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Three different ZnO nanostructures, dense nanorods, dense nanowires, and
sparse nanowires, were synthesized between Pt electrodes by on-chip
hydrothermal growth at 90°C and below. The three nanostructures were
characterized by scanning electron microscopy and x-ray diffraction to identify
their morphologies and crystal structures. The three ZnO nanostructures
were confirmed to have the same crystal type, but their dimensions and
densities differed. The NO, gas-sensing performance of the three ZnO
nanostructures was investigated at different operation temperatures. ZnO na-
norods had the lowest response to NO, along with the longest response/recovery
time, whereas sparse ZnO nanowires had the highest response to NOy and the
shortest response/recovery time. Sparse ZnO nanowires also performed best at
300°C and still work well and fast at 200°C. The current—voltage curves of the
three ZnO nanostructures were obtained at various temperatures, and the re-
sults clearly showed that sparse ZnO nanowires did not have the linear char-
acteristics of the others. Analysis of this phenomenon in connection with the
highly sensitive behavior of sparse ZnO nanowires is also presented.
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INTRODUCTION

NOs is an air pollutant harmful to human health.
The presence of this pollutant is severely increas-
ing, especially in the urban environment, due to the
increase of automobiles. Therefore, highly sensitive
NO, gas sensors are useful for monitoring NO; in
urban areas. ZnO is an n-type semiconductor and
has inherent defects, such as oxygen vacancy,’
therefore possessing high NO, sensitivity.? ZnO
nanostructures can easily be obtained by liquid or
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gas phase growth. In addition, ZnO nanostructures
can be modified to increase the sensitivity and
selectivity.? In most works, ZnO nanostructures
were first grown, harvested, and then placed
between electrodes to be used as a gas-sensing
material. For example, ZnO nanorods obtained at
110°C by ultrasonic spray pyrolysis have a response,
defined as Rg,o/Rair, of 200-5 ppm NOg at 250°C.*
Tube-like ZnO solvothermal nanostructures synthe-
sized at 150°C have a response of approximately 350
to 11.5 ppm NOy at 190°C.° Pencil-like ZnO nanor-
ods, obtained via cetrimonium bromide (CTAB)-
assisted hydrothermal process at 90°C, have a
highest response of 206 to 40 ppm NO, at 400°C.°
Many other similar studies were performed using
Zn0O one-dimensional (1D) nanostructures for NOs
sensing. The summary is presented in Table I.
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Table I. Recent works on ZnO nanostructures made by a wet route for NO, sensing

Synthesis method/

Diameter Response/ Working

Morphologies temp (°C) (nm) pPpm Sensitivity temp (°C)
Nanorods with nanovoids’ Hydrothermal/160 23 51/10 5.1 250
Nanoprism® Continuous hydrothermal pilot plant/400 32 128/10 12.8 350
Needle-like nanorods® Reverse micro-emulsion/120 52 624/40 15.6 120
Nanorods™’ Solvothermal/120 20-25 44.2/50 0.88 300
Nanorod arrays'! Reflux/95 39 32/100 0.32 175

ZnO nanostructures can also be fabricated using a
dry process and then placed between electrodes as a
NO, sensor. For example, ZnO tetrapods synthe-
sized at 700°C have a response of 20 to 20 ppm NO,
at 300°C.” Branched ZnO nanowires synthesized by
two-step thermal evaporation processes at 950°C
have a response of 2.06 to 5 ppm NO, at 300°C.®
Crystalline ZnO nanocombs synthesized by chemi-
cal vapor deposition (CVD) at 700°C have a response
of more than 100 to 5 ppm NOy, at 200°C.° The CVD
method can produce many different ZnO nanostruc-
tures, but the high temperature limits the opportu-
nity for gas sensing on flexible substrates. For the
non-on-chip growth method, optimized ZnO nanos-
tructures can be very sensitive to NOg but the
transfer process causes the sensor to have low
reproducibility due to poor adhesion and random
placement of nanostructures between the elec-
trodes. Notably, the performance of a ZnO nanorod
gas sensor also depends on the position of the
electrodes, with the bottom electrode design being
better than the top one.'® The bottom electrodes are
best fabricated first and then the ZnO nanostruc-
tures are grown between the electrodes on-chip for
gas measurement.!’™® Recently, ZnO nanowires
have been selectively grown between Pt electrodes
by CVD on discrete Au islands and used for gas
sensing of NO, and ethanol.'* Recently, we success-
fully grew ZnO nanorods via the hydrothermal
method on-chip at 85°C and found that the nanorods
have good sensitivity and selectivity to NO,.'?
However, the response of the ZnO nanorods to
NO, is not as high as reported for other ZnO
nanostructures. As shown in previous work, the
morphology of ZnO can significantly influence gas
sensing to NO,.'*'® Here, we grow different ZnO
nanostructures on-chip by a low-temperature
hydrothermal method and investigate the influence
of morphology on NO, gas sensing.

