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ABSTRACT 
 

Thermoresistive and Joule heating effects in metals (e.g. platinum, nickel) and semiconductors 

(e.g. silicon) have been extensively utilized to develop Micro Electro-Mechanical Systems 

(MEMS) based thermal sensors. Due to the electronic simplicity and easy implementation 

using micro-fabrication and micromachining techniques, these sensors have been found in a 

wide range of applications such as temperature sensing, flow sensing and acceleration sening. 

Neverthless, their material cost, inadequate sensitivity, inflexibility and incapability to work in 

harsh environments hinder these sensing materials in many applications, particularly where the 

temperature is high. Consequently, there is a growing demand for investigating the alternative 

materials with high thermoresistive sensitivity for harsh environment flow sensors. This 

research aims to develop thermal flow sensor that has high temperature capability yet is small 

in size, high sensitivity, low power consumption and inexpensive through mass fabrication. 

To provide a systematic approach for detailed study, the knowledge of heat-transport 

mechanism in macro and micro-scale thermal sensors is paramount. Thus, in the chapter three 

of this thesis, a steady-state analytical model for describing the temperature distribution in 

suspended bridge type thermal sensors was developed. Parametric optimization also offered an 

insight on the thermal sensor characteristics. Furthermore, experiments were conducted to 

verify the effectiveness of both the models using a scaled-up low cost device. The developed 

macro-scale model was then extended to micro-scale multi-layer thermal sensor models in 

chapter four. This suspended type configuration consumed less power in the order of milliwatts 

and paved the way for developing thermal flow sensors presented in subsequent chapters. 
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In chapter five, a new fabrication methodology was employed to fabricate SiC hot-film flow 

sensor on a thermally insulating glass substrate. The thermoresistive characterization of the 

fabricated sensor resulted in a large Temperature coefficient of resistance (TCR) of 
approximately -20716 ppm/K at ambient temperature (298K) and -9367 ppm/K at 443K 

respectively. Later, the wide dynamic range of flow characterization at ambient temperature 

resulted in high sensitivity which primarily motivated us to set-up and conduct high 

temperature flow measurement presented in chapter six. Thus, chapter six involved the 

development of a novel technique to characterize the hot-film flow sensor at temperatures up 

to 200°C. This chapter also addressed various challenging aspects in the context of harsh 

environments: material choice, metallization interconnects, Ohmic contact stability, 

measurement set-up and flow calibration. Although the developed characterization technique 

ensured a stable high temperature operation, the sensitivity of the sensor, on the other hand 

could still be improved by calorimetric flow sensing principle, which in general is very 

sensitive to low flow velocities. Hence, chapter seven involved the design and characterization 

of calorimetric flow sensor using a new material platform of SiC/glass/Si. COMSOL Finite 

Element Modelling (FEM) tool was initially utilized to obtain the optimized distance between 

the heater and pair of temperature sensors. The optimized geometrical parameters were then 

considered for the micro-fabrication and subsequent device characterization. 
Collectively, the findings from this study at large, suggest the feasibility of utilizing SiC as a 

sensing/heating material for high-temperature flow applications.  
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LC Local Conveyor 

LPCVD Low Pressure Chemical Vapour Deposition 

LTCC Low Temperature Co-Fired Ceramics 

MAF Mass Air Flow 

MEMS Micro Electro Mechanical Systems 

MDF Minimum Detectable Flow 

MOSFET Metal Oxide Semiconductor Field Effect Transistor 

MTFS Micro Thermal Flow Sensors 

NEMS Nano Electro Mechanical Systems 

NTC Negative Temperature Coefficient 

ODE Ordinary Differential Equations 

PECVD Plasma Enhanced Chemical Vapour Deposition 

PCB Printed Circuit Board 

PMMA Poly-Methyl-Methacrylate 

PTC Positive Temperature Coefficient 

PVC Poly-Vinyl Chloride 

PVE Poly-Vinyl Ether 

QMF Queensland Micro technology Facility 

RTD Resistance Temperature Detector 

SBD Schottky Barrier Diode 

SCCM Standard Cubic Centimetres per Minute 

SEM Scanning Electron Microscope 

SiCOI Silicon On Insulator 

SLPM Standard Litres Per Minute 
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SNR Signal-to-Noise Ratio 

SOI Silicon On Insulator 

TCR Temperature Coefficient of Resistance 

TEC Thermal Expansion Coefficient 

TLM Transmission Line Method 

TOF Time Of Flight 

TRSE Total Relative Standard Error 

TSV Through Silicon Vias 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Powder Diffraction 

3C-SiC Cubic Silicon Carbide 
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Nomenclature 

A, B, C and D  constants of ODE solution 

Acr cross-sectional area, m2 

A3C-SiC, AAl and Ac   cross-sectional area of silicon carbide (SiC), aluminium (Al) and their 

equivalent combination, m2 

Als lateral surface area, 2m  

,airC  specific heat capacity of air, J/kg K 

Cv, C1 and C2 constants obtained in potential distribution solution 

d  diameter of the wire, mm 

E electric field, V/m 

genE  
generated thermal energy, J/s 

condE  
Conduction heat loss, J/s 

convE  
Convection heat loss, J/s 

g gravitational acceleration, m/s2 

h heat transfer coefficient, W/m2K 

H1 and H2 thickness of silicon carbide (SiC), aluminium (Al), nm 

I current, A 

J Current density, A/m2 

2lo and 2l length of nichrome (NiCr) wire and total length of bridge, cm 

P power, watts 

 thermal resistance of silicon carbide (SiC), aluminium (Al) and their 

equivalent combination, ohm 

x and x* position of the bridge in cm and non-dimensionalized position 
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Greek Letters 

V voltage, V 

Vt total voltage drop, V 

α segment length ratio, dimensionless 

βair thermal expansion coefficient of air,1/K 

x  small incremental distance in the wire, cm 

δ1 and δ2 particular integral solution (involving constants) for nichrome (NiCr) 

and copper (Cu) segments 

μair dynamic viscosity of air, Pa s  

ρair density of air, kg/m3 

ρ1 and ρ2 electrical resistivity of nichrome (NiCr) and copper (Cu) wires,Ωm  

ρ3C-SiC, ρAl and  ρC    electrical resistivity of silicon carbide (SiC), aluminium (Al) and their 

equivalent combination,Ωm  

κ1 and κ2 thermal conductivity of nichrome (NiCr), copper(Cu) and air, W/m K 

κ3C-SiC,  κ Al  and κ C    thermal conductivity of Silicon carbide (SiC), aluminium (Al) and 

their equivalent combination, W/m K 

1 and 2  temperature coefficient of resistance of heating and conduction 

segments,
o1 K  

1 and 2  gamma values of heating and conduction segments depending on 

material properties 

Δ Cramer’s rule determinant 

θ1(x) and  θ2(x) temperature distribution along nichrome and copper segments, o C  

λa,b roots of the second order ODE 

θo= θs ambient temperature, o C  
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Non-dimensional Numbers 
 

Gr Grashof number;  

Nu Nusselt number; 

Pr Prandtl number; 

Ra Rayleigh number; 

Subscripts and superscripts 

1 NiCr segment 

2 Cu segment 

Al aluminium 

cr cross section 

cond conduction 

conv convection 

gen generation 

ls lateral surface area 

max maximum 

c equivalent combination 

  

 

 

 

 

 

 

θmax  maximum temperature at the centre of the bridge, o C  
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 Introduction 
 

1.1 Background and motivation  
 

Sensors and electronics for harsh environments have been increasingly important in application 

areas such as automotive, aerospace, process engineering, and deep-sea exploration. Harsh 

environments include high temperature, high pressure, nuclear radiation, chemically aggressive 

media and electromagnetic pulses [1]. Over the years, a number of sensors for harsh 

environments have been developed for the measurement of temperature [2], flow [3,4], 

pressure [5,6], strain [7], acceleration [8] and others [9,10]. Flow measurement, in particular is 

critical for many industrial applications such as automobile fuel injection system, exhaust gas 

recirculation (EGR) system and petroleum refineries, because of the presence of high 

temperature, corrosives, and particulates. For example, a fuel injection system controls the 

amount of air to be delivered with the fuel in internal combustion (IC) engine for the better 

performance and emission-free environment. As a result, accurate and continuous monitoring 

of air flow is essential and thus require highly stable sensing materials and electronics at 

elevated temperatures. 

The commonly employed instruments for high-temperature flow measurements are Doppler 

ultrasonic flow meter, vane wheel flow meter and vortex flow meter [11]. However, these 

flowmeters are bulky, expensive and consume high power. On the other hand, the advances in 

Microelectromechanical (MEMS) systems allow for the development of miniaturized flow 

sensors with extraordinary performance in terms of sensitivity, response time, cost-

effectiveness and power consumption [12]. Most of the micromachined flow sensors adopt 

similar measurement principles as the non-micromachined flow meters. In general, MEMS 

flow sensors can be categorised into two types: thermal and non-thermal flow sensors. Due to 

the fast response, stable stationary parts, and simple electronic design, thermal flow sensors are 

widely utilised for many applications than non-thermal flow sensors [13]. 

One of the key components for developing micro thermal flow sensors (MTFS) is the 

microheater/microsensor [14]. To reduce the power consumption in microheaters, the 

knowledge of the heat transfer mechanism is crucial as the heat loss to the supporting substrate 

dominates over other losses. Although previous studies dealt with heat convection, heat 

conduction, and radiation in homogenous materials, the results were valid only for the active 

area of the heater fabricated from a single material [15,16]. On the other hand, the development 

of thermal sensors constructed from segments of different materials could be incorporated into 
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Microelectromechanical (MEMS) and Nanoelectromechanical (NEMS) systems easily. 

Therefore, this bottleneck has motivated us to begin the research on fundamental heat-transport 

in macro and micro scale thermal sensors.                                                    

Based on the Joule heating concept, thermal flow sensors can be categorised into three 

configurations: (i) Hot-wire and hot-film, (ii) calorimetric and (iii) time of flight (TOF) [17]. 

Hot-wire and hot-film sensors sense the cooling effect of a fluid flow via convective heat 

transfer from a heated element. Thermal flow asymmetry due to fluid flow direction can be 

detected using the calorimetric configuration. In TOF configuration, heat pulses are injected 

from the heating element into the flow, the time it takes for the fluid to travel a known distance 

to the temperature sensor located downstream is then determined [18].   

On the other hand, thermal flow sensors can be divided into three types based on temperature 

sensing methods: (i) thermoresistive, (ii) thermoelectric and (iii) thermoelectronic. 

Thermoresistive sensors utilize resistors, thermistors and resistance temperature detectors 

(RTD) for temperature sensing. In the case of thermoelectric sensors, the Seebeck effect is 

utilised for sensing a thermal difference in the form of a thermocouple. Transistors and diodes 

are widely used as temperature sensing elements in thermoelectronic sensors. The simplicity 

and high sensitivity of thermoresistive sensors make thermoresistive effect the main 

transduction mechanism for many temperature sensing applications. To date, numerous works 

on thermoresistive [19,20], thermoelectric [21,22] and thermoelectronic air flow sensors 

[23,24] have been proposed in the literature. Nonetheless, the design and characterization of 

thermoresistive air flow sensors at elevated temperatures (higher than 150°C) have been rarely 

found. 

The challenges associated with high-temperature applications include: (i) the choice of 

temperature sensing/heating material and the thermal sensitivity, (ii) metallization and 

interconnects (iii) stable and reliable measurement set-up and (iv) packaging.  Metals such as 

platinum, nickel, and copper are the commonly employed thermal heating/sensing materials 

over the years. In contrast, micromachining technology has been utilized to develop silicon-

based sensors for thermal sensing applications. However, these materials possess a low-

temperature coefficient of resistance (TCR) (i.e less than 5000 ppm/K) thereby requiring an 

unprecedented material for thermal sensing applications [25]. In addition, these materials lack 

the capability to work in harsh environments. The above limitation has motivated the recent 

research on materials with a large energy band gap.  
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Among the various wide bandgap materials, silicon carbide (SiC) is one of the most promising 

candidates, due to its superior physical, chemical and mechanical properties [26]. To date, 250 

polytypes of SiC have been identified and the commonly found crystals were 3C, 4H, and 6H-

SiC respectively. Heteroepitaxial growth of 3C-SiC on Si offers the advantage of batch 

fabrication at low cost. This technology led to the development of various SiC sensors for 

thermal [27], flow [28,29] and mechanical [30,31] sensing applications. However, the 

commonly employed SiC on Si platform suffers from current leakage and yield strength issues 

at temperatures above 200°C. As a result, the fabrication of devices in these layers requires 

high electrical isolation which also increases the response time of the device [32,33]. Unlike 

poly-SiC, 3C-SiC cannot be grown on any non-conducting substrates thereby making surface 

micromachining and electrical isolation very difficult. This bottleneck motivates us to establish 

a novel technique for bonding 3C-SiC on an insulating substrate for developing thermal flow 

sensors. 

1.2 Research scope and objective                                                                                                     
 

The present thesis aims to develop a novel 3C-SiC thermal flow sensor that combines the 

advantages of simplicity, low power consumption, fast response time and high sensitivity for 

harsh conditions. 

In this thesis, hot-wire/hot-film and calorimetric sensing configurations were implemented in 

various designs. Chapter 3 and Chapter 4 provide analytical models for the macro and micro 

scale hot-wire/hot-film sensor along with detailed design, optimization, and characterisation of 

the heating element. Chapter 5 utilises the gained knowledge of the thermal sensors to develop 

a highly sensitive SiC/glass-based MEMS air flow sensor. In Chapter 6, this thermal sensing 

platform was further tested under high temperatures up to 200oC in the presence of air flow. 

Furthermore, a calorimetric thermal sensing configuration was employed to achieve fast 

response time and even higher sensitivity to low air flow rates as presented in  

. 

Collectively, the thesis mainly focused on the analytical models, numerical simulation and 

optimisation and extensive characterisation of different thermal sensing configurations leading 

to the development of robust thermal flow sensors for high-temperature applications.   

1.3 Research questions and specific aims 
 

Research question 1 (Chapter 3) 
 



4 
 

Thermal sensing devices attract a great deal of interest from the research community, as they 

provide a wide range of applications and advantages. The major advantages include low power 

consumption, fast thermal response time, long operating time, high reliability and relatively 

low fabrication cost. These devices are the main feature of various applications such as fluid 

flow sensing, gas sensing, bio-thermal therapy, etc. Therefore, the fundamental knowledge of 

heat transfer mechanism in these devices is primary as the heat loss to the supporting substrate 

dominates generally. Hence, the research question of this chapter is: How to establish a steady-

state heat-transfer model for describing the temperature distribution along the length of the 

macro-scale thermal sensor and, how to validate the model using a low-cost sensor large-scale 

prototype? 

Specific aim 1 (Chapter 3) 

This study aimed to propose an accurate theoretical analysis for the thermal and electrical 

characteristics of the thermal sensor. The model will predict the temperature distribution along 

the wire and will be further used to predict the temperature dependent electrical behaviour of 

the wire bridge. The model will also be verified with a scaled-up wire prototype using infrared 

thermography measurement. The proposed model could also be useful for the thermal design 

of Joule-heated thin, wire-like microdevices and thereby will provide an understanding of the 

model development for thermal sensors operating at high temperatures. The thermal flow 

sensor is expected to be an inexpensive, clean room free and consumes few milliwatt power. 

Research question 2 (Chapter 4) 

Silicon-based sensors and actuators play a significant role in many applications but are 

generally limited to electronic device applications operating under 250 °C. On the other hand, 

the demand for microelectromechanical systems (MEMS) thermal sensors working under harsh 

environments has been rapidly growing. To resolve this issue, an alternative to silicon material 

is required. Among the various wide bandgap materials, silicon carbide (SiC) possess a 

relatively large bandgap of 2.3-3.4 eV, superior physical properties, excellent mechanical 

strength and chemically inertness, etc. Moreover, SiC thin films offer accurate temperature 

control, low heat capacity, and low power consumption along with high-temperature operation. 

In addition, the robust performance of silicon carbide at extreme temperatures coupled with 

tunable conductivity and temperature coefficient of resistance (TCR) makes them an attractive 

material. Hence, the research question of this chapter is: Can a suitable theoretical model be 
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established to study the heat transport mechanism in SiC/Al multi-layer micro-scale thermal 

sensors? 

Specific aim 2 (Chapter 4) 

This study is intended to propose an analytical model and its validation for a released 

microscale sensor made of 3C-SiC thin films. An equivalent electrical and thermal model will 

be developed for the SiC/Al layer initially to predict the voltage-current and power-current 

characteristics of the microsensor. The fabricated thermal sensor will be of potential use in 

portable applications as the power consumption is estimated to be in milliwatt magnitude. In 

addition, the proposed analytical model is meant to aid many thermal applications and in all 

types of heterogeneous solids. 

Research question 3 (Chapter 5) 

The performance of a thermal flow sensor can be evaluated by many parameters such as 

temperature sensitivity, sensitivity due to flow, response time and power consumption. The 

temperature sensor can be quantified by the Temperature Coefficient of Resistance (TCR). A 

large TCR is desirable for a highly sensitive thermal flow sensor. However, commonly 

employed sensing materials such as metals and semiconductors like silicon and polysilicon 

exhibit a TCR of few hundreds and thousands of ppm/K. Therefore, an alternative sensing 

material with high TCR is needed. Another important aspect of the thermal flow sensor is the 

design configuration. The commonly employed SiC sensor on a silicon substrate has a few 

drawbacks. For instance, Si becomes conductive over 200C resulting in current leakage 

between SiC and Si. In addition, the yield strength of Si reduces beyond 450C. Therefore, the 

fabrication requires suspended/ released sensor structures from the substrate. Consequently, 

the SiC sensor was released from the Si substrate in our previous study to reduce heat loss and 

to ensure low power consumption. An alternative approach is to use a non-conducting substrate 

such as glass, which is a potential substrate material for developing thermal flow sensors. 

However, 3C-SiC cannot be grown directly on glass or any other non-conducting sacrificial 

material, thereby making surface micromachining and electrical isolation of single crystalline 

3C-SiC structures very difficult. Although many efforts have been made to develop SiC on 

glass substrates, implantation damage and diffusion issues hindered the development of SiC on 

insulator (SiCoI) structures. Hence, the research question of this chapter us: How can SiC be 

bonded to glass using a novel fabrication technique and how can the same platform also be 

used for a highly sensitive flow sensor?  
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Specific aim 3 (Chapter 5) 

The aim of this study was to develop a SiC on the glass-based thermal sensor using a new 

fabrication methodology and later employ this platform for flow sensing application at ambient 

temperature. The temperature sensitivity of SiC heater and temperature sensor will be 

investigated to estimate the TCR of the heater. The Joule heating experiment will then be 

carried out to observe the temperature rise of the heater. These two tests will lead to the 

subsequent flow characterization of our sensor. Finally, the performance of the sensor will be 

evaluated based on the sensitivity and power consumption The flow sensor is designed to 

provide superior features of small size, low power consumption, high sensitivity and wide 

dynamic range of flow. 

Research question 4 (Chapter 6) 

Sensors for the harsh environment include but are not limited to the detection of pressure, 

strain, temperature, flow, acceleration etc. The application areas with these environments 

include aerospace, automotive, industrial process control and space/sea exploration. In the 

automotive industry, measuring air flow velocity and flow rate is very because of the presence 

of high temperature, corrosives, and particulates. Therefore, precise and continuous monitoring 

of air flow is important, and thus requires highly stable solid-state sensors and electronics. The 

commonly employed instruments for flow measurement in a harsh environment are the non-

micromachined thermal flow meters/sensors. However, these flowmeters suffer from large 

size, high power consumption, low response time and high cost. On the other hand, 

microfabrication and micromachining resolve the above drawbacks and produce miniaturized 

flow sensors for high- temperature applications (>150°C). Hence the research question of this 

chapter is: How can thermal air flow sensor be characterised at elevated temperatures with the 

consideration of various challenging aspects? 

Specific aim 4 (Chapter 6) 

This study is conducted to develop a novel technique to characterize the flow sensor at elevated 

temperatures. The employed materials, metallization and interconnect leads will be properly 

considered. The mechanical and Ohmic contact stabilities will be ensured by Joule heating test. 

The air flow will be established by driving a metal propeller connected to a DC motor and will 

be controlled by a microcontroller. A high- temperature epoxy and a brass metal sheet will be 

utilized to establish the electric conduction between the metal electrodes and the SiC heater. In 

addition, the metal wires from the sensor to external circuitry will be protected by a fibreglass 
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insulating sheath. Finally, the sensor will be characterised with a range of air flow velocity 

from 0 to1.5 m/s. 

Research question 5 (Chapter 7) 

Among the desired parameters of thermal flow sensors, sensitivity is one of the most important 

features, because it represents the quality of flow monitoring. Calorimetric sensing method is 

preferable to hot wire and hot film techniques as it is sensitive to very small flow rate and able 

to detect flow direction due to the presence of the upstream and downstream thermal sensors. 

Unfortunately, works reported in the literature on calorimetric thermal flow sensors were 

primarily based on the operation at an ambient temperature environment. Therefore, a highly 

sensitive calorimetric air flow sensor at elevated temperatures is yet to be developed in MEMS 

scientific research. Therefore, the specific research question is: What technique can be used for 

establishing a low air flow rate between 0 and 1 m/s? and how to develop a stable high-

temperature measurement setup? 

Specific aim 5 (Chapter 7) 

The specific aim of this study is to develop a sensitive calorimetric thermal flow sensor at 

temperatures of around 200°C. Preliminary studies with COMSOL will provide a guide on the 

dimensions of the thermal sensors and the heater. Moreover, the parametric optimisation of the 

device will also be carried out to find the distance between the pair of sensors and heater. Then, 

the Joule heating and thermoresistive characteristics of the device will be obtained 

experimentally, which will lead to the flow measurements thereafter. An uncertainty analysis 

will be carried out between the numerical and experimental data to validate the robustness of 

the model at the end. 

1.4 Thesis framework 
 

The present thesis is divided into eight chapters; Chapter 1 : Introduction, Chapter 2: Published 

paper 1 (Literature review): Thermal flow sensors for harsh environments; Chapter 3: 

Published paper 2 (Research article): A generalised analytical model for Joule heating of 

segmented wires; Chapter 4: Published paper 3 (Research article): Steady-state analytical 

model of suspended p-type 3C–SiC bridges under consideration of Joule heating; Chapter 5: 

Published paper 4 (Research article): Highly Sensitive 3C-SiC on glass-based thermal flow 

sensor realised using MEMS technology; Chapter 6: Published paper 5  (Research article): A 

hot-film air flow sensor for elevated temperatures; Chapter 7: Paper 6: Manuscript preparation 
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in progress (Research article): A highly sensitive SiC calorimetric thermal flow sensor for harsh 

environments and Chapter 8: Conclusion and future perspectives. 

Chapter 1 is an introduction to the thesis topic and includes brief background, motivation, 

overall research scope and objective, research questions, thesis framework with specific aims. 

Chapter 2 reviews the various thermal flow sensors reported in the literature for harsh 

environment applications. This chapter provides details on the different configurations, 

transduction mechanisms, materials, applications and various packaging techniques in the 

context of harsh environments. The comprehensive literature review provides an insight into 

the technological gap and possible approaches for the development of SiC-based thermal flow 

sensors. Considering the limitation of the existing thermal sensing materials, this thesis 

intended to provide a systematic approach in designing a microheater. The raised research 

questions are discussed in the following section and will be subsequently addressed in Chapter 

3, Chapter 4,Chapter 5,Chapter 6 and Chapter 7 respectively.  Finally, Chapter 8 provides a 

conclusion and future perspective for the research presented in this thesis. Figure 1.1 depicts 

the framework of this thesis. 

