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A new bridge-type micro-hotplates (MHP) for semi-conducting metal oxide (SMO) gas 

sensor is investigated and its numerical study is simulated using Finite Element Method. 

the boundary conditions of the thermal properties have been calculated. The proposed 

MHP has been designed for low power consumption and uniform temperature distribution 

throughout the active area of 240 µm × 240 µm. To validate our simulation, we compared 

the results with the experimental data, reported by Iwata et al. The power consumption of 

the heater is approximately corresponded to 13.5 mW for heating to 300°C (heat transfer 

coefficients calculated), we noticed a reduction of power consumption by more than 8 mW 

compared to our first simulation (standard heat transfer coefficient parameters) which 

proves the impact of heat transfer coefficients on power consumption. Also, overheating 

problem in the heater center is analyzed, several modifications on the MHP center design 

have been established to keep the best temperature homogeneity, results show that 

temperature gap between extremities and the center of the active area is reduced by less 

than 15 °C. 
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1. Introduction 

 
In the last few years there has been a growing interest in the number of applications for the 

MEMS with a heating element (MHP or heater), since they are key components in miniaturization 

of micro-sensors [1], such as wind sensors [2], humidity sensors [3] and gas sensors. The gas 

sensor with semiconducting metallic oxide (SMO) is becoming the universal MEMS sensor of the 

world due to its low congestion, high sensibility and fast answer. This sensor can be employed in 

several emergent applications such as sensors networks, label RFID, medical applications, quality 

surveillance food, portable devices, etc. [4, 5]. The amount of premature deaths around the world 

is about 7 million people per year (according to the World Health Organization) due to the effect 

of contaminants in the atmosphere. [6] Gas sensors are particularly important in preventing the 

spread of gases that are harmful to organic life and also in the detection of oxygen deficiencies in 

environments where they are required. [7] Nevertheless, an additional reduction of the energy 

consumption and the improved selectivity are always necessary to allow wide marketing of this 

innovative device. Nowadays, the lowest energy consumption in the sensors of gas marketed SMO 

is superior to 15mW when it is continuously exploited in 300°C [8-10]. 

The sensor of gas, which was nominated as a finalist in the annual price of creativity in 

electronics (ACE) 2017 (CCS811) has an energy consumption of 46 mW [11]. However, it is 

considered and intended for portable applications. The principle of functioning of the sensor of gas 

SMO rests on the heating of the layer of detection in temperature between 250°C and 550°C by 

using Joule effect. The required temperature of functioning depends on the used material of 

detection and on the type chap of targeted gas. To reach and maintain this temperature, the heater 

is the key device. Various materials such as the aluminum, the platinum [12, 13], the poly silicon 
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[14], the copper [15, 16], Gold [17], Nickel-Chromium (nor Cr) [18], Platinum Titanium [19], and 

Tungsten [20] can be used as a heater. The heater layer is supported by a dielectric membrane 

(SiO2). This membrane acts as an electrical insulation that can operate under high temperatures. 

Metal oxides have been the most widely used materials for gas detection because of their ability to 

react with oxygen [21]. Among the most commonly used in the commercial market are tin dioxide 

(SnO2), zinc oxide (ZnO), and tungsten trioxide (WO3), as they meet all the requirements for good 

detection performance. In [21-24], gas is compared to others, such as In2O3, ITO, CdO, ZnSnO4, 

Nb2O5 etc [25-27]. For this purpose, the design has been modeled using different structures in 

order to improve the 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. The sensors are rigorously analyzed based on finite element 

simulations using COMSOL Multiphysics. The obtained results with the proposed design are 

discussed in the following sections. 

 
 
2. Sensor structure and heater design 
 

Fig. 1 presents different layers constituting the gas sensor. Platinum was used as heating 

element with a thickness of 0.1 µm. The heating film was supported by a 1×1 mm suspended 

membrane SiO2. In fact, the membrane is used as an electrical insulator at high temperature. This 

membrane has been designed to be thin (0.2 µm) in order to reduce conduction losses, and stable 

(low residual stress in the range of working temperature), and strong enough (strengthen by 8 

beams) to carry the heater without risk of breaking. 

 

 
 

Fig. 1. Structure and layers constituting the gas sensor. 

