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ABSTRACT: Highly sensitive ethanol sensors are important for environmental and
industrial monitoring. In our work, we demonstrate a method to enhance the response of a
Schottky sensor based on a ZnO nano/microwire (NMW) by triboelectric nanogenerator
(TENG). Via lowering the Schottky barrier height (SBH) via the high voltage from
TENG, the response of the sensor is enhanced by 139% for 100 ppm ethanol. This method
accelerates the recovery process. The high voltage from TENG produces a high intensity
electric field to drive diffusion of the oxygen vacancies in ZnO NMW toward to the
junction area around the interface. It is equivalent to applying the reverse voltage on the
Schottky junction, which leads to the increase of depletion width. More chemisorbed
oxygen on the depletion region is consumed once the ethanol gas is injected into the
chamber, which improves the response of the ethanol sensor. This study provides a new,
simple, and effective method to improve the sensor response.
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As a common volatile chemical in industrial productions, the
control and momtormg of ethanol are vital for safety and in
drunk driving testing.'~ Ethanol sensors play an important
role in our daily life in avoiding the potential property damage
and personal injury due to the abuse of ethanol.”

The surface-to-volume ratio of the material used in
fabricating the gas sensor is an important factor because the
reactlon between the gas and the material mainly occurs on the
surface.” One-dimensional nanomaterials have attracted much
research attention because of their high surface-to-volume
ratio. Of these, ZnO as an n-type semiconductor is a key
member for gas sensors due to its superiority of low cost, low
toxicity, good thermal stability, and high electron mobility.”
Generally, the Schottky junction is preferential when ZnO
nano/microwire (NMW) is used for the gas sensor.® Extensive
work has been done to improve the sensor’s sensitivity,
selectivity, speed (response/recovery time), and stability.’
Compared with an Ohmic-contacted sensor, the Schottky-
contacted sensor has a higher sensitivity." The sensitivity can
be further improved by tuning the Schottky barrier height
(SBH).””"" Piezopotential is an effective method to tune
SBH.The change of SBH is attributed to the internal electric
field which is formed by the piezopotential when a stress is
applied to the piezoelectric materials.'”~"> The generation of a
piezopotential is based on the deformation of a piezoelectric
material, and the risk of potential fracture to piezoelectric
materials may limit their application widely. Tuning SBH can
also be achieved by generating the internal electric field via
applying an external voltage.
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nanogenerator (TENG) as a high voltage power source with
safety, low cost, and portability."®™*" Compared with a
commercial voltage source, TENG can be assembled easily
using any two different materials in laboratories, which can
lower the manufacturing cost greatly. Additionally, TENG has
four basic working modes, and it broadens the source of
external voltage by a facile triboelectric device. For application
scenarios of high voltage, the high voltage of a commercial
power source usually accompanies a high unsafe current
(amperes), but TENG exhibits a low output current (micro-
amps) even at a high voltage. Here, the preferential TENG is
used to tune SBH to improve the performance of an ethanol
sensor of ZnO NMW. The comprehensive system of the highly
sensitive ethanol sensor is designed. An interesting phenom-
enon is found that the SBH of the ZnO NMW(n-type)-based
Schottky sensor can be lowered by the positive voltage of
TENG. A theoretical model is proposed to explain this
phenomenon. The response of the ethanol sensor based on
ZnO NMW is improved for the concentration range of S to
200 ppm. This study provides a new, simple, and effective
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Figure 1. Measurement process of gas sensing and the influence of temperature to the ZnO NMW ethanol sensor. (a) Schematic diagram of
experiment setup for investigating the ethanol sensor based on the ZnO NMW. (b) Optical microscopy image of a ZnO NMW ethanol sensor. (c)
I-V curve of ethanol sensor at different temperatures. (d) Variation in SBH and ideality factor with the operating temperature. (e) The response
curves of ethanol sensor for 100 ppm ethanol at 250 °C. (f) Response of 100 ppm ethanol at different temperatures.
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Figure 2. Influence of TENG on an ethanol sensor based on ZnO NMW. (a) Schematic diagram of experiment setup of the ethanol sensor treated
by TENG. (b) The applied voltage of TENG on the ethanol sensor based on the ZnO NMW Schottky junction. (c) SBH of the ethanol sensor
based on the ZnO NMW Schottky junction as a function of treatment times. (d) The response curves of the ethanol sensor before and after TENG
treatment to 100 ppm ethanol at 250 °C. (e) The response of ethanol sensor based on ZnO NMW after TENG treatment for different times.

method to improve the response of Schottky-junction-based
Sensors.

