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Abstract
This paper reports ion sensitive field effect transistor (IS-FET) with graphene/ionophore hybrid membrane for phosphate

detection. CVD graphene is used as a sensing material because the electrical property of graphene can be easily changed by

a surrounding condition. In the experiment, a shift of Dirac point is measured to check the concentration of the ions in the

water. Since graphene does not have selectivity for the specific ions, phosphate selective membrane is used for the

selectivity. The membrane is synthesized by molecular imprinted polymer. To check the selectivity of the graphene sensor

coated with the selective membrane, the IS-FET is characterized with several solutions, which have different ions and

concentrations. The sensor response is measured by a semiconductor analyzer. Four different ion solutions are used for the

measurement (phosphate, sulfate, chloride, and nitrate). Each solution has four different concentrations (0, 0.1, 1 and

10 mg/L). The Dirac point shift from - 0.4 to - 0.2 V as increasing the concentration. The detection limit and response

time are 0.1 mg/L and 10 s, respectively.

1 Introduction

Phosphorus is one of the essential elements for growth of

plants. However, excessive quantity of phosphorus in

water can make eutrophication and decrease water qual-

ity. Phosphorus is very toxic and can be accumulated in a

living organism. Since phosphate (PO3�
4 ) is the derivative

of phosphorus, detection of phosphate is necessary for

quality of water. The allowable maximum concentration

of phosphate to avoid accelerated eutrophication is about

0.1 mg/L (Cheng et al. 2010). Many researchers have

studied the fabrication of the phosphate ion sensitive

sensor to detect the phosphate ion in the water. The

commercialized current phosphate detection method is

colorimetric standard method, however this method still

has some disadvantages (Dickman and Bray 1940). It

needs complicate processes such as filtration, calibration

and several chemical reaction steps with many reagents

before the measurement. Although the current standard

methods have a detection limit below the level of the

regulation limit, it still needs to be further developed to

avoid the time consuming process. Therefore, the inves-

tigation of new devices is highly desirable to simplify the

measurement.

After the discovery of graphene, various techniques

related to graphene family such as graphene oxide and

reduced graphene were also studied by many research

groups because of the low price (Geim and Novoselov

2007; Kim et al. 2014; Tkachev et al. 2012). However,

further technical investigation and applications of gra-

phene have been intensively studied and enhanced with

different growth methods, transfer and cleaning process

(Zheng et al. 2009; Her et al. 2013; Ahn et al. 2016). The

advancement in graphene technology makes it possible to

practically applicable in the sophisticated devices

including solar cells, organic lighting emitting diode and

sensors (Miao et al. 2012; Shin et al. 2013; Kim et al.

2015; Liu et al. 2012). Especially, many researchers who

study sensors have focused on graphene due to the

superior electrical or mechanical properties of graphene

(Du et al. 2011). Graphene-based sensors usually use the

conductivity of graphene or Dirac point of graphene

(Sando et al. 2015; Ang et al. 2008). The conductivity
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and Dirac point of graphene can be shifted by the amount

of ions in the solution. Ion sensitive field effect transistor

(IS-FET) is one of the graphene sensors. Therefore, gra-

phene can be used as the sensing material to substitute the

traditional colorimetric standard method because it has a

number of merits such as low price, high sensitivity and

selectivity.

To compete for the current standard colorimetric method

as a good alternative, the minimum detection limit needs to

be close to the current method. In addition, the sensor

should have good selectivity which means the sensor can

detect phosphate in the water without interference from

other ions. First of all, phosphate selective membrane

solution is synthesized and applied to the sensing area to

detect phosphate in the water without interference from

other ions. The polymer based phosphate selective mem-

brane was synthesized by molecular imprinted technique

(Haupt et al. 2012). The molecular imprinted polymer

(MIP) has cavities in the polymer matrix which have an

affinity to a specifically chosen template ion (Wulff 1995).

In other words, the MIP, phosphate selective membrane,

can only grab phosphate ions in the water. This means

other ions such as nitrate, chloride and sulfate cannot

penetrate the membrane and cannot give an effect on the

graphene. To evaluate the sensor performance, the semi-

conductor analyzer is used with the several solutions that

have different concentration and different ions in the

measurement. The selective membrane is as important as

the sensor fabrication to successfully detect phosphate ions

in the water. Therefore, we focus on the fabrication process

of the sensor using MEMs technique and the synthesis

process of the phosphate selective membrane using

molecular imprinting. Finally, we successfully show the

ion selectivity and sensitivity of the IS-FET devices. The

device fabrication process and the MIP solution synthesis

process are well described in the experimental section. The

device performance is also characterized in the results and

discussion section.

