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Chapter 1

Introduction

1.1 Motivation and Objectives

Gas sensors are the devices which detect the presence of target gas leak. In recent
years, gas sensors are increasingly used in the rapid growing markets of safety ap-
plication systems, especially for hydrogen detection in automotive combustion or
fuel cell applications [1, 2]. In such systems, a leakage of hydrogen gas needs to
be detected before the hydrogen builds up an easily ignited explosive mixture with
the ambient air when the hydrogen concentration reaches the lower explosive limit
(LEL) of 4% [3] in air. Consequently, fast response time, low cost and low power
consumption gas sensors are in great demand for hydrogen detection in safety ap-
plications.

Such fast response time, low cost and low power consumption gas sensors have
experienced a revival due to the progress in silicon-based micro-electro-mechanical
(MEMS) technology during the last two decades [4]. Silicon-based MEMS techno-
logy not only has made the fabrication of low cost miniaturized gas sensors possible,
but also has provided the high-performance gas sensors which combine electrical
and thermal functionalities within a single piece of silicon. These miniature MEMS
gas sensors are several orders of magnitude smaller than conventional gas sensors,
while their power consumption, response time and production costs are dramatically
reduced [5].

1



2 CHAPTER 1. INTRODUCTION

1.2 Thesis Organization

The previous paragraphs have introduced the motivation and applications of the
work presented in this thesis. An overview of the contents of this thesis is given
below.

Chapter 2 Gas Sensors Overview

This chapter will first introduce the advantages of using physical gas sensor instead
of chemical gas sensor, and thermal conductivity sensor is a kind of physical gas
sensor. Secondly, the basic principal of thermal conductivity gas sensors will be des-
cribed. Finally, several advanced and representative gas sensors will be described
and compared.

Chapter 3 Sensor Design Based on Analytical Approach

In this chapter, the thermal conductivity gas sensor design based on analytical ap-
proach will be presented. Firstly, the detailed principle of thermal conductivity
based gas sensor will be explained. Secondly, the advantage of utilizing surface
micromachining technology and the details in fabrication process will be clarified.
Thirdly, the thermal modeling will be illustrated, and the formulas of sensor resistor
temperature and sensor sensitivity will be derived. Finally, the optimal sensor sen-
sitivity will be obtained based on analytical simulations using the derived formulas
in Matlab software.

Chapter 4 Sensor Design Based on Numerical Analysis

In this chapter, the sensor design based on numerical analysis will be presented.
Firstly, the sensor will be modelled based on the finite element method (FEM)
simulation using COMSOL Multiphysics software. Two application modes - the
conductive media DC and heat transfer modules are combined into a single model
for interaction simulation using the multiphysics features of COMSOL Multiphysics.
Then, the relationship between sensor sensitivity and different features of sensor will
be derived based on numerical simulations in COMSOL. Finally, the optimal sensor
sensitivity will be obtained based on the simulation results in COMSOL.
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Chapter 5 Measurements and Validation

In this chapter, four measurement setups will be presented to show the validation of
vacuum pressure measurement and carbon dioxide detection based on this thermal
conductivity gas sensor. Vacuum pressure measurement was implemented to obtain
the accurate results of the sensitivity of sensor devices with different features. For
safety consideration, the carbon dioxide is utilized instead of hydrogen in the mea-
surements. Besides, the thermal conductivity difference between carbon dioxide (
0.01465 W/m·k ) and air is only 5.93% of that between hydrogen and air; consequently,
an achievement in carbon dioxide detection means an extremely high sensor sensi-
tivity to hydrogen detection.

Chapter 6 Conclusions

This chapter concluded the thermal conductivity gas sensor on its application, prin-
ciple, fabrication, analytical analysis, numerical analysis, measurements and sensor
performance.

1.3 Summary: Original Contributions

The main original contributions in this thesis can be found in:

• The thermal modeling, formulas derivation and design optimization of the sen-
sor sensitivity based on analytical analysis in Matlab are presented in Chapter
3.

• A optimal sensor with a single-clamped bridge structure and larger gas
openings, and optimized based on numerical analysis in COMSOL Multi-
physics has been achieved in Chapter 4. Compared with the original gas
sensor model, the optimal sensor sensitivity is 5.17 times higher.
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Chapter 2

Gas Sensors Overview

This chapter will first introduce the advantages of using physical gas sensor instead
of chemical gas sensor, and thermal conductivity sensor is a kind of physical gas
sensor. Secondly, the basic principal of thermal conductivity gas sensors will be
described. Finally, several advanced and representative gas sensors will be described
and compared.

2.1 Gas Sensors Classification

There are two fundamentally different approaches for gas sensor: chemical sensor
and physics sensor. Chemical gas sensing is based on the measurement of a change
in electrical conductance or other physical properties of the sensing material due
to the chemical interaction between the gas and the sensing material. There is a
major problem in chemical gas sensors: the long-term stability is limited due to the
contamination of the interface during chemical interaction [5, 6, 7].

Another major drawback of chemical sensors is the slow response time due to
their chemical interaction is strongly dependent on environment temperature. For
instance, palladium (Pd)-based chemical sensors are commonly used for hydro-
gen detection since Pd has a high sensitivity and selectivity towards hydrogen
[3, 8, 9, 10, 11]. However, the Pd-based gas sensors often have a very slow res-
ponse time at low temperatures due to their strong temperature dependence, from
several hundred seconds to several minutes [3, 12, 13, 14] when detect 1% change in

5



6 CHAPTER 2. GAS SENSORS OVERVIEW

the hydrogen concentration in air.

Therefore, the physical gas sensor that relies on the direct measurement of a physical
property of a measured gas is better, since it offers possibilities for an enhanced long-
term stability and a fast response time. Especially, the thermal conductivity sensor
is such a good solution. Although thermal conductivity sensors are generally
not as selective or sensitive as chemical gas sensors [5], they are faster and more
reliable since they will not be temperature depended or contaminated
when they sense the gases.

2.2 Thermal Conductivity Gas Sensors

Thermal conductivity sensors are especially suitable for the hydrogen detection,
since the thermal conductivity of hydrogen (0.1805 W/m·k [15]) is approximately 7.5
times that of the air (0.02394 W/m·k [16]). It indicates that even very low concentra-
tion of hydrogen leakage in air is able to be detected due to the notable increase in
gas thermal conductivity. Therefore, thermal conductivity gas sensors are especially
suitable for the hydrogen leakage detection before hydrogen concentrations reach
the lower explosive limit (LEL) of 4% in air in safety applications.

The basic principle of thermal conductivity based gas sensor will be presented in
this section. Before that, the relevant background knowledge on heat transfer and
thermopile will be introduced as follows.

2.2.1 Prerequisites

Heat transfer

Heat transfer is the transition of thermal energy from a material at a higher tem-
perature to a material at a lower temperature [17, 18, 19]. There are three ways of
heat transfer: heat conduction, convention and radiation.

Heat Conduction and Thermal Conductivity

Heat conduction is one of the most important ways of heat transfer in micro-scaled
structure. By definition, heat conduction is the heat energy flows from the region of
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high temperature to the region of low temperature, when there exists a temperature
gradient within a body [18]. For example, a metal spoon placed in hot water can
quickly conduct the heat through the spoon to your hand.

Heat conduction H can be defined as [20]:

H =
∆Q

∆t
= λA

∆T

x
[W] (2.1)

where DQ
Dt

is the rate of heat flow, λ is the thermal conductivity, A is the total cross
sectional area of conducting surface, DT is the temperature difference, and x is the
thickness of conducting surface separating the two temperatures.

Thermal conductivity is the property of a material that indicates its ability to
conduct heat [20]. Thermal conductivity is measured in watts per Kelvin per meter
(
[
W
m·K

]
). Rearranging the equation 3.16 gives thermal conductivity [20]

λ =
∆Q

∆t
· 1

A
· x

∆T

[
W

m ·K

]
(2.2)

which means that thermal conductivity can be thought of as a flux of heat DQ
ADt

di-
vided by a temperature gradient DT

x
.

Thermal conductance is the quantity of heat that passes in unit time through a
plate of particular area and thickness when its opposite faces differ in temperature
by one kelvin, which is given by:

G =
λA

x

[
W

K

]
(2.3)

where λ is the thermal conductivity, A is the area, x is the thickness of the plate.

Thermopile, Thermocouples and Seebeck Effect

A thermopile is an electronic device that converts thermal energy into electrical
energy. It is composed of thermocouples connected in series.

A thermocouple is a junction between two different metals that produces a vol-
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tage related to a temperature difference. Thermopiles do not measure the absolute
temperature, but generate an output voltage proportional to a local temperature
difference or temperature gradient.

The Seebeck effect is the conversion of temperature differences directly into elec-
tricity [21]. The effect is that a voltage is created in the presence of a temperature
difference between two different metals or semiconductors.

Figure 2.1: Thermocouple generate the thermoelectric voltage under temperature
difference [22]

Figure 2.1 presents a thermocouple which consists of two different leads a and b.
An open circuit voltage Vout is generated when the thermal potential on the junc-
tion is higher than that of the open end. The proportionality between the output
voltage and the applied temperature difference ∆T is defined as Seebeck coefficient
αT . Seebeck coefficient is a temperature dependent material constant denoting the
thermoelectric voltage generated by the thermocouple for an applied temperature
difference [22]:

Vout = αT ·∆T [V]

2.2.2 Basic Principle of Thermal Conductivity Gas Sensors

As shown in Figure 2.2, thermal conductivity gas sensors perform a measurement of
the thermal conductivity of measurand gas as follows.
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Figure 2.2: Principle of thermal conductivity gas sensor

The “hot element” is heated up by the supplied input power. Normally, the “hot
element” is a resistor and heated up by feeding input current or voltage. Then, the
measurand gas transfers a quantity of heat via thermal conduction from the “hot
element” to the “cold element”, which leads to a decrease in the temperature of “hot
element”. Because the quantity of heat conducted by measurand gas from the “hot
element” depends on the thermal conductivity of measurand gas, as described in
equation 2.1. Thus, for a given experimental configuration and a fixed input power,
the changes in temperature of “hot element” depends on the thermal conductivity
of measurand gas, so that the changes in the thermal conductivity of measu-
rand gas can be detected by measuring the changes in the temperature
of the “hot element”.

2.2.3 Temperature Measurement

The changes in temperature of the “hot element” need to be detected simply, sen-
sitively, reliably and inexpensively. One widespread method of temperature mea-
surement is thermistor-based temperature measurement, typically platinum (Pt)
resistors-based. The reason is that Pt resistors are superior in terms of accurate
temperature coefficient of resistivity (TCR) and, therefore, have a better defined
temperature dependence.
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However, during the temperature measurement, one significant problem in Pt resistors-
based temperature measurement is that the self-heating effect causes a temperature
rise in the sensor element [23]. Self-heating effect is that when a current flows
through a thermistor, it will generate heat which will raise the temperature of the
thermistor above that of its environment [24]. If the thermistor is being used to
measure the temperature of the environment, this electrical heating will introduce
a significant error if a correction is not made. Besides this self-heating effect, Pt
resistors are poorly IC-process compatible.

One of the temperature measurement methods which do not have the problem of
self-heating or poorly IC-process compatible is thermopile-based temperature mea-
surement. In additional, thermopiles have various attractive properties [23]:

1. Firstly, the thermopile is based on the self-generating Seebeck effect, this ensures
that:

• The output signal generated by the thermopile which has no offset or no offset
drift, because there cannot be any output signal without input power,

• the thermopile does not suffer from interference from power supplies or any
physical or chemical signals except light (which can easily be shielded), because
the Seebeck effect and the photoelectric effect are the only two self-generating
effects in silicon,

• the thermopile does not need any biasing,

• the read-out circuit is quite simple, only a voltmeter is required.

2. Moreover, the sensitivity of the thermopile is hardly influenced by variations in
the electrical parameters across the wafer or by the temperature. Unlike transistors
and resistors, whose sensitivity and offset depend on the position on the wafer and
the temperature.

Thus the changes in temperature of the “hot element” can be well detec-
ted by thermopile for its well IC-process compatible and none self-heating
effect.
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2.2.4 Sensor Sensitivity

As discussed before, the recommended method to measure the temperature changes
of the “hot element” in thermal conductivity gas sensors is based on thermopile.
Consequently, the output sensor signal is the Seebeck voltage generated by the
thermopile. Thus at a given input power, the sensor sensitivity is defined as the ratio
of the change in output Seebeck voltage ∆Useebeck to the change in the measurand
gas concentration in air. Assume the change in the measurand gas concentration in
air is α, then the sensor sensitivity is expressed by:

S =
∆Useebeck

α
[mV]

2.3 State of the art Gas Sensors

2.3.1 Gas-sensitive Metal based Chemical Gas Sensors

The gas-sensitive metal or metal oxide based chemical sensors are the most widely
used commercial gas sensors in safety application systems, since they are high sensiti-
vity and low cost [4, 25, 26, 27]. However, they normally suffer from the high power
consumption due to their chemical interaction is strongly dependent on constant
high environment temperatures.

