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High-Sensitivity of Self-Powered Gas Sensors
Based on Piezoelectric Nanogenerators With

Y-Doped 1-D ZnO Nanostructures
Yen-Lin Chu , Liang-Wen Ji , Jun-Hong Xie, and Tung-Te Chu

Abstract—In this work, yttrium-doped zinc oxide (Y-doped
ZnO) nanorod (NR) arrays were grown using a simple facile
hydrothermal solution route at low temperature to fabricate
a self-powered gas sensor based on piezoelectric nano-
generator (PENG). The material properties of the 1-D NR
arrays were observed using a field-emission scanning elec-
tron microscopy (FE-SEM) with an energy-dispersive X-ray
(EDX), an X-ray diffraction (XRD), and a high-resolution
transmission electron microscope (HR-TEM). The Y-doping
concentration in the ZnO NRs was estimated to be 0.96 at%.
Photoluminescence (PL) analysis was used to analyze the
distribution of oxygen defects in the nanostructures. The
Y-doped ZnO NRs were grown onto the bottom substrate
and indium-tin-oxide polyethylene terephthalate (ITO-PET)
substrates with silver (Ag) electrode were used as the
top electrode to fabricate the PENG device. By introduc-
ing regular frequency mechanical external forces through a
home-made impact system, the ZnO NRs of PENG devices
generate piezoelectric effects, then the output electrical char-
acteristics of PENGs were measured. It can be seen that the NRs with a Y-doping concentration of 7.5 mM showed a
significant change in output voltage and current when exposed to carbon monoxide (CO) gas. Meanwhile, the Y:ZnO
PENGs revealed remarkable sensitivity (58%) in 150 ppm CO environment. As a result, it was seen that such a device
exhibited a self-powering characteristic and a significant sensitivity to CO gas. In the future, the device can also be
combined with the Internet of Things (IoTs) for CO gas detection (e.g., portable gas sensors).

Index Terms— 1-D nanorods (NRs), carbon monoxide (CO) gas, hydrothermal route, piezoelectric nanogenerator
(PENG), yttrium dopant (Y-doped), zinc oxide (ZnO).

I. INTRODUCTION

TRADITIONAL sensors usually rely on external power
sources to operate. If the external power source space
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of the sensor can be removed and the sensor can self-supply
power, the size of the sensor can be greatly reduced, the
usage of the sensing devices will be more convenient [1].
This result aligns with the modern technology’s demand for
microsized devices and allows for more versatile usage of
the sensor. The size and weight of the device are primarily
influenced by the size of the battery. Through a self-powering
system, natural mechanical energy such as tapping, knocking,
impacting, pressure, vibration, flow, and sound wave, can
be efficiently converted into electrical energy [2], [3]. This
enables the realization of novel self-powered nanodevices
without the need for external power supply. It can also address
issues like low energy conversion efficiency in conditions such
as solar panels that rely on sunlight for charging. Therefore,
nanotechnology plays an extremely important role in self-
powering research [4]. In the context of industrial development
related to gases, the leakage of toxic gases poses an extremely
important safety issue. By combining self-powering systems
with gas sensors, workers can wear tiny sensing components
to avoid the hazards of toxic gases in the environment.
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Nanodevices show small size, lightweight, and portability, and
it can become a new type of microwearable device [5].

Carbon monoxide (CO) is a common toxic gas that poses a
threat to both humans and other organisms upon inhalation [6],
[7], [8]. The environment is polluted by CO gas that is
emitted due to human activity, and it destroys tropospheric
ozone [9]. Furthermore, CO is a colorless, odorless, and
nonirritating gas, hence, the necessity to develop sensors for
detecting this gas [10], [11]. Hung et al. [12] used a ZnO
thin films/self-assembled Au nanodots to prepare CO gas
sensors. Shirage et al. [13] developed Sr- and Ni-doped ZnO
nanostructure in CO gas sensor to overcome the difficulties
with pure ZnO. Wang et al. [14] prepared silver (Ag)-
modified ZnO flower-like microspheres for CO gas-sensing in
2021.

