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The integration of novel materials such as single-walled carbon
nanotubes and nanowires into devices has been challenging, but
developments in transfer printing and solution-based methods
now allow these materials to be incorporated into large-area
electronics1–6. Similar efforts are now being devoted to making
the integration of graphene into devices technologically
feasible7–10. Here, we report a solution-based method that
allows uniform and controllable deposition of reduced
graphene oxide thin films with thicknesses ranging from a
single monolayer to several layers over large areas. The optoelectronic properties can thus be tuned over several orders of
magnitude, making them potentially useful for flexible and
transparent semiconductors or semi-metals. The thinnest films
exhibit graphene-like ambipolar transistor characteristics,
whereas thicker films behave as graphite-like semi-metals.
Collectively, our deposition method could represent a route for
translating the interesting fundamental properties of graphene
into technologically viable devices.
Electronic devices constructed from a single layer of graphite,
referred to as graphene11, have received significant attention.
Graphene is a 0 eV bandgap semiconductor in which the filled
valence band touches the empty conduction band, thus giving
rise to peculiar properties12 that could have particularly
interesting applications in electronic devices13–16. The discovery of
isolated graphene obtained from the simple mechanical cleaving
‘Scotch tape method’11 has made fabrication of devices on
individual graphene sheets straightforward. Effort is also under
way to grow large-area epitaxial graphene17,18. In addition,
promising approaches based on transfer printing of exfoliated
graphene onto electrodes on different substrates for large-scale
integration have been reported recently7–9.
In addition to individual sheet devices, efforts to obtain
graphene-based composites through the reduction of graphene
oxide (GO) in solution and incorporation into hosts have also
yielded promising results19. Recently, there have been reports of
non-composite reduction of GO into graphene using chemical
routes and high-temperature annealing20–25. The chemical
approach is appealing because it opens a route for the deposition
of graphene from solution, allowing devices to be fabricated on
virtually any surface.
We describe a simple and reproducible method to uniformly
deposit between one and five layers of graphene from reduced
GO in the form of thin films to create transistors and proof-of270

concept electrodes for organic photovoltaics (see Supplementary
Information). A GO aqueous suspension can be readily obtained
from exfoliation of graphite through oxidation26,27 (see
Methods). Methods such as drop casting20,24, rapid freezing by
spraying21 and dip coating22 from GO suspension have been used
to obtain isolated individual and multilayered sheets or thin
films. In order to reproducibly achieve uniform thin films with a
controllable number of GO layers over large areas, we have used
the vacuum filtration method, which has been used widely to
deposit highly uniform single-walled carbon nanotube (SWNT)
thin films2,28,29.
Vacuum filtration involves the filtration of a GO suspension
through a commercial mixed cellulose ester membrane with an
average pore size of 25 nm. As the suspension is filtered through
the ester membrane, the liquid is able to pass through the pores,
but the GO sheets become lodged. The permeation rate of the
solvent is controlled by the accumulation of the GO sheets on
the pores so as the number of GO layers increases at a given
location on the porous membrane, the rate of filtration decreases,
but does so to a lesser degree at thinner or uncovered regions.
The process is therefore self-regulating, which allows reasonably
good nanoscale control over the film thickness by simply varying
either the concentration of the GO in the suspension or the
filtration volume. The GO flakes on the filter membrane can then
be transferred by placing the membrane with the film side down
onto a substrate and dissolving the membrane with acetone,
leaving behind a uniform GO thin film (see Methods for details).
The yield of the transfer process is nearly 100%, independent of
the substrate, indicating that van der Waals interactions give rise
to sufficiently strong cohesive forces within the film and also
between the GO sheets and the substrate to obtain a well adhered
uniform film. Indeed, the as-deposited thin films of GO are able
to withstand typical lithographic processes (rinsing, blowing with
dry nitrogen and deposition of electrodes) without any evidence
of delamination. A GO thin film covering an area of 10 cm2 on
an ester membrane is shown in Fig. 1a, and transferred films on
glass and plastic substrates are shown in Fig. 1b,c, respectively.
The thicknesses obtained by atomic force microscope (AFM)
profilometry, ellipsometry and Raman spectroscopy were found
to be 1–2 nm for the films deposited at a filtration volume of
20 ml and 3–5 nm at 80 ml, suggesting that the thinnest films
consist of single layers of GO (ref. 23) (concentration ¼
0.33 mg l21; see Supplementary Information for experimental
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Figure 1 Thin films of solution-processed GO. a – c, Photographs of GO thin films on filtration membrane (a), glass (b) and plastic (c) substrates.
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Figure 2 Characterization of reduced GO thin films using Raman spectroscopy. a,b, Raman maps (15 mm  12 mm) for 20 ml (a) and 80 ml (b) reduced GO thin
films, in which the different colours indicate different numbers of graphene layers, as shown in the key. c, Raman spectra near the 2D peak for a single-layer region
(N ¼ 1) and for a multiple-layer region (N . 5). d,e, Optical micrographs of 20 ml (d) and 80 ml (e) films showing the different densities of the overlapped regions
(darker colours) between the graphene sheets (scale bar ¼ 20 mm).