An improved high-performance gas-sensitive metal based chemical sensor for hy-
drogen detection is described as follows.

Description

A micro gas-sensitive metal oxide chemical gas sensor [28] which was fabricated with
surface micromachining process is shown in Figure 2.3. This gas sensor was mounted
on a highly thermal isolated layer to reduce the heat loss to the substrate.
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Figure 2.3: Schematic and sensing principle of micro-thermoelectric gas sensor
(a) conceptual view (b) principle of the self-compensation method using the reference
thermopile for reducing external thermal noise

The sensor structure consists of a gas-sensitive palladium catalyst and 60 Cu-Bi
thermocouples. The catalytic reaction occurs only on the hot junction of the sen-
sing thermopile where the palladium catalyst is deposited.

The gas sensor detects the target hydrogen by measuring the reaction heat of the
catalytic reaction between the hydrogen and the palladium. The reaction heat is
measured by thermopile. In order to reduce the external thermal noise, a difference
between the output voltage of the sensing and the reference thermopiles was measu-
red by a differential amplifier. The sensor output Seebeck voltage which generated
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by thermopile linearly increased with the hydrogen gas concentration.

Advantages and Disadvantages

It is worth noting that this gas sensor does not need any heater, because it measures
the reaction heat of the catalytic reaction between the hydrogen and the palladium.
Secondly, palladium catalyst interaction requires less demand for environment tem-
perature than conventional palladium-based chemical interaction, which leads to
lower power consumption compared with conventional palladium-based chemical
gas sensor. Thirdly, the external thermal noise is reduced by using a differential
amplifier to measure a difference between the output voltage of the sensing and the
reference thermopiles.

However, the required temperature for palladium catalyst interaction need to be
constant which leads to a slow response time. In addition, the long-term stability of
the sensor is limited due to the chemical contamination during the catalytic reaction.

2.3.2 Thermal Conductivity Gas Sensors

Compared with chemical gas sensors, thermal conductivity sensors offer possibilities
for an enhanced long-term stability and a fast response time. Although thermal
conductivity sensors are generally not as selective or sensitive as chemical gas sen-
sors, they are faster and more reliable since they will not be contaminated when
they sense the gases.

Two representative thermal conductivity gas sensors for hydrogen detection are
shown as follows.

2.3.2.1 Thermal Conductivity Sensor TCG-3880

Description

The TCG-3880 is a commercial thermal conductivity gauge (TCG) which produ-
ced by Xensor Integration, the Netherlands [29]. In 2005, A.W. van Herwaarden
described its detailed structure in [30].
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Figure 2.4: Central heater and hot junctions of thermopiles in TCG-3880

Fig 2.4 shows the central heater and the hot junctions of the p-type poly-Si and n-
type poly-Si thermopile around it. By feeding current into the resistor in the center
of the sensor, the resistor is heated up and becomes a “hot element”. For a fixed
input power, the resulting temperature of hot resistor (heater) mainly depends on
the thermal conductivity of measurand gas. The thermopile measures the change in
temperature of the hot resistor with the measurand gas concentration, consequently,
detects the gas.

Advantages and Disadvantages

Advantages: this thermal conductivity sensor is long-term stable, low cost and has
a very fast response time.

Disadvantages: its sensor sensitivity is relatively low compared with that of chemical
gas sensor.

2.3.2.2 Micromachined Thermal Conductivity Sensor for Natural Gas
Analysis

Description

In 2008 S. Udina etc. fabricated a micromachined thermal conductivity sensor for
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natural gas analysis [31] as shown in Figure2.5.

Figure 2.5: Fabricated micromachined thermoelectric sensor

By applying voltages to the polysilicon integrated resistive heater in the center of
membrane, the resistive heater act like a “hot element” and the cold surrounding
silicon rims are the “cold elements”. The temperature difference is measured by
40 aluminum and n-doped polysilicon thermocouples. Therefore, for a fixed input
power, the resulting temperature of the hot resistor (heater) mainly depends on
the thermal conductivity of measurand gas. The thermopile measures the change in
temperature of the hot resistor with the measurand gas concentration, consequently,
detects the gas.

A thermal spreader, as shown in Figure2.6, is adopted here for a better temper-
ature homogeneity across the hotplate . Consequently, an additional anisotropic
wet etching process is needed for the spreader to eliminate the silicon from the
backside.

Figure 2.6: Cross-section of micromachined thermoelectric sensor
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Advantages and Disadvantages

Advantages: this thermal conductivity sensor has a long-term stability, a high sen-
sitivity and a very fast response time.

Disadvantages: the fabricated bulk-micromachining process is quite complicated
which lower the yield of the device. And the large amount of thermocouples
will result in a relatively high thermal noise.

2.4 Performance Evaluation

Sensitivity, response time, power consumption, stability, detection limit are the main
performances that need to be considered in gas sensors [4]. The evaluation and
comparison of the performances of state-of-art gas sensors mentioned in last section
is shown in Table 2.1.

Table 2.1: Comparison of Sensors Performance

Sensitivity
[mV]

Input
Power
[mW]

Sensitivity
/Power
[V/W]

Response
Time [s]

Detection
limit Stability

[28]
160

(Hydrogen
in air)

Catalytic
activation
energy

_ 7 s 0.1% - 2%
Hydrogen poor

[29]
48

(Hydrogen
in air)

10.42
4.61

(Hydrogen
in air)

36 ms 0.1% - 2%
Hydrogen good

[31]
250

(Ethane in
methane)

59.50
4.20

(Ethane in
methane)

_ _ good

Sensor sensitivity

For a given input power, thermal conductivity sensor [31] possesses a higher sensor
sensitivity than TCG-3880 [29] since the thermal conductivity difference between
hydrogen and air is 9 times higher than that between ethane and methane.

The large amount of thermocouples and the high thermal isolation of the
membrane in thermal conductivity sensor [31] are of great importance to en-
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hance its sensor sensitivity. However, the large amount of thermocouples will
result in a high thermal noise.

Response time

Thermal conductivity sensor TCG-3880 [29] has a much faster response time than
Pd catalyst chemical sensor [28]. Although the Pd catalyst chemical sensor [28]
is much faster compared with conventional chemical sensors, its response time is
still slower compared with thermal conductivity sensors due to its catalyst chemical
interaction is strongly dependent on the environment temperature.

2.5 Conclusion

• Thermal conductivity sensors are especially suitable for hydrogen
detection, since the thermal conductivity of hydrogen is approxima-
tely 7.5 times that of the air. It indicates that even very low concentra-
tion of hydrogen leakage in air is still possible to be detected. Therefore,
thermal conductivity gas sensors are especially suitable for the hydrogen detec-
tion before the hydrogen concentration reach the lower explosive limit (LEL)
of 4% in air in safety applications.

• Thermal conductivity gas sensor performs a measurement of the thermal conduc-
tivity of measurand gas. The “hot element” is heated up by the supplied input
power. The measurand gas transfers a quantity of heat via the thermal conduc-
tion from the “hot element” to the “cold element”, which leads to a decrease
in the temperature of “hot element”. Thus, the changes in the thermal
conductivity of measurand gas can be detected by measuring the
changes in the temperature of the “hot element” using thermopile.

• Sensitivity, response time, power consumption, stability, detection limit are the
main performances that need to be considered in gas sensors. Thermal con-
ductivity sensors have an enhanced long-term stability and a faster
response time compared with chemical sensors. The large amount
of thermocouples and the high thermal isolation of the membrane



18 CHAPTER 2. GAS SENSORS OVERVIEW

are of great importance to enhance the sensor sensitivity in thermal
conductivity sensors. However, the large amount of thermocouples will
result in a high thermal noise.



Chapter 3

Sensor Design Based on Analytical
Approach

In this chapter, the thermal conductivity gas sensor design based on analytical ap-
proach will be presented. Firstly, the detailed principle of thermal conductivity
based gas sensor will be explained. Secondly, the advantage of utilizing surface
micromachining technology and the details in fabrication process will be clarified.
Thirdly, the thermal modeling will be illustrated, and the formulas of sensor resis-
tor temperature and sensor sensitivity will be derived. Finally, the optimal sensor
sensitivity will be obtained based on the analytical simulations using the derived
formulas in Matlab software.

3.1 Thermal Conductivity Sensors Detailed Prin-

ciple

Thermal conductivity gas sensor performs a measurement of the thermal conducti-
vity of measurand gas as follows. By feeding current into the resistor in the center of
the sensor (the small red box in the middle of Figure 3.1), the resistor is heated up
and becomes a “hot element”. Then, the measurand gas transfers a quantity of heat
from the hot resistor to the cold edge via thermal conduction through the measured
gas and the suspended membrane, which leads to a decrease in the temperature of
hot resistor. To achieve a high sensitivity, the sensor structure should be designed

19



20 CHAPTER 3. SENSOR DESIGN BASED ON ANALYTICAL APPROACH

to reduce the heat loss through the suspended membrane to negligible values, to
ensure that the quantity of heat loss from the hot resistor is mainly determined by
the thermal conductivity of measurand gas.

Figure 3.1: Principle of thermal conductivity gas sensor

Thus, for a given experimental configuration and a fixed input power, the changes in
the temperature of hot resistor depends on the thermal conductivity of measurand
gas, so that the changes in the thermal conductivity of measurand gas can
be detected by measuring the changes in the temperature of resistor.

3.2 Fabrication Process

3.2.1 Surface-micromachining Process

To achieve a high sensitivity for micro-scaled thermal conductivity gas
sensors, it is important to reduce the heat loss through the suspended
membrane to negligible values. In previous studies, floating membrane structure
of thermoelectric sensing layers which fabricated in bulk micromachining process was
mostly used to minimize the heat loss to the suspended membrane. However, that
method has a major drawback that lowering the yield of devices due to the compli-
cated fabrication process by bulk micromachining.

Compared to bulk micromachining, surface micromachining is able to create much
more complicated devices, capable of sophisticated functionality, which is suitable
for applications requiring more sophisticated and cheaper mechanical elements [32].
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Consequently, in order to improve the sensor sensitivity by minimizing the heat
loss to the suspended membrane without any complex fabrication steps, a simple
floating membrane structured micro-thermoelectric gas sensor is fabricated using
surface micromachining as shown in Figure 3.2.

Figure 3.2: Principle of thermal conductivity gas sensor

3.2.2 Sensor Elements Design

The materials and structure of the heater and thermopile greatly determine the per-
formance of the thermal conductivity gas sensor.

Heater

Although platinum (Pt) resistors are superior in terms of accurate temperature coef-
ficient of resistivity (TCR) and, therefore, have a better defined heat generation, Pt
resistors are poorly IC-process compatible. Therefore, P-type poly-silicon is utilized
here for its acceptable linearity with temperature variation and relatively low ther-
mal conductivity [33]. The meandered shape of the resistor enables high electrical
resistance while occupying small area.

Thermopiles

The materials of the thermocouples strongly determine the sensitivity of the sensor.
The P-type poly-silicon (Seebeck coefficient -120 µV/K ) and N-type poly-silicon
(Seebeck coefficient 170 µV/K) thermocouples are used here for their relatively high
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Seebeck coefficients. They are connected in a thermopile configuration with ten
pairs of thermocouples to increase the total Seebeck voltage.

3.2.3 Fabrication Processing Steps

The detailed fabrication process sequence is clarified in Figure 3.3.

Figure 3.3: Fabrication processing steps

Fabrication of the TCD sensor was done in DIMES facility of the TU-Delft. The
process sequence is shown in Figure 3.3. For complete processing of the device only
six masks were needed. The fabrication starts with the deposition and reflow of
the sacrificial layer of 4mm TEOS. On top of the oxide layer, a 700 nm layer of low
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stress SiN film is deposited. Next, a 300 nm low-stress PolySi layer is grown by
LPCVD. After this, boron is implanted at 40 keV to realize p-type PolySi. After
a cleaning procedure, n-type PolySi is formed by phosphorous doping. In the next
step, 100 nm SiN is deposited by LPCVD and patterned. A RIE etch, stopping on
the sacrificial layer, is applied for defining the MEMS structures. Contacts to the
PolySi are patterned and etched in the top SiN layer. Then aluminium is deposited
and patterned on top to define the connections between the PolySi layers and the
bonding pads. Finally, the wafer was processed with 73% high concentration HF
since this does not attack the unprotected aluminium for 10 minutes for the surface-
micromachining.

3.3 Thermal Modeling

The proposed gas sensor as shown in Figure 3.4 can be analyzed using a three-
dimensional temperature distribution analysis, while the effect of thickness of the
layers in this sensor can be disregarded due to all the layers are very thin films. The
heat is transferred in two directions, one is in z-direction through the measured gas,
and the other is in y-direction through the beam.

