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Abstract—This paper reviews recent work on the development
and use of a low-temperature, laser-based method for the efficient
reduction of graphene oxide (GO) films. The method utilizes a
laser beam for the in-situ and nonthermal reduction of solution-
processed GO layers onto arbitrary substrates. Compared to other
reduction techniques, it is single-step, facile, and can be performed
at room temperature in ambient atmosphere without affecting the
integrity of the either the graphene lattice or the physical properties
of the underling substrate. Using this method, conductive layers of
reduced GO with a sheet resistance down to ∼700 Ω/sq, are ob-
tained. This is much lower than sheet resistance values reported
previously for GO layers reduced by chemical means. As a proof of
concept, laser-reduced GO layers were successfully utilized as the
transparent anode electrodes in flexible bulk-heterojunction OPVs
and as the channel material in field-effect transistors. To the best of
our knowledge, this is the only example of an in-situ, postfabrica-
tion method for the reduction of GO and its implementation in fully
functional opto/electronic devices. The nonthermal nature of the
method combined with its simplicity and scalability, makes it very
attractive for the manufacturing of future generation large-volume
graphene-based opto/electronics.

Index Terms—Flexible electronics, graphene, graphene oxide
(GO), organic photovoltaics (OPVs), transistors.

I. INTRODUCTION

SOLUTION-processable semiconductors represent a fast
emerging technology that promises to replace traditional

inorganic semiconductors, such as silicon, in a number of es-
tablished as well as novel electronic applications [1]. This is
primarily due to their numerous advantages that include; com-
patibility with solution-based large-area processing and inex-
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pensive flexible substrate materials, as well as control of their
electrical, magnetic, and optical properties [2], [3].

Although the family of solution-processable semiconductors
includes both organic as well as inorganic materials, the branch
of electronics based on them is often called organic/plastic elec-
tronics [4]. Flexible electronics [5] have been a growing part of
research and development in organic electronics due to their ex-
panding applications, including touch screens, optical displays,
photovoltaics, lighting devices, and sensors [6]. This technol-
ogy is based on the controlled deposition and/or printing of
different solution-processed layers that form the various device
components, onto mechanically flexible substrates [5]. A critical
requirement for this technology is that the fabrication processes
must be compatible with the nominally low-temperature plastic
materials that are being considered for the substrates. In addi-
tion to the electrical and optical properties, the ideal solution-
processable electronic material should be mechanically robust
under extensive bending. Recent research has focused on the de-
velopment of conductive and semiconductive flexible nanolay-
ers based on composites of carbon nanotubes (CNTs) [7] and
nanowire networks [8], [9]. Although such materials are suit-
able for low cost, large area flexible electronic applications,
the nanometers-thick layers developed to date exhibit relatively
high roughness. The latter characteristic limits the applicabil-
ity of these technologies since it is often found to reduce the
manufacturing yield of the respective devices.

Owing to its 2-D structure and the resulting unique elec-
tronic properties (ballistic charge transport, etc.), graphene has
attracted significant interest for use in a host of opto/electronic
applications [10], [11]. Indeed, solution-processed graphene
derivatives were proved to be strong candidates for flexible
electronic devices including transparent electrodes [12], field-
effect transistors (FETs) [13], field emitters [14], electron ac-
ceptors [15], and buffer layers [16] in photovoltaic devices. As
a result, much attention has been paid to the mass production
of large-area graphene layers. Production techniques reported
to date include mechanical [17] and chemical [18] exfoliation
as well as thermal and plasma [19], [20] enhanced chemical
vapor deposition. Another very promising and cost effective
method is the reduction of solution processable graphene oxide
(GO) [21]. The latter can be easily produced by exfoliation in
aqueous solution of inexpensive graphite oxide to form sheets
comprising single or few layers of carbon atoms decorated with
oxygenated species. Among the numerous advantages of GO,
many of which not provided by any other production technique,
is that it is highly hydrophilic, thus it can form stable aqueous
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colloids which in turn can facilitate the assembly of macroscopic
structures and large-area devices using simple and inexpensive
solution-based processing methods. On the other hand, the prod-
uct of the reduction process, commonly referred to as reduced
GO (r-GO), is of moderate electrical performance when com-
pared to graphene, mainly due to the presence of oxygen-related
defects in the graphene lattice. Therefore, the principal aim of
each reduction technique is to yield a material as close in struc-
ture and physical properties to graphene as possible [22].

