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This letter presents a graphene field effect transistor (GFET) nanosensor that, with a solid gate

provided by a high-j dielectric, allows analyte detection in liquid media at low gate voltages. The

gate is embedded within the sensor and thus is isolated from a sample solution, offering a high

level of integration and miniaturization and eliminating errors caused by the liquid disturbance,

desirable for both in vitro and in vivo applications. We demonstrate that the GFET nanosensor can

be used to measure pH changes in a range of 5.3–9.3. Based on the experimental observations and

quantitative analysis, the charging of an electrical double layer capacitor is found to be the major

mechanism of pH sensing. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916341]

Graphene is a two-dimensional nanomaterial consisting

of a single layer of carbon atoms arranged in hexagonal crys-

talline form, and its unique properties have been exploited to

enable biosensors that are based on electric,1 optical,2 elec-

trochemical,3,4 and other principles. In particular, graphene

has been used to form a conducting channel in field effect

transistors (FETs), allowing highly sensitive electric detec-

tion of analytes. Such graphene FET (GFET) sensors, when

operating in liquid media, are generally constructed in a

solution-gated or solid-gated configuration. In a solution-

gated GFET sensor,5 a reference electrode is inserted into

the electrolyte solution that is in contact with graphene to

serve as the gate electrode, while the electric double layer

(EDL)6 formed at the solution-graphene interface plays the

role of the gate dielectric. Using various compositions of an

electrolyte solution or graphene-immobilized functional

groups, such sensors have been used to demonstrate the

detection of physicochemical parameters such as pH5 and

metallic ions,7 and biochemical analytes such as DNA6 and

protein.8 These solution-gated sensors typically require an

external electrode inserted into the electrolyte solution,

which hinders the integration and miniaturization of the de-

vice. In addition, the gate capacitance or the capacitance

across the EDL dielectric layer is susceptible to disturbances

in liquid media, which can result in fluctuations in electrical

measurements of properties of graphene including the posi-

tion of the Dirac point.9 In contrast, in a typical solid-gated

GFET,10 the gate capacitance is provided by a SiO2 dielec-

tric layer sandwiched between graphene and the underlying

silicon substrate, which serves as the gate electrode. By elim-

inating the need for the external wire insertion into the elec-

trolyte solution, solid-gated sensors can be highly

miniaturized and integrated. However, due to the intrinsi-

cally low capacitance of the SiO2 layer, usually the solid-

gated GFET sensors require undesirably high gate voltages

(40–50 V),11,12 consequently impeding their application to

biosensing in liquid media.

This paper presents a GFET nanosensor in liquid media

using a thin layer of HfO2 with a high dielectric constant (j)

as a gate dielectric layer. The HfO2 layer is sandwiched

between the conducting-channel graphene and a gate elec-

trode (Figure 1) and is hence embedded within the sensor.

This enables a high level of integration in the construction

and passivation of electrically conducting elements in the

sensor, as is highly desirable for analyte detection in liquid

media. The use of the high-j dielectric material (HfO2) pro-

vides two orders of magnitude higher specific capacitance

than conventional SiO2 solid-gated sensors, thereby render-

ing high transconductance and allowing the device to operate

at low gate voltages. In addition, the gate dielectric is iso-

lated from the liquid media, thus eliminating errors caused

by disturbances (e.g., bulk motion of sample solution).

Furthermore, the sensor is amenable to time- and cost-

effective microfabrication using photolithography without

the need for manual assembly of discrete components (e.g.,

electrodes) with graphene, thereby simplifying the fabrica-

tion process. We demonstrate the pH sensing using this high-

j GFET nanosensor. Experimental results show that the de-

vice is capable of measuring pH in a range of 5.3 to 9.3 with

a sensitivity of �57.6 mV/pH and at a gate voltage of less

than 1.5 V, which is approximately a factor of 30 lower than

that used in SiO2 solid-gated sensors. We also elucidate the

mechanism of pH-dependent changes in graphene conductiv-

ity by representing the nanosensor as a dual-gated FET.

The nanosensor is configured as a solid-gated FET de-

vice, in which a graphene sheet, serving as the conducting

channel, connects the source and drain electrodes on a HfO2

dielectric layer, which in turn lies above the gate electrode

on the substrate (Fig. 1). When a buffer solution is intro-

duced onto the graphene surface, the carrier concentration in

the bulk of the graphene undergoes a change due to varia-

tions in the electric potential in the buffer next to the gra-

phene. Since the magnitude of the electric potential depends

on the ion concentration (e.g., Hþ), the pH level can be

determined by measuring the graphene’s electric properties

such as its transfer characteristics and conductance, which is
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directly related to the carrier concentration. To allow a high

