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Abstract

Graphene-based pH sensors, acclaimed for their exceptional sensitivity to environmental variations, have garnered significant
interest in scientific research. However, the sensor performance in high ionic concentration environments is limited, due to
the Debye length ion screening effect. In this study, an innovative graphene channel pH sensing device was developed and
modified by cross-linked poly(methyl methacrylate) (PMMA). Furthermore, even in high ionic concentrations, the pH value
can be precisely measured by this sensor. The sensor has remarkable sensitivity, and high response rate of —70.49 mV/pH
within the pH range from 7 to 10. Notably, the sensors retain uniform response direction and sensitivity under different ionic
concentrations environmental and maintain consistent reversibility and stability. This advancement in sensor technology
paves the way for broader applications in complex ionic environments.
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Introduction

The pivotal role of pH measurement in diverse domains,
such as environmental monitoring, industrial processes, and
biomedical applications, is indisputable. It forms an essential
foundation for the effective functioning of these systems [1].
In the context of the increasing integration of sensors into
everyday life, there is a growing demand for their portability
and miniaturization. This evolution has revealed the limita-
tions of traditional pH sensors, including glass electrodes,
optical [2, 3], and acoustic types [4], which are becoming
progressively impractical for modern applications. In recent
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years, the application of graphene-based field-effect transis-
tors (GFETSs) in the field of sensing has effectively filled a
significant gap in this domain [5—15]. The unique attribute
of graphene, being just a single atomic layer thick, endows
it with exceptional electrical sensitivity to environmental
changes. This sensitivity, combined with its inherent suit-
ability for miniaturization, significantly enhances the port-
ability of these sensors.

In 2008, Ang [16] innovatively proposed the use of
graphene-based liquid gate field-effect transistors for pH
measurement. Utilizing epitaxial graphene as the channel
material, this approach achieved a remarkable sensitivity up
to 99 mV/pH. Building on this foundational work, in 2015,
Lee et al. [17] reported a sensitivity of -59 mV/pH in pH
response tests conducted in a 0.05 M phosphate buffer solu-
tion, within a pH range from 6 to 8. Interestingly, altering
the electrolyte to a 0.005 M phosphate buffer solution modu-
lated the sensitivity to 50 mV/pH in the same pH range.
The sensitivity of sensors is significantly influenced by the
concentration of ions. Further advancing the field, Jung
et al. [18] further advanced the field by engineering a highly
sensitive pH sensor with a negative V. response. This was
accomplished through defect engineering in nano-crystalline
graphene, characterized by numerous grain boundaries, and
leveraging proton charge transfer doping, culminating in an
impressive sensitivity of — 140 mV/pH.
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At ambient temperature, the Debye length for a 100 mM
electrolyte solution is approximately 1.3 nm [19]. Beyond
this Debye length, the charges present in the solution cease
to affect the channel potential, which presents a significant
challenge for pH detection. Currently, graphene-based pH
sensors are predominantly evaluated in phosphate-buffered
saline (PBS) solutions with concentrations ranging from 2
to 50 mM [16, 20-26]. However, in many biological envi-
ronments, ion concentrations often surpass 100 mM. For
instance, the osmotic concentration in extracellular fluid and
human serum typically lies between 277 and 305 mOsmol/
Kg. This translates to ion concentrations approximately
ranging from 270 to 297.4 mM [27]. Such high ion concen-
trations necessitate desalting processes when testing human
body fluids, underscoring the critical need for expanding the
applicability of pH testing in environments with high ionic
concentrations.

Our research utilized reactive ion etching to pattern gra-
phene synthesized via chemical vapor deposition (CVD).
Then, the graphene channel attached to a cross-linked
PMMA film is fabricated as an innovative pH sensor. This
sensor was rigorously tested in a 1 X PBS buffer solution,
where the neutrality point voltage (V) consistently shifted
negatively with increasing pH levels (6.81-10.12), show-
ing a sensitivity of —67.76 mV/pH. In a high-concentration
10x PBS buffer solution (100 mM phosphate), the sensor
maintained a sensitivity of —70.49 mV/pH without changing
the response direction. This study demonstrates a pH sensor
that operates effectively in high ionic concentrations with
minimal sensitivity fluctuations.

