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Fabrication of graphene-based transparent conducting films via thermal annealing of graphene oxide (GO) is under consideration for commercial
mass production of graphene-based conducting films as an alternative to high-cost metal oxide-based conducting substrates. Conventional
thermal annealing, however, comes with some drawbacks, such as high-temperature annealing along with longer process times and structural
damage that hinders the applicability of GO as a transparent conductor. Here we report on a method for fabricating reduced GO-based conducting
films at a low temperature (800 °C) in the presence of ethanol as a carbon source to repair the lattice defects. The total process time is less than
1 h. The results confirm that rapid annealing in an ethanol atmosphere is an effective roll-to-roll method which reduces the thermal load on the
device used. It is also found that ethanol plays an important role in repairing the lattice defects, thereby lowering the resistance to a great extent.
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1. Introduction

There is a race to find suitable transparent conducting
electrodes (TCEs) to replace current metal oxide-based
electrodes, such as those using indium tin oxide (ITO).
Indium metal is expensive ($2–30 per m2 for coating with
90% transparency) and scarce, and the preparative methods
such as sputtering and electroplating can be costly.1) In
addition, ITO is a brittle crystalline material and hence cannot
be used in the same way as flexible TCEs.2) The minimum
standard for a substitutional material is a sheet resistance (Rs)
<100 Ω sq−1 coupled with transparency of over 90% in the
visible.1) The graphene sector shows constant progress in the
field of TCEs as a result of it being a two-dimensional
material with high charge carrier mobility and good optical
transmittance, making it the best alternative material to
replace expensive and scarce In-based electrodes.3)

Despite the remarkable electrical and mechanical proper-
ties inherent in graphene, there are some barriers to be
overcome before graphene can be used in real-life applica-
tions. Much effort and high capital expenditure are necessary
to fabricate high-quality graphene through chemical vapor
deposition (CVD) and epitaxial growth, which is not appro-
priate for large-scale production.4,5) As a result, synthesis of
graphene by the reduction of graphene oxide (GO) is
becoming the most feasible method for graphene synthesis
on an industrial-scale.6) Graphene synthesized via this
method is more precisely known as reduced graphene oxide
(RGO) to distinguish it from pristine graphene.
As the name implies, GO is a highly oxidized form of

graphene. Thus, many oxygen-containing functional groups
will be incorporated into the lattice structure, creating many
defect sites on the plane.7,8) These functionalities impart good
dispersibility of GO in water, resulting in processable single-
layered sheets.9) Several different ways of fabricating large-
area GO films on substrates have been reported so far: for
example, spin-coating, dip-coating, drop casting, layer-
by-layer deposition, the Langmuir–Blodgett method and
interfacial self-assembly.10) Of these methods, spin-coating
is the most often used and is the easiest method for preparing
GO films of a few nanometers thick, which permits the

fabrication of conductive RGO films.11) The lattice defects
and oxygen-containing functionalities present in GO make it
an insulator. Many attempts have been made to synthesize
RGO, either by chemical reduction or thermal annealing of
GO or a combination of both, to resemble pristine-type
graphene, or at least to attain better conducting properties
closer to those of pristine graphene.12) Moreover, doping of
graphene by FeCl3, AuCl3, SOCl2, etc, and encapsulation
with polymers have also been reported as methods to obtain
highly conductive RGO films.11,13) To date, high-temperature
annealing is the only method that can remove almost all
oxygen-containing groups while repairing defects in GO.14)

However, there are some points to be taken into account
when annealing GO. If annealing is conducted with a sudden
temperature increment, in addition to the deoxygenation and
exfoliation of GO sheets the graphitic structure can be
damaged, creating more defects or lattice vacancies due to
the high pressure created between sheets (130MPa is
generated at 1000 °C).15) This damage is irreversible and
affects the electronic properties of the RGO sheets. To avoid
excess damage to the graphitic structure by rapid evolution of
CO, CO2 and H2O, the initial heating from room temperature
must be done gradually (<10 °C min−1) with a holding
temperature.9) This makes the total process time-consuming,
and large amounts of energy are needed for high-temperature
annealing. Low-temperature annealing (<500 °C) cannot
remove the majority of the functional groups, hence tem-
peratures above at least 750 °C are necessary for better
deoxygenation.16) However, annealing at high temperatures
such as 2000 °C is not suitable for all types of substrates.12)

