent, conductive, and ultrathin graphene films, as an alternative to the ubiquitously employed metal oxides window electrodes for
solid-state dye-sensitized solar cells, are demonstrated. These graphene films are fabricated from exfoliated graphite oxide, followed by therma l
reduction. The obtained films exhibit a high conductivity of 550 S/cm and a transparency of more than 70% over 1000 −3000 nm. Furthermore,
they show high chemical and thermal stabilities as well as an ultrasmooth surface with tunable wettability.

Indium tin oxide (ITO) and fluorine tin oxide (FTO) have
been widely used as window electrodes in optoelectronic
devices.1 These metal oxides, however, appear to be increas-
ingly problematic due to (i) the limited availability of the
element indium on earth, (ii) their instability in the presence
of acid or base, (iii) their susceptibility to ion diffusion into
polymer layers, (iv) their limited transparency in the near-
infrared region, and (v) the current leakage of FTO devices
caused by FTO structure defects.2 The search for novel
electrode materials with good stability, high transparency and
excellent conductivity is therefore a crucial goal for opto-
electronics.3 Graphene, two-dimensional graphite, as a rising
star in material science, exhibits remarkable electronic
properties that qualify it for applications in future optoelec-
tronic devices.4 Recently, transparent and conductive graphene-
based composites have been prepared by incorporation of
graphene sheets into polystyrene or silica.5 However, the
conductivity of such transparent composites is low, typically
ranging from 10-3 to 1 S/cm depending upon the graphene
sheet loading level, which makes the composites incapable
of serving as window electrodes in optoelectronic devices.

Herein, we present a simple approach for the fabrication
of conductive, transparent, and ultrathin graphene films from
exfoliated graphite oxide, followed by thermal reduction. The
obtained graphene films with a thickness of ca. 10 nm exhibit
a high conductivity of 550 S/cm, which is comparable to
that of polycrystalline graphite (1250 S/cm), and a transpar-
ency of more than 70% over 1000-3000 nm. The application
of graphene films as window electrodes in solid-state dye-
sensitized solar cells is demonstrated.

Graphene sheets have been produced either by mechanical
exfoliationVia repeated peeling of highly ordered pyrolytic
graphite (HOPG) or by chemical oxidation of graphite.6,9

Considering the facile solution processing, the oxidation of
graphite was preferred for this study. Oxygen-containing
functional groups render the graphite oxide (GO) hydrophilic
and dispersible in water.

GO was produced by the Hummers method6 through acid
oxidation of flake graphite. The primary product was
suspended in water under ultrasonication for half an hour,
followed by centrifuged at 4000 rpm for 30 min. The
obtained supernate was dried via evaporation of water under
vacuum. Then, the solid were dispersed again in water (1.5
mg/mL) by ultrasonicated for 2 h and centrifuged at 10 000
rpm for 15 min to further remove aggregates. Finally, the
supernate was collected and ready for use. Such aqueous
dispersion of exfoliated GO could stay stable for several
weeks, free of any obvious precipitates. The exfoliated
graphene sheets with lateral dimensions of several tens to
hundreds of nanometers were observed under scanning
electron microscopy (SEM) (Figure 1a). However, the
obtained GO are electrically insulating due to the heavy
oxygenation of graphene sheets. Reduction of GO, either by
chemical reaction using reducing agent,10 such as NaBH4 or
dimethylhydrazine, or by pyrolysis at high temperatures,11

has been reported to render the material electrically conduc-
tive. However, to avoid agglomeration of graphene sheets
after reduction, other host molecules such as polymers must
be used,5,10 which hamper the electron-transfer property of
the graphenes. In this work, GO sheets were first deposited
on the surface of the substrate and then reduced into
graphenes, which afforded ultrathin and homogeneous
graphene films.
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Typically, GO sheets were deposited on hydrophilic
substrates (such as pretreated quartz) by dip coating of a
hot, aqueous GO dispersion and subsequent temperature-
controlled drying of the film. The thickness of the film was
tuned by changing the temperature of GO dispersion as well
as the dipping repetition. For example, 2-fold dip coating of
the GO dispersion at 70°C resulted in a ca. 10 nm thick,
continuous and homogeneous film. Quasi-one-dimensional
creases with a length of 0.2-2.5 µm and a height of 5-20
nm were observed with SEM (Figure 1b) and atomic force
microscopy (AFM), which was formed by the overlap of
GO sheets where some of the graphene edges were scrolled
or folded12 (Figure 1c,d) during film fabrication.

Reduction of the GO film into a graphene film was
achievedVia thermal treatment under protection of Ar and/
or H2 flow. Color change from light brown to light gray of
the GO film on quartz indicated the formation of graphene.
The obtained graphene film displayed similar morphology
to GO film and creases were occasionally observed (Sup-
porting Information). However, the surface roughness (Ra)
has been improved significantly after thermal treatment. The
averageRa of the as prepared graphene film over a 10× 10
µm2 area is ca. 0. 78 nm. It is widely accepted that theRa of
the electrodes is crucial in optoelectronic devices.2 In contrast
to the rough FTO surface,13 which might short-circuit the
cells, an ultrasmooth surface is a prominent characteristic
of the graphene films.