 

Figure 1.1: The structure of the thesis and the relationship between the chapters published as research papers. 
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 Thermal Flow Sensors for Harsh Environments 
 

Abstract 
Flow sensing in hostile environments is of increasing interest for applications in the 

automotive, aerospace, and chemical and resource industries. There are thermal and non-

thermal approaches for high-temperature flow measurement. Compared to their non-thermal 

counterparts, thermal flow sensors have recently attracted a great deal of interest due to the 

ease of fabrication, lack of moving parts and higher sensitivity. In recent years, various thermal 

flow sensors have been developed to operate at temperatures above 500°C. Microelectronic 

technologies such as silicon-on-insulator (SOI), and complementary metal-oxide 

semiconductor (CMOS) have been used to make thermal flow sensors. Thermal sensors with 

various heating and sensing materials such as metals, semiconductors, polymers and ceramics 

can be selected according to the targeted working temperature. The performance of these 

thermal flow sensors is evaluated based on parameters such as thermal response time, flow 

sensitivity. The data from thermal flow sensors reviewed in this chapter indicate that the 

sensing principle is suitable for the operation under harsh environments. Finally, the chapter 

discusses the packaging of the sensor, which is the most important aspect of any high-

temperature sensing application. Other than the conventional wire-bonding, various novel 

packaging techniques have been developed for high-temperature application. 
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2.1. Introduction 
 

Micro-Electro-Mechanical Systems (MEMS) sensors such as pressure, temperature, strain, 

acceleration and flow are essential for many harsh environment applications. Harsh 

environments include but are not limited to high pressure, high temperature, corrosive and 

erosive nature that can hinder the operation of the device [1]. Figure 2.1(a) represents various 

MEMS sensors and the associated harsh environment conditions. These conditions are 

typically found in combustion optimization and emission control, oil industries, chemical 

process control, the propulsion systems of spacecraft and deep-sea devices [2,3]. In recent 

years, a number of flow sensors have been fabricated and characterized for the measurement 

of pressure [4-6], temperature [7,8], gas species [9-13], strain [14-17] and acceleration [18,19] 

in these environments. In addition, there has been growing demand for developing high-

temperature miniaturized flow sensors with fast response times and low cost through mass 

fabrication. Figure 2.1(b) depicts the various applications of MEMS flow sensors and their 

operating ranges. For instance, automobile aircraft and propulsion system conditions are 

usually monitored by high temperature thermal sensors, which contribute to optimizing the 

operation conditions from 300 °C to 800 °C. In chemical production and oil and gas industries, 

where the operating temperature may range approximately from 100 °C to 700 °C, in-situ real-

time monitoring of process parameters such as temperature, pressure and flow is indispensable 

as it contributes to the efficiency and process quality assurance [20]. Delivering science 

instruments through sulfuric acid clouds to land on the surface of space-based environment 

such as Venus, where the pressure is more than 100 bar will inevitably require the use of MEMS 

flow sensors. Also, energy and automotive combustion systems require precise control of 

temperature, pressure and air-fuel ratio to obtain optimal efficiency and reliability [21]. 

 

Figure 2.1: MEMS sensors: (a) Various MEMS sensors and harsh environments and (b) Applications of MEMS 

flow sensors and their corresponding conditions. 

MEMS
sensors

Corrosion

Temperature
   sensors

       H
ig

h
 T

e
m

p
e

ra
tu

re

  
 R

a
d
ia

ti
o

n

   Pressure
    sensors

   Acceleration
    sensors

Flow sensors

Gas sensors

Strain sensorsHigh shock/
  Vibration

~300ºC

Energy
industry

~100-
1000ºC

Space/sea
exploration

>100bar

Harsh
Environment

Automobile
  aircrafts

~300-800ºC

~600ºC

~100-700ºC

Chemical
productions

(a) (b)

Flow sensor



14 
 

Thermal flow sensors more often find applications in harsh environments than non-thermal 

flow sensors because of their fast response and the lack of moving parts. The advances in 

Micro-Electro-Mechanical Systems (MEMS) technology allows for the fabrication of 

miniaturized thermal flow sensors with extraordinary performance in terms of sensitivity, 

response time, cost-effectiveness and power consumption [22]. Among the various 

semiconductor sensors, silicon-based sensors play a significant role in many applications and 

numerous silicon flow sensors have been developed [23]. Nguyen et al. designed a silicon-

based thermal mass flow sensor for different fluids and variable ranges emphasizing the need 

of mass flow measurement in various applications [24]. However, silicon-based sensors cannot 

operate at high temperatures above 500°C for a long period of time due to the degradation of 

silicon at high temperatures. In addition, the requirement of bulk housing in thermal sensor 

typically raises the cost of the sensors. 

To resolve the limitations of silicon, alternative materials have been utilized in harsh 

environment sensors. For instance, silicon carbide (SiC) has gained much attention for sensing 

applications in harsh environments. Silicon carbide has high hardness, good thermal 

conductivity and is also chemically inert. Additionally, SiC has readily available large-scale 

commercial wafers, advanced MEMS processing technologies which allow rapid growth in the 

MEMS market [25]. Furthermore, gallium arsenide (GaAs), gallium nitride (GaN) and 

aluminium nitride (AlN) are also considered as MEMS materials for certain high-temperature 

applications. For instance, the typical operating temperature of gallium nitride is less than       

700 °C, above which the material will degrade [26].  

In the past two decades, research groups around the world have developed a number of thermal 

flow sensors for various applications. These works have attracted further interest from the 

research community in developing thermal flow sensors for niche applications that possibly 

impact the future MEMS market. However, there has been to date no comprehensive article 

reviewing the progress in the development of harsh environment thermal flow sensors. 

 

2.2 Thermal Flow Sensors and Their Operation 
 

2.2.1 Theory 
 

The working principle of a thermal flow sensor is based on the heat exchange between the 

sensing element and the surroundings through forced convection. Without fluid flow, the heat 

exchange of a heater to the environment relies mainly on natural convection and conduction. 

The resulting temperature distribution around the heater is symmetrical. In contrast, a fluid 
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flow removes the heat from the sensing element and the symmetry of the temperature field 

around the heated element is broken, resulting in an asymmetrical temperature distribution 

along the flow direction. The fluid velocity and the flow direction can be measured by the 

amount of heat removed from the heater and the temperature distribution around the heater. 

The signal transfer process of a thermal flow sensor occurs in three domains: mechanical, 

thermal and electrical as depicted in Figure 2.2(a) [27]. The change in fluid flow (mechanical 

domain) leads to a temperature variation of the sensor (thermal domain) which can be 

converted to a voltage signal (electrical domain) [28]. According to the underlying physical 

principle, the thermal flow sensors operate in three configurations: (i) hot-wire or hot-film, 

Figure 2.2(b), (ii) calorimetric or thermo-transfer Figure 2.2(c) and (iii) time of flight or thermal 

tracing, Figure 2.2(d). 

 

Figure 2.2: Thermal flow sensor: (a) Signal transduction path; (b) Hot-wire and hot-film configuration; (c) 

Calorimetric configuration and (d) Time of flight configuration. 

Hot-wire and hot-film flow sensors: Thermal flow sensors that sense the cooling effect 

of fluid flow through convective heat transfer on a heater are called hot-wire or hot-film 

sensors [29,30]. This configuration allows measuring a wide range of flow velocities based 

on the heat loss described as follows [31,32]:  

                                              
P

A B U
T

 


                                                              (1) 

where A and B are constants that depend on the material respectively. U , P and ∆T represent 

the fluid velocity, power consumption and heater temperature relative to ambient, respectively 

[33].  
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Hot-wire and hot-film sensors operate either in the constant power (CP) mode or in the constant 

temperature difference (CT) mode. CP mode detects the temperature change of the heater at a 

constant heating power. In CT mode, a servo-amplifier circuitry is used to establish a constant 

temperature between the probe and the ambient. Details about the use of these modes can be 

found in the literature [34-39]. As an early development, Toyota has developed a hot-wire flow 

sensor device, operated in CT mode in the fuel injection system. The amount of current 

supplied to hot-wire is proportional to the mass flow rate and the intake air temperature is 

monitored by a thermistor depicted in Figure 2.3. In this environment, hot-wire sensors are 

susceptible to dirt, smoke and oil particles present along with flow and subsequently the device 

leads to failure if contaminated. 

Moreover, the use of hot-wire resistors at high temperatures for long periods needs to consider 

two important things: (i) the suppression of resistance changes over the time when exposed to 

an impurity or dirt and (ii) the dependence of the Temperature Coefficient of Resistance (TCR) 

on impurity concentration. For instance, impurity diffusion on a resistor would affect its 

stability and cause drift under harsh conditions. This drift will adversely affect the sensitivity 

of a hot-wire flow sensor as TCR and sensitivity are closely related [40]. 

 

Figure 2.3: Mass air flow sensor for Toyota vehicles. 

Calorimetric flow sensor: Thermal flow sensors that measure the asymmetry of the 

temperature profile around the heater are called calorimetric flow sensors [41]. A 

calorimetric configuration has a central heater (typically a thin film resistor) and two 

temperature sensors positioned upstream and downstream of the heater as shown in          

Figure 2.2(b) [42]. The output of a calorimetric thermal flow sensor depends on the specific 

heat capacity of the fluid. Under room conditions, the heat capacity is independent of 

temperature. However, it increases by 10 % at 500 °C. Therefore, for harsh environment 

applications, the change of heat capacity has to be taken into account [43,44]. 
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Figure 2.4 : (a) Simplified stack segmented of thermal flow sensor developed by Lekholm et al. (1) Top layer for 

electrical and gas connections; (2) Second layer with gas channels, nozzles and vias for electrical connections; (3) 

Third layer with two propellant flow sensors, each containing a thruster and a central heater; (4) Stability layer 

during fabrication and (b) Calorimetric flow sensor reported by Palmer et al. where section along the channel 

of a device contains three platinum meanders placed on top of the silicon nitride membrane. Vias through the 

bottom silicon wafer serve as inlet and outlet to the gas channel etched in the top silicon wafer. 

Examples of calorimetric flow sensors can be found in aerospace and automobile applications, 

where these sensors are capable of operating at elevated temperatures. Further features of these 

sensors are low cost and lower power consumption. For instance, Furjes et al. optimized the 

device geometry for measuring explosive gas mixtures, without the risk of exceeding the 

explosion limit. This gas flow sensor reduced the power consumption and can work at a 

maximum temperature of 500°C [45]. 

Lekholm et al. reported another interesting flow sensor, which employs a platinum heater and 

yttria stabilized zirconia temperature sensors, Figure 2.4(a). The flow sensor, developed for 

thruster and aircraft applications, demonstrated an excellent sensitivity at 1000°C [46].     

Figure 2.4(b) shows an alternative kind of design, which separates sensing and heating elements 

by a silicon nitride membrane, which could measure corrosive gases with a flow range up to 

300 standard cubic centimetres per minute (sccm) [47]. 

 

Time of Flight Flow Sensor: Time-of-flight (TOF) sensors measure the time elapsed between 

the injection and the detection of a heat pulse [48]. This configuration consists of an upstream 

heater, which generates a heat pulse and transfers it to the surrounding fluid flow and at least 

one temperature sensor, which acts as a downstream sensor as shown in Figure 2.2(d). The 

underlying fundamentals of TOF sensing have been intensively covered in [49].  This type of 

thermal flow sensor is useful for industrial applications that require measuring a process 

parameter over an extended period of time. Among the harsh environment applications, nuclear 
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power plants have a great demand for measuring the coolant flow rate over a given time period. 

Moazenni et al. proposed a theoretical analysis to measure the flow rate using cross-correlation 

technique [50]. Moreover, thermocouples with grounded stainless steel shielding employed in 

this method has been so far the most robust and accurate solution to measure the thermal signal 

time. However, the use of stainless steel in micro-reactor/plant systems will be less effective 

towards corrosion resistance and the possible option could be the use of insulators such as glass 

in wetted areas and by placing sensing elements in non-wetted areas. Furthermore, in 

process/chemical industries, the time taken by the sensor to respond to a signal is a crucial 

parameter and it should be as short as possible. A few works on thermal time of flight sensors 

to achieve a response time on the order of milliseconds and a wide range flow measurement 

were reported in [47,51]. 

2.3 Transduction mechanism of thermal flow sensors 
 

According to the transduction methods, thermal flow sensors can be categorized into different 

types. Thermoelectric sensors employ thermopiles to detect the temperature difference between 

the ends of two different conducting materials. Thermoresistive sensors measure the 

temperature- dependent resistance. Thermoelectronic sensors operate based on the temperature 

dependence of diodes and transistors. The performance of various thermal flow sensing 

principles remains the same, with the differences being attributed to corresponding temperature 

sensors. Therefore, the knowledge of thermal sensors beforehand in the context of elevated 

temperatures is paramount. 

2.3.1 Thermoelectric flow sensing 
 

When two different metals are joined together on both ends to form a closed circuit, and one 

of the junctions is at a higher temperature than the other, a voltage is generated as shown in 

Figure 2.5(a). The phenomenon is called the thermoelectric effect. The temperature sensing 

elements are thermopiles, which is a number of thermocouples connected in series. Flow 

characterization using thermocouples is challenging as many process parameters have been 

considered. Furthermore, the thermocouples must be carefully protected from the harsh 

atmospheres due to the potential for corrosive attack. Moreover, fluid flow is difficult to 

measure as it changes with temperature and pressure constantly. Therefore, characterization of 

a flow sensor at room temperature can be an initial task to get an insight on the parameters such 

as Seebeck coefficient, electrical resistivity and thermal conductivity. 
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Figure 2.5: Thermoelectric flow sensor: (a) Schematic illustration of a thermocouple and (b) Thermocouple based 

flow sensor reported by Sosna et al [52] (Reprinted with permission from IEEE). 

For a thermoelectric flow sensor, the thermopile efficiency greatly influences the sensitivity. 

The Figure of Merit, which depends on the above parameters quantifies the efficiency of 

converting thermal energy into electrical energy. Lei et al. reported the thermoelectric figure 

of merit for a n-SiC material to 4.6×10-6 which is superior to typical metals used in harsh 

environments such as platinum and gold, respectively. In addition, this work has drawn three 

important conclusions on the performance of flow sensor at elevated temperatures: (i) the 

upstream thermopile voltage decreases with increasing operating temperature. Increasing 

temperature decreases the heater resistance and so as the heating power, (ii) the Seebeck 

coefficient increases with increasing temperature and (iii) the specific heat capacity changes at 

high temperatures around 300°C. However, the primary drawback of this work is the sensor 

operating mode. In the constant-current mode, thermopiles produce different initial voltages at 

different temperatures, which can be problematic at high temperatures. 

In contrast, constant-temperature-difference (CTD) mode can prevent this problem.              

Sosna et al. reported a miniaturized thermal flow sensor based on this mode. Figure 2.5(b) 

shows a flow sensor with a tungsten-titanium heater placed between two polysilicon/tungsten-

titanium thermopiles respectively. Through Silicon Vias (TSV) enable the electrical connection 

between the sensor and the silicon chip on the bottom side. The sensor is bonded to the printed 

circuit board (PCB) using tin-solder. The sensor showed a good sensitivity under air flow 

suggesting the potential use for industrial applications. 

2.3.2 Thermoresistive flow sensing 
 

The thermoresistive effect is the change in electric resistance with temperature. Sensors that 

possess this behavior are called thermoresistive sensors or thermistors. Thermoresistive 

materials such as single crystal silicon, polycrystalline silicon or metals and alloys have been 
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commonly employed for flow sensing thanks to their high thermoresistive sensitivity. 

Thermistors are categorized according to the sign of their temperature coefficient of resistance 

(TCR): negative temperature coefficient (NTC) and positive temperature coefficient (PTC) 

sensors. A thermistor can be used directly as hot-wire or hot-film sensors. Depending on the 

materials preferred, the R-T relationship can be linear/non-linear. The non-linear relationship 

between the resistance and temperature of a semiconductor thermistor is given by [53]: 

                                                   
1 1

exp
o

R A
T T


  

   
   

                                                         (2) 

where A is a constant and   is thermal index, which defines sensitivity of thermoresistive effect 

in thermistors. T and To are the desired temperatures and room temperatures, respectively. The 

commonly employed thermistors offer many advantages such as high sensitivity and         

signal-to-noise ratio (SNR), and higher capability of temperature and simple probe assembly. 

The stability of a thermistor is measured by drift and it is quantified as a change in resistance 

that occurs at a given exposure temperature and duration. In extremely harsh environments, 

thermistors undergo drift as the limit of temperature exposure and length of the time increases 

[54]. More importantly, the operation of thermoresistive flow sensors at high temperatures is a 

challenging task with many factors to be considered such as: (i) the stability of the sensor; (ii) 

quick response time; (iii) low power consumption; (iv) superior sensitivity; (v) low cost; and 

(vi) small size. These factors are primarily determined by the choice of the material as: (i) it 

reduces the drift and provides less sensitivity to environmental effects; (ii) excellent 

mechanical properties such as high elastic modulus and yield strength providing a robust 

resistive bridge during the compressive fluid flow; and (iii) it avoids the breakage of bridges 

due to oxidation at high temperatures. 

2.3.3 Thermelectronic flow sensing 
                                                                                                 

Thermoelectronic sensors employ bi-polar junction transistors (BJT), field-effect transistors 

(FET), metal-oxide semiconductor field effect transistor (MOSFET) and junction diodes as the 

sensing elements. These sensing elements are sensitive to temperature variations. In diodes, 

more hole-electron pairs are generated with increasing temperature (or thermal energy), leading 

to the excitation of diode conduction and an increase in the measured current. In a p-n junction 

diode, the current I at a given bias voltage V can be expressed as: 

                                              1

V
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                                                                        (3) 
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where I is the current Io the reverse saturation current, V is the voltage across the diode, η is the 

ideality factor and VT  is the voltage equivalent of temperature. The saturation current could be 

expressed by the following equation: 

                                               2

GqV

VT
o iI C Tn CT e



                                                            

(4) 

where C is a constant that includes the density of states, effective masses of electrons and holes, 

carrier mobility, doping density, junction time and recombination lifetime. η is a process-

dependent parameter (Si ~ 3.5), VG is the extrapolated bandgap voltage at 0°K and in  is the 

intrinsic carrier concentration in the semiconducting material. The temperature of the voltage 

drop over a forward biased-emitter junction can be given by [55]: 

                                            ln C
BE G

R

IKT
V V

e I

  
    

  

                                                            (5) 

The presence of temperature sensors in a multi-sensor structure needs to fulfill two important 

requirements to function at high temperatures: (i) surrounding temperature monitoring and 

compensation employing a sensor off the membrane and (ii) heating element and temperature 

monitoring employing the sensor on the membrane. The challenge here is, given that the 

heating elements operate hundreds of degree Celsius, the temperature sensors need to withstand 

in excess of 300 °C. To meet this challenge, diode as a temperature sensor is a more suitable 

device than others as (i) it is extremely small in size; (ii) conduction losses to the substrate are 

minimized as they do not provide thermal bridge between the hot and cold zones of the chip; 

(iii) they offer wide range of temperature measurement; (iv) sensitivity enhancement can be 

easily obtained under high flow velocities by realizing in array form [56] and (v) strong 

temperature dependence on their forward bias voltage drop (4.2 – 888 K) [57]. To the contrary, 

transistors have also been used in anemometric configurations, often because of they are 

accurate absolute temperature sensors. This mode of operation usually has two transistors with 

the hot transistor measuring the temperature of the heated resistor surface modulated by the 

fluid flow and the cold transistor measuring the ambient temperature. The impact of high 

temperatures on the physical properties of various thermal sensors are summarized in Table 

2:1. 
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Table 2:1: Summary on the impact of high temperature on various thermal sensors 

 

2.4 State of the Art Materials and Properties for Harsh Environments 
 

With the sensing effects and the transduction principles discussed in previous sections, choice 

of the materials is the next step towards designing thermal flow sensors. Materials are selected 

for heating, sensing and insulating elements. This section discusses the heating and sensing 

materials such as metals and alloys, semiconductors, ceramics and polymers, which are then 

followed by insulating substrate materials 

2.4.1 Heating and sensing materials 
 

Metals and alloys: Metals can be deposited as a thin film on a chip to make a complete resistive 

sensing or heating element. These elements are made of many types of metals such as platinum, 

titanium, aluminum, and chromium. The choice of thin-film heating elements depends on 

various physical, chemical and electrical parameters. Platinum micro-heaters have been 

commonly employed as the resistive sensing and heating element because of their chemical 

stability at high temperatures and the simple micromachining process. However, platinum 

cannot withstand more than 850 °C. Usually, platinum is accompanied by a thin adhesive layer 

of titanium. The diffusion rate of this layer is high above 550 °C and decays the platinum      

layer [62]. 

Among the thermoresistive materials, nickel has also been preferred as it is much cheaper than 

platinum. And at the same time, the TCR of nickel is twice as high as that of platinum. 

However, the stable operating temperature of nickel is lower than that of platinum [63]. Nickel 

is suitable for good sensitivity and low-cost applications at temperatures ranging from −100 °C 

to 200 °C. Chromium has also been chosen as heater material for some applications owing to 

Temperature Sensor Effect of High Temperature Maximum Working 

Temperature 

Thermistor [26] Number of charge carriers and conductivity increases 1050 °C 

Thermopiles [50] Magnitude of Seebeck voltage increases ~1000 °C 

pn junction diode [58] Forward voltage drop decreases and leakage current 

increases exponentially 

Beyond 600 °C 

Schottky diode [59] Forward voltage drop decreases and reverse current 

increases with T2 

700 °C 

BJT [60] Base-emitter voltage decreases at collector current 

and current amplification increases with                   

Tx (1 < x < 2) 

400 °C 

JFET [61] Channel mobility decreases with T3/2  and pinch-off 

voltage increases 

500 °C 

MOSFET [60] Channel mobility decreases with T3/2, leakage current 

of pn junctions increases exponentially and threshold 

voltage decreases 

650 °C 
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its low temperature coefficient of resistance. On the contrary, gold has been a choice of 

interconnecting track metal due to smaller parasitic power losses and high stability [64]. 

 

Table 2:2: Key advantages and drawbacks of commonly employed heater metal and alloys at high temperatures 

 

Among thermoelectric materials, high-temperature stable alloys such as tungsten/titanium 

(WTi) along with polysilicon have been widely used. These together provide a high Seebeck 

coefficient value of 166 µVK-1 for each thermocouple thereby, making them as one of the 

excellent materials for temperature sensing [65]. Furthermore, the WTi alloys have also been 

used as a heater material since it possesses an almost constant temperature coefficient of 

resistance. Table 2:2 summarizes the key advantages and limitations of the high temperature 

metal alloys on the context of electrical, mechanical and physical characteristics (adapted and 

updated from [38,66,67].  

 

Semiconductors: Various semiconducting materials have been used for making a thermal flow 

sensor. The commonly used substrate material is silicon, which is superior to other materials 

in terms of properties and low cost due to the established microelectronics manufacturing 

processes. For instance, the sensitivity and reproducibility of silicon is higher than metals as 

reported by Billat et al [68]. However, the application of silicon-based devices in harsh 

environments is limited due to its properties [69]. Amorphous germanium has been used as a 

highly sensitive thermoresistive material. The temperature resolution is on the order of 100 µK. 