In order to transform GO into pristine graphene by repairing
the defects in the graphitic structure, deoxygenation by
annealing either in an inert or a H2-containing environment
in the presence of a carbon source has been reported.17–22)

This is done under moderate to high annealing temperatures
adopting the conditions used in synthesis of pristine
graphene or carbon nanotubes via CVD. Restoration of
the graphitic structure during thermal annealing in the
presence of ethanol (EtOH) has shown more promising
results for the preparation of highly crystalline and con-
ducting RGO films.19) However, these results were obtained
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by annealing either at a very high temperature (2000 °C) or
a longer annealing time (3 h).23) For fabrication of TCEs,
temperatures below 900 °C are suitable bearing in mind the
thermal stability of the substrates and that long fabrication
times are both time- and energy-consuming.9) Hence, it is
necessary to find much better and practical reduction
schemes for fabricating conducting and transparent RGO
films that satisfy both the substrate requirements and those
of industrial-scale fabrication.
The present work demonstrates the fabrication of con-

ducting RGO films by EtOH-assisted annealing at a moderate
temperature of 800 °C in less than 1 h using a simple CVD
device. This rapid thermal treatment allows the fabrication of
conducting RGO films without any noticeable structural
damage to the GO sheets.

2. Experimental methods

2.1. Fabrication of GO films

GO was synthesized according to a previously reported
method.22) A stable dispersion of GO (0.2 mg ml−1) was
prepared by dispersing dry GO in deionized water. Two types
of substrates, SiO2 (50 nm)/Si and quartz, were used to
fabricate the conducting films. Both substrates were cleaned
by ultrasonication using acetone and EtOH, and hydroxylated
by UV/O3 treatment. Silane functionalization was done by
placing the substrates in a solution of 2% 3-aminopropyl-
triethoxysilane in toluene for 1 h. Later, the substrates were
rinsed with toluene and EtOH, respectively. GO was spin-
coated on the substrates at a rate of 4000 rpm while dropping
10 μl of GO per droplet to get samples with different
thicknesses (corresponding to total GO loading volumes of
70–1400 μl). All samples were vacuum dried before an-
nealing. To measure the thickness, after spin-coating the GO
a slight scratch was made using a toothpick without dama-
ging the underlying substrate. Additionally, to show the
effect of EtOH in restoration, two samples were prepared by
spin-coating 2 μl of GO on SiO2 (50 nm)/Si substrates so that
a few flakes of GO were deposited; one was annealed with
EtOH and the other without EtOH.
2.2. Ethanol-assisted thermal annealing of GO films
Annealing was done in a simple commercial CVD set-up
(Microphase MPCNT-Basic). The ceramic cup containing
10 ml of EtOH was placed below the carbon heater and the
sample was kept on the carbon heater. Chamber pressure was
maintained at 10 kPa by purging with a 3% H2/Ar gas
mixture and evaporating the EtOH. The temperature was
increased to 800 °C by increasing the current of the power
supply system within about 24 s. The temperature was
monitored using a digital infrared thermometer (CHINO
IR-AHS0). With the increase in temperature, EtOH started
to evaporate. the process being concluded in about 19 min.
Total annealing time was fixed to 30 min. Thereafter, the
current was reduced to zero and gas purging was stopped.
Then the set-up was allowed to come to room temperature
while vacuuming to <1 kPa.
Additionally, a two-step reduction method (chemical

reduction followed by thermal annealing) was carried out in
order to study how it would affect the degree of deoxygena-
tion and formation of a conducting film. A detailed metho-
dology and results for this method are given in the online
supplementary data.

