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Abstract:

Classification of different gases is important and it is possible to use different gas sensors for this
purpose. Electronic noses, for example, combine separated gas sensors into an array for detecting
different gases. However, the use of separated sensors in an array suffers from being bulky, high
energy consumption and complex fabrication processes. Generally, gas sensing properties,
including gas selectivity, of semiconductor gas sensors are strongly dependent on their working
temperature. It is therefore feasible to use a single device composed of identical sensors arranged
in a temperature gradient for classification of multiple gases. Herein, we introduce a design for
simple fabrication of gas sensor array based on bilayer Pt/SnO; for real-time monitoring and
classification of multiple gases. The study includes design simulation of the sensor array to find
an effective gradient temperature, fabrication of the sensors and test of their performance. The
array, composed of five sensors, was fabricated on a glass substrate without the need of backside
etching to reduce heat loss. A SnO: thin film sensitized with Pt on top deposited by sputtering
was used as sensing material. The sensor array was tested against different gases including
ethanol, methanol, isopropanol, acetone, ammonia, and hydrogen. Radar plots and principal
component analysis were used to visualize the distinction of the tested gases and to enable
effective classification.

Keywords: design of sensor array; electronic nose; gradient temperature; gas classification
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1. Introduction

Gas sensors have many applications, including air pollution monitoring, gas leakage detection,
industrial process optimization and control, and breath analysis [1,2] [3-5]. Resistive metal oxide
semiconductor gas sensors have the advantages of being small size, low cost, portability and
robustness [1,2]. For example, it was reported that a metal oxide-based gas sensor with
extremely low power consumption could be connected to the "Internet of Things" with a tiny
chip for disease diagnosis and patient monitoring [6]. However, a single gas sensor device is not
capable to selectively recognize different gases in a mixture [1,2] [7]. Electronic noses and/or
multiple sensors are important in practical applications, such as food and beverage industry,
agriculture and forestry, medicine and healthcare, indoor and outdoor monitoring, military and
civilian security [8] [9]. An electronic nose employing 14 conducting polymers based on
polyaniline was used to diagnose tuberculosis, where the specificity of the described method was
91% [10]. Zhang et al. [11] used an array of four separated sensors for detection of acetone,
benzene, methanol and formaldehyde. Chen et al. [12] used an array of gas sensors together with
algorithms employed in artificial olfactory systems to explore their potential applications in
disease diagnosis, environmental monitoring and explosive detection. Guntner et al. [13] used an
array of four sensors composed of nanostructured sensing films of highly porous SnO> doped
with Pt, Si, Pd, and Ti, for quantification of breath-relevant formaldehyde levels. Zhang et al.
[14] used an array of six commercial sensors and an artificial neural network for detection of
mixed indoor hazardous gases. An array of commercial sensors is bulky and consumes much
energy [15] [16]. It is well-known that metal oxide gas sensors exhibit different trends in
response to various gases at different temperatures depending on the sensing material [17] [18].

Barsan et al. reported that SnO> based sensor showed different trends in response to various
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gases at different temperatures with an interval of 50 °C. Based on the working principle of the
sensors in temperature gradient, several works have been reported on fabrication of electronic
noses using a single sensing material [20]. Tonezzer et al. [21] reported the possibility of using
response values at different temperatures from a sensor based on Pt-SnO2 nanowires, to classify
benzene, acetone, hydrogen, toluene, and ethanol via machine learning techniques. Another
electronic nose that used a single material (SnO2 nanowires) decorated with different metallic
nanoparticles was reported as an effective device for classification of three reducing gases (H,
CO, and ethylene) [22]. Yet another electronic nose based on ZnO nanowires, ZnO-ZnAl;04
core—shell nanowires and ZnO-Zn;TiO4 core-shell nanowires operated under UV illumination
was reported that it could discriminate CO, Oz, NO2, and Oz gases [23]. An array of sensors
based on a single SnO2 nanobelt decorated with Pd nanoparticles could classify ethanol,
isopropyl alcohol, toluene and CO [20] using back-side microheaters to create a temperature
gradient for the different sensors. The use of the back-side microheaters required complex
fabrication processes [26,27] and therefore was not cost effective for the application [24].
Temperature gradient method was known to be simple and cost effective since a single device
composed of an array of sensors with the same sensing material could be used for classification
of different gases in a gas mixture [25]. Sysoev et al. used two microheaters to obtain a
temperature gradient span of 80 K (from 520-600 K) across the chip [25]. However, the small
temperature increments between the electrodes, together with the inhomogeneous distribution of
the SnO> nanowire as sensing material between them, limited the sensor application. Generally,
for practical applications, designs of sensor arrays with simple fabrication processes and