Figure 3.4: Three-dimensional temperature distribution of the gas sensor



24 CHAPTER 3. SENSOR DESIGN BASED ON ANALYTICAL APPROACH

3.3.1 Prerequisites

The basic knowledge, the heat equation and the law of heat conduction which will
be used in the thermal modeling are introduced.

Convection

Convection is the heat transfer by mass motion of a fluid (such as air or water) when
the heated fluid is caused to move away from the source of heat, carrying energy
with it. There are two major types of heat convection:

1. Natural convection: when the fluid motion is caused by buoyancy forces that
result from the density variations due to variations of temperature in the fluid.

2. Forced convection: when the fluid is forced to flow over the surface by external
source, creating an artificially induced convection current.

Unlike at large scales, it is found that for a microscale heater, the natural
convection from the heater to surrounding air is negligible and the heat
loss is dominated by heat conduction [34].

Radiation

Thermal radiation is electromagnetic radiation emitted from a material due to the
heat of the material. As stated in the Stefan–Boltzmann law, the total energy radia-
ted per unit surface area of a black body (ε = 1) in unit time is directly proportional
to the fourth power of the black body’s absolute temperature T. Therefore, the total
radiant power from the general grey body can be written as

P = ε · σ · A · T 4 [W] (3.1)

where the constant ε is the emissivity factor, σ is the Stefan–Boltzmann constant
which equals to 5.67× 10−8[ W

m2K4 ], and A is the radiating surface area.

Heat Equation

The heat equation is an important partial differential equation which describes the
distribution of heat (or variation in temperature) in a given region over time. For
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a function (x, y, z, t) of three spatial variables (x, y, z) and the time variable t, the
heat equation is [35]

∂T

∂t
= α

(
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
+

Φs

ρcp
(3.2)

where Φsis the heat source power per volume V, and λ the thermal conductivity,
and thermal diffusivity α which can be expressed as:

α =
λ

ρcp

[
m2

s

]
(3.3)

in which ρ is the density, and cp is the constant pressure specific heat.

When the temperature is unchanging in time, which means the system in a steady
state, then the heat equation is expressed as:

∂T

∂t
= 0 ⇒ α

(
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
+

Φs

ρcp
= 0 (3.4)

with λ 6= 0, the heat equation is simplified as(
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
+

Φs

λ
= 0 (3.5)

The Law of Heat Conduction

The law of heat conduction, also known as Fourier’s law, states that the heat flux
φq is equal to the product of thermal conductivity λ and the negative temperature
gradient −∇T , as expressed by

φq = −λ∇T (3.6)

This equation determines the heat flux φq for a given temperature profile T and
thermal conductivity λ. The minus sign ensures that heat flows down the tempera-
ture gradient.
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3.3.2 Sensor Thermal Model

Figure 3.5 shows the top view of the sensor schematic. In order to calculate the
sensitivity of the gas sensor, the temperature distribution in the x-direction along
the beam should be derived. Assume a uniform temperature distribution in the
y-direction and a uniform thermal conductivity of the beam.

Figure 3.5: Top view of sensor schematic with resistor from x = 0 to x = LR and
the beam from x = LR to x = LB

3.3.2.1 Heat Radiation and Heat Conduction on Resistor

First of all, the heat transfer equations relevant to the resistor (0 6 x 6 LR) are
derived:

Heat radiation Prad−r from the resistor is given by

Prad−r = ε · σ · AR
(
T 4
R − T 4

a

)
(3.7)

where the constant ε is the emissivity factor, σ is the Stefan–Boltzmann constant
which equals to 5.67 × 10−8[ W

m2K4 ], and AR is the radiating resistor area, TR is the
temperature of the hot resistor, and Ta is the temperature of the heat sink (cold
edge).

Heat conduction Pcond−r from the resistor to the heat sink through the gas path in
z direction is given by

Pcond−r = λg ·
1

d
· AR (TR − Ta) (3.8)
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where AR is the resistor surface area which expressed as AR = W · LR., TR is the
temperature of the hot resistor, and Ta is the temperature of the heat sink (cold
edge).

Since the temperature of the resistor is moderately higher than the temperature of
the heat sink, which means

TR > Ta > 0 and
TR − Ta
Ta

� 1, (3.9)

thus 1 <
TR
Ta
� 2, which means

TR
Ta
≈ 1 (3.10)

Then heat radiation Prad−r in equation 3.7 is expressed as

Prad−r = ε · σ · AR · (TR + Ta)
(
T 2
R + T 2

a

)
(TR − Ta)

= ε · σ · AR · T 3
a

(
TR
Ta

+ 1

)[(
TR
Ta

)2

+ 1

]
(TR − Ta) (3.11)

≈ 4ε · σ · AR · T 3
a (TR − Ta) (3.12)

Thus, the heat power from the heater (resistor) to the beam is

PLR
= Pin − (Prad−r + Pcond−r)

= Pin −
(

4ε · σ · T 3
a + λg ·

1

d

)
(TR − Ta)AR (3.13)

3.3.2.2 Heat Flux through the Interface

Secondly, the heat flux through the interface on x = LR are conducted in two ways:

1. As states in the law of heat conduction, the heat flux expressed in equation 3.6
can be described as:

φq = −λ · dT (x)

dx
(3.14)

in which the thermal conductivity of the beam is expressed as

λ =

∑
λs · ts∑
ts

(3.15)

with film thickness ts(s = 1, 2, ..) and thermal conductivities of films λs(s = 1, 2, ..)
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2. By definition, the heat flux is the amount of energy that flows through a particular
surface per unit area per unit time, which is described as:

φq =
PLR

Ac
=
Pin −

(
4ε · σ · T 3

a + λg · 1
d

)
(TR − Ta)AR

Ac
(3.16)

in which the cross section area Ac = W (
∑
ts).

Combine the heat flux equation 3.14 and the equation 3.16, result in:

φq =
Pin −

(
4ε · σ · T 3

a + λg · 1
d

)
(TR − Ta)AR

Ac
= −

[
λ · dT (x)

dx

]
|x=LR

Apply Ac = W (
∑
ts) and λ =

∑
λs·ts∑
ts

, and remove the term
∑
ts on both sides,

obtain this first-order differential equation:

dT (x)

dx
|x=LR

= −
Pin

W
−
(
4ε · σ · T 3

a + λg · 1
d

)
(TR − Ta)LR∑

λs · ts
(3.17)

3.3.2.3 Heat Radiation and Heat Conduction on Beam

Thirdly, the heat transfer equations relevant to the beam (LR 6 x 6 LB) are derived:

Heat radiation Prad−b from the resistor is given by

Prad−b = ε · σ · Ab
[
T (x)4 − T 4

a

]
≈ 4ε · σ · Ab · T 3

a [T (x)− Ta] (3.18)

where the constant ε is the emissivity factor, σ is the Stefan–Boltzmann constant
which equals to 5.67 × 10−8[ W

m2K4 ], and AR is the radiating beam area, T (x) is the
temperature at point x on the beam (LR 6 x 6 LB), and Ta is the temperature of
the heat sink (cold edge).

Heat conduction Pcond−b from the resistor to the heat sink through the gas path in
z direction is given by

Pcond−b = λg ·
1

d
· Ab [T (x)− Ta] (3.19)

where AR is the resistor surface area which expressed as AR = W · LR, TR is the
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temperature of the hot resistor, and Ta is the temperature of the heat sink.

3.3.2.4 Second-order Differential Heat Equation of Beam

Apply the heat equation 3.5 results in

d2 [T (x)− Ta]
dx2

+
Φs

λ
=0 (3.20)

in which Ta denoting the environmental temperature, Φs is the heat source power
per volume V , and λ is the thermal conductivity.
With V = Ab ·

∑
ts, the power of heat source/loss of the beam per volume V is

expressed by:

Φs = -
Prad−b + Pcond−b

V

= -
(
4ε · σ · T 3

a + λg · 1
d

)
· Ab

V
[T (x)− Ta]

= -
4ε · σ · T 3

a + λg · 1
d∑

ts
[T (x)− Ta] (3.21)

From λ =
∑
λs·ts∑
ts

, equation 3.20 and equation 3.21, the second-order differential
equation is derived as:

d2 [T (x)− Ta]
dx2

-
4ε · σ · T 3

a + λg · 1
d∑

λs · ts
[T (x)− Ta]=0 (3.22)

where ε denotes the emissivity of the cantilever material, σ is the Stefan-Boltzmann
constant, A the beam surface area and x the variable distance along the beam.

Assume

C =

√
4ε · σ · T 3

a + λg · 1
d∑

λs · ts
(3.23)

then the equation 3.22 turns into

d2 [T (x)− Ta]
dx2

-C2 [T (x)− Ta]=0 (3.24)
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The general solution of the second-order differential equation 3.24 is given as:

T (x)− Ta = A · e−Cx +B · e+Cx (3.25)

3.3.2.5 Boundary Conditions

Assume that a uniform temperature distribution in x-direction on the beam.

With LB denoting the beam length, LR the length of the heater (see Figure 3.5),
the following boundary conditions apply:

1. heat-sink boundary condition:

T (LB) = Ta (3.26)

2. heat-source boundary condition:

T (LR) = TR (3.27)

Apply the heat-sink condition into equation 3.26 into the general solution of the
second-order differential equation 3.25, results in

A · e−CLB +B · e+CLB = 0

⇒ A = −B · e+2CLB (3.28)

Apply the heat-source condition equation 3.27 into the general solution of the second-
order differential equation 3.25, results in

A · e−CLR +B · e+CLR = TR − Ta
⇒ B ·

[
−e+C(2LB−LR) + e+CLR

]
= TR − Ta (3.29)

From equation 3.28 and equation 3.29, A and B is derived as

B = − TR − Ta
e+CLB [e+C(LB−LR) − e−C(LB−LR)]

(3.30)

A =
(TR − Ta) · e+2CLB

e+CLB [e+C(LB−LR) − e−C(LB−LR)]
(3.31)
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Take A and B back into equation 3.25, the particular solution of the second-order
differential equation 3.25 is

T (x)− Ta =
(TR − Ta) · e+2CLB · e−Cx

e+CLB [e+C(LB−LR) − e−C(LB−LR)]
− (TR − Ta) · e+Cx

e+CLB [e+C(LB−LR) − e−C(LB−LR)]

= (TR − Ta)
e+C·LB ·

[
e+C·(LB−x) − e−C·(LB−x)

]
e+C·LB · [e−C·(LB−LR) − e+C·(LB−LR)]

= (TR − Ta)
sinh [C · (LB − x)]

sinh [C · (LB − LR)]
(3.32)

then the temperature on the beam is

T (x) = (TR − Ta)
sinh [C · (LB − x)]

sinh [C · (LB − LR)]
+ Ta (3.33)

3.3.2.6 TR Calculation

The expression for the temperature of the hot resistor TR is derived as follows.
Differential the equation 3.33, get

dT (x)

dx
= (TR − Ta)

d
{

sinh[C·(LB−x)]
sinh[C·(LB−LR)]

}
dx

= (TR − Ta)
−C · cosh [C · (LB − x)]

sinh [C · (LB − LR)]
(3.34)

Apply the equation 3.23, the differential equation 3.17 is expressed as:

dT (x)

dx
|x=LR

= −
Pin

W
− C2 (

∑
λs · ts) (TR − Ta)LR∑
λs · ts

(3.35)

Combine the equation 3.35 and equation 3.34, get

(TR − Ta)
C · cosh [C · (LB − LR)]

sinh [C · (LB − LR)]
=

Pin

W
− C2 (

∑
λs · ts) (TR − Ta)LR∑
λs · ts

(3.36)

thus TR =

Pin

C·W (
∑
λs·ts)

C · LR + coth [C · (LB − LR)]
+ Ta (3.37)
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in which C =

√
4ε · σ · T 3

a + λg · 1
d∑

λs · ts
(3.38)

3.3.3 Sensitivity

3.3.3.1 Sensitivity to Thermal Conductivity

The sensitivity of the sensor to the change in thermal conductivity is defined as the
ratio of the change in the output Seebeck voltage ∆Useebeck to the change in the
thermal conductivity of gas ∆λg at a fixed input power, which is expressed by:

S =
∆Useebeck

∆λg

[
mV ·m ·K

W

]
then C is the function of ∆λg which is expressed as

C (∆λg) =

√
4ε · σ · T 3

a + [∆λg + λair] · 1
d∑

λs · ts
(3.39)

thus TR (∆λg) =

Pin

C(∆λg)·W (
∑
λs·ts)