The temperature coefficient of resistance is approximately -1.8 %/K higher than platinum 

making it as a suitable candidate for thermistors [70]. At high temperature, germanium is 

chemically less stable than platinum [71]. 

In some applications, the interconnection tracks were made of semiconducting materials such 

as polysilicon. Recently, Brushi et al. reported that the static thermopile voltage Vk(0) is 

strongly affected by thermopile-heater spacing for various heater interconnection materials 

Material Key Advantages Limitations 

Tungsten Mechanically strong and high TCR 

(0.004/°C) 

Poor resistance to oxidation at high 

temperatures to many gases 

Platinum Good oxidation resistance and good 

TCR (0.003/°C) 

Mechanically weak at high temperatures 

Nichrome Less expensive and high temperature 

corrosion resistant 

Not self-supporting 

Platinum-iridium 

alloy 

Good oxidation resistance and high 

tensile strength than platinum 

Low TCR (0.00085/°C) 

Platinum-rhodium 

alloy 

Higher TCR than platinum-iridium Not as strong mechanically as platinum-

iridium 
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[22]. Polysilicon has been widely used as heater and temperature sensing material for the 

detection of hazardous gases in automotive exhaust control. The primary advantage of using 

polysilicon compared to platinum is that it neither catalyzes any reactions nor requires an 

adhesive layer [72]. Polysilicon could reliably operate up to 927 °C, suggesting that it could 

also be a potential candidate. 

Silicon carbide (SiC) is a material known for its excellent electrical, mechanical and chemical 

properties [73]. Particularly, the high stability, toughness and hardness of SiC makes it a 

promising candidate for high temperature and high-frequency applications [74]. Furthermore, 

SiC has several advantages over other wide-bandgap semiconductors because of the available 

processing techniques and the ability to grow a thermal oxide for use as masks. Among over 

100 polytypes of SiC, 3C, 6H and 4H SiC are commonly used in electronic devices due to their 

overall superior properties [75]. 

Recently, SiC has been proven to shave excellent characteristics for high temperature thermal 

flow sensing thanks to its large bandgap and chemical inertness. For example, Phan et al. 

investigated the thermoresistive properties of suspended silicon carbide heater bridges as 

illustrated in Figure 2.6(a). The observed high TCR indicated the possibility of using SiC as a 

thermal sensor [76]. Furthermore, Spannhake et al. made a major contribution by extending the 

temperature limitations of micro-heater devices, which silicon nitride or silicon oxide thin films 

as thermally insulating membranes, Figure 2.6(b). In this work, the ability to deposit β-SiC 

directly onto the Si wafers using methylsilane was successfully presented, enabling long-term 

stable operation of micro-heating devices up to 1000 °C [77]. 

Another new material that has started to open up new applications in the field of high-

temperature microdevices is antimony doped tin oxide. Spannhake et al. investigated the 

stability of microheaters around 950 °C. The lifetime of a heater made of antimony doped tin 

oxide could be of the order of 10 years and it does not suffer from oxidation in air. This feature 

avoids the problems during the packaging process of a heater element. In contrast, metallic 

heaters such as platinum suffer this problem. Moreover, metallic structures failed the stability 

test and this work clearly proved the superior performance of semiconductor heaters compared 

to the metallic counterparts. Table 2:3 summarizes the properties of various semiconductor 

materials at harsh environments. 

Additionally, semiconductors such as alloys of bismuth telluride and bismuth selenide possess 

the largest figure of merit for p and n type materials up to 250 °C. The figure of merit and the 

maximum temperature at which it occurs can be modified through tuning of carrier 
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concentration. Conventional thermoelectric materials that are operated in the range of 200 °C 

– 600 °C are lead telluride and skutterudites, respectively [78,79]. Moreover, semiconductors 

such as silicon germanium with operating temperatures higher than 600 °C are also a good 

choice of thermal sensing elements. 

 

Figure 2.6: (a) Suspended silicon carbide resistor and (b) Design of high temperature micro-heater chip based on 

β-SiC suspended membrane. 
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Table 2:3: Material properties of various semiconductors for high temperature applications (adapted and updated from [26,60,81]) 

 

 

Properties Si 3C-SiC 4H-SiC 6H-SiC GaAs GaN AlN 

Band gap (eV) 1.12 2.36 3.23 3.05 1.4 3.4 6.2 

Thermal Expansion coefficient (10-6 K-1) 2.6 2.9 - 4.2 5.7 5.6 4.5 

Lattice constant (nm) 0.543 0.435 0.307 0.308 0.3189 ao 0.5185 co 0.311 ao 

Thermal conductivity (Wcm-1K-1) 1.5 3.3 - 4.9 3.7 4.9 0.46 1.3 3 

Density (gcm-3) 2.33 3.21 3.21 3.21 5.32 6.15 3.25 

Electronic maximum operating temperature (°C) 150 600 750 700 350 > 700 > 700 

Relative dielectric constant 11.8 9.72 9.7 9.66 12.5 11 10 

Young Modulus (GPa) 130 – 185 310 – 550 390 – 690 390 – 690 85.5 271 302 – 348 

Physical stability Good Excellent - - Fair Good Good 

Hole mobility (cm2V-1s-1 @ NA=1016 cm-3) 480 40 115 90 400 250 14 

Electron mobility (cm2V-1s-1 @ ND=1016 cm-3) 1430 800 ┴ c-axis : 400 ┴ c-axis : 400 8500 1250 - 

Breakdown field (105 Vcm-1 @ NA=1017 cm-3) 3 >15 ‖ c-axis : 3.0 ‖ c-axis : 3.2 

┴ c-axis > 1 

6 > 50 > 50 

Saturation electron velocity (107 cms-1) 1 2.5 2 2 1 2.2 1.4 
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Polymers: The two important environments where polymers are subjected to extreme stresses 

are aerospace and geothermal applications. A strong coating, adhesives and sealants are 

required in these two environments for the flow sensors to function without any damage. For 

instance, an aerospace application typically requires polymers with resistance to extreme 

oxidation effects and better strength-weight ratio. Similarly, a geothermal application would 

impose severe effects such as abrasion and hydrolysis [80]. Nonetheless, only a few polymer 

based thermal flow sensors have been reported in recent years as the development is still in its 

early stages. Considering their excellent mechanical properties, more developments are 

expected in the forth-coming years.  
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Figure 2.7: (a) Polymer-based micro flow sensor for hydraulic systems and (b) Platinum heater on a Polyimide 

(PI) membrane reported by Aslam et al [82] (reprinted with the permission from Sens. Actuat. Chem. B). 

Buchner et al. developed a thermal flow sensor using two different polymer materials namely 

Delo Kationbond 4653 and Vitralit 1600 LV. The polymer is filled in the backside cavity of 

the sensor to stabilize the silicon nitride membrane, so it can withstand the high pressure of    

650 kPa. Moreover, the designed sensor shows high sensitivity and good dynamic behavior 

even under rough pressurized environments [83]. 

Another polymer called polyimide (PI) has been widely used as a membrane material to study 

the dynamic characteristics of flow sensors under high pressure. Excellent chemical resistance 

and thermal stability of PI make it popular as a membrane material for most of MEMS 

applications. For instance, Ahrens and Festa proposed a system that splits the micro flow sensor 

embedded on a PI membrane. The anemometric based micro flow sensor encapsulated by 

another polymer, polysulfone, is immersed into a hydraulic system to measure the flow rate 

Figure 2.7(a). The results suggested that the sensitivity of the proposed sensor is high enough 

to withstand oil pressures up to 500 bar [84]. Furthermore, PI membrane, due to its rugged 
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nature shown in Figure 2.7(b) serves as a substitute to replace silicon oxide and nitride 

membranes, which leads to excellent yield. However, the PI membrane-based thermal gas flow 

sensors could not operate above 400 °C [82]. 

Ceramics: In general, ceramics are stable and can endure high temperatures, acidic or caustic 

environments and are very resistant to corrosion. Therefore, ceramics are suitable for a wide 

range of application such as heating, melting, chemical processing, and spacecraft. 

Astonishingly, there are only a few ideal ceramic sensor substrates available in the field of gas 

flow sensing for harsh environments. Materials such as alumina and Low Temperature Co-

fired Ceramics (LTCC) are nowadays increasingly used as substrates. At the very beginning, 

LTCC found its applications in limited areas such as military and aerospace applications. 

Recently, automotive applications employ LTCC based temperature sensors, because of its 

mechanical and chemical stability. Furthermore, LTCC has the ability to integrate heater and 

other structures up to 700 °C, where other materials such as glass cannot be used [85]. Although 

LTCC operates below the melting point, the material may soften gradually at high temperatures 

[86]. 

Consequently, another type of ceramic called High Temperature Co-fired Ceramics (HTCC) is 

becoming popular for various applications. HTCCs are usually fired at 1400–1600 °C, making 

it as a suitable ceramic candidate and a HTCC based ceramic called, zirconia could be used 

well in spacecraft and satellites, courtesy of its higher operating temperature and very low 

thermal conductivity. Despite being not abundant, processing techniques for this material were 

well established. A zirconia-based micro-thruster device with integrated calorimetric flow 

sensor was developed by Cheah et al. for use in spacecraft [87]. 

Furthermore, Gregory et al. designed temperature sensors based on indium-tin-oxide (ITO) 

ceramic, which was thermally cycled by partial oxygen exposure from 25 °C to 1250 °C and 

proved to be robust and versatile. Moreover, this thin-film ITO ceramic sensor can accurately 

measure the surface temperature of gas turbine engine. However, the material dissociates in 

pure nitrogen above 1100 °C, deteriorating the chemical and electrical stability [88]. 

On the other hand, there is a real demand for ceramic based thermal flow sensors near 1000 °C 

or higher. Most of the ceramic based resistive temperature sensors were developed on oxide 

materials such as tin oxide for gas flow detection and NixMnyFe3-x-yO4 thermistors with 

temperatures less than 500 °C [89]. This entails the consideration of a wide range of ceramic 

metal oxides to develop temperature sensors in the future. However, characteristic problems 
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accompanying negative temperature coefficient (NTC) such as stability and reproducibility 

will pose a huge task to the researchers.  

2.4.2 Insulating materials 
 

The use of insulating materials is vital in thermal flow sensor design for harsh-environment 

applications. The primary functions of the insulating material are the reduction of heat loss 

from the micro-heater to the substrate and providing an electrical insulation between the 

temperature sensors and the heaters [90]. Figure 2.8(a) shows an insulating membrane made of 

silicon nitride, over which the heater and the temperature sensors were fabricated. In most of 

the research works, the choice of this membrane is a silicon nitride-silicon oxide thin film [91]. 

These materials possess low electrical and thermal conductivity and are available in standard 

microelectronics fabrication. A 150 nm thick nitride membrane could bear a pressure of more 

than 14.5 psi. The thermal conductivities of silicon oxide and nitride reported in literature are 

in the ranges of 1.1 – 1.4 W/mK and 2.3 – 25 to 30 W/mK respectively [92]. 

 

Figure 2.8: (a) Microscopic images of the heater and thermistor reported by Yarali et al [90] (reprinted with 

permission from Sens. Actuat., Phys. A) and (b) a prototype anemometer for industrial bread baking applications. 

Due to the excellent thermal properties of silicon nitride-based membranes, potentially 

dangerous exothermic reactions in micro-reactors could be studied up to 550 °C [93]. However, 

the membrane ruptures above this operating temperature due to the high induced thermal stress. 

This problem indicates that mechanical properties have to be taken into account for operation. 

For instance, the Young’s modulus of PECVD silicon nitride ranges from 85 to 210 GPa which 

is in fact lower than that of LPCVD silicon nitride, ranging from 260 to 330 GPa. An ideal 

insulating membrane material should have low tensile stress to avoid buckling [94]. Due to the 

fragile nature of silicon oxide and nitride membranes, the yield is not good and the dielectric 

thickness and active area are consequently limited. 
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Glass is an alternative substrate material to silicon nitride owing to its lower thermal 

conductivity and ease of fabrication [95]. In some cases, glass fibers are used as insulators and 

Figure 2.8(b) depicts an anemometer designed by Therdthai et al. [96] for high-pressure 

industrial bread-baking ovens. Glass fiber was placed between a heater and a K-type 

thermocouple to improve the performance and repeatability of the sensor. In fact, the sensor 

was able to avoid interference issue, but the sensor has a short lifespan because of damages at 

high temperatures. On the other hand, thermal flow sensor insulated with braided Q fiber and 

coated with adhesive posed no interference threat to the device and functioned longer up to 

650°C. 

2.5 Recent Thermal Flow Sensors 
 

This section provides the recent progress of the thermal flow sensors in the context of harsh 

environments. Table 2:4 and Table 2:5 provide the design parameters and characterization 

details of thermoelectric- and thermoresistive-based thermal flow sensors. 

2.5.1. Thermoelectric Flow Sensors 
 

The selection of suitable sensing and other materials discussed in section 2.4 leads to specific 

designs of flow sensors. In the last decade, a considerable amount of thermopile-based flow 

sensors have been reported. Buchner et al. reported a high-temperature fabrication process for 

thermopile-based flow sensors shown in Figure 2.9(a). This sensor was developed for liquid 

level measurement, where the thermopiles are made of p-doped polysilicon and WTi, 

respectively. In this work, devices for different flow rates were characterized and a very short 

reaction time of 2.6 ms was achieved. The sensors showed a relatively high sensitivity of         

9.5 mV mm–1s [98].  

Gould et al. proposed a polyimide-based thermopile flow sensor for wireless in-situ flow 

measurement depicted in Figure 2.9(b). This calorimetric sensor was tested for air flow, but is 

capable of operating in a wide range of media, and at high temperatures [99]. 

Another interesting thermoelectric flow sensor was reported by a research group at the Paul-

Scherer-Institute (PSI). The sensor is suitable for the harsh environment inside the PANDA 

large scale containment test facility. This time-of-flight based flow sensor was made of 

stainless steel, Figure 2.9(c). The sensor was designed for velocities from 0.04 to 0.3 m/s of gas 

mixtures of varying composition [101]. However, stainless steel sensing elements suffer from 

high initial and rework cost, if problem occurs. Cavicchi et al. fabricated and characterized a 

differential scanning calorimetric flow sensor (DSF) that consists of a suspended rectangular 

micro-hotplate with sample and reference zones at either end, each with a polysilicon micro 
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heater for temperature control. A thermopile consisting of a series of successive 

polysilicon/metal junctions measures the temperature difference between the two zones, Figure 

2.9(d). This flow sensor was tested in various aggressive media up to 600 °C. The results 

suggested the possible use of pattern recognition for gas identification [102] 
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Figure 2.9: Examples of recently reported thermoelectric flow sensors: (a) A high temperature thermopile based 

flow sensor; (b) Hardware block diagram of wireless flow sensor; (c) Time of flight flow sensor and (d) Five pairs 

of thermopile based flow sensor. 
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Table 2:4: Typical research results of thermoelectric flow sensors 

Slpm—standard litres per minute; sccm—standard cubic centimetres per minute. 

 

 

 

Configuration Materials Fluid Flow Range Sensitivity Power 

Consumption 

Maximum 

Temperature 

Application 

Time of flight [50] Stainless steel Water 0.5–5 gal/min - - >300–1000 °C Nuclear plant 

Calorimetric [52] Si, Poly-Si and 

WTi 

Air 0.4–12 Slpm - - ~1050 °C Industrial 

Calorimetric [83] Poly-Si, WTi 

and quartz 

Water 0 20 Q/μL/S  2.77 mV/K - - Hydraulic 

Hot-wire [96] Ni-Cr and glass 

fiber 

Air 0.1–4 m/s Depends on surface 

contact between heater 

and thermocouple 

- 650 °C Bread-baking oven 

Hot-wire [97] Si and WTi Air 0–0.7 Slpm -1.3 mV/°C 17.99 mW 300 °C Emission control 

Calorimetric [98] Poly-Si and 

WTi 

Water, 

isopropanol 

0–15 Q/mg/S 9.5 mv/mm - ~800 °C High pressure liquid 

flow/harsh condition 

        

Calorimetric [99] SiN and PI Air 0–50 m/s 1.8 mV/K 1.5 mW 350 °C Wireless insitu flow 

Calorimetric [100] Poly-Si/Al Nitrogen 0–8 m/s - 30 mW ~500 °C Gas sensing 

Time of flight [101] Stainless steel Mixture of 

helium, air and 

steam 

0.04–0.3 m/s - - - Nuclear plant 

        

Calorimetric [102] Poly-Si/Pd Methanol 0 100 μmole/mole  3 µmole/mole - 600 °C Pattern recognition 

Pseudo-calorimetric 

[103] 

Poly-Si/Al Nitrogen 0–200 Sccm - - - Gas sensing/High pressure 
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Table 2:5: Typical research results of thermoresistive flow sensors 

 

Configuration Materials Fluid Flow Range Sensitivity (S) Power 

Consumption 

Maximum 

Temperature 

Application 

Calorimetric [45] Pt Nitrogen 0–4 m/s - 2–20 mW 500 °C Explosive gas sensing 

Calorimetric [46] Yttria Zirconia Nitrogen 0–40 sccm 0.15 mΩ/sccm 2 W > 1000 °C Spacecraft 

Calorimetric and 

anemometric [68] 

Glass/ceramics 

and Si 

Air, water Air: 0–110 m/s 

Water: 500 1/h 

0.075 V/m/s for a 

velocity of 40 m/s 

250 mW in  - High-flowrate  

Calorimetric [72] Poly-Si Propane in air 0.01–0.8 Vol % - 15–20 mW 800 °C Catalytic Micro reactors 

Hot-film [84] PI, polysulfide 

and Au 

Oil 25–75 L/min High dynamical 

sensitivity 

Depends on 

flow rate 

- High pressure hydraulic 

systems 

Calorimetric [104] SiC and porous Si Air 0–4 m/s S= V  60 mW Melting point of 

SiC 

- 

        

Hot-wire [105] Si and Poly-Si Helium fractions in 

Nitrogen 

Up to 700 ppm 0.34mΩ/ppm  4.3 mW 526 °C Safety sensing 

Hot-wire [106] SiC, Si, ZnO/Pt Nitrogen monoxide 0.046–0.223 

ppm 

~1.7 @ 500 °C 10.3 mW 500 °C Aircraft  

Hot-wire [107] LTCC Diesel 0–117.285 m/s - 1.8 W - Automotive/High 

pressure 

        

Hot-wire [108] Glass, Au/Cr R410A refrigerant 

and ethanol 

35 mL of liquid 

added to 50 mL 

beaker 

1.4 at 5000 Hz for 

ethanol flow 

- 80 °C  Oil industry/High 

pressure 

Hot-wire [109] Stainless steel Ethanol 3.4–3.8 cm/s - - 250 °C Liquid level  

Calorimetric [110] Graphite, Au Hydrogen and 

methane 
2

4

H : 4

CH : 8slpm
 

- 50–100 mW 255 °C Fuel cell 

Calorimetric [111] Si, Pt Methane - - 0.3–1.6 W 700 °C Micro reactors 
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2.5.2. Thermoresistive Flow Sensors 
 

In the recent years, a few thermoresistive flow sensors have been reported for specific 

applications. For instance, Mahdavifar et al. designed, fabricated and tested a polysilicon based 

anemometer for different gases, Figure 2.10(a). 

 
Figure 2.10: Examples of recently reported thermoresistive flow sensors: (a) A polysilicon micro-bridge based 

thermal gas flow sensor; (b) A volumetric thermal flow sensor for automotive fuel injection and (c) Schematic 

diagram of a point level sensor. 

The sensor showed superior sensitivity for a gas mixture of helium in nitrogen and excellent 

stability. In addition, it is very important to observe the dominant heat transfer mechanism at 

high temperature. This work has shown that heat conduction through the substrate is the key 

heat transfer mechanism and the maximum operating temperature of this sensor reached         

526 °C. 

The demand to operate the thermal sensors in aggressive fluids has been increasing. Shim and 

Chung proposed a micro-heater-based gas flow sensor made of silicon carbide [106]. In this 

work, zinc oxide, a gas sensing material has been layered over a 3C-SiC heater and 

characterized under nitrogen monoxide. The zinc oxide layer added with platinum has shown 

higher sensitivity and lower power consumption than the pure zinc oxide heater. Because, 
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plenty of molecular oxygen is quickly adsorbed by the platinum catalyst on the gas sensing 

material, reducing the saturation response time. 

The flow sensors reported by Mahdavifar et al. and Shim and Chung employed direct current 

(DC) to heat, thereby suffering from noise resistance and convection flow. Moreover, 

unnecessary heat loss from hot-wire to the supports results in a slow response time. Hong et al. 

provided a solution for this problem using an alternating current (AC) based thermal flow 

sensor. The authors employed the 3ω method to detect the thermal signal under the flow of 

R410A refrigerant and polyvinyl ether (PVE) lubrication oil, Figure 2.10(c).The sensor was 

designed for high pressures of 2.35 – 3.82 MPa [108]. 

With regards to simple structure and robust performance, many industrial and automotive 

applications require the design of simple and compact flow sensors to be deployed inside 

engines. Such hot-wire flow sensor was reported by Schmid et al, Figure 2.10(b). Low-

temperature co-fired ceramics (LTCC) has been used as the substrate material, thanks to its 

excellent mechanical stability. The heater element was made of Ti/Pt. The sensor was 

integrated into the injection nozzle in the common rail injection system and tested with diesel 

flow and an injection pressure of up to 135 MPa [112]. 

2.5.3. Thermoelectronic Flow Sensors 
 

Thermal flow sensors operating on the principle of thermoelectronic effect have rarely been 

reported in the literature. However, a number of diode- and transistor-based temperature 

sensors for harsh conditions have been reported. The factors that determine the operation of 

these devices at elevated temperatures are reliability, long-term stability, sensitivity, non-

linearity and repeatability. 

Initially, Santra et al. reported the reliability, repeatability and long-term stability of diodes in 

long-term direct current operation up to 600 °C, Figure 2.11(a). In fact, this work emphasized 

that piezo-resistive/piezo-junction effect should be avoided at this temperature for reliable 

performance [113]. De Luca et al. investigated the non-linearity and sensitivity of silicon-on-

isolator (SOI) pn diodes at temperatures up to 777 °C. Figure 2.11(b) depicts the cross-section 

of the diode placed underneath a tungsten micro-heater, which is embedded in a thin dielectric 

membrane. This work has drawn three important conclusions: (i) the use of high lifetime SOI 

thin layer, (ii) the use of tungsten metallization for diode contacts and (iii) the use of very small 

junction areas [114]. 

Brezeanu et al. developed a SiC-based Schottky diode as a temperature sensor. For Schottky 

Barrier Diodes (SBD’s), the Schottky barrier and ideality factor from the forward 
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characteristics should be linear with respect to wide range of temperature. However, the 

foremost concern of Schottky diode is the reliability and leakage current issues at elevated 

temperatures. To resolve this issue, Zhang et al. used SiC based p-n junction diode as 

temperature sensor, Figure 2.11(c). In general, SiC p-n junction diode is very stable and suitable 

for device operation at junction temperatures beyond 800 °C. Figure 2.11(d) illustrates that the 

forward voltage of the device possesses linear temperature dependence at all forward current 

densities, and it decreases with increasing temperature. In addition, at lower current density of 

0.44 mA/cm2, the sensitivity increases to 3.5 mV/°C. Hence, a higher sensitivity can be 

achieved with a lower forward current level. The results reported in this work show that the IC 

compatible temperature sensor based on the 4H-SiC p-n junction diode is a promising 

technology [58]. 
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Figure 2.11: Examples of recently reported thermoelectric sensors by: (a) Santra et al; (b) De Luca et al; (c) 

Zhang et al and (d) Forward voltage vs temperature characteristics of SiC pn diode(reprinted with permission 

from Appl. Phys. Lett.). 

