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In this work, the sensing membrane of extended-gate field-effect-transistor (EGFET) pH sensors with
an intrinsic copper oxide (CuO) nanowire array was fabricated on a glass substrate by directly heating
a Cu film at 450°C for 5 h in air. It was found that the average length and average diameter of these
nanowires (NWs) were 2.5 um and 70 nm, respectively. The resulting EGFET pH sensors with CuO
NWs exhibited significantly improved sensing performances owing to the large sensing surface-to-
volume ratio. The pH sensitivity calculated from the linear relation between the drain-source current
and the pH value was 23.5 pA/pH and that calculated from the linear relation between the reference
voltage and the pH value was 18.4 mV/pH.
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1. INTRODUCTION

Recently, there has been great interest in human health issues owing to irregular living and
dietary habits. Because the pH value of blood is an important index for the human body, even a small
change in the pH of body fluids can signal a problem in the human body. Biosensors based on the pH
sensor have many applications such as blood monitoring, environment monitoring, biological analyses,
chemical analyses, and clinical detection [1-3]. Extended-gate field-effect-transistors (EGFETS) offer
several advantages such as easy fabrication, small influence of optical illumination and operation
temperature, and disposable gate. Therefore, EGFETs have been widely used in biosensors [4, 5].
EGFETSs consist of two parts: a metal-oxide-semiconductor field-effect-transistor (MOSFET) and a
sensing membrane.
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Recently, several materials have been widely used as the sensing membrane in EGFET pH
sensors [6-8]. Unlike most n-type metal oxides, CuO with a narrow bandgap of 1.2 eV is a p-type
material with a monoclinic structure [9, 10]. Owing to these properties, CuO is used in high
temperature superconductors [11], magnetic storage media [12], heterogeneous catalysts [13], field
emitters [14], and gas sensors [15]. Recently, one-dimensional (1D) nanowires have attracted a lot of
attention. With the same volume, one-dimensional (1D) nanowires (NWs) can provide a much larger
surface area as compared to bulk and thin film materials. Thus, 1D NW-based chemical sensors
normally exhibit high sensitivity, especially in semiconducting metal oxide sensors [16-18]. CuO
nanowires can be grown by various processes such as liquid—liquid method [19] and catalyzed
synthesis [20]. Recently, Jiang et al. proposed a simple method for the preparation of CuO NWs
wherein copper sheets are directly heated in air [21]. However, currently, the direct growth of CuO
nanowires on copper sheets is not easy during device integration. To solve this problem, CuO NWs
should be directly grown on silicon or glass substrates. Indeed, it has been shown that CuO NWs can
be grown directly on silicon substrates coated with a copper layer [22-24]. Compared with silicon
substrates, glass substrates are low in cost and are available in large sizes. Thus, glass is an ideal
substrate material for device applications.

Here, in order to fabricate the sensing membrane of EGFETs, CuO NWs were deposited by
directly heating a Cu film in air. We achieved enhanced response from the NW-based pH sensors
owing to the large surface-to-volume ratio.

2. EXPERIMENT

2.1. Fabrication of CuO EGFET pH sensor
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Figure 1. Procedure used to grow CuO NWs and procedure used to fabricate CuO-NW pH sensors.
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For the fabrication of the EGFET sensors, before growing the CuO NWs, glass substrates were
wet-cleaned by acetone and deionized water and then baked at 100°C for 10 min to remove moisture.
A 100-nm-thick CuO layer was first deposited onto the glass substrates by DC sputtering to serve as
the adhesion and conducing layer. We maintained the flow rates of Ar and O, at 15 and 6 sccm,
respectively. A pure copper thin film with a thickness of 0.5 um was subsequently deposited on top of
the CuO layer. The samples were then placed in a furnace and annealed at 450°C in air for 5 h to grow
CuO NWs. The procedure used to grow the CuO NWs is schematically shown in Fig. 1.

An X-ray diffractometer (XRD) was then used to characterize the crystallography for various
thicknesses (0.1, 0.3, 0.5, 1, 2, and 3 um) of the Cu thin film and 100-nm-thick CuO layer. The surface
morphology of the samples and the size distribution of the NWs were characterized using a field-
emission scanning electron microscope (FESEM).

2.2. Measurement System

To measure the sensing performances of the fabricated pH sensors, the pH sensor and the
Ag/AgCI reference electrode were dipped into the detection solution (pH value varied from 4 to 10).
The pH value of the buffer solution was varied from 4 to 10, and the pH value which was depend on
the concentration of the H* ions. In order to achieve our demands, we used the hydrochloric acid and
the sodium hydroxide to mix the pH value which we expected. The CuO conducting layer of the
EGFET was connected to the gate of a commercial MOSFET device. The sensing response of the pH
sensors was measured using an Agilent 4156C analyzer. The measurement system is shown in Fig. 2.
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Figure 2. Measurement system of CuO EGFET pH sensor.

