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An Extended-Gate Field-Effect Transistor With
Low-Temperature Hydrothermally Synthesized
SnO, Nanorods as pH Sensor

Hung-Hsien Li, Wei-Syuan Dai, Jung-Chuan Chou, and Huang-Chung Cheng, Member, IEEE

Abstract—An extended-gate field-effect transistor (EGFET)
with low-temperature hydrothermally synthesized SnO- nanorods
as the pH sensor was demonstrated for the first time. The SnO,
nanorod sensor exhibited the higher sensitivity of 55.18 mV /pH
and larger linearity of 0.9952 in the wide sensing range of pH
1-13 with respect to the thin-film one. The nearly 15% sen-
sitivity enhancement for such a sensor was attributed to the
high surface-to-volume ratio of the nanorod structure, reflecting
larger effective sensing areas. The characteristics of the out-
put voltage versus sensing time also indicated good reliability
and durability for the SnO> nanorod sensor. Furthermore, the
hysteresis was only 3.69 mV after the solution was changed as
pH7 — pH3 — pH7 — pH11 — pH7.

Index Terms—Extended-gate field-effect transistor (EGFET),
hydrothermal method, pH sensor, SnO- nanorods.

I. INTRODUCTION

N 1970, Bergveld proposed the ion-sensitive field-effect

transistor (ISFET) in neurophysiological measurement [1].
The extended-gate field-effect transistor (EGFET) was intro-
duced as an alternate for the fabrication of the ISFET by Van
Der Spiegel et al. in 1983 [2]. In 2000, the separative structure
of the EGFET with a commercial MOSFET was presented
[3]. This structure had many advantages over the conventional
ISFET, such as low cost, simpler packaging, temperature and
light insensitivity, and better long-term stability [4], [5]. Dis-
tinguishing from the ISFET, oxide-based sensing films such
as zinc oxide (ZnO) [6], tin oxide (SnOs) [7], titanium ox-
ide (TiO32) [8], ruthenium oxide (RuO2) [9], and vanadium
oxide (V20s5) [10] were used for the sensing membranes of
the EGFET. The reported methods, including sputtering and
sol-gel, required vacuum facilities and high-temperature pro-
cesses that limited the flexible substrate disposal.

Based on the site-binding model [11], the chemical sensi-
tivity was dependent on the total number of surface sites per
unit area (Ng). It suggested that the larger Ng would facilitate
the ions sensing. Consequently, 1-D nanostructures such as
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nanowires, nanobelts, nanorods, and nanotubes had attracted a
lot of attention for the pH sensing due to their high surface-to-
volume ratio with larger effective sensing areas [12]-[14].

In this letter, a simple and low-temperature hydrothermal
method was proposed to fabricate a SnO; nanorod sensor.
The dense SnO; nanorods provided more surface sites for HT
sensing. Our results demonstrated superior sensitivity, better
linearity, and larger sensing range than the other nanostructure
pH sensors [13]-[16]. It revealed the potential applications in
pH sensing using SnO5 nanorods.

II. DEVICE FABRICATION

Well-defined crystalline SnO5 nanorods were synthesized
on the polycrystalline fluorine-doped tin oxide (FTO) glass
substrates via a hydrothermal method. The precursor solution
was prepared by mixing 0.034-g tin (IV) chloride pentahy-
drate (SnCly - 5H50) and 0.92-g urea ((NH3)2CO) in 100-mL
deionized water. Then, the 5-mL HCI (37%) was added to
adjust the pH value in this aqueous solution. After the solution
was stirred for 10 min, the SnO5 nanorods were grown on
the FTO glass substrates at 95 °C in a quartz beaker placed
in a kettle. The growth time was controlled as 48 h. Finally,
the FTO glass substrate was removed from the solution, rinsed
with deionized water, and then dried. For comparison, the SnO,
thin film was also hydrothermally synthesized but with the
SnCly - SH2O weight of 0.34 g and the growth time of 24 h.

After the SnO5 nanorods growth, the silver paste served as
the electrode was applied to the FTO glass substrate. The metal
wire was bound with silver paste and packaged with epoxy
resin. Subsequently, the packaged electrode was dried in an
oven at 120 °C for 30 min. Epoxy resin was used to define the
sensing window of 2 x 2 mm?2. The SnO, sensing membrane
and the reference electrode (Ag/AgCl) were then immersed in
the different pH solutions and connected to the commercial
standard MOSFET device (CD4007UB). The drift effects and
hysteresis characteristics were measured using a commercial
instrumentation amplifier (IC LT1167) and a digital multimeter
(HP 34401A). All measurements were carried out in a dark box
at room temperature in order to avoid the light and temperature
interferences.

