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Modeling and Simulation of Novel Semiconducting
Metal Oxide Gas Sensors for Wearable Devices

Ayoub Labhlalia, Lado Filipovic, and Siegfried Selberherr

Abstract— Our work focuses on the design and rigorous evalu-
ation of two novel designs for semiconducting metal oxide (SMO)
gas sensors with different shapes and sizes, in order to assess the
most efficient layout geometry in terms of power consumption,
membrane stability, and temperature distribution. The aim of
this paper is to provide two designs, one to be used for a thin
sensing film and the other to be applied with a nanowires sensing
layer. Both designs implement innovative aspects, allowing for an
improvement in state-of-the-art sensors’ selectivity and power
consumption, which make the product suitable for use on a wide
variety of applications. To further support the simulation results,
an analytical model based on a Cauer network is presented for
estimating the power consumption of the device. We demonstrate
the ability of SMO sensors to operate at 300 °C with high
uniform temperature over the sensing material and ultra-low
power consumption of roughly 8 mW. In addition, a microheater
array design is presented, which is able to heat two active sensing
layers to 270 °C and 350 °C simultaneously in 40 ps. Both
designs are analyzed for stability, and it was found that the
stress generated in the membranes and the resulting deformation
is minimal, improving the device stability and reliability.

Index Terms— Gas sensor, microheater array, low power,
semiconducting metal oxide, electro-thermal simulation.

I. INTRODUCTION

HE semiconducting metal oxide (SMO) gas sensor is

on its way to becoming the world’s universal MEMS
sensor, since, it can be used in many emerging applica-
tions such as sensor networks, RFID tags, medical applica-
tions, food quality monitoring, wearable devices, etc [1], [2].
Furthermore, according to the world health organization more
than 7 million people die each year as a result of exposure to
air pollution [3], which prompted scientists to search for a new
technology, viable and scalable, for monitoring air quality in
order to save lives and make people aware, how vulnerable
they are to the impacts of climate change. The SMO gas
sensor is a good candidate, when compared to other sensors
available on the market, as it can be used in many applica-
tions thanks to its small footprint, high sensitivity, and fast
response; nevertheless, a further reduction in power consump-
tion and improved selectivity are still necessary in order to
enable wide marketability of this innovative device. Nowadays,
the lowest power consumption in commercialized SMO gas
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sensors is higher than 15mW when operated continuously at
300°C [4]-[6]. The gas sensor which was nominated as a
finalist in the The 2017 Annual Creativity in Electronics (ACE)
Awards (CCS811) has a power consumption of 46mW [7].
Nevertheless, it is considered and intended for portable
applications.

The operating principle of the SMO gas sensor relies on
heating the sensing layer to a temperature between 250°C
and 550°C using the joule effect. The operating temperature
required is dependent on the sensing material used and the
type of targeted gases. In order to promote the adsorption
and electron exchange between the gas and the sensing layer,
the sensor must operate at high temperatures in the presence
of an oxygen-rich ambient [8], [9]. During the last few years,
there has been extensive research on gas sensors working
at room-temperature. Gas sensors based on nanostructured
materials were found to be promising among the sensor
family, as they are characterized by high sensitivity and a fast
response. However, recovery time is still a major issue pre-
venting the use of this technology for consumer applications,
which is very important for high accuracy measurements in
real time. In addition, the irreversibility of the sensor response
and poor selectivity dramatically impact the device reliability
and performance [10]. So far, there are attempts to overcome
this using a Carbon Nano Tubes based gas sensor as a trigger
for the SMO gas sensor [11].

For decades, metal oxides have been the most widely
used materials for gas detection due to their ability to react
with dioxygen [12]. Among the most commonly used in the
commercial market are tin dioxide (SnO»), zinc oxide (ZnO),
and tungsten trioxide (WO3), since they fulfil all the require-
ments for a good gas sensing performance [13]-[15], com-
pared to others, such as In,O3, ITO, CdO, ZnSnO4, Nb,Os
etc [16]-[18]. These materials can be deposited on top of a
suspended membrane using a variety of techniques and in
different forms such as thin film, nanocompound, nanobelt,
and nanowires.