C (∆λg) · LR + coth [C (∆λg) · (LB − LR)]
+ Ta

in the air, the thermal conductivity is λg (0) = λair, ∆λg = 0. Consequently,

Cair = C (0) =

√
4ε · σ · T 3

a + λair · 1
d∑

λs · ts
(3.40)

and TR (0) =

Pin

C(0)·W (
∑
λs·ts)

C (0) · LR + coth [C (0) · (LB − LR)]
+ Ta

The Seebeck voltage is
Useebeck = α · nt (TR − Ta) (3.41)

Thus the sensitivity is expressed as

S = | Useebeck−gas − Useebeck−air
∆λg

| (3.42)
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= | α · nt {[TR (∆λg)− Ta]− [TR (0)− Ta]}
∆λg

| (3.43)

| α · nt [TR (∆λg)− TR (0)]

∆λg
| (3.44)

in which TR (∆λg) =

Pin

C(∆λg)·W (
∑
λs·ts)

C (∆λg) · LR + coth [C (∆λg) · (LB − LR)]
+ Ta

and C (∆λg) =

√
4ε · σ · T 3

a + [∆λg + λair] · 1
d∑

λs · ts
(3.45)

3.3.3.2 Sensitivity to Measurand Gas Concentration

At a given input power, the sensor sensitivity is defined as the ratio of the change
in output Seebeck voltage to the change in the measurand gas concentration in
air. Assume the change in the measurand gas concentration in air is α, the sensor
sensitivity is expressed by:

S =
∆Useebeck

α
[mV]

assume the concentration of measurand gas change rate is k, then the thermal
conductivity of the gas is expressed by:

λg (k) = k · λmea + (1− k) · λair

then C is the function of k as

C (k) =

√
4ε · σ · T 3

a + [k · λmea + (1− k) · λair] · 1
d∑

λs · ts
(3.46)

thus TR (k) =

Pin

C(k)·W (
∑
λs·ts)

C (k) · LR + coth [C (k) · (LB − LR)]
+ Ta

the thermal conductivity in air is λg (0) = λair, k = 0. Consequently,

Cair = C (0) =

√
4ε · σ · T 3

a + λair · 1
d∑

λs · ts
(3.47)
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and TR (0) =

Pin

C(0)·W (
∑
λs·ts)

C (0) · LR + coth [C (0) · (LB − LR)]
+ Ta

When the thermal conductivity of the measurand gas is smaller than air, for instance
CO2, the thermal conductivity of the mixture-gas is

λg = kλmea + (1− k)λair < λair

and the output Seebeck Voltage is larger than that in air as

Useebeck−gas>Useebeck−air

when the thermal conductivity of the measurand gas is larger than air, for instance
H2, the thermal conductivity of the mixture-gas is

λg = kλmea + (1− k)λair > λair

and the output Seebeck Voltage is larger than that in air as

Useebeck−gas<Useebeck−air

The Seebeck voltage is expressed as

Useebeck = α · nt (TR − Ta) (3.48)

Thus the sensitivity is expressed as

S = | α · nt [TR (k)− TR (0)]

k
| (3.49)

in which TR (k) =

Pin

C(k)·W (
∑
λs·ts)

C (k) · LR + coth [C (k) · (LB − LR)]
+ Ta (3.50)

and C (k) =

√
4ε · σ · T 3

a + [k · λmea + (1− k) · λair] · 1
d∑

λs · ts
(3.51)
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3.4 Sensor Sensitivity Optimization

The analytical analysis of sensor sensitivity is based on Matlab software simulation.

The following simulations are based on detecting the change in output Seebeck
voltage with an increase in the hydrogen concentration in air from 0% to
3% with 1.2mW input power.

The specifications of the simulated sensor structure is shown in Figure 3.6. The
number of thermocouples nt is 10, the beam width W is 154µm, the beam length
LB is 100µm, and the gas path d is 4µm.

Figure 3.6: Specifications of the simulated sensor structure

3.4.1 Radiation Effects

The radiation effects can be neglected due to the radiation is extremely
small compared with the conduction in the temperature range of the hot re-
sistor which is lower than 400K.

When the resistor temperature is 636.8K, the radiation Prad−r = ε ·σ ·AR (T 4
R − T 4

a )

is still only 0.1% of the conduction Pcond−r = λg · 1
d
· AR (TR − Ta).
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Consequently, the term 4ε · σ · T 3
a in C =

√
4ε·σ·T 3

a+λg · 1d∑
λs·ts can be neglected at tem-

perature below 636.8K, since they result in an error much less than 0.1%.

Thus the sensitivity is expressed by,

S = | α · nt [TR (k)− TR (0)]

k
| (3.52)

in which TR (k) =

Pin

C(k)·W (
∑
λs·ts)

C (k) · LR + coth [C (k) · (LB − LR)]
+ Ta (3.53)

C (k) =

√
[k · λmea + (1− k) · λair] · 1

d∑
λs · ts

(3.54)

3.4.2 Input Power

The sensitivity as a function of the input power is expressed as

S (Pin) = Pin |

α·nt

W (
∑
λs·ts)

[
1

C(k)
C(k)·LR+coth[C(k)·(LB−LR)]

−
1

C(0)
C(0)·LR+coth[C(0)·(LB−LR)]

]
k

|

in which C (k) =

√
[k · λH2 + (1− k) · λair] · 1

d∑
λs · ts

Seebeck coefficient α is 290 µV/K, the number of thermocouples nt is 10, the beam
width W is 154µm, the beam length LB is 100µm, the gas path d is 4µm, the hy-
drogen concentration in air k is 3%.

Figure 3.7 shows the relationship between the sensitivity and the input power.

The sensitivity is proportional to the input power.
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Figure 3.7: Sensitivity versus input power

3.4.3 Gas Path Length and Beam Length

The sensitivity as a function of the gas path length and beam length is expressed as

S (LB, d) =|

Pin·α·nt

W (
∑
λs·ts)

[
1

C1(d)

C1(d)·LR+coth[C1(d)·(LB−LR)]
−

1
C2(d)

C2(d)·LR+coth[C2(d)·(LB−LR)]

]
k

|

in which C1 (d) =

√
[k · λH2 + (1− k) · λair] · 1

d∑
λs · ts

and C2 (d) =

√
λair · 1

d∑
λs · ts

Seebeck coefficient α is 290 µV/K, the number of thermocouples nt is 10, the beam
width W is 154µm, the beam length LB is 100µm, the hydrogen concentration in
air k is 3%.

Figure 3.8 shows the 3-dimensions plot of the sensitivity changes with the beam
length (range: 30µm - 500µm) and the gas path length (range: 1µm - 50µm) . It
can be seen that the sensitivity gets its maximum value when the gas path length
is 50 µm and the beam length is more than 300µm.
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Figure 3.8: 3D plot of sensitivity versus beam length and gas path length

Figure 3.9 shows the corresponding sensitivity when the beam length is 1µm, 5µm,
10µm, 20µm, 50µm, respectively.

Figure 3.9: Sensitivity versus beam length at different gas path lengths
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When the gas path length is 1µm, the corresponding sensitivity gets its maximum
value when the beam length is around 50µm.
When the gas path length is 20µm, the corresponding sensitivity gets its maximum
value when the beam length is around 280µm.

Figure 3.10 shows the 3-dimensions plot of the sensitivity changes with the gas path
length (range: 0.1µm - 50µm) and the beam length (range: 40µm - 500µm).

It can be seen that the sensitivity gets its maximum value when the gas path length
is 50 µm and the beam length is more than 300µm.

Figure 3.10: 3D plot of sensitivity versus beam length and gas path length

Figure 3.11 shows the corresponding sensitivity when the beam length is 50µm,
100µm, 150µm, 200µm, 250µm, respectively.

When the beam length is 100µm, the corresponding sensitivity gets its maximum
value when the gas path length is around 20µm.
When the beam length is 150µm, the corresponding sensitivity gets its maximum
value when the gas path length is around 50µm.
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Figure 3.11: Sensitivity versus gas path length at different beam lengths

There is a optimum value of the gas path length for each beam length.
The reasons why the sensor sensitivity is rather low when the gas path length is
much shorter or longer than the optimum value are explained as follows.

When the gas path length is rather short, the temperature of heater is
greatly influenced by the underneath cold substrate, which result in a
low sensitivity to the changes in the thermal conductivity of measurand
gas.

When the gas path length is rather long, as described in equation 2.1, less
heat from the heater will conducted through the gas, and more heat
will lost through the beam, thus the temperature of heater has a lower
sensitivity to the changes in the thermal conductivity of measurand gas.

Consider the limitation of the fabrication process, a optimal sensor sensitivity of
568.8 mV is obtained for 1.2mW input power hydrogen detection with beam length
280µm and gas path length 20 µm.
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3.5 Conclusions

• The thermal conductivity gas sensors perform a measurement of the thermal
conductivity of measurand gas. By feeding current into the resistor in the
center of the sensor, the resistor is heated up and becomes a “hot element”.
Then, the measurand gas transfers a quantity of heat from the hot resistor to
the cold edge via thermal conduction through the measured gas, which leads
to a decrease in the temperature of resistor. Thus, for a given experimental
configuration and a fixed input power, the changes in the thermal conduc-
tivity of measurand gas can be detected by measuring the changes
in the temperature of resistor.

• In order to improve the sensor sensitivity by minimizing the heat loss
to the suspended membrane without any complex fabrication steps, a
simple floating membrane structured micro-thermoelectric gas sen-
sor is fabricated using surface micromachining.

• Consider the limitation of the fabrication process, a optimal sensor sensitivity
of 568.8mV is obtained for 1.2mW input power hydrogen detection with beam
length 280µm and gas path length 20 µm using Matlab.

• The thermal modeling shows that there is a optimum value of the gas
path length for each beam length.
When the gas path length is rather short, the temperature of heater
is greatly influenced by the underneath cold substrate, which result
in a low sensitivity to the changes in the thermal conductivity of
measurand gas.
When the gas path length is rather long, less heat from the heater
will conducted through the gas, and more heat will lost through the
beam, thus the temperature of heater has a lower sensitivity to the
changes in the thermal conductivity of measurand gas.

• The radiation effects can be neglected at temperature below 636.8K,
since the radiation is less than 0.1% of the conduction and consequently result
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in an error less than 0.1%.



Chapter 4

Sensor Design Based on Numerical
Analysis

In this chapter, the sensor design based on numerical analysis will be presented.
Firstly, the sensor will be modelled based on the finite element method (FEM)
simulation using COMSOL Multiphysics software. Two application modes - the
conductive media DC and heat transfer modules are combined into a single model
for interaction simulation using the multiphysics features of COMSOL Multiphysics.
Then, the relationship between sensor sensitivity and different features of sensor will
be derived based on numerical simulations in COMSOL. Finally, the optimal sensor
sensitivity will be obtained based on the simulation results in COMSOL.

4.1 Numerical Analysis

4.1.1 Coupled Modules for Interaction Simulation in COM-

SOL Multiphysics

In this gas sensor, the resistor coverts the input electrical power into heat power
which leads to hot temperature, meanwhile the resistivity of the resistor varies with
temperature. Consequently, this modeling need to include the interaction between
thermal domain and electrical domain. To solve such problem, instead of conven-
tionally using only one Heat Transfer module, two application modes - the
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Conductive Media DC and Heat Transfer modules are combined into a
single model using the multiphysics features of COMSOL Multiphysics.
In this way, a system of two partial differential equations (PDE) with two dependent
variables - V for the electric potential and T for the temperature - is created. This
coupling occurs in subdomains and on boundaries.

4.1.2 Simplified Equivalent Model

The specifications of the simulated sensor structure are shown in Figure 4.1.

Figure 4.1: Structure and specifications of the simulated sensor

The temperature distribution of this gas sensor and the detailed gas sensor model
which consists the layers stack in the beam are shown in Fig 4.2. The stack of
different layers is represented by different colors. The light blue blocks represent
the measurand gas, the red blocks stand for the P-type poly-silicon layer, the dark
green blocks express the N-type poly-silicon layer, and the light green blocks are the
silicon nitride.
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(a) temperature distribution (b) different layers

Figure 4.2: Detailed gas sensor model in COMSOL

Due to the complexity of the thermo-electric interactions system based on coupling
two partial differential equations, the high precision in FEM model simulation, and
the limitation of the random access memory of CPU, the detailed layers stack beam
gas sensor model needs to be simplified. Equivalent thermal sensor model with equi-
valent beams which have equivalent thermal conductivity and equivalent thickness,
as shown in Fig 4.3, simplify the detailed layers stack in the beam.

(a) temperature distribution (b) layer stack

Figure 4.3: Temperature distribution of simplified gas sensor model with equivalent
beams in COMSOL



46 CHAPTER 4. SENSOR DESIGN BASED ON NUMERICAL ANALYSIS

The resulting temperature difference is in direct ratio to the applied
different values of heat source density into the resistor in the simplified
model, as shown in Fig 4.4.