B RESULTS AND DISCUSSION

The ethanol sensor based on the ZnO NMW was placed on a
heating holder. Liquid ethanol was injected into the chamber.
Then, the liquid ethanol was evaporated into a gas for

measurement (Figure la). The optical microscopy image of
the gas sensor is shown in Figure 1b. The current increases as
the temperature increases (Figure 1c). Schottky characteristics
become less conspicuous as the temperature increases. The
increase of temperature will produce more high-energy
electrons, which worsens the rectifying function of the ethanol
sensor.”' 7** The ideality factors of source and drain electrodes
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Figure 3. Polarization model and schematic diagram of SBH variation. (a) The model of an M-S contact consisted of Ag and n-type ZnO. The
initial state is a Schottky contact. (b) Oxygen vacancies are driven by the positive high voltage of TENG, and the positive charges are aggregated at

the interface; SBH is lowered from ¢y, to ¢, due to polarization.

are decreased with the increase of temperature, whereas the
SBH is increased (Figure 1d). Assuming that the thermionic
emission is the main dominant mechanism, this phenomenon
is in accordance with the temperature effect on the Schottky
junction.”'~** Figure le is the response curve of 100 ppm
ethanol at 250 °C. The other response curves at different
temperatures can be observed in Figure S1. Based on the
response curve, the response value at different temperatures is
plotted in Figure 1f. When the temperature is no less than 200
°C, the response fluctuates within a narrow range (i.e, 1—1.5).
Then, the response increases to 4.8 at 250 °C. Over this
temperature, the response decreases. In air, the chemisorbed
oxygen on the surface of ZnO NMW will accept the electrons
from ZnO. The surface of ZnO NMW forms an electron-
depletion layer. The chemisorbed oxygen is turned into
negatively charged species (including O,~, O, or 0*7).***° At
low temperature (<100 °C), the main charged species is O,
It has low reactivity, and there is little reactive amount between
chemisorbed oxygen and ethanol. At the middle temperature
(100 °C < T < 300 °C), the charged species is 0~ The O~
of high reactivity is consumed once it meets the ethanol gas,
which makes the ethanol sensor exhibit the high response.
Although O*” has high reactivity at high temperature,
desorption of chemisorbed oxygen is dominated. The response
is decreased. The operating temperature of optimization is 250
°C.

The schematic diagram represents the TENG treatment on
the ZnO NMW sensor (Figure 2a). The frictional layers are
the aluminum foil and Kapton layer. The output voltage of 300
V from TENG is applied on the ZnO NMW sensor after
rectification. The frequency is 1 Hz. The photograph of the
experiment setup of TENG treatment is shown in Figure S2.
The output voltage curves before and after rectification are
shown in Figure S3. The applied voltage on the ethanol sensor
of ZnO NMW is about 26 V (Figure 2b). The current value at
—2 V is increased as the treatment times increase (Figure S4).
SBH decreases from 0.800 to 0.781 eV (Figure 2c). When the
treatment times reach up to the 100, the response of 100 ppm
ethanol is increased from 4.8 to 19.8 (Figure 2d and e).
Whereas, the response of the ethanol sensor remains stable
when the treatment times are over 100.

Schottky contact is formed between Ag and n-type ZnO
NMW (Figure 3a). In a previous study, the oxygen vacancies
in ZnO NMW could be driven to move along the c-axis under
a high-intensity electric field.”® Meanwhile, the high-intensity

electric field generated by TENG can drive the diffusion of
oxygen vacancies in ZnO NMW toward to junction around the
interface, which leads to the decrease of SBH. The
phenomenon of polarization happens after TENG treatment
because of the accumulation of oxygen vacancies (Figure 3b).
The change of current and SBH can be expressed according to
the formula as follows.

