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Graphene channel liquid container field effect transistor pH sensor with interdigital microtrench for liquid ion testing is presented.
Growth morphology and pH sensing property of continuous few-layer graphene (FLG) and quasi-continuous monolayer graphene
(MG) channels are compared. The experiment results show that the source-to-drain current of the graphene channel FET has a
significant and fast response after adsorption of the measured molecule and ion at the room temperature; at the same time, the FLG
response time is less than 4 s. The resolution of MG (0.01) on pH value is one order of magnitude higher than that of FLG (0.1).
The reason is that with fewer defects, the MG is more likely to adsorb measured molecule and ion, and the molecules and ions can
make the transport property change. The output sensitivities of MG are from 34.5% to 57.4% when the pH value is between 7 and
8, while sensitivity of FLG is 4.75% when the pH = 7. The sensor fabrication combines traditional silicon technique and flexible
electronic technology and provides an easy way to develop graphene-based electrolyte gas sensor or even biological sensors.

1. Introduction

Graphene is becoming an attractive nanostructure with many
remarkable electronic, optical, chemical, and mechanical
properties since its discovery [l, 2]. As a unique two-
dimensional nanomaterial, graphene has extremely large
surface-to-volume ratio, shows exceptionally high electron
mobility at room temperatures, and is sensitive to molecular
adsorption [3-12]. Graphene is also a biocompatible sensing
material 8, 13]. Schedin et al. [14] have demonstrated that
graphene could even detect individual molecules and allows
high signal-to-noise ratio due to the fact that graphene carrier
mobility is very high. Namely, the high conductivity and
few crystal defects enable a few extra electrons to cause
notable changes in carrier concentration of graphene and
sensor signal. It is worth mentioning that the extremely high
breaking strength ~130 GPa allows graphene to be suspended
across a trench about micron size in width [15, 16]. In recent
years, Cheng et al. [16] have demonstrated a suspended
graphene sensor in aqueous solution in comparison with that
of nonsuspended graphene sensor, to display an improved
signal-to-noise ratio.

Having a pH sensor which can reliably measure values
in the range of 7.35-7.45 is extremely important in medicine
as normal human body has pH values in this range and
changes in this value can indicate a potential health hazard.
In this work, we demonstrate two kinds of graphene film
to serve as channel of field effect transistor (FET) used as
pH sensors, in which graphene films cover microtrench to
construct liquid ion container inhaling pH buffer solution.
Growth morphology and pH sensing properties of both
continuous few-layer graphene (FLG) and quasi-continuous
monolayer graphene (MG) channels are compared and the
type of graphene suitable for high resolution pH value testing
is investigated.

2. Experiment

Graphene used here is synthesized in our laboratory on
copper and nickel foils using low pressure chemical vapor
deposition (CVD) method [17]. A schematic of the graphene
channel liquid container FET with microtrench is illustrated
in Figure 1(a).
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FIGURE I: Schematic diagram (a) and fabrication flowchart (b) of the graphene channel liquid container FET with microtrench. (a) The
microtrench is formed on a 300 nm thick SiO, layer between the source and drain electrodes and N* heavy doped silicon substrate. Graphene
films cover the top and bridge the source and drain electrodes. The testing molecule would be bound to double sides of suspended graphene.
(b) Fabrication procedure. Steps (1) to (5) depict the fabrication of interdigital source and drain electrodes on microtrench using lift-off and
etching process. Steps (6) to (8) show the transferring graphene on the PDMS film. Steps (9) and (10) show the final result that graphene film
covers microtrench to achieve FET device.



Journal of Nanomaterials

pH buffer solution ; > ‘@
S Semiconductor

\ -
Graphene a

S

Source

parameter analyzer

N

4200 SCS

Drain

Gate

FIGURE 2: Schematic diagram of experiment setup for pH value testing.