Currently, ZnO has been widely employed as an active
sensing material for CO detection [15], [16], [17]. In general,
ZnO belonging to the II–IV group is an n-type wide band gap
semiconductor material [18]. The wurtzite crystal structure of
ZnO is with the noncentrosymmetric hexagonal. ZnO material
exhibit 3.2–3.4 eV of wide bandgap and 60 meV of high exci-
ton binding energy at room temperature. Its lattice constants
of a and c are 0.325 and 0.512 nm, respectively. Additionally,
ZnO also reveals several advantages, for instance, excellent
electron mobility, remarkable thermochemical characteristic,
high mechanical strength, and nontoxicity [19], [20]. 1-D ZnO
nanostructures, such as nanowires (NWs), nanobelts (NBs),
nanotubes (NTs), nanoneedles (NNs), and nanorods (NRs)
have been extensively used in recent years [21]. Many pub-
lished works on the preparation of 1-D ZnO nanostructures can
be roughly divided into two methods: vapor-phase deposition
and liquid-phase deposition. Vapor-phase deposition methods
include metal-organic chemical vapor deposition (MOCVD),
vapor–solid (VS), pulse laser deposition (PLD), and high-
temperature furnace [22], [23], [24]. Liquid-phase deposition
methods include electrophoresis template method, chemi-
cal reduction, sonochemical way, and hydrothermal route
method [25], [26], [27]. Among different production processes,
hydrothermal route method is with three advantages: low
temperature, cheap, and simple fabrication [28], [29]. ZnO
materials can be employed in the fabrication of the novel
electronic devices, such as gas sensors, solar cells, pH sen-
sors, ultraviolet (UV) photodetectors (PDs), nanogenerators
(NGs), photovoltaic devices, light-emitting diodes (LEDs),
self-powered devices, humidity sensors, triboelectric gener-
ators, field emission (FE) emitters, and thin film transistors
(TFTs) [30], [31], [32], [33], [34].

Yttrium (Y) is a rare-earth element that readily forms stable
trivalent cations. According to relevant literature, the doping of
Y in ZnO can result in a slight lattice distortion, but ZnO can
still maintain its primary wurtzite crystal structure [35]. For-
mation energy analysis shows that the crystal energy is stable,
and the increase in Y-doping concentration will improve the
stability of the crystal structure, the Fermi level moves upward
into the conduction band, showing n-type semiconductor char-
acteristics [36]. In summary, we employed a hydrothermal
method to fabricate a self-powered gas sensor based on Y-
doped 1-D ZnO piezoelectric NG (PENG) in this study.

The prepared methods of 1-D nanostructures, self-powered
gas measurement systems, and gas-sensing mechanisms were
presented in experimental and result section, and the 1-D
ZnO samples with and without doped Y dopants were labeled
Y:ZnO and ZnO PENGs, respectively.

