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A B S T R A C T   

We investigate the influence of a visible laser treatment on the electrical performance of CVD-grown graphene- 
based liquid gate sensors. This method allows us to treat locally the graphene sheet, improving the performance 
of the structure for biochemical sensing applications. It was found critical to control the atmosphere in which the 
laser treatment takes place. An optimized ambient-air laser exposure shifted the Dirac point (minimum of the 
conductivity voltage) around 300mV 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.   

1. 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 sur
roundings while its reduced thickness improves the electrostatic control 
of the channel, thus making it particularly attractive for sensing appli
cations [4]. There are several examples of recent studies about 
graphene-based sensors and biosensors in different perspectives [5–7], 
for example, for the detection of biomarkers[8] or heavy metals [9]. 
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 [10]. These 
studies suggest that graphene operates nearly as an ideal polarizable 
electrode [11,12]. 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 electrolytes such 
as ionic liquids and aqueous solutions have been extensively reported, 
showing excellent performances [13,14]. Nonetheless, due to the high 
sensitivity of graphene and the complex nature of the electrolyte solu
tions, the reproducibility among devices can be challenging. For 
example, some factors that affect the inter-device variability are the 
different doping levels of the graphene sheet due to graphene–substrate 
interactions or fabrication residues [15]. Moreover, the presence of 
interface states, traps and mobile charges also affects the sensing capa
bility of the fabricated devices. There are studies showing important 
variations in the Dirac voltages from − 5 to 2V in a series of 25 devices 
[16], or from 0 to 8V in a series of 7 devices [17]. In both cases, the 
graphene was grown by CVD. It is crucial to explore different strategies 
to reduce this variability in order to achieve more homogenous inter- 
device electrical properties. Different strategies have been explored in 
order to remove any potential residue and improve the quality of the 
graphene sheet, as thermal annealing, plasma, UV–vis light, electrical or 
mechanical treatments [18]. One of the most popular strategies has been 
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the laser processing of the graphene layer. Not only to improve the 
quality of the graphene sheet but for the in situ fabrication of graphene 
in different substrates, like polyimide. Here, graphene has found a wide 
range of applications of electronic devices, with the advantage of a 
flexible substrate, as supercapacitors, optoelectronic devices, sensors, 
and actuators[19–21]. 

In this work, we have explored the effect of the irradiation 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. We have also studied the influence of the at
mosphere during this laser treatment, finding significant differences if 
the irradiation is performed in ambient atmosphere or under vacuum 
conditions. This strategy can modify locally the graphene surface 
without compromising the rest of the device, being useful if sensible 
materials are presented and avoiding damage in the contacts. By 
employing this method, we have observed a reduced Dirac voltage and 
an improved inter-device electrical variability in graphene-based 
sensors. 

2. Experimental Setup 

Graphene was synthesized through low-pressure chemical vapor 
deposition (LPCVD) where polycrystalline copper foil was used as cat
alytic substrate. The reaction was made at 1Torr using methane (CH4) as 
a carbon precursor. The foils were first heated up to 1000 ◦C in a 
hydrogen (H2) environment to reduce the native copper oxide on the 
copper foil surface. Then, a H2/CH4 gas mixture (50sccm:30sccm) was 
added during the graphene growth at 1000 ◦C for 30 min. The cooling 
down step was made by opening the furnace, during which the gas 
composition was remained the same. Later, the graphene layers were 
transferred to cleaned quartz substrates using the PMMA based 

technique [22]. In this method, a Poly(methyl 2-methylpropenoate) 
(PMMA) solution, dissolved in anisole, was spin coated on top of the 
graphene films at 2000 rpm for 1 min. After coating, the samples were 
annealed at 80 ◦C for 10 min. Then, the samples were immersed in ferric 
chloride for 30 min to etch the copper. The resulting PMMA/graphene 
films were floated on the surface of the solution. The suspended films 
were rinsed three times with deionized water followed by hydrochloric 
acid (10%) and deionized water again to remove any residual copper 
etchant. Finally, the graphene/PMMA stacks were transferred to cleaned 
quartz substrates. The PMMA film was removed with an acetone bath at 
105 ◦C for 20 min. After that, the samples were washed with isopropanol 
and dried with nitrogen. In order to remove any PMMA residues and 
clean the graphene surface, the samples were annealed in a furnace at 
300 ◦C in an Ar/H2 atmosphere for 1 h. 

