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Abstract—An ion sensitive field effect transistor can out-

perform conventional ion-selective electrodes. Thus, a zinc 

oxide (ZnO) nanowire field effect transistor (NWFET) pH 

sensor was fabricated and measured. The sensor contained a 

channel with 1.710
18 

cm
-3

 donor concentration and 100 

ZnO nanowires in parallel, each with the following 

dimensions: 10 µm120 nm20 nm. The active channel is 

passivated with an 18 nm Al2O3 layer. The device was 

measured under a controlled environment with and without 

pH solutions. The pH range was 3–9 with a sensitivity of 

2.48 mV to 10.3 mV. The voltage sensitivity translates to a 

percentage value of 15%. The measurements obtained 

before and after the pH solution treatment demonstrate the 

possibility of re-use of the device by rinsing and brushing 

the sensing layer.  

Index Terms—Device sensitivity; ion sensitive field effect 

transistor; nanowire; pH sensor; zinc oxide (ZnO) 

I. INTRODUCTION

J. C. Dutta [1] asserts that ion sensitive field effect

transistors (ISFETs) were first reported by Bergveld in 

1970. In the past 19 years, research on these devices has 

increased as they tend to out-perform their counterparts 

(conventional ion-selective electrodes). The advantages 

[1] include a higher sensitivity, the use of ‘lab-on-chip’

systems, mass production at a small scale with a low cost,

usability at a wide range of temperatures, multi-

functionality, the ability to be converted into biosensors,

and re-usability, as they are robust, durable, and can be

cleaned with a toothbrush [1].

In the future, the fabricated device can be converted 

into a biosensor [2]. pH sensors are the first step toward 

biosensing because they provide a more coherent  

measurement than that of a protein sensor as they have 

more ionic charge [3]-[5]. The charge is distinguishable 

depending on the acidity or alkalinity of the solution. In 

addition, they do not require functionalization of the 

sensing window, which simplifies the fabrication process 

[6]. To the best of my knowledge, the studies began in 

2013, and the first successful pH sensor was created on 

passivated ZnO NWFET using the spacer fabrication 

method. 
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The spacer technique is a low-cost fabrication method 

for fabricating nanowires [7]. It was first reported in 2005 

by Ge et al., [8] and other researchers [9]-[11] have since 

carried it forward. The technique has great potential in 

shaping nanometer features using conventional, low-cost 

photolithography. The spacer technique uses anisotropic 

etch to create a vertical pillar on an insulating layer 

(SiO2), then after deposition of a semiconductor layer 

(ZnO) and a second anisotropic etch to create nanowires 

made up of the semiconductor layer. The method allows 

nanowire features with controllable dimensions to be 

developed. The ICP tool is usually used for anisotropic 

etching and produces surface roughness less than < 1.5 

nm. Other tools such as RIE and ion beam etch produce 

roughness greater than > 5 nm method. 

II. EXPERIMENT

The experimental procedure for making the NWFET 

was described in [12]. The device uses Al2O3 as a 

sensing layer. As listed in Table 1, the dielectric layer is 

expected to perform better than other commonly used 

layers. SiO2 contains a lower pH range and sensitivity. 

The other dielectric layers demonstrate better 

performance than SiO2. To make the sensor, SU8-3005 

resist was patterned on top of the device to form a sensing 

well for the bioanalytes, as shown in Fig. 1 [13], [14]. 

The analyte solutions were different pH solutions with 

values of 3, 5, 7, and 9.  

Fig. 1: Arrangement for pH sensing in the fabricated sensor. It shows 

how analyte solution makes contact with transducer. The sensor 

contains a channel with 1.71018 cm-3 donor concentration and 100 ZnO 

nanowires in parallel, each with the following dimensions: 10 µm  120 

nm  20 nm. The thickness of the underlying SiO2 is 180 nm. The active 

channel is passivated with an 18 nm Al2O3 layer. Substrate is silicon.  
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TABLE 1: COMPARISON OF THE PH RANGE AND SENSITIVITY OF 

DIFFERENT SENSITIVE LAYERS ADOPTED FROM [1], [13], [14], [15], [16]. 