Experimental section
Growth and characterization of graphene

Graphene films were synthesized utilizing the chemical
vapor deposition (CVD) technique, with methane serving as
the precursor, on copper foil with a thickness of 25 pm. The
detailed synthesis process is outlined as follows: initially,
the copper foil, subjected to thorough cleaning, was posi-
tioned inside a quartz tube. This assembly was subsequently
heated in a tubular furnace (model GSL-1700X-III, manu-
factured by Hefei Kejing Material Technology Co., Ltd.)
from ambient temperature to 1078 °C at a controlled rate of
9 °C /min. The argon gas flow was meticulously regulated at
200 sccm. Upon attaining the target temperature, a mixture
of hydrogen and argon gasses (in a flow ratio of 1:10) was
introduced and sustained for a duration of 60 min. Following
this, methane was injected at a flow rate of 1 sccm, with the
growth period precisely timed to 10.5 min. Post-growth, the
sample was methodically cooled in a hydrogen—argon (H,/
Ar) atmosphere.
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To evaluate the quality of the synthesized graphene, a
Raman spectrometer (model RTS-2, equipped with an Andor
500 spectrometer) was employed.

Fabrication, characterization, and testing
of graphene field-effect transistor devices

Figure 1 delineates the comprehensive fabrication process
of the graphene field-effect transistor device. The process
commenced with the utilization of photolithography (Micro-
lab 4A-100, Suzhou Suda Vigo Optoelectronics Technology
Co., Ltd.) and electron beam evaporation (PS-3, Chengdu
Xingnan Technology Co., Ltd.) to create 20 nm chromium
(Cr)/20 nm gold (Au) electrodes on a silicon/silicon dioxide
(Si/Si0,) substrate, featuring a 285 nm oxide layer.

A layer of PMMA (495A4, MicroChem) was spin-coated
onto the surface of graphene pre-grown on copper foil at a
speed of 4000 rpm. The copper/graphene/PMMA assembly
was then immersed in a potassium persulfate solution until
the copper foil was completely dissolved. Afterward, the gra-
phene with the PMMA layer was transferred onto a silicon
wafer equipped with electrodes.

Subsequently, the sample was immersed in acetone
to remove most of the PMMA, although some residues
remained on the graphene surface. The next step was to pat-
tern the graphene. Specifically, the graphene and the residual
PMMA layer were covered with S1813 photoresist, followed
by reactive ion etching (RIE-150, Theron Technology Co.,
Ltd.) with oxygen plasma for 15 s. The oxygen flow rate was
50 sccm, and the power was set to 35 watts, which allowed
for precise removal of graphene outside the channel areas.
During this patterning process, the PMMA on the graphene
surface in the channel regions underwent cross-linking due
to the energy generated through this etching process. Sub-
sequently, the photoresist mask was dissolved in acetone,
exposing the graphene/cross-linked PMMA layer.

The final step involves applying S1813 photoresist for
encapsulation. After spin-coating the photoresist onto the
sample, the graphene channel, gate, and electrode pad
areas are exposed using ultraviolet light at a wavelength
of 405 nm. Following development with a sodium hydrox-
ide solution, the exposure of the aforementioned areas is
completed.

For morphological characterization of the samples, an
atomic force microscope (AFM, NX-10, Park) and a scan-
ning electron microscope (SEM, SU-3500, HITACHI) were
employed. The chemical composition of the sample surface
was analyzed using X-ray photoelectron spectroscopy (XPS,
PHI 5100, Perkin Elmer).
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Fig. 1 Fabrication process diagram of the graphene field-effect transistor device

Preparation of pH solutions

In the experimental setup, buffer solutions were pre-
pared using both 10 X PBS and a tenfold diluted 1 X PBS.
The 10 X PBS solution contains 26.8 mM KCI, 20 mM
KH,PO,, 1.37 M NaCl, and 100 mM Na,HPO,. To
achieve a range of pH values, these solutions were sys-
tematically adjusted using small quantities of 0.5 M
hydrochloric acid (HCI1) and 0.5 M sodium hydroxide
(NaOH).