2 Experimental

2.1 Preparation of graphene based sensor

Figure 1 shows the flow chart for the sensor fabrication.

The first step is graphene growth. Graphene was synthe-

sized by chemical vapor deposition (CVD) method. The

synthesized graphene needs transfer to a target substrate

with thermal release tape method (Caldwell et al. 2010).

Traditionally, poly(methyl methacrylate) (PMMA) have

been used in the transfer process followed by acetone

clearing because PMMA can support large size graphene

and obtain continuous graphene coverage (Suk et al. 2011).

However, many research groups reported the disadvantage

of PMMA (Gorantla et al. 2014). Although the continuous

graphene sheet can be obtained by using PMMA, it is

difficult to remove the polymer residue and transfer the

graphene to the target location in the sensing area. The

sequence is as follows, first to remove the protective film

from the tape, then to put the adhesive part of the tape on

the graphene sheet. The copper, catalyst substrate, is etched

by a warm copper etchant (55–65 �C). The etching process

takes 25 min for 25 lm. After etching the copper substrate,

the film washes out several times with deionized (DI) water

to remove the chemicals. The adhesion between the target

substrate and graphene is a critical factor in successful

graphene transfer. The target substrate, SiO2, was treated

with oxygen plasma for 15 min to enhance the adhesion

(Kim et al. 2008). After the process, the tape on the sub-

strate should be pressed softly to the substrate. To detach

graphene from the tape, the substrate needs to be heated to

about 100 �C. Although it is hard to obtain continuous

graphene film with the thermal release tape method, this

method can give fewer residues on the graphene sheet.

After transferring graphene, the photoresist (S1813) was

coated by spin-coater. Next, the coated photoresist was

patterned with UV photolithography. The graphene was

etched by using oxygen plasma etching on opened parts of

photoresist. After removing the remained photoresist with

acetone, Cr (30 nm) and Au (100 nm) were deposited by

e-beam evaporation on the substrate to make Au electrodes.

The deposited Au and Cr films were also patterned by the

wet etching method, followed by coating and patterning

photoresist. During the wet etching process, the etching

time is very important to prevent from over etching. For the

next layer, KMPR, a negative photoresist, was coated in the

substrate, and then KMPR was patterned using pho-

tolithography. The last layer is the phosphate selective

membrane. The synthesized membrane was coated by spin-

coater (2000 rpm for 1 min), and the O-ring was attached

to define the sensing area.

2.2 Preparation of selective membrane

Figure 2a shows the process of how to prepare the sensor

with the phosphate selective membrane. The selective

membrane is synthesized by molecular imprinting tech-

nique (MIP), which make cavities in the polymer like a

stamping method (Warwick et al. 2014a, b). Since the

polymerization of monomers was involved with templates

in the process, the monomer will have the affinity for

original molecules after removing the templates. Therefore,

the MIP membrane can be used for the selective mem-

brane. The solution for membrane was synthesized with

cross-linking monomers [ethyleneglycoldimethacrylate

(EGDMA) and polyurethane acylate (PUA)]. The ratio of
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cross-linkers was 85:15 to provide increased mechanical

stability and flexibility. Thiourea was used for the mono-

mer, and the template was phenylphosphonic acid. Cross-

linkers [EGDMA (4.0 g) and PUA (0.71 g)], thiourea

(0.59 g) and phenylphosphonic acid (0.40 g) were mixed

with DMF solvent (2.44 g). Next, the initiator 1,1-azobis-

cyclohexanecarbonitrile (0.07 g) was added in the mixture.

Figure 2b shows the synthesized phosphate selective

membrane solution that is transparent. The solution needs

to be flushed with nitrogen gas to remove oxygen in the

solution because the oxygen easily reacts with the free

radicals and makes the solution polymerized. The synthe-

sized solution was applied on the surface of the sensing

area, and then the coated area was exposed to UV light

(20 min) to polymerize the solution, as shown in Fig. 2c.

