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Abstract The Extended Gate Field Effect Transistor

(EGFET) is a device composed of a conventional ion-

sensitive electrode and a MOSFET device, which can be

applied for the measurement of ion content in a solution.

The EGFET is fabricated connecting the sensitive mem-

brane to a commercial MOSFET. We investigated the use

of fluorine-doped tin oxide films (FTO) as sensitive

membrane to EGFET. The commercial FTO shows a low

resistivity and a crystalline structure, both determined

using conductivity set-up and X-ray diffraction experi-

ments, respectively. So far, it has been known that an

amorphous structure is desirable to obtain high sensitivity.

Despite of the a crystalline structure, we have fabricated

the FTO as EGFET for pH sensor and carried out experi-

ments in order to obtain the response of the device inserted

into solutions with pH values from 2 up to 12. In this range,

we have quantified a sensitivity of 50 mV/pH, which may

have large potential applications as pH and biosensors.

In addition, both the film and the structure of the sensor are

cheaper and easier to make than in common techniques.

Introduction

The ion-sensitive field effect transistor (ISFET) technology

was presented by Bergveld in 1970 as a new alternative to

the glass electrode with application in the field of pH

measurement [1]. Since then, several applications using

this device have been implemented and today the ISFET is

known as a versatile pH sensor based on the field effect

principle [2]. However, in the meantime other devices were

proposed as an alternative to the fabrication of ISFET. For

instance, the Light-Addressable Potentiometric Sensor

(LAPS) was presented as a new device based on the ISFET

with the main characteristic as the possibility to be opti-

cally addressed [3]. In 1983, Van Der Spiegel et al.

reported the operation of the first Extended Gate Field

Effect Transistor (EGFET) [4]. In addition, in 2000, Yin

et al. presented to the scientific community a low cost

EGFET fabrication. Unlike Van Der Spiegel, they have

developed the device connecting the sensitive membrane

with a commercial MOSFET [5]. As well as the LAPS, the

EGFET is based on the same ISFET operation principle.

However, the main difference is the fact that the gate is not

fabricated directly on the MOSFET structure. Therefore,

the costs are reduced facilitating the pH sensor fabrication

once that some steps related to the development of the

MOSFET structure are excluded. In addition, other char-

acteristics were well recognized by the scientific commu-

nity. For example, as the commercial MOSFET is not

immersed in the solution, unlike the ISFET, the EGFET is

not damaged and can be reused several times. Moreover,

the problems related to the ISFET encapsulation are not

observed during EGFET fabrication. These characteristics

made this new approach a viable alternative to pH or ion

sensor development.

During the past years, it was observed that the H?

sensing materials normally used in an ISFET do not

respond as a function of pH when used in an EGFET [6, 7].

This led to the search of new materials, and their corre-

sponding fabrication methods. Nevertheless, the same

material, fabricated according to varying techniques, may
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present distinguished sensing responses. Some of the used

oxides can also present varying sensitivity for specific pH

ranges, even preventing their technological use. For

instance, sol–gel-fabricated SnO2 is totally destroyed when

immersed in solutions with pH values above 9 [7]. This

incident is not observed when the material is fabricated

using sputtering [5, 8]. As other examples, sputtering-fab-

ricated W3O2 is destroyed for solutions with pH values

above 7 [9], while sol–gel-fabricated Pb2O3 presents a

reasonable stability [10]. In summary, it is clearly dem-

onstrated that not only the sensing material but also its

fabrication technique must be deeply studied before its use

as selective membrane in pH or ion EGFET sensor.

The role of the electrical properties of the selective

membrane, such as its resistivity, is another important issue

addressed in the literature [11]. For instance, insulating

oxides such as TiO2, Al2O3, Si02, Si3NO4, and Ta2O5,

commonly used for the fabrication of ISFET, present a very

low sensitivity when used in EGFET. On the other way,

oxides with high electrical conductivities, indium-doped

SnO2 (ITO) present reasonable responses [12]. Thus, it is a

common belief that materials with low conductivities can

lead to reduced sensitivities when the membrane is con-

nected to a commercial MOSFET. This is not the case for

the ISFET once that the selective membrane is deposited

directly on the structure of the transistor. Theoretical

models superficially discuss the role of membrane resis-

tivity for EGFET operation [11]. Nevertheless, a satisfac-

tory explanation was not presented yet.