Figure 4.4: Temperature difference versus heat source density in simplified model

Fig 4.5 shows the deviation between original model and simplified model. The
simplified model can replace the original model since it results in an error less
than 0.064%.

Figure 4.5: Derivation between original model and simplified model
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4.1.3 Simulation of Detailed Resistor Model

The detailed meandered shape resistor is added into the simplified model in COM-
SOL as shown in Fig 4.6. The light blue blocks represent the measurand gas, the
red blocks stand for the P-type poly-silicon layer, the pink blocks express the the
equivalent beam layer, and the light green blocks are the silicon nitride.

(a) temperature distribution

(b) layer stack (c) different layers

Figure 4.6: Simplified model with detailed resistor

The simulation is based on joule-heating principle to express electro-thermal inter-
action by combining two application modes - the Conductive Media DC and Heat
Transfer modules in COMSOL Multiphysics.

Apply the resistivity of the resistor as 4.5e-5[ohm*m], and temperature coefficient
as 0.0008[1/K], T0 as 300K. Apply 0.2mA current (1.66667e8 A/m2 current density,
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1.2e-12m2 area) into the resistor.

The corresponding sensor temperature distribution and sensor electric potential dis-
tribution are shown in Figure 4.7 and Figure 4.8.

Figure 4.7: Electro-thermal interaction simulation: sensor temperature distribution

Figure 4.8: Electro-thermal interaction simulation: sensor electric potential distri-
bution
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4.1.3.1 Simulation Results

This simulation as shown in Figure 4.9 is based on detecting the change in output
Seebeck voltage with an increase in the hydrogen concentration in air from 0% to
3% with different input power. The output Seebeck voltage is obtained precisely by
averaging the temperature difference of all the thermocouples.

The results clearly shows that the output Seebeck voltage changes with the hy-
drogen concentration in air. An increase in the hydrogen concentration in
air from 0% to 3% leads to a decrease in the output Seebeck voltage of
1.42 mV at 1.2 mW input powers.

Figure 4.9: COMSOL simulation results for hydrogen detection

4.1.3.2 Heater Temperature Distribution

As shown in Figure 4.10, the temperature of the resistor is not homogeneously
distributed. The reason is that the temperatures at the two short ends of the
resistor are significantly influenced by the cold edges. The small drops on
the curve are due to the periodical at the sensor structure.
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Figure 4.10: temperature distribution of the resistor.

4.1.4 Sensor Sensitivity Optimization

The numerical analysis of sensor sensitivity is based on COMSOL multiphysics soft-
ware simulation. The following simulations are based on detecting the change in
output Seebeck voltage with an increase in the hydrogen concentration in
air from 0% to 3% with 1.2mW input power. The output Seebeck voltage is
obtained precisely by averaging the temperature difference of all the thermocouples.

4.1.4.1 Single-Clamped Bridge

As shown in Figure 4.11, an improved sensor based on a single-clamped bridge is
adopted instead of double-clamped structure, while larger gas opening are placed on
the other side.

The light blue blocks represent the measurand gas, the pink blocks express the the
equivalent beam layer, and the light green blocks are the silicon nitride.

The larger gas openings allows the detected gas to flow in the chamber under-
neath the sensor more easily and decrease the heat loss through the beam,
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consequently, increase the sensitivity of the sensor by 58.27% (from 132.5944573
mV to 209.852265 mV) .

(a) temperature distribution (b) electric potential distribution

(c) different layers

Figure 4.11: Improved sensor based on a single-clamped bridge

4.1.4.2 Number of Thermocouples

The relationship between the sensitivity and the number of thermocouples is obtai-
ned in the following simulations. Figure 4.12 shows the simulated gas sensors with
8, 10, 12, 16 pairs of thermocouples, respectively. In order to achieve a low noise
and consequently a high detection limit in this sensor system, the resistance of the
beam are recommended to be less than 200kΩ , thus the number of thermocouples
should be less than sixteen.
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Figure 4.12: Simulated gas sensors with 8, 10, 12, 16 pairs of thermocouples

The relationship between the sensitivity and the number of thermocouples is shown
in Figure 4.13.

Figure 4.13: Sensitivity versus number of thermocouples

It is obvious that the sensor sensitivity increases with the number of ther-
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mocouples. Consequently, sixteen pairs of thermocouples is the optimal value,
while the sensitivity increases by 91.29% (from 132.5944573 mV to 253.6427967
mV).

4.1.4.3 Beam Length

Figure 4.14: Simulated gas sensors with beam length of 50µm, 100µm, 150µm,
210µm, 260µm, 300µm

The relationship between the sensitivity and the beam length is obtained in the
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following simulations. Consider the limitation of the fabrication process, the gas
path length should be less than 20 µm. Consequently, the simulated gas sensors in
Figure 4.14 are all with gas path length of 20 µm and with beam length of 50µm,
100µm, 150µm, 210µm, 260µm, 300µm, respectively.

The relationship between the sensitivity and the beam length is shown in Figure
4.15. It is obvious that the sensor sensitivity increases with the beam
length and will be saturated at optimal beam length around 260µm.

Figure 4.15: Sensitivity versus beam length

(a) temperature distribution (b) electric potential distribution

Figure 4.16: Improved sensor with beam length 260µm and gas path length 20µm
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On the other hand, in order to achieve a low noise and consequently a high detec-
tion limit in this sensor system, the resistance of the beam are recommended to
be less than 200kΩ , thus the beam length should less than 260µm. Consequently,
the sensor with beam length 260µm and gas path length 20µm as shown in Figure
4.16 is the optimal structure, while its sensitivity increases by 3.96 times (from
132.5944573 mV to 524.967744 mV).

Compared with the analytical analysis

The corresponding analytical simulation is shown in Figure 4.17, it is obvious that
the sensor sensitivity increases with the beam length and will be saturated
at optimal beam length around 260µm. This means the numerical COMSOL
simulation results show the same trend of the analytical simulation results
in Matlab Software.

Figure 4.17: Sensitivity versus beam length - analytical simulation

4.1.4.4 Gas Path Length

The relationship between the sensitivity and the gas path length is obtained in the
following simulations. As explained in section 4.1.4.3 above, the sensor beam length
of 260µm is a optimal value when its gas path length 20µm. Consequently, The
simulated gas sensors in Figure 4.18 are all with beam length of 260µm and with
gas path length of 1µm, 4µm, 10µm, 20µm, 50µm, respectively.
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Figure 4.18: Simulated gas sensors with gas path length of 1µm, 4µm, 10µm, 20µm,
50µm
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The relationship between the sensitivity and the beam length is shown in Figure
4.19. It is obvious that the sensor sensitivity increases with the gas path length in
the simulated range.

Figure 4.19: Sensitivity versus gas path length

Consider the limitation of the fabrication process, the gas path length should be
less than 20 µm. Consequently, the sensor with beam length 260µm and gas path
length 20µm is the optimal structure, while its sensitivity increases by 3.96
times (from 132.5944573 mV to 524.967744 mV).

4.1.4.5 Larger Gas Opening on the Edge

An improved sensor with larger gas openings placed on the edges of beam is shown
in Figure 4.20.

This method is due to the fact that on the two ends of the resistor, the temperature
distribution is significantly influenced by the cold edges, and will not change as
rapidly with changes in the measured gas as the temperature in the middle part of
the heater. Consequently, the thermocouples should not be placed near the
cold edges on the beam.

Instead, larger gas openings placed on the edges of beam. Besides, this measure
allow the detected gas to flow in the chamber underneath the sensor more



58 CHAPTER 4. SENSOR DESIGN BASED ON NUMERICAL ANALYSIS

easily and increase the thermal isolation of the membrane which leads to
higher sensor sensitivity. Consequently, the sensitivity of the improved gas
sensor increases by 5.17 times (from 132.5944573 mV to 684.7970583 mV).

(a) temperature and electric potential distribution

(b) different layers

Figure 4.20: Improved sensor with larger gas openings

4.1.5 Comparison with Analytical Simulation

Gas Path Length

This section will find out the agreement of the numerical simulation and analytical
simulation on the relationship between the sensor sensitivity and the gas path length.
The simulated gas sensors in Figure 4.21 are all with beam length of 100µm and
with gas path length of 1µm, 5µm, 10µm, 15µm, 20µm, 50µm, respectively.
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(a) gas path length of 1µm (b) gas path length of 5µm

(c) gas path length of 10µm (d) gas path length of 15µm

(e) gas path length of 20µm (f) gas path length of 50µm

Figure 4.21: Simulated gas sensors with different gas path lengths
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The resulting relationship by COMSOL simulation between the sensor sensitivity
and the gas path length is shown in Figure 4.22. There is a optimal value of gas
path length around 15µm.

Figure 4.22: Sensitivity versus gas path length - numerical simulation COMSOL

The analytical simulation results of the relationship of the sensor sensitivity and the
gas path length is shown in Figure 4.23. There is a optimal value of gas path
length also around 15µm. The numerical simulation results by COMSOL
show the same trend with the analytical simulation results by Matlab.

Figure 4.23: Sensitivity versus gas path length - analytical simulation
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4.2 Conclusions

• An improved sensor based on a single-clamped bridge structure with large
gas openings increase the sensitivity of the sensor by 5.17 times (from
132.5944573 mV to 684.7970583 mV). Large gas openings increase the
thermal isolation of the membrane and allow the detected gas to
flow in the chamber underneath the sensor more easily.

• The thermocouples should not be placed near the cold edges on the
beam. The reason is that on the two ends of the resistor, the tempe-
rature distribution is significantly influenced by the cold edges, and
will not change as rapidly with changes in the measured gas as the
temperature in the middle part of the heater. Instead, larger gas
openings are placed on the edges of beam.

• The sensor sensitivity increases with the number of thermocouples.

• The numerical simulation results by COMSOL show the same trend
with the analytical simulation results by Matlab.
The sensor sensitivity increases with the beam length and will be
saturated at optimal beam length, and there is a optimal value of
gas path length.
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Chapter 5

Measurement and Validation

In this chapter, four measurement setups will be presented to show the validation of
vacuum pressure measurement and carbon dioxide detection based on this thermal
conductivity gas sensor.
Vacuum pressure measurement was implemented to obtain the accurate results of
the sensitivity of sensor devices with different features.
For safety consideration, the carbon dioxide is utilized instead of hydrogen in the
measurements. Besides, the thermal conductivity difference between carbon dioxide
( 0.01465 W/m·k ) and air is only 5.93% of that between hydrogen and air; conse-
quently, an achievement in carbon dioxide detection means an extremely high sensor
sensitivity to hydrogen detection.

5.1 Vacuum Pressure Measurement

5.1.1 Measurement Setup

The vacuum pressure measurement setup is shown in Figure 5.1.
A Keithley 236 is used as the current source to feed current into the resistor, while
a Keithley 6514 measures the voltage, current and resistance of the resistor. An
Agilent 34220A nanovoltmeter measures the output Seebeck voltage from the ther-
mopiles. The device is placed inside the vacuum chamber.
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Figure 5.1: Vacuum Pressure Measurement Setup

5.1.2 Measurement Results

In this measurement, four devices are utilized to measure the vacuum pressure. The
fabricated devices photos, structure parameters and measurement results are shown
as follows.

Device 1: Beam width 154mm, beam length 100mm, total sensor length 232mm.

Figure 5.2: Fabricated thermal conductivity sensor: Device 1
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Figure 5.3: Measurement results of device 1: Seebeck voltage versus vacuum pressure

Device 2: Beam width 154mm, beam length 150mm, total sensor length 332mm.

Figure 5.4: Fabricated thermal conductivity sensor: Device 2
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Figure 5.5: Measurement results of device 2: Seebeck voltage versus vacuum pressure

Device 3: Beam width 244mm, beam length 200mm, total sensor length 432mm.

Figure 5.6: Measurement results of device 3: Seebeck voltage versus vacuum pressure



5.1. VACUUM PRESSURE MEASUREMENT 67

Device 5: Beam width 154mm, beam length 150mm, total sensor length 332mm.

Figure 5.7: Measurement results of device 5: Seebeck voltage versus vacuum pressure

5.1.3 Results Analysis

The measurement results in the Figure 5.3, Figure 5.5 , Figure 5.6 and Figure 5.7
clearly demonstrate that

• the output Seebeck voltage changes with the vacuum pressure; which means
the vacuum pressure measurement from 0.3kPa to 100kPa (atmosphere pres-
sure) is accomplished.

• A higher input current leads to a higher input power, which results
in a higher sensor sensitivity; that shows the same trend in analytical
analysis shown in Figure 3.7 in Chapter 3.

Figure 5.8 shows the comparison of the sensitivity of devices with the same input
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power of 0.85mW. The conclusions are drawn as follows.