details and AFM images). It should be noted that pure single-layer
graphene flake has a thickness of 0.34 nm, corresponding to the
interlayer spacing of graphite, but a GO sheet is 1 nm thick
due to the presence of functional groups, structural defects and
adsorbed water molecules25,30.
We also investigated the number of reduced GO layers using
Raman spectroscopy by monitoring the second-order zone
boundary phonons peak at 2,700 cm21, referred to as the G0 or
2D peak31 (see Methods). Raman spectra of reduced GO thin
films typically show the presence of the usual D, G and 2D
peaks31 (see Supplementary Information). The prominent D peak
(absent in mechanically cleaved graphene) clearly indicates the
presence of structural imperfections induced by the attachment
of hyrodxyl and epoxide groups on the carbon basal plane. The
intensity of the 2D peak with respect to the D and G peaks is
small due to disorder, and thus requires care during acquisition
and analysis. Nevertheless, the shift in this peak can be used as a
simple non-destructive tool for analysing the number of layers in

graphene31. Careful analysis of the spectra allowed us to monitor
the 2D peak shifts and thus map the number of reduced GO
layers in the thin films. The Raman maps over 15 mm  12 mm
spatial regions for the 20 ml and 80 ml reduced GO thin films
are shown in Fig. 2a and b. The 2D peak shift between one and
more than five layers of graphene was found to be approximately
40 cm21 wavenumbers, as indicated by the actual measured
peaks shown in Fig. 2c.
The Raman maps are consistent with the AFM data in that the
percolating regions consist of 1–2 and 3–5 layers in both the 20
and 80 ml thin films. However, it can be seen from Fig. 2a that
1–2 layers are more predominant in the 20 ml film compared
to the 80 ml film, where 3–5 layers are more readily visible.
In addition, thicker regions (.5 layers) are also visible in the
Raman maps, which likely arise from incomplete exfoliation of
GO in suspension24. The optical images of the 20 ml and 80 ml
films are shown in Fig. 2d and e to indicate the degree of
overlapping (darker regions) among the GO layers. The darker
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regions are clearly less visible in the 20 ml film. Our thickness results
suggest that the thin films are uniform in that they contain 1–5 layers
of reduced GO. However, the slight variation in thicknesses in
Raman maps of both films point to the fact that a better control
of the size and shape of the suspended GO sheets will be essential
if films of exactly a single monolayer are to be deposited.
After deposition, the insulating GO must be reduced to
graphene through exposure to hydrazine vapour and/or
annealing in inert conditions19–21,23–25,30,32 to render the material
electrically conductive. We found that the hydrazine vapour alone
is not sufficient to achieve maximum reduction, and annealing
alone requires relatively high temperatures (.550 8C)22. Efficient
reduction of the GO thin films was therefore achieved through a
combination of hydrazine vapour exposure and low-temperature
annealing treatment (see Supplementary Information for X-ray
photoelectron spectroscopy (XPS) results)30,32. The reduction
of GO yields thin films with properties resembling those of
graphene. More interestingly, by controlling the amount of
reduced GO on the surface, it is possible to tune the
optoelectronic properties of the thin films as summarized in
Fig. 3a,b. It can be seen from Fig. 3a that the sheet resistance of
the hydrazine-treated GO thin films is independent of the
filtration volume except at very high values (.300 ml). However,
annealing at 200 8C in nitrogen (or vacuum) leads to a dramatic
reduction in the sheet resistance (1  105 V A21). The lowest
sheet resistance value we obtained was 43 kV A21. The
saturation of sheet resistance in Fig. 3a above a critical filtration
volume is probably due to the fact that reduction is only effective
for the uppermost layers. The corresponding transmittances as a
function of the filtration volume at l ¼ 550 nm for the asdeposited GO, chemically reduced GO and chemically reduced
and annealed GO are shown in Fig. 3b (see Supplementary
Information for transmission versus wavelength plots). It can be
seen that the chemically reduced and annealed GO leads to a
decrease in the transparency of thin films that is lower than that
for reduced and non-annealed GO, also consistent with the
