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Abstract
Glassy carbon (GC) thin film was successfully deposited via thermal pyrolysis of ethanol vapor by means of chemical 
vapor deposition at 1000 °C without any catalysis. The Raman spectra of the grown GC film showed typical peaks of D1, 
G, and 2D1 including derivative peaks of D2 band and a combinational peak of D1 + G that indicates the film is glassy 
carbon. XPS analysis of the C 1s core showed the deposited films have carbon atoms consisting of an almost  sp2 binding 
structure. A picture of the cross-sectional transmission electron microscope showed the stacking layers of a disordered 
carbon have a turbostratic layer with a few nanometers graphitic domain, about 13 nm estimated by Raman spectra. 
Two types of pH sensor were fabricated. One is a GC based field-effect transistor with a top gate of a solution (GC-FET), 
and the other is a GC extended gate electrode connected to commercial Si FET (GC-EGFET). The average pH sensitivity of 
GC-FET and GC-EGFET is 21.5 mV/pH and 26.5 mV/pH, respectively, which are comparable for graphene-based solution 
gating pH sensors that have appeared in the recent literature.

Keywords Glassy carbon · Chemical vapor deposition · Solution gate field-effect transistor · Extended gate field-effect 
transistor · pH sensor

1 Introduction

Glassy carbon (GC) is a technologically important material 
and the GC electrodes have been widely used due to their 
excellent properties including strong corrosion resistance, 
chemical inertness, thermal stability and a structure imper-
meable to both gases and liquids, wide electrochemical 
potential window, electrocatalytic activity for redox reac-
tions, good electrical conductivity, good biocompatibility, 
and low fabrication costs [1–4]. Therefore, not only the GC, 
but also various carbon allotropes like graphite, graphene, 
carbon nanotubes, and pyrolytic carbon has been utilized 
for various applications including electro-analysis, electro-
catalysis, energy conversion, energy storage, and sensors 
[5–14].

Despite numerous reports in utilizing GC electrodes 
including the surface absorption of molecules to empha-
size sensing properties, a synthesis and/or growth study 
on the planer two-dimensional structure of GC has not 
yet been reported. The microstructure of GC is a network 
of turbostratic curved graphitic carbon planes with gra-
phitic  sp2 hybridization of C bonds, like highly disorder 
graphite without dangling bonds [3]. Currently, GCs have 
made from an organic polymer resin [1–3]. One example is 
synthesized by a decomposition of a cross-linked polymer 
like a resin of phenol-hexamine [2, 3]. It can be synthe-
sized by carbonization of alcohol precursors. If we could 
prepare the GC into a planer film, it can be substituted for 
other carbon allotropes like graphite, carbon nanotubes, 
and graphene. Indeed, several approaches to obtain thin 
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carbon films have been investigated such as a pyrolysis 
of photoresists [12, 15–17] and a screen-printing ink [18, 
19]. These techniques have an advantage of the simple 
process, highly reproducible and facile desirable patterns. 
However, pyrolysis carbon shows a structure with a micro-
structure composed of both graphitic and amorphous, the 
electrical resistivity is still high for the sensing electrodes 
[12]. The latter technique has several issues to overcome 
such as uniformity of dispersed ink, removing the dis-
persant, and a cost of fabrication ink [19]. A promising 
approach to obtain thin GC film is through the pyrolysis 
of alcohol vapor by means of chemical vapor deposition 
directly on substrates without any catalysts. GC processed 
using CVD exhibits several advantages, including good 
electrical and chemical properties, a large area deposition 
resulting in low cost fabrication. Moreover, this technique 
has advantages of the large scales, the simple process, and 
a low cost compared with preceding graphene and SWC-
NTs. A large-scale GC film across an entire substrate con-
trasts with the conventional micromechanical exfoliated 
graphene which graphene is prepared in the form of small 
flakes [20]. Furthermore, it enables to avoid the transfer 
process in contrast to CVD graphene grown on metal cat-
alyst substrates [21] and a solution process of dispersed 
SWCNTs [22]. The transfer process causes an introduc-
tion of defects, impurities, and cracks into graphene even 
though high-quality and highly uniform graphene can be 
obtained using CVD. The SWCNT technique has several 
issues to overcome such as uniformity of dispersed solu-
tion, removing the dispersant, and a cost of purifying solu-
tions. As-synthesized SWCNTs are often contaminated with 
amorphous carbon and residual catalyst particles, which 
have been limited by both the high cost of the nanotubes 
and difficulties associated with the processing of the as-
produced materials [22–25]. As described above, therefore, 
an alternative material of allotrope is required such as GCs 
for industrial production.

