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a b s t r a c t

The monitoring and classification of different gases using a single resistive semiconductor sensor are
challenging because of the similar response characteristics. An array of separated sensors can be used as
an electronic nose, but such arrays have a bulky structure and complex fabrication processes. Herein, we
easily fabricated a gas-sensor array based on edge-grown SnO2 nanowires for the real-time monitoring
and classification of multiple gases. The array comprised four sensors and was designed on a glass
substrate. SnO2 nanowires were grown on-chip from the edge of electrodes, made contact together, and
acted as sensing elements. This method was advantageous over the post-synthesis technique because the
SnO2 nanowires were directly grown from the edge of the electrodes rather than on the surface.
Accordingly, damage to the electrode was avoided by alloying Sn with Pt at a high growth temperature.
The sensing characteristics of the sensor array were further examined for different gases, including
methanol, isopropanol, ethanol, ammonia, hydrogen sulphide and hydrogen. Radar plots were used to
improve the selective detection of different gases and enable effective classification.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The monitoring and classification of different gases are very
important in various applications, including air quality moni-
toring, the food industry, and disease diagnosis (lung cancer,
gastric cancer, asthma and chronic obstructive pulmonary dis-
ease) [1]. Conventionally, different gases can be classified through
chromatographyemass spectrometry, but this technique is slow,
bulky, and expensive [2]. Thus, simple, fast and real-time moni-
toring and classification of various gases using a single device is
desirable [3]. A single device gas sensor is generally designed to
monitor a specific gas, but in practical application, it is always
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contaminated by interference [4]. The enhancement of the
selectivity of a metal-oxide gas sensor [5] for application in
monitoring a specific gas is challenging, because the behaviour of
some reducing gases is similar when they adsorb on the surface of
the sensing materials [6]. However, the selectivity, sensitivity, and
speed of response and recovery of chemical sensors depend on the
thermodynamics and kinetics of sensitive material/analyte in-
teractions [7]. Therefore, selectivity toward an analyte such as gas
can be enhanced by creating specific sensitive layers with novel
metal decoration [8]. However, this process is limited to the
detection of a specific gas. Sensor arrays have been developed for
environmental monitoring, medicine and the food industry,
because they can act as an electronic nose [9]. In principle, an
array of sensors can be assembled from separately fabricated
sensors made of different materials, but its structure is bulky and
complex [10]. For example, Hwang et al. [11] used an array of
resistive sensors based on enriched single-walled carbon nano-
tubes for the detection of tetrahydrocannabinol. Wang et al. [12]
used molecularly modified Si nanowire field effect transistors in
National University, Hanoi. This is an open access article under the CC BY license
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Fig. 1. Simulated image of heat distribution at the sensor centre region at the applied
power of 165 mW (a); and the optical image of the fabricated sensor chip at the
magnification of 100 with the inset of a whole chip (b).
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combination with artificial sensing intelligence for the highly
selective detection and identification of volatile organic com-
pounds (VOCs). Multisensor systems are generally a combination
of individual sensors [13e15]; they overcome some limitations,
such as large size, high power consumption, and high cost [16].
Most of the recently reported electronic nose systems still use
such a solution, with arrays of separate gas sensors mounted on a
bulky carrier. This approach requires synthesis of separate, highly
selective sensors, one for each analyte [17], which are then
assembled into an array of sensors [10]. However, increasing the
number of sensors to increase selectivity also increases the power
consumption [18]. A single-chip sensor array is desirable for
microsystem integration [19]. Two multisensor structures are
suitable for integration, such as sensors that utilizes different gas-
sensitive materials (or changing catalyst materials)) [20e22] and
multisensor systems that use the same sensing material inside a
working temperature gradient [23,24]. The use of different gas-
sensitive materials on a chip in an array of sensors faces diffi-
culties in the integration/deposition of sensing layers on the tiny
chip; thus, the use of one sensing material has been reported
[25,26], where a sensor was tested at different temperatures, and
the sensing data were collected for gas analysis. In this report, a
temperature gradient from 200 �C to 400 �C with an interval of
50 �C was realized using a programmable horizontal tube furnace
as the test chamber. Multiple gases can be classified using mul-
tiple sensing channels, where each channel responds to several
analytes [17,27]. A gradient microarray electronic nose based on
percolating SnO2 nanowires was developed for the classification
of various gases by using the post-synthesis technique, where the
nanowires were grown, collected, dispersed in solution and then
spin-coated on the substrate before patterned deposition of the
electrodes [28]. Another gradient microarray chip with di-
mensions of 3.5 mm � 3 mm was used as an alumina substrate
material with an integrated heater on the back side. The gradient
microarray was based on a single Pt-doped SnO2 film subdivided
into 16 gas sensor segments, which were coated by a gas
permeable SiO2-gradient membrane [29]. In these reports, the
post-synthesis technique was applied, thus requiring a complex
fabrication process. The development of an effective sensor array
for the identification of different gases is difficult. Such a sensor
array should be compact, easy to fabricate and of good sensing
characteristics (fingerprint) for gas classification.