increase in the Drude background obtained from spectroscopic
ellipsometry (see Supplementary Information).
In order to translate the opto-electronic properties into devices,
we fabricated thin-film transistors (TFTs) with reduced GO thin
films. Of the numerous (.100) TFT devices we tested, all
showed uniform transfer characteristics regardless of the channel
length (21 mm or 210 mm, SiO2 thickness ¼ 300 nm, channel
width ¼ 400 mm). The relatively long channel lengths ensured
that the transport was bulk limited and the role of contacts was
not substantial in our devices. The transfer characteristics as a
function of temperature for the 20 and 80 ml reduced GO thin
films are shown in Fig. 4a,b, respectively, together with a
photograph of the devices (Fig. 4c). The low-temperature
measurements exhibit ambipolar characteristics, comparable to
graphene. This is remarkable, because transport between the
source and drain electrodes in our large-scale devices occurs over
several graphene sheets. The p-type oxygen doping effect11, which
increases the current and shifts the threshold voltage to positive
voltages, is dramatically reduced for both the 20 ml and 80 ml
devices when measurements are performed in vacuum. The
primary differences between the two devices are that the current
in the 80 ml TFTs is higher and the 20 ml device exhibits a
sharper turn on behaviour, which is consistent with conduction
occurring primarily through one or two layers of graphene. In
addition, the ‘V’ shape of the ambipolar graphene transfer
characteristics is more pronounced for the low-temperature
measurements of the 20 ml TFTs, suggesting the semiconducting
nature of the material. The mobility of the devices in ambient
conditions calculated from the linear regime of the transfer

80

As-deposited
Reduced
Reduced and annealed

70

0

100
200
300
400
Effective filtration volume (ml)

500

Figure 3 Electrical and optical properties of reduced GO thin films. a,b, Sheet
resistance (a) and transmittance (b) at l ¼ 550 nm as a function of filtration
volume for reduced GO thin films. Plots are shown for thin films with different
reduction steps. The sheet resistance for as-deposited GO thin films is out of scale.

characteristics (see Methods and Supplementary Information)
was found to be 1 cm2 V21 s21 for holes and was lower at low
temperatures. The electron mobilities ( 0.2 cm2 V21 s21) were
generally lower than the hole mobilities at ambient conditions,
and the reverse was true in vacuum. The lower overall mobilities
in our devices compared to those achieved in individual reduced
GO flakes (2– 200 cm2 V21 s21) could be attributed to scattering
at the junctions formed by overlapping flakes. The electron and
hole currents from TFTs and conductivity versus temperature for
the 20 ml thin films are shown in Fig. 4d,e, respectively. The
temperature dependence is unusual but consistent with the
anomalous behaviour found in exfoliated graphite33, in which
conduction is metallic-like below 50 K and then crosses over to
activated transport above this temperature.
A method is reported for uniform and controllable deposition
of 1–5 nm graphene thin films from solution at room temperature
on a variety of substrates, from the reduction of GO. The vacuum
filtration method allows the deposition of very thin films of 1–2
layers of reduced GO that are semiconducting, and thicker films
that are semi-metallic. We have demonstrated that the sheet
resistance of the thin films can be tuned over six orders of
magnitude and the transparencies from 60 to 95%. The deposition
of uniform thin films allows the simple fabrication of TFTs on
various substrates without the use of extensive lithography. Our
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Figure 4 TFT devices based on reduced GO thin films. a,b, Source – drain current as a function of gate voltage for 20 ml (a) and 80 ml (b) films measured at
different temperatures. Measurements were conducted in vacuum unless otherwise noted. c, An optical micrograph of the actual device. The channel consists of
several reduced GO sheets percolating across the source (S) and drain (D) electrodes. The channel length is 21 mm. d, Electron and hole currents at maximum and
minimum gate voltages as a function of temperature for the 20 ml film. e, Film conductivity as a function of temperature (film thickness of 2 nm is assumed)
exhibiting anomalous behaviour.