Reduction of GO is often achieved via chemical reaction
with reducing agents and/or high temperature annealing under
inert atmosphere [12], [23]. Such reduction processes, apart
from the facts that are time-consuming and complex, are of-
ten not compatible with inexpensive flexible substrates, such as
polyethylene terephthalate (PET), since the latter cannot with-
stand high temperatures (>250 ◦C) or corrosive chemical agents.
One plastic-compatible method that has recently been used to
fabricate flexible organic photovoltaic (OPV), relies on a phys-
ically transferred r-GO film as the transparent electrode [24].
However, in this case, the GO was initially spin coated on
a SiO2 /Si substrate, therefore, an additional processing step
the transfer to the PET electrode is required, resulting in high
cost and complexity in the device fabrication [25]. Furthermore,
there are issues concerning the efficiency of the transferring pro-
cess in large areas. Therefore, a low cost, fast and compatible
technique with flexible substrates is highly desirable. Most re-
cently, several groups have demonstrated that GO solution can
be reduced by photoirradiating process, such as UV-induced
photocatalytic reduction [26], photothermal reduction using a
pulsed Xenon flash [27] or selective laser reduction and pat-
terning [28]. Among the advantages are that laser-irradiating
processes do not rely on the use of chemicals or high temper-
atures; especially, shorten the reaction time from several hours
to a few minutes [29].

In this paper, we review the latest results on the development
and use of a novel, facile, in-situ, and fast GO reduction tech-
nique that is compatible with large-area plastic opto/electronics.
The method does not require the use of any chemicals or high
temperature annealing. The primary advantage of this technique
lies in the ability for the in-situ controlled epidermal treatment
without practically affecting the integrity of the underlying sub-
strate. Furthermore, it can be applied as a postfabrication step
without compromising any of its components. As a proof of
concept, laser-reduced GO (LrGO) films were utilized as the
transparent electrode in flexible OPVs [30] as well as for the
in-situ treatment of solution-processed GO-based FETs where
it is found to remarkably affect the electronic performance of
the devices [31]. The combination of the unique characteristics
associated with the proposed in-situ method suggest that it can
be used for roll to roll processing of GO films for application in
large-volume, plastic electronics.

II. EXPERIMENTAL DETAILS

A. Preparation of GO Films

GO was prepared from purified natural graphite powder
(Alfa Aesar) according to modified Hummers’ method [32].

Specifically, graphite powder (0.5 g) was placed into a cold mix-
ture of concentrated H2SO4 (40 mL, 98%) and NaNO3 (0.375 g)
under vigorous stirring for 1 h, in an ice bath. During this time,
KMnO4 (2.25 g) was added in portions and the ice bath was
kept for 2 h more, in order to cool the mixture under 10 ◦C.
The green–brown colored mixture remained for stirring for five
days. On completion of the reaction, the brick colored mixture
was mixed with an aqueous solution 5% H2SO4 (70 mL). The
mixture was stirred for 1 h under heating at 98 ◦C and becomes
gray–black colored. When the temperature was decreased at
60 ◦C, 30% H2O2 (∼2 mL) was added and the mixture was
stirred for 2 h at room temperature. In order to remove acidic
ions, especially these of Mn, we used the following process. The
mixture was centrifuged for 5 min at 4200 r/min and washed with
∼600 mL of an aqueous solution of 3% H2SO4 (∼9 mL)/0.5%
H2O2 (∼1.5 mL), and then, was put in an ultrasonic vibration
bath for 10 min (The ultrasonic vibration exfoliates the graphite
oxide to GO sheets). The process was repeated for ten times.
Then, the mixture washed and purified with 150 mL of aque-
ous solution 3% HCl (∼1.5 mL) for three times. Afterwards, it
is washed thoroughly with distilled water (1D) and acetone, in
order to remove any acidic part remaining. Finally, the material
was dried to obtain a loose brown powder which can be stored
indefinitely [33]. For the preparation of the electrodes, flexible
PET (Goodfellow) pieces (15 mm × 15 mm) with 90-μm thick-
ness were used as substrates. PET substrates were cleaned by
detergent followed by ethanol and Milli-Q water, and subse-
quently, treated by the O2 plasma to provide a more hydrophilic
surface. For the preparation of the thin films, 15-mg/ml GO so-
lution in ethanol was spin coated at 1000 r/min onto the PET
substrates. The initial volume of the GO solution was used as a
mean to control the thickness of spin-coated GO films. Follow-
ing the spin coating process, the GO films were dried at 70 ◦C
inside a nitrogen filled glove box. For the experiments, a se-
ries of films were produced, while their thickness was measured
using AFM images of steps defined at their edges. The sheet
resistance was measured in a four electrode configuration and
includes the contact resistance between the graphene film and
thermally evaporated gold electrodes used to probe the films.