The sensor fabrication process is illustrated in Fig. 1: After the gra
phene deposition, reactive-ion etching (RIE) at 10W and 30sccm of O2 
was used to pattern the graphene employing a solid mask. Up to six 
sensors were fabricated on each substrate. Then, the Cr (5nm)/Au 
(100nm) electrodes were deposited by physical vapor deposition. 
Finally, the laser treatment was performed on the graphene layer using a 
computer-controlled laser engraver (Laserbot from Makeblock) equip
ped with a blue diode laser (Makeblock). The laser wavelength is 445nm 
(blue) and the maximum light power is 1.3W. For the laser treatment, 
the laser power was set to 25% with respect to the maximum power. The 
spot size is 100μm, and it is assumed that the energy is distributed 
evenly in all the area. The focus distance is adjustable by the laser 
module itself and it was fixed at 5centimeters, the sample is placed at 
that point, without any modification of the optical path. One cycle of 
laser treatment consists of irradiation with the laser of the full graphene 
surface. To do that, the area to be irradiated is programmed in the 
engraver software, and it will automatically control the movement of the 

Fig. 1. Scheme of the fabrication flow of the liquid gate graphene devices, including the laser treatment.  
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laser to irradiate the desired surface. The laser treatment was performed 
in two different atmospheres, in ambient air or in vacuum. In the case of 
the vacuum atmosphere, the sample was placed inside a closed steel 
container, with a quartz window through where the laser was shone, at 
an approximate pressure of 10− 2-10− 3 torr. 

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 evaluate the sensor in near human 
physiological conditions. Raman spectra were acquired using a Confocal 
Micro-Raman system (JASCO NRS-5100) with a 532nm excitation 
source. The laser power was kept below 1mW to avoid damage or 
heating with 100 × objective giving a laser spot size of about 1μm. XPS 
was performed using a Kratos Axis Ultra-DLD spectrometer with Al Kα 
(1486.6eV) radiation. 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 [23]. 

3. Results and Discussion 

Before considering the double layer capacitance effect in the devices, 
the laser radiation on the graphene sheet was evaluated in Fig. 2. 

The graphene layer resistance was measured, without a liquid gate, 
at a fixed drain-source voltage (VD = 0.1V) after each laser exposure 
(Fig. 2). A growth in the resistance of the devices was observed for both 
atmospheres with each laser exposure iteration. In the case of the sample 
treated in ambient air (Fig. 2.a), the increase in the resistance slows 
down with the number of laser cycles, saturating after 6 to 8 cycles. In 
contrast, for the sample irradiated under vacuum (Fig. 2.b), we observe a 
constant increase of the resistance that continues growing after more 
than 10 laser cycles. These results show that the atmosphere in which 
the laser treatment takes place can have an important effect on the 
electrical properties of the graphene sheet. 

In order to evaluate the structural repercussion of the laser irradia
tion on the graphene sheet, Raman spectroscopy and X-ray photoelec
tron spectroscopy (XPS) analysis were carried out before and after the 
laser treatments (Fig. 3). The Raman spectra of the graphene layers are 
presented in Fig. 3.a. Prior to laser exposure, the Raman spectrum of the 
graphene device shows the signature for pristine single-layer graphene, 
with a G peak at ≈1590cm− 1 and a 2D peak at ≈2680cm− 1, together 
with the presence of a small D peak at ≈1340cm− 1. After the laser 
treatment in vacuum, the spectrum of the graphene layer is kept prac
tically unchanged, without any significant variation of the intensity of 
the peaks and without the inclusion of any new feature. However, when 
the graphene is treated in ambient air, a noticeable increase of the D 
peak is observed, as well as the emergence of the D’ peak (≈1620cm− 1). 

These results corroborate that each kind of laser treatments have 
different effects on the structural order of the graphene. On the one 
hand, the electrical implications of the laser treatment in vacuum on the 
graphene are not reflected on the Raman spectrum, hence it is not 
clarifying the origin of the increase in the resistance. While in the case of 
the treatment in ambient air, the increase of the D peaks are clearly 
pointing to an alteration in the structure that can be linked to the for
mation of new defects. The emergence of the D’ peak is often related to 
the formation of sp3-type defects [24–27]. 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, gener
ating some oxide species [28]. 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. 

To clarify the effect of the defects on the graphene characteristics and 
its origin, we have studied the XPS spectra of the graphene sheets on 
copper (without any transfer), and after it is transferred onto quartz 
substrates. This study allows us to discard any possible implication of the 
PMMA and the transfer process on the resistance results. In Fig. 3.b, the 
XPS wide spectra of graphene before any laser treatment are presented. 
In the spectrum of the graphene on copper, we observe the expected 
peaks for carbon, oxygen and copper. While in the XPS spectrum of the 
graphene transferred on quartz, the copper peak is absent, as presumed, 
and the silicon peak coming from the substrate is observed. Also, we can 
notice the presence of the iron peak coming from copper etchant (FeCl3) 
residues that have not been completely removed. In the sample 
measured on copper, we determine a proportion of around 5 carbon 
atoms per oxygen atom, being similar before and after the laser treat
ments. This concentration could be higher if we take into account that 
the copper surface can be oxidized in some degree. This proportion of 
oxygen in the sample is high for a pure graphene layer. However, we can 
consider that the origin of the majority of the oxygen atoms are 

