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ZnO Nanostructures Hydrothermally
Synthesized at Low Temperatures
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Abstract—The pH sensing properties of an extended-gate field-
effect transistor (EGFET) with Al-doped ZnO (AZO) nanostruc-
tures are investigated. The AZO nanostructures with different Al
dosages were synthesized on AZO/glass substrate via a simple
hydrothermal growth method at 85 ◦C. The pH sensing charac-
teristics of pH-EGFET sensors with an Al dosage of 1.98 at%
can exhibit a higher voltage sensitivity of 57.95 mV/pH, a larger
linearity of 0.9998, and a wide sensing range of pH 1–13, attributed
to the well-aligned nanowire (NW) array, superior crystallinity,
less structural defects, and better conductivity. Consequently,
the hydrothermally grown AZO NWs demonstrate superior pH
sensing characteristics and reveal the potentials for flexible and
disposable biosensors.

Index Terms—Al-doped zinc oxide (AZO), extended-gate
field-effect transistor (EGFET), hydrothermal method, low
temperature.

I. INTRODUCTION

EXTENDED-GATE field-effect transistor (EGFET) was
investigated by Spiegel et al. in 1983 [1]. The EGFET

has more advantages than the conventional ion-sensitive field-
effect transistor (ISFET) [2], such as low cost, simpler to
passivate and package, high shape flexibility of the extended-
gate structure, less insensitivity induced by temperature and
light fluctuations, and better long-term stability [3]. The sur-
face ion adsorption mechanisms of pH-sensitive membranes
in ISFET and EGFET are the same. The principal distinction
between pH-ISFET and pH-EGFET sensors is the impedance of
sensing films [4]. The insulating membranes (i.e., SiO2, Al2O3,
and Si3N4) are commonly used in ISFET and present a very
low sensitivity when applied in EGFET. The sensing gate of
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EGFET must be a high-conductivity electrode that can transmit
sensing signals easily [5]. Recently, 1-D ZnO nanostructures
have attracted considerable attention as the pH-sensitive mem-
branes, owing to the high surface-to-volume ratio, thermal
stability, chemical stability, electrochemical activity, electron
communication features, mechanical strength, and nontoxicity
[6]. Nevertheless, intrinsic ZnO exhibits high resistivity and low
conductivity. The ZnO doped with group III metal elements
(i.e., Al, In, and Ga) could enhance the conductivities [7]. Al-
doped ZnO (AZO) nanowires (NWs) and nanotubes have been
presented for high conductance and crystal quality [8], sug-
gesting lower resistivity and higher carrier mobility. However,
to date, the low-temperature fabrications of AZO nanostruc-
ture arrays are not well investigated, and their according pH-
sensitive properties have not been reported yet. In this letter, the
physical and pH sensing characteristics of the low-temperature
hydrothermally grown undoped ZnO and AZO nanostructures
with various Al dosages are systematically addressed.

II. DEVICE STRUCTURE AND FABRICATION

In our earlier study [9], the AZO nanostructures with var-
ious Al dosages were synthesized successfully on AZO/glass
substrate by a hydrothermal growth method at 85 ◦C. After
the hydrothermal growth, the samples were bound to metal
wire with silver paste, packaged with epoxy resin, and then
baked in an oven for 30 min at 120 ◦C to form sensing heads.
Epoxy resin was used to avoid the leakage current and define
the sensing window as 2 × 2 mm2. Subsequently, a Keithley
236 semiconductor parameter analyzer was used to measure the
current–voltage (I–V ) characteristics of the pH-EGFET sensor
in different phosphate buffer solutions (PBSs). The morpholo-
gies of the grown undoped ZnO and AZO nanostructures were
observed by field-emission scanning electron microscopy (FE-
SEM, Hitachi S-4700I). The crystallinity of samples was inves-
tigated using high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-3000F). The optical emission properties
of undoped ZnO and AZO nanostructures were examined by
photoluminescence (PL) spectra with He–Cd laser (i.e., λ =
325 nm) excitation. The experimental compositions of Al in
the AZO nanostructures were checked by X-ray photoelectron
spectroscopy (Physical Electronics PHI-1600) as 0 at%, 1.98
at%, 3.35 at%, and 6.27 at%, corresponding to the controlled
Al dosages of 0 at%, 3 at%, 5 at%, and 7 at%.
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Fig. 1. FE-SEM 45◦-tilt-view images of AZO nanostructures grown on the
AZO/glass substrate with different Al dosages of (a) 0 at% (undoped ZnO),
(b) 1.98 at%, (c) 3.35 at%, and (d) 6.27 at%.