Diodes have been used together with bi-polar junction transistors (BJTs) for temperature 

sensing rather than a stand-alone diode. This configuration is obtained by shorting the base and 

collector terminal of a transistor. This technique removes the effect of material, geometric and 

process variations associated with diode manufacturing process. The sensors reported in 

[115,116] were diode connected BJTs, and those reported in [117,118] were made of diode 



37 
 

connected MOSFET’s with on-chip temperature measurements with improved linearity and 

sensitivity to thermal fluctuations. Among the works reported in this section, there is a clear 

evidence for the lack of studying the diode and transistor based sensors under aggressive flow 

media. However, with the existing transduction mechanism, materials and the sensing 

configuration, the thermoelectronic flow sensors for niche applications are expected in coming 

years. 

2.6 Packaging of Thermal Flow Sensors in Harsh Environments 
 

Current packaging technologies are one of the most limiting factors for any industrial 

applications that operate under harsh conditions. The selection of materials to house the sensor 

and their maximum surviving temperature is the first step towards packaging. Mechanical 

parameters such as stress, strain and other adverse influences must be sensibly controlled to 

ensure the proper operation of the sensor. Failure to do so will affect the long term stability and 

performance of the sensor. Consequently, sensor packaging is vital and the development of 

sensor die and packaging should be considered together for cost-effectiveness [38]. A proper 

mechanical, electrical or thermal interface is desirable between the sensor, inherently 

connected fragile components and the surroundings. Packaging of MEMS devices, particularly, 

thermal flow sensors is a huge task, which considers: (i) substrate material properties, (ii) 

metallization, (iii) die-attach and hermeticity, (iv) protective coatings and (v) signal processing 

and electronic circuitry. 

2.6.1. Substrate Material Properties 
 

The selection of substrate materials is significant as their properties can greatly affect the 

packaging performance. Coefficient of thermal expansion (TEC), thermal conductivity and 

thermal shock resistance are the three important thermal parameters to be considered for the 

choice of the substrates. In fact, thermal stress occurs due to the thermal expansion mismatch 

between various device elements and substrates and thermal cycling sometimes causes thermal 

shock resistance. Finally, die-attach thermal conductivity value should be maximum for safe 

operation levels [119]. 

Polyimide (PI), a commonly used substrate polymer material, suffers from long-term stability 

around 350°C due to depolymerization, whereas, metals and alloy substrates suffer from 

oxidation around 500°C in air. Therefore, the other options could be the use of ceramic 

materials as discussed in Section 2.4.1. Among ceramics, alumina offers simple fabrication and 

fast prototyping and is feasible for applications requiring high sensitivity. However, the lower 

thermal conductivity of 25 W/mK places alumina behind the other substrates. Group III nitride 
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materials such as aluminium nitride (AlN) could be employed as substrate material. This 

material possesses the excellent thermal conductivity of 300 W/mK and has a close thermal 

expansion match with device material such as SiC leading to the reduction in thermal stress. 

Moreover, a high thermal shock parameter of 350°C avoids thermal shock failures during 

thermal cycling. 

2.6.2. Metallization 
 

Metallization involves producing a metal thin film that functions as the interconnects of the 

various components on the chip. In addition, it is also used to produce metalized areas called 

bonding pads around the periphery of the chip. When a metallic component in a package is 

exposed to high temperatures, the reactivity of metal with its environment increases. Such 

reactivity could lead to a chemical reaction ensuing in new compound formation. 

Thermomechanical failure occurs due to the formation of intermetallic phases around 250°C, 

reducing the mechanical strength of the interconnection system. Moreover, the electro 

migration induced by the flowing current is greater due to increased self-diffusion leading to 

open circuit failures. 

In order to avoid intermetallic phase formation, conventional materials such as copper, 

aluminium and aluminium/nickel plated Kovar are not usually preferred for MEMS 

metallization processes. Instead, expensive metals are the choice. Furthermore, aluminium 

suffers from electromigration, which can cause considerable material transport in metals. This 

occurs because of the enhanced mobility of atoms caused by the direct effect of the electric 

field and the collision of electrons with atoms, leading to momentum transfer. Therefore, gold 

has been widely preferred as the interconnection metal due to its low Young’s modulus, high 

thermal conductivity and excellent chemical stability [120]. 

In some cases, multi-layer metallization stack has been tested for a stable operation. For 

instance, various metallization stack layers such as Al/Ni/Al, Si/Ni, NiCr, W/Cr/Ni metalized 

on SiC were reported by Gottfried et al and Cole et al [121,122]. Despite possessing low 

specific contact resistance and excellent integrity, the nickel silicide layer formed by annealing 

at 950°C is susceptible to air and suffers oxidation problem. To address this issue, Baeri et al. 

reported a metallization scheme that adds a conduction metal layer (Au/WTi) on the top of 

nickel silicide layer. The complete metallization stack was tested in vacuum and in oxygen 

environment and demonstrated that the multi-layer scheme performed well around 950°C for 

100 h. 

 



39 
 

2.6.3 Die-attach and Hermeticity 
 

Die attach involves attaching or bonding a die or chip to a substrate, package or another die. 

This process is application specific and can be implemented in different ways. In general, an 

ideal die-attach material should possess: (i) zero debonding or delamination i.e., the die and 

the substrate should be adhered together, (ii) self-resilience to deliver good stress reduction 

behaviour so that induced internal stresses are reduced, (iii) high thermal conductivity to 

maintain safety operating levels and reduce heat dissipation, (iv) excellent resistance to 

corrosion and (v) better reworkability. 

Metal alloys, organic or inorganic adhesives are usually employed as intermediate bonding 

layers in die-attach processes. Metal alloys encompass all forms of solder, including eutectic 

and non-eutectic. Organic adhesives consist of epoxies, polyimide and silicones. The choice of 

a solder alloy is governed by its melting temperature and mechanical properties. Compared 

with organic adhesives, solder alloy provides strong attachment of die to package with less 

stress [123]. In addition, die-attach materials have to be cured or processed at a temperature 

that does not damage the die and establish reliability over a long period of time. As the die-

attach is in close contact with the substrate, the materials should be mechanically, thermally 

and electrically stable at high temperatures. Moreover, another aspect would the stability of 

interface between die and substrate or between metallization of die and substrate. These aspects 

should be taken into consideration for die-attaching materials and proper consideration leads 

to achieving an excellent packaging technique. Hermeticity is key for physical protection and 

in some cases, it determines the device performance. Organic materials are not good candidates 

for hermetic packages. For almost all high-reliability applications, the hermetic seal is made 

with glass or metal similar to the die-attach materials. Finally, the packaged sensor should be 

miniaturized and light. Cost effectiveness should also be considered for commercial market. 

2.6.4. Protective Coatings 
 

It is common that thermal flow sensors are exposed to potentially corrosive environments. 

Therefore, another aspect that must be considered in protecting them is providing coatings. The 

coatings included are standard silicon-based passivation layers. This protective coating should 

be able to cover lead frame, bond wires, bond pads, chip surface and edges from the media. 

Thus, the lifetime and performance of the flow sensors are known by investigating the 

corrosion rate of these layers in acidic, alkaline and in neutral fluid medium. Eriksen and 

Dyrbye at al reported that silicon carbide when exposed to alkaline media has shown low 

corrosion rate (2.6 Åh-1) than silicon nitide (70 Åh-1) and silicon oxide (1000Åh-1) at  140°C 



40 
 

[124]. Moreover silicon carbide has been used as a coating material for MEMS strain sensors 

[15], atomizers [125], MEMS actuators [126] and capacitive flow sensors [127]. A 

comprehensive protection coatings for thermal flow sensors have rarely been reported and this 

motivates the researchers around the globe to fill this niche gap in the coming years. 

2.6.5. Signal Processing and Electronic Circuitry 
 

Thermal flow sensors operating in hostile conditions are needed, to avoid disasters caused by 

structural and system failures at elevated temperatures. However, most of flow sensors on the 

market do not meet this need, because the wires or cables for signal conditioning require either 

physical contact or a battery for power supply. None of these components can withstand the 

high temperature. Moreover, batteries limit the sensor lifetime and the operating temperature 

range. For instance, in aircraft applications, a conventional soft wire/cable will be dismantled 

by a temperature of 450°C in less than one hour. One possible alternative to the conventional 

soft cables is a hard alumel cable, which does not even degrade after 10,000 h, thereby 

improving the lifetime [128]. Another possible solution is the use of wireless operating modes. 

A virtual battery powered by electromagnetic radiation could replace the conventional 

electrochemical batteries as power sources. In the last decade, a vast amount of works have 

been done on RF powered high temperature pressure sensing [129-131], chemical sensing 

[132] and humidity sensing [133]. 

The capability to process, amplify and even wirelessly communicate signals directly from the 

point of sensing would benefit many applications. Therefore, eliminating wires/cables 

associated with high-temperature flow sensors will reduce weight and increase the reliability 

of the sensor. In addition, such electronics needs to be small in size, of low weight and non-

contact to operate for a longer time. SiC based electronic circuits such as diodes, Junction Field 

Effect Transistors (JFETs) and Metal-Oxide Semiconductor Field Effect Transistors 

(MOSFETs) have successfully demonstrated long time operation at high temperatures [134]. 

However, further developments are necessary for the communication between the electronic 

circuitry and the sensing module. 

2.6.6. Recent Packaging Strategies of Thermal Flow Sensors 
 

Packaging of thermal flow sensors has to meet two requirements: (i) the sensor should be in 

contact with the ambient air and (ii) good isolation between the sensor, processing circuit and 

surroundings to avoid unwanted external influences. Moreover, the packaging technique 

should offer high reliability and stability at low cost [135]. 
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In the late 1990s, mounting technology with small dimensions were not available for 

commercial silicon based sensor. Thick film technology was more common for thermal sensors 

along with packaging. For instance, Dyrbye et al. proposed a packaging technique, where the 

ceramic substrate holds a thin insulating membrane. The nickel sensor encapsulated by a glass 

layer of 6 μm, Figure 2.12(a). Stainless steel of 100 μm thickness is glued to the sensing element 

for protection and provides a stable and short thermal path to the aggressive media. The 

packaged sensor was able to detect a frequency of 0.05 – 33 Hz when tested with water flow 

[136]. However, this packaging suggested the inadequacy of chemical stability and the lack of 

maturity of the packaging schemes at that time. This outcome led to the development of various 

packaging approaches, some of those are discussed below.  

Wire bonding is one of the early adopted packaging methods, which suffers from fatigue and 

creep deformation at high temperatures. Due to the deformation, the wire bonds break leading 

to failure of the device. Therefore, wire bonding has been replaced by other packaging 

techniques to meet the primary requirements of application specific designs. 

Flip-chip packaging involves interconnecting the sensors to external circuit (e.g., a circuit 

board or another chip or wafer), with solder-bumps that are deposited onto chip pads. Sosna et 

al. developed a flow sensor based on a thermoelectric principle [52] and packaged it using flip-

chip technology. Reflow-soldering process was employed to connect the sensor electrically 

and mechanically to a PCB. Silk screen printing was used to deposit tin-solder (96.5 % tin,        

3 % Ag, and 0.5 % Cu). In fact, both silicon wafer alignment technology and flip-chip 

technology enables the precise alignment of tin-solder on the silicon wafer. Tin is deposited by 

laminating, exposing and structuring a dry-resist on the silicon wafer, followed by reflow 

soldering to form solder-bumps and removing the dry-resist wet-chemically. Finally, the 

sensors were flip-chip bonded on a PCB. The packaged thermoelectric sensor was tested under 

air flow in the range of 0.4 – 12 standard litres per minute (SLPM). Its high process temperature 

of 1050 °C suggests suitability for industrial and automotive applications. However, flip-chip 

technology is not appropriate for thermal sensors that are designed to be in open contact with 

the environment. Only capped thermal sensors can take the full advantage of implementing this 

technique [123]. 
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Figure 2.12: Examples of  thermal flow sensors packaged for aggressive media: (a) A thermal flow direction 

element made by thick film technology and (b) Schematic cross-section of entire assembling of wire sensor 

developed using SOI technology. 

Wire bonding is one of the early adopted packaging methods, which suffers from fatigue and 

creep deformation at high temperatures. Due to the deformation, the wire bonds break leading 

to failure of the device. Therefore, wire bonding has been replaced by other packaging 

techniques to meet the primary requirements of application specific designs. 

Flip-chip packaging involves interconnecting the sensors to external circuit (e.g., a circuit 

board or another chip or wafer), with solder-bumps that are deposited onto chip pads. Sosna et 

al. developed a flow sensor based on a thermoelectric principle [52] and packaged it using flip-

chip technology. Reflow-soldering process was employed to connect the sensor electrically 

and mechanically to a PCB. Silk screen printing was used to deposit tin-solder (96.5% tin, 3% 

Ag, and 0.5% Cu). In fact, both silicon wafer alignment technology and flip-chip technology 

enable the precise alignment of tin-solder on the silicon wafer. Tin is deposited by laminating, 

exposing and structuring a dry-resist on the silicon wafer, followed by reflow soldering to form 

solder-bumps and removing the dry-resist wet-chemically. Finally, the sensors were flip-chip 

bonded on a PCB. The packaged thermoelectric sensor was tested under air flow in the range 

of 0.4 – 12 standard litres per minute (SLPM). Its high process temperature of 1050°C suggests 

suitability for industrial and automotive applications. However, flip-chip technology is not 
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appropriate for thermal sensors that are designed to be in open contact with the environment. 

Only capped thermal sensors can take the full advantage of implementing this technique [123].  

In the last decade, research on packaging, specifically for thermal flow sensors are few. 

Measuring high flow rates with a bypass was a common solution reported in the literature. 

However, Billat et al. developed a simple and robust thermal flow sensor, which can detect 

high flow rates up to 500 l/h in water, Figure 2.12(b). The encapsulation technique was 

implemented in such a way that the sensor is directly placed in the fluid channel wall and tested 

with aggressive media. 

In this packaging strategy, the electric connection paths between the silicon chip and the 

processing circuit is made of ceramic or glass die acting as the first housing. Mechanical 

isolation and thermal interface were obtained by connecting the chip to a ceramic die with a 

defined gap of 10 μm. The reproducibility obtained with this packaging is good enough in harsh 

environments, but the packaging itself should be tested with the flow of other aggressive fluids 

such as methane or propane before deploying it in any industries [68].  

Recently, Brushi et al. proposed three techniques to package a thermal gas flow sensor to study 

the sensitivity. They are: (i) chip-inside-channel (CIC), (ii) half pipe (HP) and (iii) local 

conveyor (LC). These three packaging methods offer low-cost and all are compatible with 

chips of standard shape and dimension.  

 

 

Figure 2.13: Schematic cross-sectional view of the experimented packaging strategies for a thermal gas flow 

sensor: (a) Whole chip inside the flow channel (CIC); (b) Half-pipe (HP) and (c) PMMA local conveyor (LC). 

Figure 2.13(a) shows a CIC technique where a PMMA cover containing two channels for inlet 

and outlet gas flow is glued to the top of the DIP case by epoxy resin. The chip and all the 

bonding wires are placed inside the channel for packaging. However, with an aggressive gas 
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flow, the bonding wires may be damaged. In the HP technique, a cylindrical metal pipe of        

2.4 mm diameter is milled and positioned on the chip with the bonding pads on each sidewalls 

of the chip. A channel area of 0.8 mm2 covers the sensing structure of the chip. Gas flow is 

only allowed into this area, as depicted in Figure 2.13(b). Despite the reduction in channel size 

covering the sensing area alone, gas leakage occurs due to the chip border, where maintaining 

the bond pads became difficult. Finally, in the LC technique, a U-shaped trench is formed by 

milling and a PMMA adapter is pressed against the trench that rests on the chip surface as 

shown in Figure 2.13(c). In addition, the sensing structure and read-out electronics were placed 

inside the trench and the bonding pads outside to avoid the undesirable influences during gas 

flow. This configuration is advantageous over the other two, as the area of the channel 

including the sensing structures can be varied by simply changing the width or depth of the 

trench [137]. Although these packaging configurations give better sensitivity with gas flow 

measurements, the operation temperature is only below 160°C. 

2.7 Conclusions and Future Challenges 
 

Various studies on the development and characterization of thermal flow sensors in different 

materials have been carried out in the last decade. The reported high operating temperature and 

working pressure of the flow sensors demonstrate their potential use in harsh environments. 

Despite many challenges involved in the development of thermal flow sensors and their 

operating conditions, they continue to proliferate and the market appears to be promising 

because of the following reasons: (i) a well-established understanding of sensing mechanisms 

of thermal flow sensors, (ii) new and better-quality materials are coming to market, suggesting 

the improvement in device fabrication techniques, (iii) application-specific thermal flow 

sensors are becoming more common than the development of sensors for generic uses. 

However, the design and development of thermal flow sensors for petrochemical and aerospace 

applications seems more challenging than those for domestic and biological applications. There 

are many technical challenges which make the design and operation more cumbersome, which 

include: 

Firstly, selecting materials with the correct heat transfer, strength, and electrical properties is 

important to achieving an ideal sensor system design. Each element of the system must perform 

independently and in combination with another to optimize the sensor performance and 

lifespan. Thermal diffusivity, thermal resistance and shock, fatigue resistance over a wide range 

of temperatures and cost are some of the essential properties to be taken into account. These 
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properties can all vary significantly with environmental extremes, so care must be taken to 

analyze the material properties versus the target operating conditions.  

In addition, it is crucial to select a material that can reduce the cost of all components and easily 

integrate sensor elements on the substrate. In this aspect, platinum may not be the best choice 

compared to Si, SiC and SiO2. In most cases, SiC is a good choice as it can be deposited on the 

Si substrate and SiC is superior in performance compared to metallic ones. Furthermore, the 

operating temperature of SiC lies in the vicinity of >1000°C. However, SiC suffers from 

oxidation problem that lead to long-term drift. Moreover, the influence of high temperature on 

semiconductors could drastically affect the electrical behavior, i.e., thermal stability at high 

temperatures is an important criterion and should be well considered for the material choice. 

Hence, semiconductor materials with large bandgap and lower intrinsic carrier density at high 

temperatures should be considered. In doing so, 4H-SiC and 6H-SiC polytypes retain better 

bandgap than their counterparts, Si and GaAs, respectively. However, for 4H-SiC and 6H-SiC 

to gain much prominence, low defect wafers should be produced in the market. 

Secondly, degradation of contact electrodes is a major concern. Contact electrode materials 

such as tungsten, molybdenum, nickel and titanium suffer degradation problem at extreme 

temperatures, leading to device failure. The possible option could be the use of electrodeless 

devices, but stability is not possible. Therefore, semiconducting metal oxides such as SiO2: Sb 

or conductive ceramic oxides could be the best candidates with respect to these two material 

miscellaneous challenges. 

Thirdly, exposure of thermal flow sensors and its components to harsh conditions can lead to 

the failure of the device. Therefore, robust packaging methods must be further established for 

the integration, protection, reduction of electrical and mechanical noise and sensor lifespan. 

More precisely, encapsulation, bonding, electrical contacts and interconnects should be 

considered. In addition, development of metallization and di-electric materials in compatible 

with SiC, or SiO2: Sb should be developed to prevent interdiffusion at the boundaries or 

alloying of materials. 

Lastly, the development of thermoelectronic flow sensors in the last decade has not penetrated 

much into the MEMS market as discussed in Section 2.5.3. However, researchers around the 

globe have shown glimpses of interest in the design of temperature sensors based on diodes 

and transistors. The group III nitrides such as GaN and AlN with their popular uses in 

optoelectronic devices could join cubic silicon carbide as a device material for favoring thermal 

flow sensors in the upcoming years. 
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 A generalized analytical model for Joule heating of segmented 

wires 
 

Abstract 

This chapter presents an analytical solution for the Joule heating problem of a segmented wire 

made of two materials with different properties and suspended like a bridge across two fixed 

ends. The chapter first establishes the one-dimensional (1D) governing equations of the steady-

state temperature distribution along the wire with the consideration of heat conduction and free-

heat convection phenomena. The temperature coefficient of resistance of the constructing 

materials and the dimension of each segmented wires were also taken into account to obtain an 

analytical solution of the temperature. COMSOL numerical solutions were also obtained for 

initial validation. Experimental studies were carried out using copper and nichrome wires, 

where the temperature distribution was monitored using an IR thermal camera. The data 

showed a good agreement between experimental data and the analytical data, validating our 

model for the design and development of thermal sensors based on multisegmented structures.  
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3.1 Introduction 
 

Microelectromechanical system (MEMS)-based micro heating devices attract a great deal of 

interest from the research community, as they provide a wide range of applications and 

advantages [1,2]. The major advantages include low power consumption, fast thermal response 

time, long operating time, high reliability, and relatively low fabrication cost using 

micromachining technology. These devices are the centrepieces in various applications such as 

fluid flow sensing [3], gas sensing, and bio-thermal therapy. With their capability to reduce the 

overall power consumption, microheaters have been investigated widely for gas sensors [4–

12], flow sensors [13–16], humidity sensors [17,18], and bio-thermal therapy [19,20]. In 

particular, MEMS microheaters are becoming increasingly important in portable electronics 

applications, where low voltage and low power are required [21,22]. To minimize the power 

consumption in microheaters, the knowledge of the heat-loss mechanism is paramount as the 

heat loss to the supporting substrate dominates usually. Recent works have focused on 

suspended beam design where the heat conduction through the beam to the anchors has been 

considered as a primary heat loss mechanism [23–27]. 

In recent years, many researchers have investigated the temperature distribution on the heater 

surface using analytical and finite element-based approaches. Briand et al. [28] and Dumitrescu 

et al. [29] described the thermal behavior of microheaters on square-shaped membranes using 

commercial tools such as COSMOS and MEMCAD. Similarly, Faglia et al. proposed a 

numerical technique using SOLIDIS-finite element simulation (FEM) for detecting 

environmental pollutants using a platinum-based double-spiral-shaped heater [30]. Iwaki et al. 

developed a two-dimensional numerical model using FEMLAB to study the thermal 

characteristics of calorimetric gas flow sensors [31]. Swart and Nathan reported a simulation 

approach using HSPICE to compute the transient and steady-state electro-thermal behavior of 

thermally isolated microheater [32]. However, these numerical methods are characterized by a 

large amount of computations and the tedious work of defining the model. 

Analytical modelling of heat transport in MEMS microdevices has also been reported in a 

number of papers [33–37]. Although the previous studies dealt with heat convection, heat 

conduction, and radiation in homogenous materials, these models were valid only for an active 

area of the heater fabricated from a single material. The theoretical studies on the temperature 

distribution on segmented wires constructed from different materials have been rarely reported. 