Testing of pH sensing performance

Electrical signal testing was conducted using a probe sta-
tion (Qianye, C-4) and a source meter (Keithley, 2600BS).
As shown in Fig. 2a, Channel A of the source meter is
connected to the source and drain; Channel B is con-
nected to the gate and source. A 1-2 pL aliquot of the
prepared pH solution was applied using a pipette (Drag-
onlab), ensuring the droplet covered the graphene channel
and the entire gate area during testing.

Results and discussion
Device characterization

Figure 2a illustrates a schematic and circuit diagram of the
liquid-gated graphene crystal transistor. Figure 2b shows the
SEM image of the graphene channel in the sensor device.
The image reveals that the CVD graphene transferred onto
the device is etched into a HallBar shape. Figure 2c clearly
shows the etched boundaries of the graphene channel and
a layer of cross-linked PMMA film covering the graphene
surface, formed after ion bombardment for graphene pat-
terning. The height image reveals that the thickness of the
graphene and the film is approximately 10.14 nm. Figure 2d
presents the Raman spectrum of the graphene channel, with
peaks at 1340 cm~!, 1588 cm™!, and 2681 cm™! correspond-
ing to the D, G, and 2D characteristic peaks of graphene,
respectively. The D peak, indicative of graphene's defects,
arises from phonon intervalley scattering due to defects and
amorphous regions. The G peak originates from the in-plane
vibration of sp? hybridized carbon atoms, a doubly degener-
ate (TO and LO) phonon mode at the center of the Brillouin
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Fig.2 a Schematic diagram of the graphene field-effect transistor pH
sensor; b scanning electron microscope image of the graphene chan-
nel; ¢ atomic force microscope image of the field-effect transistor
graphene channel; d Raman spectrum of CVD graphene; e Cls core

zone, reflecting graphene's lattice structure and symmetry.
The 2D peak results from the electron's double resonance
scattering process, closely related to the band structure of
graphene layers and sensitive to the number of layers and
stacking method [28-32]. The full width at half-maxima of
the 2D peak in the Fig. 2d is 36.16 cm™!, and the intensity
ratio of the 2D and G peaks (I,p/I;) is 2.17, indicating the
material is monolayer graphene [22, 33]. An atomic force
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level peak in the X-ray photoelectron spectroscopy spectrum of the
graphene channel; f C1s core level peak in the XPS spectrum of poly-
methyl methacrylate (PMMA)

microscope scan of the graphene channel was conducted.
The cross-linked PMMA film was characterized by XPS as
shown in Fig. 2e. Following high-energy ion beam irradia-
tion, the XPS analysis of the etched PMMA shows a near
absence of the carboxyl carbon peak (288.1 eV) compared
to the initial PMMA as depicted in Fig. 2f. This indicates
a significant reduction in the carboxyl groups within the
PMMA after irradiation. Highly polar carboxyl groups were
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diminished after reduction [34]. This observation aligns with
our findings that cross-linked PMMA films are insoluble in
organic solvents. Under the influence of high-energy radia-
tion, chemical bonds in PMMA are disrupted, leading to
the formation of free radicals. The reduction of carboxyl
groups increases the degree of unsaturation [35], potentially
leading to the formation of new free radicals from unpaired
carbon atoms. These free radicals act as potential active
centers for cross-linking reactions. These free radicals react
with unsaturated carbon atoms, facilitating the formation of
carbon—carbon cross-links. This process increases the cross-
link density of the material, thereby enhancing its overall
stability [36].

Sensor performance testing

Figure 3a shows source—drain current versus gate voltage
curves for the graphene-based pH sensor, measured at a
source—drain voltage (V) of 0.1 V, while the gate voltage
was scanned between 0.4 and 1.4 V in 1 X PBS of various
pH values. Graphene-based pH sensor exhibited ambipolar
behaviors. Graphene's electronic band structure includes a
unique point known as the neutrality point, at which the
energies of electrons and holes are equal, resulting in zero
electron density. The application of varying gate voltages
modifies the Fermi level in graphene. On the left side of
the neutrality point, holes are the primary charge carriers;
as the gate voltage increases, the Fermi level shifts upward,
reducing the hole concentration and causing a decrease in
current. Conversely, on the right side of the neutrality point,
electrons become the primary charge carriers; with increas-
ing gate voltage, the electron concentration rises, leading
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to an increase in current. This phenomenon underlies the
bipolar behavior observed in the transfer characteristic curve
[37, 38].

