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ARTICLE INFO ABSTRACT

Available online 28 May 2012 An extended-gate field-effect transistor (EGFET) of coaxial-structured ZnO/silicon nanowires as pH sensor

was demonstrated in this paper. The oriented 1-pum-long silicon nanowires with the diameter of about

Keywords: ] ) 50 nm were vertically synthesized by the electroless metal deposition method at room temperature and
Extended-Gate Field-Effect Transistors were sequentially capped with the ZnO films using atomic layer deposition at 50 °C. The transfer character-
“;GFET) istics (Ips—Vger) of such ZnO/silicon nanowire EGFET sensor exhibited the sensitivity and linearity of
pH sensor

46.25 mV/pH and 0.9902, respectively for the different pH solutions (pH 1-pH 13). In contrast to the ZnO
thin-film ones, the ZnO/silicon nanowire EGFET sensor achieved much better sensitivity and superior linear-
ity. It was attributed to a high surface-to-volume ratio of the nanowire structures, reflecting a larger effective
sensing area. The output voltage and time characteristics were also measured to indicate good reliability and
durability for the ZnO/silicon nanowires sensor. Furthermore, the hysteresis was 9.74 mV after the solution
was changed as pH 7—-pH3—-pH7—-pH 11—-pH 7.
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1. Introduction

pH determination was necessary for many biochemical and
biological processes. In 1970, Bergveld proposed the ion-sensitive
field-effect transistor (ISFET) in neurophysiological measurement
[1]. Recently, there were many studies introducing extended-gate
field-effect transistor (EGFET) as an alternative for the fabrication of
ISFET [2,3]. EGFET exhibited many advantages over the conventional
ISFET, such as low cost, simpler packaging, temperature and light
insensitivity, flexibility of shape of the extended-gate structure, and
better long-term stability [4-7].

Moreover, there were many investigations focused on the sensing
membranes of EGFET such as zinc oxide (ZnO) [8], tin oxide (SnO;)
[9], ruthenium oxide (RuO,) [10], and vanadium oxide (V,0s) [11],
etc. ZnO, with a direct band gap of Eg =3.37 eV and a high exciton bind-
ing energy of 60 meV at room temperature, was a promising material
for the biosensor application because of their nontoxicity, biosafety,
biocompatibility, and high electron communication features [12].
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Based on the site-binding model, the chemical sensitivity was
depended on the total number of surface sites per unit area (Ns).
Many researches suggested that the larger Ns had the better pH sen-
sitivity and superior linearity [13,14]. Consequently, one-dimensional
nanostructures such as nanorods, nanowires, and nanotubes had
attracted a lot of attention for the pH sensing due to their high
surface-to-volume ratio.

In this paper, a simple and low temperature method was proposed
to fabricate such a coaxial-structured nanowire sensor, based on the
electroless metal deposition (EMD) and atomic layer deposition
(ALD) methods. As compared with ZnO nanowires, ZnO/silicon nano-
wire structures could be easily controlled for nanowire diameter,
length and spacing through the different etching conductions such
as etching times, and solution concentrations. The dense well-
aligned silicon nanowires (SiNWSs) provided higher surface areas for
H™ sensing. Our result demonstrated superior sensitivity and better
linearity than the ZnO nanowire sensor [15]. It revealed the potential
applications in pH sensing using ZnO/silicon nanowires.

2. Experiment details

The well-aligned SiNWs were synthesized by EMD method at room
temperature. At first, the p-type (100) silicon substrates were cleaned
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with sulfuric acid (H,SO04:H,0,=3:1), rinsed with deionized water,
and then soaked in dilute Hydrofluoric acid (HF:H,0=1:100). Next,
the cleaned silicon substrates were immersed in mixed AgNO3 and HF
aqueous etching solutions at room temperature. The concentrations of
AgNO3 and HF were 0.02 M and 5 M, respectively. Subsequently, the sil-
icon substrates were immersed in nitric acid (70%) to remove the mas-
king Ag particles. Finally, the silicon substrates were rinsed in deionized
water and then dried. The wire length of SiNWs could be effectively
controlled by adjusting the etching time. In this study, the etching
time was controlled as 3 min and the 1-pm-long SiNWs with the diam-
eter of about 50 nm were obtained. After the SINWs were formed, they
were sequentially capped with the ZnO films by ALD using Zn(C;Hs),
(DEZ) and H,0 as the precursors at 50 °C. Each cycle consisted of a pre-
cursor pulse and a N, purge. The pulse time and the purge time for both
DEZ precursor and H,0 precursor were 0.3 s and 5 s, accordingly. The
deposition pressure was controlled as 133.322 Pa and the growth rate
of ZnO films was about 1.2 A/cycle.