One of the most important parameters is the sensitivity

of the pH sensor. Theoretical predictions indicate an upper

limit for EGFET at about 59 mV/pH. Obviously, this must

be related to the properties of the membrane, such as sur-

face and oxide structure [13–17]. Sensors using sputtered-

SnO2 and sol–gel-Pb2O3 as sensing membranes, presented

a reduction in sensitivity from about 55 to 30 mV/pH when

the structure is changed from amorphous to crystalline

[10, 17, 18]. It was theoretically suggested in the literature

that the smaller number of surface sites for hydrogen ions

bonding in the crystalline form is responsible for the

reduced sensitivity. According to that, field effect sensors

based on selective membranes in EGFET would neces-

sarily have to be produced using an amorphous phase with

large amount of surface sites.

Despite of that, it can be observed in the literature that

little effort has been spent for the development of amor-

phous thin films by low cost deposition methods. Tech-

niques such as sol–gel and spray pyrolysis might be viable

options. The main drawback is the need for the elimination

of the solvents from the precursor solutions, which can

affect the amorphous structure during processing. For

instance, in order to obtain a pure and amorphous ZnO film

by sol–gel, organic material from the precursor solution

must be removed by thermally heating the sample to

temperatures above 300 �C, which induces the crystalli-

zation of the sample [19].

Instead of trying to obtain an amorphous structure using

a low cost fabrication technique, we tried to figure out

other characteristics that could increase the number of sites

responsible for a higher sensitivity. It can be observed in

the literature that the pH sensitivity of some sensors

increases after a chemical attack, mainly due to the mod-

ification of the surface of the sensing membrane. Thus, a

crystalline membrane, with surface modification (increased

roughness, etc.) might probably be also a good candidate

for a large number of surface sites.

Experimental

This work presents the use of highly rough, polycrystalline

fluor-doped tin oxide as sensing membrane in EGFET, where

a commercial CD4007UB MOSFET was chosen. Doping of

SnO2 is essential to guarantee a large electrical conductivity

as previously discussed, and fluor was chosen as the doping

element in place of the traditional indium due to lower pro-

duction costs. Commercially available 1 9 1 cm2 FTO films

deposited on glass substrates by spray pyrolysis were used.

The films have an electrical resistivity of about 10 Ohms/cm.

Details about recipes and fabrication steps can be found in

the literature [20].

Results and discussion

The surface morphology and thickness of the FTO films

deposited onto glass substrates using the spray pyrolysis

were examined by scanning electron microscopy (SEM).

Figure 1a shows that the surface of the FTO is very

irregular, with a distribution of gains with variable sizes.

Certainly the surface is not smooth. An average grain size

of about 30 nm was estimated, and an interesting packing

was obtained. Note that the present samples have a better

homogeneity than the previously reported sol–gel-pro-

duced SnO2 films [21]. An average thickness of about

15 lm was estimated using the cross-section image of the

FTO/Glass structure, as shown in Fig. 1b. The image

indicates also an irregular internal structure due to crystals

arrangement induced by the deposition technique.

The structure of the film was investigated by X-ray

diffraction experiments. The resulting spectrum shown in

Fig. 2 indicates the existence of a polycrystalline structure.

The 110 peak has the largest intensity, but others like 002,

200, and 211 are clearly identified. The ratio of the inten-

sities of the peaks 110 to 200, i.e., I110/I200, is about 4

suggesting preferential growth along direction 110.
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Despite of the polycrystalline structure, we used the

FTO film to fabricate an EGFET pH sensor. Experiments

were carried out in order to obtain the response of the

device when inserted into solutions with pH values from 2

up to 12. The device is fabricated connecting the FTO thin

film (the sensitive part) to a commercial CD4007UB

MOSFET. The response of the device was obtained from

the electric characterization where basically the electric

current between the source and drain (IDS) of the com-

mercial MOSFET is monitored as a function of the

potential applied between the source and drain (VDS) as

well as on the reference electrode (VREF) as shown in

Fig. 3. Figure 4a shows the EGFET characterization curves

(IDS versus VDS) obtained setting the MOSFET in the sat-

uration region with VREF equal to 3 V and VDS scanned

from 0 to 5 V. It is easily observed that the IDS–VDS curves

are vertically shifted with the pH value of the buffer

solution.