EXPERIMENTAL
ZnO Nanostructures Preparation

The steps of manufacturing of the sensor device
are shown in the top panels of Fig. 1, where the
sensor electrodes were patterned by lithography,
vapor deposition, and lift-off of 100 nm of Pt on 10-

nm Cr layers on a glass substrate. Seed islands of
Zn with a thickness of 15 nm on a 10-nm silicon
layer were deposited on and between the electrodes
using the same techniques (three bottom panels on
the left). ZnO nanostructures were grown from the
seed islands with a similar hydrothermal method as
presented in Ref. 15 (last bottom panel on the right).
Note that the bottom panels from left to right show
a fabricated sensor chip with dimensions of
4 x 4 mm and close-ups of its center part. The
three different ZnO nanostructures, i.e., dense
nanorods, dense nanowires, and sparse nanowires,
hereafter abbreviated as ZnO-NR, ZnO-NWy, and
Zn0O-NW,, respectively, were synthesized in a pre-
cursor solution of equimolar hexametylenete-
tramine (HMTA) and Zn(NOgy)s with the following
detailed conditions.

(a) Synthesis of ZnO-NR

ZnO-NR were grown at 85°C for 16 h in a convection
oven using a mixture of 50 mL 0.01 M Zn(NOs), and
50 mL 0.01 M HMTA. After growth, the chips were
taken out and rinsed in DI-water three times and
dried at 60°C for 12 h.

(b) Synthesis of ZnO-NWy

ZnO-NW, were grown in a water bath. The precur-
sor concentration for ZnO-NW4 was 0.0025 M after
mixing of Zn(NO3), and HMTA. The water bath was
first kept at 70°C for 5 h and then increased to 90°C
and kept at this temperature for 24 h.

(c) Synthesis of ZnO-NW,

ZnO-NW, were also grown in a water bath, but in
two steps. The first step used a 0.001-M equimolar
mixture of Zn(NO), and HMTA. The bath was kept
at 60°C for 1 h and then increased to 70°C and kept
there for 3 h and finally at 90°C for 24 h. After-
wards, the glass chips were taken out and rinsed in
DI-water. For the second step, a fresh precursor
solution with a concentration of 0.0005 M after
mixing of Zn(NOj3); and HMTA was used. The water
bath was kept at 70°C for 1 h and then increased to
90°C and kept at this temperature for 24 h. After
growth, the chips were taken out and rinsed in DI-
water three times and dried at 60°C for 12 h.
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Fig. 1. Process flow for device fabrication (a) and SEM images of as-fabricated device with different magnification (b—e).

Material Characterization

The morphologies of the three ZnO nanostruc-
tures were investigated by using field emission
scanning electron microscopy (FESEM; JEOL JSM-
7600F). Transmission electron microscopy (TEM)
images were performed by a JEOL JEM-2100F. The
crystal structures of the ZnO nanostructures were
investigated by grazing-incidence x-ray diffraction
(Parallel Beam Geometry with x-ray mirrors; SIE-
MENS D5000, Germany) using CuKa radiation
(4 = 1.5406 A) in the range of 20°-80°. The incidence
angle was set at 0.3° during the measurements.

Gas Measurement

The sensors were annealed at 650°C for 3 h before
gas measurement to ensure the uniformity and
stability of the devices. They were then tested using
a standard flow rate of 400 sccm for both dry air and
mixed gas. The standard gas, i.e., 1000 ppm NO,
balanced with Ny, was mixed with dry air by a series
of mass flow controllers to obtain different lower
concentrations, namely 2.5 ppm, 5 ppm, 10 ppm,
and 25 ppm.'* During the sensing measurements, a
Keithley multimeter (model 2700) was used to
automatically acquire the resistance data. The full
response/recovery time was set before the

measurement. Before the four-cycle measurement,
a test run with a concentration of 2.5 ppm was
performed. Then, the full response/recovery time is
set according to the data from 2.5 ppm in the
measurement program. The program will switch
the measured gas flow controller on and off accord-
ing to this setting. In the presentation of the results,
the response time for the sensor is instead the time
taken to obtain 90% of the total response for
2.5 ppm NO; from the time point of introducing
NO,; gas into the measurement chamber. Similarly,
the recovery time is the time taken to recover 90% of
the total response from the time point of switching
off the 2.5 ppm NO, gas.

