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Abstract

Seawater pH is an important parameter in marine and environmental researches, and it demands sensitive, portable, rapid
and real-time sensing pH sensors. Here, we propose a graphene field-effect transistor (Gr-FET)-based pH sensor on flexible
polyimide (PI) substrate integrated with microfluidic chip for real-time seawater pH detection. The monolayer graphene was
grown by chemical vapor deposition, and transferred onto PI substrate to form transistor. The formed Gr-FET integrated
with microfluidic channel forming the pH sensing chip, which is 23 cm? in size, and 2 mm in thickness. Gr-FET-based pH
sensor on PI substrate presents sensitivity of 23.98 mV/pH and 8.07 mV/pH in 1 X PBS and seawater solutions, respectively,
and realizes pH detection in 1 min. The different ion type and concentration in the seawater solution could be contributed to
the sensitivity reduction of the sensors in seawater. Real-time pH detection results of local fresh seawater show the fluctua-
tion within 3% comparison with commercial pH sensor. The proposed Gr-FET-based pH sensor is economic, portable, fast

and promising to realize real-time pH detection.
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1 Introduction

Graphene is a two-dimensional carbon nanomaterial com-
posed of a carbon atom and a sp? hybrid orbital to form a
hexagonal honeycomb lattice [1-3]. It has excellent optical,
electrical and mechanical properties and presents promis-
ing application prospects in micro-nano devices, energy,
biomedicine and drug delivery [4-6]. Moreover, due to its
two-dimensional properties, graphene has excellent conduc-
tivity mobility and low noise characteristics as well as good
flexibility and ductility, which make it have broad prospects
in electrochemical and biological signal detection [7-9].
Graphene grown by chemical vapor deposition (CVD) pos-
sesses the attractive advantage of enabling integration in
large area and flexible substrates [10-12]. Due to the zero
bandgap characteristics of graphene, Gr-FETs have a unique
bipolarity [13]. The position of the minimum conductivity
point in the transfer characteristic curve of Gr-FET is called
the Dirac point. When the surface properties of graphene
change, the position of the Dirac point changes [14-16].
Based on this property, many substances such as ions, pro-
teins, DNA and pH can be detected [17-20].

Although paper test strips and glass electrodes are mostly
used for pH sensors [21, 22], many studies have focused
on developing less fragile, miniaturized and biocompatible
sensors with higher sensitivity [23], for instance, Organic
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Field-Effect Transistor [24], nanowire FET pH sensor [25]
and graphene-based FET pH sensors [22]. Graphene-based
field-effect transistor pH sensors are currently the promising
alternative to glass electrodes. Sensitivity is one of the most
important parameters during pH sensing, and researchers
have investigated several approaches to improve the sensitiv-
ity of graphene-based pH sensors [26, 27]. Monolayer Gr-
FET on 6H-SiC single crystal was used to improve pH sensi-
tivity, since SiC provided an appropriate interface condition
for Gr-FET to sense pH [28]. Electron-beam lithography
(EBL) and oxygen plasma were used to pattern nanoscale
graphene and form FET pH sensor, which improved the sen-
sitivity from 6.5 to 23.6 mV/pH [29]. Patterned nanoscale
graphene created some defects at the engineered edges, and
appropriate defect density is important for pH sensing per-
formance [30]. Surface functionalization of graphene-based
FETs is another approach to improve the Gr-based FET pH
sensor sensitivity [26, 31]. In addition, stability is another
important parameter of pH sensing. In order to improve the
stability of Gr-based FET pH sensor, atomic layer deposited
(ALD) aluminum oxide (Al,03) and hexagonal boron nitride
(h-BN) stacks on graphene were reported recently [32—34].
With those technologies, the properties of Gr-based FET pH
sensor could be greatly improved. Some applications were
reported based on Gr-based FET pH sensors for chemical
[35] and biological [36] sensing [37]. Researchers found that
the performance of pH sensor is also related to the composi-
tion and ion concentration of test sample [38, 39].