II. EXPERIMENTAL PROCESS AND DEVICE
MEASUREMENT

A. Fabrication of Self-Powered Gas Sensors Based on
PENGs With Y-Doped 1-D ZnO NR Arrays

As shown in Fig. 1(a), the device can divide two parts, one
is top electrode and the other is 1-D nanostructures (bottom).
An indium-tin-oxide (ITO) polyethylene terephthalate (PET)
substrate (2 × 2 cm) was cut into square shape and laser
engraving was used to define electrode pattern on the surface
of ITO. Subsequently, a 100-nm thick Ag layer as an electrode
was prepared and deposited using a radio frequency (RF)
magnetron sputtering system. The power, target, and pressure
of RF sputtering system were 50 W, pure 3-in Ag (99.99%),
and 7.5 × 10−5 Torr, respectively. A hydrothermal route
was employed in growing the 1-D ZnO NR arrays on the
ITO/PET substrate. The sample was first deposited with a
100 nm ZnO seed layer using the RF magnetron sputtering
system. The pressure, target, and power of RF system were
5.8 × 10−6 Torr, 3-in ZnO (99.99%), and 35 W, respectively.
Subsequently, the hydrothermal growth way was carried out.
All of the chemicals we used in the experiment were analytical
reagent grade. Zinc nitrate hexahydrate [Zn(NO3)2•6H2O;
99.99%; 50 mM], hexamethylenetetramine (C6H12N4, HMTA;
25 mM), and yttrium nitrate [N3O9Y•6H2O; 99.99%; 7.5 mM]
were mixed with the deionized (DI) water in glass beaker.
When the solution is evenly stirred, the solution was trans-
ferred into serum bottle, and the sample was placed in it.
The temperature and time of growth were 95 ◦C and 3 h,
respectively. Finally, the top Ag electrode of ITO/PET and the
Y-doped 1-D ZnO NR array (bottom) were tightly combined
and heat-sealed to form a PENG, and then cut a hole near the
conductor wire side for the gas inlet.

B. Sample Characterization and Electrical Measurement
The surface structures, material compositions, and atomic

percentages of the samples with NR arrays were characterized
by using FE scanning electron microscopy (FE-SEM, Hitachi
S-4800I) with energy-dispersive X-ray (EDX) and elemental
mapping. X-ray diffraction (XRD) technique [Bruker D8] with
a monochromatic Cu Kα-1 radiation and high-resolution trans-
mission electron microscope (HR-TEM, Philips Tecnai F20 G2
FEG-TEM) were used to study the crystalline property of NR
samples. Photoluminescence (PL) spectrometer (Labram HR)
with an excitation wavelength of 325 nm was used to examine
optical performance of the 1-D ZnO and Y:ZnO NRs. On the
other hand, the fabricated device was placed in the platform
of a home-made impact system and connected to an external
oscilloscope. The target gas (CO) was introduced into the sys-
tem and adjusted to the desired gas concentration. The impact
system was then activated to conduct electrical characteristic
measurements of the sample. The electrical characteristics of
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Fig. 1. (a) Schematic of the fabrication steps of PENGs with 1-D Y-
doped ZnO NR arrays. (b) Electrical measurement with impact system
for PENGs.

all samples were evaluated by measuring the voltage–gas con-
centration (V –ppm), current–time (I –T ) curve, and sensitivity.
The external force and frequency provided by our impact
system were 1.9 N and 13 Hz, respectively, as shown in
Fig. 1(b).

III. RESULTS AND DISCUSSION

A. Material Characteristics of 1-D ZnO and Y-Doped
ZnO NR Arrays

The FE-SEM analysis results of the 1-D ZnO and Y:ZnO
NR arrays are shown in Fig. 2. The top-view pictures reveal
the as-grown nanostructures are with hexagonal structures.
In addition, the cross-sectional view shows that all of the NRs
are perpendicular to the substrates. The diameter and height
of the ZnO NRs were approximately 109 nm and 1.33 µm,
and the diameter and height of the Y:ZnO NRs were around
180 nm and 1.60 µm, respectively. This growth mechanism is
attributed to differences in the release of crystal surface free
energy due to the low ionization energy of Y element [37],
as shown in Fig. 2(a)–(d). Fig. 2(e) exhibits the EDX spectrum
of the Y:ZnO NRs, indicating that these NRs consist of Zn,
O, and Y element. The respective Y content of the NR was
0.96 at%.

In Fig. 3 result, XRD analysis confirms the main peaks of
hexagonal ZnO at (002) and (103) peaks [JCPDS Card No.
36-1451] [38], [39]. When Y element is doped into ZnO,
no other peak positions generated, which confirms that the Zn
ions during the growth of the NR can be replaced by Y ions,
and also indicates that the lattice structure of the NR will

Fig. 2. (a) and (c) Top-view and (b) and (d) side-view FE-SEM images
of the 1-D ZnO and Y:ZnO NR arrays. (e) EDX image of the 1-D Y:ZnO
NRs.