 

 

The choice of heater material is determined by an operating temperature range adapted to 

the needs, and good homogeneity on the active surface. Platinum (Pt) has various advantages such 

as lower density, good specific heat capacity, high electrical conductivity, etc. It is also a dense, 

malleable, ductile, precious. Thus, it is the least reactive metal. It also has very good specific heat 

and heating properties. By reducing the dimensions of the geometry, a higher temperature can be 

reached.  
 

Table 1. Parameters used for simulations [1,21,24,25,28,32]. 

 

Material 

 

Density 

ρv 

(kg.m
-1

) 

Heat capacity at 

constant pressure Cp 

(J.Kg
-1

 .K
-1

) 

Thermal 

conductivity 

k 

(W.m
-1

 .K
-1

) 

Electric resistivity ρ 

(Ω.m) 

 

Si 2330 713 156,0 3,0.10
8
 

SiO2 2270 1000 1,4 1,0.10
13

 

Poly-Si 3280 750 180,0 1,5.10
-05

 

Pt 21440
 

133 72,0 3,4.10
-07
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Table 1 summarizes the properties of materials used to build our gas sensor, and 

introduced in the parameters of COMSOL Multiphysics.  

 

 
3. Electro-thermal analysis  
 

To illustrate our model, a simulation was performed with COMSOL Multiphysics, it’s a 

powerful interactive environment for modeling and solving all kinds of scientific and engineering 

problems based on Partial Differential Equations (PDEs), and its use does not require a deep 

knowledge of mathematics or numerical analysis, but the models are built on the basis of adequate 

physical characteristics equations [29]. 

We started by investigating the electro-thermal model to simulate the heating by the Joule 

eff ect. This model includes two modes: conduction mode with the continuity equation given in (1) 

and heat transfer mode described by (2) [30]. The Joule Heating Model node in COMSOL uses the 

following version of the heat equation as the mathematical model for heat transfer in solids: 

 

−𝛻 (− 𝛻𝑉)  =  0                                                                              (1) 
 

𝑄 = 𝜌𝐶𝑝

𝑑𝑇

𝑑𝑡
− ∆(𝑘. ∆𝑇)                                                                      (2) 

 

These two equations are linked by the following equation for Joule heating [17]: 
 

𝑄 =   𝛻𝑉2                                                                                   (3) 
 
 

With the following material properties:   

Q: Heat source (W/ m
3
) 

Cp: Heat capacity (J/kg. K)  

T: Temperature (K) 

ρ : Density (kg/m
3
)  

K: Thermal conductivity (W/m. K) 

In Joule heating, the temperature increases due to the resistive heating from the electric 

current. The electric potential V is the variable solution in the conductive media DC application 

mode. The generated resistive heat Q is expressed as: 

 
𝑄 = 𝜌|𝐽2|                                                                                      (4) 

where  is Electric conductivity and J is the current density, which is also the reciprocal of the 

temperature dependent electric conductivity. 

 
𝜎 = 𝜎(𝑇)                                                                                        (5) 

 

Combining these facts gives the fully coupled relation.  

 

𝑄 =
1

𝜎
|𝐽2| =

1

𝜎
|𝜎𝐸|2 = 𝜎|∆𝑉|2                                                                  (6) 

 

Over a range of temperatures, the electric conductivity 𝜎 is a function of temperature T. 

 

𝜎 =
𝜎0

1 + 𝛼(𝑇 − 𝑇0)
                                                                           (7) 

 

where σ0: the conductivity at the reference temperature T0, α is the temperature coefficient of 

resistivity, which describes how the resistivity varies with temperature. 

Besides, the power consumption is described as: 
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𝑃 =
𝑉2

𝑅
                                                                                        (8) 

 

with the following material properties:   

where V is voltage and R stands for the resistance of the heating electrode. Here power 

consumption is directly proportional to the applied voltage and inversely proportional to the 

resistance of the material. The equations have been solved numerically under mixed boundary 

conditions (Dirichlet and Neumann), using the finite element method in COMSOL [31]. Fixed 

temperature and potentials are assumed at ends of the heater.  

A lot of materials properties are required to solve the mathematical equations mentioned 

above. In Table1 material properties of platinum are shown. 