The electrical conductivity of the as-prepared graphene
films is closely related to the annealing temperature and the
thickness of the film. At a given film thickness of ca. 10

nm, concomitant increase of film conductivity was observed
with an increase in the heating temperatures from 550 to
1100°C (Supporting Information). The sheet resistance (Rs)
of a 10.1 ( 0.76 nm thick graphene film prepared by
1100 °C thermal treatment was 1.8( 0.08 kΩ/sq using a
four-point probe method (at 20 different positions of the
film), and the calculated average conductivity is ca. 550
S/cm. In addition, the conductivity of graphene film increased
to 727 S/cm when the film thickness was increased to 29.9
( 1.1 nm, for which theRs is 0.46( 0.03 kΩ/sq. The high
conductivity of the graphene film, comparable to that of
polycrystalline graphite (1250 S/cm),14 results from the
effective recovering and subsequent annealing of continuous
and overlapped graphene sheets by removal of oxygenated
groups in GO films as shown by IR spectroscopy (Supporting
Information).

Raman spectra of the graphene film (obtained at 1100°C)
showed two typical bands at 1598 cm-1 (G band) and 1300
cm-1 (D band) (Supporting Information), similar to that of
conventional carbon nanotubes.15 The crystalline lattice of
the graphenes is visible under high-resolution transmission
electron micrograph (HRTEM). Typically, two crystal planes
corresponding tod-spacing of 0.216 nm{indices (01h10)}
and 0.126 nm{indices (12h10)} were found by selected-area
electron diffraction (SAED) (Supporting Information), which
is consistent with the results reported for single or double
layer graphenes.12 In some areas of the film, stacking of the
graphenes to up to tens of layers was observed (Figure 2a).
Two dominant SAED peaks for indices (0002) (0.347 nm
spacing) and (01h10) (0.218 nm spacing) are very strong in

Figure 1. Morphology of GO films. (A) SEM image of exfoliated graphite oxide (GO). (B) SEM image of GO film prepared from dip
coating. (C) AFM height image (3.2× 3.2 µm2) (color scale: black to bright yellow, 30 nm). (D) AFM phase image (color scale: black
to bright yellow, 15°) of the obtained GO film.
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this case, suggesting the existence of scrolled or folded
graphenes in the film,12 which was probably caused by the
scratching of the film during TEM sample preparation or
by the creases formed during the film fabrication.

The transmittance of the graphene film depends on the
film thickness. At a wavelength of 1000 nm, a ca. 10 nm
thick film has a transmittance of 70.7%, which is lower than
that of FTO (purchased from Solaronix SA, TCO 10-10)
of 82.4% and ITO (purchased from Merck KGaA, with an
ITO thickness of about 120 nm and sheet sheet resistance
<15 Ω cm-2) of 90.0%. However, decreasing the film
thickness leads to an improvement of the transmittance to
over 80.0%. Most interestingly, in contrast to FTO and ITO,
which show strong absorptions in the region of near- (0.75-
1.4 µm) and short-wavelength infrared (1.4-3 µm), the
graphene films remain transparent in these regions (Figure
2b). This unique optical property makes the graphene films
outstanding as window electrodes for optoelectronics ap-
plicable to a wide range of wavelengths. Films obtained from
lower temperatures such as 700 and 500°C show stronger
absorption in the range 200-1000 nm, compared to the films
obtained from 1100°C (Supporting Information), suggesting
that the transparency of graphene films is also correlated to
their structures. A higher extent of graphitization of GO film
is important to improve not only the transmittance but also
the conductivity of the finally formed graphene films.

Besides low resistance, high transparency, and a smooth
surface, a high thermal stability is necessary for application
as electrodes in dye-sensitized TiO2 solar cells to replace
FTO. After heating to as high as 400°C in air, the graphene
films remain intact and have a conductivity comparable to
that of the original films. Furthermore, in contrast to metal
oxide coatings, graphene films are chemically stable and
resistant to strong acids such as hydrochloride acid. It is also
notable that the surface wettability of graphene film is
tunable. The contact angle of graphene films was changed
from 66.5-69° to 2.2-8.6° by exposure to argon plasma
treatment for 30 s. Thereby, the sheet resistance of the film
changed little from 0.9 to 1.08 kΩ/sq.