pH of seawater is an important parameter in marine
research, which has an important impact on the growth of
marine organisms and the stability of marine ecosystem. In
recent years, a range of technologies have been developed for
seawater pH measurements [23, 27, 40, 41]. These include
ion sensitive field-effect transistors (ISFETSs) [42], optical
pH sensor materials [33] and colorimetry [43]. ISFET-
based pH sensors show a slow response because of their
thick passivation layers. The production of optical pH sensor
materials is complicated. The operation of colorimetry is
troublesome and time consuming. As a result, tractable and
economic approaches are desired to develop the sensitive
Gr-FET-based pH sensor for seawater real-time monitoring.
The PBS solution was usually used for pH sensors testing
in lab experiments. The pH detection of seawater is differ-
ent from usual PBS used in laboratory. To the best of our
knowledge, the report about seawater pH monitoring using
Gr-FET-based pH sensor is lacking.

Here, we report a sensitive, stable and rapid Gr-FET-
based pH sensor for real-time seawater pH monitoring,
which employed monolayer graphene to form FET on flex-
ible PI substrate with solution gate enabled by integration
of microfluidic chip. The sensor on PI substrate presents
sensitivity of 23.98 mV/pH and 8.07 mV/pH in 1 X PBS and
seawater solutions, and detection time within 1 min. The

performance of pH sensor shows stable sensing with cyclic
testing and seven days continuous tests of seawater. The
microfluidic chip-integrated Gr-FET pH sensor is fast, sen-
sitive, stable and flexible, which has potential applications
in real-time pH monitoring of seawater.

2 Experimental procedure

Graphene films were grown by atmospheric-pressure CVD
on 25 um copper foils (99.8% purity) using a protocol that
has been described in detail elsewhere [44]. Briefly, cop-
per foil was placed in a tube furnace and heated at 1070 °C
under a flow of 300 sccm hydrogen for 50 min to remove the
native oxide of copper. Then a mixture of 5 sccm methane
and 700 sccm hydrogen was introduced into the quartz tube
to grow graphene for 30 min. Subsequently, the quartz tube
was removed from the heating region of the furnace so that
the copper foil was rapidly cooled for monolayer graphene
formation [30].

After the graphene growth, the copper foil with mon-
olayer graphene was coated with a protective layer of poly-
methyl-methacrylate (PMMA) and then copper foil was
removed by immersion in a copper etchant (0.1 M ferric
chloride solution). Then graphene film with PMMA pro-
tective layer was transferred to 20X 30 mm? Si/SiO, and
PI substrates, and then the samples were immersed in ace-
tone solution for 90 min to remove the PMMA layer. The
Raman spectra were tested by Micro Raman spectrometer
(Renishaw, UK). 532 nm laser excitation is used with laser
power of 1.5 mW, and exposure time is 10 s. Metal elec-
trodes (Ti/Au, 10 nm/50 nm) were evaporated by E-beam
Evaporation System to form source/drain contacts of Gr-
FET. The size (length and width) of source—drain electrodes
is 8 mm X 1 mm. The distance between source and drain
electrodes (the channel length) is 1 mm. The electrode metal
deposition rate is 0.2 Als. The microfluidic chip was fab-
ricated from polydimethylsiloxane (PDMS), and was then
integrated with the Gr-FETSs, which was designed to work
as both solution gate of Gr-FET and sensing action unit. The
schematic diagram of Gr-FET integrated with microfluidic
chip process is shown in Fig. 1a. The PDMS chip had fluidic
channel of 10x 1 mm? (Iength X width), which was aligned
with the transduction channel of Gr-FETs. The detailed fab-
rication process is shown in Fig. S1. An Ag/AgCl reference
electrode was used as gate electrode, which was placed in
the outlet of microfluidic chip, and was connected to the
transduction channel through the filled liquid. The electri-
cal response of pH sensor to different seawater pH values
was measured by using source meter (Keithley 2636B). The
Dirac point shift of the Gr-FET-based pH sensor induced by
the change of pH values is schematically shown in Fig. 1b.
Figure 1b illustrates the working principle of Gr-FET pH

