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A facile and versatile approach that integrates highly porous metal oxide nanostructured network with a low
power microheater platform is presented for the creation of low-power, miniaturized gas sensors. Highly porous
nanostructured metal oxide network is formed by oxygen plasma treatment of a metal containing polymer film
followed by a heat treatment. A generalized aqueous metal precursor solution allows a large variety of metal
salts to be incorporated into cast polymer films, thus forming nanostructured metal oxide network with various
compositions. Gas sensing behavior is demonstrated for Co;0,4 -based devices, exhibiting high sensitivity, low

detection limit, and fast response and recovery towards formaldehyde gas. The overall fabrication process is
flexible and highly scalable. This facile and flexible fabrication method can be used to reproducibly fabricate a
variety of low power gas sensors with tunable performances for many applications and has great potential for

mass production.

1. Introduction

The demand for compact, low-power gas sensors is rapidly ex-
panding [1-6]. Sensors integrated into smartphones, other mobile
sensor platforms, or even wearables, require gas sensors with small size,
low power consumption, and low cost. Unfortunately, most commer-
cially available gas sensors are still bulky and consume high power
(> 50mW) [2,7,8]. Development of low-power chip-scale gas sensors
with acceptable performance is critical for many applications utilizing
battery, solar, or other local energy harvesting sources [8-11].

Semiconducting metal oxide sensors are among the most popular
and promising solid-state chemical sensors due to their high stability,
low cost, and large variety of metal oxides available [12-14]. However,
metal oxides typically require high temperature (> 200 °C) to achieve
good sensitivity and reasonable response and recovery. As the heating
elements paired to metal oxides consume most of the power and define
the sensor size, low power consumption and sensor miniaturization can
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be simultaneously accomplished by using a microheater platform
[6,8-11,15-18]. A thermally insulated microheater platform can
leverage silicon micromachining processes to achieve scalable, low cost
and reproducible manufacturing.

However, sensor miniaturization also significantly decreases the
active area available for sensing, which can in turn lead to poor sen-
sitivity. High surface area nanomaterials such as nanoparticles, nano-
wires, and hierarchical nanostructures can be used to compensate for
the reduced sensing footprint [12,19]. The integration of nanomaterials
into a microheater platform remains a significant challenge. The most
popular strategy, inkjet printing, requires sophisticated ink preparation
to prevent clogging of the injecting nozzle, since nanomaterials gen-
erally aggregate heavily in solution [20-24]. During film formation and
sensor operation, nanomaterials can aggregate when surfactants and
solvent are removed, leading to a loss in active surface area. In addition,
the printing process requires the direct contact of the nozzle and
membrane, which may break the suspended membrane. There remains
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a need for a simple, flexible method for the synthesis of metal oxide
nanomaterials with well-defined porous structure that can be easily
implemented on-chip and used to effectively fabricate highly integrated
miniaturized gas sensors.

In this paper, we present a versatile strategy for the fabrication of
high-performance gas sensors through plasma assisted on-chip synth-
esis of highly porous metal oxide nanostructured network on a low
power microheater platform. Vertically aligned and interconnected
metal oxide network, including those based on Co304, NiO, and SnO»,,
are created by oxygen plasma treatment of cast polymer films followed
by additional heat treatment. As a demonstration, the sensing perfor-
mance of a Co304-based sensor is established, showing high sensitivity
and selectivity toward formaldehyde, with extremely fast response and
recovery times. The simplicity, flexibility, and controllability of our
preparation method enable the fabrication of a versatile class of gas
sensors with high sensitivity, fast response and recovery, and tunable
selectivity toward specific gases depending on their constituent metal
oxide sensing material(s).

2. Results and discussion

Fig. 1 schematically illustrates the sensor fabrication process. A
generalized metal precursor aqueous solution is prepared by dissolving
metal salts in a water-based polyvinyl alcohol (PVA) solution (10%).
Using a water soluble polymer enables the selection of large variety of
metal salts [25]. The precursor solution is spin-coated onto a substrate
to form a homogenous metal-precursor-containing polymer film. The
PVA film is subsequently plasma etched and heat treated. The plasma
etching controls the final network thickness, and the heat treatment
creates pores in the nanostructures, beneficial for gas sensing.