effective temperature gradient is practically important [28].
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Here, a sensor array based on a bilayer Pt/SnO; thin film with effective temperature gradient in

the range of 200 to 400 °C is introduced for gas classification. The design of the sensor was

iteratively simulated and the fabrication was performed using conventional photolithography thin

film deposition and lift-off. Fhe-sensor-array-within-the-temperature-gradient-enables-the-device

2. Experimental
2.1 Design of sensor array

To design the sensor array with effective temperature gradient the COMSOL Multiphysics 5.4
software (COMSOL Inc., Burlington, MA, USA) was used to simulate the thermal distribution.
The design is shown in Figure 1(A), which includes five sensors denoted as S1, S2, S3, S4 and
S5. The sensor chip was fabricated on a glass substrate with dimensions of 6x6 mm? and
thickness of 0.5 mm. The microheater segments were of the same length but different widths,
with heat sinks of the same dimensions in between. In simulation, constrains for Joule heating,
thermal radiation and heat transfer in solid were applied. The variables were temperature (T) and
resistance (R) or voltage (V). The dependency of a microheater resistance on the temperature can

be expressed as:

_ PL
R == (1.2)
l-g=—2 _ (1.2)
p 1+a(T-Ty)

Where p is the resistivity of the material, o is the conductivity of the material, L, w and t are the
length, width and thickness of the microheater, respectively, o is the coefficient of heat
resistance, po is the electrical resistivity at To. The mathematical model for the heat transfer is

expressed by the equation:
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where ¢ is density of the microheater material, C, is its specific heat, k is its coefficient of
thermal conductivity and Q is the heat generated by the electric current flowing through the
resistive heater. Q is proportional to the square of the current density J, and is called Joule

heating:

Qe |J12=pl/IP==1/I2 (1.4)

or
Q=oc |[VV[? (1.5)
where o is the conductivity of the microheater and V is the applied voltage.

The power consumption of the microheater is calculated by the equation

p=Y (1.6)

R

The input parameters for the simulation are summarized in Table 1, where Pt was used as
material of the microheater. By changing the widths of the microheater segments iteratively
design of a sensor array with temperature gradient from 200 °C to 400 °C with an increment of
about 50 °C for each sensor was obtained, as shown in Figure 1(B). The simulated sensor

configuration and microheater dimensions were then used for the fabrication of the real device.

Table 1. Physical parameters of Pt microheater for simulation

Heat
capacity

Coefficient
of thermal

heater Conductivity

Dielectric Specific Coefficient

Thermal | Modul

6



constant expansion | constant | weight | conductivity [ Young Poisson
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Figure 1. (A) Design and (B) simulation result of heat distribution of the five sensors

2.2 Fabrication of the sensor array

The sensor array fabrication process using conventional photolithography are shown in Figure 2.

The steps for making the microheater and the electrodes include (1) spin coating of photoresist,

(2) UV light exposure and development and (3) deposition of Pt/Cr and (4) lift-off. The steps of

depositing sensing material include (5) to (8), which need no explanation. The thin film of the

sensing material SnO> with a thickness of 50 nm was reactively sputtered from a Sn target in a

7
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Ar/Oz gas mixture environment [29]. A thin layer of Pt with a thickness of 2 nm was then
deposited in the same sputtering system, but in only Ar environment. The base pressure and that
during the sputtering were 10 and 107 torr, respectively. The sputtering power was fixed at 30
W for deposition of both SnO, and Pt. The thicknesses of SnO, and Pt were optimized to

maximize the sensor response, as reported in [30].