2.3. Materials characterization
The degree of restoration was monitored by Raman spectro-
scopy (Renishaw InVia Raman spectroscope). Samples were
excited by 532 nm laser with a ×50 objective lens. The
chemical state of oxygen-containing functionalities was ana-
lyzed by X-ray photoelectron spectroscopy (XPS; Ulvac-PHI
5000 Versa Probe II) with an Al Kα X-ray source. Surface
topography and film thickness were analyzed by atomic force
microscopy (AFM; Bruker Multimode 8) using a Si probe with
Al coating (Tap-300, resonance frequency 300 kHz, spring
constant 40 Nm−1). Transmittance was measured with a Jasco
V-650 double-beam UV–visible spectrophotometer. Sheet
resistance measurements were carried out by the four-point
probe method using a Keithley 2636 system source meter.
Samples coated with RGO were patterned with nickel (Ni)
contacts by sputtering Ni through a pre-patterned mask. The
channel width (W, graphene width) and channel length (L,
distance between two electrodes) were measured using an
optical microscope and Rs was calculated using the equation
Rs= (RW)/L, where R is the resistance.20)

3. Results and discussion

The topography and thickness of the films prepared on SiO2

(50 nm)/Si substrates before and after annealing were ana-
lyzed by AFM. As shown in Fig. 1(a), at lower GO loading
volumes from 70–280 μl the GO flakes were clearly resolved
up to three to four monolayers, with uncovered regions on the
substrate resulting in step heights of 2–3 nm in most areas. As
the GO loading volume increased, the uncovered areas were
filled and more GO sheets overlapped so that it is difficult to
resolve the sheets clearly [Fig. 1(c)]. Figures 1(b) and 1(d)
depict the topography of the films obtained after annealing,
where the RGO sheets were still observed clearly at 280 μl
and dense packing or overlapping occurred at 1400 μl. In our
previous report we demonstrated that any noticeable damage
on the flakes or delamination of the sheets were not detected
with this rapid thermal treatment.22) Figure 2 illustrates the
thickness of the films prepared on SiO2 (50 nm)/Si substrates
measured before and after annealing. With the increase in GO
loading the film thickness increases continuously. After
annealing, the thickness of all the films is decreased due to
the removal of oxygen-containing groups. The number of GO
sheets that can be present in any sample was determined
taking into account that the thickness of a single sheet of GO
is 1 nm.6) Assuming the number of sheets remains the same
after annealing, the thickness of the films was calculated after
annealing on the basis that the thickness of a single RGO
sheet is 0.4 nm. These results are summarized in Table I.
Both calculated and measured thicknesses of RGO sheets are
in good agreement, which further affirms that the sheets have
not been delaminated. The slight difference can be attributed
to the thickness variation that might have been caused by
disordered stacking of sheets during spin-coating and the
residual oxygen-containing functional groups present among
sheets.
The root mean square roughness (Rq) of the prepared films

before and after annealing was measured and the results are
shown in Fig. 3. With increase in GO loading volume the
value of Rq also increases (ranging from 0.58–1.8 nm for
280–1400 μl). Unlike when measuring the Rq of a single GO
flake, which may not have any wrinkles on the surface, when
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measuring the Rq of GO films one must take into account the
wrinkles, folding or any other deformations that occur upon
deposition during spin-coating. As a result, the roughness
may have increased with the increase in GO loading.

However, after annealing, the Rq value of all the films was
decreased (ranging from 0.226–0.53 nm for 280–1400 μl).
The decrease of the Rq value after annealing is under-
standable. According to our previous report and other
literature,22,24) when the Rq of GO and RGO flakes is
compared, GO has a higher Rq than RGO due to the attached
oxygen-containing functional groups and lattice defects.
Upon annealing, Rq decreases due to the removal of
oxygen-containing functional groups and repair of the lattice
defects; hence, the overall roughness of the RGO films will
decrease.
Figures 4(a) and 4(b), respectively, represent the high-

resolution carbon spectra of GO and RGO films obtained by
XPS. GO has four deconvoluted components revealing the

Fig. 2. (Color online) Film thickness before and after annealing of the
samples prepared with increasing GO loading volume.