In this study, we have an attempt to synthesize GC 
film directly on substrates by CVD using ethanol. Grown 
GC films were evaluated by Raman spectroscopy, X-ray 
photoelectron spectroscopy, and transmission electron 
microscope for the crystallinity of film state GCs. Further-
more, we demonstrate a solution-gated GC film field-effect 
transistor (FET) and an extended gate FET using the same 
device structure to evaluate the electrical characteristics 
for the GC film. The observed sensitivity of 20 mV/pH and 
28 mV/pH respectively is in good agreement with results 
obtained on graphene surfaces. Our experiments indicate 
the potential of this new glassy carbon film-based device 
in pH sensing applications.

2  Experimental section

2.1  Synthesis of the glassy carbon films

Glassy carbon films were deposited on 10–15 mm squares 
thermally oxidation  SiO2 on p-type Si wafers and both 
sides polished r-plane (01–12) sapphire substrates. Prior to 
growth, the substrates were cleaned followed by acetone 
and ethanol,  H2O2/H2SO4 solution for 15 min at 60 °C and 
then rinsed with water. Glassy carbon films were grown 
with a home-built chemical vapor deposition (CVD) system 
using ethanol vapor as the carbon feed stock and ultra-
high purity argon (99.999% purity) as the carrier gas as 
showed in Figure S1 in supplementary materials. The sub-
strates were placed into the tubular furnace and the reac-
tion chamber was evacuated to 0.01 Torr. Then 180 sccm 
Ar was introduced into the CVD chamber with a pressure 
of 10 Torr and the temperature was raised to 1000 °C. After 
stabilization, we introduced 1 sccm ethanol into the sys-
tem while keeping the ethanol flow for 10, 30, and 60 min, 
during which glassy carbon growth occurred. After that, 
the ethanol flow was turned off, and the substrate was 
naturally cool down to room temperature.

2.2  Electrolyte preparation

The pH solutions of a phthalate buffer solution at pH 4.01, 
a phosphate buffer solution at pH 6.86 and a borate buffer 
solution at pH 9.18, and 0.1 mol/L of sodium hydroxide 
solution, and sodium chloride were purchased from Fuji-
film Wako pure Chemical Corporation. A pH 12.0 of the 
solutions was adjusted by adding aliquots of sodium 
hydroxide (NaOH) solution. The pH of the solutions was 
adjusted to a total ionic strength of 10 mM by adding NaCl 
and distilled water.

2.3  Sensor device fabrications

The configuration of the GC FET pH sensor is illustrated 
in Fig.  1. The sensor is composed of source and drain 
electrodes incorporating with synthesized GC film serv-
ing as a conductive channel of the FET. In this study, 
we examined two types of pH sensor. One is solution 
top gate FET structure (GC-FET) and the other type is 
extended gate FET structure (GC-EGFET). Briefly, for the 
GC-FET, the fabrication process of the FET device starts 
with the preparation of a chip with two electrodes, i.e. 
source and drain as showed in Fig. 1a, b. Figure 1a shows 
the photograph of the sensor chip and Fig. 1b illustrates 
the schematic configuration of the sensor top view and 
the cross-sectional view. The GC film sample was stuck on 
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a 20 mm × 150 mm × 0.5 mm-thick cut PET plate with a 
double-sided carbon tape. 0.5 mm-diameter of the lead 
wires were attached to a silver paste on the side of the 
GC film surface to form the source and drain electrodes. 
Finally, the electrodes area was encapsulated by an epoxy 
resin to protect the electrodes and the connection of lead 
wires from the electrolyte. The source and drain electrodes 
are with a gap distance of about 1 cm. The sensing area 
of the sensor is designed as 1 cm in width and 1 cm in 
length (i.e. 1 cm2). For the extended gate FET structure 
(GC-EGFET), EGFET was separate into two parts. One was 
the sensing structure containing the sensitive membrane, 
which is basically the same setup of the GC-FET sensor 
chip, and the other was the MOSFET structure. The sensi-
tive membrane of the GC surface is connected by short-
circuiting between the source and the drain by means of 
attaching to the gate electrode of the MOSFET as showed 

on the right side of Fig. 1c. The sensing structure and the 
reference electrode were dipped into the buffer solution 
and connected to the gate of MOSFET. Our MOSFET is a 
commercial device 2SK369.