In this paper, the design, fabrication and testing of a single-chip
sensor array is reported, based on a temperature gradient effect.
The chip includes four sensors, each composed of SnO2 nanowires
grown from the edge of the Cr/Pt/Au/Pt/ITO (from bottom to top)
thin film electrodes. The edge-grown nanowires are very homog-
enous and stable, without the damage of Pt metal by tin vapour
during the thermal growth process. By simulation, we could design
the sensor array with a temperature gradient that provides each
sensor with different sensing signals to the same gas., We have also
utilized radar plots to identify several gases in order to study the
gas classification ability.

2. Experimental

2.1. Fabrication of microheater and electrodes

The design and simulation of the sensor array chip are shown in
Fig. 1(a). The sensor array is composed of a microheater and four
sensors. The fabricated sensor chip has six electrode pads, including
two for the microheater and four for the sensors. Before fabricating,
heat distribution was simulated on the designed structures using
the software COMSOL Multiphysics to find the most suitable one.
The heater and the sensor electrodes were made as sandwich
structures of thin films from different layers of conducting material
with thickness in the nanometre scale. To ease the meshing and
computing step, we modelled the heater and the electrodes as
single-layer elements of Pt with a thickness of 100 nm and resis-
tance equivalent to the sandwich structures. Notably, the re-
sistivities of the thin films in this simulation were set to room
temperature, although they were subject to change with temper-
ature. Nevertheless, results from the simulation are useful for the
determination of the microheater dimensions and could not be
changed in practice. The heat distribution of the sensor chip under
an applied power of 165 mW is shown in Fig. 1(a). The microheater
and electrodes were patterned using conventional photolithog-
raphy, sputter deposition and lifteoff processes [30]. Five layers,
namely Cr (10 nm), Pt (30 nm), Au (10 nm), Pt (50 nm) and ITO
(20 nm), were sputter deposited on a fused silica substrate (which
had an annealing point of 1200 �C) to provide the thin film with a
sandwich structure from the bottom to the top.

2.2. Growth of SnO2 nanowires through chemical vapor deposition
method

After electrode fabrication, the sensor chip was loaded in a
chemical vapor deposition (CVD) system for the growth of SnO2
nanowires, as reported in [30]. In a typical procedure, 0.3 g Sn
powder was loaded in an alumina boat. The sensor chip was then
placed upside down on the top of the alumina boat. The boat with
the sensor chip was positioned at the centre of a CVD tube furnace
for nanowire growth. After flushing with Ar gas to clean the tube
and vacuum pumping down to 1.5 � 10�1 mTorr, the furnace
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temperature was increased to the reaction temperature of 750 �C
for a period of 20 min. An O2 gas flow of 0.5 sccm was then intro-
duced into the tube during the 20 min reaction. Finally, the furnace
was naturally cooled down to room temperature. As seen in the
thin film sandwich structure, the ITO layer on the top prevented the
SnO2 nanowires from growing on the other surface of the Pt layer.
The Au catalyst layer within the sandwich promoted the SnO2
nanowires due to the vapoureliquidesolid (VLS) growth mecha-
nism. Thus, the ITO and Au layers positions forced the SnO2 nano-
wires to grow from the sandwich structure. The synthesized
materials were studied by field emission scanning microscopy
(SEM, JEOL 7600F) and high resolution transmission electron mi-
croscopy (HRTEM, JEM2100). Fig. 1(b) shows the centre part of a
fabricated sensor chip.