Table I. Thickness of GO (tGO) and RGO (tRGO) films prepared at
increasing GO loading volume measured by AFM and the calculated RGO
film thickness based on the assumed number of GO sheets.

Sample tGO (nm)
Assumed no.
of sheets

tRGO (nm)
(measured)

tRGO (nm)
(calculated)

[280] 3.0 3 1.0 1.2
[560] 7.4 7 2.5 2.8
[840] 10.6 10 3.5 4
[1120] 13.6 13 4 5.2
[1400] 16.2 16 5 6.4

(a) (b)

(c) (d)

Fig. 1. (Color online) The AFM images of GO and RGO films with different loading volumes: 280 μl film before (a) and after annealing (b), and 1400 μl
film before (c) and after annealing (d).
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presence of sp2 C=C (∼284.5 eV), C–O in hydroxyl and
epoxide groups (∼286.6 eV), C=O (∼287.8 eV) as well as
COOH (∼288.9 eV) components. After annealing, the in-
tensity of the peaks corresponding to oxygen-containing
functionalities shows a drastic drop, particularly the C–O

peak, indicating that basal plane hydroxyl and epoxide
groups and interlayer or adsorbed moisture have been
removed. The reduced thickness observed in AFM is due
to this deoxygenation. The remaining functionalities could be
those that are present at defect sites or edges, which are
known to be more stable than basal plane functional groups.8)

Two additional peaks are observed in the high-resolution
carbon spectrum of the RGO film at 285.3 eV and 290.7 eV
that can be attributed to sp3 C–C and C–H bonds, and the π–
π* satellite peak (due to C=C conjugation), respectively. The
edge saturation by H atoms resulting in C–H bonds may be
from the H2 in the carrier gas.
Figure 5(a) illustrates the Raman spectra of GO and GO

annealed with and without EtOH. Broad D- and G-bands
along with a flat D+G region are present in GO due to the
highly defected and oxygenated nature. Upon annealing with
EtOH, the evolution of the G′-band is clearly observed; this is
absent in the sample annealed without EtOH. This is a good
indication that restoration has taken place in the presence of
EtOH. Additionally, both D- and G-bands have become sharp
compared with those in GO and without EtOH. The Raman
spectra for the samples prepared with increased GO loading
volumes and annealed in the presence of EtOH are presented
in Fig. 5(b). The intensity of the G′-band has decreased and
the peaks have become broad with increase in the GO loading
amount. Unlike in graphite, where the graphene sheets show
an ordered AB Bernal stacking behavior, RGO sheets show a
disordered stacking behavior caused by spin-coating of GO.
If the restoration by EtOH occurs in all the RGO sheets
despite the thickness, the G′-peak should not become
broader.25,26) Hence, we believe that the reason for this
G′-peak broadening is the effect of EtOH on restoration and
it could be limited to the topmost layers. This can be further
confirmed by analyzing the effect of EtOH on single-,
double-, triple- or multi-layer RGO. Figure A6, available
online at stacks.iop.org/JJAP/58/SIIB07/mmedia, shows the
Raman spectra of RGO sheets with different numbers of
layers annealed under same conditions in the presence of
EtOH, where with the increase of RGO sheets or layers the
G′-peak becomes broader and the IG′/IG ratio becomes
smaller. However, a noticeable change in these parameters
cannot be seen in single-, double- or triple-layer RGO, which
indicates that restoration by EtOH can reach up to nearly
three layers (from top to bottom); above that the effects
lessen. The mobility of EtOH molecules and their pyrolyzed
fragments also plays an important role in restoration.27)

Migration of these entities through RGO sheets is perhaps
not so efficient at increased thicknesses. Hence, the restora-
tion of lattice defects is better performed at the top layers first
and to a small extent at inner sheets. However, to make solid
conclusions more experiments and theoretical calculations
will be required. Figure 6 depicts the Raman maps taken for
ID/IG ratios of the samples from 280–1400 μl over a
120 μm× 120 μm area with a step-size increment of 2 μm;
the corresponding optical microscope images are shown in
Fig. 7. Generally, the ID/IG ratio is an indication of defect
density.25) Accordingly, the ID/IG ratio of the 280 μl sample
is the highest and has decreased with increase in GO loading
amount. However, we cannot conclude from this that the
defects have been decreased, because the D- and G-bands are
broad at higher volumes, as is seen in the Raman spectra.