Fig. 3. XRD pattern measured from the as-grown 1-D ZnO and Y:ZnO
NR samples.

not be changed after doping. At the same time, it was also
found that the (002) and (103) peaks after doping slightly
shift to the low phase angle. This reason means that the zinc
ionic radius (0.074 nm) was lower than that of Y ionic radius
(0.104 nm) [40].

Fig. 4 was obtained using HR-TEM to observe the nanos-
tructure of yttrium-doped zinc oxide (Y-doped ZnO) NR
arrays. In Fig. 4(a)–(c), TEM mapping analysis reveals that Zn
(green), O (red), and Y (cyan) elements exist in a single 1-D
ZnO NR, indicating Y dopant successfully doped into the ZnO
NR. The selected area electron diffraction (SAED) pattern
confirms that such a NR is with single-crystalline structure,
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Fig. 4. (a)–(c) TEM elemental mapping images of the 1-D Y:ZnO NR.
(d) SAED pattern of the Y:ZnO NR. (e) Low-magnification typical TEM
result of a single 1-D Y:ZnO NR. (f) HR-TEM picture of the 1-D Y:ZnO
NR.

Fig. 5. PL spectrum of all NRs tested at room temperature.

as shown in Fig. 4(d). As seen in Fig. 4(e) and (f), a single
NR with lattice spacing of 0.27 nm [orange rectangle], which
aligns with the XRD analysis.

A PL spectrophotometer with a He–Cd laser (excitation
wavelength was 325 nm) was used to measure and analyze
the energy in the wavelength range of 350–700 nm [41],
[42], [43]. Fig. 5 presents the PL analysis of the ZnO NRs
with and without Y dopant. PL spectrum of ZnO was usually
divided two regions: 1) UV emission region (∼380 nm) and
2) green emission (∼560 nm). 1) Shows free-excitonic tran-

sition recombination [near-band-edge (NBE) emission] and
2) reveals intrinsic defects or oxygen vacancies [deep-level
emission (DLE)] [44], [45]. It was found that green emission
of the Y:ZnO NRs has larger than that of the ZnO NRs. This
phenomenon is attributed to Y ions can effectively replace
Zn ions in 1-D NRs. Y-doping increases surface charge and
reduces material bandgap, modifying the electrical properties
of the material. The separation reaction of Y ions on the
surface of the NR can promote the growth of vacancy in
the nanostructure. Simultaneously, resulting in changes in the
overall surface area of the NR and an increase in the number
of defects [46].

B. Electrical Performances of All PENG Samples
A digital oscilloscope was employed in measuring the

output voltage and current of the sample in this experiment.
First, the PENG device was placed in a vacuum chamber
and fixed on a platform, and the switch is turned on to
impact such a device. The piezoelectric output voltage signals
were transmitted to the oscilloscope through a conductor wire
connecting on the same side of the device. The output current
was converted through a simple voltage divider circuit. During
the impact process, CO gas is introduced and the output
voltage changes was recorded. The gas measurements were
conducted in different CO gas concentrations: 0, 30, 60, 90,
120, and 150 ppm. No external voltage was applied to the
device during the measurement.