Although thin film metal oxides have significant application
potential, they can be degraded due to many factors. For
instance, a quick change in the sensor operating temperature
leads to the formation of many cracks in the thin film surface.
Therefore, using heat pulsing mode damages the sensor within
only a few hours of operation, since the sensing layer resis-
tance changes as a result of transformation in the thin film
structure [19], [20]. To overcome this limitation, we propose
a novel sensor design dedicated to the thin film sensing layer,
which can meet essential needs such as a uniform thermal
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distribution, ultra low power consumption, high selectivity,
electrodes definition, and low membrane deformation; note
that the latter two are quite often neglected in published
studies.

More recently, nanowires, nanocompounds, and nanobelts
attracted attention from researchers thanks to their high sensi-
tivity, selectivity, and reliability compared to thin films. It has
been demonstrated that SnO, nanowires have the ability to
detect harmful gases such as volatile organic compounds at
rates 30 times higher than the SnO; thin film [21]. Moreover,
the nanowires sensing layer shows diverse responses towards
different gases, providing additional methods to distinguish
between each individual gas. This feature sparked the interest
of many electronic nose developers and can be employed
along with a simple electronic circuit for its signal process-
ing [21], [22]. Despite all these benefits, SnO, nanowires
have an anomalous response towards specific gases such as
SO, and H»S, which can dramatically influence the sensor
response. For instance, reducing gas becomes an oxidizing gas
at a specific temperature and in rare cases the target species
could degrade the sensitivity of the sensor [21], [23], [24].

In this manuscript two sensors with different shapes and
sizes are proposed to match various sensor designers’ needs.
For this purpose, the designs have been modeled using
different structures in order to improve the membrane sta-
bility, power consumption, and temperature uniformity in
the active area. These features are a crucial requirement for
portable applications such as wearable athletic clothing, smart
watches, and smart rings [25]. The sensors are rigorously
analyzed using finite element simulations using COMSOL
Multiphysics [26]. The achievements obtained with the pro-
posed designs are discussed in the sections which follow.

II. GAS SENSOR DESIGNS

The SMO gas sensor designs covered in this work
implement several innovative details, which meet different
sensor designers’ needs while easing the fabrication process
requirements and improving sensor properties such as power
consumption and thermal insulation - two essential factors
for a monolithic integration of the sensor with associated
electronics. Each device has an area of 0.9mm x 0.6mm with
a structural membrane stack formed by a 500nm thick silicon
dioxide (SiO7) layer, a 300nm thick silicon nitride (SizNa)
layer, and another 500nm thick silicon dioxide layer. Platinum
was chosen for the microheater and electrodes material for its
stability, linearity, and resistance to oxidation at a broad range
of operating temperatures. AICu was chosen instead of gold for
the microheater pads due to its higher electrical conductivity
and lower thermal conductivity. To ensure electrical insula-
tion between the microheater and sensing layer electrodes a
300nm thick silicon dioxide layer is deposited on top of the
microheater.

The reaction between the gas and the thin sensitive compact
film occurs only on the surface, as depicted in Fig. 1 [27].
For this reason it is better to use electrode strips on top of the
thin sensitive layer instead of interdigitated combs (a structure
rich in meanders and cavities), leading to improved gas sensor
sensitivity, while reducing the likelihood of crack formation
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Fig. 1. Cross section of a thin film sensing layer. Rs is the depletion
region resistance; Rt and Rc are the bulk resistance and the contact resistance,
respectively.
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Fig. 2. Design of the microheater array and measurement electrodes.

on the surface of the sensing layer [28]. This feature is highly
recommended for monitoring air quality, since a detection of
gases in trace concentrations down to few ppb is required to
detect any change in the surrounding air quality. The only
drawback of using this shape is the risk of rapidly saturating
harmful gas detection at only a few ppm. In order to form
Ohmic contacts and to avoid the appearance of a junction
between electrodes and the sensitive layer, a 25nm layer of
Titanium Tungsten (TiW) is stacked between the sensing layer
and the metal contact. The sensitivity response S, of the gas
sensor is defined by how much the resistance changes in the
presence of a target gas, when compared to the resistance in
the baseline ambient:

Rair - Rgas
Rair
R,ir represents the baseline resistance after stabilization in
ambient air and Ry, is the electrical resistance of the sensitive
layer after the introduction of a reacting gas in the ambient.