For gas sensing applications, the above-mentioned film is an integral
part of a microheater platform consisting of a polycrystalline silicon
carbide (SiC) heater embedded in a suspended low-stress silicon nitride
(LSN) membrane anchored to a Si frame. The microheater provides the
thermal energy to activate the sensing reaction (Fig. 2). The detailed
fabrication process of the microheater can be found in our prior reports
[9,10]. The microheater platform is 3.5 x 3.5 mm? in size with four
heater elements in a single chip (Fig. 2a). Fig. 2b and ¢ show zoomed-in
optical images of a single heater where the two sensing electrodes
(yellow color) are above the SiC heater (green color) separated by the
LSN membrane. The gap between two sensing electrodes is 2 um. The
heating area is around 50 X 50 um? The suspended thin membrane
design thermally isolates the microheater from the frame and mini-
mizes power consumption, requiring only 5.6 mW input power to reach
200 °C, as shown in Fig. 2d.

To convert the metal-ion-containing polymer film (integrated with
the microheater) into a functioning sensor element, the entire micro-
heater/sensor platform is treated by oxygen plasma to convert the film
to a metal-containing nanostructured network. The metal-containing
polymer nanostructured network is then annealed at 500 °C in air for
2 h, using either the microheater itself, or in a tube furnace whereby the
entire platform is heated. The annealing step removes the polymer and
converts the metal precursor to metal oxide. The polymer removal
during annealing also creates mesopores in the nanostructures, which is
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Fig. 1. Schematic of the sensor fabrication process.
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Fig. 2. (a) Optical image of a chip consisting of four SiC microheaters
(3.5 x 3.5 mm2); (b) enlarged optical image of one microheater (dark green),
also showing the sensing electrodes (light green); (c) optical image of the
heating area of microheater; (d) relationship between microheater power and
temperature of the microheater (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).

another benefit of using PVA. Annealing by the microheater allows the
in-situ localized formation of metal oxide nanostructures on the heated
area only (Fig. S1). The sensor substrate can be further washed by hot
water to remove polymer remaining on the unheated regions of the
chip.

Conversions to a polymer nanofiber array upon oxygen plasma
etching have been discussed previously in the literature [26-31]. It is
suggested that the formation mechanism of the nanostructured network
relies on the directionality of the plasma etching combined with the
self-masking effect brought by the metal impurities in the polymer
[29,31]. The ratio between PVA and metal salts can be tuned to obtain
the desired nanostructure morphology (Fig. S2). If the metal ratio is too
low, the density of the network is low as well, resulting in a non-con-
tinuous conductive path. If the metal ratio is too high, the resulting film
will be a dense film with a low surface area. The polymer film to na-
nofiber array conversion process affords great flexibility and provides
good control over the ultimate sensor element morphology. For ex-
ample, the density of the nanostructured network can be further tuned
by the ratio of PVA in water, and the baking temperature and time
before plasma treatment.

Fig. 3 shows representative scanning electron microscopy (SEM)
images at various magnifications of an as-prepared Co3;04 nanos-
tructured network on the microheater chip. Similarly prepared NiO,
and SnO; nanostructured networks are shown in Fig. S3. As shown in
the low magnification SEM images in Fig. 3(a) and (b), the nanofibers
are uniformly distributed across the whole heated area. The nanos-
tructured networks have maintained their shapes with no signs of col-
lapsing, indicating the robustness of the structure. Based on the high-
resolution SEM image in Fig. 3(c), the nanostructured network is highly
porous, with pore size ranging from 20 to 500 nm. The nanofibers ap-
pear well-interconnected, which enhances both their electrical con-
ductivity and mechanical stability. Fig. 3(d) shows a side view of the
nanostructured Co304 network. The nanostructured network has uni-
form height of around 550 nm. The fibers are connected at the top,
forming conductive paths, while the pores between the fibers are
abundant and highly accessible to gases.

Fig. 4 presents low magnification transmission electron microscopy
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Fig. 3. (a-c) top-down SEM images of the nanostructured Co304 network on microheater chip with different magnifications. (d) Side view SEM image of the
nanostructured Co304 network on a Si (100) chip with the same synthesis conditions.