III. RESULTS AND DISCUSSION

The FE-SEM images of undoped ZnO and AZO nanostruc-
tures grown on the AZO/glass substrate are shown in Fig. 1.
While the Al dosage was less than 1.98 at%, only NWs are
observed. Both the undoped and lightly Al-doped ZnO NWs
are well ordered and vertically aligned with similarly specific
dimensions (i.e., an average length of ∼1 μm and a diameter
of ∼100 nm). Contrarily, nanosheets (NSs) are obtained while
Al dosages are above 1.98 at%. NWs and NSs coexisted when
the Al dosage was 3.35 at%. The sample doped with 6.27 at%
Al dosage discloses the remarkable changes on morphology,
resulting in complete NSs. Moreover, the HRTEM images (not
shown here) exhibit that the lightly Al-doped (� 1.98 at%)
NWs are single-crystalline wurtzite structured, and heavily Al-
doped (6.27 at%) NSs reveal the polycrystalline ZnO wurtzite
crystals [9]. Fig. 2(a) shows the PL spectra of undoped ZnO and
AZO nanostructures. The PL spectra can be classified as three
components: One is UV emission, owing to the near band-edge
emission (NBE) [10], another is the deep level emission (DLE)
in the visible region due to the presence of structural defects
(i.e., oxygen vacancies, oxygen interstitials, zinc vacancies,
and zinc interstitials) [11], and the other is violet emission
(VE) located at about 420 nm. The less structural defects
can exist in the AZO NWs with appropriate Al dosage (i.e.,
1.98 at%). The reduced structural defects presumably result
from that the Al ions competing with Zn ions to consume
the residual O ions and decrease the concentration of oxygen
interstitials in the AZO NWs [12]. Contrastively, the intensities
of VE and DLE were magnified with the declined intensity
of NBE while the Al dosage was increased above 1.98 at%.
The violet luminescence was probably related to the radiative
defects (i.e., the interface traps existing at grain boundaries)
and emitted from the radiative transition between this energy
level and the valence band [13]. The higher intensity of violet
luminescence can be associated with more grain boundary de-
fects, indicating that the smaller grain sizes and higher density
of grain boundaries are obtained in heavily Al-doped (> 1.98
at%) samples. In addition, the NBE emission peak was shifted
from 380 to 371 nm as the Al dosage was increased [11],

Fig. 2. (a) Room-temperature PL emission spectra of undoped ZnO and
AZO nanostructures. (b) Schematic diagram of the sensing head structure.
(c) IDS–VREF curves for the pH-EGFET sensors with various Al dosages at
pH 1. The inset gives the sensitivity curves that the reference electrode potential
varied as a function of pH value with fixed IDS = 0.2 mA and VDS = 0.2 V.
(d) IDS–VREF curve of 1.98 at% AZO pH-EGFET immersed in PBS at pH
1–13 for the linear regime of MOSFET operation. The inset also shows its pH
response in the saturation regime of MOSFET operation with VREF = 3 V.