The sensor response to the test gas is defined as
R = Rgoo/Rair, Where Ry, is the sensor resistance
under NO,, gas exposure and R;, is the resistance in
the dry air, i.e., in the absence of the test gas. The
influence of humidity is small for our measurement
(temperature higher than 200°C).

RESULTS AND DISCUSSION

Morphologies of the three different ZnO nanos-
tructures were examined by SEM. As seen in
Fig. 2a, ZnO nanorods (ZnO-NR) form junctions
between one another. The diameter of the nanorods
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Fig. 2. SEM images of the three ZnO nanostructures: (a) ZnO-NR,

(b) ZnO-NWy, and (c) ZnO-NWyq. The insets are magnifications of the
respective images.

ranges from 150 nm to 200 nm. Figure 2b shows
that very dense ZnO secondary nanowires (ZnO-
NWy) were grown from the primary ZnO nanorods
and are also connected to one another. The sec-
ondary nanowires have a diameter of approxi-
mately 25-50 nm. Figure 2c shows that sparse ZnO
secondary nanowires (ZnO-NW,) were also grown
from primary nanorods and then connected to one
another, but the density was much lower than that
in Fig. 2b. The diameter of these nanowires is less
than 25 nm. This value is comparable to the Debye
length of ZnO, and thus expected to show high gas
sensitivity.
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Fig. 4. TEM images of ZnO-NWs: (a) TEM; (b) HRTEM images.

Figure 3 shows crystal types of the three ZnO
samples examined by grazing-incidence XRD. All
three samples have similar peak positions and
intensities. They all have hexagonal crystal struc-
tures (Reference code 00-036-1451). From the XRD
data, the average crystal size of the ZnO nanostruc-
tures can be estimated by the Scherrer equation
using (002) peaks to be about: 29.2 nm for ZnO-
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NWq, 23.5 nm for ZnO-NWg, 17.5 nm for ZnO-NR. It
is somehow questionable that the average crystal
size of ZnO-NR is much smaller than their diameter
estimated by SEM images, while other reports have
revealed the single crystallinitgy of ZnO nanorod
grown by the HMTA pathway.'® It is worth noting
that the crystal size calculation by the Scherrer
equation needs to be calibrated by a known sample
or TEM characterization. Anyway, XRD data con-
firm the single phase of ZnO in three samples.

To further study the morphology and crystallinity
of the hydrothermal synthesized ZnO, we checked
the TEM images of ZnO-NW,, and the data are
shown in Fig. 4. As we can see, the ZnO-NW{ has a
diameter of about 20 nm with a rough surface
(Fig. 4a). The HRTEM image (Fig. 4b) reveals the
single crystal nature of the ZnO-NW,, where clear
lattice fringes are presented. The gap between the
lattice fringes is 0.26 nm, corresponding to the
interspace of (002) planes. This result is consistent
with the observation by XRD, where the (002) peak
is the strongest, suggesting its preferred growth
direction.

Next, dynamic NO, sensing curves of all the three
Zn0O samples are presented (Fig. 5). The response/
recovery time decreases as the working temperature
increases due to the adsorption and desorption
process of the gas species that accelerates at higher
temperature. Both ZnO-NWy4 and ZnO-NW, sam-
ples have much shorter response/recovery times
than the ZnO-NR sample, especially at 400°C. They
can also work better at lower temperatures than the
ZnO-NR. Notably, the ZnO-NW; still respond and
recover quickly even at 200°C, while ZnO-NW4
already responds and recovers very slowly at 250°C.
For ZnO-NR, it was so slow that it was not worth
measuring at temperatures below 350°C. Despite
the diameter difference, the base resistance of ZnO-
NR and ZnO-NWj is of the same order, while ZnO-
NW, has a base resistance two orders higher than
the other two. This means that the density and
diameter of the ZnO nanostructures significantly
influence the device properties. The different resis-
tances of different nanostructures to NO, gas are
mainly due to the different diameters of the sam-
ples. As we know, the surface depletion layer will
influence the whole nanorod when the diameter of
the nanorod is equal to or smaller than the width of
surface depletion layer. Different samples also have
different base resistances. For example, the base
resistance of ZnO nanorod at 350°C is 1.5 x 10* Q
while that of ZnO-NW, is 1.2 x 10° Q. The concen-
tration-response curves of all three samples show a
linear tendency within the concentration range.