On the other hand, miniature devices such as micro/nanowires can be a great asset for MEMS 

and nano-electromechanical systems, offering a broad range of applications [38–41]. In order 
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to integrate these materials into MEMS and nano-electromechanical systems, segments of them 

are often joined [42]. With the advantages of incorporating electrical, mechanical, and thermal 

properties, segmented wires have been used in thermal flow sensors [43,44]. Moreover, the 

primary objective of the heater of reducing the heat loss can be met by thermally isolating the 

segmented wire, allowing a higher operating temperature. Therefore, a preliminary study on a 

large-scale model could provide an insight into the thermal and electrical characteristics 

of segmented wires. Furthermore, a precise theoretical model of segmented wires is useful for 

determining parameters such as sensitivity, response time, is a valuable tool for parametric 

optimization of the device. 

The objective of the present work is to derive a steady-state analytical model for describing the 

temperature distribution in suspending segmented wires. The temperature distribution on the 

segmented wires was solved based on the equilibrium of the heating power to the heat losses 

caused by heat conduction along the wires and heat convection through the wire-surface areas. 

Initial verifications were made between analytical and numerical data with good agreement. 

To verify the analytical model and to simplify the measurement, we employed a scaled up 

model, where nichrome served as the heating wire and copper as the conducting path. The 

agreement of the theoretical analysis, numerical simulation, and experimental data demonstrate 

the potential of our segmented wire model for the development of thermal sensors and 

actuators. 

3.2 Problem Definition and Mathematical Formulation                                                                                      
 

We consider the one-dimensional problem of electric current induced Joule heating of a 

suspended bridge that dissipates heat by internal conduction and free convection in air. The 

length of the bridge is considered to be 2l with ends located at –l and +l. The nichrome-based 

heater element is 2 ol long and connected at each end by copper contact segments as shown in 

Figure 3.1. Upon current input through the copper wire, steady-state temperature distribution 

along segment 1 (nichrome), 1( )x will develop with a maximum, max ( 0)x   at the middle of 

the bridge. The temperature distribution across segment 2 (copper) is represented by 2 ( )x . 

To develop expressions for the temperature distribution along the bridge, the following 

assumptions are made: 

(i) Heat transfer occurs by conduction along the bridge and natural convection in air. 
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(ii) Heat conduction and convection are significant in one dimension only. i.e. the 

temperature distribution is one-dimensional. 

(iii) The resistivity varies linearly as a function of temperature with the temperature 

coefficient of resistance. It is represented by  1o o         , where  and o

represent the Temperature Coefficient of Resistance(TCR) and electrical resisitivity at 

ambient temperature. 

(iv) Thermal conductivity is independent of temperature. 

3.2.1 Steady-State Temperature Distribution Along the Resistive Bridge 
 

At the steady state, the supplied heating power is balanced by the heat loss through conduction 

and free convection. The rate of heat conduction in direction x is proportional to the temperature 

gradient, which is the rate of change in temperature with distance in this direction. On a rate 

basis, the general form of conservation of energy requirement is 

 
gen cond convE E E   

                                         (1) 

where the heat loss caused by conduction is described by 

 
' '

cond [ ( ) ( )]crE A x x x       
                                         (2) 

where and crA represent the thermal conductivity and cross-sectional area. 
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Figure 3.1: Schematic layout of the segmented heating wire. 

Considering the thermal energy is generated in the bridge at the expense of electrical energy, 

the energy generation term will be positive and acts like a source. The generated thermal energy 

is expressed by 

The heat loss due to free convection is presented in the following equation: 

 
2 2 2

gen cr

cr

x
E VI I R I J A x

A





      

                                         (3) 
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where lsA d x   is the surface area of the portion x . In the case of a horizontal cylinder, 

the heat transfer coefficient h in the air is evaluated by the expression, 

The Nusselt number (Nu) can be evaluated by finding the Rayleigh number Ra, given by 

On substituting the corresponding values in equation (6) gives Ra 15.932 which falls 

between 0.1 Ra 100  [45]. The correlation to evaluate the Nusselt number for the 

corresponding Rayleigh number is expressed by 

The constants c and m for the corresponding Rayleigh number is c 1.02 and m 0.148 . 

Accordingly, the heat transfer coefficient in the air is calculated to be h = 31.562 W/m2K. 

Substituting equations (2), (3) and (4) in equation (1) and simplifying lead to 

Following the assumption (iii), the equation (8) can be simplified further as 

The above equation (9) represents the one-dimensional heat transfer equation along the wire. 

Therefore, the governing equations for the two segments are given by: 

Equations (10) and (11) represent a system of linear ordinary differential equations (ODE) of 

second order with the temperature of two segments as a function of distance x. The constants 

 
conv ( )ls oE hA     

                                         (4) 

 
airNu 
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                                         (5) 
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air air ,air
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' '

2

cr o cr

x x x
A h d J A

x

 
    

   
    

 

 
                                        

    " 2
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resulting from the solution of these two equations are evaluated by imposing boundary and 

continuity conditions: 

(i) The thermal gradient at the centre of the bridge is zero, that is 1 / 0x    

(ii) The end or contact temperatures at  andl l  are fixed at room temperature, i.e.,

ol l      

(iii) The difference of heat flux across the interface ox l  is zero, that is 

     1 1 o 2 2 o/ /x x l x x l           

(iv) The temperature across the interface ox l   is equal, that is    1 o 2 ox l x l     

The solution for the temperature distribution in the heater element  1 x  and in the end-contact 

segment  2 x  take the following form 

 
   2 2

1, 1 1, 1

1 1 o

1 1

Aexp Bexp ,0
cr o cr o

cr cr

h d J A h d J A
x x x x l

A A

     
 

 

    
        
   
   

     

(12) 
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Where 
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1, 1 o o

1 2

1, 1

1cr o

cr o

J A h d
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For convenience, let us consider the constants in equations (12) and (13) as 

 2

cr 1, 1

1

1 cr

oh d J A

A

  





 and

 2

cr 2, 2

2

2 cr

oh d J A

A

  





 . The constants A B C and D are 

solved using Cramer’s rule and are represented as follows: 
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The constants A,C, and D depend on the geometry, the thermal conductivity, the convective 

heat transfer coefficient and the electrical resistivity of the wires. The maximum point of the 

curve  max x which is also known as the hot-spot location along the length of the bridge can 

be obtained by differentiating  1 x  with respect to x and letting it to zero.  

 
 1

1 1 1 o oexp 0 , A x l x l
x
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x = 0 is the only critical point for the curve in this region. The maximum temperature along the 

bridge is obtained by substituting x = 0 in the following equation : 

  max 1 1 o o, x A l x l        
                                     (15) 

 

3.2.2 Evaluation of Electric Potential Distribution Along the Bridge                                                

 

The voltage between any two endpoints is defined as 

 V E dx     
                                       (16) 

                                                                                                                                

The electric field can be written as, E J where  is the electrical resistivity of the material 

in Ωm and J represents the current density in Am-2 

 V J dx     
                                       (17) 

Simplifying and integrating the above equation on both sides leads to, 

   vCV x Jx    
                                       (18) 

The generalized equation (18) can be used to represent the electric potential distribution along 

the heater and end-contact segments as follows: 

  1 1 1 oC  , - oV x J x l x l      
                                       (19) 

  2 2 2C  , -  ,  o oV x J x l x l l x l         
                                       (20) 

Where 1C and 2C are integration constants. The constants are solved by imposing boundary 

and continuity conditions which are stated below: 

(i) The voltage drop at one end of the conductive segment is zero, i.e.,  2 0V x l   

(ii) The voltage drop across the interface 
*x   between the two segments is equal. 

i.e.,    1 o 2 oV x l V x l      

(iii) The voltage drop at the other  end of the conductive segment is twice the voltage 

drop at the centre of the bridge i.e.,    2 12 0V x l V x     



65 
 

The electric potential distribution is given by, 

    1 1 o o o o , -2 1V x J x Jρ l - l Jρ l l x l       
                                     (21) 

  2 2 o , 2V x J x Jρ l l x l      
                                     (22) 

    2 2 o 1 2 2 , -2 oV x J x Jρ l Jl l x l           
                                     (23) 

Equations (21), (22) and (23) represent the temperature independent solution for electric 

potential distribution along the bridge. Using the linear relationship between resistivity and 

temperature, the temperature dependent resistivity relationship for the two segments are 

represented using the above equation as follows: 
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Figure 3.2: Electric potential distribution along the bridge: (a) Fixed current and varying segment length ratio (α) 

and (b) Fixed α and varying current. 

Figure 3.2(a) shows the distribution of the electric potential along the segmented wire for 

various length ratios and for a constant current of 3 A. The solid lines represent the temperature 

independent potential distribution, and the dashed lines represent the temperature dependent 

potential distribution. It is to be noted that the solid lines plot in Figure 3.2(a) were obtained 

using Eqs. (21)–(23) and the data in dashed lines were generated using Eqs. (24)–(26), 

respectively.  

We observed that a concentration gradient of delocalized electrons is set up in the segmented 

wires circuit when a current is applied. Moreover, the concentration gradient is high on one 

end of the conducting path and zero on the other end. Furthermore, much potential energy is 

lost in the nichrome wire indicating the occurrence of more Joule-heating due to higher 

resistivity(ρ1>>ρ2). Figure 3.2(b) shows the distribution of the electric potential along the 

segmented wire for varying currents and for a constant segment length ratio of α = 0.25. We 

observed that the higher the applied current, the maximum is the electric potential for 

temperature-dependent and temperature-independent cases correspondingly. In addition, the 

solid and dashed lines show almost the same potential for the rise in current, indicating that the 

change in resistivity due to temperature variation does not play a significant role in the electric 

potential. 

3.2.3 Voltage and Power Characteristics of the Bridge 
 

Equation (17) can be integrated along the path from 0 < x* < lo to determine the voltage across 

the heating segment. It is given by, 
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Integrating and simplifying the above equation leads to, 
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Similarly, equation (17) can also be used along the path ol x l  to determine the voltage 

across the conduction segment. It is given by, 

   

   

2 2

2,0 2 2 2 0

2 2

oo

2 o 2 o

o 2 2 o 2 0 o

2 2

Cexp Dexp

,
Cexp Dexp

l l

l l
J l l l

V V l x l
l l

l l l

 
    

 

 
   

 

   
        

    
    

   
      

    

                   (28) 

The Voltage Current (V-I) characteristics of the entire bridge can be obtained from equations 

(27) and (28) as follows: 

   t o o
2 ,l l lV V V V V l x l       

 
                                                                                     (29) 

The power dissipated in the bridge can be found as, 

 tP V I                                                                                                                                       (30) 

3.2.4 Parametric Optimization 
 

Besides the geometry, various material properties also affect the thermal behavior of a 

segmented wire. Material properties such as electrical resistivity and thermal conductivity 

play a major role in heat transfer in a Joule-heated segmented wire. Figure 3.3(a) shows the 

temperature plot along the bridge for different thermal conductivity values of κ1 and a fixed 

κ2.  
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Figure 3.3: (a) Influence of thermal conductivity of nichrome heater on temperature distribution and (b) Influence 

of thermal conductivity of copper wire on temperature distribution. 

According to the Fourier’s law of heat conduction, a heater (α = 0.15) with higher thermal 

conductivity (κ1=42 W/mK) loses heat to the ambient air and subsequently results in a lower 

temperature at the centre. The inset of Figure 3.3(a) indicates the effect of κ1 on the 

temperature distribution along the heater. In the same way, Figure 3.3(b) indicates the 

temperature distribution of the bridge for different κ2 at a fixed κ1 and 2A heating current. The 

inset in Figure 3.3(b) indicates that the fixed parameters contribute to a small temperature 

change as described in equations 12 and 13. 

The assumption of the linear temperature dependence of resistivity in our analytical model 

holds well over the range of ambient temperature to the maximum temperature as shown in 

Figure 3.4. The temperature is higher with higher resistivity ρ1 and vice-versa as depicted in the 

inset of Figure 3.4(a). Furthermore, the temperature change due to the fixed resistivity (ρ2)  on 

the conducting wire is almost negligible. Likewise, Figure 3.4(b) shows that the change in 

temperature is small in conducting wires of different resistivities.  



69 
 

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Length of the bridge(m)

20

22

24

26

28

30

32

34

T
e
m

p
e

ra
tu

re
(°

C
)

20

25

30

35

1 1.10e-6Ωm

1 actual 1.05e-6Ωm 

11e-6Ωm

1 1.15e-6Ωm

1 1.20e-6Ωm

1

Fixed e 62 actual Ωm 0.016

=0.15I=2A

(a)

-0.02 0.02-0.01 0.010
25

27

29

31

33

35

=0.15I=2A

(b)

2 e-6Ωm0.028

2 actual e-6Ωm 0.016

20.004e-6Ωm

2 e-6Ωm0.040

2 e-6Ωm0.052

2

Fixed e 61 actual Ωm 1.05

-0.03 -0.026 -0.022 -0.018 -0.014 -0.01
24

25

26

27

 

Figure 3.4: (a) Influence of electrical resistivity of nichrome heater on temperature distribution and (b) Influence 

of electrical resistivity of copper wire on temperature distribution. 

Other influencing parameters are wire diameter, heat transfer convection coefficient. Figure 

3.5(a) shows the relationship between the wire diameter and the temperature distribution for 

a fixed segment length ratio (α = 0.15) and a fixed 2A heating current. Increasing the diameter 

of the wires decreases the electric resistance and consequently lower heating power and lower 

temperature.  Next, the influence of heat transfer convection coefficient on temperature is 

studied for various values of h (20 - 40 W/m2K)at a fixed length ratio (α = 0.15)  and a 

constant current of 2A. Figure 3.5(b) shows that the temperature distribution is different for 

various values of h, and the temperature at the centre of the bridge is maximum for a small 

heat transfer coefficient(h = 20 W/m2K) 
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Figure 3.5: (a) Influence of wire diameter on the temperature distribution and (b) Influence of convective heat 

transfer coefficient (h) on the temperature distribution. 

3.3 Verification and Discussions 
 

3.3.1 Numerical Simulation 
 

COMSOL finite element simulation was used to first verify the analytical solutions.             

Figure 3.6(a-e) shows the analytical and simulation results of the temperature distribution along 

the heater and the conducting wires. Joule heating causes a high temperature at the centre of 

the heater, while the temperature decreases toward the Cu wires, reaching room temperature at 

the fixed ends. Increasing the applied current leads to an increase in the temperature at the 

centre of the heater. Furthermore, the temperature of the heater exhibits a parabolic distribution, 

while that of the conducting wire shows a linear behavior. Our assumption of neglecting 

radiation loss in the model holds well as the maximum temperature is only around 120 °C for 

the longest heating wire. Moreover, Figure 3.7 depicts the maximum temperature at the centre 

versus the current and indicates that the longest heater (α = 0.35) results in the highest 

temperature. The analytical and numerical data agree well and suggest the accuracy of the 

proposed analytical model. 
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Figure 3.6: Analytical and numerical simulation results: temperature distribution along the heater bridge for 

various segment length ratios and currents: (a) α=0.15; (b) α=0.2; (c) α=0.25; (d) α=0.3 and (e) α=0.35. 
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Figure 3.7: Maximum temperature at the centre vs current characteristics for different heater bridges. 

3.3.2 Temperature Measurement 
 

A millimetre-scale experimental setup was designed to verify the Joule heating model of 

segmented wires having a diameter of 1.2 mm each. The electrical resistivity of the nichrome 

(NiCr) and copper (Cu) wires are 1.05 Ωm and 0.016 Ωm respectively. The nichrome wire 

was cut into five different lengths 3 cm, 4 cm, 5 cm, 6 cm, and 7cm. Copper wires were cut 

into suitable sizes so that the total length of the segmented wire is 20 cm. The two ends of the 

wire segments were joined by spot-welding through a high current pulse and the structure was 

suspended like a bridge between two copper blocks as shown in Figure 3.8(a). 

The interfacial contact resistance plays an important role in metal-metal junctions and thus the 

value of contact resistance Rc was measured by the Transmission Line Method (TLM). This 

measurement technique involves making a series of metal-metal contacts separated by various 

distances. Probes were applied to pairs of contacts, and the resistance between them was 

measured by applying various current across the contacts and sensing the corresponding 

voltage. The resistance calculated is a combination of contact resistance of first contact and the 

contact resistance of the second contact in the bridge. In doing so, a plot of resistance versus 

various contact separation (l) was obtained and shown in Figure 3.8(c). The measured resistance 

was linearly fitted with a slope of 0.0109. The intercept of the line is 0.6 m, which is twice 

the contact resistance. Therefore, the contribution of contact resistance in the bridge with the 

shortest and longest nichrome wire is only 1.7 % and 0.77 %, respectively. This negligible 

contact resistance strongly justifies the negligence of the contact resistance in our model. 

Finally, the temperature measurements were carried out using IR thermal camera (GOBI-1513, 

Xenics IR solutions) shown in Figure 3.8(b). The infra-red detector used for this work is the 

bolometer Si: H Focal Plane Array (FPA) of 384 288 pixels. The errors resulting from an IR 
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thermographic temperature measurement include the errors induced by the instrument. The two 

most commonly encountered errors in IR thermography are spatial error and temperature error. 

The thermal image obtained from our IR camera resolution and the 0.2 m long bridge. For this 

geometry, the relative spatial error and the relative temperature error are estimated to be 0.25 

% and 0.34 %, respectively. 
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Figure 3.8: (a) Experimental prototype; (b) Simplified experimental setup for the measurement of temperature 

and resistance and (c) Transmission line method to measure the contact resistance of the wire. 

When applying a sufficiently large current, Joule heating caused the temperature at the NiCr 

wire to increase, while the temperature at the Cu sections remained relatively low in the steady 

state. It was found experimentally that the time taken to achieve a steady-state temperature in 

the bridge was approximately 45 seconds. Once this state was achieved, the spatial temperature 

gradient along the bridge remained unchanged. 

Figure 3.9(a-e) shows the analytical and experimental results of the temperature distribution of  

NiCr and Cu wires. Evidently, a high temperature was observed at the centre of the NiCr wire, 

while the temperature decreases toward the Cu wires, reaching room temperature at the fixed 

ends. It is also observed that increasing the applied current leads to an increase in the 
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temperature in the middle of the NiCr wire. Furthermore, the temperature of the NiCr wire 

exhibits a parabolic distribution, while that of the Cu wire shows a linear behaviour. The 

experimental data validates the proposed analytical models.  
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Figure 3.9: Analytical and experimental  results: temperature distribution along the heater bridge for various 

segment length ratios and currents: (a) α=0.15; (b) α=0.2; (c) α=0.25; (d) α=0.3 and (e) α=0.35. 

Figure 3.10(a&b) shows the analytical and experimental temperature profile for different 

segment length ratios with a constant current. The inset in Figure 3.10(a) shows various wire 

geometries considered for the experiment.  It is observed that longer segmented nichrome wire 

(α = 0.35) exhibits a higher temperature at the centre of the bridge due to low heat loss. On the 

other hand, 3cm nichrome wire (α = 0.15) loses more heat leading to a lower temperature in 
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the middle of the bridge. This statement suggests that longer nichrome wire receives more 

heating energy  2I RP   than the shorter wires under the same applying current. Experimental 

and analytical model agree well with, Figure 3.10(a&b) respectively. 
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Figure 3.10: Temperature distribution along the heater bridge for different α values and with a fixed current of 

3A:  (a) Analytical results and (b) Experimental results. 

3.3.3 Voltage and power measurement 
 

Figure 3.11(a) shows the voltage versus current (V-I) characteristics in the air for different 

segment length ratios (α). We observed that the resistance of NiCr linearly increases with 

increasing segment length ratio. Correspondingly, a longer heating segment results in a higher 

voltage drop. Since the area of the electrical contact between the two segments is small, contact 

resistance could contribute to the total resistance. Furthermore, using a simple multimeter could 

add lead resistance to the resistance of the sample. Considering the small contact area and to 

primarily avoid lead resistance, four-point terminal sensing was used to measure the voltage 

across the bridge. 
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Figure 3.11: Electrical characteristics of different heater bridges: (a) V-I characteristics and (b) P-I characteristics. 

Figure 3.11(b) shows the power versus current characteristics from the analytical models and 

experimental measurements for various segment length ratios. For a fixed current of 3A, a 

factor of 13.1 times increase in resistance is observed between (α = 0.15 and 0.2) due to the 

increasing length of the nichrome segment. Furthermore, the same percentage increase in 

power is observed between the two configurations. Different wire lengths possess different 

resistance and so different heating power. Figure 3.11(b) clearly shows the relationship between 

the geometrical configuration, electrical power, and temperature. The analytical V-I and P-I 

curves were generated by equations (29) and (30) derived in section 3.2.3. 

In a heater design, the maximum temperature rise should be lower than a specific range which 

helps to avoid the degradation of heater performance. Depending on the maximum current 

rating for the wire and the length, maximum temperature rise for the straight wires in the open 

air are obtained. Figure 3.12 illustrates the relationship between the maximum temperature at 
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reach a maximum temperature of 110 °C for 4A. Whereas, the 3 cm nichrome wire could rise 

up to 65 °C. This statement is well supported by experimental data shown in Figure 3.12. 
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Figure 3.12: Experimental data: Maximum temperature at the centre vs current characteristics for different heater 

bridges. 

3.4 Conclusions 
 

Though microheaters have been commonly used for decades, there was no accurate theoretical 

analysis for the thermal and electrical characteristics of the microheaters. Here, we derived an 

exact analytical solution for the steady-state temperature distribution in a Joule-heated 

segmented wire bridge. The model predicts the temperature distribution along the wire. The 

temperature distribution further was used to predict the temperature dependent electrical 

behaviour of the wire bridge. The analytical models were initially verified with numerical 

simulation and finally validated with a scaled-up wire model using infrared thermography 

measurement. An excellent agreement of results among each model demonstrates the potential 

of the proposed analytical technique. Therefore, the proposed model can be useful for the 

thermal design of Joule-heated thin, wire-like microdevices. Moreover, this heater model 

provides an insight into the model development for thermal sensors operating at high 

temperatures. 
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 Steady-state analytical model of suspended p-type 3C–SiC 

bridges under consideration of Joule heating 
 

Abstract 
 

This chapter reports an analytical model and its validation for a released microscale heater 

made of 3C-SiC thin films. A model for the equivalent electrical and thermal parameters 

was developed for the two-layer multi-segment heat and electric conduction. The model is 

based on a one-dimensional energy equation, which considers the temperature dependent 

resistivity and allows for the prediction of voltage-current and power-current 

characteristics of the microheater. The steady-state analytical model was validated by 

experimental characterization. The results, in particular the nonlinearity caused by 

temperature dependency, are in good agreement. The low power consumption of the order 

of 0.18 mW at approximately 310 K indicates the potential use of the structure as thermal 

sensors in portable applications. 
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4.1 Introduction 
 

In recent decades, the development of microelectromechanical systems (MEMS) has been 

largely based on silicon as the substrate and structural material. Silicon-based sensors and 

actuators play a significant role in many applications, but are generally limited to electronic 

device applications operating under 250 °C. Furthermore, silicon MEMS devices usually 

require bulk packaging and are cost and space demanding [1]. On the other hand, the demand 

of MEMS-based sensors working under hostile conditions is growing. For instance, hazardous 

gas sensing requires a microfabricated sensor made of a material with low power consumption. 

In addition to stable operation, the sensor should quickly respond to gas leakage. A microheater 

can meet this requirement. Microheaters operate on the principle of Joule heating and consists 

of a resistive heater that is thermally isolated from the substrate. A microheater should ideally 

have a low power consumption and a homogenous temperature over the active area to ensure 

consistent sensing properties. Further factors that determine the suitability of the heater 

material for high-temperature applications are excellent mechanical and thermal stability. 