Sensitive layer pH range Sensitivity (mV/pH) 

SiO2 2–5 25–48 

Al2O3 2–12 53–57 

Si3N4 2–12 46–56 

Ta2O5 2–12 56–57 

HfO2 2–12 ~59 

 

The pH measurements used pH solutions developed by 

Zeimpekis et al. [17], which were created using universal 

buffer solutions (0.1 M NaCl, 0.01 M citric acid, 0.01 M 

phosphoric acid, and 0.02 M boric acid adjusted to pH 

values ranging from 3 to 9 by titration with a 1 M NaOH 

solution). The fabricated NWFET was observed under 

SEM [18]-[20] to have a channel length of 20 µm, height 

of 120 nm, and width of 20 nm. Electrical I-V 

characterization [21], [22] was performed using the 

Agilent B1500A semiconductor parametric analyser 

(Agilent Technologies). 

The device was first measured in air, then in liquid, 

and then in air again. For the liquid measurement, a 5 µL 

droplet of aqueous solution was introduced in the well to 

make contact with the channel. After each electrical 

measurement of a solution with a given pH, the nanowire 

surface was rinsed with de-ionized water and dried with 

adsorbent paper. This step was repeated 10 times to 

remove the pH solution completely. The sequence for 

measuring the sensor is listed below:  

Step 1: The device is measured in air: IDS vs. VDS and 

IDS vs. VGS (AIR1). The gate sweep rate was set properly 

for air and pH. VDS and VGS sweep range are checked, 

followed by a 1 h wait time. 

Step 2: pH9 was applied, and then IDS vs. Time (pH9) 

is measured. After a 3 min wait time, pH9 was removed. 

DI water was used for rinsing 10 times. 

Step 3: pH7 was applied, and IDS vs. Time (pH7) was 

continually measured. After a 3 min wait time, pH7 was 

removed. DI water was used for rinsing 10 times. 

Step 4: pH5 was applied, and IDS vs. Time (pH5) was 

continually measured. After a 3 min wait time, pH5 was 

removed. DI water was used for rinsing 10 times. 

Step 5: pH3 was applied, and IDS vs. Time (pH3) was 

continually measured. After a 3 min wait time, pH3 was 

removed. DI water was used for rinsing 10 times.  

Step 6: pH5 was applied, IDS vs. Time (pH5) was 

continually measured. After a 3 min wait time, pH5 was 

removed. DI water was used for rinsing 10 times.  

Step 7: pH7 was applied, IDS vs. Time (pH7) was 

continually measured. After a 3 min wait time, pH7 was 

removed. DI water was used for rinsing 10 times.  

Step 8: pH9 was applied, IDS vs. Time (pH9) was 

continually measured. After a 3 min wait time, pH9 was 

removed. DI water was used for rinsing 10 times. After 

H2O drying (>24 h), IDS vs. VDS and IDS vs. VGS in air 

(AIR2) are re-measured. 

III. RESULTS AND DISCUSSION 

A. Measurement of Sensor in Air-before 

The experiment was initially measured with a four-

point probe hall measurement tool, which exhibited a 

sheet resistance of 3.0104 Ω/sq, hall mobility of 5.84 

cm²/V-s, and donor concentration of 1.71018 cm-³. Fig. 2 

(a) shows the IDS vs. VDS characteristics of the device, 

with measurements made in air and darkness at gate 

biasing from 0 V to 40 V, with steps of 2.0 V, and a drain 

bias varying from 0 V to 40 V. This produces the 

maximum currents of 1.510-4 A at a drain voltage of 

40 V. The device shows well-behaved characteristics 

with good pinch-off and saturation. Fig. 2 (b) shows the 

IDS vs. VGS characteristics with VDS at 1.0 V. The device 

possesses a subthreshold slope of 3.0 V/decade, an off 

current of 1.010-12 A, a threshold voltage of 11.0 V, and 

an on/off current ratio of 1.0107.  

