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A B S T R A C T  A R T I C L E  I N F O   

Micro Electro-Mechanical System (MEMS) based devices offer innovative approaches in 
sensor technologies with the advantages of high efficiency and miniaturization. The most 
important stage in the development of new generation MEMS-based devices is the design and 
optimization stage. However, device design and optimization processes are developed in a 
laboratory by empirical approaches. This causes time loss and creates an unnecessary waste of 
resources. In this study, it is aimed to design and analyze two gas sensors based on ZnO and 
TiO2 sensing layers. Electro-thermal analysis of the sensor structure was carried out at room 
temperature and high temperature (294,15K-573,15K) and heat transfer parameters were 
compared. According to the simulation results, it is obtained that, as the applied temperature 
increases to the sensor, the temperature over the sensing layer increases linearly. It is compatible 
with the literature. The temperature on the ZnO surface increases to three times the TiO2 surface 
temperature. The heat transfer results obtained will be used as a guide for device design and 
optimization in future works. In this way, as a result of numerical analysis, a MEMS-based 
device will be produced with high accuracy. Thus, time and resources will be saved. 
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1 Introduction 

Rapidly increasing environmental pollution and 
consequently increasing health problems have become 
one of the most important problems of today. In addition, 
different gases are frequently used in the manufacturing 
industry. This situation directly affects to human health. 
The integration of smart devices developed for the benefit 
of humanity into our daily life is becoming more and more 
popular with decades due to their usefulness. Gains in 
MEMS technology also has been affected sensor 
technologies. Sensors produced in line with micro 
technologies have advantages in terms of cost, 
miniaturization, and sensitivity as smart sensors. In this 
view, the development of gas detection devices is 
important for widespread uses, such as monitoring gas 
accumulation, medical diagnostics, food quality 
assurance and the safety of industrial processes or 
domestic systems. Today, in parallel with the 
technological progress in nano-electronic structuring and 
the point it has reached, gas sensor technologies continue 
to progress with similar acceleration [1–5]. 
 

Micro/nano technology is a multi-disciplinary technology 
because of using material science, structure-control 
design and finite-element method (FEM). Material 
technology allows the use of new generation materials and 
semiconductor technologies in miniature device 
development. Moreover, structural/control design and 
analysis methods offer high accuracy and analysis 
advantages with high accuracy. 
 
It was observed for the first time in 1953 that the 
conductivities of semiconductor materials are changed by 
gas absorption [6]. Subsequently, the first semiconductor 
gas sensor patented in 1962 [7]. Afterwards, gas-sensing 
devices are researched and examined worldwide. 
Researches on gas detection mechanisms is focused on 
designing gas detection elements that can detect gases 
harmful to human health and nature with high 
performance detection materials as a consequence various 
gas detection technologies have been developed for use in 
gas detection processes [8–13].  

   

 MJEN  MANAS Journal of Engineering, Volume 9 (Issue 1) © 2021 www.journals.manas.edu.kg 
 

http://www.journals.manas.edu.kg/
http://journals.manas.edu.kg/mjen/index.php
http://www.manas.edu.kg/
mailto:gozde.konuk@gedik.edu.tr
mailto:huseyin@marmara.edu.tr
mailto:ggenc@marmara.edu.tr


G.K. Ege, H. Yuce, G. Genc / MANAS Journal of Engineering 9(1) (2021) 37-44 38 

Table 1. Gas detection methods used in gas detection 
processes 

Gas sensors related to 
detecting material 

Gas sensors related to 
detecting mechanism 

Metal oxide 
semiconductors 

Resistance Change 

Carbon nanotubes Optical methods 
Polymers Acoustic methods 
 Gas chromatography 
 Calorimetric methods 

Gas detection processes can be examined in two classes, 
according to the sensing material and the sensing 
mechanism, as shown in Table 1. In gas sensors; Metal 
oxide semiconductors, carbon nanotubes and polymers 
are used as the material in the gas detection layer. On the 
other hand, resistance changing, optical methods, acoustic 
methods (eg; SAW sensor), calorimetric method and gas 
chromatography can be used as the detection mechanism. 
Metal oxide-based gas sensors attract researchers' 
attention thanks to their high detection capability, 
repeatability and simple manufacturing techniques. MOX-
based gas sensors are used to sense NH3, H2, NO2, H2S, 
CO, CO2, SO2, O3, N2, VOCs, LPG gases [14]. 
 