level of integration while avoiding the need for high gate

voltages, the nanosensor uses 20 nm thick HfO2, a material

with a high dielectric constant (j� 20, compared to j� 3.9

for SiO2), as the dielectric layer to provide a high gate capac-

itance (�1 lF/cm2). This, in general, allows the Dirac point,

at which the drain-source current IDS achieves its minimum,

to be observed at a lower gate voltage.11

The nanosensor (Figure 2(a)) was fabricated on a SiO2-

coated silicon substrate by first depositing and patterning the

gate electrodes (Cr/Au 5/45 nm). Subsequently, a 20 nm

HfO2 layer was deposited over the wafer using atomic layer

deposition (ALD). A lift-off process was used to create the

drain and source electrodes, onto which a single-layer gra-

phene sheet synthesized by chemical vapor deposition

(CVD) was transferred (Figure 2(b)). A microchamber

(2.5 ll), fabricated in a polydimethylsiloxane (PDMS) sheet

via soft lithography, was placed on the resulting nanosensor

chip to confine sample liquid on the device. Further details

of the device fabrication process are provided in supplemen-

tary material.13

We first used Raman spectroscopy and atomic force mi-

croscopy (AFM) to confirm that the graphene used to fabri-

cate the device consisted of a single atomic layer. The

Raman spectrum revealed G mode and 2D mode, which are

the characteristic of single-layer graphene (Figure 2(c)).

AFM data were used to determine the thickness of the gra-

phene to be 0.3–0.4 nm (Figure 2(d)), which reflects the van

der Waals diameter of carbon and is hence also indicative of

single-layer graphene.

We then investigated the transfer characteristics of bare

graphene in air. IDS was measured while the solid-gate voltage

VSG, which makes a major contribution to the overall gate

voltage (below), was varied sinusoidally from �0.2 to 1.9 V.

An ambipolar curve was observed; the Dirac point solid-gate

voltage, or the gate voltage value at which the IDS achieves

the minimum (Figure S2(a)),13 was hence determined to be

VSG,DP¼ 0.7 V. This confirmed that the conductivity of the

graphene was being altered by the field effect. We next tested

our nanosensor for pH sensing in liquid media. Samples at

various pH values (5.3 to 9.3) were prepared by mixing

NaOH or HCl with phosphate buffered saline (PBS) buffer

(Life Technologies, ionic strength of �150 mM). A sample

solution was incubated with our nanosensor, during which IDS

values were measured while the gate voltage VBG was swept

from 0.6 V to 1.6 V. We found that VSG,DP< 1.5 V at all pH

levels (Fig. 3). These significantly reduced gate voltage val-

ues, compared to 40–50 V for SiO2 based solid-gated sensor,

can be attributed to the high gate capacitance and hence the

high transconductance provided by the high-j HfO2 dielectric

layer. VSG,DP was found to linearly increase with the pH value

at a sensitivity of �57.6 mV/pH (Fig. 3(a)), which would oth-

erwise not be attainable by a conventional dielectric (SiO2)-

based device operating at similarly low gate voltages. We

have also determined that these measurements were reproduc-

ible, with a different device of the same design yielding a

closely agreeing sensitivity of 58.2 mV/pH (Figure S3).13

When pH increases, the electrostatic potential above graphene

increases due to the decrease of Hþ (see below); therefore, the

curve shifts to the right to compensate for the increase in the

electrostatic potential. The leakage current between drain/

source and gate electrodes was found to be much smaller than

IDS and therefore negligible.

There are two possible physical processes that have been

used to explain how adsorption of ions on graphene causes

variations in the conductivity.14 The first process involves the

charging of the EDL capacitor by adsorbed ions, thereby caus-

ing variations in the potential in the solution in contact with

the graphene, and therefore changing the Fermi level and

FIG. 2. Micrographs of graphene

nanosensors: (a) Multiple devices

batch-fabricated on the same substrate

(left) and close-up view of a single de-

vice (right). (b) Detailed view of the

source, drain, and gate electrodes.

Dashed box approximately indicates

the region covered by graphene. (c)

Raman spectrum of the graphene. (d)

AFM measurements of the graphene

thickness. Inset: AFM photo of gra-

phene whose thickness was measured

along the dashed line.

FIG. 1. Schematic of the graphene-based FET nanosensor. Graphene serves

as the conducting channel, while a 20-nm-thick HfO2 layer between the gra-

phene and the substrate-supported gate electrode serves as the dielectric

layer.
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carrier density of graphene, e.g., the electric field tuning.15 In