2.3. Sensor characterization

Fig. 2 shows the measurement setup with all in-house devel-
oped systems with the exception of the ArduinoMega 2560 board,
which is based on an ATMega 2560 chip. In most studies, the
sensing elements (or sensors) are located in the vicinity of the
microheater, and two electrodes are needed for the resistance
measurement of each sensor [31]. Therefore, sensor heating oc-
curs indirectly, and the heat transfer depends on the distance
between the microheater and the sensing elements, the thermal
conductivity of the substrate, and the conditions for thermal
convection and irradiation. This work used a design to circumvent
these problems. Here, the sensors are bridging the microheater
and their electrodes, enabling direct heating of the sensor, and
thus saving power consumption. Each sensor needs only one
electrode of its own, with the second one serving as the source
pad of the microheater. Fig. 2(a) shows that the design is much
Fig. 2. Electronic connection of sensor chip (a); electronic cir
simpler than the above-mentioned design, considering that a
voltage can be applied to the sensor heater at the same time as its
resistance is registered. The sensor chip was mounted on a printed
circuit board (PCB) for easy handling. A programmable voltage
source was connected to the microheater to power the sensor.
Each sensor (S1, S2, S3 and S4) was connected in series with a
digital resistor (100 kU). The output signals from sensors S1, S2, S3
and S4 are V1, V2, V3 and V4, respectively. The dynamic voltage
changes from the four sensors are collected by the data acquisition
system and used to calculate the sensor responses. To increase the
accuracy of the signals, we equipped the acquisition system with
an external ultra-small and low-power Analog-to-Digital con-
verter (ADS1115, Texas Instruments), which provided 16-bit pre-
cision with a sampling rate of 860 samples/s over the inter-
integrated circuit (I2C) interface. The entire system (Arduino
module, external ADCs and PC) and the signal processing were
controlled by an in-house developed software in Labview Envi-
ronment (National Instruments). Fig. 2(b) and (c) show the photos
of the main board and the user interface of the software for data
acquisition.

During gas-sensing measurements, the voltage drop across
the series resistors was measured continuously, while the at-
mosphere (in the plastic box, Fig. 2(b)) was switched back and
forth from air to target gas. In this study, the test gases were
ethanol, methanol, acetone, isopropyl alcohol (IPA), hydrogen
and ammonia. By using this setup and the developed software,
signals from the four sensors S1, S2, S3 and S4 could be measured
simultaneously for gas ON duration of 150 s and gas OFF duration
of 250 s. The sensor response was defined as V/Vair, where V and
Vair were the voltage drop measured across the reference resistor
in target gas ambient and in air (which was considered as the
background signal).
cuit board (b); and PC software (c) for data acquisition.
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3. Results and discussion

Fig. 3 shows a collage of pictures of the experimental results.
Fig. 3(a) shows a sensor chip and a boardmade from a PCB laminate
for mounting and protection of the sensor chip. The sensor was
mounted on the board using conductive glue. Thus, the analytical
gases come into contact with the sensors through the hole in the
board. Fig. 3(b) shows the thermal distribution on the sensor chip
captured by an infrared camera (FLIR, ThermoVision A40), where
the power consumed by the microheater was 165 mW, confirming
that the maximum temperature was 450 �C. The temperatures of
sensors S1, S2, S3 and S4 were approximately 450, 325, 250 and
210 �C, respectively, covering the desired working temperatures for
Fig. 3. Picture of the sensor chip and its mounting board (a); IR emission image at applied
sensor; TEM and HRTEM images (e, f); STEM image (g); and EDS mapping of SnO2 nanowi
this experiment. The SEM image of the sensor chip shown in
Fig. 3(c) displays the microheater, sensor electrodes and SnO2
nanowires at the edges. The gaps between sensor electrodes and
heater were approximately 10 mm. The SEM image at high magni-
fication in Fig. 3(d) shows that the nanowires make a relatively
dense but highly porous mat of entangled nanowires. The porosity
is important to allow the quick diffusion of analytic gases to the
sensing nanowires [32]. Very long SnO2 nanowires were obtained,
with sizes reaching hundreds of micrometres, which bridged the
gap between the electrodes and the microheater. During CVD
growth, Au acted as a catalyst for the VLS growth mechanism.
Considering that the Au catalyst layer was sandwiched between
two Pt layers, only the edges of the Au layer were exposed to Sn
power of 165 mW (b); low and high magnification SEM image (c, d) of the fabricated
res (h, i).