Then, the polymerized membrane was rinsed with metha-

nol to remove the phenylphosphonic acid templates from

thiourea monomer. After washing the device, the surface of

Fig. 1 The fabrication flow chart of the graphene based phosphate sensor

Fig. 2 a Synthesize process of

the selective membrane

solution, b synthesized selective

membrane solution,

c polymerization process with

UV light, and d the optical

image for the sensing area after

coating the solution. The scale

bar is 10 lm
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the sensing area is characterized by optical microscope.

Figure 2d is the optical image of the sensing area. The

plasticized the solution shows the wrinkles on the surface.

The membrane coated devices tested with different ion

solutions, and the results are demonstrated in the mea-

surement section.

2.3 Sensing mechanism

Figure 3a is the schematic diagram for the structure of

graphene IS-FET. The device has three electrodes

including source, drain and reference electrodes (Ahmad

et al. 2013). The drain and the source electrode are

connected with graphene and KMPR was coated on the

surface of the device to cover Au electrodes and elec-

trodes. The KMPR layer can prevent current from the

leakage. The patterned KMPR has windows for graphene,

which can make graphene expose to the solutions.

Through this window the graphene can communicate with

the solutions. For the last layer, the selective membrane

was coated on the graphene. In the inset image in Fig. 3a,

the final device has O-ring which can confine the ionic

solutions. Figure 3b shows the mechanism of phosphate

selective membrane. The selective membrane blocks other

ions such as nitrate, chloride and sulfate in the solution,

but only phosphate ions can penetrate the phosphate

selective membrane, as shown in the Fig. 3b (Zhang et al.

2014). In other words, the phosphate ion can only give

the doping effect on graphene. Therefore, IS-FET can get

the selectivity by coating the selective membrane. In this

experiment, the ion solutions with different ions were

applied on the sensor to verify whether IS-FET shows the

selectivity or not. In the measurement, the fixed voltage

(0.05 V) was applied between source and drain electrodes

(VDS), while the reference voltage was swept from - 1 to

1 V. The transfer curve was obtained when the reference

voltage was swept. The transfer curves were demonstrated

in the next section.

3 Results and discussion

3.1 Fabricated sensor structure and transferred
graphene

Figure 4a is the image of the fabricated sensor with 44

sensors on the Si/SiO2 wafer. The KMPR was coated and

patterned for the electrodes area and sensing area. The

magnified inset image shows the sensing area. There is an

opened KMPR window between the Au electrodes through

which graphene can interact with the solution. The 10

graphene bridges are connecting two electrodes. The little

dark parts in the bridges are the sensing area that is the

KMPR window. The graphene can be exposed to the

solution through this window. Raman spectroscopy was

used to confirm the graphene layers. Figure 4b shows

Raman spectroscopy of the transferred graphene on the Si/

SiO2 substrate. The Raman laser (532 nm) was focused on

the graphene. The Raman spectroscopy shows the graphene

bands (G band and 2D band) as well known in the previous

study (Malard et al. 2009). G band and 2D band are located

in the 1530 cm-1 and 2700 cm-1, respectively. The result

demonstrates that the graphene sheet does not get damaged

during the several photolithography processes. After fin-

ishing the fabrication process, the selective membrane is

coated on the graphene to cover the sensing area.

3.2 Measurement of the devices
with the phosphate selective membrane

The IS-FET sensors were characterized by semiconductor

analyzer because the doping type of graphene can be

confirmed with the transfer curve (Papp et al. 2009). First,

IS-FETs are tested without the membrane to check the

effect of the selective membrane. The sensor shows a

P-type property before coating the membrane. Because the

graphene sheet got some damages and polymer residues

during the transfer process (Regan et al. 2010). These

damages make graphene P-type. In other word, holes are

the main carriers in the graphene after finishing the

Fig. 3 a Schematic diagram for the structure of IS-FET, b schematic diagram for the mechanism of phosphate selective membrane
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fabrication process. Therefore, Dirac point of the graphene

is located in the positive side. However, the property is

changed to N-type after coating the membrane. After

coating the membrane, the main carrier is changed from

holes to electrons in the graphene surface. The electrons

are affected by the ions in the solution. The reason why the

main carriers change is the presence of a charged ion in the

polymer matrix that can attract the electrons in the gra-

phene (Suedee et al. 2006). Figure 5 depicts the transfer

characteristic of the sensor with selective membrane and

without the membrane. In this figure, we confirm that the

doping effects of graphene that come from the residue and

the selective membrane. Dirac point is located in the pos-

itive side about 0.1 V before coating the membrane.

