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Abstract The sensing characteristics of extended gate field
effect transistor (EGFET) as pH sensor based on V,0s5
nanorods (NRs) was fabricated for the first time. The as-
deposited V,05 NRs onto glass substrate by using spray
pyrolysis method have a diameter of 140-160 nm and a
length of 300-500 nm. The V,05 NRs based EGFET pH
sensor exhibited a remarkable pH sensing performance due
to the larger effective sensing surface area. The sensing
sensitivity and linearity of the pH-EGFET sensor was
found to be 54.9 mV/pH and 0.9859, respectively in the
range of pH 2-12. V,05 NRs sensor showed superior pH
sensing stability and reliability, thereby can be considered
as potential candidate for mass fabrication in disposable
biosensors.

1 Introduction
The field of research related to pH sensing has attracted

great attention in particular in biochemical and biological
applications. The ion-sensitive field effect transistor
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technology (ISFET) based upon pH sensing was first fab-
ricated by Bergveld in 1970s [1]. The current development
in pH sensors is based on the development of extended-
gate field effect transistor (EGFET) that represents in fact
an alternative for the fabrication of ISFET [2, 3]. EGFET
has revealed many features that overcome the traditional
ISFET, such as flexible shape of the structure, low cost,
temperature and insensitivity of the light, simpler packag-
ing, and long stability [4, 5].

Several studies have been carried out to investigate the
ion-sensing membranes of pH-EGFET based on various
metal oxides thin films. Guerra et al. [6] obtained TiO,
nanorods (NRs) by hydrothermal method at 150 °C for up
to 50 h. As a sensing film on a pH-EGFET configuration,
the NRs TiO, demonstrated a linear behaviour and a high
sensitivity (49.6 mV/pH) for the pH range 2-12; 16 %
below the theoretical limit (59.2 mV/pH). Lin et al. [7]
fabricated EGFET pH sensor using ITO NRs onto Si sub-
strate by photo-electrochemical technique. They found that
the ITO NR structural EGFET pH sensors displayed high
sensing performances owing to the larger sensing surface
area. Li et al. [8] synthesized SnO, NRs as pH sensor. It
demonstrated that SnO, NRs sensor exhibited a higher
sensitivity (55.18 mV/pH) and larger linearity. Lee et al.
[9] grew ZnO NRs array on the on the AlGaN/GaN
heterostructure to combine as the ion-sensitive field-effect-
transistor (ISFET) glucose biosensors. They concluded that
the superior sensing performance compared with the other
glucose biosensors. Guerra et al. [10] successfully syn-
thesized EGFET based on vanadium pentoxide (V,Os)
xerogel thin film using sole gel method. This xerogel
demonstrated a linear behaviour and a high sensitivity of
58.1 mV/pH for the pH range of 2—10. It is important to
highlight that the number of surface sites per unit area (N;)
affects the chemical sensitivity of the pH sensor [11].
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Numerous studies have reported that the larger N, the high
pH sensitivity and better linearity due to the higher sensing
surface area [12, 13]. V,05 exhibits excellent electrical and
optical properties [10, 14], thereby can be considered as a
promising candidate for wide range of applications such as
gas sensor, window for solar cells, electronic devices and
optical switches [15]. From the previous studies reported in
literature, it is clear that V,Os NRs have been rarely used to
fabricate pH-EGFET sensor.

The EGFET involves three terminals; the source, drain,
and gate. The voltage applied between the drain and
source of EGFET controls the current drift in the gate
voltage. Precisely, the current-control mechanism is based
on an electric field created by the voltage applied to the
gate. A positive voltage applied to the gate causes positive
charges to be repulsed from the region of the substrate
under the gate. These positive charges are pushed down-
ward into the substrate, leaving behind a carrier-depletion
region. The depletion region is populated by the bound
negative charge related with the acceptor atoms. These
charges are bared because the positive charges have been
pushed downward into the substrate [16]. The positive gate
voltage also pulls the negative charges from the substrate
region into the channel region. When sufficient electrons
are induced under the gate, an induced thin n-channel is in
fact created, electrically bridging the source and drain
regions. The channel is formed by inverting the substrate
surface from p-type to n-type (inversion layer). The volt-
age is applied between the drain and source, current flows
through this n-channel by the mobile electrons (n-type
EGFET).