B. Pulsed Laser Reduction of GO Films

The pulsed laser reduction system consists of a Ti:Sapphire
(Tsunami,Spectra-Physics) laser (λ = 800 nm) delivering 100 fs
pulses at a repetition rate of 1 kHz. The laser beam was focused
down to 170 μm onto the GO film using a 10-mm lens. For the
experiments, the laser output power was varied in the range of
1.0–10 mW corresponding to fluences of 3.5–35 mJ/cm2 . GO
films were mounted on a high-precision X−Y translation stage
normal to the incident laser beam. A mechanical shutter was
synchronized to the stage motion to provide for a uniform expo-
sure of the sample area to a constant number of pulses. In order
to investigate the repetition rate effect on the reduction process,
pulses from a femtosecond (fs) laser oscillator of 800 nm, 100-
fs pulse duration, and 80-MHz repetition rate, were used. In
order to investigate the effect of pulse duration, pulses from a
KrF excimer laser of 248 nm, 30-ns pulse duration, and 10-Hz
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Fig. 1. (a) Irradiation scheme of the LrGO films preparation. (b) Typical photo
of a flexible GO film. (c) Large processed area and (d) scan lines obtained upon
irradiation with 100-fs pulses at different fluences indicating the gradual color
change due to reduction. (e) SEM and (f) AFM images of LrGO films on PET.
From [30]

repetition rate were used. In all cases the range of fluences used
was the same.

III. RESULTS AND DISCUSSIONS

A. In-Situ Laser Reduction of Spin-Coated GO Films on PET

Fig. 1(a) depicts the irradiation scheme used for the prepa-
ration of the LrGO films. The pulsed laser reduction system
consists of a Ti:Sapphire (laser (λ = 800 nm) delivering 100 fs
pulses at a repetition rate of 1 kHz. GO films were mounted on
a high-precision X−Y translation stage normal to the incident
beam. The laser beam was focused down to 170 μm onto the GO
film using a 10-mm lens. For the experiments, the laser output
power was varied in the range of 1.0–10 mW corresponding to
fluences of 3.5–35 mJ/cm2 .

During the reduction process, the as-spun GO layers on PET
[see Fig. 1(b)] were irradiated by the fs laser beam that was
translated onto the film area. It is observed that the yellowish
color of the pristine film was gradually turned into black [see
Fig. 1(c)], indicating that GO is rapidly reduced via the laser
treatment in air without the use of any reducing agents [34]. By
carefully tuning key laser parameters, the reduction degree of
GO could be controlled in the irradiated region. For example,
Fig. 1(d) depicts scans lines obtained upon increasing the irradi-
ation power. As the level of the reduction process progresses, a

Fig. 2. (Top) XPS measurements of GO films and (bottom) LrGO films. The
content of the carbon to oxygen bonds have been reduced from 61% to 16%
indicating the removal of the majority of the oxygen groups [30].

gradual change in the coloration of the GO film from yellowish
to dark brown, and finally, black was observed [35].

In order to check that only minor ablation has been occurred
on the surface of the laser-treated GO films, SEM and AFM
analysis performed. Fig. 1(e) and (f) shows the results of the
SEM and AFM analysis confirming that the roughness of the
irradiated area has not been affected by the laser treatment pro-
cess. Some dark spots that were observed correspond to local-
ized areas with lower ablation thresholds. These dark spots are
suspected to be there due to thermal effects during the laser
reduction process that deforms the GO/PET interface.

This significant reduction of the GO sheets is evidenced by
XPS measurements, shown in Fig. 2. The C1s XPS spectrum of
pristine GO exhibits three components that correspond to carbon
atoms in different functional groups: the nonoxygenated ring C,
the C in C–O bonds, and carboxylate carbon (C=O). Notably,
the carbon content bonded to oxygen is reduced from 61% in
the initial GO to 16% in LrGO indicating that the majority of
oxygen groups were removed. It should be emphasized that such
improvement can be achieved without any apparent damage in
the mechanical properties and integrity of the PET substrate.