To demonstrate how the transparent graphene films are
potential window electrodes for optoelectronics, a dye-
sensitized solid solar cell based on spiro-OMeTAD1 (as a
hole transport material) and porous TiO2 (for electron
transport) was fabricated using the graphene film as anode
and Au as cathode (Figure 3a). In optoelectronic devices,
proper contact between electrode and p/n type material is

Figure 2. Structure and transmittance of graphene films. (A)
HRTEM image of graphene films with corresponding SAED pattern
(inset). (B) Transmittance of a ca. 10 nm thick graphene film (red),
in comparison with that of ITO (black) and FTO (blue). Figure 3. Illustration and performance of solar cell based on

graphene electrodes. (A) Illustration of dye-sensitized solar cell
using graphene film as electrode, the four layers from bottom to
top are Au, dye-sensitized heterojunction, compact TiO2, and
graphene film. (B) The energy level diagram of graphene/TiO2/
dye/spiro-OMeTAD/Au device. (C)I-V curve of graphene-based
cell (black) and the FTO-based cell (red), illuminated under AM
solar light (1 sun).
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essential for charge collection. Figure 3b shows the energy
level diagram of a graphene/TiO2/dye/spiro-OMeTAD/Au
device. Because the calculated work function of graphene
is 4.42 eV16 and the mostly reported work function of HOPG
is 4.5 eV,17 it is reasonable to presume that the work function
of as prepared graphene film is close to that of FTO electrode
(4.4 eV18). The electrons are first injected from the excited
state of the dye into the conduction band of TiO2 and then
reach the graphene electrode via a percolation mechanism
inside the porous TiO2 structure.19 Meanwhile, the photo-
oxidized dyes are regenerated by the spiro-OMeTAD hole
conducting molecules.

Because spiro-OMeTAD and graphite have been proved
to form ohmic contact,19 a blocking TiO2 layer is used to
prohibit the possible recombination of the charge carriers at
the interface of graphene electrode/spiro-OMeTAD. There-
fore, the devices were prepared by first depositing a compact
blocking TiO2 layer via spin-coating Ti-IV tetra-isopro-
poxide (TTIP) ethanol solution7 on electrodes of graphene
films or F-doped SnO2 (FTO, purchased from Solaronix SA).
Afterward, the substrate was sintered at 400°C for 30 min,
followed by fabrication of a 2.5-3 µm thick mesoporous
film of TiO2 via doctor-blading a TiO2 paste (Ti-Nanoxide
T, Solaronix). The substrate was sintered at 400°C again
for 1 h and then sensitized by soaking in an ethanol solution
of ruthenium dye N3 (Ru(4,4′-dicarboxy-2,2′-bipyridine)2-
(NCS)2) for 7 h and then washed with ethanol. The hole
transporter matrix layer was prepared by spin-coating a
solution of spiro-OMeTAD (0.17 M) in chlorobenzene,
containingtert-butylpyridine (0.13 M), N(PhBr)3SbCl6 (0.3
mM), and Li(CF3SO2)2N (0.013 M).8 Finally, a 50 nm thick
Au electrode was evaporated on top of substrates.

The current-voltage (I-V) characteristics of the device
(the efficient area of the device is 0.11 cm2) under illumina-
tion of simulated solar light (light intensity: 98.3 mW/cm2,
calibrated against silicon photovoltaic solar cells) showed a
short-circuit photocurrent density (Isc) of 1.01 mA/cm2 with
an open-circuit voltage (Voc) of 0.7 V, calculated filling factor
(FF) of 0.36, and overall power conversion efficiency of
0.26%. For comparison, an FTO-based cell was fabricated
and evaluated with the same procedure and device structure
by replacing graphene film electrode with FTO. The FTO-
based cell gaveIsc of 3.02 mA/cm2, Voc of 0.76 V, FF of
0.36, and an efficiency of 0.84%. The somewhat lowerIsc

and efficiency of the graphene film-based cell might be
possibly due to the series resistance of the device, the rela-
tively lower transmittance of the electrode, as well as the
electronic interfacial change. We believe there is room for
improvement, such as increasing conductivity of graphene
films via the use of graphene sheets with lateral dimensions
on the micrometer scale, or exploitation of a new and special
structure of solar cells based on graphene films as electrodes.
Further investigation of high quality graphene film prepara-
tion such as using bottom-up approaches with chemically
synthesized nanographenes as precursors and more suitable
engineering procedures for fabricating graphene film-based
cells is ongoing in our group.

It should be noted that the concept of using transparent,
conductive graphene films as window electrodes in solar cells
works well, even in a nonoptimized state. The advantages
of our approach include cheap and abundant carbon resources
and simple fabrication procedures. The unique properties of
the as-obtained graphene film [(i) excellent conductivity, (ii)
good transparency in both the visible and near-infrared
regions, (iii) ultrasmooth surface with tunable wettability,
(iv) high chemical and thermal stabilities, and (v) flexibility
for transfer between alternative substrates] render the graphene-
based window electrodes versatile for applications not only
in solar cells described in this work but also in many other
optoelectronic devices. Obviously, this is a new starting point
in the direction of graphene window electrodes for the
development of next generation of optoelectronics. Expecta-
tions and exciting discoveries both will be in front of us.
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