I substrate I Photoresist

) UV light
M sio, Pt AARRERRERERRRRRAL)
Mcr Sno,

o I ©
H#HU#\w?thHHH
g kB
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Figure 2. Process steps for fabrication of the sensor array

2.3 Sensor characterization

For easy and safe handling of the sensor chip a special PCB for mounting it was fabricated. The
PCB with the sensor chip then was connected to an electrical characterization system. The
transient output voltage from each sensor was measured on a reference resistor (Rref.i) connected
in series with the sensor using a home-made data acquisition system (Figure S1, Supplementary).
Details about the data acquisition system can be found in [31]. By applying a voltage on the

8
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microheater, the power consumed by the sensor array could be calculated as P=V?/R, where V is
the applied voltage and R is the resistance of the microheater. For the thermal test, powers of 30,
50, and 80 mW were applied and temperatures from each sensor were measured using an IR
microscope (Thermovision A40, Flir system, USA), as shown in Figure 3. For the gas-sensing
characterization, the atmosphere was switched from air to analytic gas and back to air while the
output voltages from the five sensors were recorded by the data acquisition system and used to
calculate the sensor responses. The sensor response of each sensor was defined as S=Vgas/Vair,
where Vgas and Vair Were the voltage drop across its reference resistor in analytic gas and in air,
respectively. Six gases were tested in the present study, namely ammonia, hydrogen, methanol,

acetone, ethanol, and isopropanol (IPA).
3. Results and discussion

Optical microscopy photos of the fabricated sensor array are shown in Figure 3(A) and (B). The
inset in Figure 3(A) is a photo of two sensor chips compared with the tip of a ballpoint pen. The
size of the sensor chip is 5x5 mm?2. Figure 3(B) shows the center part of a fabricated sensor chip.
The five sensors were marked as S1, S2, S3, S4 and S5, consecutively. The inset in Figure 3(B)
shows the sensing material of one sensor, with the size of approximately 6x15 um. A SEM
image of the Pt/SnO- thin film is shown in Figure 3(C). The thin film surface includes many
grains smaller than 20 nm, which are not present on the very smooth surface of the bare SnO-
thin film (inset in Figure 3(C)). Thus, the grains can be attributed to the aggregation of the thin Pt
film formed during the thermal treatment. The cross-section SEM image of the Pt/SnO; thin film
confirms its thickness of about 150 nm (Figure 3(D)). In this study, the thickness Pt is only about
2 nm, therefor it is difficult to distinguish the interface between the two layers in the cross-

section SEM image. Nevertheless, XRD pattern of the Pt/SnO: thin film (Figure 3(E)) shows the
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typical diffraction peaks of tetragonal SnO2 (JCPDS No. 41-1445) and cubic Pt (JCPDS No. 65-
2868) [32]. The decoration with metallic Pt on the surface of the SnO> thin film is very important
for enhancing the gas sensing properties, for example toward hydrogen [33]. Notably, the
intensity of the Pt peaks is relatively high because the Pt layer was deposited on top of the SnO>
thin film. The SnO. diffraction peaks are very broad, indicating the nanocrystallinity of the
fabricated thin film [34]. The average crystal size calculated by Scherrer equation using the (110)
peak of SnO; is about 12 nm. The crystal size of SnO- is about twice its Debye length (~3.36
nm) at operation temperature of about 250 °C, ensuring the high gas responsivity [35].
Compared with the SnO- thin film sensor sensitized with microsized Pd islands in [34], the
bilayer Pt/SnO- thin film has the advantage that it avoids the use of one mask in the fabrication
process. EDS analysis of the Pt/SnO- thin film shown in Figure 3(F) confirms the presence of O,
Sn, Pt elements. The peak of Si element in the EDS analysis comes from the silicon substrate.
The elemental composition of different elements is 54.16, 44.60, 0.92 and 0.32 atom% for O, Si,
Sn, and Pt, respectively. Since the content of Si and O comes from the substrate, the Pt/SnO; thin