Furthermore, the silver paste served as the electrode was applied to
the silicon 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 at 2x 2 mm?2. The sensing membrane and the ref-
erence electrode (Ag/AgCl) were immersed in the different pH solutions
and connected to the commercial standard metal-oxide-semiconduc-
tor field-effect transistor (MOSFET) device (CD4007UB). The drift effect
and hysteresis measurement consisted of a commercial instrumenta-
tion amplifier (IC LT1167) and digital multi-meter (HP 34401A). All
measurements were carried out in a dark box at room temperature in
order to avoid the light and temperature interferences.

Surface morphologies of the ZnO/silicon nanowires were observed
by field-emission scanning electron microscopy (FE-SEM, Hitachi
S-4700I). The operating voltage and current were set at 15 keV and
10 pA. The crystalline structure of the ZnO/silicon nanowires was in-
vestigated using high resolution X-ray diffractometer (Bede D1).
The radiation source is Cu Ko (A= 1.5405 A) operated at 40 kV and
40 mA. The measurement was performed in the 6-20 configuration
with a 0.1° step size and a 1 s count per step.

3. Results and discussion

Fig. 1(a) shows the 45° tilted and cross-sectional (inset) FE-SEM
images of the as-synthesized SiNWs using EMD method. The dense
well-aligned SiNWs were observed over the entire substrate. The di-
ameter and wire length of the SiNWs could be effectively controlled
by adjusting the etching time. The etching time is controlled as
3 min. The average diameter and wire length of the SINWs are around
50 nm and 1 pm, correspondingly. After the SiNWs were capped with
ZnO films by ALD, the SiNWs became larger and circular, as shown in
Fig. 1(b). It was found that the individual SiNWs were conformally
covered with the ZnO films. Approximately 50 nm-thick ZnO films
were deposited on the SiNWs by applying 400 cycles of ALD.

The glancing-angle X-ray diffraction of the ZnO/silicon nanowires
is shown in Fig. 2. The spectrum reveals that the deposited films are
the hexagonal wurzite ZnO with lattice constants of a=3.24 A and
c=5.19A. It indicates that the ZnO films deposited at 50 °C in ALD
is polycrystalline. Furthermore, the broadened X-ray diffraction
peaks suggest the smaller grain size of the ZnO films. It implies that
there are more oxygen vacancies existing in the ZnO films.

Fig. 3 shows the Raman spectrum of the ZnO/silicon nanowires
under a 488 nm laser illumination. The Raman peak at 520 cm™ ' is
attributed to crystalline silicon. The Raman at 437 and 581 cm~ ! in-
dicated in the Fig. 3 (inset) are attributed to the E, high frequency
mode, namely E,(high), and the A; longitudinal optical phonon
mode, namely A;(LO), of ZnO. The optical phonons mode of A; is
the Raman and infrared actives, whereas the E, mode is the Raman
active only [16].

Fig. 1. (a) 45° tilted and cross-sectional (inset) FE-SEM images of the as-synthesized
SiNWs. (b) 45° tilted and cross-sectional (inset) FE-SEM images of the SiNWs capped
with ZnO films.

The relation between the drain-source current (Ips) and pH value
can be obtained using the basic MOSFET expression [17]. For the
linear region

wu,C 2
Ips = % [Z(VGS_VT)VDS_VDS]

