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INVESTIGATION OF InN NANOROD-BASED EGFET
pH SENSORS FABRICATED ON QUARTZ SUBSTRATE
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The extended gate field effect transistor (EGFET) consists of an ion-sensitive electrode and
a metal-oxide semiconductor field-effect-transistor (MOSFET) device. It can be used to
measure ion content in an electrolytic solution. In this article, we present the work of our
research group, which has successfully fabricated the first Indium Nitride (InN) nanorod as
a sensitive membrane of the EGFET pH sensor. The InN nanorod-based EGFET pH sensor
was fabricated on a quartz substrate using molecular beam epitaxy (MBE). The EGFET pH
sensor with InN nanorods demonstrated improved sensing performance. The measured
current and voltage sensitivities of the pH sensor were 26 pA/pH and 22.66 mV/pH, at pH
values ranging from 4 to 10. This makes them suitable for a variety of applications such as
pH sensors and biosensors.
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1. Introduction

The first ion-sensitive field effect transistor (ISFET) was presented by Bergveld, at the
University of Twente, as the first chemical sensor using a semiconductor device [1]. Its basic
design comprised an electrolyte and a SiO, sensing film that substituted the traditional metal gate
to form the electrolyte-insulator-semiconductor structure. Developing this device would make an
accurate pH sensor possible. The reliability of traditional ISFET was considerably affected by the
impurities in chemical solutions that could puncture the FET. This disadvantage could be avoided
by separating the device part and the sensing part. Therefore, many variations of the ISFET have
been developed over recent decades [2-6]. The extended-gate field-effect transistor (EGFET),
based on the ISFET operation principle, splits the original ISFET into two parts. The FET is
isolated from the chemical solutions, and the sensing film is connected to the signal line extended
from the FET electrode. Moreover, the EGFET is simple to package and is insensitive to light.

With the development of robust sensors, there is a growing trend towards the use of
disposable sensors in medical applications. Recently, biosensors and pH sensors have been used by
the medical community [7-9]. Extended-gate field-effect-transistor (EGFET) pH sensors are
especially popular because they are inexpensive, easy to manufacture, highly responsive,
extremely convenient, and very stable with regard to light and outside temperature [10-13]. Such
advantages make them ideal for use in disposable detection devices. The EGFET pH sensor is
composed of a MOSFET and a sensing film. Following increasing interest in EGFETS, we have
investigated several thin-film materials and presented our results in earlier publications [14-16].

Concerted efforts have been made to research the characteristics of I11-V group materials
such as AIN, GaN, GaAs, InN, and InP in the past few years with success. InN, one of the
candidate materials, has a high absorption coefficient, high carrier mobility, high drift velocity,
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and narrow direct band gap, making it suitable for optoelectronic and electronic applications [17-
21]. Therefore, InN is a potential candidate for use in nanoscale devices such as photodetectors,
gas sensors, and pH sensors. In EGFETSs, the deposition of InN nanorods can improve the
sensitivity more effectively than thin films, because nanorods have a higher surface-to-volume ratio
and the sensitivity of pH sensors is a surface-sensing function [22-24]. It is possible to achieve high-
quality crystalline InN nanorods with large-area growth methods. In this work, we study the
performance of an EGFET pH sensor fabricated with 1-D InN nanorods and analyze its material,
optoelectronic, and electronic characteristics.

2. Experimental Details
2.1. Fabrication of InN Nanorod-Based EGFET pH Sensor

Prior to growing nanorods, the substrate was sequentially cleaned with acetone, ethanol,
and deionized (DI) water in an ultrasonic cleaner. An AIN buffer-layer of 80 nm was deposited on
the substrate at 890 °C (K-cell temperature of Al source was 1190 °C) using MBE. InN nanorods
were grown under In-rich conditions at 450 °C (K-cell temperature of In source was 735 °C). The
substrate was exposed to a nitrogen flux of 1.2 sccm for 4 h at an RF-plasma power density of 12
mW/cm?, while the chamber pressure was 10~° Torr. The detailed process procedures for growing
InN nanorods can be found elsewhere [25-27].

2.2. Methods of Measurement

Images of the surface morphology of InN nanorods were obtained using a field-emission
scanning electron microscope (FESEM, JSM-7000F) at 10 keV. The crystalline properties of
nanorods were measured using an X-ray scattering system with the X-17B1 beamline at the
National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan. A
photoluminescence (PL) measurement was taken in the infrared (IR) region, during which an Ar+
laser (488 nm) was used as the excitation source. The emission from InN nanorods was detected
by an InGaAs detector and resolved using a spectrometer. The performance of the InN nanorod-
based EGFET pH sensor was measured by the system shown as Figure 1. First, we connected the
sensor’s sensing region, which is the extended part of the gate, to the gate of the MOSFET. The
sensor and an Ag/AgCI reference electrode were then immersed in the electrolytic solution, with
the sensor and reference electrode connected to the measurement system. The sensor’s response
was analyzed using Agilent 4156C.
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Fig. 1. Schematic diagram of an Indium Nitride (InN) nanorod pH sensor measurement system.
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3. Results and Discussion

Fig. 2 shows FESEM images of the InN nanorod topology. High-density InN nanorods, of
primarily (0002) orientation, were grown. It is suggested that by exposing the In thin film to a
nitrogen (N,) flux, large-area and low-cost growth of InN nanorods can be achieved. The
hexagonal shape of nanorods is probably the result of the wurtzite structure of InN crystals.