Fig. 4. Transient response of sensor array to different gases at power supply of 165 mW: ethanol (a), methanol (b), IPA (c), H2 (d), NH3 (e) and H2S (f). Note: Red, yellow, brown and
grey lines represent the sensing characteristics of sensor S1, S2, S3 and S4, respectively.
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vapour and promoted the growth of SnO2 nanowire. The gap be-
tween the two electrodes is important for determining the diam-
eter of the on-chip nanowire growth and, thus, the sensor's
sensitivity. Upon initial growth, the diameter of the nanowires was
very large, but it subsequently decreased [30]. Thus, the afore-
mentioned gaps should be sufficiently large to achieve the small
nanowires desired before they make contact with one another. As
shown in the SEM image in Fig. 3(d) and in the TEM image in
Fig. 3(e), homogenous nanowires with an ultrafine diameter of
approximately 50 nm could be obtained after prolonging of growth
time. The nanowires have a very smooth and clean surface, as is the
nature of single-crystal nanowire. Highly crystalline nanowires
were used to ensure the good stability of the sensor.

The HRTEM image of a nanowire is shown in Fig. 3(f), displaying
clear lattice fringes with a gap of 0.32 nm, corresponding to the
interspace of the (110) planes of tetragonal SnO2. The inset of
Fig. 3(f) shows the fast Fourier transform (FFT) of the corresponding
HRTEM, confirming the high crystallinity of the synthesized SnO2
nanowires. Fig. 3(g) shows the STEM image of the sample used for
EDS mapping. The composition and distribution of elements in the
sample were characterized by EDS mapping, as shown in Fig. 3(h)
and (i). Oxygen and tin atoms were homogenously distributed all
over the SnO2 nanowires.

The gas sensing characteristics of the fabricated sensor array
were tested against ethanol, methanol, IPA, H2, NH3 and H2S at
different concentrations, at an applied power of 165 mW. The
transient response versus time of sensors S1, S2, S3 and S4 were
continuously recorded, as shown in Fig. 4. The ethanol sensing
characteristics shown in Fig. 4(a) confirm that the sensor S1 has the
highest response value, followed by S2, S3 and S4, because of the
decrease in temperature from sensor S1 to S4. The sensors showed
a similar trend in response when tested against the other reducing
gases, as shown in Fig. 4(b)e(f). Considering that the sensor array
used one sensing material, SnO2, the temperature gradient from
sensors S1 to S4 could result in different sensing characteristics for
different gases. Three factors determine the sensing characteristics



Fig. 5. Response plot of sensor array to different gases at a supplied power of 165 mW: ethanol (a), methanol (b), IPA (c), H2 (d), NH3 (e) and H2S (f).

Table 1
Response and recovery times of sensor array to ethanol gas.

Ethanol Response time (s) Recovery time (s)

S1 S2 S3 S4 S1 S2 S3 S4

25 ppm 15 18 98 130 41 48 91 105
125 ppm 9 17 96 125 58 62 107 128
600 ppm 5 11 80 110 82 93 123 164
1500 ppm 3 6 52 100 101 112 135 213

Table 2
Response and recovery times of sensor array to 600 ppm ethanol, 375 ppm meth-
anol, 500 ppm IPA, 400 ppm H2, 400 ppm NH3 and 4 ppm H2S.

Gas Response time (s) Recovery time (s)

S1 S2 S3 S4 S1 S2 S3 S4

600 ppm Ethanol 5 11 80 110 82 70 123 164
375 ppm Methanol 4 29 96 118 57 82 156 191
500 ppm IPA 3 39 103 116 53 63 145 184
400 ppm H2 9 11 29 35 91 72 108 113
400 ppm NH3 14 24 36 43 150 180 197 225
4 ppm H2S 17 30 81 107 95 116 164 187
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of the sensor array, namely, response values, response speeds, and
trends (rates) in the variation of response with temperatures and
various gases. Sensor S1 had the highest response values of 6.1,
8.56, 10.1 and 11.6 for 25, 125, 600 and 1500 ppm ethanol,
respectively. However, sensor S4 had very low response values of
1.45, 1.59, 1.69 and 1.8 for 25, 125, 600 and 1500 ppm ethanol,
respectively. A similar trend was found for other gases, such as
methanol, IPA, H2, NH3 and H2S.