In this research work, we report on the fabrication of
V,05 NRs based pH-EGFET sensor. V,05 NRs were
synthesized by using low cost spray pyrolysis technique.
The obtained results show high sensitivity and superior
linearity, associated with larger areas for H+4 sensing
provided by V,0s5 NRs.

2 Experimental part
2.1 The V,05 NRs preparation

V,05 NRs were synthesized from vanadium chloride
(VCls, 99.9 %, Sigma Aldrich) by spray pyrolysis method,
as described in the literature [17]. Abd-Alghafour et al.
[18] studied the effect of varying solution concentration,
deposition spray rate and substrate temperature on the
evolution of structure, microstructure and optical proper-
ties. The paper presents studies related to growth nanor-
ods, lengths, diameters and surface morphology in relation
with different conditions. The precursor solution was
prepared by dissolving 0.05 M of VCl; powder in 50 ml

solution of deionized water (Millipore, USA). Prior to
deposition, the substrates were cleaned with a normal
detergent by using ethanol and distilled water in ultrasonic
bath for 20 min. V,05 NRs were obtained under the fol-
lowing previously optimized experimental conditions:
substrate temperatures T, = 350 °C, distance 35 cm and
spray rate of 5 ml/min.

2.2 Characterization techniques

The crystal structure of V,05 NRs was studied by using
high resolution XRD PANalytical X' pert Pro MRD
diffractometer system equipped with Cu Ka radiation
(A = 1.54056 A) at 40 kV and 30 mA. The Raman spec-
trum was recorded using Jobin Yvon HR800UV with
514.5 nm emission at room temperature. Surface mor-
phology of the film was examined by using field emission
scanning electron microscopy (FESEM) (model FEI Nova
NanoSEM 450) equipped with energy dispersive X-ray
spectrometer (EDX) for chemical analysis. The electrical
response of V,0Os NRs sensor was carried out by using
different pH values from 2 to 12 and the measurements of
the (Ips—Vps) were achieved by using an Agilent 4156C
semiconductor parameter analyzer.

2.3 The sensor fabrication

The EGFET was fabricated using glass substrates with
the dimensions of 2 cm x 2 cm. The samples were
attached to a strip of a copper clad laminate printed
circuit board (PCB). After the V,0s NRs growth, the
silver paste served as the electrode was applied to the
glass substrate. The metal conductive wire was bound
with silver paste and packaged with epoxy resin. Sub-
sequently, the packaged electrode was dried in an oven at
120 °C for 30 min. Epoxy resin was employed to define
the sensing area of 0.3 cm x 0.3 cm. Figure 1 presents
the EGFET structure.

V20s nanorods

Wire ' Epoxy

} TN '

Copper clad

Fig. 1 Representation of the EGFET structure
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2.4 Measurement processes

Figure 2 illustrated the pH sensing system setup; it consists
of two Keithley 2400 source measure units (SMUs)
(Keithley Instruments, Inc., Cleveland, OH, USA). The
units were connected to a personal computer (PC) via a
GPIB-USB cable, and LabTracer software (Keithley
Instruments, Inc., Cleveland, OH, USA) was used to ini-
tiate the measurements and save the data for further anal-
ysis. A commercial Ag/AgCl reference electrode was
adopted as the standard reference electrode, offering a
constant potential during the whole measuring process. The
sensing unit and the reference electrode were directly
immersed into the buffer solution and electrically con-
nected to the gate of commercial standard

MOSFET device (CD4007UB). To provide a stable ref-
erence voltage to the sensing element, a reference electrode
was dipped into the same buffer solution and kept at room
temperature (25 °C) for 2 min before the measurements.
First the 2400 SMUs were employed to apply the drain—
source voltage (Vpg) to the source and drain the terminals
of the CD4007UB device and measure the drain—source
output current (Ipg), while the second 2400 SMU was used
to apply the reference voltage (Vgpr) to the reference
electrode.