The SiO, layers between the source and drain electrodes
are etched down to form a microtrench. Graphene was
cleaned with deionized (DI) water, dried in nitrogen, and
transferred by the polymer-support transfer method [18-21]
upon the top of the electrodes, thus bridging the source and
drain electrodes. The substrate used here is an N* doped
silicon substrate with a 300 nm thick SiO, layer above. The
flowchart of the sensor fabrication is depicted in Figure 1(b).
Firstly, we have fabricated interdigital source and drain
electrodes on microtrench using lift-off and etching process
in steps (1) to (5). The wet etching method was used to form
microtrench. Secondly, the graphene film was grown and
transferred to the PDMS film in steps (6) to (8). Finally, we
achieved the graphene channel liquid container FET after the
microtrench was covered by graphene film in steps (9) and
(10).

The pH value measurements setup is shown in Figure 2.
Buffer solutions with pH from 13 to 7 were obtained by
diluting alkaline solution. A drop of buffer solution is then
dispersed on graphene layer. A semiconductor parameter
analyzer (Keithley Instruments, Inc., 4200 SCS) was used to
monitor the current between source and drain Ig of the
suspended graphene channel FET during the test. Various
concentrations of buffer solutions were introduced to the
trench and graphene manually via injection at the humidity of
26% and temperature of 25°C. The DI water was introduced to
trench and graphene for recovery process. The crystal struc-
ture of the graphene is investigated using scanning electron
microscopy (SEM) (S-4800 field emission scanning electron
microscope). Raman spectra were collected by Horiba Jobin
Yvon HR 800 using a 514 nm laser excitation. Raman spectra
were fitted by Voigt function using peak fitting function of
Origin 9.0.

3. Results and Discussion

3.1. Characterizations of Two Kinds of Graphene. Graphene
is obtained on two kinds of substrates with different surface
morphology and structure. SEM analysis is used to determine
the morphology and size of as-prepared graphene. Graphene
grown on nickel substrate is a large area of continuous film

with some white fold on surface as shown in Figure 3(a). The
quality and thickness of the graphene were further measured
by Raman spectrum (Figure 3(a) inset). The G band and the
2D band have peaks at around 1580 cm™ and 2667 cm™,
respectively. The as-prepared graphene has good quality and
low defect density because it contains obvious character-
istic 2D peak and invisible D peak (defect peak around
1350 cm™"). Few-layer graphene (FLG) on nickel is found to
have less than 10 layers, because the I,,/I; ratio is about
0.5. Graphene grown on copper substrate is quasi-continuous
film composed of high density ordered hexagonal single
crystal graphene domain as shown in Figure 3(b), in which
diagonal size is greater than 100 microns. The G band and
the 2D band have peaks at around 1584 cm ™" and 2663 cm ™,
respectively. The I, /1 ratio is about 2.5 (Figure 3(b) inset).
These results confirmed that the graphene on copper is single
crystal and monolayer graphene (MG) without defect peak.
Both continuous FLG and quasi-continuous MG (greater
than 100 ym) can cover the microtrench and bridge source
and drain electrodes, because the width of microtrench is
less than 20 ym. White interdomain and fold are clearly
visible when quasi-continuous MG film covers microtrench
as shown in Figure 3(c).

3.2. pH Value Measurement. Continuous FLG film is used in
large range pH value experiment. When pH buffer solution
flows into the trench, the ions in liquids (charged molecules)
would be bound to the double sides of suspended FLG
surface to change the conductance of graphene, which in turn
modulates the source-to-drain current. The source-to-drain
current Ing response with time in pH buffer solution under
different pH value is shown in Figure 4(a). The I,g changed
instantly when the pH buffer solution was inhaled into the
microtrench. Altogether it takes about 1 to 4 seconds to reach
a relatively stable value. It follows a typical exponential decay
process, with a final equilibrium status between adsorption
and desorption of OH™, which is the main cause in absorp-
tion. The response time constant 7 is estimated to be about
3.11s,3.555,3.56 s,and 3.7 s for a testing solution of pH values
of 7.0, 10.0, 11.0, and 13.0, respectively.
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FIGURE 3: SEM image of graphene on Ni and Cu substrate and Raman spectra of graphene transferred onto SiO,/Si substrate. (a) SEM
and Raman spectra (inset figure) of FLG on Ni substrate; the scale bar is 10 um. G band and 2D band are peaked at around 1580 cm ™' and
2667 cm™', respectively. The I, /I ratio is about 0.5. (b) SEM and Raman spectra (inset figure) of MG on Cu substrate; G band and 2D band
are peaked at around 1584 cm ™' and 2663 cm ™', respectively, with invisible D peak. The Iy, /I; ratio is about 2.5. (c) SEM image of microtrench
coating with suspended MG that bridges source and drain electrodes. The scale bar is 100 ym.