the second process, which is known as surface charge transfer

doping,14 adsorbed ions serve as dopants, from which

electrons are exchanged into or out of the bulk of the gra-

phene. Our solid-gated sensor, which avoids the influence of

the externally applied top gate voltage on the EDL, can be

used to investigate the effect of either the EDL capacitor

charging or the surface charge transfer doping. From the trans-

fer characteristics obtained at different pH levels (Figure

3(a)), the transconductance was found to be within 0.3 lS of a

constant value of 23.2 lS (Figure S2(b)),13 implying that the

carrier mobility was also approximately a constant regardless

of the pH variations. Therefore, the surface transfer doping is

not a dominant effect, which would otherwise have altered the

carrier mobility significantly.12 This is in agreement with the

study by Xia16 and Mailly-Giacchetti.17

On the other hand, to investigate the effect of the charg-

ing of the EDL capacitor, our sensor can be modeled as a

dual-gate field effect transistor consisting of the solid gate

(with HfO2 as the dielectric) below the graphene and a solu-

tion gate formed by the EDL above the graphene at its inter-

face with the solution. The voltage on the top solution gate,

VLG, which is equal to the potential drop across the EDL ca-

pacitor, depends on the ion concentration in the electrolyte

solution. This solution gate voltage, which leads to the

charging of the EDL capacitor, can be estimated by the

Nernst equation,18 VLG¼E0� 2.3 log(Hþ)RT/nF, where E0

is a constant reference potential, R is the universal gas

constant, T is the temperature of 298.15 K, n is the ionic

charge (1 for Hþ), and F is the Faraday constant. With

pH¼�log(Hþ), we obtain

VLG ¼ E0 þ ð59:2 mVÞpH: (1)

Thus, the highly linear dependence of the experimentally

determined VSG,DP on pH (Fig. 3(b)) allowed us to conclude

that the right shift of VSG,DP with pH is due to the increase in

VLG. In addition, it was seen that VSG,DP depended on VLG in

a roughly linear manner in the pH range tested (Figure S4).13

As the slope of this dependence (estimated to be �1) is equal

to the ratio of the solution-gate capacitance (CLG) to the

solid-gate capacitance (CSG),19,20 CLG/CSG� 1. That is, the

solid-gate capacitance was comparable to the liquid-gate ca-

pacitance21 (typically on the order of 1 lF/cm2) in our

nanosensor, representing a significance improvement over

SiO2 solid-gated GFET devices. This allowed the nanosensor

to operate at the low gate voltages as demonstrated. In addi-

tion, it should be noted that at a given pH level, a significant

increase in the ionic strength of alkali cations (e.g., Naþ and

Kþ) may decrease the measurement sensitivity.22 This is

because the electrostatic gating effects produced by the alkali

cations compete with the gating effects from the Hþ.

Therefore, to measure the concentration of Hþ, the concen-

tration of the nonspecific ions should be maintained at a con-

stant level to obtain a constant sensitivity. Indeed, the

concentrations of the alkali cations were approximately con-

stant in our experiments, as the NaOH was added to the

buffer at a very dilute concentration (�0.1 mM) and hence

had negligibly effects on the ionic strength of the buffer

(150 mM). Therefore, the sensitivity in pH measurements

was approximately constant and not affected by the addition

of NaOH for control of pH values.

To demonstrate the ability of the nanosensor to perform

real-time pH measurements, we measured IDS at a fixed gate

voltage (VBG¼ 0.75 V), while successively introducing sam-

ples with different pH values (Fig. 4). As pH decreased from

9.3 to 5.3 (i.e., the solution becomes more acidic), the VTG

also decreased (Eq. (1)) and the EDL capacitor accordingly

underwent partial discharging. This caused a decrease in the

carrier concentration of the graphene, and IDS hence corre-

spondingly decreased. These phenomena were reversed as

FIG. 4. Real time measurements of pH: the source-drain current IDS varied

consistently and reversibly with pH at a fixed gate voltage (VBG¼ 0.75 V).

FIG. 3. Dependence of the nanosensor

characteristics on pH. (a) Transfer

characteristic curves obtained at vary-

ing pH values. The VSG, DP shifts line-

arly to higher gate voltages with

increasing pH (57.6 mV/pH). (b)

Dependence of the Dirac point voltage

on pH. The solid line represents a lin-

ear fit.
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pH continued to change, but now in a reversed direction by

increasing from 5.3 to 9.3. This reflected that the EDL capac-

itor underwent charging, thereby causing the carrier concen-

tration in the graphene, and hence IDS, to increase.

Throughout the entire set of measurements, the values of IDS

were found to be consistent at a given pH value, regardless

of whether this value was reached by pH increasing from a

lower value or decreasing from a higher value, with small

deviations attributable to the hysteresis in the electronic

transport in the graphene.23 Thus, it was concluded that pH

measurements by the nanosensor were reversible, which is

important for practical applications.

We have described a high-j solid-gated GFET nanosen-

sor in liquid media. The embedded solid gate eliminates the

need for an external gate electrode and is hence amenable to

the complete integration of the nanosensor as is highly desira-

ble for analyte detection in liquid media. The use of a high-j
dielectric allows the device to operate at low gate voltages

and avoids errors caused by gate capacitance variations.

Experimental data from the nanosensor showed measurements

of pH in a range of 5.3 to 9.3 with a sensitivity of �57.6 mV/

pH. The pH-dependent electrical responses of the nanosensor

responsible for the measurements were found to be caused by

the charging of the electric double layer capacitor, rather than

surface transfer doping. These results suggest that the GFET

nanosensor can be potentially used to enable highly integrated

sensing of chemical and biological analytes.
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