film composition estimated by EDS analysis is not expected to be quantitatively accurate.
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Figure 3. (A) Optical microscopy image of the sensor chip. The inset shows two chips compared
with the tip of a ballpoint pen; (B) Optical microscopy image of the center part of the chip; (C)
Top-view SEM image of the Pt-decorated SnO> thin film. The inset shows a top-view SEM of
the bare SnO> film; (D) SEM image of the cross-section of the 150 nm SnO and 2 nm Pt; (E)

XRD pattern of the Pt/SnO. thin film; and (D) EDS analysis of the Pt/SnOz thin film.

11



10

11

12

13

14

15

16

17

18

The Pt/SnO> thin film was further studied by XPS analysis, as shown in Figure 4. The survey
scan of the thin film shown in Figure 4(A) reveals the presence of Sn, O, C and Pt, which is in
consistency with the XPS database of SnO; and Pt. The atomic composition of the sample
calculated form the XPS data is 42.4, 26.8, 23.2, 5.2 and 2.5% for O, Sn, C, Pt and N,
respectively. An atomic ratio of [0]/[Sn]=1.58 is obtained, which confirms that the deposited
SnO; is nonstoichiometric. The C1s peak of contamination carbon at 284.8 eV is used as the
reference for other XPS peaks. Figure 4(B) is a high resolution scan of the Sn3d, which shows
two peaks at 495.04 and 486.6 eV, attributed to the binding energies of Sn3ds;, and Sn3dsy,
respectively. The binding energies of Sn3ds, and Sn3ds> peaks here are in consistency with
those of Sn** species, confirming the formation of SnO; in the thin film. The difference of the
two binding energy peaks of Sn3ds. and Sn3ds; is 8.44 eV, in agreement with the reported
literature, confirming the oxidation state of Sn(IV) [36]. The core-levels of Pt4f were also
studied by high resolution XPS scan as shown in Figure 4(C). The two peaks with binding
energies of 71.24 and 74.56 eV are attributed to Pt4f;, and Pt4fs; of Pt°, respectively [37,38].
The results confirm that the Pt deposited on the surface of the SnO, thin film is in metallic and
not oxide form. The presence of metallic Pt is desired for enhancement of the gas sensing

performance due to the higher catalytic activity compared with the Pt oxide forms [36].

12
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Before testing the gas sensing performance of the sensor array, the temperature gradients from
the micro heater at different applied powers was tested. As shown in Figure 5(A), (B) and (C),
the infrared microscopy photos of the chip at applied powers of 30, 50, and 80 mW display the
actual temperature gradients with interval of about 50 °C. Notably, in the metal oxide
semiconductor based gas sensor, the device exhibits clearly different response trends with step of
temperature gradient of about 50 °C [19]. The temperature plots of the S1-S5 sensors at applied
powers of 30, 50 and 80 mW shown in Figure 5(D) document the actual temperature gradient
from 69 to 398 °C. The results suggest that by using a single chip with five sensors and three
applied powers, 15 data series of sensing signals in a single measurement can be generated. Of
course the number of sensors and their simultaneous signals can be higher, as reported in the
literature, for example ten sensors were used in a measurement system to classify gases via deep
machine learning [39]. Here, the applied power is limited to 80 mW to prevent damage of the
sensor and ensure its durability. As shown in Figure S2 (Supplementary), when a total power of
90 mW is applied for 15 minutes, the S5 sensor heater is broken, making the whole sensor array
unusable since the microheater segments are arranged in series. With the highest applied power
of 80 mW, the temperatures of sensors S1, S2, S3, S4 and S5 are 190, 241, 293, 345 and 398 °C,
respectively. The resulting temperature gradient is appropriate to make the five sensors behaving