For the Ag-ZnO NMW Schottky junction after TENG
treatment, the built-in potential ¢y, is given by

9 2 2
¢bi - 2_8s(ppolarvviaolar + NDWDn ) (1)
where g is the element charge, &, is the permittivity of ZnO, Ny,
is the donor concentration, and pyy, and W, are the
polarization charges density and the distribution width of
oxygen vacancies, respectively, which are functions of time that
gradually build up as the TENG bias is applied. Wp,, is the
width of depletion region on the n-type semiconductor.
The total current density of the Ag-ZnO NMW Schottky
junction after polarizations can be given by'**’

exp| — | —

kT )
where V is the bias voltage, kg and T are the Boltzmann
constant and temperature, respectively, J, is the saturation

current density, and &; is the permittivity of ZnO.
For the M-S contact, ], is given by

_ qunNc ZqND(q)biO - V) . _q¢Bn0
kyT € kyT

S

2 2
q ppolar vaolar

J =)y e 2ekT

& (3)

where N, and D, are the effective density of states at the
conduction band and electron diffusion coeflicients, respec-
tively, and ¢bg,o and @y are SBH and built-in potential without
polarization charges.

After the polarization, the SBH of the ethanol sensor can be

expressed as
2
¢ _ ¢ _ qppolar%olar
Bn Bn0 2 €, ( 4)

The response of the ZnO ethanol sensor from S to 200 ppm
was measured. The response value of the initial sensor
increases as the ethanol concentration increases (Figure 4a).
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Figure 4. Response curve and the response of the ethanol sensor before and after TENG treatment. (a) Response curve of the initial sensor for the
ethanol concentration from S to 200 ppm. (b) Response curve of the sensor after TENG treatment for an ethanol concentration from S to 200
ppm. (c) The SBH change of the ethanol sensor before and after TENG treatment as a function of ethanol concentration. (d) The change amount
of SBH of the ethanol sensor before and after TENG treatment. (¢) Response time and recovery time of the ethanol sensor before and after TENG
treatment. (f) Response (Ig/Ia) of the ethanol sensor before and after TENG treatment.

The same phenomenon is also observed in the sensor after
TENG treatment (Figure 4b). SBHs of the initial sensor before
and after TENG treatment decrease with the ethanol
concentration increase (Figure 4c). Whereas, the lowering
amount of SBH to the sensor treated by TENG is greater than
that of the initial sensor (Figure 4d). The change amount of
current at 2 V also exhibits the same phenomenon (Figure SS).
The response time has little change for the sensor before and
after TENG treatment, and the recovery time is accelerated
(Figure 4e), especially for the ethanol concentration over 10
ppm. The native point defects of oxygen vacancies are
generated in ZnO inevitably during the preparation of ZnO
nanowire.’”*" The oxygen vacancies in the ZnO nanowire
create the localized defect states. An external-electric-field-
induced electrical potential will be proportionally and directly
converted into the energy gains in ZnO nanowire. The gain in
energy can be stored as the separation of a hole and electron in
the defect of the oxygen vacancies. Then, the oxygen vacancy
(V) will be converted into an ionized oxygen vacancy ((V§)
or (V%)).>"** Ionized oxygen vacancies migrate toward the
interface of the metal and semiconductor and the surface of the
semiconductor when an external electric field is applied. The

accumulation of ionized oxygen vacancies with high oxidability
and high energy on the interface and surface will increase the
degree of surface reduction (number of oxygen vacancies).*® If
oxygen is present, the sufficient oxygen vacancies will
accelerate the absorption of oxygen at the oxygen vacancies,
which results in the decrease in conductivity quickly. The
recovery time of the ethanol sensor after TENG treatment is
shortened. In the case of an ethanol concentration of 200 ppm,
the response of the gas sensor after TENG treatment is fast
because lowering the amount of SBH reaches to saturation
quickly. The response is calculated by L,/I, where I; is the
current after exposing the sensor to the target gas and I, is
initial current in the air. The response of the sensor after
TENG treatment is improved compared to that of the initial
sensor (Figure 4f).

