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Abstract

Background To avoid the risk of increase in the rate of human infection is a big challenge for healthcare staffs during the
treatment of patients affected from corona virus disease-2019 (COVID-19). This work is intended to save COVID-19-infected
patients from conveyed hazardous volatile gases (VOCs) by the gas stream. The VOCs are generally generated from the
pathways of medical respiratory devices.

Method Here, we present a surface acoustic wave-based sensor device for sensing dichloromethane (DCM) gas that can
be connected with a gas pathway system used in medical devices. Dichloromethane is a volatile organic compound. Sin-
gle- (polyisobutylene, PIB) and multi- (polyisobutylene/silicon nitride, PIB/Si;N,) surface acoustic wave-based sensors are
designed on LiNbO; piezoelectric substrate. The designed models patterned with interdigitated transducer (IDT) aluminum
(Al) electrodes are used to analyze gas sensing behavior for dichloromethane (CH,Cl,, DCM) gas.

Results The studies for DCM gas sensing are carried out for single- and multi-layer models using COMSOL Multi-physics
software. The resonant frequency and displacement are also observed for 100 ppm gas concentration of DCM at room
temperature. It has been found that multi-layer designed model shows higher sensitivity as compared to single layer (PIB/
LiNbO;) model on exposing DCM gas.

Conclusion The estimation of various parameters observed by the proposed module is also explained. It is observed that
the sensitivity of sensor for detection of VOCs (generated in gas pathways in medical devices) is best suited in the present
crisis of COVID-19 pandemic.

Keywords SAW sensor - COVID-19 - Medical gas pathways - Polyisobutylene - Silicon nitride - Piezoelectric substrate -
COMSOL - Dichloromethane gas sensing

Introduction

The World Health Organization (WHO) has declared
COVID-19 (corona virus disease-2019) as a highly infec-
tious disease and world health emergency. The recovery and
safety treatments of corona virus-infected patients are much
essential to avoid further spreading of this disease. Several
volatile organic compounds (VOCs) arise from the medi-
cal respiratory device itself during the supply of breathing
gases to the patient [1]. Such types of compounds can affect
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the nervous system of the COVID-19-infected patient. To
eliminate this problem, a VOCs’ detection sensor based on
surface acoustic wave is proposed and designed.

Smart sensors are widely used in control system, biomed-
ical applications, industry, etc. MEMS technology provides
a unique way to sense, process, and actuation of specific sig-
nal from several signals at microscopic level [2—4]. Surface
acoustic wave (SAW) sensors are widely used for making
several products containing resonators, actuators, detec-
tion of warfare agent, and gas sensors [5]. The main advan-
tages of using MEMS Technology are in terms of scale and
advanced technology [6]. The size of manufacturing device
is shrinking from millimeters to micrometers which enables
the researchers to make small size sensors nowadays.

SAW-based sensors can be realized from semiconduc-
tor process technology which is reconcilable with CMOS
technology [7]. The mechanical waves propagate through
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the surface of piezoelectric material and are able to detect
any changes on the surface [8]. The interaction of volatile
compounds with the surface of the SAW-based sensor alters
the electrons flow in the device and results in change of the
sensitivity. Dichloromethane (DCM) is an organic solvent
which is used in several industrial process applications.
DCM bio-transformation can lead to the formation of carbon
monoxide (CO) gas, which is mixed with blood and reduces
the amount of hemoglobin in blood cells [9]. The displace-
ment and resonance frequency characteristics of piezoelec-
tric SAW-based sensors are measured on changing of mass
of the sensing layer during the interaction of gas molecules.
SAW-based sensors are generally preferred over other sen-
sors due to their high accuracy, small size, high sensitivity,
low hysteresis, low power consumption, robust structure,
and portability [10]. The changes in the characteristic of
sensors are results from variation in pressure, temperature,
humidity, and quality arbitrary gas concentration [11-13].

Piezoelectric materials are used to generate the acoustic
waves [14]. The speed of surface acoustic waves depends on
the type of material used. The piezoelectric materials such
as LiNbO;, LiTaO;, and quartz are widely used in SAW gas
sensors [15-17].

In the present work, two models of SAW-based sensors
are designed and simulated for DCM gas concentration. The
results indicate that the designed Multi-layer (PIB/Si;N,/
LiNbO;) SAW sensor is more sensitive as compared to
single-layer PIB/LiNbO; SAW sensor. The change in tem-
perature, pressure, and spacing layer thickness causes a sig-
nificant change in the sensitivity of designed SAW sensors.