@ Springer



15374

Journal of Materials Science: Materials in Electronics (2020) 31:15372-15380

Source

()

las (WA)

" — Before adsorption of H;0*
After adsorption of H;0*

Vs (V)

graphene Drain

Fig. 1 a Fabrication process and schematic diagram of Gr-FET-based pH sensor. b Illustration of pH detection by Gr-FET. ¢ Response schematic
of FET transfer characteristics to pH variation. d The SEM image of monolayer graphene. e Optical microscope image of Gr-FET

sensor. Defects on the edge of graphene can adsorb hydrons,
which caused the shift of Dirac point, as shown in Fig. lc.
The SEM image of monolayer graphene was characterized
by ZEISS Sigma500 with operating voltage of 15 kV and
is shown in Fig. 1d. The SEM image shows that there are
some micro-wrinkles formed during monolayer graphene
transfer process (Fig. 1d). The optical image of transferred
monolayer graphene on PI substrate shows clear connection
between source and drain electrodes as shown in Fig. le).

3 Results and discussion
3.1 Characterization of monolayer graphene

The quality of monolayer graphene is crucial for transis-
tor performance. Raman spectroscopy of the samples was
conducted and the layers of graphene were recognized by
the ratio of 2D peak over G peak, and Fig. 2a shows 2D/G
ratio of 3.26, which indicates that the transferred graphene is
monolayer with high quality. The reported thickness of mon-
olayer graphene was ~0.4 nm [45]. Spatial Raman mapping
of monolayer graphene over an area of 45X 25 um? is shown
in Fig. 2b. The spectrum of each point in the image was esti-
mated by combining each reference spectrum of single-layer

Fig.2 a Raman spectrum of a b
transferred graphene with 2D/G ( ) ( ) 0939
of 3.26. b Raman mapping of L <D
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graphene after scaling. The scale bar represents the similar-
ity of single-layer graphene spectrum, which is more than
0.876 over the whole area. It is indicated that the transferred
graphene has uniform properties.

3.2 Characterization of Gr-FET performance

After the integration of Gr-FET and microfluidic chip, the
electrical characteristics were performed, which included
the output and transfer characteristics. The typical output
characteristics of Gr-FETs on polyimide (PI) and Si/SiO,
substrates are shown in Fig. 3a and b. S/D voltage V,, was
scanned from — 50 to 50 mV, and gate voltage V, increased
from—0.1 to 0.3 V with a reference gate electrode (Ag/
AgCl) in 1 XPBS solutions. The both devices show the
linear relationship with I3~V 4 at constant V,, and elec-
tronic transport can be modulated by V,,. The source—drain
current decreases with a slight reduction of the gate volt-
age, indicating that the device response is sensitive to the
gate voltage [46]. And the typical transfer characteristics
of Gr-FETs on both PI and Si/SiO, substrates are shown in
Fig. 3¢ and d, which measured at the same conditions with
fixed V4=50 mV and swiping V, in 1 XPBS solutions.
The ambipolar characteristics could be clearly observed at
a small range of gate voltage under ambient conditions. The
slight right shift of V. (the gate voltage corresponding
to the minimum conductance) suggests that graphene is
p-doped by adsorbates in the environment [44, 47]. Com-
pared with typical back-gate Gr-based FET, which is shown

Fig. 3 a Output characteristics

in Fig. S2, the solution-gated FETs show much better per-
formance. The graphene FETs with solution gate showed a
hole and electron mobility of 302 and 275 cm?/(V-s), which
was obtained based on transfer curve shown in Fig. S3. We
conducted the electrical stability test of Gr-FET on PI sub-
strates along with storage time after gate solution (1 X PBS)
is loaded into channel. Transfer curves of the sensor on PI
substrate present negligible change in 12 h as shown in Fig.
S4, indicating the electrical performance of the sensor is
very stable.