differently, as discussed latter.
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Figure 5. IR images at (A) P = 30 mW; (B) P = 50 mW; (C) P = 80 mW; and (D) temperatures

of the five sensors at different powers

To evaluate the sensing performance of the sensor array, the response characteristics of the five
sensors to hydrogen at a power of 80 mW were first tested. Figure 6(A) shows the transient
response-recovery characteristics when periodically exposing the sensors to different H»
concentrations from 25 to 250 ppm. The response values S of all sensors increased significantly
with the increase of the H> concentration. The increase of the responses against H» gas confirms
that the Pt/SnO; thin film has the n-type semiconducting characteristics [40]. For all five sensors,
the responses increase with the increase of H> gas concentrations over the measured range,

indicating the non-saturation of the sensor and thus capability of effective application in
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monitoring Hz at wide range concentration. It is clear that at each H, concentration, the response
and recovery characteristics improved from sensor S1 to sensor S5. This can be explained by the
temperature increase from sensor S1 to sensor S5, accordingly. The responses of the five sensors
to various H» concentrations are shown in Figure 6(B). The sensor S2 has the highest response
value to H. at all concentrations when applying the power of 80 mW, suggesting that the
temperature of this sensor, of around 241°C, is the optimal working temperature. The response
values of this sensor were 2.1, 3.4, 4.5 and 8.2 at 25, 50, 100 and 250 ppm Hoa, respectively. The
responses of this sensor, as shown in Figure S3 (Supplementary), increase almost linearly with
the H> concentrations in the measured range, which is an advantage for the actual application in

designing a sensor instrument [41,42].

To correlate the exact temperature of each sensor in the array, the hydrogen sensing
characteristics of the sensor S2 was tested by using an external heater that generated
temperatures from 50 to 350 °C with a step of 50 °C against the same H> concentrations as
before (25-250 ppm). It was interesting to see that the sensor S2 showed superior sensitivity
when using external heater compared with that when using the built-in microheater, as shown in
Figure 6(C). The sensor S2 exhibited the maximum response value of XXX at a working
temperature of 200°C, compared with the maximum response value of YYY at 241 °C when
using the built-in microheater at the applied power of 80 mW and measuring with the IR
microscope. Notably, this temperature value is much lower than that in the other reports on H>
sensors based on SnO- disks [43] or Pt-SnO nanoparticles [10.1016/j.jallcom.2019.07.081]. In
addition, the fabricated sensor also exhibited superior sensitivity if it is noted that a gas sensor
based on a Pd thin film exhibited a low response value of 4% to 4000 ppm of H> at 400°C [44].

The higher response values of the sensor S2 when using the external heater and exposing to the

16



1 same range of gas concentration can be explained by the fact that the thermal energy of the
2 external heater (actually a hot plate) is sufficient to pre-activate the gas in the sensor ambient

3 trigging it to react with the pre-absorbed oxygen species.

4  The repeatability of the sensor performance is important for any application; therefore the short-
5 term stability of the sensor was tested during six consecutive exposures to H» and back to air, as
6 shown in Figure 6(D). As seen here, the sensor array exhibited good repeatability without any

