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With High Selectivity
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Abstract— Gas sensors based on semiconductor-metal-oxide
nanomaterial have recently emerged due to their advantages
of offering large surface to volume ratio. Unfortunately, these
sensors are vulnerable to environmental humidity and lack
of selectivity when exposed to common gases in air. In this
letter, a novel morphology of ZnO nanomaterial is proposed
for fabricating NO; gas sensor through our customized vapor
trapping chemical vapor deposition process. By operating the
fabricated gas sensors at the room temperature, high sensing
performance, including a large output response of 11.06 and
a short response/recovery time of 107/124 s, is achieved for
20-ppm NO;. Moreover, the sensor response remains stable under
humid environment up to 76%RH. In addition, the extensive
experimental results indicate that our fabricated NO, gas sensors
exhibit high selectivities of 61.7, 42.8, and 54.4 dB for different
target gases of Hy, CH,0, and CgHg, respectively. These features
will enable the mass fabrication of miniaturized, cost-effective,
and highly robust gas sensor suitable for real-life application.

Index Terms— Semiconductor metal oxide nanomaterial,
humidity-insensitive, high selectivity, room temperature, NO, gas
sensor.

I. INTRODUCTION
S ONE of the primary air pollutants, NO; is toxic even
at low concentrations, and the inhalation exposure is
quite detrimental to human health [1]. This greatly motivates
the real-time accurate field monitoring of the air’s NO»
level (typically ~Sppm) [1], and various NO; gas sensor
implementations have been demonstrated in the literature [2].
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Among them, semiconductor metal oxide (SMO)
nanomaterial-based gas sensors show great promise in
terms of manufacturing cost [3], and more importantly,
high sensing performance due to its inherent extremely
large surface-to-volume ratio [4]. In [5], Yu et al. presented
a tin dioxide nanobelt based gas sensor for measuring
0.2~10ppm NO; at 200°C. In addition, a ZnO nanonail
array was demonstrated to have a DC resistance change for
200ppm NO; at 225°C [6]. Moreover, Zhang et al. fabricated
different nanoparticles and nanotubes using various materials:
CuCo0,04, NiC0704 and ZnCo0204. A maximum response of
0.72 for 400ppm NO» at 300°C was reported [2]. Despite the
reported attractive sensing performance, the sensors’ strong
dependence on the environmental factors (e.g. humidity)
significantly limits their application beyond laboratory
environment [7]. In addition, with the existence of several
common interfering gases having variable concentrations,
such as the reducing gas of Hp and the vapors of organic
compound solvents (VOC) gases of CH,O/CgHg, the NO»
sensing results of the aforesaid implementations are not
repeatable any more, showing very poor selectivity [8].
Furthermore, it is required to operate these sensors at a
high temperature over 200°C, which requires a dedicated
heating component and results in prohibitively higher power
consumption [9]. This is a major limiting factor when the
sensors are integrated into the mobile gas sensing devices
with stringent power consumption budget.

In this letter, a versatile humidity-insensitive gas sensor
based on a novel ZnO morphology, namely ZnO hierarchical
nanostructure, is presented. Featuring high selectivity from
different interfering gases, the proposed gas sensor exhibits
superior sensing performance even at room temperature and
shows long-term stability under various humid environments.

II. DEVICE FABRICATION

Ultrasonic-based methods, such as “drop-cast”, are widely
exploited for fabricating nanostructure based device. These
processes, typically conducted in organic solution (e.g. IPA),
cannot preserve the grown nanomaterial’s fine morphology,
leading to very poor yield and inferior device performance.
Additionally, a time-consuming manual inspection is always
needed in the following step to make sure reliable connections
with the pre-fabricated metal pads are achieved. In this work,
an “ultrasonic & solution-free” process flow is developed to
grow our proposed ZnO hierarchical nanostructure. Specifi-
cally, as shown in Fig. 1, a finger-crossed triple-metal-layer
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Fig. 1. Optimized fabrication process flow of our proposed ZnO nanomaterial
based gas sensor. (a) clean Si wafer with 1 xm SiOp; (b) photoresist
coating; (c) photoresist exposure/patterning; (d) triple-layer metal evaporation;
(e) photoresist lift-off; (f) hierarchical nanostructure growth by VTCVD
process.
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Fig. 2. The SEM picture of our fabricated ZnO hierarchical nanostructure.