The major advantage of the proposed technique is that the
combination of short laser pulses (fs) and the right repetition
rate achieve very fast removal of the oxygen groups from the
GO crystal without affecting thermally the graphene lattice and
the deposition substrate. In order to support the effectiveness of
the laser GO reduction on PET substrate, a theoretical simula-
tion was carried out to provide an insight into the heat absorp-
tion and subsequent thermal effect on the temperature sensitive
PET substrate [30]. In the particular case of fs laser irradiation
of a nanometric film on a substrate under subablation condi-
tions considered here, theoretical and experimental investiga-
tions indicate that the heating effects are much less pronounced
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compared to the longer pulse irradiation due to the absence of
electron–phonon coupling during the pulse.

A theoretical simulation was carried out to provide an in-
sight into the heat absorption and subsequent thermal effect on
the temperature sensitive PET substrate during the laser reduc-
tion process. To account for the maximum laser heating effect
attained the simulation is performed in the case of irradiation
with nanosecond laser pulses of the same fluence (17.5 mJ/cm2)
as that used for the fs reduction process. In this case, the dy-
namics of laser heating can be considered as a typical 3-D heat
flow problem, which can be simulated by the solution of the
heat conduction equation:
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where ρ is the mass density, Cp is the specific heat, k is the
thermal conductivity, and S = αI(x, y, z, t) is an internal heat
source, with α to be the absorption coefficient. The x, y direc-
tions lie in the film plane, while z corresponds to the direction
perpendicular to the film surface. The laser power density I has
a Gaussian profile and can be considered to have a temporal and
spatial part with an exponential decay and is written as:
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where R is the GO film reflectivity, J is the laser fluence, tp is
the pulse duration (i.e., full width at half maximum), and rg is
the radius of the Gaussian beam. A finite-element model (FEM)
is used to calculate the temperature distribution around the spot
center following irradiation of a 20.1-nm thin GO film on PET
with 100 pulses of 20 ns at a fluence of 17.5 mJ/cm2 . Details of
the FEM method can be found in [30].

Fig. 3 depicts the calculated temperature profile within a
cross-sectional area of the GO/PET system and the correspond-
ing temperature variation as a function of the depth from the GO
film surface (z = 0). The highest attainable temperature is below
350 ◦C indicating that the laser heating might induce removal
of oxygen functional groups, considering that the desorption of
such groups from GO occurs around 200–230 ◦C [39]. During
this reduction process, the PET substrate is slightly affected
since, as shown in Fig. 3, a ∼3-μm layer, corresponding to
∼3.5% of its total thickness, is estimated to exceed its melting
point.

In the particular case of fs laser irradiation of a nanomet-
ric film on a substrate under subablation conditions considered
here, theoretical and experimental investigations indicate that
the heating effects are much less pronounced compared to the
longer pulse irradiation due to the absence of electron–phonon

Fig. 3. Thermal modeling results: (top) cross-sectional contour plot showing
the temperature distribution within a 320 μm × 9 μm area of the GO/PET
system; (bottom) temperature gradient along z-axis (the surface of the GO film
corresponds to z = 0). The dashed line indicates the melting temperature of
PET. From [30]

coupling during the pulse; under such conditions, nonthermal
excitation effects become dominant [40]. Therefore, it is ex-
pected that the maximum attainable temperatures will be much
lower than those calculated in Fig. 6 for the extreme case of
nanosecond irradiation. This in turn supports our experimental
evidence for nonthermal reduction of GO achieved upon irradi-
ation with fs pulses. It should be noted here that it is difficult to
perform simulations for the fs case, considering that some of the
constants required for the calculation, i.e, electron and lattice
specific heats, electron relaxation time, and electron–phonon
coupling factor are not yet reported in the literature.

B. LrGO Films as Transparent Electrodes in OPVs

Graphene-based materials are very promising candidates as
transparent conductive electrodes in photovoltaics due to its high
electrical conductivity and optical transmittance (TR ) [41]. In
our technique, either of these properties can be individually
tuned to the optimum value by changing the LrGO electrode
thickness and the respective degree of reduction. Indeed, by
carefully selecting key laser parameters, the reduction degree of
GO could be readily controlled. Fig. 4(a) presents the depen-
dence of the LrGO sheet resistance (RSH) as a function of the
laser power used. It can be noticed that the conductivity of the
LrGO films has been increased by two orders of magnitude with
a small increase of the laser power. When the incident power
exceeds 5.5 mW, the GO layers were partly ablated. Further-
more, for constant incident power, the film resistivity decreases
upon increasing the average number of pulses per spot, N , until
saturation is reached for high pulse numbers [see Fig. 4(b)]. It
is concluded that there is an optimum combination of the laser
energy and the number of laser pulses that can lead to at least
three orders of magnitude reduction of sheet resistance.