(TEM) images, further showing the porous characteristic of the nanos-
tructured network, in good agreement with SEM observation. Fig. 4b
shows the side view of nanostructured Co304 network, where the di-
rectional nanofibers can be seen. The nanofibers are interconnected
with each other forming porous walls, which are made up of small
nanoparticles, as shown in Fig. 4c-d. The average size of the particles is
around 5nm. Smaller particles are favorable for gas sensing applica-
tions due to the increased surface-to-volume ratio as well as the in-
creased number of grain contacts in the conductive sensing path. In
addition, numerous inter-particle pores with diameter of 1-4 nm are
found in the structure during the annealing step for removing the
polymers. Hierarchical porosity, as observed here, is highly desirable as
the pores enhance the response and recovery rates of the sensor during
operation due to enhanced gas permeability. From Fig. 4d, a lattice
spacing of 0.47 nm is observed in the individual nanoparticles, con-
sistent with the (111) plane of the Co30,.

X-ray diffraction (XRD) is conducted to identify the composition and
crystalline phases of the nanostructured Co3;04 network. Fig. 5 shows
the XRD pattern of the as-prepared nanostructured Coz0,4 network. All
the diffraction peaks can be indexed to the spinel structure of Co30y,,
which matches well with JCPDS Card No. 73-1701. No other peaks
corresponding to other materials are observed in the XRD pattern, in-
dicating the complete transformation of Co ions to Co304. X-ray pho-
toelectron spectroscopy is used to further characterize the surface
composition of the hierarchical Co30, structure. Fig. S4 shows the high
resolution XPS scan of Co 2p, and O 1s regions. In the Co 2p region, two
peaks at 779.4 and 794.8 eV are observed, which can be assigned to Co
2ps3,- and Co 2py -, respectively, of the oxidation state of Co304. In Fig.
S4(b), the O1 s peak is located at 530.1 eV, corresponding to the oxygen
species in the Co30,4 phase. The XPS results, in conjunction with other
aforementioned studies, confirm the formation of Co304 with normal
spinel structure.

Formaldehyde (CH»O) is a colorless but toxic chemical that is

Co,0, nanofiber array
* Co,0, (JCPDS no.73-1701)
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Fig. 5. X-ray diffractogram of as-prepared nanostructured Co3z04 network.

commonly used in building materials and to produce many household
products [32]. Materials containing formaldehyde can release for-
maldehyde gas into the air. Formaldehyde is identified as a probable
human carcinogen by U.S. Environmental Protection Agency (EPA), and
exposure to formaldehyde at concentrations as low as 0.1 ppm can
cause nasal and eye irritation, neurological effects, and increased risk of
asthma and/or allergy. Furthermore, high levels of exposure may cause
some types of cancers. The high toxicity makes the accurate detection of
formaldehyde important. For formaldehyde sensing, various metal
oxides have been investigated previously, such as SnO,, NiO, Fe,0O3,
ZnO, and Co304 [11,32-42]. Among these metal oxides, Co304 has
shown great promise for the sensitive detection of formaldehyde due to
its high catalytic activity [15,40-43].

Fig. 4. TEM images of the nanostructured Co304 network with different
magnifications and at different angles (a) top-down view at a low magni-
fication showing the high porous structure; (b) side view at a higher
magnification; (c) high resolution TEM image of the nanofibers showing
the small grain size; Inset: high magnification TEM image showing the
lattice fringes with lattice spacing of 0.47 nm.



H. Long, et al. Sensors & Actuators: B. Chemical 301 (2019) 127067

(@) (b)

10M 1 0.44
" —e— Baseline resistance J | —e—Response to 1 ppm
0.3- °\
1M 4 e
—_ 1
= \ - 02
9 ° o T
c \. o’
100k e ~ 0.1- e
D e o e
(0] \. L \.
12 e /
® 0.04 oe—¢
10k — T e
0 100 200 300 400 500 0 100 200 300 400 500
Temperature (°C) Temperature (°C)
(©) o035 : . : . : n25 E
0.
030. et
. ﬂ {20 &
0.25- =
S 020. £
30.20- 415 §
® 015 O . | o)
8 1 10 ppm (&)
S 0.10 1° g
B YT =
n 1 Y o
® 0.05- 5 ppm o)
14 ! 3 ppm 1° %
0.004 1
] o005ppm 0.1ppm 02ppm 0.5ppm ,E)\m ,—l i =
-0.05 : : . . . : : . . . : =
0 10 20 30 40 50 60
Time (min)
(d) (€) 0.24 —rp (f) —,
120 X "
(]
[}
= 1904 0.22
2 —_
< 804 c
e =
§ 604 o 0:20
s | 2 8
& 401 1 IS
S & R
o ) =1 2 0.18
00 02 04 06 08 10 12 m
0 Formaldehyde Concentration (ppm) ' Formaldehyde
L) o LJ il L) - LJ Ad LJ 0.16