(1

Sgas =

A. Microheater Array Design

The microheater array design is a combination of small
resistances placed in an array instead of a conventional micro-
heater (Fig. 2), used for heating the sensing layer at different
locations and at different temperatures. This allows for an
improvement in the desired temperature distribution over the
sensitive material while reducing the power consumption.
In addition, small resistances allow for an ultra fast thermal
response time, which enables the microheater to operate in
an ultra-short pulsing mode, thus reducing the average power
consumption to a few hundred uW.
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The locations of the small heaters have been optimized
in such a way that the active area operates at a high
temperature uniformity, with variation within 10°C. This fea-
ture has been used to improve the selectivity of the thin
film metal oxide by gathering multiple sensing layers in the
same membrane structure, as already reported in the work of
Victor V. Sysoev et al. [29]. Since the sensitivity of thin metal
oxide films towards gases depends on the operating tempera-
ture [9], each sensing layer is heated to a specific temperature,
which remains uniform over the desired sections. Measured
data can subsequently be treated using non-parametric analy-
sis, such as principal component analysis (PCA), discriminant
function analysis (DA), and neural Networks (RN) in order to
distinguish between each gas, thus improving the selectivity
of the thin film SMO gas sensor [12], [30], [31]. We present
novel design with two sensing layers, deposited in the same
membrane structure in Fig. 3a. By adjusting the dimensions
and location of each microheater the sensor can easily be
modified to accommodate more than two sensitive materials.

Fig. 4 shows the sensitivity of doped and undoped SnO»
thin film towards methane, hydrogen, carbon monoxide, and
propane at different working temperatures. As can be seen
from the graph the operating temperature defines the selectivity
of the sensor; therefore, this microheater array design solves
one of the major problems related to the selectivity of thin
film SMO gas sensors.

A slope of 45 degrees is added to the end of each
microheater contact in order to reduce the current density
accumulation between metallization lines, which allows to
further decrease the electrical losses and avoid breaking con-
nection lines.

Fig. 5 shows the current density in metallization lines over
the microheater for designs with and without slopes added

Si0,
Insulation Layer Membrane Stack

Si0,-SiN-SiO, Si
Substrate

Structure of the SMO gas sensors. (a) Microheater array design. (b) Dual-hotplate design.
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Fig. 4. Sensitivity of doped and undoped SnO2 thin film layer as a function
of operating temperature towards different gases. The concentrations of gases
in air are 0.5% CHy, 0.8% H,, 0.02% CO, 0.2% C3Hg [32].

Fig. 5.
and (b) with slope.

Maximum current density in metallization lines (a) without slope

to the end of the AlCu lines. The maximum current density
measured in conventional design is about 16.7 x 10°A/m?,
while the novel design has only 13.4 x 10°A/m?; a reduction
of about 20%. Therefore, using slopes between connection
lines leads to an improved sensors efficiency.

B. Dual-Hotplate Design

The dual-hotplate sensor shown in Fig. 3b is a novel
design which uses a single circular microheater, as presented
in the work of Elmi er al. [33], along with two passive
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Fig. 6.  (a) Microheater structure of the dual-hotplate design. (b) Heat
flux (W/mmz) through the microheater, dual-hotplate, and membrane sensor
at 300°C.

micro-hotplates. These were used for the purpose of improving
the temperature distribution over the sensing layer, while
keeping the power consumption at a minimum, which is a
critical point for stability of the baseline. A small variation
in temperature over the sensing layer leads to baseline drift,
thereby creating a change in the resistivity of the sensitive
material. In addition, working at a heterogeneous temperature
activates more interactions between gases and sensitive layer,
which influences the selectivity and stability of the sensor. The
operating principle of this novel structure relies on the high
thermal conductivity of platinum compared to silicon dioxide
and silicon nitride, which means that the heat flux through
the Pt dual-hotplate is greater than the heat flux through the
membrane. By optimizing the position of theses two metal
plates, as shown in Fig. 6, the uniformity of the temperature
can be improved.

A new membrane shape has been used as part of the
dual-hotplate design formed by four curved micro-bridges in
order to provide better insulation against heat losses from the
heater to the substrate. This results in a minimization of the
heat dissipation and a reduction of the power consumption
down to a few mW. To ensure the mechanical and thermal
stability of the membrane sensor before proceeding with the
fabrication step, electro-thermal-mechanical simulations have
been performed on the novel structures and the results are
shown and discussed in Section 4.