3. RESULTS AND DISCUSSION

Fig. 3 shows the XRD spectra measured from the CuO layer and the thermally treated sample.
It shows that only peaks related to CuO (110) and (111) were observed from the CuO layer. After
copper film deposition and furnace annealing, we also observed peaks related to CuO (202), (113),
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(310), (220), (311), and (222) from the thermally treated sample. These peaks suggest that the copper
layer was completely oxidized into CuO by furnace annealing in air at 450°C for 5 h.
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Figure 3. XRD spectra measured from CuO layer and thermally treated sample.

Moreover, it was found that the intensities of the peaks observed from the CuO layer were
much weaker than those observed from the thermally treated samples. This was attributed to the much
smaller thickness of the CuO layer as compared to that of the pure copper layer. Figs. 4(a) and (b)
show cross-sectional and top-view scanning electron microscopy (SEM) images of the thermally
treated sample with a Cu layer thickness of 0.5 um. After thermal treatment, it was found that high-
density vertically aligned NWs were grown on the CuO/glass substrate. From these SEM images, it
was found that the average length and average diameters of these NWs were 2.5 um and 70 nm,
respectively.

Figure 4. (a) Cross-sectional and (b) top-view SEM images of thermally treated sample with Cu layer
thickness of 0.5 um.
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To investigate the sensing performance, we used the site binding model [25], [26]. The changes
in the surface potential were determined from the pH value of the electrolyte solution. According to the
site binding model, the surface potential voltage (yo) between the sensing layer and the electrolyte
interface can be expressed as [27]

1
2.303(pHpZC—pH):%+sinh’l Wo 2| M
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where pHpzc is the pH value at the point of zero charge, q is the electron charge, k is the
Boltzmann constant, T is the absolute temperature, and £ is the sensitivity parameter. The relation
between £ and the number of surface sites per unit area (Ns) can be given as [27]
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where K, and K, are the acid equilibrium constant and basic equilibrium constant, respectively,
and Cp. is the capacitance of the electrical double layer, as derived from the Gouy—Chapman-Stern
model [28]. By increasing the sensitivity parameter S, a better linear response between surface
potential voltage and pH value can be obtained.

The measured dependence of the drain-source current (Ips) on the drain-source voltage (Vps) of
the EGFET with CuO NWs (length = 2.5 um) operated at a reference electrode voltage (Vrer) of 3V is
shown in Fig. 5. The experimental results showed that Ips decreased with an increase in the pH value
of the detection solution.
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Figure 5. Drain-source current vs. drain-source voltage characteristics of pH sensor with CuO NWs.
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This dependence was attributed to the accumulation of H* ions on the sensing surface in the
acidic solution, which was equivalent to applying an extra positive voltage at the gate of the MOSFET.
On the other hand, the Ips decreased with the pH value in the basic solution due to the accumulation of
OH " ions, which was equivalent to application of an extra negative voltage at the gate of the
MOSFET. Therefore, we concluded that the drain-source current can be modulated by varying the pH
value of the detection solution. Based on the results shown in Fig. 5, the measured drain-source current
as a function of pH value is shown in Fig. 6, where the drain-source voltage (Vps) of the MOSFET
was 4 V and the reference electrode voltage (Vrer) Was 3 V. The pH sensitivity was calculated from
the linear relation between the drain-source current and the pH value. The sensing sensitivity of the pH
sensors with CuO NWs was 23.5 pA/pH.
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Figure 6. Drain-source current as a function of pH value.

Fig. 7 shows the drain-source current-reference voltage (Ips—Vrer) characteristics of the pH
sensor with CuO NWs operated at Vps = 0.3 V. According to the experimental results, the associated
threshold voltage (V1y) shifted to a higher reference voltage with an increase in the pH value. The
obtained reference voltage is shown as a function of the pH value in Fig. 8.

The sensitivity was defined as the dependence of the obtained reference voltage on the pH
value. The sensitivity was calculated from the linear relation between the reference voltage and the pH
value. From the experimental results shown in Fig. 8, the sensitivity of the pH sensors with CuO NWs
was found to be 18.4 mV/pH.
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Figure 7. Drain-source current vs. reference voltage characteristics of pH sensor with CuO NWs.
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Figure 8. Reference voltage as a function of pH value.

In this work, using CuO as the adhesion and conducting layer, we successfully grew CuO NWs
as the sensing area of pH sensors by thermally annealing at 450 °C for 5 h in air. It was found that the
average length and average diameter of these NWs were 2.5 um and 70 nm, respectively. The resulting
EGFET pH sensors with CuO NWs exhibited significantly improved sensing performance owing to the
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large sensing surface-to-volume ratio. The sensing sensitivity calculated from the linear relation
between the drain-source current and the pH value was 23.5 pA/pH and that calculated from the linear
relation between the reference voltage and the pH value was 18.4 mV/pH.
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