3 Results and discussion

Figure 3 shows XRD pattern of V,05 NRs. The as-de-
posited film reveals polycrystalline nature with an
orthorhombic crystal structure. The peaks were indexed as
(110), (101), (011), (301) and (002) reflections of the
orthorhombic V,05 crystal structure (JCPDS Card No.
00-001-0359) [19]. It is observed that the NRs have a
preferred orientation along (110) direction which may be
due to the recrystallization process favoured by the depo-
sition temperature (pre-heated substrate).

Fig. 2 Schematic diagram of
EGFET pH sensor based on
V205 NRs

Reference Electrode gate
_—

| glass substrate I

Drain_

U

Source ©

MOSFET-CD4007UB

=9

500 : ; . . . " . . .
Vzos_
w1 = .
-
y—
N’
~
= 300 J
)
2
7
5 200 1 i
2
= ~
= 5: ]
— — N
100 - T = = -
-’
WMW
0-
-—

30 4

=

50
20 (degree)

60 70 80

Fig. 3 XRD pattern of V,0sNRs

The Raman spectrum of V,0s5 NRs is displayed in
Fig. 4. The intense peak at 143 cm™' is associated with the
vibrations of V-O-V chains, hence confirming the exis-
tence of layered orthorhombic structure of V,Os phase.
The intense peak located at 995 cm™' corresponds to the
terminal oxygen (V> = O) stretching mode that can be
associated to the structural quality and stoichiometry of the
as-deposited thin film [20]. In addition, a V30 phonon
mode is observed at 523 cm™' along with the V-O-V
mode at 696 cm™'. The appearance of V-O—V mode was
also confirmed by XRD analysis.

Figure 5a shows FESEM image of V,05 NRs grown onto
glass substrate. It can see large density and uniform growth of
V,05 NRs nearly perpendicular and randomly oriented to the
glass substrate. The average diameter of NRs is around
150 nm and length of 500 nm, respectively. The thin film
covered the large number of nucleation when the glass sub-
strate surface was totally wrapped with intensive NRs. This
high number of nucleation sites serves as a base for particle
congregation. Moreover, the basic of NRs was generated
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Fig. 5 V,05 NRs grown onto glass substrate, a FESEM image,
b EDX spectrum

through the coalescence of the as-congregated particles.
Subsequently, the nanostructures grew with specific dimen-
sions onto glass substrate surface through particles’ accumu-
lation [21]. The proportions of V to O are revealed by the EDX
spectrum shown in Fig. 5b. Chemical analysis gives 52.18 and
47.82 wt% of V and O, respectively, indicating better stoi-
chiometry of the as-deposited film.

At the gate, the electric field is established by different pH
values; the drain current variation of the EGFET can be used
as the electrical response of pH sensor. Figure 6a displays the
drain—source current (Ipg) versus drain—source voltage (Vpg)
for V,0O5 NRs based pH-EGFET sensor at Vggg = 3.5V,
Vps = 5 V with various pH values. The results indicate that
Ips increases with the increase in pH value of the basic solu-
tion due to the aggregation of OH™, whereas Ipg decreases
with increasing the pH value of the acid solution. From the

relation between Ipg and the pH value can be found using the
basic MOSFET expression, where Vr is the threshold voltage
related to the pH value. The value of saturation current is
calculated from the relation [22]:

Hy Cox % E
2 L

Ips = [(VRef — V)2 (1 + AVis) (1)

where p, the electron mobility in the channel, A is the
channel-length modulation factor, C,, is the gate capaci-
tance per unit area, W/L is the ratio of channel width-to-
length, Vg.r and Vg are the reference electrode and drain—
source voltages. The square root of saturation current in
Eq. (1) is given by:

nCOX W
s — \/”T x T (14 2Vps) X (Ve = V1) (2)