III. DEVICE SIMULATION
A. Simulation Parameters

The sensors were designed with a modeling tool and
the electro-thermal-mechanical simulations were subsequently
performed in a finite element environment. Simulation parame-
ters are required for the various materials for the membrane;
where silicon dioxide and silicon nitride have been chosen
in this study due to their high mechanical stability and low
thermal and electrical conductivity. The boundary conditions
were initially set to 20°C for ambient temperature and material
temperature, whereas the temperature coefficient of resistance
of platinum and the temperature of the substrate bottom were
fixed at 3730ppm/°C and 20°C, respectively [34].

Regarding the heat transfer coefficient, which is a quanti-
tative characteristic of convective heat transfer between the
air and sensor surfaces, an empirical value was used for its
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calculation, describing the heat transfer due to fluid motion
and conduction through the air. For simplification, the heated
membrane area is considered as a horizontal plate of charac-
teristic size [. Therefore, the mean heat transfer coefficient 4,
can be calculated as follows:

Nu - k(T,;)
hm = % (2)
where  k(7,,) is the thermal conductivity at
T, = (Thot + T,)/2, T, is the ambient temperature,

and Nu is the Nusselt number, calculated on the assumption
of laminar flow, in which:

Ra- fr(Pr) <7x 10* and 0< Pr <oo A3)
given by
Nuy =0.766(Ra - f>(Pr))'/? (4)
with
Ra — ﬂoo(Thmv—QTag B )
Ji(Pr) = %Pr - fa(Pr) (6)
fa(pry = 1+ (2222020 @

where Ra and Pr are the Rayleigh and Prandtl numbers,
respectively, foo is the thermal expansion coefficient, v is the
kinematic viscosity, and g is the acceleration due to gravity.

In order to calculate the mean heat transfer coeffi-
cient as a function of the temperature for our designs,
the f1(Pr) function has been used, which extracts the two
unknown parameters from experiment, given in the work of
Simon et al. [27], namely, Prandtl numbers and kinematic
viscosity. Therefore, the new equation of the mean heat
transfer coefficient can be expressed as:

_ k(Tw)
T

Further explanations and detailed calculations can be found
in [35]. Another aspect dealing with heat conduction through
air is taken into consideration, namely, the fact that the thermal
conductivity of air changes as a function of the temperature.
In this study, the numerical values used for the calculation of
k(T,,) are taken from [27], k(293K) = 0.026WK ~'m~! and
k(593K) = 0.044WK ~'m~".

The influence of the temperature above the circular hotplate
on the heat transfer coefficient is shown in Fig. 7. As expected,
the coefficient is larger when the temperature increases,
thereby increasing the power consumption. It should, however,
be noted that the diameter of the circular membrane of 180um
is considered as the characteristic size of the horizontal plate,
in addition, the loss of heat towards the substrate is neglected
and the heat transfer coefficient of the membrane bottom is
assumed similar to the top face of the micro-hotplate.

The heat losses through radiation were considered to be
negligible compared to heat losses by conduction and convec-
tion, which are the principal causes of heat dissipation in a
conventional SMO gas sensor [36]. In other words, the heat
loss mechanism is produced by heat conduction through the air

hm 0.766(f1(Pr) - (Thor — Ta) - g - D)V (8)
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TABLE I
PARAMETERS FOR A THERMAL EQUIVALENT ELECTRICAL CIRCUIT MODEL

Thermal parameter Electrical equivalent

Thermal parameter Electrical equivalent

Temperature T(K)
Specific heat Cp,(J/Kg.K)
Thermal resistivity pgp, (K.m/W)
Resistance Ryp(K/W)

Voltage V(V)
Permittivity e(F'/m)
Electric resistivity pe;(£2.m)
Resistance R(2 = V/A)

Thermal conductivity k(W/K.m)

Heat flow P (W) Current I(A)
Electric conductivity o(S/m)
Charge Q(C' = A.s)

Capacitance C'(F')

Heat Q(J = W.s)
Capacitance Cyp(J/K)

140 5x10"
/I
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E / 4x10
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=
g e va -
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Temperature [°C]

Fig. 7. Heat transfer coefficient for free convection above the micro-hotplate
with characteristic size of 180xm, and numerical values of function fi(Pr)
as a function of the temperature of the heated membrane area.