The data from Fig. 4a can be processed to produce the

square root of IDS as a function of pH. IDS varies about

15 mA for pH values between 2 and 12, for a fixed VDS of

Fig. 1 SEM images of the FTO thin film deposited on glass substrate

by spray pyrolysis: a the morphology of the surface pointing out its

grain distribution characteristics and b cross-section used to estimate

a thickness of about 15 lm
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Fig. 2 X-ray diffraction spectrum for the film presented in Fig. 1.

A polycrystalline structure mainly oriented along direction 110 is seen

Fig. 3 The device is fabricated connecting the FTO thin film (the

sensitive part) to a commercial CD4007UB MOSFET and the

sensitive membrane is immersed in a pH solution ranging from 2

up to 12. For each pH value, voltages are applied on the reference

electrode (VREF) and source–drain contacts (VDS) while the source

drain current is measured (IDS)

0.0

0.5

1.0

1.5

2.0

2.5
0 1 2 3 4 5

2 4 6 8 10 12
30

35

40

45

50

V
DS

 (Volts)

Temperature = 25 0C
pH = 2,4,6,8,10,12
V

REF
 = 3.0 Volts

pH = 12I D
S
 (

 m
A

 )

pH = 02

Temperature = 25 oC
pH = 2,4,6,8,10,12
V

DS
 = 3 V

 s
q

rt
 ( 

I D
S
 )

  (
m

A
)1/

2

pH Value

(a)

(b)

Fig. 4 Electric characterization of the pH EGFET sensor using a

polycrystalline FTO thin film as the sensitive membrane connected to

a commercial MOSFET. a The IDS versus VDS curves obtained with

the MOSFET operating in the saturation regime, using VREF of 3 V

and VDS varying from 0 to 5 V, as a function of pH value. b Square

root of IDS as a function of pH, for a fixed VDS of 0.3 V. Note the

linear behavior
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0.3 V, as shown in Fig. 4b. Note the linear behavior. On

the other hand, the results presented in Fig. 5a were

obtained for the device operating in the non-saturation

regime. A VDS of 0.3 V was kept constant, while VREF was

varied from 0 to 5 V. The drain–source current scale is

shown at the left for pH values from 2 to 12, while the

transconductance is shown at the right for the two extreme

pH cases, dashed lines. Note the right shift as a function of

pH for both cases. Figure 5b was constructed from Fig. 5a

by choosing IDS at 2 mA. VREF is shown as a function of

pH value. Surprisingly, the crystalline structure led to a

sensitivity of 50 mV/pH, not ever reported before. Besides

that, the experimental results show that the pH current

sensitivity of the FTO sensing structure produced a fairly

linear pH response, as shown in Fig. 5b.

Conclusion

In this study, polycrystalline FTO films deposited by spray

pyrolysis were used as sensitive membranes in EGFET ion

sensor. Even after multiple uses the membranes keep the

same performance, presenting no injury. The sensitive and

the performance of the polycrystalline FTO films as a pH

sensor, based on the EGFET platform, are comparable to

traditional sensors developed using amorphous materials.

In addition, a low cost production method was used. Linear

pH current sensitivity of approximately 50 mV/pH and

51.73 lA/pH are estimated based on the FTO/Glass sens-

ing structure in the range of pH 2–12. The previous liter-

ature data only presented satisfactory results for amorphous

membranes. But the present results show that rough sur-

face, polycrystalline fluor-doped tin oxides can have sen-

sitivity as large as the materials used up to now. Thus,

rough crystalline surfaces can be as interesting as amor-

phous surfaces for the development of sensing EGFET

membranes.
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Fig. 5 Non-saturation regime of the device. a At left, IDS as a

function of VREF for a fixed VDS of 3 V. Note the right shift for pH

values from 2 to 12. At right, the transconductance for the two

extreme pH values. b VREF as a function of pH value, for

IDS = 2 mA. The crystalline structure led to a sensitivity of 50 mV/

pH, not reported before
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