b L) b LJ bl L) hd LJ
0 2 4 6 8 10 12 14 16 30 60 90 100 200 300
Formaldehyde Concentration (ppm) Time (s)
Fig. 6. (a) Baseline resistance of the nanostructured Co304 sensor at different temperatures. (b) Sensor response to 1 ppm formaldehyde at different microheater
temperatures. (c) Real-time resistance change of the sensor to different formaldehyde concentrations at 200 °C. (d) Calculated response versus formaldehyde con-
centrations. (e-f) Typical response and recovery (tgo) to 1 ppm formaldehyde at 200 °C.

The as-prepared nanostructured Coz04 network on microheater diffusion, and reaction rates. Fig. 6(a) shows the baseline resistance of
platform can be directly used as a gas sensor. As shown in Fig. S5, the IV the sensor in air at different temperatures. As can be observed, the
curve is close to linear at room temperature indicating the good contact baseline resistance decreases with the increasing temperature, which is
between the Co304 and electrodes. The sensing performance toward primarily due to the negative temperature coefficient of resistance
formaldehyde is investigated as shown in Fig. 6. It is known that the (TCR) of the semiconducting metal oxide. Fig. 6(b) shows the effect of
sensor operating temperature affects both the response and recovery temperature on the sensor response towards 1ppm formaldehyde.
times due to its simultaneous effects on gas adsorption/desorption, Sensor response is defined as the relative percentage change of
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Fig. 7. (a) Real-time resistance change of the sensor to different hydrogen concentrations at 200 °C. (b) Calculated response versus hydrogen concentrations.

resistance, calculated as
R (%) = (Rg -R.)/R, (@)

where R, and R, are the resistance of the sensor when exposed to target
gas and dry air, respectively.

As can be observed, the sensor response to 1 ppm formaldehyde first
increases with increasing temperature, reaches a maximum at 200 °C,
and then decreases with further increase in temperature. There are two
main oxygen reactions controlling the sensing process which need to be
considered to fully understand the effect of working temperature. These
two reactions include oxygen adsorption reaction (2) and reaction with
formaldehyde (3):

Oz ¢ + 27— > 2(0aq) 2
CH;0+ 2(Ou¢s)~ — > COx+ Hy0 + 2e” (3)

These equations show that the sensing process is based on two
surface-controlled charge transfer reactions, resulting in a change in
sensor element resistance. In ambient environment, there will be che-
misorbed oxygen species on the metal oxide surface. Depending on the
temperature and the surface catalytic activity of the specific metal
oxide, chemisorbed oxygen molecules are subsequently converted to
(02 ads) "5 (Oags)” and (Opaice)~ Species via Reaction (2). In this re-
action, chemisorbed oxygen molecules capture electrons from metal
oxide, resulting in an increase in conductivity for p-type Co304. When
exposed to formaldehyde, the chemisorbed oxygen species react with
formaldehyde via Reaction (3), and release electrons back into Co30y,
leading to an increase in resistance. The elevated temperatures bring
about the following changes: (i) the bonding formed between oxygen
[changing from (O3 a4s) ™ t0 (Oaqs)~ and (Ojatice) 1 and metal oxide is
stronger, resulting in more electrons being trapped via Reaction (2); (ii)
the amount of oxygen adsorbed is reduced due to the enhanced deso-
rption; and (iii) the catalytic activity of Co304 is enhanced as more
thermal energy is provided for Reaction (3). At low temperatures, the
thermal energy provided is not enough to activate Reaction (3), and
thus the response is low and response and recovery are slow. When the
temperature is increased, the thermal energy provided enhances the
reaction rate and the sensor shows increasing response to for-
maldehyde. However, when the temperature increases above 200 °C,
the desorption of the chemisorbed oxygen and formaldehyde is en-
hanced more than the reaction rate, leading to a decrease in response
with an increased response and recovery time constant.