In order to demonstrate the capabilities of the flexible LrGO
films as transparent electrodes, RSH and TR were measured as
a function of various film thicknesses. As was expected both of
the measured quantities reduce with the increase of the films
thickness [42].
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Fig. 4. (a) Dependence of LrGO films on fs laser output power. (b) Saturation
effect in LrGO films with the number of laser pulses. From [30].

Fig. 5. (a) Transmittance at 550 nm and sheet resistance of the LrGO films on
PET substrates as a function of their film thickness. The inset shows the UV–Vis
transmittance spectra of the LrGO films on PET. From [30].

Fig. 5 shows the RSH and TR at λ = 550 nm of LrGO films
of different thicknesses. It is clear that both (RSH) and (TR ) de-
creased upon increasing the GO layer thickness. The obtained
lowest RSH is 0.7 kΩ/sq for the 20.1-nm thick LrGO film whose
transmittance is 44%. The highest optical transparency of 88%
was obtained for the 4.5-nm thick LrGO, but the sheet resis-
tance is 18 kΩ/sq. The flexible electronics technology requires
electrodes exhibiting high transparency and conductivity com-
plemented by bendability [43]. Until recently, the OPV devices
with bulk heterojunction (BHJ)-based active regions use trans-
parent electrode made by indium tin oxide (ITO). However, the
use of such metal oxides is problematic for various reasons:
limited indium supply source, susceptibility to ion diffusion
into polymer layers, brittle nature of metal oxide. On the top
of this mechanical stress measurements using ITO show that
this element can be easily fractured, and therefore, do not meet
the flexible electronics technology standards. Particularly a sub-
stantial increase of the sheet resistance of ITO films has been
demonstrated for bending angles higher than 45◦ [44]. Further-
more, the electrical characteristics of the conventional ITO films

Fig. 6. Sheet Resistance (normalized to the unbending sheet resistance) for
various bending angles and thicknesses. From [30]

Fig. 7. (a) Schematic and (b) picture of the flexible PET/r-
GO/PEDOT:PSS/P3HT:PCBM/Al photovoltaic devices fabricated; (c) illumi-
nated current–voltage (J–V) curves of the solar cells with various LrGO film
thicknesses. From [30]

are degraded by at least three orders of magnitude after bend-
ing [45] (at a bending angle around 50–60◦).

Fig. 6 depicts the averaged sheet resistance of the LrGO
films with various thicknesses, normalized with the RSH be-
fore bending, under different bending angles which are defined
as the angles of intersections drawn from the two bent ends.
It is observed that the electrical characteristics of the flexible
LrGO films show no significant dependence on the bending an-
gle. The inset shows the RSH of the same films as a function
of the bending angle. The change in RSH becomes apprecia-
ble after the angle of 90◦, while the overall change is less than
13% up to 135◦. This implies that no appreciable cracks occur
in the film during bending. The low resistance, high bending
tolerance, and high absorption characteristics of the fabricated
LrGO films are attractive features for these films to be incorpo-
rated into flexible electronic devices such as photovoltaics. For
this purpose, the LrGO films were used as hole electrodes in
flexible P3HT:PCBM photovoltaic devices. Fig. 7 presents the
illuminated J–V characteristics of the OPV devices with LrGO
thickness of 4.6, 11.3, 16.4, and 20.1 nm. The VOC is constant
at 0.57 V, while a variation is only observed for the device with
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Fig. 8. Evolution of photovoltaic parameters of LrGO (squares) and ITO
(circles) based OPV devices under bending in different angles. From [30]

the lowest LrGO thickness. This behavior is consistent, since
VOC is mainly governed by the energy levels offset between the
highest occupied molecular orbital of P3HT and lowest unoc-
cupied molecular orbital of PCBM. Both photocurrent and fill
factor increase with increasing LrGO thickness, due to the re-
duction of the sheet resistance. The optimum thickness is about
16.4 nm, where a JSC of 5.62 mA/cm2 , a VOC of 0.57 V, a FF
of 0.34, and an overall efficiency of 1.1% were obtained. This
value is the highest observed so far, for flexible OPVs with r-GO
film, indicating the effectiveness of the laser ablation reduction
method [30].