NH3, H2, HCl, NO2, H2S, CO, CO2 gases threat human 
health depending on their conditions of use and release 
rates of these gases. Table 2 presents that the areas of use 
or release of these gases and their danger. For example; 
NH3 gas appears in the chemical, food and health industry 
and causes a toxic effect. NO, HCl, CO2 gases cause 
respiratory disorders. The release of high levels of H2S 
and CO, H2 gases can result in death. 

The working principle of MOX gas sensors are usually 
based on the resistivity change of the semiconductor, 
depending on the gas absorption. When gas analytes come 
into contact with the sensing layer, the adhesion of oxygen 
atoms occur on the surface and semiconductor sensing 
material reacted to the gas analytes. In this way, sensing 
layer resistivity is decreased according to the analyte 
concentration. However, the worst feature of MOx-based 
gas sensors is that they have a high operating temperature. 
This situation requires high power consumption and an 
external heat source [33]. Therefore, many studies are 
carried out to obtain high operating performance at low 
temperatures. In this study, two MOx-based gas sensors 
model are designed. 

 

 Table 2. According to the encountered area, and their dangers 
various hazardous gases 

Hazardous 
Gases 

The encountered 
Area 

Dangers 

NH3 [15] Chemical and 
food industry,  

medical diagnosis 

Toxic effect, 
vomiting, 
headache 

NO [16–19]  Combustion of 
fossil fuels, power 
plants and vehicle 

engines 

Respiratory 
diseases, asthma 

NO2 [20] Automobile 
exhaust fumes, 

nitric acid 
production, coal 

and fuel 
combustion 

Acid rain, 
environmental 

pollution 

H2 [21–25]  Renewable 
energy sources, 

transport systems 
and biomedical 

devices 

Explosive, 
flammable 

H2S [26–29]  Oil/natural gas, 
geothermal 
energy and 
bacterial 

decomposition 

Occupational 
diseases, death in 

high 
concentration 

HCl [30] Semiconductor 
and chemical 

industry 

Toxic effect, skin 
burns, respiratory 

disorders 
CO [31] Fire events Toxic effect , 

death 
CO2 [32] Cellular 

respiration and 
burning of fossil 

fuels 

Respiratory 
disorders, 

explosion, Global 
warming, 
explosion 

 One of the gas sensors consists of TiO2 as a sensing layer 
and another is consist of ZnO. Three-dimensional design 
and simulation are done by using SolidWorks and 
COMSOL Multiphysics software. The electro-thermal 
analysis is done to observe the surface temperature and 
electrical dispersion along the sensing layer. The effect of 
TiO2 and ZnO semiconductors heat transfer is evaluated 
over the sensing layer at room temperature and different 
high temperatures. 
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2 Structure design 

Gas sensors are smart devices used to sense many other 
gases with concentrations ranging from ppm and ppb in 
the presence of other low concentrations gases [34]. 
Although it is considered to be an apparently simple 
operating principle, the gas detection mechanism is quite 
complicated. MEMS-based gas sensors consist of two 
main layers as shown in Fig.1. Gas sensing performance 
and especially sensitivity are controlled these two layers. 
A chemical or biochemical interface is required to obtain 
sufficient sensitivity and selectivity for the analyte. This 
interface is called the sensing layer, this is the top layer. 
Gas detection mechanism is related to the change of one 
or more physical properties of the sensing material such 
as mass, elastic hardness, viscosity, electrical 
conductivity, and electrical permeability. The 
conductivity of the sensing material is expected to change 
according to the gas concentration. It is also desired that 
this change in conductivity be reversible. The 
performance of a gas sensor depends on the sensor 
configuration as well as the interaction of the sensing 
material with the gas. It is important to understand the 
interaction between the sensor material and the analyte 
molecules of basic sensor parameters such as sensitivity 
and selectivity. If this interaction is weak; sensitivity and 
selectivity are weakened when the sensor shows good 
recycling or recycling is weakened while showing good 
sensitivity and selectivity [35]. Another layer is the 
transducer layer. This layer converts the sensing analyte 
signals from the chemical interaction occurring in the 
sensing layer into an electrical signal.  