(a)

(b)

Fig. 4. (Color online) XPS images of GO (a) and RGO (b) at 280 μl
loading.

Fig. 3. (Color online) Root mean square roughness (Rq) of the films before
(GO) and after (RGO) EtOH annealing with increase of GO loading volume.
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This again affirms the conclusion we made earlier: restoration
of lattice defects in bottom layers may have not have properly
occurred in thicker samples. As we saw earlier in AFM, at
lower GO loading volumes, the substrate is not fully covered
while the flakes also appear as three or four monolayers.

The high ID/IG ratio along with sharp peaks in the 280 μl
sample indicate deoxygenation. The red regions with higher
ID/IG ratio (∼1.3) can be ascribed to monolayers of RGO.
With an increase in the number of layers, this ratio decreases
(∼1.2).

(a) (b)

Fig. 5. (Color online) Raman spectra of GO, and GO annealed with and without EtOH for single flakes of GO (a) and Raman spectra of the samples with
increased GO loading volumes and annealed in the presence of EtOH (b).

Fig. 6. (Color online) Raman mapping results of the ID/IG ratio of the samples from 280–1400 μl GO loading over a 120 μm × 120 μm area (shown at the
same vertical scale).
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Fig. 7. (Color online) Optical microscopic images (×50 lens) of RGO films fabricated at increasing GO loading volumes (scale bar is 20 μm).

(a)

(b)
(c)

Fig. 8. (Color online) Measurements of the sheet resistance (Rs) and percentage transmittance (T%): Rs of the RGO films on SiO2/Si substrates (a) (the red
and blue symbols are for the samples annealed with and without EtOH, respectively; the thickness of the film after annealing is given within parentheses);
(b) Rs and T% of the RGO films on quartz substrates; (c) digital photographs showing the GO and RGO films on quartz substrates with increased GO loading
volume.
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The RGO films fabricated on both SiO2 (50 nm)/Si and
quartz substrates with GO loading amounts from 70 to 840 μl
were subjected to measurements of Rs by the four-point probe
method. Figure 8(a) depicts the Rs of RGO films on a SiO2/Si
substrate fabricated by annealing in the presence of EtOH (in
red). For comparison, one sample made without EtOH
annealing is also shown (in blue). With the increase in GO
loading volume Rs has decreased (from 20 to 9 kΩ sq−1). This
can be attributed to the high charge carrier concentration
resulting from more restored RGO sheets.28) In contrast, for
the sample annealed without EtOH Rs had a very high value
(100 kΩ sq−1) compared with the sample annealed with
EtOH at the same GO loading amount (15 kΩ sq−1). This
further testifies that EtOH was involved in the restoration of
the lattice defects, thereby improving the extended π-con-
jugated system. The same measurement was carried out for
the RGO films fabricated on quartz substrates [see Fig. 8(b)].
In addition to Rs measurements, percentage transmittance
(T%) at 550 nm was determined by UV–visible spectroscopy.
Although we used the same GO loading amount to fabricate
RGO films on both substrates, the Rs values showed notice-
able differences, particularly at lower loading amounts (70