—p Heat losses by conduction

== Heat losses by convection Microheater

Substrate Ta

Fig. 8.  Heat loss mechanisms through the SMO gas sensor. Th is the
temperature of the microheater; Ta is the ambient temperature.

and from the microheater to the substrate through metallization
lines and micro bridges of the membrane, while heat convec-
tion is caused by the interaction between the sensor surface
and the surrounding air, as depicted in Fig. 8. In fact, choices
in the sensor design such as the membrane and microheater
structure and choice of material play a major role in defining
the sensor performance.

B. Heat Transfer Model

A simple Cauer network model was used in this study
with the purpose of calculating the temperature generated
by the microheater as a function of the power consumption.
As mentioned earlier, the electric power applied to the heater
is dissipated mainly by two mechanisms: heat conduction
and heat convection. These can be calculated using three
important parameters relating material properties, as thermal

resistance R, thermal capacitance Cy;, and convection
resistance Rconp -

t
Rip = — 9
th kA 9)
Cih=ce-p-V (10)
1
Rconv:h S (11)
m ° Or

t is the thickness of the layer perpendicular to the heat flux;
k is the thermal conductivity; A is the cross-sectional area
perpendicular to the heat flow; ¢, is the specific heat; p is
the material density; h,, is the heat transfer coefficient of
the material and S, is the exposed area from which the heat
flows.

The electro-thermal simulation of the gas sensor is based
on dividing the entire sensor into small cuboids, noting that
their sizes depend on the mesh used. Each individual piece
is modeled by a thermal resistance in parallel with a thermal
capacitance, except for the microheater, which is represented
by a heat source and all surfaces in contact with air are
represented by convection resistances. It should be noted
that each thermal parameter can be modeled by an electrical
equivalent, where each thermal propriety is mapped by an
equivalent electrical behaviour. For instance, the temperature
is equivalent to voltage and heat flow is analogous to current
as shown in Table 1. Therefore, the electrical parameter can
be added to the heat transfer equation (12), allowing for the
calculation of the electric power consumption as a function of
the heater temperature:

oT
p'ce'gzv(k‘VT)"i'Qe

where T is the temperature in K, and Q. represents joule
heating of the microheater in Watt. Knowing that O, = J.E
(12) can be expressed as:

(12)

p'ce'%=V(k'VT)+J'E (13)
given that:
J=cE+ J. (14)
and
E=-VV (15)

where J is the current density in A/m?, E is the electric
field in V/m, J, is the external current density (in this case
equal to 0), and o is the electrical conductivity in S/m, which
can be described by the following expression:

1
7T 0+ a(T —To))

(16)



LAHLALIA et al.: MODELING AND SIMULATION OF NOVEL SMO GAS SENSORS FOR WEARABLE DEVICES

Th

P L
D 1o

§RTCond § RTConv

N Tsub

Fig. 9. Equivalent electric circuit of electro-thermal behavior of the sensor.
where p, is the electrical resistivity at temperature 7,. By sub-
stituting (14) and (15) into (13), we obtain:

oT
poceE=V(k~VT)+a'VV'VV (17)

The left hand side of the heat transfer equation (17) can be
modeled with a thermal capacitance, found by integrating the
time dependent term [37]

0
cCce— | TdV 18
P Ce o1 /V (18)
Rewriting (17) after integration we obtain:
oT  —AT 2
Cipn— = R(T)-1 19
th > R + R(T) (19)

where AT = (Thor — Ty).

Since the heat flux generated by the micro-heater has an
opposite direction to the heat flux coming from the bottom
of the sensor, which represents the flow of air at room
temperature, a negative sign is added to the first term on the
right hand side of (19). Therefore, this can be modeled by an
equivalent electrical circuit shown in Fig. 9.

where P represents the heat flux, R7cong and Rrcon, are
the overall thermal and the convection resistances of the entire
sensor, respectively, and Cr is the thermal capacitance of the
sensor. If we consider the steady state condition of the model,
the term on the left hand side of equation (19) must be equal
to zero; therefore, the heat transfer equation can be expressed
as:

AT 1 1
P=—=AT( + )
Rin Rrcond Rrconw

For clarity and to avoid increasing the model complexity,
an example of a Cauer network model is presented in the
section below showing the steps of modeling the membrane
structure. However, instead of modeling the entire sensor, this
study focuses solely on the membrane which is responsible for
the bulk of the power consumption. To confirm the analytical
model, the power consumption of the entire sensor without the
sensitive layer and the accompanying electrodes is compared
with the analytical results.