 
(a) 

 
(b) 

Fig. 2. Sensor electrical characteristics measured in air and darkness: (a) 

IDS vs. VDS characteristic with a VGS drive from 0 V to 40 V with steps of 

2 V and (b) IDS vs. VGS characteristics with VDS = 1.0 V. The NWFET 

has 100 parallel nanowires and a channel length of L = 20 µm. 

B. pH Measurements 

Table 2 lists different pH sensors developed at various 

institutions/laboratories/groups. Sergei V. Dzyadevych et 

al. [23] described the fabrication techniques used for the 

devices. As previously stated, SiO2 contains lower pH 

ranges and sensitivities. However, when it is combined 

with other dielectrics to create heterojunction structures, 

the performance is improved. HFO2 demonstrates the best 

traits. This makes sense as HFO2 has a dielectric constant 

of around 16 which is the highest of all the oxides 

mentioned in this paper. Fabricated sensors have a 

sensitivity between approximately 2%/pH (SiO2 surface) 

and 4.5%/pH (HfO2 surface). The designed Al2O3 sensor 

should deliver a sensitivity within this range (2.5%/pH). 

To improve the sensitivity, the subthreshold slope should 

be improved by reducing the doping concentration. 

Equation (1) describes how to derive the sensitivity. The 

percentage sensitivity can be derived afterwards. 
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TABLE 2: PROPERTIES OF ISFET PH-SENSORS WITH DIFFERENT GATE 

MATERIALS [1], [15], [16], [23]. 

Gate Sensitivity 

(mV/pH) 

Response and 

stability 

Gate 

SiO2 20–40  non-linear 

response 

SiO2 

SiO2 (40~110 nm, 

thermally grown) + 

Si3N4 (~100 nm, 

CVD) on silicon. 

Channel: 20 μm × 

100 μm. 

Reference 

electrode: 

Ag|AgCl|NaCl 

~53 Slow 

response. 

Sensitivity 

decreases with 

time 

(Formation of 

oxynitride) 

SiO2 (40~110 nm, 

thermally grown) + 

Si3N4 (~100 nm, 

CVD) on silicon. 

Channel: 20 μm × 

100 μm. Reference 

electrode: 

Ag|AgCl|NaCl 

Al2O3 53–57 linear 

response, very 

low drift 

Al2O3 

Ta2O5 55–59 linear 

response, 

undesired light 

sensitivity 

Ta2O5 
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where ΔG is the change in conductivity of the device, G0 

is the initial conductivity, εr is the effective dielectric 

constant of Al2O3, ε0 is permittivity in vacuum, B is the 

surface potential, N(t) is the density of charge states at the 

surface, q is the elemental charge, a is a geometry 

parameter, ND is the donor concentration, and tD is the 

thickness of the dielectric. 

Fig. 3 shows the pH results obtained using a liquid gate, 

with a reference Ag/AgCl electrode that was biased at 50 

mV with a drain bias of 100 mV. The substrate was 

maintained at 0 V bias for all electrical measurements. 

The low bias on the liquid gate was used to avoid 

electrolysis in the buffer solution and to minimize any 

leakage currents while maintaining device operation in 

the subthreshold region. A field effect transistor acting as 

a transducer has an advantage over others owing to its 

high impedance. The high impedance allows for high 

sensitivity with minimal influence on the target specimen. 

The device had a total impedance of 2.5104 Ω and 

channel doping of 1.71018 cm-³.  

 
Fig. 3. Graph of normalised sensor conductance change as a function of 

time. The device measures four different pH values: 9, 7, 5, and 3. The 

device has a liquid gate with a reference bias of 50 mV, a drain bias of 

100 mV, and a substrate bias of 0 V.  