Notably, in the environment of the PBS buffer solution,
V4, registered positive values, indicating the presence of
p-type doping in graphene [39]. This doping phenomenon
is attributed to a combination of factors: the interaction
with water and oxygen molecules from the ambient air, and
the coverage by the cross-linked PMMA film. Given that
PMMA is an electron-withdrawing material, it effectively
withdraws electrons from the graphene, resulting in pro-
nounced p-type doping characteristics [40]. As illustrated
in Fig. 3b, when the electrolyte pH increases from 6.81 to
10.12, the transfer characteristic curve shifts toward the neg-
ative direction, with the charge neutrality point shifting from
1.19 to 0.94, demonstrating a sensitivity of —67.76 mV/pH.

As the pH increases, the phenomenon of a negative shift
in the neutrality point voltage is uncommon. This nega-
tive pH response does not align with the traditional elec-
trostatic model, which posits that the shift of the charge
neutrality point is influenced by the electrostatic gating of
the double electric layer formed on the graphene interface,
typically resulting in a positive shift of Vp,;, with increasing
pH. However, this can be analyzed from the perspective of
charge doping. Previous studies have discussed the revers-
ible hydrogenation of graphene devices when immersed in
hydrogen ion-containing solutions under an electric field
[41]. During the reaction between graphene and hydrogen
ions, the hydrogen ions transfer their protons to a carbon
atom in the graphene, leading to protonation and the for-
mation of a C—H chemical bond. This reaction results in
the loss of an electron from a carbon atom in the graphene,
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Fig.3 a Transfer characteristic curves of the graphene-based pH sensor in different pH buffer solutions ranging from 6.81 to 10.12 in a 1 XxPBS
environment; b shift of neutrality point gate voltage in different pH solutions
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thereby increasing the hole concentration and shifting the
transfer characteristic curve in the positive direction. This
mechanism can explain the observed negative shift in Vp;,
with increasing pH.

The cross-linked PMMA film on the graphene surface
suppresses the influence of the electrostatic model, high-
lighting the effect of proton doping. Jung [18] has discussed
pH sensors based on the charge doping mechanism and
experimentally demonstrated that sensors utilizing direct
charge transfer doping effects exhibit higher pH sensitivity.

To evaluate the sensitivity of this sensor more directly,
we compared it with other graphene-based pH sensors that
have been reported. As shown in Fig. 4, the graphene-based
pH sensor developed in this study achieves a sensitivity of
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67.76 mV/pH, surpassing most of the pH sensors reported
previously.

To test whether our graphene-based pH sensor can resist
the effects caused by an increase in ion concentration in
the external liquid environment, the electrolyte solution
was replaced with 10 X PBS, which has a tenfold increase
in ion concentration. Testing was conducted within a pH
range of 6.78 to 10.06. As shown in Fig. 5b, when the pH
of the electrolyte increased from 6.78 to 10.06, the transfer
characteristic curve continued to shift in the negative direc-
tion, with V. gradually shifting by 0.24 V, demonstrating
a sensitivity of —70.49 mV/pH.

As shown in Fig. 6a, comparing the results tested in
1 xand 10X PBS environments, it is observed that the
direction of Vy;, shift remains unchanged in high electrolyte
concentration tests compared to those in lower electrolyte
environments. The sensitivity fluctuates within 4%, which
is significantly lower compared to previous reports where a
tenfold increase in electrolyte concentration led to a change
in the direction of V;, shift and a 218% change in sensitivity.
The devices fabricated in this study show minimal influ-
ence from surrounding electrolyte concentrations. According
to Koval's research, cross-linked PMMA films swell when
immersed in acetone [59].