Microheaters have been fabricated using metal conductors. For instance, platinum [2] has been 

widely investigated, because of its thermal stability and excellent reliability. A large number 

of chapters reported on the design and optimization of platinum-based microheaters for 

applications such as hand-held gas monitors [3], gas sensing for automobiles [4], and portable 

gas-sensing devices [5]. However, a platinum heater is easily destroyed at high current input 

[6]. Platinum is usually accompanied by a thin adhesive layer of titanium. The diffusion rate 

of this adhesive layer is high at increasing temperatures of 550 °C, which decays the platinum 

heater. Other metals such as aluminium suffer from electro-migration at high temperatures [7]. 

Among the semiconductor heaters, polysilicon has been widely investigated in [8, 9]. However, 

the resistance of polysilicon is not very stable as the operating condition approaches the 

recrystallization temperature of 600 °C. 

Consequently, an alternative to metals as a heater material is needed. Among the various wide 

bandgap materials, silicon carbide (SiC) possess a relatively large band gap of 2.3–3.4 eV [10] 

and has been available as device material for more than 100 years and can be formed in 

amorphous, single crystalline, and polycrystalline solid forms [11]. Compared to Si, SiC exists 

in polymorphic structures called polytypes. Over 250 polytypes have been identified to date. 

Among the various polytypes, 3C–SiC, 4H–SiC, and 6H–SiC are the commonly employed 

structures [12]. Of these, 3C–SiC is the most suitable polytype for MEMS sensors, due to the 

SiC/Si heterojunction for providing the electrical insulation. Moreover, 3C–SiC can be 
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heteroepitaxially grown on a silicon substrate, making it a suitable choice among their 

counterparts [13]. With superior physical properties [14], excellent mechanical strength, and 

its chemically inert nature to corrosive environments [15], 3C–SiC could be a prime candidate 

for microheater device material. 

Recent studies on SiC microheater technology [16–19] demonstrated the potential use of SiC 

for high-temperature applications, especially as a key component of gas sensors. For instance, 

Solzbacher et al proposed a modular system of micro hotplates with SiC as the membrane 

material and hafnium diboride as heater material. As the thermal conductivity of SiC is about 

three times higher than that of silicon, a suspended membrane needs to be employed to reduce 

the heat. Due to the excellent mechanical and chemical stability, the proposed micro hotplate 

could well be applied for gas sensing [20]. Moreover, Solzbacher et al developed a nitrogen 

dioxide gas sensor by depositing indium oxide on top of an interdigitated capacitor structure 

[20] for stability analysis over a long period [21]. 

Ghosh et al developed a SiC-based microheater for detecting hydrogen-containing species in 

highly corrosive and radioactive environments. In fact, this sensor has shown a fast-thermal 

response time of one millisecond [22]. On the other hand, Spannhake et al used β-SiC 

membrane instead of an insulating membrane. The β-SiC membrane enables long-term 

stability, fast response time, and low power consumption [23]. 

Another important application of SiC is thermal sensing in a harsh environment. Phan et al 

investigated the piezoresistive properties of 3C–SiC thin-film heater bridges. In this work, the 

3C–SiC piezo-resistors are heated using the Joule heating effect. The observed high 

temperature coefficient of resistance (TCR) proved the possibility of using 3C–SiC heaters as 

thermal sensors [24]. Recently, Trochimczyk et al investigated the robust performance of a 

3C–SiC microheater on catalytic gas-sensing application. With the addition of a catalytic 

material, platinum nanoparticle-loaded boron nitride aerogel, propane gas was detected with 

high sensitivity. 

With the advantage of combining electrical, mechanical, and thermal properties, multi-layer 

microheater devices have attracted attention in application areas such as the automotive, 

nuclear, and chemical industries [25]. Elucidating the temperature distribution and heat flow 

[26] inside the multiple material layers is of great interest to device developers. Owing to their 

importance, significant advances have been made in numerical modelling of single-layer       

3C–SiC heater devices. The finite element method has been reported in [24, 27–29]. Although 

most industrial problems in steady-state heat conduction are solved using approximate 
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numerical techniques, an exact solution is needed, particularly for multi-layer microheater 

devices. 

Analytical methods such as the integral transform method [30], Laplace transform method [31], 

Green’s function method [32], modified Green’s function method [33], orthogonal expansion 

technique [34], and frequency regression method, etc, have been reported in the literature for 

various kinds of single-layered, multi-layered structures. However, these methods have 

provided only a formal solution and failed to provide an explicit solution in a classical sense. 

To date, there has been no steady-state analytical model developed for a multi-layer multi-

segment suspended 3C–SiC micro-bridge structure to describe the thermal and electrical 

characteristics. Moreover, there is a real need for developing exact analytic solutions for a 

quick device optimization. 

The chapter starts with the formulation of the equivalent resistivity and thermal conductivity 

of the Al/SiC composite layers of the conducting segment of the bridge. Next, the general 

temperature distribution solution using Fourier’s law was obtained. This temperature 

distribution further allows for the determination of the voltage and power characteristics of the 

bridge. Furthermore, the chapter also presents the detailed fabrication process and experimental 

verification of the proposed analytical model for three different bridge configurations. 

4.2 Mathematical model development 
 

 

Figure 4.1: Model of a two-layer multi-segment thermoresistive bridge as a microheater: (a) Schematic 

representation of the bridge; (b) Schematic 3D view of the composite Al/SiC layers (not to scale) and (c) 

Equivalent thermal circuit. 

Considering a two-layer and multi-segment resistive bridge suspended at both ends on the 

silicon substrate, Figure 4.1(a). The total length of the bridge is 2l, varying from – l to + l. The 
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length of the SiC based heater element is 2lo varying from – lo to + lo Let κ1 and κ2 represent 

the temperature independent thermal conductivity of SiC and Al respectively.  

The thermal conductivity of the two-layer conducting segment is the equivalent thermal 

conductivity of SiC and Al denoted by κc. In addition, the electrical resistivity of SiC and Al is 

denoted by ρc. The specific resistance ρ varies linearly with respect to temperature and 

represented by  01o         , where   is the temperature coefficient of resistance. 

The two-layer conducting segment can be considered as a parallel circuit for the determination 

of the values of κc and ρc by electrical and thermal analogies. Figure 4.1(b) shows the two-layer 

SiC/Al conducting segment. Figure 4.1(c) depicts the equivalent thermal circuit. The notations 

used in the following model is summarized follows. Rc is the equivalent electrical resistance of 

the parallel circuit, R2 = RAl is the electrical resistance of the Al layer, R1 = RSiC is the electrical 

resistance of the SiC layer, Rth  is the equivalent thermal resistance of the parallel circuit, AAl is 

the cross-sectional area of Al layer, ASiC is the cross-sectional area of SiC layer, Ac is the total 

cross-sectional area, lc is the total effective length. 

For heat conduction, the energy equation or the rate equation is known as Fourier’s law. The 

rate equation for the one-dimensional solid medium composed of two segments having a 

temperature distribution θ(x) is expressed as                                                                

 

th

xq A
l R

 


 
     

                   (1) 

Where qx represents the heat rate by conduction in Watts and the term
th

l
R

A
  represents the 

thermal resistance. The thermal resistance is analogous to electrical resistance defined by 

Ohm’s law. Equation (1) indicates that the conduction heat rate is inversely proportional to the 

thermal resistance and the temperature gradient is the same across the parallel circuit. 

Therefore, the effective equivalent resistance of the parallel combination is given by  
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Substituting the value of R for each layers in equation (2), we get 
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Let,  lAl = l3C-SiC = lc = l , AAl = wH1 and A3C-SiC = wH2 .The total area is given by                                 

Ac = wH1 + wH2. Substituting the geometrical terms in equation (3) leads to 

  

 
Al 1 3C-SiC 2

1 2
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H H

H H
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Equation (4) clearly suggests that the equivalent thermal conductivity is directly dependent on 

the thickness of the materials. The relationship between electrical resistance and specific 

resistivity is represented by  

 l l
R
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                      (5) 

Substituting equation (5) in equation (2) leads to 

  1 2

1 2

Al 3C-SiC

c

H H

H H


 




 
 

 

  
                   (6) 

The reported specific resistance of silicon carbide of 0.14Ωcm has been taken for the 

calculation [25]. The specific resistance of aluminium, the thermal conductivity of aluminium 

and the thermal conductivity of silicon carbide used for the analytical model are, 2.65×10-8 Ωm 

205 Wm-1K-1  and 360 Wm-1K-1  respectively. The thickness of SiC and Al layers are 280 nm 

and 80 nm, respectively. According to equations(4 & 6), the equivalent thermal conductivity 

and the equivalent specific resistivity of the conducting segment are 326 Wm-1K-1 and                

1.19 × 10-8 Ωm, respectively. 

The phenomenon of Joule heating occurs when an electric current is passed through the bridge, 

developing a temperature distribution along its length θ(x). The maximum temperature 

θmax(x=0) is found at the centre of the bridge. Assuming that free convection and surrounding 

radiation are negligible, the governing heat conduction equation, along with the boundary and 

interface continuity conditions, are as follows: 
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Where J1 and J2 represent the current density along the heating and conduction segments and 

1 and 2 denote the temperature coefficient of resistance (TCR). In order to find a solution for 

the described problem, a set of boundary and continuity conditions need to be prescribed.  

The symmetry condition at the centre is: 

 1 0at 0x
x


 


                       (9) 

The conditions at the ends of the bridge are: 

 
l l s                          (10) 

Where s   is the ambient temperature. The Interface continuity conditions are: 

        1 2 1 2ando o o ol l l l                            (11) 

where the segments 1 and 2 have the common temperature at their interface ox l   as a result 

of the assumption of zero contact resistance. 
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where the segments 1 and 2 have the common heat flux at their interface ox l  . The position, 

geometrical length and temperature difference can be non-dimensionalized to make the model 

more convenient as follows: *

o, and = -olx
x

l l
      . Using the above conventions, the 

governing equations (7) and (8) and the necessary boundary and continuity conditions are 

written in semi-dimensional form as follows: 
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1 1 s                       (16) 

        1 2 1 2and                             (17) 
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The equations (13) and (14) represent a system of second order linear ordinary differential 

equations (ODE). The auxiliary solution yields the complex and imaginary roots of the 

equations. The complete solution of the equations is represented by 
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Where A, B, C and D are constants obtained from the differential equations and 1,0 1
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B = 0                                                                                                                                    (22) 
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Applying symmetry condition (15) to equation (19) leads to B = 0 and applying boundary 

condition to equation (20) results in 
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                   (25) 

Applying continuity condition to equations (19) and (20) results in 
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                   (26) 

Applying interface heat flux condition to the differential forms of equations (20) and (21) 

leads to 
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Equations (25)-(27) represent a system of 3 linear equations and 3 constants. The constants 

were obtained by Cramer’s rule (21-24). The constants were obtained for the boundary and 

continuity conditions in the range of 0 < |x*| < 1. The constants for the range 0 < |x*| < -1 of are 

symmetric with respect to 0 < |x*| < 1. The constants A, C and D on the geometrical length 

ratio, the thermal conductivity of two segments, thickness, width and the electrical resistivity 

of the segments. Furthermore, the temperature distribution along the bridge is directly 

dependent on the applied current I and the geometry of the segments. Using equation (16), the 

maximum temperature at the centre of the bridge could be determined as:       
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The voltage between x = 0 and x = lo is the difference in electric potentials between these two 

points: 

 
   

0

0
ol

oV l V E dx    
                   (29) 

As the mediums possess non-zero resistance, the electric field E and the electrical conductivity 

σ are related by
E

J E


  . This relationship is an analogous form of Ohm’s law, stating         

V = IR. Equation (29) can be written in terms of current density and electrical resistivity as 

follows: 
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0
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The voltage as a function of current can be determined with the temperature solutions obtained 

in equations (19) and (20) and equation (30) can be non-dimensionalized as follows: 
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Integrating and simplifying the above equation leads to: 
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   (32)             

Similarly, the voltage difference between the two points lo and l in the conducting segment 

can be obtained as follows: 
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    (33)             

The V-I Characteristics of the entire bridge of length 2l is obtained as                                                           

             1 1 2 1 0V V V V V V            
                    (34) 

From equation (34), the power dissipated in the bridge can be determined as 

    1 1P V V I                         (35) 

4.3 Device fabrication 
 

Microheaters are commonly designed as free released structures from the substrate in order to 

assure thermal isolation. Figure 4.2 depicts the fabrication process of 3C–SiC resistive heaters 

involving seven steps. Initially, 280 nm thick 3C–SiC films were heteroepitaxially grown on a 

Si substrate of thickness 150 mm at 1273.15 K, as shown in Figure 4.2(a). The growth process 

is performed in a hot-wall low-pressure chemical vapour deposition reactor by using an 

alternating supply epitaxy method [24] using silane (SiH4) and propylene (C3H6) as silicon- 

and carbon-containing sources. Silicon atoms were adsorbed on the SiC surface in a self-

assembled pattern when SiH4 was supplied. In addition, trimethylaluminium (TMAl) 

[(CH3)3Al] was used as a p-type dopant for the preparation of the SiC wafer. When TMAl was 

introduced, Al(CH3)3 bonds broke below 528 °C and Al atoms were then adsorbed on the          

Si-terminated surface [36]. Finally, the adsorbed Si and Al atoms formed the SiC layers when 

(C3H6) was supplied. A conventional low-pressure chemical vapour deposition reactor was 

used for the growth of 3C–SiC on Si substrate as it enables commercially viable SiC deposition 

[37]. The 3C–SiC films were characterized by a hot-probe technique and the polarity was 

measured to be naturally p-type conductivity [38].  

The growth process was followed by coating the PR by a photolithographic process, as shown 

in Figure 4.2(b). First, the PR was coated and then SiC resistors of dimensions 12 × 8 µm were 

patterned (not to scale) using a mask, as shown in Figure 4.2(b) and Figure 4.2(c), respectively. 

Using HCl and O2 active gases, the SiC layer was patterned, Figure 4.2(d), and a 300 nm thin 
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aluminium layer was deposited, Figure 4.2(e). Next, the deposited Al layer was etched to form 

the conducting segments of the SiC resistors, as shown in Figure 4.2(f).  

Finally, SiC resistors and Al electrodes were suspended from the Si substrate by xenon 

difluoride (XeF2) gas using a pulse etching system, as shown in Figure 4.2(g). This method 

minimizes the adhesion between the SiC layer and the Si substrate due to the dry gaseous 

characteristics of xenon difluoride. The overall chemical reaction involving XeF2 − Si 

is given by [39] 

                                                                        2XeF2 + Si → 2Xe + SiF4                                                                           (36) 

 Figure 4.2(h) shows the SEM image of the fabricated SiC structures on a Si strip. A SiC 

microbridge with Al electrodes deposited and patterned on its top surface were suspended from 

the substrate, while its two ends were fixed to the substrate by fixed pads. 

(a)
(b)

(c) (d)

(e) (f)

(g)

Si SiC Al PR

Released SiC bridges 

Al electrode

(h)

 

Figure 4.2: Fabrication processes of SiC resistors: (a) Growth of p-3C-SiC on Si substrate; (b) Photoresist (PR) 

coating on top of P-3C-SiC; (C) Patterning PR; (d) Etching SiC; (e) Aluminium deposition; (f) Etching aluminium; 

(g) Releasing SiC from Si substrate and (h) SEM image of released Sic structures from the substrate (adapted and 

updated from the work by Phan et al). 
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4.4 Results and discussions 
 

Phan et al investigated the thermoresistive characteristics of the cubic 3C–SiC films, as shown 

in Figure 4.3(a). The SiC structures behave like a negative temperature coefficient (NTC) 

resistor when the resistance decreases with increasing temperature. The experimental data were 

fitted by a third-order polynomial function at low temperatures of 300 – 350K and the value of 

the TCR is found to be 
3 1

1 5.2 10 K
o

R

R T
  

   


. From this measured data, the temperature 

distribution along the microbridge can be plotted in Figure 4.3(b). 
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Figure 4.3: (a) Thermoresistive effect as reported by Phan et al [25, 26] and (b) Thermal profile of various SiC 

microbridges. 
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As the size of the microheaters is almost on the same scale as infra-red (IR) wavelengths, the 

measurement of temperature using IR thermography is not feasible. Figure 4.3(b) shows the 

temperature distribution on the microbridge for three different bridge configurations, α=lo/l 

with a current of 2.92×10−5A. When this current is applied to the Al/SiC conduction segment, 

Ohmic heating occurs and the SiC layer becomes hot and the conducting segments remain cold 

until the equilibrium state is achieved. Once this state was achieved, the spatial temperature 

gradient along the bridge remained unchanged. In other words, temperature at the anchor of 

the bridge is close to room temperature, with the temperature increasing farther away from this 

point. The temperature at the centre of the bridge, θmax = θo is the highest. It is to be noted that 

the curves were generated for the low-temperature ranges (≈ 298 K− 311K) using ξ1. 

Furthermore, the temperature distribution across the SiC heating segment is parabolic and 

remains almost linear across the conduction segments. Longer bridges exhibit high temperature 

at the centre than shorter bridges. In other words, lesser the α value, higher is θmax(x). This 

clearly shows the relationship between geometry of the device and the temperature 

characteristics. The temperature solution obtained using normal forms of equations (20) and 

(21) allows us to determine the electrical characteristics of the microbridges further. 

Electric measurements were performed at standard room conditions. The released SiC test 

structure is positioned on top of a hot plate (RT String, Thermo Scientific) using two clamps. 

The electrical connections from the strip to a HP 4145B analyser were established with two 

probe tips pushed against the aluminium electrodes on both ends. Voltage versus Current         

(V-I) characteristics in air are shown in Figure 4.4(a) for three geometrical length ratios α and 

were not normalized. Three different microbridge configurations of l × lo × w1 = 100 × 10 × 10, 

200 × 10 × 10 and 500 ×20 ×5 µm have been considered for characterisation and modelling. 

As the applied current increases, the differential resistance monotonically decreases because of 

the negative temperature coefficient of resistivity and the behaviour is found to be 

experimentally non-linear, Figure 4.4(a). Good agreement is observed between the analytical 

model and the experimental data. 

However, the resistivity was assumed to be linearly dependent on temperature which leads to 

a small discrepancy. It is evident from Figure 4.4(a) that, longer bridges show more resistance 

than shorter bridges. The higher the  α value, the lower is the resistance for a bridge. For 

instance, the bridge with α = 0.1 has a resistance of 16.7 kΩ for 0.12 mA current, whereas α = 

0.04 has a resistance of 49.1 k Ω  for a current of 0.032 mA. The difference in the characteristics 

of all the three bridge configurations is primarily due to their total bridge length 2l. It is clearly 
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seen that α = 0.05 and α = 0.1  exhibit similar characteristics because of their same dimensions 

of the heater segment and differ by a mere bridge length of 100 µm. 

 Figure 4.4(b) depicts the power-current characteristics of three different bridge configurations 

and were obtained using V-I measurements. Similar to the V-I characteristics, longer bridges 

dissipate more power than the shorter bridges and the power dissipation is primarily due to the 

current than the resistance as the power is contributed by square of the current through the 

conducting segment. The heater power consumption is around 0.18 mW for 0.12 mA (α = 0.1), 

allowing battery powered operation in portable detectors. As the temperature effect was not 

considered in equation (6) to calculate equivalent resistivity, the V-I and P-I curves slightly 

deviate from measured data. In our experiments, the microbridges have been operated carefully 

to avoid melting at a sufficient high current. 
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Figure 4.4: Electrical Characteristics of various SiC microbridges: (a) V-I Characteristics and (b) P-I 

Characteristics. 
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Figure 4.5 illustrates the relationship between the maximum temperature and the applied current 

graphically. The plot is obtained using equation (29) which suggest θmax is a function of current 

and the length of the segments. In general, increasing the current through the bridges will 

increase the temperature, that will increase the resistance and so the power dissipation. In other 

words, the maximum temperature at the centre of a bridge keeps increasing for increased 

current values. 

0 0.2 0.4 0.6 0.8 1 1.2
˟10

-4

300

302

304

306

308

310

312

314

Current(ampere)

α=0.04

α=0.
05

α=0.1

M
a
x
im

u
m

 t
e

m
p

e
ra

tu
re

(K
)

 

Figure 4.5: Maximum temperature versus current characteristics obtained by analytical model. 

In addition, longer bridges have the maximum temperature at the centre than the shorter bridges. 

Otherwise, lesser the α value for a given current, higher is the obtained temperature. This statement is 

well supported from Figure 4.3(b) and the obtained low temperature range is in good agreement with 

the fitted value of ξ1. Moreover, the maximum temperature and power characteristics are similar in 

fashion with respect to the applied current. 

4.5 Conclusions 
 

This chapter provides an exact analytical solution to the two-layer multi-segment suspended bridge 

structure under steady-state condition. The model is validated by fabricating and characterizing a 

prototype and under ambient conditions. The experimental results agreed well with the analytical 

model. This work would benefit a number of applications that need a microheater for low power 

consumption. In addition, we believe this analytical model will aid many thermal applications and in 

all types of heterogeneous solids. Moreover, this model will be a useful methodology to thermal design 

of Joule-heated micro thermal sensors. Future work will involve the extension of the present model to 

transient heat transfer analysis for the two-layer multi-segment suspended bridge structures. 
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Furthermore, temperature dependent resistivity will be accounted into the model and the non-linear 

behaviour could be studied in the near future. 
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 Highly sensitive 3C-SiC on glass based thermal flow sensor 

realized using MEMS technology 
 

Abstract 

This chapter presents a silicon carbide (SiC) based thermal flow sensor on a transparent and 

electrically insulating glass substrate via anodic bonding process. The chapter elaborates on the 

fabrication steps of the thermal flow sensor. Three resistive heater size configurations of 

dimensions 100 µm × 100 µm, 300 µm × 300 µm and 1000 µm × 1000 µm were fabricated. 

The thermoresistive properties of 3C-SiC on glass were investigated from ambient temperature 

to 443 K. The characterization of the SiC heater and temperature sensors revealed a high 

thermoresistive effect with a temperature coefficient of resistance (TCR) of approximately 

−20,716 ppm/K at ambient temperature (298 K) and −9367 ppm/K at 443 K respectively. The 

performance of the sensors was evaluated based on the sensitivity of the flow sensor. For a 

turbulent flow velocity of 7.4 m/s, the sensitivity of the sensor operating in the constant voltage 

mode is 0.091 s/m with a power consumption of 133.50 mW for the 1000 µm × 1000 µm heater. 

Finally, a study on the flow direction was conducted to confirm the operation of 2-D direction 

independent hot-film flow sensor. Results indicated that the performance of the sensor 

remained the same when the flow direction was perpendicular to SiC heater and sensor 

respectively. However, the best sensitivity was achieved by passing air flow perpendicular to 

the sensing elements. The high TCR of the single crystalline 3C-SiC material, the relatively 

low power consumption on the order of milliwatts and the high sensitivity of our sensor 

demonstrates its potential use for high-temperature flow sensing applications. 
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5.1 Introduction 
 

Microelectromechanical systems (MEMS) based sensors have been rapidly emerging in recent 

years due to the effective utilization of various physical phenomena such as thermoresistive, 

thermoelectric and piezoresistive effects [1,2]. Due to the simplicity and high sensitivity of 

thermoresistive sensors, the thermoresistive effect has been the main transduction mechanism 

for many thermal sensing [3]. Thermoresistive effect refers to the change in electrical resistance 

with temperature variation. Thermoresistive devices for sensing flow [4–8], temperature [9–

11], acceleration [12,13] and inertial [14,15] applications have been reported in the literature. 