Fig. 2. Top view field-emission scanning electron microscope (FESEM) images
of vertically aligned InN nanorods on a glass substrate.

The drain—source current (Ips) of the InN nanorod-based EGFET is a function of the
drain—source voltage (Vps), when the reference electrode is at 3 V. Figure 3 illustrates that higher
electrolytic solution pH value leads to lower Ips, because higher pH implies that more OH™ ions
can be found in an alkaline solution. However, these ions are equivalent to negative voltage acting
on the EGFET, while connecting to the MOSFET. Therefore, the increase in OH™ ions results in
smaller Ips. Figure 4 shows the Ips versus reference voltage (Vrer) characteristic curve of the InN
nanorods EGFET pH sensor at Vps = 0.3 V. It can be seen that increasing Vger results to higher
Ips. The dissociation of OH™ ions increases as Vrer grows, that is to say, the current rise when the
Vger INCreases.
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Fig. 3. Drain—source current-drain—source voltage characteristics of extended
gate field effect transistor (EGFET) with an InN nanorods
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Fig. 4. Drain—source current-reference voltage characteristics of EGFET with an InN nanorod

Fig. 5 shows the relationship between Vger and the pH value measured by the sensor. We
observe that Vger increases when the pH value increases. We can define the positive correlation
between these two parameters as voltage sensitivity, which appears to be almost linear. The
voltage sensitivity of the InN nanorod-based EGFET pH sensor is 22.66 mV/pH. An increase in
the pH value and the number of OH™ ions leads to a negative bias on the gate, thus reducing Ips.
To maintain the value of Ips, Vrer Needs to go up when the pH value increases.
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Fig. 5. Reference voltage—pH characteristics EGFET with an InN nanorod

There exists negative correlation between Ips and the pH value, measured by the InN
nanorod-based EGFET pH sensor as shown in Figure 6. The voltage Vgrer Was kept at 3 V, as
defined by the current sensitivity. The current sensitivity of the EGFET pH sensor is 26 pA/pH.
The sensor’s H* ions accumulate on the surface when the pH value is low, resulting to a positive
gate bias and an increase in Ips. This approximate linear relationship indicates that Ips changes
because of the variation in the pH value of the solution. Thus demonstrating that the fabricated
sensor could be used for pH measurements. This characteristic makes it possible to use the InN
nanorods pH sensors not only for Vger sensitivity, but also for Ips sensitivity.
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Fig. 6. Drain—source current—pH value characteristics EGFET with an InN nanorod

According to the site binding theory, the surface voltage of the extended gate changes with the pH
of the electrolytic solution [28-29]. The surface potential voltage (y,) between the sensing layer
and the solution can be expressed as [30]:

. _ 1
2.303(pHy,c-pH) = q}% + sinh 1(qk—ll;° ' E) , )

where pH,,. indicates the pH value at the point of zero charge, q is the charge of the electron, k is
Boltzmann’s constant, and T is the absolute temperature. The relationship between the surface
sites per unit area (NS) and B can be expressed as Eq.2 [30]:

_ 20°Ns(KaKp)'/?

B="wc, )

where K is the acid equilibrium constant, K, is the basic equilibrium constant, and CDL is the
capacitance of the electrical bilayer derived by the Gouy—Chapman—Stern model [31]. With a
larger sensitivity parameter B, better linear response between the surface potential voltage and the
pH value could be derived from Eq.1. Generally speaking, Eq.1 and Eq.2 are the ideal models
without surface states and dangling bonds. In fact, there are many dangling bonds and surface
states on the surface of the InN nanorods. Indium (In), as an amphoteric metal, can interact with
either an acidic or an alkaline solution. The surface chemistry of hydrous InN would be protonated
or deprotonated in the electrolytic solution. The pH value of the solution is changeable because of
the surface reaction between H* ions and InN. The surface charge of H" ions results in the
production of OH™ or H" ions by protonation or deprotonation of the InN. As discussed above, the
InN nanorod-based EGFET pH sensor already has good sensitivity to pH. However, in order to
improve the pH sensor’s sensitivity, the influence of the sensing surface area and the resulting
capacitance should be taken into consideration.

4. Conclusion

In this study, we have presented the first INN nanorod-based EGFET pH sensor, which is
easy to fabricate and use for measurement. As discussed in the article, the drain—source current
(Ips) and the reference voltage (Vrer) are positively correlated and negatively correlated with pH
value. The InN nanorod-based EGFET pH sensor exhibits improved sensing performance,
resulting from the enlarged sensing area and the surface-to-volume ratio, implying that the use of
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InN nanorods for sensing is highly feasible and effective. We believe that InN nanorod-based pH
sensors, with their excellent characteristics, will be extremely useful in pH sensing applications.
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