2.4  Sample characterization

Raman spectra were carried out by micro-Raman analysis 
(NRS-7100, JASCO) with an excitation laser wavelength 
of 532 nm. Transmittance spectra were recorded using 
a JASCO UV–Visible Spectrophotometer V-670. Morpho-
logical features of the synthesized glassy carbon films 
were examined using field emission scanning electron 
microscope (FE-SEM) (JSM-7001F, JEOL), atomic force 
microscope (AFM) (SPI-3800, SII), and transmission elec-
tron microscope (TEM) (JEM2100F, JEOL). The X-ray pho-
toelectron spectroscopy (XPS) measurements have been 

Fig. 1  Schematic configuration of the sensing performance meas-
urement system of solution gated CG FET and extended gate FET 
pH sensors. a The photograph of the sensor chip, b schematic illus-

trations of the structure of the sensor chip for the top view and the 
cross-sectional view, c the measurement system for the solution 
top gate structure and the extended gate structure
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performed in a SHIMAZU ES-3400, equipped with an 
Mg Kα monochromatic X-ray source (h𝜈 = 1253.6 eV), and 
was investigated to analyze the elemental compositions 
of glassy carbon films on  SiO2/Si substrate and HOPG as a 
reference graphitic carbon structure. The sheet resistivity 
of the samples was carried out by the four-probe method 
using a four-probe cable (SR4-S, Astellatech, Inc. Japan) 
attached to a DC voltage and current source/monitor 
(R624A, Advantest, Japan). The electrical characteristics 
of the FET devices were measured by a Keithley 4200-SCS 
(Semiconductor Characterization System) with an Ag/
AgCl reference electrode (BAS Inc., Japan) as the top gate 
electrode.

3  Results and discussion

3.1  Morphological characterization

Figure 2a–c show the FE-SEM images of glassy carbon film 
deposited for 10 min, 30 min, and 60 min, respectively. 

Figure 2d–f show the AFM images of the samples (a–c), 
and the bottom part shows the scan profiles indicated 
in the AFM images, respectively. It can be seen the film 
consists of nanoparticle-like structures with a few tens of 
nm size, which closed packed together with increasing 
the growth time, resulting in forming a three-dimensional 
structure with a large surface area. RMS in the roughness 
of the film surface was increased from 1.9 nm for 10 min, 
4.0 nm for 30 min to 7.8 nm for 60 min. Although the film 
deposited for 10 min and 30 min is essentially uniforms, 
the domains of the GC for 60 min are larger and the surface 
looks bumpier in the AFM images, but the FE-SEM images 
are looked smooth surface. It was difficult to ascertain 
the film thickness due to the high surface roughness. The 
deposited film thickness was roughly estimated in Sup-
plementary materials.

Typical cross-sectional TEM micrographs of GC film 
grown on  SiO2/Si substrate at 1000 °C is shown in Fig. 3. 
The microstructure of the glassy carbon layer appears tur-
bostratic graphitic layers as the disordered network, which 
is marked by arrows. It is noted the obscurity fragments 

Fig. 2  FE-SEM images of glassy carbon films directly grown on 
 SiO2/Si substrate with different growth time; a for 10  min, b for 
30  min, and c for 60  min, respectively. AFM images of the sam-

ples; d for 10 min of sample (a), e for 30 min of sample (b), and f 
for 60 min of sample (c), respectively. The bottom insets show scan 
profiles indicated in the AFM images respectively
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of the glassy carbon layers may be weakly oriented to the 
substrate with small domains. The lateral domains of the 
carbon nanolattices appear 3–5 nm and exhibit lattice 
spacing of 0.3–0.5 nm. It is interesting that the microstruc-
tures of the GC film are comparable to the graphitizing 
carbon prepared by pyrolysis of anthracene at 1000 °C [3, 
23–26].