However, it is shifted on the negative side about - 0.4 V.

And the overall current level is decreased due to the

polymer membrane.

The membrane solution is coated by spin-coater

(3000 rpm for 30 s). After coating the membrane, the

sensor is tested with the phosphate solutions that have

different concentration. Also, the other solutions (chloride,

nitrate and sulfate) are applied to the sensor to confirm the

selectivity of the sensors.

With the selective membrane, the main carrier of gra-

phene, electrons, will be decreased as increasing the

phosphate ions in water. Because the phosphate ions make

the electrons in graphene repulse from the surface. This

phenomenon causes the doping effect of graphene, making

Dirac point shift to left or right. Therefore, the measure-

ment of the Dirac point can be a great measurement

method for detecting the amount of ions in water.

We applied the phosphate, chloride, nitrate, and sulfate

solutions which have different concentrations (0, 0.1, 1 and

10 mg/L), and measure the responses of the FET devices to

verify the function of the membrane. As increasing the

concentration, the transfer curve shifts to the right side in

both graphs. Without the selective membrane, the phos-

phate ions attract the holes in the graphene surface. After

coating the membrane, the penetrated phosphate ions repel

the electrons in the graphene surface. As a result, both

transfer curves are shifted to the right side. The detection

limit is 0.1 mg/L, and the response time is about 10 s. Each

ion solution has four different concentrations (0–10 mg/L).

Figure 6a shows the sensor response with chloride ion

solution. As increasing the concentration, the Dirac point

very slightly moves to left. However, the movement can be

neglected. In Fig. 6b, the nitrate solutions were applied to

the sensor. The nitrate solution could not make the Dirac

point move as well. As shown in Fig. 6c, we can also

Fig. 4 a The wafer image after finishing KMPR patterning process, b Raman spectroscopy of graphene in the sensing region. The Inset image

show the optical image of the sensing region

Fig. 5 Transfer curve of IS-FET with membrane and without

membrane
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confirm that sulfate ion cannot affect the sensor. Figure 6d

shows the response sensor with phosphate ion solutions. In

contrast with other solutions, the Dirac point was clearly

shifted from left to right, as increasing the concentration.

The selectivity is the key factor of the sensor fabrication.

Although the graphene sensor has high sensitivity with

various ions in the solution, it does not have selectivity by

itself. The synthesized phosphate selective membrane was

applied to the sensor to give the sensor the selectivity. In

other words, the devices can detect the phosphate without

interference with other ions in the water, when the selective

membrane is coated on graphene. The sensor deposited

with the selective membrane was characterized to check

the interference. In Fig. 7, the responses of the sensor were

compared after applying various solutions with different

ions and concentrations. The reference voltage at Dirac

point was measured as increasing the concentration. The

result shows that the sensor only responded with phosphate

solutions. The Dirac points are shifted from - 0.4 to

- 0.2 V with phosphate solutions. However, the sensor

does not show a response with other solutions such as

chloride, sulfate, and nitrate. As a result, we successfully

confirm that the FET sensor has selectivity for phosphate

solutions with the synthesized selective membrane. The

Fig. 6 Transfer curves of graphene IS-FET with phosphate selective membrane. Four different solutions were applied to the sensor. Each graph

shows the sensor response with a chloride, b nitrate, c sulfate, and d phosphate solutions

Fig. 7 Selectivity of the phosphate selective membrane
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results show that IS-FET can be a promising candidate to

substitute current colorimetric method.

4 Conclusions

The synthesized phosphate selective membrane was coated

on the sensing area, and the sensors were characterized by

semiconductor analyzer. Since Dirac point of graphene

shifts to left or right side when it is affected by the doping

effect, the sensor performance with the selective membrane

was confirmed by measuring the shift of Dirac point of

graphene with different ion solutions. We successfully

synthesized the phosphate selective membrane and depos-

ited the selective membrane to the sensor. Finally, the

performance and selectivity of the IS-FET devices were

successfully demonstrated. The Dirac point shifts from

- 0.4 to - 0.2 V without the interference of other ions.
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