3.3 Gr-FET-based pH sensor characterizations

The sensing of a solution with different pH values is based
on the graphene surface property change induced by H™,
which contributed to the shift of Dirac point in transfer
characteristics of Gr-FET. To investigate the sensing per-
formance of solution-gated Gr-FET pH sensor, 1 X PBS
solution is used as gate solution, in which pH is adjusted to
different values from 6 to 8. The transfer (I3, — V) curves
of Gr-FET on both PI and Si/SiO, substrates with gate
liquid solution are shown in Fig. 4a and b. The right shift
of the V. was obtained with the increase of pH values
for both devices, indicating that H;0 4 ions induced the
p-doping of the graphene [9]. The values of Dirac point
were derived from transfer curve according to the given
pH on both PI and Si/SiO, substrates, and show a linear
relationship with pH values, as shown in Fig. 4c and d.
Dirac point shift to higher value with pH value increase,
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and the sensitivity of solution-gated Gr-FET is 23.98 and
23.23 mV/pH on both PI and Si/SiO, substrates. It indi-
cated that the pH sensing performance of the Gr-based
FET sensor on both flexible and Si/SiO, substrates is simi-
lar in 1 X PBS-based solution, which is consistent with the
previous report [48].

Fig.5 Transfer curves (Ig;— V)

The components in sample solution have important
effects on the performance of pH sensor, and we con-
ducted the pH sensing in seawater solution by adjusting
pH values using HCl and NaOH. Transfer curves (I4—V,,)
of Gr-based FETs responding to seawater with different

pH values on both PI and Si/SiO, substrates are shown in
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Fig. 5a and b. The similar trend was observed for V.. in
both devices. And they also shift to higher value when pH
changes from low to high value in the range of 6.5-9.5.
But a smaller shift value per pH in seawater solution was
obtained compared to that in 1 X PBS solution. Figure 5c
and d shows the values of Dirac point dependence on pH
values in seawater from Gr-FET on PI and Si/SiO, sub-
strates. It also shows linear relationship between Dirac
point and pH values in both devices with spiked seawater
solution. Gr-based FET pH sensors present the sensitivity
of 8.07 mV/pH on PI substrates and 7.86 mV/pH on Si/
Si0, substrates. To confirm the tested results in seawater
solution, we performed another 4 more tests. The sensitiv-
ity results were obtained from 4 different tests as shown in
Figs. S5 and S6, and the average sensitivity values of the
sensors are 7.82 mV/pH on PI substrates and 7.53 mV/pH
on Si/SiO, substrates. It confirmed that the pH sensitiv-
ity of the devices tested in seawater is much lower than
that tested in 1 X PBS solution. As reported previously,
the ion type and ion strength of the solution have huge
effect on the Gr-based FET pH sensor performance [20,
49]. The Vp;;,. shift was more sensitive to the concentra-
tion of Na™ than to the concentrations of C1~ or K*[49].
At high ionic strength, the double-layer capacitance at the
graphene-buffer interface increases and the surface poten-
tial decreases [20]. By comparison, the concentration of
Na* in 1 X PBS was 157 mM, more than 300 times higher
than that in seawater (only 0.473 mM). Also there are
some other ions in the seawater (Table S1). Therefore, the

different ion type and concentration in the solution could
be contributed to the sensitivity reduction of the devices
in seawater [38, 39].

The stability of pH sensor is one of the most important
parameters in practical applications. Here, we performed
pH test cycles using seawater solution. The cycled pH test
results are shown in Fig. 6a and b for the devices on PI and
Si/Si0, substrates. Gr-based FET pH sensor detects the pH
value in seawater from 6.5 to 9.5 with step of 0.5, and then
from 9.5 down to 6.5. During the measurements, the Vq
was swept from — 100 to 200 mV at a V4 of 50 mV. Each
solution was tested 5 times in succession, and the average
sensitivity is shown in Fig. 6a and b. The Gr-based FET pH
sensor on PI substrate shows clear transition curve with pH
value change, while large fluctuation appeared for the sensor
on Si/Si0, substrate. It indicated that the Gr-based FET pH
sensor on PI substrate shows better stability than that on Si/
Si0O, substrate, which may be due to the effect of charged
impurities trapped on the SiO, substrate [44, 47]. In order
to more accurately compare the sensor’s sensitivity stabil-
ity, the relationship between Vp;.,. and pH value (c) of each
cycle was plotted for the sensors on PI substrate and (d) Si/
SiO, substrates. The results are shown in Fig. 6¢ and d which
are similar to Fig. 6a and b. It further confirmed that the
Gr-based FET pH sensor on PI substrate presented slightly
better stability than that on Si/Si0O, substrate.