3.2  Structural characterization

Figure 4 shows the Raman spectra for GC film grown at 
1000 °C for different growth time and HOPG as a reference 
for the graphite structure. Similar spectra were obtained 

from the glassy carbon prepared by annealing at 1500 °C 
in the literature [4, 27–31]. The first-order and the second-
order Raman spectra were observed. The first-order Raman 
spectra of GC is shown dominantly two peaks, where are 
at around 1580 cm−1 (G peak) and at around 1350 cm−1 
(D peak). The G peak is assigned to lattice vibration in 
the plane of the graphite-like nano-particles in the GC 
structure [31]. The D peak is the so-called disorder peak 
and is frequently seen in small crystallite size of graphitic 
materials. The D peak is negligibly small for the HOPG. 
Line decomposition of the raw spectrum of the first-order 
Raman spectrum into three bands is also presented in 
Supplementary Figure S4. There is a small peak at around 
1615 cm−1 (D′ peak) which located in a high-wave-number 
side of the G peak. Since the D′ peak is often small, it is 
difficult to decompose from the combinational peak of G 
and D′, however, we can observe the broad and higher 
peak position of “G peak” compared with the G peak of 
graphite (HOPG). The second-order Raman spectra of GC 
is also dominated by two peaks, where are the overtones 
of the D1 peak at around 2710 cm−1 (2D1 peak) and the 
combined tone at around 2930 cm−1 (D1 + G peak) [31]. 
In the case of graphene, a single layer of graphite, the 
2D1 peak appears a single sharp peak. When graphene 
layers increase numbers of layers in the stack, the 2D1 
peak height decreases significantly. Finally, the 2D peak 
in bulk graphite consists of two components 2D1 and 2D2 
[32]. For the glassy carbon, the intensity of the 2D1 peak 
decreases with an increase in the growth time. It is likely 
to be the effect of an increase in numbers of layers in the 
graphite-like domains, as can be seen in the transmittance 
spectra in Fig. S2. Moreover, low intensity of the 2D1 bands 
for 10 min glassy carbon may be explained by the small lat-
eral size of the graphene-like domains and the high defect 
densities as a high ID/IG ratio [33].

3.3  Chemical characterization

Figure 5a depicts the XPS survey spectra for the GC film 
with different growth time and HOPG. The HOPG sam-
ple was peeled off the several layers from the surface by 
plastic tape to expose fresh plane. The spectra of GC film 
and HOPG exhibit the characteristic C1s peak at 284 eV 
[34]. The 10 min GC film also exhibits C 1s including Si 
2p, Si 2s, and O 1s peaks. They are ascribed to the  SiO2/
Si substrate. The C1s core level XPS spectrum (Fig. 5b) is 
dominated by a peak at 284 eV assigned to the  sp2 car-
bon framework and  sp3 hybridized state at 285 eV which 
located on the high binding energy side of the main peak 
line [34]. These spectral features in the GC film are almost 
like the HOPG, suggesting that the carbon of GC struc-
ture exhibit  sp2 formations. The decomposition of the 
 sp3 hybridized state can be assigned to carbon-hydrogen 

Fig. 3  High-resolution TEM image of GC film grown on  SiO2/Si sub-
strate at 1000 °C

Fig. 4  Overview of the Raman spectra for GC films grown at 
1000 °C for different growth time from the range of 10–60 min, and 
HOPG as a reference for graphite structure
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bonded groups that occur when the carbon atoms have 
a chemical environment experienced. The characteriza-
tion of GC including XPS results suggest that although 
the GC film has a highly disordered structure, a rough 
surface (in other words of a high surface-volume ratio), 
the layered structure shows  sp2 carbon layers as well as 
bulk graphite, and we can utilize the film as an alternate 
for graphene, reduced graphene oxides (rGOs), and/or 
carbon nanotubes (CNTs).

3.4  Electrical characterization

Prior to fabrication of pH sensor devices, we tested a sheet 
resistance (Rs) of GC film using a four-probe method. The 
Rs for the sample grown for 10 min was 23.6 kΩ/sq, for 
30 min was 1.72 kΩ/sq, and for 60 min was 0.86 kΩ/sq. This 
value is comparable to typical CVD single-layer graphene 
[35–38] and lower than reduced graphene oxide [39, 40]. 
Figure 6a shows the output characteristics (ID-VD) of a 

Fig. 5  XPS spectra of GC films with different growth time and HOPG as a comparison. a XPS survey spectra and b XPS C1s core level spectra 
for the GC films and HOPG

Fig. 6  Measurement results for a typical solution gated GC-FET 
device with source-drain electrode insulation. a IDS–VDS curves for 
probe gate setup for VRef values swept from 0 to − 0.4 V. b Trans-

port characterization of a GC-FET in an electrolyte at pH 6.86 with 
0.01 M of NaCl solute