Among these physical parameters, flow rate and flow velocity are required in many 

applications such as aerospace [16], chemical process control [17], deep-sea exploration 

[18,19] and automotive systems [16]. These applications in a harsh environment typically 

operate at a temperature between 300 C – 550 C and thus require highly reliable and sensitive 

sensing materials. More importantly, high stability, fast response time, low power consumption 

and cost effectiveness are important for the selection of device material.  

Recently, our research group has reported an extensive review on the thermoresistive effect in 

metals and semiconductors, design considerations and applications to provide an insight for 

industrial designers and researchers around the globe [20]. As a result, the choice of materials 

for developing a thermal flow sensor depends on its sensing performance and the applications. 

A large temperature coefficient of resistance (TCR) is desirable for a highly sensitive thermal 

flow sensor. Among the available sensing materials, nanocomposites and ceramics exhibit huge 

thermoresistive effect, i.e. large TCR of up to 1012 ppm/K were employed as temperature 

sensing elements. As these materials have a high resistivity, they are not suitable for thermal 

flow sensors which primarily operate based on Joule heating. To increase the temperature of 

the heater at low supply voltage or current, a relatively low resistivity (i.e. in the range of 10-1 

-10-6 Ωcm is required. Therefore, in the last two decades, the materials for this purpose have 

been metals (e.g. platinum, nickel) and highly doped semiconductors (Si, Ge). For instance, 

platinum with resistivity from10-4-10-6 Ωcm and highly doped silicon with resistivity                  

10-1-10-2 Ωcm have been utilized in microheater devices. However, these materials possess a 

low thermoresistive sensitivity (i.e lesser than 5000 ppm/K) thereby requiring a novel and 

unprecedented material for a wide range of thermal sensing applications. 

Due to the excellent physical, electrical, mechanical, and chemical properties [21–23] SiC 

based MEMS sensors has attracted great attention for thermal flow sensing applications [24–
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27]. Among over 250 polytypes of SiC, 3C, 4H, and 6C are the most well-known crystals. 

Unlike the 4H and 6C-SiC polytypes, 3C-SiC can be heteroepitaxially grown on Si substrates 

by Liquid Pressure Chemical Vapor Deposition (LPCVD) process. Heteroepitaxy is possible 

because 3C-SiC and Si have similar cubic structures with a lattice mismatch of approximately 

20 %. This growth process overcomes the large lattice mismatch by carbonization, a process 

used to form thin 3C-SiC film directly on Si substrates resulting in SiC/Si heterojunction to 

establish good electrical insulation [28]. As a result, it offers the advantage of batch fabrication 

since high quality and large area Si substrates are readily available at low cost [29,30]. 

Furthermore, 3C-SiC grows at low temperature while hexagonal polytypes (4H and 6C) needs 

high growth temperature due to differences in the energy of formation [31].  

However, the commonly employed SiC on Si system has a few drawbacks. For instance, Si 

becomes conductive over 200 C resulting in current leakage between SiC and Si. In addition, 

the yield strength of Si reduces beyond 450 C. Therefore, the fabrication of devices in these 

layers requires high electrical isolation. Unlike poly-SiC, 3C-SiC cannot be grown directly on 

glass or any other non-conducting sacrificial material, thereby making surface micromachining 

and electrical isolation of single crystalline 3C-SiC structures very difficult. In the last few 

years, a number of efforts have been made to transfer SiC on to an insulating substrate.         

Cioccio et al demonstrated the possibility of using Smart-cut process which combines ion 

implantation with wafer bonding to form SiC on insulator (SiCOI) structures. However, this 

technique suffers from implantation damage and stress issues with large Si wafers [32]. Other 

bonding techniques reported in [33–35] have relied on diffusion bonding to transfer SiC onto 

an insulator substrate. Moreover, the bonding process was complex, as it requires an ultra-

smooth buffer layer such as glass formed by sputtering/oxidation. As a result, we have been 

motivated to find alternate methods for producing SICOI structures. Recently, our research 

group has reported a new platform to create SIC on an electrically insulating and transparent 

substrate using anodic bonding process for bio-sensing applications [36]. As a result, this 

technique has been employed to fabricate the thermal sensor structures for MEMS flow sensing 

applications. 

5.2 Experimental 
 

5.2.1 Fabrication technology 
 

The fabrication of micro flow sensor involves seven processing steps beginning with the 

growth of single crystalline 3C-SiC thin films on Si substrate. Figure 5.1 depicts the process 
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flow of SiC temperature sensors and heaters. SiC films were heteroepitaxially grown on a            

6-inch Si substrate in a hot-wall low-pressure chemical vapour deposition reactor. The Si 

wafers were then subjected to RCA cleaning prior to the growth of SiC to remove the surface 

contaminants. The epitaxy growth process employed silane and propylene as the silicon and 

carbon containing sources at 1000 C [37]. The deposited SiC film was found to be n-type 

doped due to the presence of nitrogen residual gas. The Atomic force microscopy (AFM) data 

revealed the surface roughness of the films to be 7 nm, which is sufficient for the anodic 

bonding technique [36]. 

 

Figure 5.1: Fabrication process flow of SiC temperature sensors and heaters on a glass substrate: (a) Bonding of 

SiC/Si on glass; (b) Si removal to form SiC on glass; (c) Photoresist(PR) coating; (d) PR patterning; (e) Etching 

SiC; (f) Ni deposition; (g) Ni etching; (h) Photographic image of the SiC thermal sensor; (i) Scanning Electron 

Microscope (SEM)image of the SiC/glass thermal sensor and (j) Geometric sketch of the SiC thermal sensor. 

During this process, the SiC/Si bonding to glass (6 inches. 1-mm-thick Borofloat 33 from 

University Wafers, South Boston, United States) was performed in an EVG520IS hot embosser 

at a maximum pressure of 137 kPa and a bias voltage of 1000 V, Figure 5.1(a). The chemical 

bonding between SiC and glass substrate was established by applying cathode electrode to 
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glass wafer and anode electrode to SiC/Si wafer, respectively. As a result, the cathode attracted 

the positive charges in the glass wafer, thereby leaving a depletion layer at the SiC/glass 

interface. Consequently, the negative charges were repelled by the cathode and move towards 

the anode and diffused into SiC to form bonding. Using X-ray Photoelectron Spectroscopy 

(XPS) technique, the fabricated SiC/glass wafer was surface characterized with sharp bonding. 

In addition, Raman spectroscopy showed good crystallinity in the wafer. Finally, a pulling test 

on the bonded device was conducted to determine the adhesion strength. The measured tensile 

strength of 20 M Pa suggested the capability of SiC on Si (SiCOI) platform for high temperature 

electronic and sensing applications. 

Next, the silicon layer was removed by mechanical polishing and subsequent wet etching. 

During the first step, the top Si layer was polished by applying a maximum pressure of 

approximately 170 kPa to the Si/SiC/glass sample. The rotational speed was set at 40 rpm and 

the Si removal rate was measured as 10 µm/min with calcined aluminium oxide powder. 

Furthermore, a mixture of HF, HNO3, and CH3COOH with a ratio of 2:2:3 was employed to 

wet etch the remaining Si to form SiC on glass wafers, Figure 5.1(b). 

The bonding process is followed by coating the photoresist and photolithography,                 

Figure 5.1(c). Then, the SiC layer was patterned using the ICP plasma etching process, which 

employed hydrogen chloride and oxygen as the active gases, Figure 5.1(d). The etching mask 

for SiC was a 1.2 µm thick AZ6612 photoresist with a etch rate of approximately 100 nm/min, 

Figure 5.1(e). Next, nickel electrodes were deposited on the SiC/glass wafer by sputtering, 

Figure 5.1(f). The final step involved in patterning the Ni electrodes by removing the lift-off 

photoresist, Figure 5.1(g). Figure 5.1(h), Figure 5.1(i) and Figure 5.1(j) depict the photographic 

image, SEM image and the geometrical sketch of the fabricated thermal sensor. Three different 

heater sizes were fabricated using the above fabrication process. The width(ws) of SiC 

temperature sensors and the distance between heater and sensors (dhs) is10 µm for all three 

configurations, Figure 5.1(j). The thickness of the heater and the sensors measure 300 nm. Table 

5:1 lists the varying geometrical parameters of the three designs employed for flow 

characterization discussed subsequently. The sensor temperature-resistance dependency study 

was made on the largest heater of 1000 µm × 1000 µm. As the width and length of the SiC 

heating film are equal (1000 µm × 1000 µm), the sheet resistance (Rs=ρ/t) and the resistance 

are equal and calculated to be 258 Ωk/sq. With a 300 nm thick heating film, the electrical 

resistivity is calculated to be 7.74 Ωcm. Flow characterisation measurements were carried out 

on all three designs. 
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Table 5:1 Overview of the fabricated thermal sensors for flow measurement 

 

 

 

 

 

 

 

 

5.2.2 Experimental set-up 
 

Figure 5.2(a) illustrates the experimental setup for investigating the thermoresistive effect. 

Before conducting the actual measurements in the flow channel, the SiC heater and temperature 

sensors were characterized with this setup. The thermal properties of the SiC thin-film resistors 

were studied by placing them on a hot-plate (TD-330 F model, Thermoline Scientific). During 

the heating phase, the temperature was established by the controller of the hot plate. The actual 

temperature was monitored by a thermocouple (resolution of 1 K, accuracy of ± 3%). With an 

equal interval of 15C, the resistance change of upstream and downstream sensors was 

measured using two ohmmeters (QM 1535) and the current flowing through the heater was 

measured using an ammeter for calculating the heating power. 

 Figure 5.2(b) shows the experimental setup to demonstrate the flow sensing capability of our 

device. A Polyvinyl Chloride (PVC) pipe with a length of 15 cm and an inner diameter of 5 cm 

was employed as a flow channel. An air blower (LB0115002, Industrial Equipment, and 

Control) was utilized to generate airflow ranging from 0.2 to 9 m/s at room temperature 23C, 

while a hot wire anemometer (Testo450i wireless smart probe) was used as a reference flow 

sensor. The device was mounted at one end of the pipe and the air blower was positioned at the 

other end. The reference flow sensor was placed near the device and the flow rate was 

monitored by a Bluetooth based smart device. The heater was supplied with a constant voltage. 

The resistance change of the upstream and downstream sensors was measured using two 

Ohmmeters (QM 1535) at various air flow velocities for the three devices with different heater 

sizes (Table 5:1). A number of resistance values were recorded in both the absence and the 

presence of airflow and the mean values were used to plot the relative resistance change of the 

sensor, presented in the next section. 

Configuration number 1 2 3  

Width of the heater(µm) 100 300 1000 

Length of the heater(µm) 100 300 1000 

Length of the temperature sensor(µm) 100 300 1000 

Width of the temperature sensor(µm) 10 10 10 

Distance between the temperature sensor 

and heater(µm) 

10 10 10 
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Figure 5.2: Schematic of the experimental setup: (a) Thermoresistive thin film characterization and (b) Flow 

response characterization. 

5.3 Results and Discussions 
 

5.3.1 Thermoresistive thin film characterization 
 

During the thermal energy excitation, the number of free charge carriers in single-crystalline 

n-type SiC material increases with increasing temperature. Therefore, this leads to a decrease 

in electrical resistivity of the material indicating the negative temperature coefficient of 

resistance (NTC). However, the electron and hole mobility of the material decreases with the 

rise of temperature due to the scattering effect of lattice vibrations [38]. Figure 5.3(a) and Figure 

5.3(b) depict the variation of heater resistance and sensor resistance respectively with 

temperature. We observed that the resistance of heater and sensor significantly decreased by 

approximately 82% and 85% when the temperature increased from room temperature of 23C 

to 170C due to thermoresistive effect. During the cooling phase, the resistance of SiC on glass 

returned to its original value, thereby indicating good reproducibility. The decrease in sensor 

and heater resistance at high temperatures indicate that the ionization of impurities dominates 

[36], leading to a higher carrier concentration. The temperature dependence of electrical 

resistance on n-type 3C-SiC can be characterised by the following expression: 
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Where oT and T denote thermodynamic temperature at the beginning and end of the 

measurement, 
oR and R denotes the resistance at temperature oT  and T respectively.  is thermal 

index which is used to evaluate the sensitivity of thermoresistive effect as an alternative 

parameter to TCR. The relationship between  and TCR (α) is given by 

                                                          2TCR
T

                                                                  (2) 

 

Figure 5.3: Thermoresistive characteristics of 3C-SiC on the glass for design 3: (a) Heater resistance as a function 

of temperature; (b) Sensor resistance as a function of temperature. The inset shows the experimental setup; (c) 

TCR as a function of temperature and (d) Temperature as measured by the sensor as a function the applied heating 

power. The inset shows the values of sensor resistance as a function of the voltage applied to the heater. 

Using Eq. (1), the thermal index   was evaluated to be 1839.7 K which is comparable to the 

values reported in the literature recently [39–41]. The TCR (Figure 5.3(c)) of the transferred 

SiC film was estimated to range from -9367 ppm/K (443 K) to -20,716 ppm/K (298 K) which 
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is comparatively higher than the metals [5,42], highly doped 3C-SiC [43,44], graphite inks 

[45], pencil graphite [46], graphene [47] and carbon-nanotubes (CNT) [48] based materials 

reported in literature. Moreover, it indicates the occurrence of a huge thermoresistive effect 

primarily required for the development of highly sensitive flow sensors. We also conducted an 

experiment to study the relationship between the sensor resistance and heating power that will 

aid in the fluid flow characterization thereafter. We observed that the sensor resistance 

decreases by 42% when the heater is biased from 0 to 130 V as shown in the inset of Figure 

5.3d. The heating power could be estimated as follows: Ph=Vh
2/Rh, where Vh and Rh are the 

voltage applied to the heater and heater resistance respectively. Figure 5.3(d) shows the 

relationship between the heating power and temperature of the sensor interpreted from      

Figure 5.3(b). It is noteworthy that due to reduced heat loss into the glass substrate, only a 

heating power on the order of milliwatt is required, demonstrating the potential use for low-

power thermal sensing applications. 

5.3.2 Flow sensor characterization 
 

The configuration shown in Figure 5.1(h&i) resemble calorimetric flow sensing. However, the 

working principle of our SiC/glass flow sensor is the same as that of the conventional hot-film 

anemometer. That is when a constant voltage is applied to the SiC heater, the temperature of 

the heater increases as a result of Joule heating phenomena [49,50]. As the air flow normal to 

the downstream temperature sensor increases, heat loss due to convection from the heater 

occurs along with the heat conduction to the glass substrate. However, the heat conduction is 

more dominant than the forced air convection, leading to decrease in temperature for both the 

sensing resistors. As the sensors exhibit the negative temperature coefficient of characteristics 

(NTC) shown in Figure 5.3(c), the differential change in resistance follow an increasing trend. 

Figure 5.4(a-c) shows the relative resistance change of the sensors with respect to heating power 

at a constant air flow velocity of 2.92 m/s. As the heating power is geometry dependent, each 

heater requires different heating power to show comparable resistance change during the flow. 

The relative resistance change is calculated as: 

                                                               
flow off- flow on

flow off

R RR
R R

                                                             (3) 

where Rflow off  and Rflow on represent the initial resistance prior to turning the air blower on and 

the resistance of a stable data shown on the Ohmmeter in the presence of the flow. The response 

of upstream (blue) and downstream (red) resistors are quite similar with a smaller increase in 
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resistance change for downstream resistors for all configurations. This is due to the asymmetric 

temperature distribution around the heater. Due to forced convection, the downstream 

temperature is higher than the upstream temperature. For instance, the change in resistance 

accounts for 1.2%, 12%and 50% approximately for the designs 1, 2 and 3, respectively. 

 

Figure 5.4: Performance of different heaters at constant air flow velocity of 2.92m/s when the air flow is 

perpendicular to temperature sensor: (a) 100 µm  100 µm; (b) 300 µm  300 µm; (c) 1000 µm  1000 µm and 

(d) Thermal response time indicating the heating and cooling transition for one cycle to a heating power of 

55.2 mW for 300 µm  300 µm heater. The inset shows the zoomed in response to calculate the thermal time 

constant.  

Figure 5.4(d) shows the thermal response time (TTC), a key feature that presents the capability 

to respond instantaneously to change in external signals such as temperature, flow etc. 

Assuming a first-order model to our SiC thermal sensor, the time response is represented as 

Rs(t)=Ro(1-e-t/τ), where Ro represents the initial sensor resistance and τ represents the thermal 

time constant. Experimentally, it is defined as the time needed for the amplitude of the sensor 

output to reach 63% (1-1/e) of the steady-state signal. The sensor resistance was recorded using 

an ohmmeter over a period of time until it reached the steady-state during the heating and 

cooling phases. From the inset of Figure 5.4(d), the response time was estimated to be 
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approximately 2 s, which is comparable to that of other thermal flow sensors made on a less 

thermally conductive substrate [31]. This response of SiC on glass platform is quite slower than 

the response time of various MEMS thermal sensor platforms reported in the literature [51,52], 

where the response time is within the ms range, corresponding to a bandwidth of the kHz range. 

This is due to the large thermal mass of the glass substrate which supports the SiC heating and 

sensing elements. Scientifically, thermal mass refers to the thermal capacitance or the heating 

capacity. Theoretically, the time constant (τ) is expressed as Rth × Cth, where Rth and Cth are the 

thermal resistance and thermal capacitance of the sensor. Thermal resistance can be calculated 

by
th

LR
A 




where L, A and  are the length, area of cross-section and thermal conductivity 

of the material respectively. Thermal capacitance can be calculated by
thC V C    where

 , V and C
represent the density, volume, and heat capacity of the material. The high thermal 

capacitance of glass (8.37105J/Kg/K) in the above relationship mean slow response time. 

Therefore, a common strategy to achieve fast thermal response time is to scale down the 

thermoresistive elements or it is recommended to isolate the SiC material from the glass 

substrate by etching glass to make cavities prior to bonding of SiC on the glass. 

Besides the thermal response time, thermoresistive sensitivity is another important feature of 

the thermal flow sensor. It is defined as the ratio of relative resistance change to temperature 

variation and can be evaluated by TCR. The temperature detection during the flow could be 

very easy if the TCR is higher for the sensor material and vice-versa. For example, the thermal 

sensors proposed in [53,54] offers low thermoresistive sensitivity and so sensing temperature 

changes is very difficult. As a result, the relative resistance change (ΔR/R) is commonly 

converted into voltage(ΔV) change by a Wheatstone bridge circuit and amplified thereafter to 

observe the flow response. However, the high TCR from Figure 5.3(c) strongly suggests that 

the relative resistance change (%) could be easily observed for our sensor. Accordingly, We 

have measured the change in upstream and downstream sensors resistance directly via 

Ohmmeter and the real-time signal using a 2450 source meter respectively. 

The behaviour of the sensor can be evaluated by first calculating the Reynolds number of our 

set-up as this number indicates the flow regime. The Reynolds number for the pipe can be 

expressed as  

                                                  f
D

DV
Re


                                                                         (4) 
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where D is the hydraulic diameter of the pipe is 0.05m, Vf the air flow velocity (m/s) and  the 

kinematic viscosity of air is 15.1110-6m2/s at 20 °C respectively. Up to a Reynolds number of 

2300, the flow in the pipe is laminar. For ReD>2300 the flow enters a turbulent regime and the 

transitional flow regime occurs between 0.69<Vf<0.79 m/s for 2300<ReD<2600. The high 

Reynolds number indicates that the flow passing the SiC on glass sensor was turbulent with a 

velocity above 0.78 m/s. Characterization of the sensors at very low speeds is challenging 

because the air blower loses linearity at low flow speeds. The minimum detectable flow (MDF) 

velocity using our experimental set-up depends on various factors such as (i) the hydraulic 

diameter of the pipe, (ii) the size of the sensor chip, (iii) the size of the Printed Circuit Board 

(PCB) employed to wire bond the thermal sensor and (iv) the size of the PMMA plate to 

integrate the chip and PCB together. We utilized a 0.05 m diameter pipe to mount the sensor 

chip due to the bigger sizes of PCB and PMMA respectively. The lower bound of the flow 

velocity that can be generated was about 0.2 m/s, below which speed fluctuations were 

observed. On the other hand, the upper limit of the flow velocity that can be readily generated 

was about 9 m/s, above which the temperature of the air becomes hot causing instability. 

 

Figure 5.5: Real-time sensor response for a heating power of 55.2 mW on 300 µm  300 µm heater. 

Figure 5.5 shows the real-time response of the sensor measured for design 2 (300 µm300 µm) 

under a constant heating power of 55.2 mW. It is evident that the relative resistance change 

(∆R/R) was observed to be approximately 14 % during the flow (Vf =2.1 m/s) due to the cooling 

effect. The flow ON time, the time required for the signal from hot to cold transition is 

calculated to be 55 s. The flow OFF time, the time required for the signal from cold to hot 

transition is approximately 3 minutes and this long time strongly demonstrates the influence of 

glass substrate. The sensor resistance increased initially during the cooling phase and returned 

to an initial value during the heating phase indicating very good reversible characteristics for 

all the two cycles.  
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Figure 5.6: Performance of 100 µm  100 µm heater with different supplied heating power when the air flow is 

perpendicular to the temperature sensor: (a) upstream sensor and (b) downstream sensor. Inset of (a) shows the 

air flow direction and inset of (b) shows the zoomed in response under laminar flow regime.  

In Figure 5.6-Figure 5.8, the sensor output characteristics were plotted over the air flow velocity 

in the channel for the three designs shown in Table 5:1. The goodness of fit was obtained by 

polynomial curve fitting of order 2 with a high degree of accuracy. The R-squared value of 
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quadratic fitting in Figure 5.7(a) (heating power=23.64mW) is equal to 0.987 implying the fit 

explains 98.7% of the total variation in the data about the average. On the other hand, increasing 

the number of fitted coefficients in our model increased the R-squared value although the fit 

may not improve in a practical sense. The performance of the thermal sensor could be evaluated 

based on three different factors: (i) the amount of change in sensor resistance (%) due to 

perpendicular air flow (ii) the sensitivity (s/m) and (iii) the total relative standard error (%). 

We observed that higher heating power leads to a larger change in relative resistance and 

therefore higher sensitivity. For the smaller heater (100 µm 100 µm), the downstream sensor 

resistance is changed by 0.76 % (Figure 5.6(a)), while the larger heater (1000 µm 1000 µm) 

contributes to a huge change of 58.36 % (Figure 5.8(a)) over a full range of flow. The 

characteristics of the upstream sensor are similar to the downstream sensor despite a smaller 

resistance change. For instance, the resistance change reduces to 0.53 % for the design 1              

(Figure 5.6(b)) and 53.22 % for the design 3 (Figure 5.8(b)). Figure 5.7(a&b) show the 

downstream and upstream characteristics of design 2 (300 µm  300 µm) for the three heating 

power values. The flow induced downstream and upstream sensors show a resistance change 

of 18.6 % and 15.48 % for the power of 55.2 mW. The inset of Figure 5.6(b)-Figure 5.8(b) 

shows the sensor characteristics in the laminar flow regime. It is noteworthy that the heat losses 

in the laminar flow region are less and it increases as the flow regime shifts to transitional and 

turbulent. 