Figure 5.8: Comparison of measurement results of device 1, 2, 3, 5:
Seebeck voltage versus vacuum pressure

• Comparison of device 1 and device 5:
Device 5 has a higher sensitivity than device 1, since device 5 has longer beam
length (150mm) than device 1 (100mm) and the same number of thermocouples
and gas path length with device 1. This confirms the same trend that the
sensitivity increases with the beam length as in the analytical analysis
shown in Figure 3.9 in Chapter 3 and the numerical analysis shown in Figure
4.14 in Chapter 4.

• Comparison of device 2 and device 5:
Device 5 has a higher sensitivity than device 2, since device 5 consists larger gas
openings than device 2. Larger gas openings allow the detected gas to
flow in the chamber underneath the sensor more easily and increase
the thermal isolation of the membrane, consequently, obtain a higher
sensitivity. This measurement results confirm the discussion in the section
4.1.4.5 Larger Gas Opening on the Edge in Chapter 4.
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• Comparison of device 3 and device 1:
Device 3 has a much higher sensitivity than device 1, since device 3 has longer
beam length (200mm) beam length than device 1 (100mm) and 6 more pairs of
thermocouples than device 1. This not only confirms the same trend that
the sensitivity increases with the beam length as in the analytical
analysis shown in Figure 3.9 in Chapter 3 and the numerical analysis shown
in Figure 4.14 in Chapter 4, but also the same trend that the sensitivity
increases with the number of thermocouples as in the numerical
analysis shown in Figure 4.12 in Chapter 4.

5.2 Carbon Dioxide Detection

5.2.1 DC Measurement Setup 1

5.2.1.1 Measurement Setup and Measurement results

As shown in Figure 5.13, Keithley 2400 is used as a source-meter and a current
source to feed the input current into the resistor of the sensor, while measure the
voltage and current and resistance of the resistor with 4-wire configuration with
offset compensation. Agilent 34220A is a voltmeter to measure the output Seebeck
Voltage from the thermopile.

Figure 5.9: Measurement Setup 1

The measurement results in Figure 5.10 indicate that the output Seebeck vol-
tage changes with the carbon dioxide concentration in air. An increase in
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the carbon dioxide concentration in air leads to an increase in the output Seebeck
voltage of 2.26mV at 1.2mW input power. A 100% increase in the carbon dioxide
concentration in air leads to an increase in the output Seebeck voltage of 9.98mV at
1.2mW input power.

Figure 5.10: Seebeck voltage versus Input power for CO2 detection: setup 1

5.2.1.2 Compare with Numerical Simulation

The measurement and simulation results in Figure 5.11 show that the increase in
output Seebeck voltage with the carbon dioxide concentration in air is in
direct ratio to the input power. The measurement results show that a 100%
increase in the carbon dioxide concentration in air leads to an increase in the output
Seebeck voltage of 9.98mV at 1.2mW input power. And the simulation results show
that a 100% increase in the carbon dioxide concentration in air leads to an increase
in the output Seebeck voltage of 9.74mV at 1.2mW input power.

Figure 5.12 shows the deviation between the measurement and simulation results.
The simulation results is validated by the measurement results since they result in
an error less than 2.36%.
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Figure 5.11: Seebeck voltage versus Input power for CO2 detection: setup 1

Figure 5.12: Seebeck voltage versus Input power for CO2 detection: setup 1
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5.2.1.3 Detection Limit

The detection limit is the minimum concentration of the carbon dioxide in air that
can be measured, and is mainly determined by the DC offset and the noise.

DC offset

Since the thermopile is offset-free, and the DC offset from the nanovoltmeter Agilent
34220A is cancelled by its offset compensation, the DC offset Vos2 is only due to the
biasing current and is expressed as

Vos2 = Ibias ·Rth

in which Ibias is the biasing current of the nanovoltmeter Agilent 34220A which is
smaller than 50 pA, Rth is the resistance of thermopile which is 54 kΩ.

Because the output of this sensor system is the increase in output Seebeck voltage
with the carbon dioxide concentration in air, which is the difference of two output
Seebeck voltages; consequently, the DC offset is cancelled.

Noise

The noise from the nanovoltmeter Agilent 34220A is 41 nVRMS.

The thermal noise from the thermopile is expressed by

Vn,R =
√

4k · T ·Rth · f

in which the k is the Boltzmann constant 1.38 × 10−23J/K, T is the temperature,
Rth is the resistance of thermopile which is 54 kΩ. f is determined by the filter in
nanovoltmeter Agilent 34220A.

The selected digital filter MEDIUM mode averages every last 50 readings. The
selected measurement function is DCV and the selected display digits is 71/2, which
means the Reading speed is 0.15 readings/s. Consequently, the filter bandwidth is
only 0.003Hz.

The thermal noise is equal to:
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Vn,R =
√

4× 1.38× 10−23 × 350× 54× 103 × 0.003 = 1.769[nV]

Thus the equivalent noise is

Vn =

√
(1.769)2 +

(
41×

√
2
)2

= 58.01[nV]

and is dominated by the noise from the nanovoltmeter Agilent 34220A.

Detection Limit

The detection limit is the minimum concentration of the carbon dioxide in air that
can be measured, and is mainly determined by the noise. Consequently, the rela-
tionship of the noise and the carbon dioxide concentration in air need to be obtain.
The detected increasement in the output Seebeck voltage is 9.98mV with a 100%
increase in the carbon dioxide concentration in air at 1.2mW input power. And the
corresponding change in thermal conductivity is 0.00929 W/m·k with 100% increase
in the carbon dioxide concentration in air. Consequently, the corresponding change
in thermal conductivity with the 58.01nV noise is 5.40× 10−8 W/m·k, which leads to
a detection limit of 0.00058 % in the carbon dioxide concentration in air at
1.2mW input power.

5.2.2 DC Measurement Setup 2

5.2.2.1 Measurement Setup and Measurement results (with AD620)

As shown in Figure 5.13, a Keithley 2400 is used as a source-meter and a current
source to feed the input current into the resistor of the sensor, while measure the
voltage and current and resistance of the resistor with 4-wire configuration with offset
compensation. A low-cost low-offset low-noise instrumentation amplifier AD620 is
utilized to amplify the extremely small Seebeck voltage and filter the interference
noise. An Agilent 34220A is used as a voltmeter to measure the output Seebeck
Voltage from the thermopile.
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Figure 5.13: Measurement Setup 2

The measurement results in Figure 5.14 indicate that the amplified output See-
beck voltage changes with the carbon dioxide concentration in air. An
increase in the carbon dioxide concentration in air leads to an increase in the ampli-
fied output Seebeck voltage of 166.43mV at 0.6mW input power. And this increase
in amplified output Seebeck voltage is in direct ratio to the input power.

Figure 5.14: Seebeck voltage versus Input power for CO2 detection: setup 2

5.2.2.2 Detection Limit

The detection limit is determined by the DC offset and the noise.
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DC offset

Since the thermopile is offset-free, and the gain of the AD 620 is 106 which is rather
large, consequently, the DC offset from the the nanovoltmeter Agilent 34220A can
be neglected. Thus the DC offset is composed of two parts: the DC offset Vos1 from
the AD 620 which is 30µV , and the DC offset Vos2 due to the biasing current

Vos2 = Ibias ·Rth

in which Ibias is the biasing current of the nanovoltmeter Agilent 34220A which is
smaller than 50 pA, Rth is the resistance of thermopile which is 54 kΩ.

Because the output of this sensor system is the increase in output Seebeck voltage
with the carbon dioxide concentration in air, which is the difference of two output
Seebeck voltages; consequently, the DC offset is cancelled.

Noise

The noise from the AD620 is 22 nV/
√

Hz.

The thermal noise from the thermopile is expressed by

Vn,R =
√

4k · T ·Rth · f

in which the k is the Boltzmann constant 1.38 × 10−23J/K, T is the temperature,
Rth is the resistance of thermopile which is 54 kΩ. f is determined by the filter in
nanovoltmeter Agilent 34220A which is 0.003Hz as calculated in last section.

The thermal noise is equal to:

Vn,R =
√

4× 1.38× 10−23 × 350× 54× 103 × 0.003 = 1.769[nV]

Thus the equivalent noise is

Vn =

√
(1.769)2 +

(
22×

√
0.003

)2

= 2.14[nV]
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and is dominated by the thermal noise from the sensor.

Detection Limit

The detection limit is the minimum concentration of the carbon dioxide in air that
can be measured, and is mainly determined by the noise. Consequently, the rela-
tionship of the noise and the corresponding carbon dioxide concentration in air need
to be obtained. The detected increasement in the output Seebeck voltage is 166.43
mV with a 100% increase in the carbon dioxide concentration in air at 0.6 mW input
power. And the corresponding change in thermal conductivity is 0.00929 W/m·k with
100% increase in the carbon dioxide concentration in air. Consequently, the corres-
ponding change in thermal conductivity with the 2.14nV noise is 1.99× 10−9 W/m·k,
which leads to a detection limit of 0.0000214 % in the carbon dioxide concen-
tration in air at 0.6mW input power.

5.3 AC Measurement Setup

The AC measurement setup shown in Figure 5.15 is based on lock-in amplification.

Lock-in amplification is a technique used to separate the small, narrow-band signal
from interfering noise. Very small Seebeck voltage signals can be detected in the
presence of large amounts of uncorrelated noise with known frequency and phase.

A 20Hz AC sine wave is applied on the resistor of sensor, which results in a 40Hz AC
sine wave with 90o phase shift electrical power on the resistor. the resistor coverts
the input electrical power into heat power which leads to hot temperature. Conse-
quently, the output Seebeck voltage from thermopile is a 40Hz AC sine wave with
90o phase shift . The lock-in-amplifier SR830 is used to detect the 40Hz AC sine
wave Seebeck voltage.

As shown in Figure 5.16, the detected increasement in the output Seebeck volt-
age is 5mV with 100 kPa air to 0.05kPa vacuum with 1.5VRMS AC input voltage.
This shows that the gas detection is accomplished.
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Figure 5.15: AC measurement Setup

Figure 5.16: Seebeck voltage versus Input power for vacuum detection

AC Noise

The noise from SR830 is 6 nV/
√

Hz .

The thermal noise from the thermopile is expressed by

Vn,R =
√

4k · T ·Rth · f

in which the k is the Boltzmann constant 1.38 × 10−23J/K, T is the temperature,
Rth is the resistance of thermopile which is 54 kΩ. f is determined by the input
signal which is 20 Hz.
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The thermal noise is equal to:

Vn,R =
√

4× 1.38× 10−23 × 350× 54× 103 · 20 = 144.44[nV]

Thus the equivalent noise is

Vn =

√
(144.44)2 +

(
6×
√

20
)2

= 146.91[nV]

and is dominated by the thermal noise from the sensor.

The detected increasement in the output Seebeck voltage is 5mV with 100 kPa air
to 0.05kPa vacuum with 1.5VRMS AC input voltage. And the noise is only 0.00294%
of the detected increasement.

5.4 Conclusions

Vacuum pressure measurement was implemented to obtain the accurate results of
the sensitivity of sensor devices with different features.

Vacuum pressure measurement

• The output Seebeck voltage changes with the vacuum pressure; the vacuum
pressure measurement from 0.3kPa to 100kPa is accomplished.

• A higher input current leads to a higher input power, which results in a higher
sensor sensitivity; that shows the same trend in analytical analysis shown in
Chapter 3.

• Larger gas openings allows the detected gas to flow in the chamber
underneath the sensor more easily and increase the thermal isolation
of the membrane, consequently, obtain a higher sensitivity. This
confirm the discussion and numerical simulations in COMSOL in the section
4.1.4.5 Larger Gas Opening on the Edge in Chapter 4.
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• The sensitivity increases with the beam length and the number of
thermocouples. This confirm the discussion in the analytical analysis and
the numerical analysis.

For safety consideration, the carbon dioxide is utilized instead of hydrogen in mea-
surements. Besides, the thermal conductivity difference between carbon dioxide (
0.01465 W/m·k ) and air is only 5.93% of that between hydrogen and air; consequently,
an achievement in carbon dioxide detection means an extremely high sensor sensi-
tivity to hydrogen detection.

Carbon Dioxide Detection

• The measurement results confirm that the output Seebeck voltage changes
with the carbon dioxide concentration in air. And the increase in
output Seebeck voltage is in direct ratio to the input power. A 100%
increase in the carbon dioxide concentration in air leads to an increase in the
output Seebeck voltage of 9.98mV at 1.2mW input power. The simulation
results and the measurement results result in an error less than 2.36%.

• The output signal is the difference between two output Seebeck voltages; conse-
quently, the DC offset is cancelled.

• The low-cost low-offset low-noise instrumentation amplifier AD620 is utilized
to amplify the extremely small Seebeck voltage and suppress the interference
noise from the next stage: nanovoltmeter. A detection limit of 0.0000214
% in the carbon dioxide concentration in air at 0.6mW input power is ob-
tained with instrumentation amplifier instead of 0.00058 % when without
instrumentation amplifier.