In the case of GO reduction by thermal annealing in Ar/H2
at 1000 ◦C, the best photovoltaic performance (n = 0.78%)
was achieved with a 16-nm thick LrGO film having RSH of
3.2 kΩ/sq, and TR of 65%. In our approach, where the reduc-
tion takes place by laser ablation, an efficiency enhancement by
41% is obtained with a 16.4-nm thick film having RSH of 1.6
kΩ/sq, and TR of 70%. Therefore, it is evident that the higher
conductivity of the LrGO film is responsible for the higher ef-
ficiency, indicating the superiority of the laser ablation method,
compared with the chemical one. Furthermore, the reduction
process takes place in situ on the flexible spin-coated GO film,
which is not the case in all other relevant work. The effect of me-
chanical property of LrGO films on the electrical properties of
OPV devices was studied by monitoring the performance after
applying tensile stress on the devices. Fig. 8 presents the results
of the experiment monitoring the photovoltaic performance of
flexible OPVs as a function of the bending angle. As it can be
seen, the photovoltaic characteristics are slightly degraded upon
bending, and are still functional even for bending angles up to
135◦. In contrast, the traditional ITO-based OPV devices oper-
ate only for bending up to 45◦, and fail completely at 65◦. For
the LrGO devices, as the bending angle increases, both the JSC
and FF decay, while VOC remains constant.

This decay can be directly related to the decreased RSH during
bending, as shown in Fig. 8. Since the FF parameter highly
depends on the LrGO electrode properties, the dependence of
FF on the bending angle clearly demonstrates the superiority
of the LrGO electrodes over the ITO electrodes in terms of
flexibility.

C. Postfabrication Reduction of GO FETs

The proposed laser reduction GO technique has applied for
the in-situ enhancement of the transport properties of prefabri-
cated GO-based FETs [31]. Bottom-gate, bottom contact tran-
sistors structures were fabricated using heavily doped p-type Si
wafers acting as a common back-gate electrode and a 200-nm
thermally grown SiO2 layer as the dielectric. Using conventional
photolithography, the gold source–drain (S–D) electrodes were
defined with channel lengths and widths in the range 1–40 μm
and 1–20 mm, respectively. A 10-nm layer of titanium was
used as an adhesion layer for the gold on SiO2 . The finished
electrodes were 100-nm thick. The GO flakes were deposited
by dip-coating at room temperature directly onto 1.5 cm ×
1.5 cm size substrates containing few hundreds of prepatterned
S–D electrode pairs. The as-prepared devices were then used
directly without any thermal pretreatment. For the laser illu-
mination experiments the devices were placed into a vacuum
chamber, maintained at 10−2 mbar, and were illuminated by a
KrF excimer laser (pulse width 20 ns, 243 nm, 1 Hz repetition
rate) beam. For the uniform illumination of the whole sample,
a top-flat beam profile of 20 mm × 10 mm was obtained using
a beam homogenizer. To ensure that the laser treatment is per-
formed into an inert atmosphere, a constant He or N2 pressure of
100 Torr was maintained during the process through a precision
microvalve system. Different combinations of laser fluences (F )
and number of pulses (N), were tried in an effort to study the
effect of this parameter in the efficiency of the proposed laser-
reduction process. Initial experiments show that the threshold
fluence for reduction, defined, as the lowest F required improv-
ing sample’s conductivity after single pulse exposure, lied in
the range of 10–15 mJ/cm2 . Such F values were close to those
predicted theoretically for the removal of oxygen groups from
the GO lattice [40]. In a typical experiment, the sample was
irradiated with N = 10, 20, 30, 40, 50, 60, 120, 600, and 1200
pulses, respectively, using a constant F . By carefully tuning
the laser parameters, the degree of reduction of GO could be
readily controlled. In particular, the conductivity of GO FETs
can be increased by more than two orders of magnitude with a
gradual increase of the laser energy. Fig. 9(a) shows the current
level (VDS = 5 V) measured for a typical GO FET upon laser
treatment with 600 pulses at different fluences.