To analyze the thermal behavior and estimate the power
consumption of the membrane stack in steady state, each insu-
lation layer is divided into small bricks as shown in Fig. 10a
and modeled by thermal resistances, expressed in terms of
thermal conductivity. Fig. 10b shows the heat loss by con-
vection modeled by Rpcony, Which represents the convection

(20)

1965

(a)

- Ry

(®)

Passivation layer

@ Heat flux

Fig. 10. Model to consider heat loss of the passivation layer (a) by conduction
and (b) by convection.

resistance of the top passivation layer. The thickness, length,
and width of the passivation layer are 0.5um, 0.9mm, and
0.6mm, respectively, while the circular membrane has a radius
of 90um. In order to analyse the circuit equivalent, LTspice,
a circuit analysis software [38], was used to calculate the
power dissipated through the membrane. It should be noted
that different assumptions were taken into account in order
to match real-world conditions, meanwhile simplifying the
electro-thermal model: the circular suspended diaphragm is
heated at a uniform temperature of 300°C, vertical heat loss
is neglected since the layers are very thin, the substrate is
thermally isolated from the heated membrane, the depth of
the cavity is sufficient for preventing temperature diffusion to
the substrate, electrical losses between layers are negligible,
and the average temperature in each beam is (Tjor + 7,)/2 =
160°C when the microheater reaches a temperature of 300°C.
It is necessary to state that the model is useful only for spe-
cific designs which match the assumptions mentioned above;
therefore, the power consumption of the microheater array
design, described in Section 2.1, cannot be calculated in the
same way.

Using (9)-(11), with dimensions shown in Fig. 1la,
the numerical value of the thermal and convection resistances
can be calculated as follows:

Rsioyx = 17 (O;(/)L"f o) = 25 x 10°K/ W (21)

Rsios—x = 130um —3.0x 10°K/W (22)
1.4-(0.5um - 60um)

Rsinx = Opm =02 x 10°K/W  (23)

20 - (0.3um - 40um)
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Fig. 11. (a) Electro-thermal model of the dual-hotplate design with (b) the dimensions of the membrane structure and (c) the heat loss in membrane by
convection.
130um
Rsin—x = £ =03 x 10°K/W (24) 400 .
20 - (0.3 um - 60um) Analytical model
T0um 6 375 -{|—=— Finite element simulation
Rpassiv = =12x10 K/W (25) . - )
1.4 (1um - 40um) y-
130 350 o
um 6 ;
Rpussiv—x = =15%x10°K/W 26) T
assiv—x 14 . (l,um ] 60,um) / i 325 4
1 A
Rrc = Rpc = £ 300+
(116.32- 7 - (90um)?) + (4 -98 - Sp) g
=0.14 x 10K /W 27 B 2754
where Rs;0,x and Rg;0,—x are the thermal resistances of the el
bottom silicon dioxide layer of the beam, Rg;n x and Rgiy—_x 2%
are the thermal resistances of the silicon nitride layer of the
beam, Rpgssip.x and Rpgssiv—x are the thermal resistances of 200 : : : : . g : : :
the top silicon dioxide layer and passivation layer of the beam, 35 40 45 50 55 60 65 70 75 80 85
R7c and Rpc are the convection resistances of the top and Power [mW]
bottom surface of the membrane, respectively, and S}, is the top
Fig. 12. Temperature as a function of applied power to the heater of dual-

surface area of the beam. For the calculation of the convection
resistance, the heat transfer coefficient at 160°C and 300°C
was extracted from Fig. 7, resulting in values of 98W/m’K
and 116W/m2K, respectively.