Once the n-type semiconductor is in air or ambient oxygen,
the strong electron-drawing oxygen absorbed on ZnO NMW
accepts the electrons from ZnO NMW. The negatively charged
chemisorbed oxygen is formed in the depletion region and on
the ZnO surface (Figure Sa). SBH is increased due to the
negatively charged oxygen that absorbs at the depletion region
and around it. Once the ethanol molecules meet the
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chemisorbed oxygen with high reaction activity, the chemisorb
oxygen with a negative charge in the depletion region react
with the ethanol molecules. SBH is lowered (Figure Sb). The
current of the sensor is increased.

The high voltage applied on the ZnO NMW leads to the
aggregation of oxygen vacancies on the junction around the
interface. It is equivalent to applying the reverse voltage on the
Schottky junction. The width of the depletion region is
increased according to”**®

2¢, kyT
W, = V= V- 2o
gNp q Q)

where Wy is the width of the depletion region, and the other
parameters in this formula are the same as in eq 3. The sign of
V is positive for forward bias and negative for reverse bias.
The width of the depletion region is increased after TENG
treatment (Figure Sc). More oxygen molecules can be
absorbed in the depletion region (Figure Sc). When the
ethanol molecules meet the chemisorbed oxygen in the
depletion region, more chemisorbed oxygen is consumed.
The lowering amount of SBH is greater than that of the initial
sensor (Figure 5d), allowing more carrier to pass through the
metal—semiconductor junction. The response current is
enhanced, and the response (Ig/la) of ethanol is improved.

B CONCLUSION

A highly sensitive ethanol sensor combined with the ZnO
NMW Schottky junction and TENG was developed and
investigated. The ideality factors of source and drain electrodes
are decreased as the work temperature increases, whereas the
SBH is increased. An interesting phenomenon is found where
SBH of the ethanol sensor based on ZnO (n-type) can be
lowered by the impact of positive voltage generated by TENG.
The diffusion of oxygen vacancies driven by the high intensity
electric field generated by the high voltage from TENG makes
them aggregate at the junction around the interface. It is
equivalent to applying the reverse voltage on the Schottky
junction. The increase of depletion width leads to more
chemisorbed oxygen being consumed in the depletion region
after injecting the ethanol gas. The greater lowering amount of
SBH makes the response of the ethanol sensor increase. The
response of the ethanol sensor is enhanced by 139% for 100
ppm ethanol after TENG treatment of 100 times. The recovery
time is shortened. This study provides a new, simple, and
effective method to improve the sensor sensitivity.

B EXPERIMENTAL SECTION

ZnO NMWs were fabricated by the vapor—solid growth
process. The ZnO powder (3 g 99.99% purity) as the
precursor was mixed with activated carbon powder (3 g,
99.99% purity) uniformly. The mixture was transferred to an
alumina boat. The single-crystal silicon wafer (Si(100)) as the
substrate was ultrasonically cleaned in acetone and ethanol for
10 min each, respectively. The silicon substrate is placed on
top of the alumina boat horizontally. Then, the alumina boat
was placed in the center of the tube furnace. The synthesis
process was conducted at a temperature of 1050 °C for 40 min.
During the reaction, argon and oxygen were utilized as the
carrier gases. The argon-to-oxygen ratio was 10:1.

An individual ZnO NMW was transferred to the glass
substrate. The silver paste was used to fix both ends. It was also
used as the electrode connected with the Cu conducting wire.
The high-temperature resistant adhesive was coated on the
surface of the silver paste to improve the adhesive force
between the substrate and silver paste.

The acrylic with the thickness of 4 mm was used as the
robust substrate. The aluminum foil and kapton membrane
which were fixed on the acrylic were the friction layer. The
surfaces of Al foil and kapton film were polished by sandpaper.
The 50 nm Cu film deposited by the magnetron sputtering was
used as the back electrode.

The measurement of gas sensing was carried out in the
sealed chamber with a volume of 18 L. The gas sensor based
on the ZnO NMW was preheated for 30 min to ensure that the
resistance was stable. Ethanol was injected into the evaporator
at a temperature of 170 °C. The gasified ethanol was
distributed in the whole chamber dynamically. The ethanol
gas was pumped to recover the status in the air. The testing
time was 2 min. The current change was measured by using the
Keithley 6517 system. The applied bias was 2 V. Data were
captured by using a Tektronix oscilloscope (type: HD06104).
The I-V curve ranged from —2 to 2 V and was conducted on
the semiconductor characterization system (Keithley 4200-

SCS).
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