Table II summarizes the numerical values of
parameters of the three samples. The optimal work
temperature of ZnO-NW; decreases to 300°C. The
response/recovery time of this sample significantly
decreases compared with that of the other two. Its
response to 2.5 ppm NO, at this temperature is still
as high as 14.92. This means that ZnO-NW, can be

used as a fast and sensitive NO, sensor. Sensitivity,
defined as response divided by concentration, can be
used to compare our sample with the others, since
test gas concentrations are usually different in
different works. As presented in Table I, most 1D
Zn0O nanostructures were synthesized at tempera-
tures higher than 100°C. ZnO-NW{ has a sensitivity
value of 4.71 to 10 ppm NO,, which is comparable to
the sensitivity of ZnO nanorods with nanovoids
synthesized at 160°C to the same concentration of
NO,. Needle-like nanorods have sensitivity value of
15.6, which is higher than our ZnO-NW,. However,
the sample was synthesized at 120°C. Our sample
was synthesized at a temperature lower than 100°C
and was much easier to scale-up. The highest
sensitivity of nanorod arrays synthesized at 95°C
is less than 1 per ppm, whereas the highest
sensitivity of our ZnO-NW; is 6 per ppm as calcu-
lated from our measurements.

Figure 6 shows that the ZnO-NW, sample has a
higher response to 2.5 ppm NOy compared with the
other two samples at all measured temperatures.
The columns for the ZnO-NR sample at 250°C and
300°C are missing in this figure due to its very slow
response which was not worth measuring. At 300°C,
the response of ZnO-NWq is three times higher than
that of ZnO-NW,. This figure also shows that the
responses of the ZnO-NR and ZnO-NWg samples are
almost unchanged with their operation tempera-
tures, whereas the response of the ZnO-NW, sample
increases dramatically with a decrease of the oper-
ation temperature, and its highest response occurs
at 300°C. At temperatures lower than 300°C, the
response of ZnO-NW; decreases.

To investigate the better sensing performance of
ZnO-NW, at low temperatures, a series of I-V
measurements of all the three samples were per-
formed in ambient air at temperatures of 250°C,
350°C, and 450°C (Fig. 7). The applied voltage
within £+ 10 V was chosen because it covers the
sensor operation voltage of + 5V to a large extent.
I-V curves in Fig. 7a and b show that ZnO-NR and
ZnO-NW, samples have an ohmic behavior, i.e., a
linear characteristic. The curves for each tempera-
ture have very similar trends and almost overlap
one another, at least for the selected operation
voltages, showing that the resistance of the samples
does not change very much with temperature
(Fig. 7d). The I-V curves of ZnO-NW, on the other
hand, are very different from the other two (Fig. 7c).
First, the three curves do not pass through the zero
point. This is because much more photo current
exists in this sample than in the other two due to
the fact that these measurements were performed
in daylight. Second, ZnO-NW, has an ohmic behav-
ior at low temperature, but a non-ohmic behavior as
temperature increases. The non-linear behavior of
ZnO can be influenced by barrier height.'® Many
more oxygen ions will be adsorbed onto the surface
of the ZnO-NW, at 450°C so that the width of the
surface depletion layer will increase. The contact
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Fig. 5. Dynamic gas sensing of three ZnO samples and comparison of response at different temperatures for each sample. (a—c) transient
response and (d—f) response as a function of gas concentration.

Table II. Comparison of best sensing performance of the three ZnO samples to 2.5 ppm NO,

Sample Optimum work temperature (°C) Response time (s) Recovery time (s) Response
ZnO-NR 350 226 264 1.96
ZnO-NWd 350 113 169 4.1
ZnO-NWs 300 52 101 14.92
barrier of ZnO-NW; is very high at 450°C. So the The gas-sensing mechanism of the nanostruc-
sample shows a non-ohmic /-V behavior. The resis- tures is based mainly on their surface interaction
tances of ZnO-NR and ZnO-NWj, extracted from the with gases in the surrounding environment. The
I-V curves at 5V decrease with the increase of surface of the ZnO nanostructure is normally ter-
temperature according to the semiconductor behav- minated by oxygen species in the air.?®?! The type
ior, whereas the resistance increases for ZnO-NWg of adsorbed oxygen species depends on tempera-
(Fig. 7c). Thus, the good sensing performance of ture,'®2? as described in four steps below.