Fig. 11 shows the electro-thermal model equivalent of
the membrane, where an extra 20V DC source at room
temperature, considered as a reference, is introduced to the
circuit. In order to reach 300V, which is equivalent to 300°C,
6.3mA was applied to the electrical circuit by a current
generator. This results in a good agreement with simulation
results of the entire sensor without a sensing layer and
the accompanying measurement electrodes, which requires
6.8mW for the same temperature. In order to understand
the difference between finite element simulations and our
analytical model, a comparative simulation was performed at
several input powers. The resulting microheater temperature is

hotplate design.

shown in Fig. 12. To properly estimate the thermal response
of the microheater, a thermal capacitance of the circular mem-
brane must be taken into account in the electro-thermal circuit
equivalent.

IV. DISCUSSION

The electro-thermal-mechanical simulations were performed
using COMSOL Multiphysics [26], which is based on the
finite element method (FEM). Silicon dioxide and silicon
nitride are used for the membrane. The material properties
are summarized in Table 2. Simulations were carried out in
steady state and transient state for the entire sensor, including
the 0.5um thin SnO; film. Note that due to the complexity of
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TABLE 11
MATERIAL PROPERTIES USED IN THE SIMULATIONS

Material Thermal conductivity =~ Thermal capacity  Intrinsic stress Density Coefficient of thermal
(Wm~1 K1) JKg~1 K™D (GPa) (Kg m—3)  expansion (10~6 x K—1)

Si 150 700 _ 2329 _

SiO2, GTO/ LPCVD 1.4 730 -0.235[391/ -0.07 [39] 2200 0.5

SizsN4, PECVD 20 700 0.37 [39] 3100 23

Pt 71.6 133 _ 31450 8.8

AlCu 240 915 _ 2700 9

SnOq 64 1000 6950
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Fig. 13. Simulation of the thermal distribution (°C): (a) in dual-hotplate
design, (b) in microheater array design, and (c) in circular microheater.

modeling sensitive nanowires, a thin film layer is used for the
dual-hotplate design.

A. Electro-Thermal Simulations

Fig. 13a shows the temperature distribution over the cir-
cular membrane for the dual-hotplate design, where a high
uniformity in temperature distribution over the active sensitive
region can be observed, unlike the case of the design with

only a circular microheater (Fig. 13c). The curved micro-
bridges show a good thermal insulation from the heated
area to the substrate, which leads to a minimization in the
power consumption. In order to reach the target temperature
of 300°C, the platinum microheater consumes 7.3mW power
in continuous mode, whereas the transient simulations show
that the sensitive layer can be heated to a uniform temperature
of 300°C within 20ms. Concerning the microheater array
design, a highly uniform temperature over each sensitive layer
is obtained, as can be seen in Fig. 13b. The required power
consumption by the heaters in order to reach 350°C over
the first sensitive material and 270°C over the second one is
9.31mW. Each sensitive layer operates at different temperature
with the aim of improving the selectivity of the thin film
sensing layer. The microheater array requires less than 40us
to heat the sensitive materials from room temperature up
to 350°C.

To design a good microheater and to avoid thermal cracking
of the sensor, the power consumption and temperature gradient
must be as low as possible. The dimensionless Biot num-
ber (Bi) was used to determine whether or not the membrane
will withstand the physical strain at high temperature [40].
It is defined as the value obtained when dividing the surface
heat coefficient by the membrane heat conductivity, as shown
bellow:

hpy - L

Bi = 28

i . (28)
\%4

L=— 29
4 (29)
n n

kr =D ki-ti) Dt (30)
i=1 i=1

L,V and A are the characteristic length, volume, and surface
area of the entire membrane, respectively. k7 is the thermal
conductivity of the membrane stack. The Biot number for both
sensors presented here is below 0.1, which means that the heat
convection from the membrane surface is much slower than
the heat conduction inside of it, and the temperature gradient
inside the membrane is insignificant [40]. Fig. 14 shows that
the maximum temperature gradient is located at the edges of
the membrane beams and the microheater in both designs.
Note that a maximum temperature gradient near the measure-
ment electrodes has been observed only for the microheater
array design, which may lead to eventual electromigration
failure [41], thus influencing the gas sensor response and
lifetime.
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Fig. 14. Temperature gradient (°C/um): (a) in dual-hotplate design and
(b) in microheater array design.