This study achieved a pH range of 3–9 and a sensitivity 
of 2.48 mV/pH to 10.3 mV/pH. The voltage sensitivity 
translates to a percentage value of 15%. The device 
shows little to no drift at each pH measurement, which 
helps to clearly show the current change for the different 
pH solutions. An abnormally was present when 
measuring pH 9 again. The device performed poorly. 

C. Measurement of Sensor in Air-after 

To complete the measurements, the sensor was 

measured again in air. Fig. 4 shows good transistor 

characteristics with clear linear, pinch-off, and saturation 

regions. Fig. 4 (a) shows negative slope of the IDS vs. VDS 

characteristics due to high gate voltage of around 40V. 

Fig. 4 (b) exhibits a little strange behavior in the 

neighborhood of VGS=10V which was due to the 

introduction of ionic charge at the gate. For values of 

VGS > 15V the IDS vs. VGS characteristics strongly 

saturates which must be due to a high serial resistance. 

The device possesses a subthreshold slope of 1.1 

V/decade, an off current of 1.010-13 A, a threshold 

voltage of 17 V, and an on/off current ratio of 1.0108. 

The characteristics were measured at a VDS of 1.0 V. 

 
(a) 

 
(b) 

Fig. 4. (a) IDS vs. VDS characteristics of the biosensor devices after pH 

measurements with a VGS derive from 0 V to 40 V. (b) IDS vs. VGS 

characteristics of the biosensor devices after pH measurements. The 

ZnO NWFET biosensor has 100 parallel nanowires and a channel length 

of L = 20 µm. 

D. Comparing IDS vs. VDS Measurements before and after 
pH Measurements 

Fig. 5 (a) shows subthreshold IDS vs. VDS graphs before 
and after the pH measurements. Before pH sensing, the 
curve has a subthreshold slope of 3.0 V/decade, a 

threshold voltage of 11.0 V, an off current of 1.010-12 A, 

and an on/off current ratio of 1.0107. After pH sensing, 
the curve has a subthreshold slope of 1.1 V/decade, a 
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threshold voltage of 23 V, an off current of 1.010-13 A, 

and on/off current ratio of 1.0108. These values were 
derived at VDS = 1.0 V. Fig. 5 (b) shows a comparison of 
the linear IDS vs. VDS characteristics before and after the 
pH measurements. The sensor retained good transistor 
characteristics with no evidence that the liquid 
environment significantly degraded the transistor 
characteristics. However, there are some significant 
changes in the characteristics. Thus, there may have been 
some liquid penetration through the passivating Al2O3 
layer and ZnO layer to the gate oxide interface.  

Fig. 6 shows the transconductance verses VGS plot for 

the device measured before and after the pH 

measurements. The curve for the device before the pH 

measurements has a peak transconductance of 3.010-7 S 

at 40.0 V, whereas the curve for the device after the pH 

measurements has peak transconductance of 4.010-7 S at 

37.0 V. Using peak values of transconductance, the field 

effect mobility (µFE) is derived for both measurements. 

The curve before has a µFE of 32.5 cm2/Vs, whereas the 

curve after has a µFE of 42.9 cm2/Vs. 

 
(a) 

 
(b) 

Fig. 5. (a) Subthreshold IDS vs. VGS characteristics before and after the 

pH measurements. These values were derived at VDS = 1.0 V. Image (b) 

shows the linear IDS vs. VGS characteristics before and after the pH 

measurements. 

 
Fig. 6. Transconductance verses gate voltage for the sensor before and 

after the pH measurements.  

IV. CONCLUSION 

A ZnO NWFET pH sensor was fabricated and 

measured. The device was measured under a controlled 

environment with and without pH solutions. The results 

are comparable to those of manufactured ISFETs. The pH 

range was 3–9 with a sensitivity of 2.48 mV/pH to 

10.3 mV/pH. The voltage sensitivity translates to a 

percentage value of 15%. The device was measured 

before and after the pH solution treatment, demonstrating 

that through rinsing and brushing the sensing layer, the 

device can be re-used. 
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