ZnO-NW; at low temperature should be related to

this phenomenon. Oq (g) — Og (Physical adsorption) (1)
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At low temperatures, oxygen is only physically
adsorbed to the surface of ZnO, without forming
any ionic bond. As the temperature increases, phys-
ically adsorbed oxygen will take more electrons from
the surface of ZnO and form charged oxygen species
(steps 2—4), resulting in higher resistance of the
depletion layer at the surface of the sensing material.

As discussed in Ref. 23, the conductivity of the
gas-sensing material depends on the bulk and the
depletion layer. Thus, as the temperature increases,
the resistance of the ZnO material on all three
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Fig. 7. -V curves of the three ZnO nanostructures at different temperatures (a—c); resistance extracted from -V curves of each sample at

different temperatures for the applied voltage of 5 V (d).
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samples increases due to the higher activity of
oxygen from the air, but decreases due to the
behavior of the semiconducting material. For ZnO-
NR, the diameter of the nanorods is much larger
than the Debye length, which is approximately
20 nm,?* so that the change of the depletion layer
only slightly influences the conductivity of this
sample. Therefore, the measured resistance (i.e.,
dVv/dI) (Fig. 7d) is almost unchanged under different
temperatures. The small decrease of the resistance
might be attributed to the semiconductor behavior
of the ZnO material. For the ZnO-NW4 samples, the
diameter of the nanowires is approximately 2-5
times greater than that of the Debye length. In
other words, the radius is approximately similar to
or 2.5 times greater than the Debye length. Thus,
the influence of the surface depletion on the con-
ductivity is considerable.?> However, the dense
nanowires constitute the numerous parallel connec-
tions between the sensor electrodes, so that the
influence of surface depletion is minimized. There-
fore, the change of resistance versus temperature
for this sample resembles that of the ZnO-NR
sample (Fig. 7d). For the ZnO-NW sample, on the
other hand, very few nanowires are found, and their
diameter is even smaller than that on the ZnO-NWy
sample. Therefore, the surface depletion layer con-
siderably influences the resistance of ZnO and
dominates the semiconductor behavior of these
nanowires as can also be seen in Fig. 7d. The
contribution of the junctions between the nanorods
and between the nanowires on all three samples to
their resistance under the influence of the depletion
mechanism is important and should be subjected to
the same explanation as the bulk material of the
nanorods and nanowires.

A quantitative analysis can be performed from the
view of electrical measurement. Given that the resis-
tance of a gas sensor is measured between two probes
on Pt electrodes, the total resistance of the sensor is

Ryt = Rpr + Rpr/Pt + Rp; + RPt/ZnO + RZnOv

where R, is the resistance of the probes, Rp; is
the contact resistance between the probe and Pt
electrodes, Rp; is the resistance of Pt, Rpyzno is the
contact resistance between Pt and ZnO nanostruc-
tures, Ryz.0 is the resistance of ZnO nanostructures.
Given that Ry,0 and its change versus temperature
is in the range of kQ and MQ, the first three are
much smaller resistances (with ohmic behavior) and
can be omitted. Rpyzno, as seen from the I-V
sweeping from — 10 V to + 10 V in Fig. 7, does not
possess Schottky contact behavior and is also small
compared with Rgz.o. Therefore, it can also be
omitted in the resistance analysis.

CONCLUSION

We have successfully synthesized three different
types of ZnO nanostructures on-chip by a low-
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temperature hydrothermal method. Nanorods of the
first type have larger diameters compared with the
nanowires of the two other types. The NWs of the
second type were dense, and that of the third type very
sparse. Their average diameters are slightly different.
A smaller diameter has been shown to be better for
NOg sensing. A lower density of nanowires gives a
higher response to NO5 and shorter response/recov-
ery times than a higher nanowire density. The low-
density nanowires can also function at a lower
temperature than the other two. The mechanism of
the gas-sensing response is explained by a surface
depletion model. A high response of sparse ZnO
nanowires is based on the large contribution of the
surface depletion layer to the resistance of the mate-
rial. These sparse ZnO nanowires work best at 300°C.
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