Fig. 6 shows the electrical characteristic of two PENGs. The
average output voltage values of the ZnO PENGs were 0.1848,
0.1934, 0.1803, 0.1763, 0.1798, and 0.1803 V at various
concentrations (0, 30, 60, 90, 120, and 150 ppm, respectively)
of CO gas. It can be seen that the average output voltage of
ZnO has not clearly changed in CO condition. On the other
hand, the average output voltages measured at different CO
concentrations (0, 30, 60, 90, 120, and 150 ppm) of 7.5 mM
Y-doped ZnO NR PENGs were 0.1603, 0.127, 0.111, 0.095,
0.072, and 0.067 V. By the above measured data, it can be
found that the average output voltages of the devices were
decreased with the increase of CO concentrations. In order to
correctly understand that self-powered PENG can be used as
a highly sensitive gas sensor, the sensitivities of the PENGs
under various concentrations of CO gas should be defined.
Similar to the traditional definition of the sensitivity of semi-
conductor gas sensors (S% = |Ra–Rg|/Ra × 100%, where
Ra and Rg depict the resistance of the sensor in air and
test gas, respectively). The sensitivity of the self-powered CO
sensor based on PENG can be simply illustrated as follows
formula: S% = |V a–V g|/V a × 100% [47], where V g and
V a denote the voltage of the device in CO gas and air gas,
respectively. The sensitivities of the PENGs are increased
with increasing CO gas concentration, as shown in Fig. 6
result. The sensitivity values of the ZnO PENG to CO gas
were approximately 0% (0 ppm), 2% (30 ppm), 3% (60
ppm), 4% (90 ppm), 5% (120 ppm), and 5% (150 ppm).
The sensitivity values of the Y:ZnO PENGs were about 0,
20, 31, 41, 55, and 58% for CO gas at 0, 30, 60, 90, 120, and
150 ppm, respectively. Compared with the ZnO PENGs, the
Y:ZnO PENGs illustrated excellent sensitivity values under
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Fig. 6. (a) and (b) Average output voltage graph for ZnO and Y:ZnO NR samples in the presence of different CO gas concentrations. (c) and
(d) Sensitivity of two samples in various CO gas concentrations.

TABLE I
COMPARISON ON PENG PERFORMANCE OF ZnO AND Y:ZnO NR

various CO gas concentrations, as revealed in Fig. 6(a)–(d)
and Table I.

C. Gas-Sensing Mechanisms of All PENGs in Air and
CO Gas

In order to explore the electrical characteristics of Y:ZnO
PENG, it is necessary to understand the gas-sensing mecha-

nism of such a device. Y dopant can be used to change the
surface state and defect density of ZnO. The defect density will
affect the gas adsorption rate onto the surface of the nanos-
tructure, thereby leading to change the piezoelectric output
voltages [48], [49]. As shown in Fig. 7, when the PENG device
is exposed to CO gas with a reducing characteristic, the oxygen
ions adsorbed on the surface of ZnO NRs will react with CO
molecules and release the captured electrons flowing back into
the conduction band of ZnO NRs. Such a process can increase
the carrier density and reduce the thickness of the depletion
layer in ZnO NRs. Hence, upon exposure to CO gas, the
piezoelectric output voltage of the PENGs will be decreased
due to the screen effect of free electrons [50], [51], [52].

When a nanostructure with piezoelectric characteristic
undergoes tensile or compressive strain, an electric field is
generated along the direction of the nanostructure. In the
case of high electron concentration, some of the electrons
will generate repulsive interactions, weakening the attraction
between electrons and atoms [53], [54], [55]. When the
screening effect is strong, the effective charge number will
decrease, resulting in a decrease in the number of charges
generated by the piezoelectric effect [56]. Therefore, some
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Fig. 7. (a) and (c) Schematic illustrates the impact of gas adsorption
and desorption reactions on the direction of carrier movement and its
effect on the output voltage in relation to the NRs. (b) and (d) Effect of
NR carrier concentration on piezoelectric output in ambient atmosphere
and reducing gas (CO).

of the charges inside the NRs are neutralized or suppressed,
resulting in decreases at piezoelectric output voltage [57], [58],

Fig. 8. (a)–(f) Average output current graph for Y:ZnO PENGs in the
presence of various CO gas concentrations.