It is evident that the reduction efficiency is dependent on the
laser energy used and a threshold fluence is required for the ini-
tiation of the process. When the incident F exceeds 80 mJ/cm2 ,
degradation or even damage of the GO FETs was observed,
possibly due to partial ablation of the GO layers. Besides this,
for constant incident F , the channel resistivity decreases upon
increasing N until saturation is reached for high pulse numbers.
It is evident that a more than three orders of magnitude decrease
in channel resistance can be realized via proper selection of F
and N . Fig. 9(b) shows a representative series of output curves
curves (VG = −20 ∼ 20 V) of a GO FET subjected to irradia-
tion with different N at F = 80 mJ/cm2 . It can be seen that by
increasing N , the conductivity of the GO channel progressively
improves by more than three orders of magnitude. Notably, the
channel conductivity appears to saturate after approximately
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Fig. 9. (a) GO transistor currents levels measured at an applied bias of 5 V
after the laser treatment at various fluences using 600 pulses; (b) Output char-
acteristics of a pristine and in-situ laser processed r-GO FET treated at different
pulse numbers. From [31].

120 pulses, i.e., 2 min, most likely suggesting that the vast ma-
jority of oxygen groups have been removed from the GO lattice.
The corresponding transfer characteristics of the pristine and the
laser-treated GO FET under positive gate bias are displayed in
Fig. 10 (a)-left part. A clear ascending trend in channel current
(ID ) suggests the efficiency of increasing exposure times of the
laser treatment. Fig. 10(b) displays the impact of different laser
pulse numbers on the device mobilities.

It can be clearly seen that when increasing the laser pulses,
the mobility has been significantly improved (from 6 × 10−4

cm2 /Vs to ∼ 1 × 10−1 cm2 /Vs). Furthermore, as presented in
Fig. 10 (a)-right part, the laser reduction process was found to
be more efficient compared to thermal annealing (TA) at 200 ◦C
in N2 . Indeed, the current levels and mobility obtained for a
GO FET subjected to TA were lower by almost one order of
magnitude than those measured on the same device subjected to
the laser reduction after the TA treatment. Overall, the mobility
improvement attained by the laser is comparable or even higher
than the optimum ones reported using TA at 250 ◦C and flash
reduction methods, respectively.

The various oxygen groups on the GO lattice are considered
as defects and degrade the electrical characteristics of the FETs.
The measured enhancement of the laser treated FETs mobili-
ties is due to the elimination of these defects. In order to further
investigate this hypothesis, the GO samples structural character-
istics were examined by recording the micro-Raman spectrum
of the illuminated area. Raman spectra were obtained using a
micro-Raman spectrometer (NICOLET ALMEGA XR) with a

Fig. 10. (a) (Left) Corresponding transfer characteristics of r-GO FET treated
at different pulse numbers under positive gate bias; (right) transfer characteristics
of an r-GO FET in its pristine, thermally annealed (TA) and laser treated states,
respectively. The respective hole mobilites are also indicated. (b) Impact of
different laser pulse numbers on the device mobilities. From [31].

473-nm laser as the excitation source using low power in order
not to damage the sample. The results are presented in Fig. 11.

All spectra feature the characteristic broad peaks at 1354,
1597, and 2695 cm−1 , corresponding to D, G, and 2-D bands
of the GO lattice, respectively, as the pulse number increases
both D and narrower [see Fig. 11(c)], while their intensities
become progressively lower. Besides this, no appreciable band
shift is observed. The peak intensities lowering can be attributed
either to oxidative burning, which removes layers from the GO
sheet [44] and/or to the reduction of interlayer spacing due to
removal of the water and oxygen functional groups among GO
sheets [45]. Furthermore, G and D peaks narrowing suggest
the reestablishment of sp2 carbons as well as a decrease in the
structural defects within the basal planes of the laser treated
GO [46], [47]. The overall changes in the G and D bands indi-
cate a transition from an amorphous state to a more crystalline
carbon state. Finally, the D over G peak intensity ratio, ID /IG ,
presented in Fig. 11(b), gradually increases from 0.79 of the
pristine GO to close to 1.0 in the first 120 pulses, where it
tends to saturate. Such behavior complies with the saturation
effect observed in the respective I–V characteristics. Such simi-
larity in the evolution of ID /IG and mobility with N shown in
Figs. 11(b) and 10(b) provides important information on the GO
lattice structure attained following at various levels of reduction.
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Fig. 11. (a) Micro-Raman measurements performed at the same spot onto
the GO area before (pristine) and after irradiation with different N states;
(b) dependence of the ID /IG ratio on the number of the laser pulses;
(c) dependence of the D and G peaks FWHM on the number of the laser
pulses. From [31].

