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Abstract—We investigate the influence of a visible laser treat-
ment on the electrical performance of CVD-grown graphene-
based liquid gate sensors. This method allows to treat locally
the graphene sheet, improving the electrical characteristic for
biochemical sensing applications. Optimizing the laser exposure,
the Dirac point (minimum conductivity voltage) was shifted
around 300 mV to lower voltages, together with a decrease of
the inter-device electrical variability. These results open the
door to use the laser treatment to increase the sensibility and
reproducibility of liquid gate graphene-based devices as sensors
or biosensors.

I. INTRODUCTION

Graphene, a monolayer of carbon atoms packed into a two-
dimensional honeycomb lattice, has received an exceptional
attention due to its excellent electrical, optical, thermal and
bendability properties [1]–[3]. In addition, graphene is very
sensitive to changes in the surroundings while its reduced
thickness improves the electrostatic control of the channel,
thus making it particularly attractive for sensor applications
[4]. However, in the case of biosensors, they should operate
at or near physiological conditions, so it is essential to use
graphene in aqueous solutions. Electrochemical studies have
shown that the ions accumulate at the surface of graphene
when a gate voltage is applied between the electrodes, without
charge transferred across the interface [5]. These studies
suggest that graphene operates nearly as an ideal polariz-
able electrode [6], [7]. The graphene–electrolyte interface is
typically modeled as an electrical double layer capacitance
(EDLC), constituted by two layers of ions that are created at
the surface of graphene. The first layer is composed of ions
of opposite charges to those present in the graphene, and the
second layer is composed of positive and negative charged ions
that progressively reach the potential of the solution far from
the graphene surface. The EDLC can be modulated applying
a voltage at a reference electrode immersed in the electrolyte
solution, controlling the number of free carriers in graphene,
and therefore its conductivity. The minimum of free carriers,
and thus the minimum of conductivity, is reached when the
valence and the conduction band meet at a point called the
Dirac point, the gate bias at which the Fermi level reaches the
Dirac point is the charge neutrality point or Dirac voltage.

Electrochemical gated graphene sensors employing elec-
trolytes such as ionic liquids and aqueous solutions have been

extensively reported, showing excellent performances [8], [9].
Nonetheless, due to the high sensitivity of graphene and the
complex nature of the electrolyte solutions, the reproducibility
between devices can be challenging. For example, some fac-
tors that affect the inter-device reproducibility are the different
doping levels of the graphene sheet due to graphene–substrate
interactions or fabrication residues [10]. Moreover, common
reliability disturbances such as interface states, traps and mo-
bile charges also affect the sensing capability of the fabricated
devices. Different strategies have been explored in order to
clean of residues and improve the quality of the graphene
sheet, as thermal annealing, plasma, UV-Vis light, electrical
or mechanical treatments [11]. In this work, we have explored
the ablation of the graphene layer using a visible laser as a
straightforward and rapid treatment to improve the inter-device
electrical variability in graphene-based liquid gate sensors.
This strategy can modify locally the graphene surface without
compromising the rest of the device, being useful if sensible
materials are presented and to avoid damaging the contacts.
Employing this method, we have observed a reduced Dirac
voltage and an improved inter-device electrical variability in
graphene-based sensors.

II. EXPERIMENTAL SETUP

Graphene was synthesized through low-pressure chemical
vapor deposition (LPCVD) and polycrystalline copper foil was
used as catalytic substrate. The reaction was made at 1 Torr
using methane (CH4) as a carbon precursor. The foils were
first heated up to 1000 °C in a H2 environment to reduce
the native copper oxide on the copper foil surface. Then, a
H2/CH4 gas mixture (50 sccm : 30 sccm) was added during the
graphene growth at 1000 °C for 30 minutes. The cooling down
step was made by opening the furnace, during this step the gas
composition was remained the same. Then, graphene layers
were transferred to cleaned quartz substrates using the PMMA
based technique [12]. The device processing is illustrated in
Figure 1: Initially, reactive-ion etching (RIE) at 10 W and
30 sccm of O2 was used to pattern the graphene employing
a solid mask. Up to six sensors were fabricated on each
substrate. Then, the Cr (5 nm)/Au (100 nm) electrodes were
deposited by physical vapor deposition. Finally, the laser treat-
ment was performed on the graphene layer using a computer-