Vol.:(0123456789)

SN Applied Sciences (2019) 1:171 | https://doi.org/10.1007/s42452-019-0181-5 Research Article

typical solution-gated GC-FETs at five different reference 
gate voltages (VRef). The device showed a clear increase 
in conductance induced by the gate voltage and slightly 
non-linear behavior, which are typical for Schottky metal/
semiconductor junctions. However, the influence of the 
Schottky barrier and contact resistance at source/drain 
seemed to be negligible. Figure 6b shows the transfer 
characteristics of a GC-FET in an electrolyte. When the top 
gate voltage VRef swept from − 0.1 to 0.8 V, an ambipolar 
characteristic of the sensor was observed and source-drain 
current IDS versus VRef curve showed electron/hole conduc-
tion shift at a charge neutral point (CNP) of VRef ≈ 0.58 V. 
The shift in the CNP can be explained by the different 
scattering cross sections for electrons and may be heavy 
p-type doping due to a highly disorder graphitic crystal-
lites [41–43]. Therefore, GC can work as either a p-type 
or an n-type sensor when a small liquid gate voltage is 
applied to switch its carrier characteristic. Transconduct-
ance (gm) determines how effectively the gate controls the 
source-drain current and the gm is expressed as;

The gm was 0 for CNP, and it showed p-type regime 
(0–0.4 V) and n-type regime (0.7–0.8 V) of the linear region 
as a highlight in Fig. 6b. The hole and electron mobility 
were calculated from the linear regime of the transfer 
characteristics using

where C is the specific capacitance of the dielectric, and μ 
is the field-effect mobility [44]. The transistor considered 
in Fig. 6b has an aspect ratio L/W = 1, and the gate capaci-
tance is C  (H2O) = 137 nF/cm2 [44]. The calculated hole and 
electron mobility were 321 and 124 cm2/Vs at VD = 0.5 V, 
respectively.

Figure 7 shows a typical pH-dependent transfer charac-
teristics of the GC-FET under different pH values ranging 
from 4.01 to 12.0. Electrical measurements at a source-
drain voltage (VDS) of 0.5 V were used to monitor changes 
at the channel current at the gate potential was varied 
as the reference electrode. A positive shift of the CNP, 
determined as the VRef value was certainly observed with 
increasing pH value in the electrolyte. It indicates that a 
carrier doping occurred when the  [H+] concentration in 
the solution changed [45]. The plot of the CNP voltages 
against pH values indicates that the relationship between 
pH and conductance is linear over the range from 4.01 
to 12.0, and a sensitivity of 20.5 mV/pH was obtained, as 
showed in the inset of Fig. 7. The results indicate that GC-
FETs can be used in pH sensors.

The GC extended gate FET (GC-EGFET) was performed 
similarly to an operation of a conventional MOSFET with 

(1)gm = ΔIDS∕VREF

(2)� = gm ⋅

L

W
⋅

1

CVD

the GC sensing membrane utilizing the GC-FET device as a 
gate electrode. Typical I–V characteristics (IDS–VDS) for the 
GC pH-EGFET in buffer solutions were recorded in Fig. 8a. 
The VRef was held at − 0.4 V while the drain to source volt-
age, the VDS was varied from 0 to 3 V by 0.1 V/step. In the 
saturation region, the IDS declined steadily as the  [H+] of 
buffer solutions decreased from pH 4.01–12.0. The IDS for 
the saturation region is expressed as

where Kn is the conduction parameter, Vref is the reference 
electrode voltage [46, 47]. From the equation, the inset of 
Fig. 8a shows that the GC-EGFET has a linear pH response 
in the saturation region at VDS = 2 V. To obtain the pH sen-
sitivity of the GC-EGFET, the drain to source current-gate 
reference to source voltage (IDS–VRef) curves of EGFET were 
measured in buffer solutions with different pH values as 
showed in Fig. 8b. The IDS–VRef curves shifted to a positive 
voltage while the samples were immersed into higher pH 
value of buffer solutions in a concentration range between 
pH 4.01 and 12.0. The result shows the GC-EGFET has a 
linear pH sensitivity of 27.8 mV/pH.