One of the advantages of graphene is its mechanical
properties, which can be applied in the field of flexible
electronics. The transfer characteristics of Gr-FET were

Fig.6 Cycled pH detection of (a) (b)
Gr-based FET a on Pl and b 80 50
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Fig.7 a Transfer curves of a flexible Gr-FET over multiple bending
cycles. Inset shows the optical image of pH sensor under bending. b
Transfer characteristics after bent Gr-FET pH sensor with different

tested before and after bending, as shown in Fig. 7a, and
the optical image of pH sensor under bending is shown in
the inset of Fig. 7a. As the bending period increases, the
Dirac point shifts to left slightly. The slope of the transfer
curve decreases, indicating the decrease of both electron
and hole mobility because of the bending-induced stress.
However, the shift caused by bending does not affect the
accuracy of pH sensing, because the Dirac point response
to test sample can be referred to the Dirac value after bend-
ing. As shown in Fig. 7b and c, after 20 times mechanical
bends with radius of 12 mm, response of Vp,,,. to pH was
almost similar to that before bending, and sensitivity of
the sensor degraded slightly to 6.00 mV/pH, which may

65 70 75 80 85 9.0
pH

pH values. ¢ The linear relation between Dirac point V.. and pH
value after bending

be due to the bending-induced stress leading to the perfor-
mance decrease of the device.

Most importantly, we conducted the real seawater detec-
tion using our Gr-based FET pH sensor. The Gr-based FET
pH sensor on PI substrate was selected to test the pH of
seawater samples because it showed better stability as pre-
sented above. Seawater samples were collected from the
off-shore near Shandong University (Tsingtao) campus in
Jiaozhou Bay every day from 14 to 20 June, 2019, and
each sample was tested for 6 times using our Gr-based
FET pH sensor and commercialized pH meter (OHAUS
ST3100). The transfer characteristics of Gr-based FET
pH sensor responding to seawater samples for seven
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consecutive days are shown in Fig. 8a, which shows very
stable transfer curves. According to the linear relationship
between Dirac point and pH value as shown in Fig. 8b, the
pH values of seawater samples are derived, and are shown
in Fig. 8c. Detailed test values from our Gr-based FET pH
sensor and the commercialized pH meter are listed in Fig.
S7 and Table S2. The average pH value of the samples is
8.023 and 8.003 detected by our Gr-based FET pH sensor
and commercialized pH meter (OHAUS ST3100), respec-
tively. The less than 3% of relative error was obtained. The
measured datum error analyzation results showed that the
performance of the Gr-based FET pH sensor is better than
that of commercialized pH meter (Fig. 8d). To further test
the stability of the sensor, we performed the pH detection
of seawater after the sensor was stored 4 months in a 4 °C
refrigerator. The pH value of the seawater measured by
the pH sensor and commercial pH meter is 7.95 and 8.05.
The error of the pH test result is still within 3%, as shown
in Fig. 8c. It indicates that the Gr-based FET pH sensor
has potential to be the next-generation portable, stable and
real-time pH detection devices in the future.

4 Conclusion

In summary, we demonstrated a Gr-FET-based flexible
pH sensor, which was integrated with a microfluidic chip
to conduct fast and sensitive pH value detection of the
seawater. The sensor realized real seawater pH detection
in 1 min with a sensitivity of 8.07 mV/pH. Real-time sea-
water pH detection results show very stable performance
with less than 3% of relative error. The integrated chip is
compact and portable, which is favorable to set up portable
and minimized equipment. More importantly, the pH sen-
sor is based on the electrical response to graphene surface
property change, and is free from the influence of vibra-
tion during test, which is especially important on scientific
research ship during marine survey.
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