It had been found that, an increase of ID /IG ratio indicates dis-
ordering of graphite but ordering of amorphous carbon struc-
tures [48]. In particular, in the case of very disordered structures,
such as amorphous carbon or low mobility GO, the D band in-
tensity is related to the density of the six-membered aromatic
rings [49]. Besides this, the G band stems from in-plane bond
stretching of sp2 carbon atoms and is not necessarily related to
the presence of six-membered rings. Therefore, the ID /IG ratio
should increase with increasing ordering. Based on the analysis
of Lucchese et al., one can calculate, using the measured ID /IG

values, the average distance between defects, LD , within the GO
lattice [50]. The results are presented in Fig. 11(b) and predict an
increase of LD from 10 to 11 nm after the first 120 pulses, where
it saturates. This ordering effect together with the laser-induced
desorption of oxygen groups contributed to the mobility rise
in GO. Once the GO lattice becomes more ordered, following
reduction with 120 pulses, both the ID /IG and the mobility tend
to saturate suggesting a limit in GO lattice ordering and oxygen
removal under the irradiation conditions used.

The aforementioned results indicate that upon excitation with
nanosecond pulses, GO sheets absorbed the laser energy which
was rapidly converted into heat and subsequent photothermal G
peaks get desorption of oxygen groups, mainly of hydroxyl and
epoxides, takes place [27]. With the progression of laser expo-
sure, thermal effects become more and more pronounced [51],
giving rise to photothermal breakage of carbon bonds which
reestablishes the lattice defects. TA is a commonly used method
for the GO reduction. It is reported that the exothermic reduction
of GO occurs around 200–230 ◦C, attributed to the decomposi-
tion of the oxygen-containing groups present in the GO lattice.
On the other hand, oxidation, and therefore, sublimation of the
carbon backbone is anticipated to occur above 500 ◦C [52], [53].
Using a FEM to solve a simple heat balance equation for similar
laser pulse and fluence to those used here, it is demonstrated that

the temperature on the surface can reach over 500 ◦C for GO
films thicker than six layers, while the temperature decreases
rapidly along the depth [27]. Therefore, laser irradiation could
partially ablate the topmost layers, as indicated by the lowering
the Raman peaks intensities, while the lower layers were deoxy-
genated by photothermal reduction. As a result the GO sheets
left on the sample exhibit improved conductivity. Besides this,
the prediction that the GO temperature can reach 500 ◦C com-
plies with the observation that the conductivity improvement
due to laser photothermal effect is higher compared to that of
TA at 200 ◦C. Finally, it should be noted that the transistor char-
acteristics obtained due to the laser treatment remained stable
even after TA in nitrogen for 1 h at 200 ◦C. This indicates that
the laser reduction process brought about permanent changes in
the electronic behavior of the GO FETs.

Another reduction mechanism that may be considered here is
the photochemical desorption of oxygen groups. It is proposed
that photochemical reduction of GO can be facilitated by the
presence of the adsorbed water [34]. In particular, the energy
from recombination of photoexcited carriers is used for water
dissociation into molecular oxygen and hydrogen ions (protons).
Protons are inherently strong reducing agents giving rise to
removal of oxygen functional groups from GO lattice to form
r-GO. Laser reduction experiments are currently in progress to
elucidate the contribution of each of the candidate mechanisms.

IV. CONCLUSION

In conclusion, we demonstrated an efficient laser-based
method for the in-situ reduction of transparent GO nanolayers
that were solution-processed onto temperature sensitive sub-
strates such as plastic. The method is particularly attractive
considering that it is applied in situ, in one-step, and does
not require additional transfer of the reduced GO film to the
substrate. Compared to chemical and high temperature thermal
annealing methods, pulsed laser photoreduction is simple, very
fast, energy efficient, and poisonous material free. Preliminary
work shows that the resulting laser-reduced GO films can be
effectively integrated in flexible OPV cells, as the transparent
electrode, replacing ITO as well as for the fabrication of FETs
with promising performance characteristics.

Furthermore, by employing the optical schemes and of-the-
shelve translation systems developed for industrial lasers, rapid
and large-area processing can be realized, hence, making this
technique easily adaptable to flexible roll-to-roll mass manufac-
turing. In this way, the proposed in-situ laser assisted reduction
of graphene flexible films can be utilized as a component on
self-powered and wearable electronic devices, including plastic
solar cells, LEDs, batteries, sensors, e-papers, and implantable
biomedical devices.
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