and 140 μl). A few assumptions could be made in this regard;
firstly, the two substrates have different surface morphologies
and/or roughness (the Rq of SiO2/Si and quartz substrates was
found to be 0.28 ± 0.03 nm and 0.44 ± 0.02 nm, respectively),
making the deposition of GO flakes on the substrate different.
Secondly, the coverage or the distribution of GO flakes on
the substrate changes with the increase in GO loading [as
shown schematically in Fig. 8(b)]. The two photographs in
Fig. 8(c) depict the films fabricated on quartz, before and
after annealing, with increasing GO loading. Before an-
nealing, GO films appear transparent due to the insulating
properties caused by their highly defective nature. Upon
annealing, deoxygenation occurs and most of the defects will
be restored. As a result, RGO films appear darker with an
increase in GO loading amount as the transmittance de-
creases. However, when comparing the samples annealed
with and without EtOH at the same GO loading amounts, the
transparencies of the samples annealed without EtOH were
observed to be slightly higher than those of the samples
annealed with EtOH (e.g. at 280 μl loading T% values of
81% and 84% were obtained for the samples annealed with
and without EtOH, respectively). This is another indication

(a) (b)

(c)

Fig. 9. (Color online) The UV–visible spectra of GO and RGO films on a quartz substrate at 840 μl GO loading and on a bare quartz substrate (a), and the
corresponding Tauc plots (b) and the Tauc plots of RGO films prepared with and without EtOH.
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that restoration has taken place in the presence of EtOH, and
when more defects are repaired by EtOH the transparency
decreases.18) Figure 9(a) displays the UV–visible spectra of
GO films prepared on a quartz substrate by spin-coating
840 μl of GO before and after annealing and a bare quartz
substrate. The GO spectrum has a peak at 230 nm which is
attributed to π–π* transition of C=C bonds and a shoulder
peak at ∼300 nm attributed to n–π* transitions of C=O
bonds. In the RGO spectrum, the π–π* peak has redshifted to
272 nm due to the extended double-bond conjugation and the
n–π* peak has disappeared due to the removal of C=O
groups. Based on these spectra, the Tauc plots29) were plotted
for both GO and RGO [see Fig. 9(b)]. Accordingly, the band
gap of both GO and RGO is 4 eV and 3 eV respectively.
Hence, GO appears as transparent in the visible and RGO
appears darker and becomes conductive. These results are
consistent with the values reported in the literature. The band
gaps of both GO and RGO can be tuned by controlling the
reduction conditions because they largely depend on the
number of oxygen-containing groups and lattice defects
present in the material.30,31) Additionally, Tauc plots for
samples annealed with and without EtOH were plotted and
are shown in Fig. 9(c). A slightly lower band gap for the
sample annealed without EtOH was observed (2.8 eV). This
trend was the same for other samples (at different GO
loadings) annealed without EtOH compared with their
counterparts annealed with EtOH. This seems to deviate
from the discussion we gave earlier, where in the presence of
EtOH lattice defects will be repaired, resulting in highly
ordered RGO sheets with a lower band gap. The only
difference that can be observed in the UV–visible spectra is
the slightly lower T% in the sample without EtOH. Hence, a
definitive conclusion cannot be given at present.
We note here that we have succeeded in fabricating

transparent and conducting RGO films with a total process
time of less than 1 h at 800 °C. The works reported so far on
RGO-based conducting films have been done at high
temperatures or by combining hydrazine-assisted chemical
reduction and annealing or by modifying the graphitic
structure using polymers or heteroatomic dopants to get
better electrical properties. However, in our work the main
purpose is to fabricate transparent and conducting RGO films
in a roll-to-roll manner with a short process time and at a
relatively low temperature. Hence, any structural modifica-
tions or doping have not been considered at present.

4. Conclusions

This study demonstrates the possibility of fabricating RGO-
based transparent conducting films in a rapid thermal
annealing process for the first time at a mild temperature.
We have reported that annealing in the presence of EtOH
would enhance the electrical properties of the RGO films due
to defect repair. Although the obtained sheet resistance values
are still too high for many TCE-based applications, this
method seems to be promising for fabrication of smart
windows or antistatic coatings which do not require higher
conductivities. Overall, if this inexpensive and abundant

material (RGO) is to be used as a TCE material, substantial
improvements in the film fabrication process are necessary to
obtain much better electrical properties for commercializa-
tion. We also point out the potential use of rapid mild
temperature annealing, which is in great demand for indus-
trial-scale fabrication.
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