results could provide a pathway for the translation of graphene-based
research from the fundamental to the technological realm.

METHODS
Slurry of GO was obtained from SP-1 graphite (Bay Carbon) using the modified
Hummers method27. The concentration of the slurry was determined by drying GO
over phosphorus pentoxide in a vacuum desiccator for a week and was found to be
49 mg ml21. The slurry was diluted in water and sonicated to achieve exfoliated
sheets of GO. The effective filtration volume mentioned in the manuscript indicates
volumes of 0.33 mg l21 suspension required to achieve the mass deposited by
suspension of other concentrations. For example, films obtained by filtrating 60 ml
of 0.66 mg l21 suspension are indicated as a 120 ml film. A dilute GO suspension
(0.33–2.64 mg l21) was vacuum-filtrated using a mixed cellulose ester membrane
with 25 nm pores (Millipore). The membranes with captured GO were then cut
into sizes of choice, wetted with deionized water, and pressed against the substrate
surface with the GO side in contact with the substrate. The GO film was allowed to
dry and adhere to the substrate at room temperature under a 1 kg weight for at least
10 h. The weight was removed and the membrane was dissolved using acetone
(successively pure baths) to leave a GO thin film on the substrate. The films were
then rinsed with a methanol wash and dried by blowing with dry nitrogen. Similar
to the SWNT thin films, the adhesion of the GO thin films was found to be
sufficiently strong to prevent delamination during processing.
Unpolarized Raman spectra were recorded at room temperature on reduced
GO thin films deposited on 300-nm-thick SiO2. A Renishaw InVia Raman
microscope equipped with a 100 objective was used. The excitation source was
the 633 nm line from a He– Ne laser and the spot size was estimated to be
less than 2 mm. Low power and special attention was used to avoid laser heating
of the specimen. Sample areas up to 15  12 mm were mapped using a precision
xyz stage and the Renishaw 2.0 mapping software. According to recent studies31,

the peak position of the second-order Raman D-peak, f(2D), considerably
blueshifts with increasing number of layers in graphene. Therefore, we were able
to reconstruct the number of layers in our samples by mapping f(2D) in our
films. The 2D peak positions we assumed for one, two and a few layers of
graphene in order to reconstruct the maps were taken from other work31 (see
Supplementary Information, Table S1). Such values of f(2D) allowed us to obtain
the maps reported in Fig. 2a and b, which were reconstructed from the raw data
using the Matlab 6.5 Contour routine. Comparison of spectra recorded from
thick (.5 layers) and thin (1 layer) regions of the 80 ml films are reported in
Fig. 2c. In addition to the 20 and 80 ml samples, we also measured the number of
layers for a 50 ml sample (see Supplementary Information).
Bottom-gated TFTs were fabricated by depositing and reducing GO on p-Si
substrates with 300 nm thermal oxide. p-Si was used as the gate electrode. We
arbitrarily deposited gold source and drain electrodes with channel lengths of
21 mm and 210 mm to investigate the uniformity of the thin films. The mobility was
calculated using m ¼ (L/WCoxVsd)(DIsd/DVg), where L and W are the channel
length and width, Cox the gate oxide capacitance, Vsd the source–drain voltage,
Isd the source–drain current and Vg the gate voltage. The linear regime of the
transfer characteristics was used to obtain DIsd/DVg (see Supplementary
Information for details).
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