The initial value Ingn is not at the same starting point
because the desorption of OH™ is not complete. Sensitivity
S, which is defined as § = (Ips — Ipgma)/Ipsing Clearly
shows contrast at each pH value and is shown in Figure 4(b).
Sensitivity increases almost linearly with the increase of pH
value of the solution suggesting that the OH™ absorption of
the graphene is still far away from saturation in the tested
region of curve, so we could look forward to extending
the linear range. The OH™ group has an unpaired electron
and would trap electrons [8, 9] from FLG. Comparing with
reported p-type channel of SINWs or CNTs [16, 22-24], the
Iys of the FLG channel decreased with pH values increasing,
which further confirms that the prepared FLG channel of FET
sensor is n-type. The S are 4.75%, 24.65%, 31.63%, and 45.1%,
corresponding to pH values of 7.0, 10.0, 11.0, and 13.0, respec-
tively. The pH value resolution of continuous FLG film is 0.1.

In order to investigate pH value resolution of quasi-
continuous MG channel liquid container FET, small range

experiment between pH = 7.00 and pH = 8.00 was carried out
as shown in Figures 5(a) and 5(b). The I takes about 10 to 25
seconds to reach a relatively stable value when the pH buffer
solution was introduced into the microtrench and response
time constant T is estimated to be about 22.42s, 11.72s,
and 14.82 s for pH values of 7.35, 7.59, and 7.86, respectively.
Sensitivity increases almost linearly with the increase of pH
value, and Sare 34.5%, 47.6%, and 57.4%, corresponding to pH
values 0f7.35, 7.59, and 7.86, respectively. For FLG channel, the
output sensitivity of FET is 4.75% when the pH = 7.0. Notably,
for the quasi-continuous MG channel, the output sensitivities
are from 34.5% to 57.4% when the pH value is between 7.00
and 8.00, which increase nearly one order of magnitude. The
reason is that with fewer defects the MG can adsorb more
measured molecules and ions than the FLG in the similar
ambient. MG is suitable for normal human body pH values
testing, which are 7.35~7.45. The pH value resolution of quasi-
continuous MG film is 0.01.
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FIGURE 4: Large range experiment of continuous FLG channel liquid container FET. (a) Ipg versus time response under different
concentrations of pH buffer solution and (b) sensitivity linear response towards pH value (pH = 7.0, pH = 10.0, pH = 11.0, and pH = 13.0;

V, =0Vand Vg = 0.1V).
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FIGURE 5: High resolution experiment of quasi-continuous MG channel liquid container FET. (a) I, versus time response under different
concentrations of pH buffer solution and (b) sensitivity linear response towards pH value (pH = 7.35, pH = 7.59, and pH = 7.86; V, = 0V and

Vs = 0.1V).

4. Conclusions

We have demonstrated a simple method to fabricate both
FLG and MG graphene channel liquid container field effect
transistor pH sensors. An interdigital pattern microtrench,
which is used as microcontainer for inhaling liquid ion, was
fabricated on SiO, layer. FLG is less than 10 layers and MG
is single crystal and monolayer. Our results show that FLG
graphene channel FET has faster response than that of MG
after adsorption of the measured molecule and ion at the
room temperature. Both resolution and output sensitivities
of MG on pH value are one order of magnitude higher than

those of FLG. The device can be applied to other fields as gas
sensor and even biological sensors. MG is suitable for high
resolution normal human body pH testing. Most importantly,
the concept of selecting the appropriate structure of graphene
according to the different analyte testing requirements may
provide a new insight about a new approach for graphene
Sensor.
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