and for the saturation region

where W/L s the channel width-to-length ratio, , is the electron mo-
bility in the channel, Coyx is the gate capacitance per unit area, Vs is
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Fig. 2. Glancing-angle X-ray diffraction of the ZnO/silicon nanowires.
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. the reference electrode voltage (Vizgr),Vps is the drain-source voltages,
' 520 and V7 is the threshold voltage of EGFET sensor and related to pH
value.
a ZnO Ep(high) .. ey .
2 The transfer characteristics (Ips—Vggr) of the ZnO/silicon nanowire
0 O) . . . .
S 0 Lo EGFET sensor in the linear region (for Vps fixed at 0.2 V, while Vgge
g scanned from 0 to 4 V) from pH 1 to pH 13 are shown in Fig. 4(a). It is
& . . observed that the threshold voltage shift depends upon the pH value,
400 450 00 . . . . . .
%‘ ° ° i.e., the threshold voltage shifts from the left to the right with increasing
g pH value. Fig. 4(b) displays Ips—Vggr measurements of the ZnO/silicon
e thin-film one in the linear region. Fig. 4(c) exhibits the sensitivity and
437 581 linearity of the ZnO/silicon nanowires and thin-film EGFET sensors.
The result indicates that Vgg depends linearly on pH value in the linear
400 450 500 550 600 region (for Ips fixed at 0.2 mA). The sensitivity and linearity of the ZnO/
Raman shift (cm™) silicon nanowire EGFET sensor are 46.25 mV/pH and 0.9902, respective-
ly. Moreover, the sensitivity and linearity of the ZnO thin-film one are
Fig. 3. Raman spectrum of the ZnO/silicon nanowires. 37.14 mV/pH and 0.9868 accordingly.
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Fig. 4. (a) and (b) Ips-Vker measurements of the ZnO/silicon nanowires and thin-film Fig. 5. (a) and (b) Ips-Vps measurements of the ZnO/silicon nanowires and thin-film
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film EGFET sensors in the linear region. film EGFET sensors in the saturation region.
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Fig. 6. (a) V-t measurements and (b) difference ratios of the ZnO/silicon nanowire
EGFET sensor.

The output characteristics (Ips—Vps) of the ZnO/silicon nanowires
EGFET sensor in the saturation region (for Vg fixed at 3 V, while Vpg
scanned from 0 to 4 V) from pH 1 to pH 13 are shown in Fig. 5(a). It
is observed that the drain current decreases with increasing pH
value, i.e., the drain current shifts from the bottom to the top with in-
creasing pH value. Fig. 5(b) displays Ips—Vps measurements of the
ZnO/silicon thin-film one in the saturation region. Fig. 5(c) exhibits
the sensitivity and linearity of the ZnO/silicon nanowires and thin-
film EGFET sensors. The result indicates that /Ips depends linearly
on pH value in the saturation region (for Vps fixed at 3 V). The sensitiv-
ity and linearity of the ZnO/silicon nanowire EGFET sensor are
0.73mA"?/pH and 0.9903, respectively. Moreover, the sensitivity
and linearity of the ZnO thin-film one are 0.54 mA'/?/pH and 0.9760,
accordingly.

Consequently, the ZnO/silicon nanowire EGFET sensor demon-
strates the better sensitivity and superior linearity as compared
with the ZnO one. It is attributed to a high surface-to-volume ratio
of the nanowire structure and can provide more surface sites and
larger effective sensing areas. Moreover, the polycrystalline ZnO
films deposited by ALD implied that the more oxygen vacancies
could effectively sense with H* concentration.

The drift effect has been used to evaluate reliability and durability
of electrochemical sensors. Fig. 6(a) reveals the output voltage and
time (V-t) measurements of the ZnO/silicon nanowires EGFET for a
duration (i.e., 0-360 min) with different pH solutions. The output
voltage increases with increasing pH value. The difference ratios
have also been calculated in Fig. 6(b). It shows that the difference ra-
tios of the device are less than 5% in pH=5-13, 25% in pH=1 and
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Fig. 7. Hysteresis characteristics of the ZnO/silicon nanowire EGFET sensor.

15% in pH= 3. It demonstrates the good reliability and durability of
the ZnO/silicon nanowire EGFET sensor for 360 min durations.

Fig. 7 displays the hysteresis characteristics of the ZnO/silicon
nanowire EGFET sensor. The output offset voltage is measured at
1 minute intervals between solutions with different pH values. The
result indicates that the hysteresis is 9.74 mV after the solution is
changed aspH 7—->pH3—pH7—-pH 11—>pH 7.

4. Conclusion

Coaxial-structured ZnO/silicon nanowire EGFET as pH sensor has
been proposed to achieve the higher sensitivity of 46.25 mV/pH and
larger linearity of 0.9902 in the linear region. Furthermore, it also
showed a better sensitivity of 0.73 mA'/?/pH and a greater linearity
of 0.9903 in the saturation region. It was attributed to a high
surface-to-volume ratio of the nanowire structure, reflecting a larger
effective sensing area and more oxygen vacancies. The V-t measure-
ments and the hysteresis characteristics of ZnO/silicon nanowires
EGFET also indicated the good reliability and durability. There such
low-temperature-fabricated ZnO/silicon nanowires revealed the po-
tential for flexible and disposable biosensors.
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