Figure 6b displays results from five consecutive tests in
a 10X PBS environment, showing concentrated data points
with similar shift directions and close sensitivities (approxi-
mately 5 mV/pH fluctuation), indicating good repeatability
and stability of the devices.

Further, reverse pH gradient tests were conducted on the
fabricated pH sensor devices, where the electrolyte pH was
gradually decreased from 10.06 to 6.78. As shown in Fig. 6c,

0.95 | Sensitivity=-70.49mV/pH
0.90 | R?=0.9928
0.85 F
0.80
0.75 F
070+ n=15
[
0.65 L 1 L L 1 1 1
6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 105

pH

Fig.5 a Transfer characteristic curves of the graphene-based pH sensor in different pH buffer solutions ranging from 6.78 to 10.06 in a 10X PBS
environment; b shift of neutrality point gate voltage in different pH solutions
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Fig.6 a Sensitivity comparison of graphene-based sensors to pH
under different electrolyte concentrations; 10xPBS (black) and
1xPBS (blue); b correspondence graph of V. and pH across five
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the sensitivities of the two devices were —71.67 mV/pH and
—74.07 mV/pH, respectively, similar to the forward gradi-
ent test sensitivity of —70.49 mV/pH, thereby demonstrat-
ing the reversibility of the pH response for graphene-based
sensor. Additionally, after the device was stabilized, pH
tests were conducted on the Ist, 11th, 25th, and 42nd day,
and the sensitivities were statistically analyzed as shown in
Fig. 6d. The sensitivity of device was well-maintained over
this period. However, as observed in Figs. 6a and S2, despite
the unchanged sensitivity, there was a general vertical shift
in the distribution of Vg, over time. In contrast, when the
field-effect transistor was used for consecutive short-term
transfer characteristic tests in 10 x and 1 X electrolytes, no
significant shift occurred as shown in Figure S3.

spondence graph of V|, and pH for reverse pH gradient tests on two
graphene field-effect transistor sensors from the same batch; d bar
graph showing the change in device sensitivity over time

We propose that the pore structure of the swollen cross-
linked PMMA obstructs the passage of larger sodium and
potassium ions, while relatively smaller hydrogen ions can
conduct in the aqueous phase, as shown in Fig. 7. This is the
reason of changing the electrolyte ion concentration does not
significantly alter the sensitivity.

For pH <6, and it was found that regardless of whether
10xPBS or 1 xPBS was used as the electrolyte, the neutral-
ity point shifted positively with increasing pH, as shown
in Figure S4. In a 10X PBS environment, the data distri-
bution is more linear, with a sensitivity of approximately
120.14 mV/pH. The sensor maintains a high sensitivity
of 133.99 mV/pH within the pH range of approximately
3.5-4.5, but near pH 4.5-6, the neutrality point shows almost
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Fig.7 Mechanism diagram of shielding the effects of ion concentra-
tion changes in liquid environments

no change with varying pH. Further optimization is needed
to expand the application range of sensor.

Conclusion

In this paper, we successfully implemented cross-linked
PMMA onto graphene surfaces to achieve pH measure-
ment in high ionic concentration environments. The cross-
linked PMMA was formed by bombarding the PMMA
layer with high-energy ion beams during the graphene pat-
terning process. The graphene-based pH sensor fabricated
using this method showed high sensitivity of approximately
—67.76 mV/pH in low ionic concentration environments
within a pH range from 6.81 to 10.12. Moreover, when the
ionic concentration was increased tenfold, both response
direction and sensitivity remained largely unchanged, dem-
onstrating its viability in high ionic concentration environ-
ments. The inverse concentration gradient tests also indi-
cated good reversibility of the sensor. Additionally, stability
tests revealed that the sensitivity remained consistent over
a period of 42 days.

Overall, this study presents an effective method of
enhancing graphene-based pH sensor, successfully address-
ing the challenges in high ionic concentration environments.
The sensor not only exhibits high sensitivity, good revers-
ibility, and stability but also maintains consistent perfor-
mance amidst varying ionic concentrations, suggesting a
broad spectrum of potential applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44211-024-00682-9.
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