AC measurement setup

• Lock-in amplifier is used to separate the small, narrow-band Seebeck voltage
signal from interfering noise.

• The AC noise is only 0.00294% of the detected increasement in Seebeck voltage
with 1.5VRMS AC input voltage.
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Chapter 6

Conclusions

This chapter concluded the thermal conductivity gas sensor on its application, prin-
ciple, fabrication, analytical analysis, numerical analysis, measurements and sensor
performance.

Application:

Thermal conductivity sensors are especially suitable for hydrogen detection, since
the thermal conductivity of hydrogen is approximately 7.5 times that of the air. It
indicates that even very low concentration of hydrogen leakage in air is still possible
to be detected. Therefore, thermal conductivity gas sensors are especially suitable
for detection of the leakage of hydrogen before hydrogen concentrations reach the
lower explosive limit (LEL) of 4% in air in safety applications.

Principle:

The thermal conductivity gas sensor performs a measurement of the thermal conduc-
tivity of measurand gas. By feeding current into the resistor in the center of the
sensor, the resistor is heated up and becomes a “hot element”. Then, the measurand
gas transfers a quantity of heat from the hot resistor to the cold edge via the thermal
conduction through the measured gas, which leads to a decrease in the temperature
of resistor. Thus, for a given experimental configuration and a fixed input power,
the changes in the thermal conductivity of measurand gas can be detec-
ted by measuring the changes in the temperature of resistor.
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Fabrication:

In order to improve the sensor sensitivity by minimizing the heat loss to
the suspended membrane without any complex fabrication steps, a simple floa-
ting membrane structured micro-thermoelectric gas sensor is fabricated using
surface micromachining.

Analytical analysis:

• Consider the limitation of the fabrication process, a optimal sensor sensitivity
of 568.8mV is obtained for 1.2mW input power hydrogen detection with beam
length 280µm and gas path length 20 µm in thermal modeling using Matlab.

• The thermal modeling shows that there is a optimum value of the gas
path length for each beam length.
When the gas path length is rather short, the temperature of heater
is greatly influenced by the underneath cold substrate, which result
in a low sensitivity to the changes in the thermal conductivity of
measurand gas.
When the gas path length is rather long, less heat from the heater
will conducted through the gas, and more heat will lost through the
beam, thus the temperature of heater has a lower sensitivity to the
changes in the thermal conductivity of measurand gas.

• The radiation effects can be neglected at temperature below 636.8K.

Numerical analysis:

• An improved sensor based on a single-clamped bridge structure with large
gas openings increase the sensitivity of the sensor by 5.17 times. Large
gas openings increase the thermal isolation of the membrane and
allow the detected gas to flow in the chamber underneath the sensor
more easily.

• The thermocouples should not be placed near the cold edges on the
beam. The reason is that on the two ends of the resistor, the tempe-
rature distribution is significantly influenced by the cold edges, and
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will not change as rapidly with changes in the measured gas as the
temperature in the middle part of the heater. Instead, larger gas
openings are placed on the edges of beam.

• The sensor sensitivity increases with the number of thermocouples.

• The numerical simulation results by COMSOL show the same trend
with the analytical simulation results by Matlab.
The sensor sensitivity increases with the beam length and will be
saturated at optimal beam length, and there is a optimal value of
gas path length.

Measurements:

Vacuum pressure measurement

• The output Seebeck voltage changes with the vacuum pressure; the vacuum
pressure measurement from 0.3kPa to 100kPa is accomplished.

• A higher input current leads to a higher input power, which results in a higher
sensor sensitivity; that shows the same trend in analytical analysis.

• Larger gas openings allows the detected gas to flow in the chamber
underneath the sensor more easily and increase the thermal isolation
of the membrane, consequently, obtain a higher sensitivity. This
confirm the the discussion and simulations in the numerical analysis.

• The sensitivity increases with the beam length and the number of
thermocouples. This confirm the discussion and simulations in the analytical
analysis and the numerical analysis.

Carbon Dioxide Detection

• For safety consideration, the carbon dioxide is utilized instead of hydrogen in
measurements. Besides, an achievement in carbon dioxide detection means an
extremely high sensor sensitivity to hydrogen detection.
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• The measurement results confirm that the output Seebeck voltage changes
with the carbon dioxide concentration in air. And the increase in
output Seebeck voltage is in direct ratio to the input power. A 100%
increase in the carbon dioxide concentration in air leads to an increase in the
output Seebeck voltage of 9.98mV at 1.2mW input power. The simulation
results and the measurement results result in an error less than 2.36%.

• The output signal is the difference between two output Seebeck voltages; conse-
quently, the DC offset is cancelled.

• The low-cost low-offset low-noise instrumentation amplifier AD620 is utilized
to amplify the extremely small Seebeck voltage and suppress the interference
noise from the next stage. A detection limit of 0.0000214 % in the car-
bon dioxide concentration in air at 0.6mW input power is obtained with ins-
trumentation amplifier instead of 0.00058 % when without instrumentation
amplifier.

AC measurement setup

• Lock-in amplifier is used to separate the small, narrow-band Seebeck voltage
signal from interfering noise.

• The AC noise is only 0.00294% of the detected increasement in Seebeck voltage
with 1.5VRMS AC input voltage.

Sensor Performance:

Sensitivity, response time, power consumption, stability, detection limit are the main
performances that need to be considered in gas sensors. Thermal conductivity
sensors have enhanced long-term stability and a faster response time
compared with chemical sensors.

The sensor in this work has a much higher sensitivity, a lower input power
and a better detection limit than other compared sensors as shown in Table 6.1.
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Table 6.1: Comparison of Sensors Performance

Sensitivity
[mV]

Input
Power
[mW]

Sensitivity
/Power
[V/W]

Response
Time [s]

Detection
limit Stability

[28]
160

(Hydrogen
in air)

Catalytic
activation
energy

_ 7 s 0.1% - 2%
Hydrogen poor

[29]
48

(Hydrogen
in air)

10.42
4.61

(Hydrogen
in air)

36 ms 0.1% - 2%
Hydrogen good

[31]
250

(Ethane in
methane)

59.50
4.20

(Ethane in
methane)

_ _ good

this
work

684.8
(Hydrogen
in air)

1.2
570.7

(Hydrogen
in air)

_

0.0000214
%

(Carbon
dioxide in

air)

good
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Appendix A

Equivalent Thermal Conductivity
Model

Due to the symmetry of whole sensor structure, only one pair of thermocouple and
the corresponding part of beam (as shown in Fig A.1) are modelled in analytical
calculation of equivalent thermal conductivity model.

Figure A.1: simplified model for 1D analytical calculation
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Description of Layers

a. 1st low stress SiN 700nm

Figure A.2:

Thermal conductivity λSiN1 = 1.3 W/m·k

Beam length LSiN1 = 116µm

beam thickness tSiN1 = 700nm

beam width WSiN1 = 12µm

b. Low stress PolySi 300nm

Figure A.3:

Resistor (P-Poly-Si)[36]:

λResistor = 34 W/m·k, LResistor = 14 µm,



95

tResistor = 300 nm, WResistor = 15 µm

Thermocouple (P- Poly Si) [36]:

λp−PolySi = 34 W/m·k, Lp−PolySi = 102 µm,

tp−PolySi = 300 nm, Wp−PolySi = 4 µm

Thermocouple (N- Poly Si) [36]:

λn−PolySi = 29 W/m·k, Ln−PolySi = 102 µm,

tn−PolySi = 300 nm, Wn−PolySi = 4 µm

c. 2nd low stress SiN 100nm

Figure A.4:

λSiN2 = 1.3 W/m·k, LSiN2 = 116 µm,
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tSiN2 = 100 nm, WSiN2 = 13 µm

d. Al contact 600nm (ignored in the model)

λAl = 237 W/m·k, LAl = 8 µm,

tAl = 600 nm, WAl = 10 µm or 13 µm

Equivalent thermal conductivity calculation

a. SiN Layers

Figure A.5: SiN layers for analytical calculation

The analytical calculation of 1st and 2nd SiN layers only involves the colored part in
Fig A.5. The two small SiN boxes are neglected because their thermal conductances
are quite small compared to the rest SiN part.
Thus the thermal conductance is calculated as follow:
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λSiN = 1.3 W/m·k, LSiN = 102 µm,

tSiN = 800 nm, WSiN = 12 µm

equivalent thermal conductance

gSiN = λSiN ·
WSiN · tSiN

LSiN

= 1.3× (12× 10−6)× (800× 10−9)
102× 10−6

= 12.235× 10−8[W/K]

b. Thermocouple (P- PolySi and N- PolySi)

Thermocouple (P- PolySi):

λP−PolySi= 34 W/m·k [36], LP−PolySi = 102 µm,

tP−PolySi = 300 nm, WP−PolySi = 4 µm

equivalent thermal conductance

gP−PolySi = λP−PolySi ·
WP−PolySi · tP−PolySi

LP−PolySi

= 34× (4× 10−6)× (300× 10−9)
102× 10−6

= 40× 10−8[W/K]

Thermocouple (N- PolySi):

λN−PolySi= 29 W/m·k [36], LN−PolySi = 102 µm,
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tN−PolySi = 300 nm, WN−PolySi = 4 µm

equivalent thermal conductance

gN−PolySi = λN−PolySi ·
WN−PolySi · tN−PolySi

LN−PolySi

= 29× (4× 10−6)× (300× 10−9)
102× 10−6

= 34.12× 10−8[W/K]

c. Al contact

Al contact is neglected because the thermal conductivity of Al (237 W/m·k) is si-
gnificantly large compared with that of SiN (1.3 W/m·k). And when the thermal
resistances are in series, the thermal conductance should be added as

gAl&SiN =
1

1
gAl

+ 1
gSiN

Since 1
gAl

is considerably larger than 1
gSiN

, Al contact can be ignored.

d. Entire beam

equivalent thermal conductance is express as

geq = λeq ·
Weq · teq
Leq

= gSiN + gP−PolySi + gN−PolySi

= λeq
WSiN · tSiN +WP−PolySi · tP−PolySi +WN−PolySi · tN−PolySi

Leq

in which
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gSiN + gP−PolySi + gN−PolySi = 12.235× 10−8 + 40× 10−8 + 34.12× 10−8

= 86.355× 10−8[W/K]

λeq · WSiN ·tSiN+WP−PolySi·tP−PolySi+WN−PolySi·tN−PolySi

Leq

= λeq
(12×10−6)×(800×10−9)+(4×10−6)×(300×10−9)×2

102×10−6

.

Thus, equivalent thermal conductivity is λeq= 7.34 W/m·k,

equivalent beam length is Leq = 102 µm,

equivalent beam thickness is teq = 884.6 nm,

equivalent beam width is Weq = 12 µm
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Appendix B

A Part of MATLAB Codes

1 clear all
2 clc
3 close all
4

5 s = 0.19;
6 b = 5.67*10^(−8);
7

8 k = 0.03;
9 cmeagas = 0.1805;

10

11 cair = 0.02394;
12 cgas = k*cmeagas + (1 − k)*cair;
13

14 ts = 0.9*10^(−6);
15 cs = 6.3;
16

17 Ta = 300;
18

19 Lres = 28*10^(−6);
20

21 W = 154*10^(−6);
22 Pin = 0.6;
23 nt = 10;
24 a = 290/1000000;
25

26

27 Lbeam=100;
28 d=[0:0.001:50];
29

30 C1 = sqrt((4* s .* b * Ta^3 + cair./d/10^(−6))/(ts*cs));

101
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31 C2 = sqrt((4* s .* b * Ta^3 + cgas./d/10^(−6))/(ts*cs));
32

33 Ti1 = Pin./(C1*W*ts*cs.*(C1*Lres ...
34 + coth(C1*(Lbeam*10^(−6)− Lres))));
35

36 Ti2 = Pin./(C2*W*ts*cs.*(C2*Lres ...
37 + coth(C2*(Lbeam*10^(−6)− Lres))));
38

39 Sensitivity = abs(a*nt*(Ti1 − Ti2))/k;
40

41 figure(1)
42 plot(d,Sensitivity,'m','Linewidth',1.5);
43 %axis([0 20 0 40])
44 xlabel('d (gas path length) [um]');
45 ylabel('Sensitivity [mV]');
46 title('Sensitivity VS gas path length')
47

48

49

50 Lbeam_2=[28:10:500];
51 d_2=20;
52

53 C1_2 = sqrt((4* s .* b * Ta^3 + cair./d_2/10^(−6))...
54 /(ts*cs));
55 C2_2 = sqrt((4* s .* b * Ta^3 + cgas./d_2/10^(−6))...
56 /(ts*cs));
57

58

59 Ti1_2 = Pin./(C1_2*W*ts*cs.*(C1_2*Lres+ coth(C1_2.*...
60 (Lbeam_2.*10^(−6) − Lres))))+300;
61

62 Ti2_2 = Pin./(C2_2*W*ts*cs.*(C2_2*Lres+ coth(C2_2.*...
63 (Lbeam_2.*10^(−6) − Lres))))+300;
64

65 Sensitivity_2 = abs(a*nt*(Ti1_2 − Ti2_2))/k
66

67 figure(3)
68 plot(Lbeam_2,Sensitivity_2);
69 %axis([0 20 0 50])
70 xlabel('Lbeam (beam length) [um]');
71 ylabel('Sensitivity [mV]');
72 title('Sensitivity VS beam length when d=20um')
73

74 d_3=[0.001:1.5:50];
75 Lbeam_3=[50:20:500];
76

77 for va=1:length(d_3)
78 for vb=1:length(Lbeam_3)
79 C1_3 = sqrt((4* s .* b * Ta^3 ...