Breathing
Gas Chamber

Patient

Fig. 1 Block scheme of proposed module
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Design Parameter

The monitoring of VOCs present in gas pathways to the
patient is carried out by SAW-based sensor. The designed
sensor is interfaced with a signal processing and data acqui-
sition system, and also a microcontroller with air filter unit
as shown in block scheme (Fig. 1).

The design structure and parameters of the sensor are
described below.

Single-Layer Structure (PIB/LiNbO,)

A thin layer of PIB is used as a sensing layer on LiNbO;
substrate having dimensions of width and length of 4 and
12.5 um, respectively. The dimensions of interdigitated
transducer aluminum (Al) electrode on substrate are 1 pm
width and 0.2 pm height. Thin layer of PIB having the val-
ues of width 4 pm and thickness 0.5 pm designed model is
shown in Fig. 2a.

Multi-Layer Structure (PIB/Si;N,/LiNbO;)

Design model for multi-layer sensor has an additional sens-
ing layer of Si;N, having thickness of 0.5 pm and width of
4 pm. It is placed over a thin film of PIB with a thickness
of 0.5 pm and a width of 4 um. The IDT-type electrodes
having width of 1 pm and height of 0.2 pm lay inside the
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Fig.2 Model of a single-layer, b multi-layer SAW-based gas sensor
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spacer present on LiNbOj; substrate as shown in designed
model in Fig. 2b.

Simulation Methodology

The 2D structure model for single- and multi-layer gas sen-
sor is designed and simulated using COMSOL multiphys-
ics software. The 2D structure is described as a unit cell of
a 3D surface acoustic wave sensor. The SAW-based sensor
device consists of interdigitated transducer (IDT) electrodes.
The IDTs’ electrodes are made up of either aluminum or gold
[18]. The IDT is a metal comb-shaped structure fabricated over
the piezo-substrate using lithography fabrication process [12].
Each IDTs’ electrode used in SAW sensor have a length of 100
times more than their width. A periodic electric field is pro-
duced when an RF signal is applied to the IDT electrode, thus
allowing piezoelectric coupling to a traveling surface wave.
The schematic (geometry) view of SAW sensor is shown in
Fig. 3.

The resonant frequency of the sensing layer is calculated by
Eq. (1) by applying an RF voltage signal at one end of the IDT
electrode. The potential at other end of the electrode is zero
which produces a stress due to piezoelectric effect and gener-
ates a mechanical wave on the surface of SAW gas sensor:

fr=V/W, (1)
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Fig.3 Geometry of SAW sensor
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where f; is resonant frequency, V, is SAW velocity, and W is
width of unit cell. The SAW velocity is an important meas-
urable parameter to determine the resonant frequency [19].
The density of sensing layer is found to change on exposure
of DCM gas to PIB (polyisobutylene) film. Gas density (p)
in PIB film was evaluated by Eq. (2):

poem = KMC @)
C = (c, x 107 x P)/RT 3)
K = 10].4821’ (4)

where P is pressure, T is temperature, R is gas constant,
¢, 1s concentration in ppm, M is its molar mass, C is gas
concentration in air, and K= 10"4%?! is the air/PIB partition
coefficient for DCM.

Results and Discussion
Frequency Shift and Displacement Measurement

The values of resonant frequency of single-layered PIB/
LiNbO; and for multi-layered PIB/Si;N,/LiNbO; are calcu-
lated 0.855 and 0.829 GHz, respectively. Table 1 shows the
measured frequency before and after exposing of 100 ppm
gas concentration of DCM at 25 °C temperature and at pres-
sure of 1 atm.

Table 1 Frequency shift and displacement on exposure of DCM gas

I
[

Gas Molecules ‘

From Table 1, it is observed that multi-layered device
model/structure PIB/Si;N,/LiNbO; has been found to be
more sensitive for DCM gas and high displacement than
single-layer structure PIB/LiNbO;. From Fig. 4a, it is
also determined that the value of displacement has been
improved significantly and exhibits more shift in frequency
in response to DCM gas.

Figure 4b depicts that Si;N, act as an additional layer
which improve sensitivity and stability. The dynamic perfor-
mance of simulated multi-layer model helps in propagating
the acoustic waves on surface only. It also protects the IDT
electrode and substrate.

Polyisobutylene (PIB) is a polymer thin film having high
affinity towards VOCs (DCM in this case). The mass of the
PIB film is found to be increased as PIB selectively adsorbs
CH,Cl, (dichloromethane) from air [20-22]. This causes a
shift in resonance which slightly lowers the resonance fre-
quency for the same SAW mode. The sensing layer of sili-
con nitride (Si3N,) is used for electrical isolation between
the interdigitated transducer aluminum (Al) electrodes and
LiNbO; piezoelectric substrate. The change in the acous-
tic wave velocity is caused by a mass increase due to the
absorption of CH,Cl, gas molecules on the structure surface.