Fig. 6(c) shows a representative real time sensor resistance change
towards different formaldehyde concentrations at 200 °C. When the
sensor is exposed to formaldehyde, sensor resistance increases rapidly

and reaches a plateau. When the gas is removed, the resistance falls
back to its baseline. Both the baseline and sensor response are stable
with low noise, which is due to the good contact formed between the
nanofiber array and Pt/Ti electrodes. The sensor response increases
with the increasing formaldehyde concentration, from 50 ppb to
10 ppm. The lowest concentration considered here, 50 ppb, is well
below the threshold value of 0.1 ppm set by the EPA. As 50 ppb is the
lowest concentration the testing gas delivery system can reliably de-
liver, the calculated detection limit of the sensor to formaldehyde is
40 ppb, corresponding to a signal-to-noise threshold value of 3. The
high sensitivity of the sensor can be ascribed to the unique nanos-
tructure and small grain size of the nanofiber. As shown in Fig. 6(d), at
lower gas concentrations the sensor response increases proportionally
with formaldehyde concentration. No significant saturation is observed
in the tested gas concentration range, suggesting that the sensor is
capable of detecting higher formaldehyde concentrations as well.

In addition to sensitivity, response and recovery times are critical
parameters for gas sensing. For many applications, fast response and
recovery times are highly desirable. Figs. 6e and f show typical sensor
response and recovery to 1 ppm formaldehyde. The response and re-
covery times to reach 90% of the steady-state signals (tyo) are calcu-
lated to be 10 and 21 s, respectively, which are much faster than most
reported metal oxide-based sensors. The improved response and re-
covery time may be attributed to the multiscale porosity, which allows
for fast diffusion to the active sites.

One of the main drawbacks of metal oxide sensors is their generally
poor selectivity. The selectivity of Co304 -based sensor is investigated.
The Co304 sensor also shows good sensing response towards hydrogen
at 200 °C, as shown in Fig. 7. The sensor responds linearly to hydrogen
concentrations ranging from 500 to 20,000 ppm with fast response and
recovery. To reach the same response as formaldehyde, the con-
centration of hydrogen must be significantly higher. Fig. 8 compares
the sensor responses to a variety of common gases at 200 °C. The sensor
shows high response to low concentrations of formaldehyde (1 ppm)
but considerably poorer response to 1 ppm NHj, 1000 ppm CO, and
1000 ppm H,. The observed selectivity may be due to preferential ad-
sorption and reaction of the CH>O molecules at the defect sites on the
Co30, surface. It is well known that the selectivity of metal oxides can
be tuned by changing composition. Considering the flexibility afforded
by the presented fabrication method, the sensing performance can
likely be easily optimized for various gases and different applications,
e.g., by changing or selecting the metal precursor combination. This
exploits the large selection of metal salts available.

The effect of relative humidity on the gas-sensing properties of the
nanostructured Co304 sensor is also investigated. Fig. S6(a) compares
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the sensor response to different formaldehyde concentrations in dry air
and 30% relative humidity. The baseline resistance increases with in-
creasing relative humidity (Fig. S6 (a—c)). Adsorbed water is acting as
an electron donor upon forming hydroxyl groups (—OH™) on the
sensor surface and thus increasing the sensor resistance. It was found
that the sensor response decreases with increase in relative humidity
level at both 200 °C and 400 °C (Fig. S6 (c—d)). In high humidity en-
vironment, water molecules compete with O, at the adsorption sites,
resulting in less surface oxygen species, which negatively affects the
surface reaction between formaldehyde and surface oxygen species,
thus lower sensor response. However, the sensor response is fully re-
stored as the relative humidity level returns to 0% again, indicating the
temporary effect of humidity rather than a permanent “poisoning” ef-
fect.