Several thermal transfer phenomena in materials and at borders have been taken into 

account during simulations. There is thermal conduction in the solid material, natural convection at 

the boundaries between solids and air and radiation. According to previous studies [28, 23, 30], 

heat transfer coefficients are usually set as 125 𝑊𝑚−2𝐾−1for the surface and side walls of the 

chip and 60 𝑊𝑚−2𝐾−1for the back side of the membrane. Therefore, in this study we calculated 

the heat transfer coefficients particularly for our model in order to get the closest possible to reality 

and to improve the temperature homogeneity. The conduction of the different tested materials was 

parameterized in the 3D parts of the model. Knowing that platinum conduction is high so it must 

therefore be set as a "highly conductive" layer. There is a natural convection to the walls when the 

support is heated in the air. This convection phenomenon comes into play in thermal equilibrium 

and influences the value of the temperature. It is therefore important to take it into consideration; 

regarding the upper surface of the lid, we have a horizontal plane in the air with the convective 

effect going upwards. Heat transfer coefficient is calculated using the following equation: 

 

                          ℎ = 1,32 × (
∆𝜃

1
)

0,25

                                                               (9) 

 

Implies that, 

 

ℎ(𝑇) = 1,32 × (
𝑇 − 𝑇0

1,36
)

0,25

 

 

with 𝑇0=293K 

 

This equation depends on the number of Nusselt (Nu) (eq.9), which from one side depends 

on the flow regime along the support walls that are considered laminar; and from other side 

depends on the geometry that is defined by the length of the device as well as the orientation 

towards the top of the heating face: 

 
𝑁𝑢 = 𝐶. (𝑅𝑎)𝑛                                                                        (10) 

 

 

With n=0,25 
𝑅𝑎 = 𝐺𝑟. 𝑃𝑟                                                                           (11) 

 

With 𝐺𝑟 =
𝑙3𝜌2𝑔𝛽 ∆𝜃

𝜇2
 

And Pr = 0,707 

l = length of the plate 

𝜌=density  

𝑔=gravity acceleration 

𝛽=coefficient of expansion =1/𝑇𝐾 in the case of air 

∆𝜃=temperature difference 

𝑅𝑎=Rayleigh number 
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𝑃𝑟=Prandtl number 

𝐺𝑟= Grashof number 

The calculation of the Rayleigh number made possible to determine the constants used to 

calculate the Nusselt number, and to determine the shape of the equation of the convective transfer 

coefficient: 

102 < 𝑅𝑎 < 104 according to the temperature and so 

 

ℎ = 1,32 × (
∆𝜃

1
)

0,25

             (eq.9)                                                [32] 

 

The value of the thermal coefficient h for the plate is between 10 and 20 depending on the 

temperature. For the condition at the interface between the bottom of the substrate and the air we 

have chosen in a first step to define a total thermal insulation. This seemed necessary to get rid of 

the base on which the substrate will be placed and therefore to be placed in an ideal case. This also 

allows for a minimum of heat loss and a more reliable comparative result between materials.  

The effects of radiation in heat transfer must also be taken into account. The silicon 

emissivity was considered to be 0.37 according to the article by Böhnke et al [33]. For the sake of 

precision, neighbouring emissivity values of 0.32 and 0.42 were also tested. It was then noticed 

that this possible difference only slightly influenced the result of the simulation.  

 

 
4. Electro-thermal simulation of the MHP 
 
The choice of our heater design for the suite was the spiral shape since it provides a good 

compromise between good temperature homogeneity and low power consumption, and also to 

avoid thermal stress in the angles of the heater tracks. A new membrane shape was used as part of 

the 8 micro-bridges design to provide better insulation against heat loss from the heater to the 

substrate. This results in minimizing heat dissipation and reducing power consumption up to a few 

mW. 

 

 

 
(a)                                                       (b) 

 

Fig. 2. a) Gas sensor without measuring electrodes b) Heater temperature  

under 5V op applied tension. 

 

 

The modifications made to the sensor design are:  

• The addition of membrane etching with bridges to connect the heater's tracks to the pads 

to minimize the heat generated by the substrate. 

• Used the circular spiral shape as a design with a track width of 10μm, similarities 

between the tracks.  