structure (Au/Pt/Ti) is prepared with standard evaporation
and lift-off methods (Fig. 1(a)-(e)). Successively, all the ZnO
hierarchical nanostructures are directly grown on top of the
patterned electrodes by our customized vapor trapping chem-
ical vapor deposition (VTCVD) process (Fig. 1(f)) [10].

III. RESULTS AND DISCUSSION

In this section, the fabricated ZnO hierarchical nanostructure
is first examined using scanning electron microscope (SEM).
In Fig. 2, it is observed that our proposed hierarchical
nanostructure possesses a “‘comb” shape with parallel “teeth”
connected to the “backbone”. The electrode gap is measured
to be 10um and the thickness of the sensing layer is ~15um.
Furthermore, temporal gas sensing measurement was con-
ducted at the room temperature for NO, concentration ranging
from 1ppm to 20ppm. Figure 3 presents the sensor’s output
response, which is defined as the measured relative resis-
tance change after the exposure to NO; [i.e. (Rn0o2-Ro)/Ro,
where R, is the original measured resistance]. The number
of sensors tested is 6. The mean resistance of sensors is
measured to be 20.6k€Q at room temperature, with a standard
deviation of 3.28kQ. In addition, the room temperature and
the humidity for Fig. 3 are 25°C and 4%RH, respectively.
All the gases including NO; and air were dehumidified before
the test with a flow rate of 250sccm. Under all the dif-
ferent concentrations, our fabricated sensor shows consistent
response/recovery curves for every two consecutive cycles
with the same concentration, validating the sensor’s superior
repeatability and stability. In particular, we conducted an
additional different test for 1ppm NO;: a step change of NO»
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Fig. 3. The measured temporal output response of our fabricated gas sensor
for 1ppm~20ppm NO;.

concentration from Oppm to 1ppm is adopted to demonstrate
the response time in the inset of Fig. 3. As a result, it
takes 345 seconds for the fabricated sensor to reach the full
saturation (i.e. peak output response of 1.0). Here the response
time is defined as the time interval of the measured output
response increasing to 90% of the difference between the
peak output response and the baseline, therefore, the response
time is measured to be 110 seconds. When the concentration
increases to 20ppm, the output response rises up to 11.06
with a response/recovery time of 107s/124s. Here the full
saturation of 20ppm NO, was not achieved and we chose
not to report the peak output response of 20ppm NO; for
trading-off the measured response/recovery time. Additionally,
we would like to point out that: compared with the state-
of-the-art output response of SMO-based implementations for
NO; gas (i.e. 0.8, measured at 200°C for 10ppm NOy) [5],
the output response of our fabricated gas sensor (i.e. 7.26,
10ppm in Fig. 3), even measured at the room temperature
and without saturation, greatly outperforms, which is explicitly
attributed to the dramatically elevated surface-to-volume ratio
of our proposed ZnO “nanocomb” morphology and its unique
electron transport mechanism [11]. Concretely, resulted from
the surface trap states, the equivalent energy band is bent at
the ZnO nanostructure’s surface. When two or more nanos-
tructures are connected, an energy barrier can be formed at
each intersection point. Its influences on the transport of the
electrons can be quantitatively expressed as follows:

G = Goexp(—¢“// /kpT) (1)

where ¢¢// denotes the effective barrier height, kp is the
Boltzmann’s constant, 7 is the absolute temperature and
G is the conductance of the intersection point. In this equation,
Gy can be considered as a constant parameter. Typically,
when exposed to NO,, ¢¢// is increased owning to the
electrons trapped by the adsorbed oxygen molecules of NO».
Therefore, the conductance G decreases exponentially with
the increment of the energy barrier height. This leads to an
efficient conducting path manipulation by the numerous energy
barriers, which corresponds to a large number of the aforesaid
nanostructure connections.
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Fig. 4. The measured output response under different humid environments:
(a) S5ppm at 38%RH and 76%RH environment; (b) 10ppm and 20ppm at
76%RH environment.
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Fig. 5. The fabricated gas sensor’s mean peak output responses for NO;
and three different interfering gases: Hp, CH2O and CgHg.