The sensors fabricated by the above method are highly reproducible
and stable. The responses of the sensors fabricated in the same process
batch (on the same chip) are within 15% of the average. The differences
in responses of sensors from different batches, fabricated with the same
parameters, are within 40% of the average and the sensors also exhibit
good stability. The baseline resistance remains constant (less than 5%
change) during 20 h of continuous operation. The response of the sensor
decreases by less than 15% after 20 days. The stability can likely be
further improved by doping, or by using a combination of different
metal oxides.

3. Conclusion

We have presented a flexible and facile method for the fabrication of
high-performance gas sensors through plasma assisted on-chip synth-
esis of highly porous nanostructured metal oxide network on a low
power microheater platform. The nanofibers created by this method are
porous and interconnected, and hence ideal for gas sensing. Various
metal oxide fibers, such as Co30,4, NiO, and SnO,, have been fabricated
to demonstrate the validity and flexibility of this method. Taking na-
nostructured Cosz0, network as an example material, the resulting
sensor shows high sensitivity and selectivity to formaldehyde with fast
response and recovery. This facile and versatile fabrication strategy
provides a way to produce low power sensors with tunable sensing
performance depending on the choice and composition of metal oxides,
and has the potential for low cost mass production.

Sensors & Actuators: B. Chemical 301 (2019) 127067

4. Experimental section
4.1. Microheater fabrication

The fabrication process and characterization for the silicon carbide
microheater are described in detail in our previous publications [9,10].
Briefly, 130 nm doped polycrystalline cubic 3C-SiC (sheet resistivity of
5700 Q/square) is patterned and encapsulated in 200 nm low-stress
silicon nitride (LSN) film. The sensing electrodes and microheater
contacts are composed of 10 nm titanium and 90 nm platinum. Finally,
the wafers are etched with KOH from the backside to remove the silicon
under the microheaters, leaving only the thin silicon nitride membrane.
The wafer is diced into 3.5 x 3.5 mm? chips, each of which has four
individual microheaters.

4.2. Sensor device fabrication

The aqueous precursor solution is prepared by dissolving metal salts
in a water based PVA solution. First, PVA is added to water under
vigorous stirring for 3 h at room temperature. The solution is then he-
ated to 100 °C and stirred for 5 h to form a clear solution. Subsequently,
metal salts are added to the solution in specific ratio to PVA under
vigorous stirring. The solution is cooled to room temperature and left
overnight to remove bubbles in the solution.

The prepared solution is spin-coated onto the microheater chip at
3000 rpm for 60 s (the metal pads on microheater chip for wire bonding
are covered by tape before spin-coating). By adjusting the spin speed,
the desired fiber length can be controlled. The chip is then baked at
80°C for 10min on a hotplate to evaporate water in the film.
Afterwards, the chip is exposed to oxygen plasma (300 W, 100 sccm) for
300s in a plasma etcher and the nanofiber array is formed. The chip is
subsequently annealed in a tube furnace at 500 °C in air for 2h. The
annealing also can be done using the microheater itself to achieve the
selective growth of nanofibers on microheater site only, followed with a
hot water wash on the rest of the chip to remove polymer nanofibers.

4.3. Materials characterization

The morphology of the samples is characterized using field-emission
scanning electron microscopy (FESEM, JEOL 2100 F), and transmission
electron microscopy (TEM, JEOL 2010). The crystal structure is char-
acterized using X-ray diffraction (XRD; Bruker AXS d8 Discover
GADDS) employing radiation from a Co target (Ka, A=0.179 nm).

4.4. Sensor device testing

The sensor chip is wire-bonded into a 14-pin ceramic package and
then placed within a gas flow chamber with a volume of 1cm?® for
electrical and gas sensing test. The sensor is exposed to various gases,
namely formaldehyde (Praxair, 20 ppm in N5), CO, (Praxair, 2000 ppm
in N,), NH;3 (Praxair, 10 ppm in N5), and hydrogen (Praxair, 5% in N5)
using a LabView-controlled gas delivery system. The total flow rate is
controlled at 300sccm. The electric measurement of the sensor is
conducted by a Keithley 2602 source-meter controlled by Zephyr, an
open-source Java-based instrument and control and measurement
software suite. The sensor measurement is taken by continuously ap-
plying a bias voltage and recording the current, which is used to cal-
culate the resistance, R. All the data including gas flow information,
temperature, humidity, and electric measurement information are col-
lected by Zephyr.
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