• A modification was made to the width between the tracks of the heater ranging from 

12µm (centre of the active area) to 8µm (the end of the active area) as shown in Fig. 3. 
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Fig. 3. Changing the width of the heater tracks. 

 

 

• The spacing between the tracks of the heater was limited to 8μm in order to introduce the 

measuring electrodes in the next step, this will allow us to avoid the addition of another layer 

above the heater for the sensor electrodes that will be on the same level as the heater, which 

reduces the manufacturing cost of our sensor. 

 • Round off the connections of the heater in a gradual way, for the fluidity of the current 

that reaches the active area from the pads.  

 

 
 

 

Fig. 4. Adding an elliptical hole to the center track of the heater (a and b in µm). 

 

 

Despite this improvement, the temperature difference between the center and extremities 

in the active area remains important. to solve this problem, we suggest replacing two half-circles 

located at the MHP center with an elliptical shape, given in Figure 4. This is done by supplying 2 

volts.  

To reduce the concentrated temperature in the middle of the MHP, we must keep a 

uniform current density in the heater, for this we must keep the same width of tracks which does 

not apply to the case of the ellipse. Therefore, a hole in the ellipse is suggested so that the current 

density remains stable over the entire track of the heater as shown in Fig. 4.  

 

 
5. Results and discussions 

 

Fig. 5 presents a parametric comparison between different dimensions of the elliptical hole 

in the center track of the heater, where ‘a’ represents the horizontal diagonal of the elliptical hole, 

and ‘b’ is the vertical diagonal. ‘a’ is fixed at 5µm, while ‘b’ takes different values from 16µm to 

8µm.  
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Fig. 5. The temperature [°C] versus layer position in device for different axes (a, b) of elliptical hole  

in the center track of the heater. 

 

 

The results show that the elliptical hole with a=5, b=8 is the one that matches the most the 

theoretical graph (ideal homogeneity), which illustrates the perfect uniformity of temperature in 

the active area (70µm to 225µm). In the case of the blue graph (a=5, b=8), it has been noticed that 

temperature gap between extremities and the center of the active area is reduced by less than 15 ° 

C, which is very promising to improve the signal to noise ratio, this result is due to the equality 

between the current density in the platinum track (10µm) and the sum of the current densities in 

the two sides of the elliptical area. 

As can be seen from Fig. 6, the temperature was plotted against the corresponding power 

consumption. The red graph presents our first simulation using standard parameters of the heat 

transfer coefficient [28, 23, 29]. The blue one shows our simulation when heat transfer coefficients 

are calculated, specifically for our model as shown in section 4, taking into account the boundary 

conditions and the geometrical parameters. the graph in black is the experimental result of [28]. 
 

 
 

Fig. 6. A comparison between the power consumption of our simulation results and  

the experimental result of [28]. 

  

 

The power consumption during the heating MHP to 300 °C was approximately 13.4 mW, 

these modifications allowed us to gain 8 mW less in power consumption compared to our first 

simulation, and 0.6 mW compared to [28] and also to have a better uniformity in the active area. 

This difference power values can be explained by the calculations of heat transfer coefficients, 

MHP and membrane design, and Geometric modifications contributed to the heater. 

Our sensor is designed to work in environments when temperature is lower than 300°C 

this is why for temperatures above 300 ° C, it is noticed that power consumption on the MHP of 

[28] is lower than our two models, this can be explained by the improvements that he made in his 

work on the membrane with adding an SU-8 layer on his MHP, this allows him to have a stable 

operation under a constant voltage for 100 min. 
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6. Conclusions 
 

The aim of this paper was to simulate several solutions to improve the homogeneity of the 

temperature provided by the heating element, while miniaturizing the geometry of the sensor, and 

to develop a new design that minimizes the power consumption compared to the sensors of the 

literature. This work has been done under the simulation software COMSOL Multi-physics.  

Several simulations have been addressed to keep the best homogeneity along the active 

zone of our gas sensor design studies, the different phenomena that govern the sensor, design of 

the membrane, also on the track of the heater and the measuring electrodes. Moreover, a new 

design of semiconductor metal oxide gas sensors that implement several innovative aspects to 

further reduce overall energy consumption, while improving thermal uniformity in the active area 

and the movement of energy was proposed. 
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