B. Mechanical Simulations

Until now, most studies dedicated to SMO gas sensor
research are focused solely on the sensitive layer and the
electro-thermal behavior of the micro-hotplate, neglecting the
mechanical issues of the membrane structure. The internal
stress accumulated during the fabrication stage is a major
concern related to the MEMS sensor based micro-hotplate,
which affects the performance of the device as well as its
reliability. Furthermore, the thermal stress, introduced on top
of the residual stress during operation caused by the difference
in the thermal expansion coefficients between materials which
compose the membrane structure, leads to a considerable
increase in membrane deformation [42]. For this purpose,
the average stress and deformation of the stacked thin film
membrane (Si0,/Si3N4/Si10,/S10,) are evaluated in this study
at different operating temperatures. Since the intrinsic stress
for dielectric layers is dependent on the deposition technique
used, it should be noted that the first layer of silicon dioxide is
grown by thermally grown oxide at a temperature of 1100°C,
the silicon nitride is deposited using plasma-enhanced chem-
ical vapor deposition (PECVD) at 380°C, and the last two
layers of silicon dioxide are deposited using low pressure
chemical vapor deposition (LPCVD) at 420°C. As shown
in Table 2, silicon dioxide experiences a compressive intrinsic
stress, whereas the intrinsic stress in the silicon nitride is
tensile. Therefore, for stress compensation, the silicon nitride
layer is stacked between two silicon dioxide layers, knowing
that, by adjusting the thickness of each layer, the average stress
on the membrane stack o, can be minimized to an acceptable
level: -0.1GPa< o, <0.1GPa [43].

Fig. 15 shows the average stress in both designs presented
in the previous sections as a function of the microheater
temperature. The maximum tensile stress generated during
operation is lower than 0.2GPa for both designs, which means
the membranes are not considerably stressed [43]. This is
essential for complex sensor structures, since the presence
of layers with high intrinsic stresses may lead to adherence
problem [43] or to membrane instability and even collapse.
The evolution of residual stresses depends on the membrane
composition as well as its structure. As can be seen in Fig. 15,
the deformation has a linear dependence on the microheater
temperature. In addition, the direction of the membrane defor-
mation is not affected by the effect of the heater metallization
lines.
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Fig. 15. The average residual stress and displacement of the membrane stack
at different operating temperature.
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Fig. 16.  Total displacement (mm) of the membrane stack at different
operation temperatures.

Fig. 16 shows the vertical displacement of the membrane
stack during operation at different temperatures. The dual-
hotplate and microheater array designs have a maximum
displacement of 5.12um and 1.26 um, respectively, when the
membrane is heated from 20°C up to 450°C. This means that
the thin film sensitive layer is less affected by the membrane
displacement each time it is heated, which leads to a reduced
likelihood of crack formation on the surface of the sensing
material, thus stabilizing the baseline.

V. CONCLUSION

We have proposed two novel semiconducting metal oxide
gas sensor designs which implement several innovative aspects
in order to further decrease the overall power consumption,
while improving the thermal behaviour and membrane dis-
placement of the device during operation. The first sensor
design gathers multiple sensitive layers on the same membrane
structure, allowing to improve the sensing capability as well
as to reduce the fabrication time and cost. The second sensor
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design ensures a highly uniform temperature distribution over
a nanowires sensing layer, while preventing thermal leaks from
the heated circular membrane to the substrate. This keeps the
power consumption at a minimum, which is roughly 8mW,
when the microheater is heated at 300°C. To further support
the rigorous simulations, we have presented an analytical
model in calculating the temperature performance of the sensor
when a current source is powering the Pt heater, which has
demonstrated to be suitable and precise enough to be used as
a tool kit for microheater developers. Our results also show
a very low deformation of the membrane during operation,
which reduces the likelihood of crack formation on the mem-
brane stack as well as on the sensing material, thus improving
the lifetime of the device. The sensors’ features presented
and discussed in this manuscript enable new applications for
SMO gas sensors, such as for electronic nose systems and
wearable devices used for air and food quality monitoring.
Both sensors can be fabricated using conventional MEMS
technology, making them more efficient and cost-effective in
a long-term perspective. For electrical contact measurement
of the sensitive layer resistance and driving heater as well
as data processing, the sensors are stacked and subsequently
connected to the ASIC with the aid of glue and bonding wires,
respectively.
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