Fig. 2. The graphene device resistance measured at 0.1V drain-source bias 
without liquid gate for different numbers of laser cycles performed a) in 
ambient air and b) under vacuum condition. 
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superficial contaminants deposited during the sample manipulation. 
Nevertheless, this gives us a baseline value of reference for the amount 
of oxygen contamination that a sample can have. In the sample 
measured on quartz, the amount of oxygen detected is higher, but the 
signal is mainly proceeding from the oxygen in the SiO2 substrate. By 
deducting the signal coming from the substrate, we observe a proportion 
of around 4 to 5 carbon atoms per oxygen atom. This value means that 
after the sample preparation there is not an important variation in the 
sample composition, only maybe a slight increase of the amount of 
contaminants deposited on the top surface. 

To better understand the carbon composition of the samples, we have 
studied the components in the C 1s spectra (Fig. 3.c and 3.d). The main 
peak at 284.4 eV is assigned to the C–C sp2 bonds, and the peak at 285 eV 
to the C–C sp3 bonds. The rest of the components are assigned to the 
different kind of carbon–oxygen bonds. The component at 286 eV is 
assigned to C atoms directly bonded to oxygen in hydroxyl configura
tions (C-OH). At 286.8 eV, the component is attributed to epoxide group 
(C-O-C). And the two smaller components at higher energies (287.8 and 
288.9 eV) to the carbonyl (C = O) and carboxyl (COOH) groups. In 
Fig. 3.c, we observe in the deconvolution of the graphene spectrum on 
quartz a wider variety of component than in the spectrum on copper 
(Fig. 3.d). These changes in the composition are taking place after the 
transfer of the graphene sheet and can be related to PMMA residues or 
similar contaminants. 

The comparison of the different components for the case of graphene 
on quartz can be found in Table 1, also including the influence of the 
laser treatment in both atmospheres. The amount of C-O bonds follows 
the same proportion as in the wide XPS spectra, with a 25% of oxygen 
bonds. Analyzing the influence of the laser treatments in the 

composition, we can detect an increase of the sp3 together with a 
decrease of the sp2 component for the graphene layer when the layer is 
treated in ambient air. The increase of the C–C sp3 is in agreement with 
the Raman interpretation, where the rise of the D peaks could be related 
to the formation of sp3-type defects. On the other hand, the graphene 
layer treated in vacuum has a higher sp2 and a reduced C-O component. 
Therefore, the composition of the graphene layer after the treatment in 
vacuum can be identified as less defective. 

After the deposition of the liquid gate and the formation of the 
electrical double layer capacitance, we measured the transfer charac
teristic (R = VD/ID) of a device using two different metals as the gate 
electrode (Fig. 4.a). 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 0.83V (gold) to 

Fig. 3. a) The graphene Raman spectra before and after the different kind of laser treatments. The Raman laser wavelength is 532 nm. b) Comparison of the XPS wide 
spectra for the graphene on copper and after the transfer on quartz. c) XPS spectrum of the C1s peak for the graphene on copper. d) XPS spectrum of the C1s peak for 
the graphene transferred on copper. 

Table 1 
Comparison of the C 1s XPS composition of graphene layers on copper and 
quartz, before and after the different kind of laser treatments.  
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0.27V (silver) is mainly due to the difference in the work function of the 
employed metal. In order to work in aqueous solutions, low voltages are 
desirable to keep the working conditions below the water electrolysis 
potential (1.2V), avoiding secondary reactions and keeping a low gate- 
drain current [29]. 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 
is used as the gate electrode. In Fig. 4.b we can see the resistance versus 
gate voltage characteristic curves for a device measured several times in 
the same conditions to evaluate its stability. We can observe that after 10 
measurements the curve is still similar to the first one without any 
important variation in the consecutive measurements. 

Fig. 5 shows the transfer characteristics of two devices when using 
the liquid gate for successive laser treatment cycles in ambient air 
(Fig. 5.a) and vacuum (Fig. 5.b). Note that in both cases, there is a 
modulation of the channel conductivity as a function of the liquid gate 
voltage. In the case of the device treated in ambient air (Fig. 5.a), 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 1V before the laser treatment, down to 0.66V 
after 8 cycles (Fig. 5.c). 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. 