Electric Potential Measurement

Figure 5a, b shows the potential distribution for PIB/LiNbO;
and PIB/Si;N,/LiNbO; on exposing DCM gas. From Fig. 5b,
it is observed that the generated voltage is also higher as
compared to single layer. The potential distribution is also
symmetric with respect to electrode.

Device structure Resonant frequency (before exposure  Resonant frequency (after exposure  Shift in fre- Displace-
to gas=P) (X 10% Hz) to gas=0Q) (X 10% Hz) quency=P—Q (Hz) ment
(nm)
PIB/LiNbO; 8.490252479075134 8.490250779585823 170 0.473
PIB/Si;N,/LiNbO; 7.986282280148824 7.986277816559383 446.4 0.755
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Fig.4 Resonance SAW plot for displacement distribution for a single-layer, b multi-layer device configuration during exposure of DCM gas
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Fig.5 Potential distribution curve for a PIB/LiNbO; and b PIB/Si;N,/LiNbO; on exposing DCM gas

Sensitivity Measurement
Response of Frequency Shift with Spacer Thickness

Figure 6 shows the change in frequency shift with change of
spacer thickness of single-layer structural model. The graph
represents that a large recovery time is observed in case of
single layer of PIB/LiNbOj; sensor.

From Fig. 7, it is observed that the frequency shift of the
device is very sensitive to the thickness of the additional
spacer layer of the device. The frequency shift dies down
after applying spacer thickness above 600 nm. This is due
to the fact that as the thickness of spacer layer from the
substrate increases, the wave velocity is found to be reduced
[23-25]. From Eq. (1), it can be concluded that frequency
shift is also reduced. It is observed that PIB/Si;N,/LiNbO,
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Fig.6 Frequency shift curve
with different spacer thickness
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Fig.9 Frequency shift curve
at different pressure range (for

multi-layer) 2500
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design model for DCM gas detection is more sensitive than
PIB/LiNbO; (single-layer) model when the spacer thickness
is below 600 nm.

Response of Frequency Shift with Temperature

Figure 8 shows the effect of temperature on the frequency
shift of multi-layer sensing film (PIB/Si;N,/LiNbO;). With
the increase in temperature above the ambient, the mol-
ecules of DCM gas evaporated and lose their contact with
the sensing surface. As a result, a lesser amount of gas
molecules interacts and is absorbed on the surface, which
causes decrease in frequency shift in saw gas sensor. Thus,
it is observed from Fig. 8§ that the frequency shift is also
highly sensitive to ambient temperature of multi-layer.

Response of Frequency Shift with Pressure

Figure 9 shows the relation between frequency shift and
pressure of multi-layer gas sensor. Here, the effects of pres-
sure on PIB/Si;N,/LiNbO; are studied. When the pressure
rises, the gas molecule concentration on the surface of
multi-layer SAW sensor increases. The more-concentrated
gas molecules cause an increase in significant modification
in the surface of sensor. As pressure is increased, then more
number of gas molecules are compacted in smaller region.
With increase of pressure, the frequency shift has been found
to increase (as shown in Fig. 9).

Conclusions

In this work, a single and multi-layer SAW-based sensors
are designed and analyzed by COMSOL multiphysics. The
designed sensor has been proposed for detection of DCM gas
generated in gas pathway devices located in hospitals. By

T ¥ T v T T T
a 6 8 10

Pressure (atm)

detecting DCM gas in proposed fashion, the life of COVID-
19-infected patient can be saved from other infections. The
sensitivity of sensors is also investigated by analyzing its
resonant frequency and displacement. By simulation results,
it is analyzed and found that:

PIB/Si;N,/LiNbO; (multi-layer) sensor exhibits higher
sensitivity to the dichloromethane gas as compared to PIB/
LiNbO; (single layer) at 100 ppm gas concentration. Multi-
layer designed structure has shown a more frequency shift of
446.6 Hz, whereas single-layer SAW sensor shows 170 Hz
shift in frequency. The effects of spacer thickness, pressure,
and electrical potential on the sensitivity are also analyzed.
The simulation results show that the higher sensitivity is
observed as the spacer layer thickness becomes thinner
than 600 nm. The response of the multi-layer SAW sen-
sor is found to be considerably improved with the increase
in pressure. The various volatile gases present in medical
devices and environment can be detected using the designed
and fabricated cost-effective multi-layer SAW-based.
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