controlled laser engraver (Laserbot from Makeblock). The
laser wavelength was 445 nm, and the power was set to 25 %
with respect to the maximum power (1600 mW). To evaluate
the electrochemical characteristics of the devices, a phosphate
buffered saline solution (PBS) at a 1X concentration, was
placed covering the graphene to perform the liquid gate. PBS
is a buffer solution commonly used in biochemical research,
as the osmolarity and ion concentrations of the solutions
match those of the human body. Hence, using this buffer
solution, we evaluated the sensor in near human physiological
conditions. The static DC characteristics were acquired using
a Keithley SCS 4200 and an Agilent B1500 systems. The
low-frequency noise characterization was carried out using
a low-noise-current amplifier connected to a software-based
spectrum analyzer [13].

Fig. 1. Scheme of the fabrication flow of the liquid gate graphene devices
including the laser treatment.

III. RESULTS AND DISCUSSION

Before considering the double layer capacitance effect in
the devices, the laser radiation on the graphene sheet has been
evaluated. The graphene layer resistance was measured, with-
out a liquid gate, at a fixed drain-source voltage (VD = 0.1V )
before and after each laser exposure (Figure 2.a). An increase
in the resistance of the device was observed following an
exponential trend with the number of laser exposure cycles.
The resistance value saturated around 2.8 kΩ after 6 to 8
cycles. In order to evaluate the structural repercussion of
the laser ablation and determine the origin of the increased
electrical resistance of the graphene, Raman spectroscopy
analysis was carried out before and after the laser treatment
(Figure 2.b). Prior to laser exposure, the Raman spectrum of
the graphene device shows the signature for pristine single-
layer graphene, with a G peak at ≈1590 cm-1 and a 2D peak
at ≈2680 cm-1. After the laser treatment, an increase of the D

peak (≈1340 cm-1), as well as the emergence of the D’ peak
(≈1620 cm-1) can be observed.

These results corroborate that the laser treatment has an
effect on the structural order of the graphene. The emergence
of the D’ peak could be related to the formation of sp3-type
defects [14], [15]. These new defects have an adverse impact
on the electrical behavior, increasing the graphene resistance.
Nevertheless, the resistance stabilized at higher number of
laser treatments, indicating that possibly the effect of the laser
in the graphene structure saturates. A possible explanation is
that these defects are formed mainly in the grain boundaries,
where dangling bonds are receiving enough energy to react
with the ambient atmosphere, generating some oxide species
[16]. These species would hinder the electric transport between
grains, increasing the electric resistance. Despite deteriorating
the sheet resistance of the graphene layers, these defects
may have different implications when the graphene-electrolyte
interface is formed.

Fig. 2. a) The graphene device resistance measured at 0.1 V drain-source
bias without liquid gate for different numbers of laser cycles and, b) the
graphene Raman spectra before and after the laser treatment. The Raman
laser wavelength is 532 nm.

After the deposition of the liquid gate and the formation
of the electrical double layer capacitance, we measured the
transfer characteristic curve (R = VD/ID) of a device using
two different metals as the gate electrode (Figure 3). A proper
modulation of the resistance as a function of the liquid gate
voltage is observed, together with a shift of the Dirac point
depending on the metal electrode. This shift from 0.83 V
(gold) to 0.27 V (silver) is mainly due to the difference
in the work function of the employed metals. In order to
work in aqueous solutions, low voltages are desirable to keep
the working conditions below the water electrolysis potential



(1.2 V), avoiding secondary reactions, keeping a low gate-
drain current [17]. The lower Dirac voltage for the silver
gate electrode can be interesting for low energy consumption
applications. However, silver can easily be oxidized in contact
with the aqueous solution. Hence, it is preferable the use of a
gold electrode as a more electrochemical stable option despite
the higher voltages. In the following devices, gold was used
as the gate electrode.