In the case of the device irradiated under vacuum conditions (Fig. 5. 
b), the Dirac point shifts to lower voltages from around 1.1V down to 
0.8V after 10 laser cycles (Fig. 5.c), while the device resistance was kept 
approximately at the same range. In contrast with the device treated in 
ambient air (Fig. 5.a), there is not an increase in the resistance at high 
number of laser cycles, indicating that the laser treatment under vacuum 
is not significantly damaging the device. However, at high number of 
laser cycles, the Dirac point shift behaves erratic, and the curves become 
broader, indicating a slightly harmful effect. 

Fig. 5.d shows a comparison of the Dirac voltages distribution of a 
series of devices without any laser irradiation and processed with the 
two types of laser treatment for a total number of four laser cycles. The 
devices treated in ambient air show significant reduction of the elec
trical inter-device variability. The standard deviation is reduced from 
120 down to 24mV, together with an improved average Dirac voltage of 
810mV. However, for the devices treated in vacuum, there are no sig
nificant differences comparing with the devices as-synthesized (without 
any laser treatment). A standard deviation of 110mV and an average 
Dirac voltage of 920mV for the case of the laser treatment at vacuum 
conditions, versus an average Dirac voltage of 950mV and a standard 
deviation of 120mV for the case without laser treatment. These results 
are in agreement with the structural characterization previously dis
cussed. The devices treated in vacuum present a similar structural 
composition to the devices before any treatment, and the electrical 
behavior is comparable or slightly improved. However, the devices 
treated under ambient air conditions present a deterioration of the 
electrical performance after the laser exposure. Nonetheless, at low 
number of laser cycles, the sensing capabilities are improved with a 
lower resistance and with a reduction of the Dirac voltages compared to 
the device without laser treatment. Note that the inter-device variability 
is a critical constraint for sensing applications. This variability 
improvement 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 [30,31]. 

Low-frequency noise characterization may shed light on the defect 
implications in these graphene sensors before and after the laser irra
diation. As Fig. 6 shows, the graphene layer presents a normalized power 
spectral density (PSD) of the noise formed by a flicker or 1decade/ 
1decade (1/f) contribution at low frequency and a Lorentzian contri
bution with center frequency around 104 Hz. This result indicates that 
graphene sheets are affected by carrier number fluctuations at low fre
quencies and by capture and emission processes of carriers at higher 
frequencies [32]. According to the similar spectrum observed before and 
after the laser irradiation (regardless in vacuum or air ambient condi
tions), these fluctuations are not enhanced by the laser treatment, sug
gesting a graphene resistance increased without a degradation of the 
interface after the laser exposure. This result means that, despite the 
increase of the defects discussed in the structural characterization and 
the conductivity degradation observed in the direct-current character
ization, once the double layer is formed, these defects do not imply an 
increase in the spectral density of the current. 

4. Conclusion 

Main parameters for using graphene liquid-gate devices as sensors 
have been evaluated before and after employing a laser treatment in 
ambient air and vacuum conditions. Despite presenting a slight increase 
in the graphene resistance after the laser exposure in ambient condition, 

Fig. 4. a) 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 0.1V. The Dirac voltage is defined as the 
voltage when the resistance reaches the maximum. b) Resistance versus gate 
voltage characteristic curves for a device measured up to 10 times to evaluate 
its stability. The curves are almost completely overlapping. 
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the graphene-based liquid gate sensors 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. The structural characterization 
shows an increase of the sp3 bonds in the carbon component together 

with an increase in the defect peak observed in the Raman spectrum. 
However, this defect increment also implies a shift of the Dirac voltage 
and an improvement of the inter-device variability. Moreover, this laser 
exposure does not affect the power spectral density of the current dis
carding an interface degradation during the device operation once the 
double layer is formed. Hence, the use of the laser treatment under 
ambient air conditions could be an advantageous technique to increase 
the sensibility and reproducibility of these graphene-based devices for 
applications as sensors or biosensors. For instance, it is planned to 
evaluate the sensing capabilities of these devices as biosensors. After an 
appropriate chemical modification of the graphene surface, these de
vices would be able to detect a wide variety of biomarkers. One of the 
main points to study in future works is to corroborate if the improved 
inter-device variability is maintained after the biochemical decoration. 
Another possibility would be the employment of simulation models to 
evaluate the sensing performance of the devices developed in this work. 
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J. Ávila et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0038-1101(22)00031-4/h0005
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0005
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0005
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0065
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0065
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0065
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0125
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0125
http://refhub.elsevier.com/S0038-1101(22)00031-4/h0125

	Improved inter-device variability in graphene liquid gate sensors by laser treatment
	1 Introduction
	2 Experimental Setup
	3 Results and Discussion
	4 Conclusion
	Declaration of Competing Interest
	Acknowledgment
	References