In order to mimic the gas sensors’ real application envi-
ronment with variable humidities, we conducted the tempo-
ral output response measurement under different humidities.
In Fig. 4, the measured output response shows extremely
weak influence by the injected humid air with both humidi-
ties of 38%RH and 76%RH. Compared with most pre-
viously reported implementations vulnerable to variable
humidities [12], [13], our proposed gas sensors take great
advantages in terms of reliability and robustness, which
enables the gas sensors’ long-time application in real envi-
ronment. In addition, the characterization of our fabricated
ZnO hierarchical nanostructure is further extended to several
common interfering gases: the reducing gas (H») and two typ-
ical VOC gases including CH,O and CeHg. As illustrated
in Fig. 5, for Hy, output response is not remarkable at the
room temperature; meanwhile, there is no obvious output
response observed for both aforesaid VOC gases at the room
temperature. Here we define the selectivity as the decibel
ratio of our sensor’s NO» output response to the output
responses of Hy, CgHg and CH,O, respectively. As a result,
according to Fig. 5, our NO; gas sensor’s selectivities to
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TABLE I

PEAK OUTPUT RESPONSE COMPARISON OF NOj AND
THREE DIFFERENT INTERFERING GASES

NO, H CH,0 CoHe
Sppm 5000ppm Sppm Sppm

Mean 351 0.00289 | 0.02552 | 0.00667

Standar(‘sg)e“a“o“ 0.127 0.00109 0.011 0.00763
Selectivity (dB) N/A 617 238 544

Hj, CH>,O and CgHg are calculated to be 61.7dB, 42.8dB
and 54.4dB, respectively. Table I further summarizes the
peak output response comparison of NO; and the aforesaid
three different interfering gases. Compared with the previously
reported polymer based implementations [12], [13], our pro-
posed NO; gas sensor, featuring superior selectivity, takes sig-
nificant advantages. In order to explain our fabricated sensor’s
superior selectivity, we would like to point out that NO;, Ha,
CsHg and CH,O are differently categorized, resulting from
their various responses to standard semiconductor metal oxide
(SMO) materials (e.g. ZnO). Concretely, H,, C¢Hg and CH,O
are typically regarded as the reducing gas, which can decrease
the SMO materials’ resistance [14]-[16]. However, for NO»,
it is typically categorized as oxidizing gas [17], which tends
to increase the resistance of SMO materials.

Regarding the repeatability of the experimental results, we
would like to state that the same samples were intensively
measured, with a time interval of 12 months between the
first and the most recent measurements. More importantly, for
each time of intensive measurement, the same samples had
to go through different continuous tests for hours, even days,
including the tests of temporal response, humidity-dependence
and selectivity, etc. As a result, we have not observed any
significant performance deviation of our fabricated ZnO nanos-
tructures. Moreover, it is worthy to mention that the gas
sensing is quite application-specific and here in this work,
we mainly target on the indoor NO; gas sensing applications
with selected interfering gases of Hy, CH,O, CgHg. Efforts are
still ongoing for characterizing the other common interfering
gases (e.g. O3).

IV. CONCLUSIONS

We present a VTCVD-based direct-growth recipe for fabri-
cating ZnO hierarchical nanostructure on top of patterned elec-
trodes of silicon chip. Attributing to the demonstrated unique
“nanocomb” morphology, room-temperature peak responses
of 0.9 and 11.06 are reported for 1 ppm and 20 ppm
NO», respectively, with the measured response/recovery time
of ~2 min. In addition, our fabricated NO; sensor features
humidity-insensitive and exhibits high selectivities to several
common interfering gases widely existing in the environment,
which paves the way to mass production of gas sensors
development in real-life application.
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