Figure 6b shows the experimental \/Ips versus pH
values, for a Vger = 3.5V and Vpg = 5 V. The results
exhibit that the pH-EGFET has a greater linearly depen-
dence over pH value in the saturation region. Accordingly,
the sensitivity and linearity of V,05 NRs based pH-
EGFET sensor are 1.0414 pA"?/pH and 0.9698, respec-
tively. The drain—source current (Ipg) versus reference
electrode voltage characteristics of V,0s5 NRs based pH-
sensor, in the linear saturation region operating at
Vps = 0.3 V, are shown in Fig. 7a. The obtained results
indicate that the modified threshold voltage (V) depends
upon the different pH value. The related Vr is defined as a
reference electrode voltage when the drain—source current
was shifted from zero mA. At Ipg = 0.5 mA, the reference
electrode voltage at different pH values is obtained from
CD4007UB MOSEFET. Also, the Ips—Vgrgr characteristic
of V,0s5 NRs is observed. The obtained reference elec-
trode voltage versus pH value is shown in Fig. 7b. As a
result, the Vrgr depends linearly on the pH values in the
saturation region. The sensing sensitivity and linearity of
V,05 NRs based pH-sensor are 54.9 mV/pH and 0.9859,
respectively. Therefore, the pH-EGFET sensor based on
V,05 NRs can be considered as promising candidate for
biosensors, such as urea and glucose sensors. Furthermore,
Table 1 summarizes the sensitivity and linearity of some
pH-EGFET sensors based on various nanostructures fab-
ricated using different methods [6-10, 23, 24]. It can be
seen that the as-fabricated pH-EGFET sensor reported in
this study shows relatively comparable sensitivity and
linearity. The mechanism of pH-EGFET sensor can be
summarized as follows:

The basic principle of a pH-EGFET based dissolved
oxygen sensor is the electrolysis of oxygen molecules.
When the working electrode is held at the reduction
potential of oxygen versus the reference electrode (anode),
a sensor decreases an oxygen molecule at the working
electrode (cathode) surface. They are two mechanisms of
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Tab!e. 1 Compgrlson of the Fabrication method Sensitivity Linearity References
sensitivity and linearly of the (mV/pH)
EGFET as pH sensor at P
different nanostructures TiO,-NRs Hydrothermal reaction 49.6 0.9592 [6]
ITO-NRs VLS-electron beam 53.96 0.9839 [7]
Sn0O,-NRs Hydrothermally 55.18 0.9952 [8]
7ZnO-NRs PEC oxidation 57.66 0.9972 [9]
V,05-NRs Spray pyrolysis 54.9 0.9859 This work
V,0s5-thin film Sol-gel 58.1 0.9785 [10]
V,0s-another Sol-gel 68 0.9986 [23]
nanostrucure
V,0s-another Hydrothermal reaction 38.1 0.9674 [24]

nanostrucure

the oxygen reduction, one involving of two two-electron
reactions with hydrogen peroxide as an intermediate:

0, + 2H,0 + 2~ — H,0, + 20H"
H,0, + 2~ — 20H"

And the other is a single four-electron reaction

0, +2H,0 + 4e~ — 40H™ (5)

Electrochemical current flows between the two elec-
trodes, giving current output associated to the dissolved
oxygen concentration. This current determines dissolved
oxygen concentration. A pH change by the generation of
hydroxyl ions (OH™) as well as a current flow occurs

@ Springer

concurrently. A working electrode surrounding a pH-
sensing gate of a pH-EGFET electrolyzes dissolved oxy-
gen, resulting in a pH variation due to oxygen reduction in
close proximity to the pH-sensing gate.

4 Conclusions

V,05 NRs were synthesized by using spray pyrolysis
technique. The V,0s5 has an orthorhombic structure and
NRs-like nanostructure having 140-160 nm diameter and
300-500 nm of length. The results show that V,0s NRs
sensor demonstrates a high sensitivity of 54.9 mA/pH and



J Mater Sci: Mater Electron (2017) 28:1364-1369

1369

superior linearity of 0.9859 in the saturation region. This
could be attributed to the larger surface-to-volume ratio of
the NR nanostructure which provides further surface sites
and oxygen vacancies, indicating larger effective sensing
areas. The as-fabricated V,05 NRs pH EGFET sensor may
be used as disposable biosensors.
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