Fig. 3. Resistance versus gate voltage characteristic curves for a device
measured employing gold(blue line) or silver (red line) as the gate electrode.
The drain source bias was set at 0.1 V. The Dirac voltage is defined as the
voltage when the resistance reaches the maximum.

Figure 4.a shows the transfer characteristic curves of a
device when using the liquid gate for successive laser treat-
ment cycles. Note that in all the cases, there is a modulation
of the channel conductivity as a function of the liquid gate
voltage. As observed, the device resistance initially decreases
with the successive laser cycles, but after 4 cycles it starts
to saturate. At the same time, the Dirac point shifts to lower
voltages from 1 V before the laser treatment, down to 0.66 V
after 8 cycles (inset in Figure 4.a). Then, at higher number
of laser cycles, the rise of the resistance is accelerated and
the Dirac voltage shifts to higher voltages. This indicates that
a high number of laser cycles is drastically damaging the
sensor. The increase in the resistance is in agreement with the
Raman interpretation, indicating that after the laser exposure
the graphene conductivity is hindered, harming the electrical
performance. However, at low number of laser cycles, the
sensing capabilities are improved with a lower resistance and
reduced Dirac voltages compared to the device without laser
treatment. When comparing the Dirac voltages of several
devices before and after the laser treatment (for a total number
of 4 laser cycles) a significant reduction of the electrical
variability among devices is observed (Figure 4.b). The laser
treatment consisting of 4 cycles reduces the standard deviation
from 65 to 24 mV, together with an improved average Dirac
voltage of 810 mV. Note that the inter-device variability is a
critical constraint for sensing applications. A possible expla-
nation of the variability improvement observed could reside
in a laser-induced transformation of the graphene structure.
Induced defects and oxidized species at grain boundaries can

improve the electrical double layer capacitance, which finally
improves the liquid gate/interface, making it more reliable for
sensing and less variable among devices [18], [19].

Fig. 4. a) Resistance versus gate voltage characteristic curves for a device
measured at different number of laser cycles. The drain source bias was set at
0.1 V. The Dirac voltage is defined as the voltage when the resistance reaches
the maximum. b) Dirac voltages distribution of 16 devices measured before
and after a laser treatment of 4 cycles.

Low-frequency noise characterization sheds light on the
defect implication in the graphene electrical performance after
the laser ablation. As figure 5 shows, the graphene layer
presents a normalized power spectral density (PSD) of the
noise formed by a flicker or 1decade/1decade (1/f) contri-
bution at low frequency and a Lorentzian contribution with
center frequency around 104 Hz. This result indicates that
graphene sheets are affected by carrier number fluctuations
at low frequencies and by capture and emission processes of
carriers at higher frequencies [20]. According to the similar
spectrum observed before and after the laser irradiation (even
lightly lower), these fluctuations are not enhanced by the laser
treatment, suggesting a graphene resistance increased without
a degradation of the interface after the laser exposure. This
result is in agreement with the lower variability among devices
observed in Figure 4.b after the laser irradiation.

IV. CONCLUSION

Despite presenting a slight increase in the graphene resis-
tance after laser exposure, the graphene-based liquid gate sen-
sors show a reduced Dirac point and inter-device variability.
These results indicate that there is a trade-off between some
grade of graphene degradation and an improvement at the
liquid gate/graphene interface. Moreover, the laser exposure
does not affect the power spectral density of the current



Fig. 5. Normalized power spectral density of the noise for a device before
and after the laser treatment.

discarding an interface degradation. Finding the origin of this
phenomenon seems critical to optimize the device performance
for sensing using liquid gates. Hence, the use of the laser
treatment could be an advantageous technique to increase the
sensibility and reproducibility of these graphene-based devices
for applications as sensors or biosensors.
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