7  significant change in the response values.
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The gas sensing characteristics of the sensor array at the applied power of 80 mW were tested
then against various gases, including ammonia (NHz), methanol, acetone, ethanol and iso-
propanol (IPA). The transient response-recovery characteristics of the fabricated sensors to the
gases are shown in Figure 7(A-E). Figure 7(A) shows the dynamic responses of the five sensors
to NHz with concentrations of 20, 50, 100, and 250 ppm. Like for Hz, the response values here
also increase as the concentration of the test gas increases. For a given NHz concentration the
response value was different for each sensor. The response plots of the five sensors to different
NHs concentrations are shown in Figure 7(F). The sensor S2 has the highest response value
compared with the others sensors at all gas concentrations, confirming that 241°C is also the
optimal working temperature for detection of NHs. The response values of the sensor S2 are 9.2,
14.9, 27.1 and 44.3 at 25, 50, 100 and 250 ppm NHa, respectively. These results demonstrate that
the microheater designed for the five sensors is effective for covering an adequate working
temperature range. Similar response characteristics of the sensors were obtained when tested
against methanol, acetone, ethanol and IPA (Figure 7(B-E) and (G-K)). Sensor S2, again,
showed the highest response value among the five sensors to all tested gases, with an exception
of acetone, to which the S3 sensor exhibited the highest response. This means that the optimal
working temperature for detection of acetone is 293 °C. The responses of the five sensors (right
column of Fig. 7) show clearly that the trend is different for each gas, and this demonstrates that
the sensor array design is effective for classification of the tested gases. Notably, in this sensor
array design, heat sinks are used between the microheater segments so that each sensor has its
own heat source arranged in the desired temperature gradient. Compared with the sensor array
designed with a single heat source in a previous report [31], the design in this work is better in

respect of easy determining positions of the sensors and distances between them.
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Figure 7. Gas sensing characteristics of the sensors S1-S5 at the applied power of 80 mW:
transient response-recovery characteristics upon periodic exposure of (A) NHs, (B) Methanol,
(C) Acetone, (D) Ethanol and (E) Iso-propanol; and plots of responses (S) to different

concentrations of (F) NHs, (G) Methanol, (H) Acetone, (1) Ethanol and (K) Iso-propanol
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The so called radar plot is effective for classification of different gases using an array of sensors
[45]. In this study, the five sensors are fabricated in the same process steps with the same
SnO2/Pt sensing material. They are arranged in such an array that allows them to work at
different pre-determined temperatures. This design enables the sensor to respond selectively to
different gases. The radar plot showing their selectivity is presented in Figure 8 (A). The shape
and size of the graphs are different for each gas, confirming the capability of the sensor array to
be used for classification of different gases. Notably, the size and shape of the radar plots for
sensing methanol, hydrogen and ammonia here are very different, and the concentration of
hydrogen, ammonia and ethanol is much lower than that of the other gases. However, the plots
are different and distinguishable for the six gases. It is worthwhile to know that in the study
reported by Lee et al. [46], an array of 3x3 sensors based on WO3, SnO2, and NiO decorated with
Au nanoparticles was used for the detection and classification of acetone, toluene, ammonia and
hydrogen sulfide by principal component analysis, where the temperature was varied to 150, 200,
250, and 300 °C. To highlight the relationships between the sensing results of the gases, the
principal component analysis (PCA) method is also used here, as shown in Figure 8(B). The
clear positions and distances that separate the groups of points relating to the individual gases
strengthen the classification results in the radar plots, namely ammonia is the most
distinguishable, followed by H. and methanol. Acetone, ethanol and IPA, although

distinguishable, are more similar to each other.
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Figure 8. (A) Radar plot for the six tested gases (methanol, IPA, ethanol, NH3, H2S, Hy) at the

applied power of 80 mW, and (B) gas classification by PCA method
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4. Conclusion

A design and fabrication of SnO./Pt thin film sensor array for effective detection and
classification of multiple gases was presented. The sensor array consisting of five sensors on a
chip was simulated by using COMSOL Multiphysics to obtain the desired temperature gradient
and the chip was fabricated by using conventional photolithography, deposition and lift-off
technique. The microheater and the five sensor electrodes of Pt/Cr thin films were fabricated
simultaneously in the same process, followed by deposition of the same sensing material of
SnO2/Pt thin films for the five sensors. The identical sensors were arranged in a temperature
gradient of 190, 241, 293, 345 and 398 °C at an applied power of 80 mW. By using radar plots
and the PCA, it was possible to analyze the measurement data from the five sensors to classify
different gases. The developed sensor array with small size, high rapidity, stability, portability,
and robustness demonstred its strong dandidacy to using in real gas measurement instruments

and electronic noses.
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