[59]. When the NR sample placed in air condition, surface
vacancies adsorb oxygen molecules (O2) in the atmosphere,
and oxygen extracts electrons from the interior of the NR to
form adsorbed negatively charged oxygen molecules (O−

2 ),
creating thick depletion layer and decrease carrier concerta-
tion. This phenomenon will affect the screening effect and
increase the output voltage [60], [61]. Next, we introduce
the reducing gas CO, which reacts with the adsorbed O−

2
on the surface. Under the oxygen reduction effect, O−

2 will
be reduced by CO to O2, generating CO2 and e−, and the
reduced e− will return to the conduction band of the ZnO
NRs, causing increase in carrier concentration inside the NR
and reduce the depletion layer of the NR. At this point, the
piezoelectric output generated by applying compressive stress
will be affected by the enhanced electric field screening effect
after the carrier concentration increases [62], [63]. The internal
charge of the NR is suppressed or neutralized due to the
screening effect of the electric field, resulting in a decrease in
the output voltage of the NR after introducing CO. The oxygen
adsorbed on the 1-D ZnO NR sample surface undergoes the
following reactions [64], [65], [66]:

O2 (gas) → O2(ads) (1)

O2 (gas) + e−
→ O−

2 (ads) (2)

O−

2 (ads) + 2CO(ads) → 2CO2 + e− (3)

where (ads) indicates adsorbed. When Y is doped into the ZnO
NR, Y3+ could replace the Zn2+ site, resulting in enlarging the
crystal lattice interstice. In other words, the defect density of
the surface of ZnO NRs will be increased due to the Y-doped in
1-D ZnO NRs [67], [68], [69], [70]. Therefore, the active sites
of Y-doped ZnO compared to ZnO become more numerous,
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TABLE II
COMPARISON ON DEVICE PERFORMANCE OF ZnO NANOMATERIALS IN

LITERATURE

which enhance the gas-sensing performance, as revealed in
Fig. 7(a)–(d).

As shown in Fig. 8, a voltage divider circuit was configured
for easily studying the current characteristic of the fabricated
self-powered PENGs, where the output voltage is distributed
to the resistance through the voltage divider circuit [71],
[72]. An oscilloscope was used to measure the value of the
piezoelectric output voltages and calculate the current through
the formula: V = I × R [73], [74], [75]. The measured time
was 1 s. The average output current of the 1-D Y:ZnO PENGs
were around 19, 17, 15, 12, 9, and 6 nA to 0, 30, 60, 90, 120,
and 150 ppm CO gas concentration, respectively. We found
that piezoelectric output current was decreased while CO gas
concentration was increased. The result is the same as output
voltage in this work, as shown in Fig. 8(a)–(f).

The gas sensitivity characteristics of the ZnO NR arrays
reported in previous studies [76], [77], [78], [79], [80], [81],
[82] are summarized in Table II. Compared with the pre-
viously reports, the self-powered PENG devices with 1-D
Y-doped ZnO NR arrays in this study has a remarkable
sensitivity for CO gas.

IV. CONCLUSION

In summary, we demonstrated a self-powered gas sensor
based on PENGs with Y-Doped 1-D ZnO NRs by using a
simple hydrothermal method at low temperature, and it was
triumphantly applied to enhance the gas sensitivity of the
device. After FE-SEM result, HR-TEM pattern, and XRD
image, it can be seen that the high-density 1-D NR arrays
were successfully grown on the ZnO seed layer with single
crystalline and preferentially grew in the c-axis direction
with hexagonal characteristic. As revealed in EDX result, the
Y-doping concentration in the 1-D ZnO nanostructures was
estimated to be 0.96 at%. PL spectra showed the oxygen defect
phenomenon with the increase of Y-doped concentration. The
experimental results showed that the average output voltages of
devices were decreased with different CO gas concentrations
(0, 30, 60, 90, 120, and 150 ppm). This phenomenon is
attributed to the increased oxygen vacancies in Y-doped ZnO
nanostructures. Meanwhile, it was observed that the average
current variation rate was decreased with increasing the CO
gas concentration. As a result, it was also clearly to find that

the performances of Y:ZnO PENGs with higher sensitivity
are better than that of common ZnO PENGs. In general,
most of the semiconductor gas sensors were employed in
high temperatures. However, this investigation revealed that
the fabricated self-powered gas sensors based on PENGs with
excellent sensitivity can be operated at room temperature.
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