described as blueshift and connected to the Burstein–Moss
effect. Fig. 2(b) shows the schematic diagram of a sensing
head structure. The flatband voltage increases with the increase
of carrier concentration in sensing film [14], resulting in a
decrease of pH-EGFET threshold voltage as the Al dosage
increases [Fig. 2(c)]. The I–V relationship varied with pH
values and can be expressed by using the basic MOSFET
expression [14]. The pH sensitivity values were extracted as
35.23, 57.95, 55.61, and 53.34 mV/pH with respect to the Al
dosages of 0 at%, 1.98 at%, 3.35 at%, and 6.27 at% in the range
of pH 1–13, accordingly. The inset of Fig. 2(c) shows that the
linearity values are about 0.9757, 0.9998, 0.9962, and 0.9902,
correspondingly. Fig. 2(d) and its inset reveal the saturation and
linear regime of IDS–VREF curves, respectively, while the 1.98
at% AZO pH-EGFET is immersed in different PBSs. AZO pH-
EGFETs with 1.98 at% Al dosage demonstrate the excellent
sensitivity (i.e., 57.95 mV/pH) and linearity (i.e., 0.9998) to
pH values. A model of energy-band diagrams is proposed to
explain the electrical observations. The Fermi level is typically
higher than the redox potential of the electrolyte for an n-
type semiconductor electrode at open circuit [Fig. 3(a)] [15].
After the contact of ZnO nanostructure electrode and PBS,
electrons will therefore be transferred from the electrode into
the solution. There is a positive charge associated with the space
charge region, bringing upward bending of the band edges by
built-in potential (Vbuilt−in) [Fig. 3(b)]. Furthermore, Fig. 3(c)
shows the band-edge bending response to the redox electrolyte
without structural defects. Conversely, the semiconductors have
a significant density of structural defects between the conduc-
tion band and the valence band that can exhibit Fermi level
pinning when contacting a liquid electrolyte solution [Fig. 3(d)]
[16]. The density and energy distribution of structural defects
affect the energy level, work function, and band-bending grade
(barrier height) of a semiconductor [17]. When the Al dosage
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Fig. 3. Energy-band diagrams (a) before and (b) after the contact of ZnO
nanostructure electrode and PBS for a system of n-ZnO and redox elec-
trolyte junction, where χ, Φ, Dox, Dred, ECB, EVB, EF , EF,redox, and
EF,equilibrium are the semiconductor electron affinity, work function, a
Gaussian distribution of oxidized states versus electron energy, a Gaussian
distribution of reduced states versus electron energy, conduction band, valence
band, Fermi level, Fermi level of the redox system, and Fermi level at equilib-
rium system, respectively. The energy levels for the system of n-ZnO and redox
electrolyte junction at equilibrium (c) without and (d) with structural defects.
EF1 and EF2 are the Fermi levels of the redox system at different electrolyte
systems.

was increased above 1.98 at%, the sensitivity values decrease
significantly due to the polycrystals and disorders of NSs.
Briefly, 1.98 at% AZO pH-EGFET demonstrates the optimum
pH sensing characteristics attributed to the well-aligned NW
array, superior crystallinity, and less structural defects, which
can profit for carrier lifetime and better conductivity due to the
increases of carrier concentration [18].

IV. CONCLUSION

In summary, AZO nanostructures with various Al dosages
were synthesized on AZO/glass substrate by a hydrothermal
growth method at 85 ◦C. The morphologies, crystallinity, and
pH sensing properties of AZO nanostructures are functions
of Al dosage. AZO nanostructures with proper Al dosage
(i.e., 1.98 at%) reveal the well-aligned NW array, superior
crystallinity, less structural defects, and better conductivity,
resulting in superior pH sensing characteristics (i.e., a higher
voltage sensitivity of 57.95 mV/pH, a larger linearity of 0.9998,
and a wide sensing range of pH 1–13). A low-temperature
hydrothermal growth method has been employed to synthesize
the well-aligned arrays of AZO NWs with superior pH sensing
characteristics, implying the potential applications in flexible
and disposable biosensors.
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