 
Figure 1. MEMS-based gas sensors layer structure 

 
Sensor specifications, for instance sensitivity, selectivity, 
response and recovery times, are affected by the 
properties of the sensing material.  In this study, TiO2 and 
ZnO are preferred as a sensing material. ZnO has high 
chemical and thermal stability, piezoelectric properties. 
These provide excellent detection response. It has a low 
cost. It offers easy production and non-toxic. Thanks to 
these advantages, they are preferred in gas sensor 
applications [1]. TiO2 is also stable, low cost and non-
toxic semiconductor material. It has unique electrical, 
optical and catalytic gas sensing material because of its 
wide bandgap. In smart device applications, the band 
structure provides superior electronic and optical 
properties [36]. The designed gas sensors structure is 
presented in Fig.2. 
 
LiNbO3 wafer is used as a substrate. On the substrate, gold 
electrodes are evaporated in a vacuum for electrical 
conductivity. Above the gold electrodes, the sensing layer 
is sputtered.  

 
Figure 2. Gas sensor structure 

 
Mechanical properties are given in Table 3. The hot plate 
to be used as a high heat source will be placed where the 
gas sensor socket in the gas detection chamber. 
 
 
 
 
 
 

Table 3. Mechanical properties of sensor structure 

Material 
Size 

Thermal Conductivity 
(W/(m.K)) 

Density 
(kg/m3) 

Young’s 
Modulus 

(GPa) 
Length x 

Wide (mm) 
Thickness (mm) 

LiNbO3[37] 6x3 0.5 5.6 4640 170 
Gold [38] 6x1 1x10-4 317 19300 70 
TiO2 [39] 5x3 5x10-5 8.9 4230 230 
ZnO [40] 5x3 5 x10-5 60 5676 210 

 

3 Electrical conductivity and heat transfer analysis 

The heat transfer analysis and joules heating simulation 
are important for observing the homogeneous heat 

dispersion on the surface. Homogeneous heat dispersion 
is one of the determining factors of sensor sensitivity. 
Seeing that metal oxide gas sensors work according to the 
resistance change principle, it is expected to be 
homogeneous and constant at the electrical voltage on the 

   

 MJEN  MANAS Journal of Engineering, Volume 9 (Issue 1) © 2021 www.journals.manas.edu.kg 
 

http://www.journals.manas.edu.kg/


G.K. Ege, H. Yuce, G. Genc / MANAS Journal of Engineering 9(1) (2021) 37-44 40 

sensing surface. For electrical conductivity simulation, 
the electrical field dispersion (E) is determined using 
Eq.1.; 
 

𝐸𝐸 = −∇𝑣𝑣 (1) 
 
The electrical resistivity of most materials changes with 
temperature. To calculate electrical resistivity, a linear 
approximation is typically used. For electrical resistivity, 
(ρ) in certain temperature is determined by Eq.2; 
 

0 0( ) (1 ( ))T T Tρ ρ α= + −  (2) 
 
In Eq.2; ρ(T) is electrical resistivity in a certain 
temperature, ρ0 is electrical resistivity at 20 ⁰C, α is 
temperature coefficient at 20 ⁰C, T0 is 20 ⁰C and T is a 
certain temperature. 
According to the electric field (E); electrical 
conductivity of the sensing material,(σ ), current density 
(J) and joule  
 

J Eσ=  (3) 
Qj J= ∇  (4) 

 
heating power (Qj) are calculated by Eq.3., and Eq.4.; 
Moreover, the heat transfer is calculated with Eq.5. The 
heat transfer depends on the heat flux, thermal 
conductivity, absolute depends on the thermal 
conductivity, temperature difference, and length of the 
body. In this equation, q, ∆t, and k represent the heat flux, 
the temperature difference, and the thermal conductivity 
respectively [41] . 
 

.k t
q

L

∆
=  

(5) 

4 Results and discussion 

4.1 Electrical dispersion 

The sensing layer electrical dispersion of the gas sensor 
from room temperature to 573,15K is analyzed. A 9V 
initial voltage is applied to the gas sensor. In accordance 
with the resistivity of the sensor material, the average 
voltage above the sensing layer surface is observed and it 
is presented in Fig.3. At the ZnO surface, electrical 
dispersion has three different distinct regions.  