III. RESULTS AND DISCUSSION

Fig. 1(a) and (b) exhibits the top view and 45°-tilted field-
emission scanning electron microscopy (FE-SEM) images of
the as-synthesized SnO- nanorods. Well-defined crystalline
nanorods with a square structure are observed over the entire
substrate. The average diameter and wire length of the SnO,
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Fig. 1.
(c) 45°-tilted SEM images of the SnO2 films. (d) GAXRD peaks of the SnO2
films and SnO2 nanorods.
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Fig. 2. (a) Ips—VrEr measurements of the SnO2 nanorod sensor and a
schematic (inset) of the measurement layout. (b) Ips—VREr measurements
of the SnOs5 thin-film sensor. Sensitivities and linearities (inset) of the SnO9
nanorod and thin-film sensors in the linear region.

nanorods are around 50 and 150 nm, correspondingly. The 45°-
tilted SEM image of the SnOs films is shown in Fig. 1(c). The
glancing-angle X-ray diffractions (GAXRDs) of the SnO- films
and SnOs nanorods are shown in Fig. 1(d). The SnO, nanorods

(a) Top view and (b) 45°-tilted SEM images of the SnO2 nanorods.
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Fig. 3. (a) Ips—Vps measurements of the SnO2 nanorod sensor.
(b) Ips—Vpg measurements of the SnO2 thin-film sensor. Sensitivities and
linearities (inset) of the SnO2 nanorod and thin-film sensors in the saturation
region.

are rutile (tetragonal crystal system) with the lattice constants
of a = 4.737 A and ¢ = 3.186 A. It is consistent with the square
structure for the FE-SEM observation. The GAXRD peaks also
reveal that the low-temperature hydrothermally synthesized
SnO; films and SnO- nanorods are polycrystalline. The SnOq
films show worse crystralline than the SnO» nanorods, implying
more defects in the SnOs films.

The relation between the drain—source current (Ipg) and
the pH value could be obtained using the basic MOSFET
expression [17]. The transfer characteristics (/ps—Vgrgr) of
the SnOy nanorod and thin-film sensors in the linear region
(for Vpg fixed at 0.2 V, whereas Vggr scanned from O to 4 V)
from pH1 to pH13 are shown in Fig. 2. It is observed that the
threshold voltage shift depends upon the pH value. A schematic
measurement layout is shown in the inset of Fig. 2(a). Fig. 2(b)
(inset) illustrates the sensitivities and linearities of the SnO,
nanorod and thin-film sensors. The results indicate that ViRgp
linearly depends on the pH value in the linear region (for Ipg
fixed at 0.2 mA). The sensitivity and linearity of the SnO,
nanorod sensor are 55.18 mV /pH and 0.9952, respectively. In
contrast, the sensitivity and linearity of the thin-film one are
48.04 mV /pH and 0.9930, accordingly.

The output characteristics (Ips—Vpg) of the SnO2 nanorod
and thin-film (inset) sensors in the saturation region (for VRgp
fixed at 3 V, whereas Vpg scanned from 0 to 4 V) from pH1
to pH13 are shown in Fig. 3. It is observed that the drain
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Fig. 4.

current decreases with increasing the pH value. Fig. 3(b) (inset)
indicates the sensitivities and linearities of the SnO> nanorod
and thin-film sensors. The results indicate that \/Ipg linearly
depends on the pH value in the saturation region (for Vpg fixed
at 3 V). The sensitivity and linearity of the SnO5 nanorod sensor
are 0.86 mA'/? /pH and 0.9964, respectively. However, the
sensitivity and linearity of the thin-film one are 0.79 mA'/2 /pH
and 0.9963 correspondingly.

Consequently, the SnOs nanorod sensor demonstrated the
better sensitivity and superior linearity as compared with the
thin-film one. It was attributed to the high surface-to-volume
ratio for the nanorod structure to provide more surface sites and
larger effective sensing areas.

The drift effect has been also used to estimate the reliability
and durability of electrochemical sensors. Fig. 4(a) reveals the
output voltage and sensing time (V—t) characteristics of the
SnO; nanorod sensor for 360-min duration. The output voltage
increases with increasing the pH value. It demonstrated the
good reliability and durability of the SnO; nanorod sensor.
Fig. 4(b) displays the hysteresis characteristics of the SnOq
nanorod sensor. The output offset voltage was measured for
the 1-min interval between different pH solutions. The result
indicated that the hysteresis is only 3.69 mV after the solution
changes as pH7 — pH3 — pH7 — pHI11 — pH7.

IV. CONCLUSION

A low-temperature hydrothermally synthesized SnOq
nanorod EGFET as pH sensor has been proposed to achieve
superior pH sensing characteristics as compared with the thin-
film one in the wide sensing range of pH 1-13. It demonstrated
that the SnO5 nanorod sensor exhibited the higher sensitivity
of 55.18 mV/pH and larger linearity of 0.9952 in the linear
region. Furthermore, it also showed a better sensitivity of
0.86 mA'/? /pH and a greater linearity of 0.9964 in the satu-
ration region. It was attributed to the high surface-to-volume
ratio of the nanorod structure to provide more surface sites and
oxygen vacancies, implying larger effective sensing areas. No
obvious degradation for the V' — ¢ measurement indicated that
the SnO5 nanorod sensor had good reliability and durability.
Moreover, the hysteresis was only 3.69 mV after the solution
was changed as pH7 — pH3 — pH7 — pHI11 — pH7. Such
low-temperature-fabricated SnO, nanorods with superior pH
sensing characteristics revealed the potential applications in
the flexible and disposable biosensors.
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