Three sets of devices were fabricated to evaluate the 
reproducibility of GC pH sensors. Table 1 shows the sen-
sitivity results of the reproducibility test of three inde-
pendently developed GC FET/pH sensor electrodes in 
different buffer solutions at pH 4 to pH 12. The relative 
standard deviation (RSD) determined from these meas-
urements for GC-FET was 5.5% and for GC-EGFET was 
6.5%, respectively, confirming that both GC-FET and 

(3)IDS =
1

2
Kn[(VRef − VT )

2]

Fig. 7  Source-drain current as a function of the reference poten-
tial measured in different pH buffer solutions for a typical GC-FET 
device. Inset shows top-gate voltage at the charge neutral point 
(CNP) as a function of pH value. The dashed line is a linear fit to the 
data points. A sensitivity of 20.5 mV/pH is deduced
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GC-EGFET have good reproducibility. GC-EGFET sensors 
tended to detect higher sensitivity than that of GC-FET 
configuration. In Table 2, we compare the pH sensitivity 
of our GC sensor with other CNTs, graphene, and rGO FET 
pH sensors reported in the literature. It is worth notic-
ing that this sensitivity of the GC pH sensors is similar 

to the one reported for SWCNT (20  mV/pH) [48], for 
mechanically exfoliated graphene (19 mV/pH) [50], and 
for CVD graphene (26 mV/pH) [52]. Indeed, preceding 
studies show a large variation ranging from 6 to 99.8 mV/
pH using  sp2-carbon materials obtained from different 
methods. The sensing mechanism remains unclear yet, 

Fig. 8  Measurement results for a typical extended gated GC-FET 
device with GC electrode. a IDS–VDS curves for probe gate setup 
for VRef values for varying pH values. Inset shows pH sensitivity of 
square root of IDS for measurements between pH 4.01 and 12.0. b 

Transport characterization of a GC-FET in an electrolyte at pH 6.86 
with 0.01 M of NaCl solute. Inset shows reference electrode voltage 
measured under constant voltage constant current and exposed to 
various pH values

Table 1  The average pH 
sensitivity of the combination 
of the devices

Device name Configuration Sensitivity (mV/pH)

Device 1 Device 2 Device 3 Average RSD (%)

GC-FET Solution gated FET 20.5 22.8 21.2 21.5 5.5
GC-EGFET Extended gate FET 27.8 27.1 24.5 26.5 6.5

Table 2  Comparison of pH 
performance for different  sp2 
carbon materials

EP epitaxial, ME mechanical exfoliated

Materials Configuration Sensitivity (mV/pH) pH range References

GC Solution-gate 21.5 4.0–12.0 This work
GC Extended-gate 26.5 4.0–12.0 This work
SWCNT Solution-gate 20 4.0–9.0 [48]
MWCNT Extended-gate 16.2–36.4 2.0–12.0 [55]
EP graphene Solution-gate 98.8 2.0–12.0 [49]
EP graphene Solution-gate 19 3.0–12.0 [50]
ME graphene Solution-gate 27.8 4.0–8.2 [45]
ME graphene Solution-gate 17 6.0–9.0 [42]
CVD graphene Solution-gate 6 5.0–10.0 [51]
CVD graphene Solution-gate 21 4.3–8.4 [52]
CVD graphene Solution-gate 16.6 4.0–10.0 [54]
rGO Solution-gate 29.2 6.0–9.0 [53]
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however, the GC films can be adapted to comparable for 
the pH sensing membrane.

4  Conclusions

We have successfully synthesized thin film of glassy carbon 
by chemical vapor deposition using ethanol as a carbon 
source. A thermal pyrolysis process of ethanol provides 
high quality GC film with graphite like structure of a tur-
bostratic layer stacking. The growth time dependence 
clarifies the film growth has a three-dimensional nature. 
The domain size of nano-graphitic crystallite was about 
13 nm, which was not changed with the growth time. 
XPS analysis showed that the deposited films have car-
bon atoms consisting of an almost  sp2 binding structure. 
We investigated solution gated GC-FET and GC-EGFET for 
pH sensor applications. The GC-FET showed good gate 
transfer characteristics in electrolytes. A high mobility of 
holes for 321 cm2/Vs and electrons for 124 cm2/Vs were 
obtained. The average pH sensitivity of GC-FET and GC-
EGFET is 21.5 mV/pH and 26.5 mV/pH, respectively, which 
are comparable for graphene-based solution gating pH 
sensors. These results indicate GC based FETs are promis-
ing candidates for the development of biological sensors.
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