 
Figure 3. Average voltage above the sensing layer (TiO2, 
ZnO) 

In region I, the average electrical potential is observed 
steadily from room temperature to 423,15K. ZnO exhibits 
a negative temperature coefficient of resistance (NTCR) 
behavior in this region. At second region from 423,15K to 
523,15K ZnO indicates a positive temperature coefficient 
of resistance (PTCR) behavior. 
 
Resistivity level is the lowest in this region. In region III 
from 523,15K to 573,15K resistivity increases again and 
ZnO shows a negative temperature coefficient in this 
region. There are several studies about the temperature-
dependent resistivity of ZnO according to NTCR and 
PTCR behavior.  
 
The simulation results obtained are compatible with the 
literature [42], [43]. On the other hand, the TiO2 surface 
electrical dispersion is observed steadily. TiO2 shows a 
negative temperature coefficient from room temperature 
to 573,15K. 

4.2 Temperature dispersion 

In this simulation; absolute pressure is 1 atm. First of all, 
the room temperature condition is done and heat 
dispersion is observed. Then, high temperature 
conditions (323,15K, 373,15K, 423,15K, 473.15K, 
523,15K, 573,15K) are created by hot plate respectively. 
An initial temperature (T0=room temperature) is 294,15K 
and the external temperatures (Text=hot plate 
temperature) were applied by increasing the temperature 
step by step from 323,15K to 573,15K. Fig.4, and Fig.5 
shows the temperature profiles of TiO2 and ZnO sensing 
layers with a base substrate.  
 
A uniform sensing layer temperature is a requirement for 
sensitive operation of the sensor. Figure 4 and 5 shows 
uniform temperature dispersion on the sensing surface at 
different operating temperatures. Furthermore, Fig.6. 
shows the comparison of surface temperature at constant 
electrical voltage 9V. While the temperature on the TiO2 
surface at 473,15K was 489.56 K and 569.86 K on the 
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ZnO surface, the temperature on the TiO2 surface at 
573,15K was 603.41 and 715.51 K on the ZnO surface. 
 

 

 

 
a. 294,15 K 

b. 473,15 K 

 
c. 373,15 K 

d. 573,15 K 

Figure 4. Temperature dispersion in TiO2 layer, for the temperature 294,15K (a), 373,15K (b), 473,15K (c), 573,15 K (d) 

a. 294,15K b. 373,15K 

c. 473,15 K d. 573,15K 
Figure 5. Temperature dispersion in ZnO layer, for the temperature 294,15K (a), 373,15K (b), 473,15K (c), 573,15K (d) 
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The comparison in Fig.6. depicts that sensing surface 
temperature increase on both surfaces; increased 
proportionally from the room temperature to 423.15 K. 
 
When 423.15 K exceeds; the temperature increase on ZnO 
surface gained acceleration compared to TiO2 surface. 
While the temperature on the TiO2 surface at 473,15K was 
489.56 K and 569.86 K on the ZnO surface, the 
temperature on the TiO2 surface at 573,15K was 603.41 
and 715.51 K on the ZnO surface. 
 
According to the simulation results, the optimum 
operating temperature was determined of ZnO and TiO2 
thin films. Sensing surface temperature rises above at the 
473.15K, 523.15K, 573.15K operating temperature. 
 

 
Figure 6. Sensing layer temperature at different hot 

plate temperatures 

 
Consequently, heating inevitably occurs on the surfaces. 
In this case, the optimum working temperature for both 
thin-film structures with a thickness of 0.5 µm was 
determined as 423.15 K. 

 

5 Conclusion 

In this study, heat transfer analysis of the MOx-based gas 
sensor is discussed. Two sensing layer structures that used 
TiO2 and ZnO as a material are designed and simulated. 
To achieve uniform heat dispersion above TiO2 and ZnO 
sensing layer at room temperature and high temperature 
are analyzed by using FEM with COMSOL Multiphysics. 
The temperature profiles of sensing layers are analyzed 
and uniform heat dispersion was achieved in both thin 
films. As stated in simulation results, an optimum 
working temperature was determined for ZnO and TiO2 
thin films.  

Our future works will be focused on the designed 
metal-oxide/polymer-based gas sensor at room 

temperature and high temperature and compared 
simulation results between them. Additionally, we aim to 
design and fabricate a gas sensor using metal oxide and 
metal oxide/polymer sensing layer. 
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