Fig. 5 shows the plots of the sensor response against different
test gases at four different concentrations versus their operation
temperatures (in the form of sensor S1eS4 in the field of temper-
ature gradient). The decreasing trends are clearly similar, regardless
of the test gas. However, the reduction in rate of response differs for
each gas. The response values to 25 ppm ethanol were 6.1, 1.9, 1.49
and 1.45 for sensors S1, S2, S3 and S4, respectively. The reduction in
rate of response to VOC gases from sensor S1 to sensor S4 is faster
than that to H2, NH3 and H2S. For a given sensor, the response
values to different gases also differs, thereby enabling the use of
such data for gas classification.

In addition to the response values, the response speeds are also
important in gas sensor application. Table 1 shows the response
and recovery times of different sensors for ethanol. For a given
ethanol concentration, the response and recovery times increases
from sensor S1 to sensor S4. This was also a result of the temper-
ature gradient in the sensor array. Sensor S1 has the fastest
response times of 15, 9, 5 and 3 s for 25, 125, 600 and 1500 ppm
ethanol, respectively. In contrast to response time, the recovery
time of sensor S1 increases from 41 to 101 with an increment of
ethanol concentration from 5 ppm to 1500 ppm. Sensor S1 gave the
best performance to ethanol, with the highest response value and
the fastest response and recovery times.
Table 2 shows the response and recovery times of different
sensors for 600 ppm ethanol, 375 ppm methanol, 500 ppm IPA,
400 ppm H2, 400 ppm NH3 and 4 ppm H2S. Sensor S1 showed the
fastest response and recovery time to almost all gases tested, fol-
lowed by sensors S2, S3 and S4. For sensor S1, the fastest response
time was 3 se500 ppm IPA, and the slowest response time was 17 s
to 4 ppm H2S. This result revealed that for a given working tem-
perature, the response speeds of SnO2 nanowires are different for



Fig. 6. Classification of various gases (methanol, IPA, ethanol, NH3, H2S and H2) by using radar plots from a single device.
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each gas. For the recovery time, sensor S1 showed the shortest time
of 53 se500 ppm IPA and the longest time of 150 se400 ppm NH3.

For vision classification of different gases, we presented the four
sensor responses to 375 ppm Methanol, 500 ppm IPA, 600 ppm
Ethanol, 400 ppm NH3, 400 ppm H2 and 4 ppm H2S in radar plots.
The results are shown in Fig. 6 with the sensors (S1, S2, S3 and S4)
as the four dimensions and the gas response as the amplitude. It can
be seen that the shape and size of plots differed for each gas,
especially for VOC (ethanol, IPA andmethanol), NH3 and H2S. While
the plot area was proportional to the gas concentration, its shape
seemed typical for each gas. Notably, each radar plot contains four
directions instead of only one if using single resistive sensor output.
For more detail, we could see the similar shapes of methanol, iso-
propanol and ethanol responses. This would come from the alcohol
functional group of the three gases. A stronger classification, such
as Principle Component Analysis (PCA) or Support Vector Machine
(SVM) PCA or SVM, would bring a better result in this case. With
this simple vision expression, it was possible to recognise NH3, H2S
and H2 gases from the alcohol group by the human eye. Hence, the
variation in working temperature in sensors S1eS4 is sufficient to
classify methanol, IPA, ethanol, NH3, H2S and H2 gases with an in-
tegrated single-material chip.
4. Conclusion

We introduced an effective design and simple fabrication of an
edge-grown SnO2 nanowire-based sensor array for the real-time
monitoring and classification of multiple gases. The microheater
and electrodes were fabricated simultaneously in the same
lithography, sputter deposition and lifteoff processes. The sand-
wich of thin films of Cr/Pt/Au/Pt/ITO (bottom to top) was used to
pattern the chip on a fused silica substrate, and was capable of
forcing SnO2 to grow from the edges of the microheater and the
electrodes. The sensor array was investigated for sensing perfor-
mance and classification of six different gases (methanol, IPA,
ethanol, NH3, H2S and H2). A temperature gradient, evaluated from
210 �C to 450 �C, was realized using a microheater with varying
resistance along its length to allow the directly-heated sensors to
work at different temperatures. The edge-grown nanowire sensor
array of single sensing material operated well as effective multiple
sensors.
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