103

80 + cair/d_3(va)/10^(−6))/(ts*cs));
81 C2_3 = sqrt((4* s .* b * Ta^3 ...
82 + cgas/d_3(va)/10^(−6))/(ts*cs));
83

84

85 Ti1_3 = Pin./(C1_3*W*ts*cs*(C1_3*Lres...
86 + coth(C1_3*(Lbeam_3(vb)*10^(−6) − Lres))))+300;
87

88 Ti2_3 = Pin./(C2_3*W*ts*cs*(C2_3*Lres...
89 + coth(C2_3*(Lbeam_3(vb)*10^(−6) − Lres))))+300;
90

91

92 Sensitivity_3(va,vb) = abs(a*nt*(Ti1_3 − Ti2_3))/k;
93 end
94 end
95

96 figure(4)
97 surf(Lbeam_3,d_3,Sensitivity_3);
98 %axis([0 500 0 50 0 1000])
99 title('Sensitivity VS beam length and gas path length')

100 xlabel('Lbeam (beam length) [um]')
101 ylabel('d (gas path length) [um]')
102 zlabel('Sensitivity [mV]')
103

104

105 d_4=[0.001:0.01:250];
106 Lbeam_4=[50:50:300];
107

108 for va=1:length(d_4)
109 for vb=1:length(Lbeam_4)
110 C1_4 = sqrt((4* s .* b * Ta^3 ...
111 + cair/d_4(va)/10^(−6))/(ts*cs));
112 C2_4 = sqrt((4* s .* b * Ta^3 ...
113 + cgas/d_4(va)/10^(−6))/(ts*cs));
114

115

116 Ti1_4 = Pin./(C1_4*W*ts*cs*(C1_4*Lres...
117 + coth(C1_4*(Lbeam_4(vb)*10^(−6) − Lres))))+300;
118

119 Ti2_4 = Pin./(C2_4*W*ts*cs*(C2_4*Lres...
120 + coth(C2_4*(Lbeam_4(vb)*10^(−6) − Lres))))+300;
121

122

123 Sensitivity_4(va,vb) = abs(a*nt*(Ti1_4 − Ti2_4))/k;
124 end
125 end
126

127 figure(5)
128 plot(d_4,Sensitivity_4,'LineWidth',1.5);
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129 legend('Lbeam=50um','Lbeam=100um','Lbeam=150um',...
130 'Lbeam=200um','Lbeam=250um','Lbeam=300um',4);
131 %axis([0 100 0 100])
132 title('Sensitivity VS gas path length at different beam lengths')
133 ylabel('Sensitivity [mV]')
134 xlabel('d (gas path length) [um]')
135 zlabel('Sensitivity [mV]')
136

137

138

139 d_6=[1 5 10 20 50];
140 Lbeam_6=[30:0.1:500];
141

142 for vb=1:length(Lbeam_6)
143 for va=1:length(d_6)
144 C1_6 = sqrt((4* s .* b * Ta^3 ...
145 + cair/d_6(va)/10^(−6))/(ts*cs));
146 C2_6 = sqrt((4* s .* b * Ta^3 ...
147 + cgas/d_6(va)/10^(−6))/(ts*cs));
148

149

150 Ti1_6 = Pin./(C1_6*W*ts*cs*(C1_6*Lres...
151 + coth(C1_6*(Lbeam_6(vb)*10^(−6) − Lres))))+300;
152

153 Ti2_6 = Pin./(C2_6*W*ts*cs*(C2_6*Lres ...
154 + coth(C2_6*(Lbeam_6(vb)*10^(−6) − Lres))))+300;
155

156

157 Sensitivity_6(vb,va) = abs(a*nt*(Ti1_6 − Ti2_6))/k;
158 end
159 end
160

161 figure(6)
162 plot(Lbeam_6,Sensitivity_6,'LineWidth',1.5);
163 legend('d=1um','d=5um','d=10um','d=20um','d=50um',4);
164 %axis([0 100 0 100])
165 title('Sensitivity VS gas path length at different beam lengths')
166 ylabel('Sensitivity [mV]')
167 xlabel('d (gas path length) [um]')
168 zlabel('Sensitivity [mV]')

1 clear
2 clc
3 s = 0.19;
4 b = 5.67*10^(−8);
5

6 k = 0.03;
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7 cmeagas = 0.1805;
8

9 cair = 0.02394;
10 cgas = k*cmeagas + (1 − k)*cair;
11

12 ts = 0.9*10^(−6);
13 cs = 6.3;
14

15 Ta = 300;
16

17 Lres = 28*10^(−6);
18

19 Lbeam = 100*10^(−6);
20 W = 154*10^(−6);
21

22 nt = 10;
23 a = 290/1000000;
24

25 d = 4*10^(−6);
26

27 Pin = 0:0.000001:2;
28

29 C1 = sqrt((4* s * b * Ta^3 + cair/d)/(ts*cs));
30 C2 = sqrt((4* s * b * Ta^3 + cgas/d)/(ts*cs));
31

32

33 Ti1 = Pin/(C1*W*ts*cs*(C1*Lres + coth(C1*(Lbeam − Lres))));
34

35 Ti2 = Pin/(C2*W*ts*cs*(C2*Lres + coth(C2*(Lbeam − Lres))));
36 Sensitivity = abs(a*nt*(Ti1 − Ti2))/k;
37

38 plot(Pin,Sensitivity,'Linewidth',1.5)
39 title('Sensitivity VS Input Power ')
40 xlabel('Input Power [mW]')
41 ylabel('Sensitivity [mV]')

1 clc
2 clear all
3 close all
4

5 x1= [1,4,10,20,50]
6

7 y1= [95.37260933
8 254.561043
9 405.0588533

10 524.967744
11 642.426879]
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12

13 figure(1)
14 plot (x1, y1, '−b*','LineWidth',2);%grid on;
15

16

17 xlabel('Gas path length [um]');
18 ylabel('Sensitivity [mV]');
19 title('Sensitivity versus gas path length')

1 clc
2 clear all
3 close all
4

5 x1= [50,100,150,210,260,300]
6

7 y1= [275.912148
8 450.4361297
9 501.752925

10 522.916922
11 524.967744
12 525.769594]
13

14

15

16 figure(1)
17 plot (x1, y1, '−b*','LineWidth',2);%grid on;
18

19

20 xlabel('Beam length [um]');
21 ylabel('Sensitivity [mV]');
22 title('Sensitivity versus beam length')

1 clc
2 clear all
3 close all
4

5 x1= [8,10,12,16]
6

7 y1= [183.0588267
8 209.852265
9 231.560302

10 253.6427967]
11

12

13 figure(1)
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14 plot (x1, y1, '−b*','LineWidth',2);%grid on;
15 axis([6 18 160 280])
16

17 xlabel('Number of thermocouples');
18 ylabel('Sensitivity [mV]');
19 title('Sensitivity versus number of thermocouples')

1 clc
2 clear all
3 close all
4

5 x3= [0.84531674
6

7 1.024071133
8

9 1.220322265
10

11 1.434287069
12

13 1.666342144
14

15 1.916518276]
16

17

18 y3=[21.949916
19

20 26.598573
21

22 31.705012
23

24 37.275514
25

26 43.321202
27

28 49.843446]
29

30

31 x5= [0.846513669
32

33 1.025830623
34

35 1.222830114
36

37 1.437765873
38

39 1.671078226
40
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41 1.922846882]
42

43

44 y5= [28.866888
45

46 34.975327
47

48 41.683164
49

50 48.997855
51

52 56.933911
53 65.492217]
54

55

56

57 y0= y5−y3
58

59 x8=[0.8444
60 1.02344
61 1.22016
62 1.43442
63 1.66684
64 1.9173]
65

66 y8=[6.71431113
67 8.15372642
68 9.74217213
69 11.52426331
70 13.38007307
71 15.4373902]
72

73 z=y0−y8
74

75

76 figure(1)
77 % plot (x5, y0, '−m+', x8,y8,'−b*','LineWidth',2);%grid on;
78 plot (x5, z, '−b*', 'LineWidth',2);%grid on;
79 axis ([0.8 2 0.18 0.25])
80

81 % plot (x4,y5,'−b*','LineWidth',2);%grid on;
82 % legend('Measurement−Air','Measurement−CO2 in air','Measurement−CO2',4);
83 %legend('Measurement','Simulation',4);
84

85 xlabel('Input power [mW]');
86 ylabel('Seebeck voltage [mV]');
87 %title('The change of Seebeck voltage vesus Input power for CO2 detection')
88 title('Derivation between measurement and simulation results ')
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1 clc
2 clear all
3 close all
4

5

6 x3= [0.103133541
7 0.134721356
8 0.170551252
9 0.210600314

10 0.254853964
11 0.303392074
12 0.356196775
13 0.413305764
14 0.474686717
15 0.540383642
16 0.610352272
17 0.684673568
18 0.763302382
19 0.846276758]
20

21

22

23 y3=[0.283252
24 0.370338
25 0.469157
26 0.579717
27 0.701832
28 0.835818
29 0.981579
30 1.139299
31 1.308915
32 1.47045
33 1.651596
34 1.846845
35 2.052865
36 2.267203]
37

38

39 x4= [0.103140355
40 0.134731705
41 0.170568219
42 0.21062676
43 0.254885647
44 0.303436828
45 0.356257629
46 0.413387498
47 0.474804904
48 0.540537954
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49 0.610555422
50 0.68493449
51 0.763630923
52 0.846682763]
53

54

55 y4= [0.31281204
56 0.40902291
57 0.51850298
58 0.64066902
59 0.77553206
60 0.92356346
61 1.0846185
62 1.2588842
63 1.4451597 %
64 1.61581
65 1.8180288
66 2.0330332
67 2.2572739
68 2.4838877]
69

70

71 x5= [0.846513669
72 0.933972435
73 1.025830623
74 1.122113501
75 1.222830114
76 1.328037263
77 1.437765873
78 1.552073083
79 1.671078226
80 1.794674436
81 1.922846882]
82

83

84 y5= [28.866888
85 31.847079
86 34.975327
87 38.253821
88 41.683164
89 45.264507
90 48.997855
91 52.886518
92 56.933911
93 61.135939
94 65.492217]
95

96

97
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98 x8=[0.8444
99 1.02344

100 1.22016
101 1.43442
102 1.66684
103 1.9173]
104

105 y8=[6.71431113
106 8.15372642
107 9.74217213
108 11.52426331
109 13.38007307
110 15.4373902]
111

112

113

114

115

116 figure(1)
117 % plot (x5, y0, '−m+', x8,y8,'−b*','LineWidth',2);%grid on;
118 plot (x3, y3, '−m+', x4, y4,'−b*','LineWidth',2);%grid on;
119 axis ([0 1 0 2.7])
120

121 % plot (x4,y5,'−b*','LineWidth',2);%grid on;
122 legend('Air','CO2 in air',4);
123 %legend('Measurement','Simulation',4);
124

125 xlabel('Input power [mW]');
126 ylabel('Seebeck voltage [mV]');
127

128 title('Seebeck voltage Difference vesus Input power')

1 clc
2 clear all
3 close all
4

5

6 x3= [
7 0.47355
8 0.8444
9 1.21992

10 1.9173
11 3.4532
12 5.4875]
13

14

15 y3=[
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16 4.1734411
17 7.4449911
18 10.7580372
19 16.9176686
20 30.5003441
21 48.5382004]
22

23 y4= [
24 3.6272513
25 6.4679924
26 9.3423931
27 14.6801529
28 26.4214366
29 41.9522868]
30

31

32 figure(1)
33

34 plot (x3, y3, '−m+', x3,y4,'−b*','LineWidth',2);%grid on;
35

36 legend('Air','3% H2 in air',4);
37

38 xlabel('Input power [mW]');
39 ylabel('Seebeck voltage [mV]');
40

41 title('Seebeck voltage Difference vesus Input power')
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