The sensitivity due to flow is defined as the slope of the output (relative resistance change) 

characteristics and can be represented mathematically as follows: 

                                                      

flow off- flow on

flow off

f f

R R
R

RRS
V V

 
   

    
   
   

 

                                                (5) 

where 
fV represents the flow velocity in m/s. The sensitivity of different configurations shown 

in Table 5:3 was calculated for the turbulent flow regime (Region 3 in Figure 5.6-Figure 5.8) 

and indicates that the downstream sensor is more sensitive than the upstream sensor. For 

instance, the downstream sensor of design 3 (1000µm 1000 µm) (Figure 5.8(a)) has the highest 

sensitivity (0.091 s/m), whereas the sensitivity of design 1 (100 µm 100 µm) contributes to a 

mere 7.3210-4s/m ((Figure 5.6(a)).  Despite the lower sensitivity, the characteristics of the 
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upstream sensor are similar to the downstream sensor. For example, the sensitivity reduces to 

6.4010-4s/m (Figure 5.6(b)) for the design 1 and 0.079 for the design 3 (Figure 5.8(b)).  

 

Figure 5.7: Performance of 300 µm  300 µm heater with different supplied heating power when the air flow is 

perpendicular to the temperature sensor: (a) upstream sensor and (b) downstream sensor. Inset of (a) shows the 

air flow direction and inset of (b) shows the zoomed in response under laminar flow regime. 

Figure 5.7(a&b) show the sensitivity performances of design 2 (300 µm 300 µm) at three 

applied heating power. The flow induced downstream and upstream sensors show a sensitivity 
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of 0.027 s/m and 0.023 s/m for a maximum power of 55.20 mW. The performance of our SiC 

hot-film flow sensor is compared with the other hot-film flow sensors based on the relative 

resistance change (%), TCR and sensitivity (s/m) as shown in Table 5:2. It is to be noted that 

the comparison was drawn only for air flow sensors which measure sensitivity in s/m. Being a 

simple, highly sensitive and low power in consumption, our sensor can be employed in various 

thermal flow sensing applications. 

Table 5:2: Performance comparison of our hot-film air flow sensor with literature 

  

 

 

Heating/ 

sensing material 

Substrate 

material 

TCR at (K-1) Relative 

Resistance change  

(∆R/R) in % 

Sensitivity  References 

Platinum alumina - 22.08 0.029(s/m) [55] 

Polysilicon silicon 1100 ppm at 

100C 

- 5mV(ms-1)-0.5 [56] 

Platinum silicon 2490 ppm at 25C - - [57] 

Carbon 

Nanotube(CNT) 

paper -750 ppm at 25C 0.8 <0.0016(s/m) [58] 

Graphite paper - 2.5 0.0062(s/m) [59] 

Graphite paper -2900 ppm at 25C 3.25 0.0081(s/m) [46] 

3C-SiC glass -20716 ppm at 

25C 

58.36 0.091 This work 
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Figure 5.8: Performance of 1000 µm  1000 µm heater with different supplied heating power when the air flow 

is perpendicular to the temperature sensor: (a) upstream sensor and (b) downstream sensor. Inset of (a) shows the 

air flow direction and inset of (b) shows the air flow direction and inset of (b) shows the zoomed in response under 

laminar flow regime.
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Table 5:3 Performance comparison of three flow sensor designs under investigation 

Heater configuration 100 µm  100 µm 300 µm  300 µm 1000 µm  1000 µm 

Sensing resistor Downstream sensor Downstream sensor Downstream sensor 

Heating power(mW) P=5.22 mW P=7.98 mW P=13.03 mW P=23.64 mW P=33.98 mW P=55.20 mW P=24.96 

mW 

P=75.47 

mW 

P=133.50 

mW 

Relative change in 

sensor resistance (%) 

0.76 1.3 2.22 4.35 7.65 18.6 5.32 26.35 58.36 

Sensitivity (s/m) 47.32 10  32.015 10  33.32 10  36.93 10  0.0116 0.027 37.125 10  0.039 0.091 

Total relative standard 

error (%) 

0.015 0.026 0.030 0.089 0.272 0.457 0.092 0.291 0.528 

Sensing resistor Upstream sensor Upstream sensor Upstream sensor 

Heating power (mW) P=5.22 mW P=7.98 mW P=13.03 mW P=23.64 mW P=33.98 mW P=55.20mW P=24.96

mW 

P=75.47 

mW 

P=133.50 

mW 

Relative change in 

sensor resistance (%) 

0.53 1.01 1.72 3.78 6.8 15.48 3.61 24.7 53.22 

Sensitivity (s/m) 46.40 10  31.36 10  32.65 10  35.29 10  39.98 10  0.023 35.86 10  0.031 0.079 

Total relative standard 

error (%) 

0.013 0.025 0.027 0.059 0.201 0.334 0.090 0.290 0.410 
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Figure 5.9: Performance of 1000 µm  1000 µm heater at different applied heating power when the air flow is 

perpendicular to heater: (a) upstream sensor and (b) downstream sensor. Insets of (a) and (b) show the schematic 

of the flow direction perpendicular to sensor and heater and compare their respective output characteristics. 

Finally, the measurement uncertainty (total relative standard error) was calculated to illustrate 

the errors in the flow measurement. The total relative standard error (TRSE) is expressed as 

the sum of relative standard error in the absence of the flow and the relative standard error in 

the presence of the flow. The error bars illustrated in Figure 5.6 -Figure 5.8 are too small to be 

clearly depicted. Table 5:3 summarizes the aforementioned parameters discussed in this 
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section. We observed that the error percentage tends to increase with the applied heating power 

and the geometry of the heater respectively. 

Another interesting experiment was conducted to study the influence of flow direction in a 

thermal sensor. Figure 5.9(a&b) shows that the sensor response is less affected by the flow 

orientation, either perpendicular flow towards the heater or the temperature sensor. That is, the 

characteristics and the performance of the downstream sensor is better than the upstream sensor 

as discussed above. However, the flow sensitivity of the sensor is slightly reduced if the flow 

is perpendicular to the heater. The inset in Figure 5.9(a) illustrates that air flow normal to the 

downstream sensor is more sensitive (0.091 s/m) than airflow normal to the heater(0.083 s/m) 

in the turbulent regime.  In a similar way, inset of Figure 5.9(b) illustrates that air flow normal 

to the upstream sensor is more sensitive (0.079 s/m) than airflow normal to the heater (0.072 

s/m) for a heating power of 133.5 mW (blue legend). These results indicate that our flow sensor 

performs as a hot-film thermal sensor and is relatively independent to flow orientation. 

5.4 Conclusions  
 

We developed a simple and highly sensitive thermal flow sensor for air with 3C-SiC on the 

glass as heating and sensing elements. This SiC layer was transferred to the glass substrate by 

anodic bonding. The temperature coefficient of resistance (TCR) test showed that n-type SiC 

exhibits a negative TCR of approximately -20,716 ppm/K. The results presented herein, 

demonstrate that the sensor responds well to airflow over a full range of 0.2 to 9 m/s, and 

requires only several milliwatts to operate. The sensor combines the advantages of small size, 

low power consumption, high sensitivity and wide dynamic range of flow up to an operating 

temperature of 170 C. Therefore, we believe that SiC on glass system could potentially meet 

the demands for low-power and highly sensitive thermal sensors. Future work will involve the 

fabrication and characterization of suspended SiC thermal structures from the glass substrate 

which will improve the response time of our flow sensors. Efforts will also be made to develop 

flow sensors capable of performing in high-temperature environments of around and above 

500C. 
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 A hot-film flow sensor for elevated temperatures 
 

Abstract 

We report for a novel packaging and experimental technique to characterize thermal flow 

sensors at high temperatures. To start with, the paper briefly presents the fabrication of 3C-SiC 

(silicon carbide) on a glass substrate via anodic bonding, followed by the study of 

thermoresistive and Joule heating effects in the 3C-SiC nano-thin film heater. A high thermal 

coefficient of resistance (TCR) of approximately -20,720 ppm/K at ambient temperature and -

9,287 ppm/K at 200°C suggest the potential use of silicon carbide for thermal sensing 

applications in harsh environments. During the Joule heating test, a high-temperature epoxy 

and a brass metal sheet were utilized to establish the electric conduction between the metal 

electrodes and the SiC heater inside a temperature oven. In addition, the metal wires from the 

sensor to external circuitry were protected by a fiberglass insulating sheath to avoid short-

circuit. The Joule heating test ensured the mechanical and Ohmic contact stabilities at elevated 

temperatures. Using a hot-wire anemometer as a reference flow sensor, calibration test was 

performed at 25°C, 35°C and 45°C in the oven. Finally, the SiC hot-film sensor was 

characterized for a range of low airflow velocity, indicating a sensitivity of 5 mm-1s. The air 

flow was established by driving a metal propeller connected to a DC motor and controlled by 

a microcontroller. The materials, metallization and interconnects used in our flow sensor were 

robust and survived temperatures of around 200°C. 
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6.1 Introduction 
 

Sensors for harsh environment include but are not limited to the detection of pressure[1,2], 

strain[3–5], temperature[6], flow[7,8], acceleration[9,10] and others[11,12]. An environment 

is considered as harsh with high temperature (>>400K), cryogenic temperature (<273K), high 

pressure (>>0.1MPa) or vacuum, chemically reacting and oxidising fluids, electromagnetic and 

nuclear radiation[13]. These conditions demand robust and stable materials for various sensing 

applications. For instance, aluminium nitride, lithium niobate, lead zirconate titanate were 

commonly utilized for piezoelectric and ultrasonic sensing applications[14–16]. On the other 

hand, platinum[17], diamond[18] Low-temperature co-fired ceramics (LTCC)[19], stainless 

steel[20], yttria-zirconia[21] and silicon compatible materials[22,23] were a few used for 

temperature and flow sensing applications. The application fields with these environments 

include aerospace[24], automotive[25], industrial process control[26] and sea exploration[27]. 

For instance, measuring flow velocity and flow rate in harsh environments is critically 

important in the automotive industry because of the presence of high temperature, corrosives, 

and particulates. For instance, accurate air flow control in the fuel injection system can provide 

a better performance of an internal combustion engine, increases fuel efficiency, and 

reasonably reduces emissions[28]. Therefore, precise and continuous monitoring of fluid flow 

is important, and thus requires highly stable solid-state sensors and electronics. 

The commonly employed instruments for flow measurement in the harsh environment include 

ultrasonic flow meter[29], vane wheel flow meter[30] and vortex flow meter[31]. These flow 

meters suffer from large size, high power consumption, low response time and high cost. To 

resolve these limitations, microelectromechanical systems (MEMS) based flow sensors such 

as thin film mass air flow (MAF) sensor[32] and micro-bridge flow sensor[33] have been 

utilized for various applications. Moreover, advances in MEMS technology led to the 

development of high performance and sensitive micromachined flow sensors over the past few 

years. In general, MEMS flow sensors can be categorized into two groups: thermal and non-

thermal flow sensors. Due to the robust stationary parts and electronic simplicity, thermal flow 

sensors are more often employed for flow sensing than their counterparts. 

Thermal flow sensors operate based on Joule heating and are classified into three 

configurations on the basis of their operation concepts: Hot-wire/hot film, calorimetric and 

time of flight[34]. Hot-wire/hot film thermal flow sensors sense the cooling effect of fluid flow 

via convective heat transfer from an electrically heated sensing element[35,36]. Calorimetric 

thermal flow sensors measure the asymmetry of the thermal profile around the heating element 
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and consist of upstream and downstream temperature sensors[37]. Time of flight sensors 

measure the elapsed time between the injection of heat pulse from a heater to the detection of 

the pulse by temperature sensor[38,39]. 

According to the physical transduction mechanism, thermal flow sensors are categorized as 

thermoresistive, thermoelectric and thermoelectronic flow sensors[40]. Thermoresistive 

sensors employ resistive elements such as thermistors, resistance temperature detectors (RTD) 

for temperature sensing. Thermoelectric sensors are based on the conversion of temperature 

difference into a voltage by a thermocouple. In the case of thermoelectronic sensors, diodes, 

bipolar junction transistors (BJT) and field effect transistors (FET) are commonly utilized for 

temperature sensing[41]. In recent years, numerous works on thermoresistive hot-wire[42–44], 

hot-film[45–47] and calorimetric air flow sensors[17,48,49] have been reported in the 

literature. Nevertheless, design and characterization of thermoresistive air flow sensors for 

high-temperature applications (higher than 150°C) have been rarely reported.    

The most important consideration for the development of a thermal flow sensor is the material 

choice. The heating/sensing materials can be made of metals and semiconductors. The metals 

can be deposited as a thin film on a chip to make the heating element and the commonly 

employed metals include nichrome[50], platinum[51] and tungsten[52]. Although these 

materials are mechanically strong and possess linear thermoresistive response, the thermal 

sensitivity as quantified by the temperature coefficient of resistance (TCR) is very low in the 

order of few thousand ppm/K[53]. 

On the other hand, micromachining techniques have enabled the production of silicon[54], 

germanium[55,56], polysilicon[57], graphite[58] and carbon nanotubes (CNT)[59] based 

thermal sensors for flow measurement. These semiconductors exhibit a wide range of TCR 

values from positive to high negative and can also be tuned using different doping levels or 

changing growth parameters[60,61]. However, the thermoresistive properties of silicon, 

germanium, and polysilicon impose limitations on the use for high operating temperatures and 

harsh media. Other materials such as graphite and CNT exhibit non-linearity, hysteresis and 

posses large resistivity; hence they are not suitable for thermal flow sensor applications which 

involve heating elements. In addition, the current difficulties in releasing these materials 

challenge us to use in Joule-heating based thermal sensors. To overcome these drawbacks, an 

alternative material which offers high thermoresistive sensitivity, compatible with MEMS 

fabrication techniques and also able to work under harsh environments needs to be identified. 



129 
 

Silicon carbide (SiC), an alternative semiconductor material has gained a reputation for its 

promising application in harsh environments owing to the wide bandgap, mechanical stability, 

high melting point etc. Among the various polymorphic structures of SiC, 3C, 4H and 6H 

crystals are the most predominant ones identified to date[62]. Compared to 4H and 6H-SiC, 

3C-SiC can be epitaxially grown on a readily available silicon substrate at a low cost. 

Moreover, the lower growth temperature of 3C-SiC makes it favorable to many MEMS 

applications than 4H and 6H polytypes. Due to the recent developments on processing 

techniques and controlled material properties, a number of  3C-SiC MEMS sensors were 

widely reported in the literature[63–65]. For instance, we reported for the detailed fabrication 

and testing of a thermal air flow sensor based on SiC technology. Moreover, a detailed 

investigation of the thermoresistive properties of 3C-SiC led to the flow measurements. The 

relationship between the geometry of the SiC heater and the sensor performance was also 

studied along with the effect of flow direction. The main impact of this work was the 

development of a highly sensitive flow sensor at ambient temperatures[66]. This motivated us 

to develop SiC flow sensors suitable for operation at elevated temperatures. 

As a result, we propose a novel packaging technique to suitably characterize the flow sensor at 

temperatures up to 200°C. As this work focusses on the hot-film flow sensor, the temperature 

sensors fabricated on the glass substrate had never been used for measurements. Various 

challenging aspects in this work have been addressed in the context of harsh environments: 

material choice, metallization interconnects, Ohmic contact stability, measurement set-up, and 

flow calibration. 

6.2 Device Fabrication 
 

Figure 6.1 illustrates the fabrication process of the 3C-SiC thermal flow sensor. The 3C-SiC 

wafer was provided by the Queensland Microtechnology Facility (QMF) at Griffith University, 

Australia. Initially, single crystalline cubic silicon carbide films were epitaxially grown on 6-

inch silicon (111) substrate. The growth process was performed with low-pressure chemical 

vapour deposition (LPCVD), where silane and propylene were employed as silicon and carbon 

containing sources. The growth process was followed by plasma enhanced anodic bonding, 

where the SiC/Si was bonded to a glass wafer (Boroflat 33, University Wafers, South Boston, 

United States) at a maximum pressure of 137kPa and a bias voltage of 1,000 V, Figure 6.1(a). 
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Figure 6.1: Fabrication of SiC temperature sensors and heaters on a glass substrate: (a) Bonding of SiC/Si on 

glass; (b) Removal of Si to form SiC on glass; (c) SiC thermal flow sensor after photoresist (PR) coating, 

patterning;  etching and nickel deposition and (d) Scanning Electron Microscope (SEM) image of the fabricated  

thermal flow sensor (false color). 

The anodic bonding process was followed by mechanical polishing and wet etching processes 

using a mixture of HF, HNO3, and CH3COOH with a ratio of 2:2:3 to form SiC on a glass 

substrate, Figure 6.1(b). Subsequent processes of photoresist (PR) coating, photolithography, 

 

Figure 6.2: The measurement setup for elevated temperature condition: (a) Preparation of high-temperature 

interconnects; (b) Joule heating set-up at elevated temperatures; (c) DC motor control set-up for flow measurement 

and (d) Flow calibration set-up incorporating copper flow channel. 
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and patterning of SiC layers were performed prior to nickel (Ni) deposition. Finally, the Ni 

electrodes were patterned using standard photolithography and wet-etching processes, Figure 

6.1(c). Figure 6.1(d) depicts the SEM image of the fabricated SiC sensor on the glass substrate 

(false-colored image). The SiC heater measures 1000 µm1000 µm300 nm, and the sheet 

resistance (Rs=ρ/t) and the electrical resistivity was determined as 258 kΩ/sq. and 7.74 Ωcm, 

respectively. The detailed fabrication process has been reported recently and can be found 

elsewhere [66]. 

6.3 Measurement Setup  
 

Figure 6.2 shows the prepared device and various components employed for the 

characterization setup of the flow sensor. Initially, the thermal sensor was affixed to a glass 

slide using a high-temperature epoxy that could withstand temperatures up to 260°C. Then, 

brass sheets were suitably cut and attached to the glass substrate using the epoxy for wire 

bonding as shown in Figure 6.2(a).  

Figure 6.2(b) depicts the Joule heating measurement and data logging setup. The sensor was 

fixed on a metal slab and placed inside a dehydrating temperature oven (TD 500-F) for 

characterization. The interconnects from the sensor to the external measurement circuit were 

established by using metallic crocodile connectors enclosed by a fibre glass insulating sheath. 

Through an electrical inlet, a K-type thermocouple wire was fixed near the sensor chip to 

monitor the actual temperature. Finally, the real-time data was logged with the help of a 

computer. 

A 9V DC motor coupled to a 38-cm long shaft was utilized to drive a copper propeller for 

generating air flow. The motor speed was controlled by an Arduino Uno microcontroller board. 

Figure 6.2(c) shows the motor set-up, where the shaft runs into the electrical inlet of the 

temperature oven. Enough clearance was obtained between the shaft and the electrical inlet to 

avoid friction.  

The flow channel was level adjusted to a position in front of the propeller and a hot wire 

anemometer (Testo450i wireless smart probe) was used as a reference flow sensor.               

Figure 6.2(d) shows the measurement setup with flow sensing capability at elevated 

temperatures. A copper pipe with a length of 1 m and an inner diameter of 5 cm was employed 

as a flow channel. The long pipe was precisely cut and welded to two suitable 90-degree elbow 

radius pipes to obtain a U-shaped design. Two mechanical clamps and a slab were utilized to 

support the flow channel. In addition, a fiberglass insulating sheath and a metal wire were 
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employed to establish the interconnects with the instruments outside of the oven. On the other 

end of the channel, a slit was created to insert the sensor chip and epoxy was used for strong 

attachment.  

Once the initial set-up was made, the reference flow sensor was placed near the device and the 

flow velocity was monitored by a Bluetooth based controller. The oven was turned on for flow 

calibration at temperatures of 25°C, 35°C and 45°C respectively. The actual temperature and 

warm-up time were monitored by a K-type thermocouple and a stop clock, respectively. Using 

the microcontroller Arduino Uno, a series of air flow velocities were set at the above three 

temperatures. A repeatability test was carried out to ensure the accuracy of the calibration. 

Moreover, the calibration at these temperatures indicated good repeatability of air flow velocity 

and was used subsequently for flow characterization. 

6.4 Results and Discussions 
 

6.4.1 Thermoresistive effect  
 

In a single crystalline n-type 3C-SiC heating film, the number of free charge carriers increases 

with increasing temperature due to thermal energy excitation. On the other hand, the mobility 

of SiC film decreases with increasing temperature due to the scattering effect of lattice 

vibrations [67]. This leads to a decrease in electrical resistance and the resistivity of the film. 

Figure 6.3(a) depicts the variation of heater resistance with temperature and the inset illustrates 

the measurement set-up for investigating the thermoresistive effect. Before conducting the 

electrical and flow measurements, the SiC heater was characterized by this setup. The nano-

thin film was placed on a probe station and positioned precisely with a thin needle for recording 

electrical resistance during the heating phase. With an equal interval of 20°C, the resistance of 

heater was measured using an ohmmeter (QM 1535). 

Figure 6.3(a) indicates that the relative change in resistance from the ambient temperature to 

200°C is about 80%. During the cooling phase, the resistance of the heater returned to its 

original value, thereby demonstrating good reversible characteristics with no hysteresis effect. 

The thermal coefficient of resistance (TCR) of the 3C-SiC film was calculated to range from -

9286 ppm/K (473K) to -20,730 ppm/K (298K), which is reasonably higher than the TCR of 

materials previously reported in the literature[68–70]. This high TCR showed in Figure 6.3(b) 

demonstrates the prospective of SiC film for developing sensitive thermal flow sensors. The 

detailed charge transport and activation energy mechanisms of 3C-SiC thin films have been 

reported in[71]. 
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Figure 6.3: Characterization of SiC heater at elevated temperatures: (a) Thermoresistive characteristics. The inset 

shows the measurement set-up and (b) Temperature Coefficient of Resistance (TCR) characteristics. 

6.4.2 Ohmic contact and metallization stability test 
 

Electrical measurements were performed under elevated temperature conditions. The I-V 

characteristics of the SiC heater at various operating temperatures are presented in                

Figure 6.4(a). As applied voltage increases, the heater current also increases linearly at low 

supply voltages to approximately 15-20V and then follows the non-linear characteristics. The 

linear characteristics of the SiC indicate that the electrical resistance follows Ohm's law R=V/I.  

It is also important to note that the resistance is low at higher temperatures during Joule heating. 

For instance, the red curve (100°C) shows highly resistive characteristics at approximately 20V 

and the green curve (200°C) is less resistive at the same supply voltage. When the ambient 

temperature increases, the ionization effect raises the carrier concentration as well as the 

electrical conductance. 

This test suggests a low resistance and stable Ohmic contact between the metal electrodes and 

the SiC heater at all three different temperatures, respectively. Using a digital multimeter 

(DMM 34450A), the real-time heater current recorded for five different steps of the supply 

voltage at 200°C is shown in Figure 6.4(b). In addition, the electrical characteristic of the SiC 

on glass platform was found to be reversible for 4 cycles during simultaneous heating and 

cooling (not shown here). The repeatability of our measurement indicates the strong 

metallization and interconnects from the heater to the external circuitry. Moreover, an Ohmic 
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contact of low resistivity with long-term stability in harsh environments indicates the potential 

of SiC MEMS technology for various practical applications. 

 

Figure 6.4: Electrical characteristics of SiC heater at elevated temperatures: (a) The I-V curve at three different 

temperatures and (b) Real-time response at five different voltage steps. 

6.4.3 Joule heating effect  
 

We also conducted the Joule heating experiment to study the relationship between the heater 

resistance and applied bias that will aid in the fluid flow characterization subsequently. Joule 

heat in the heater film generated by DC power is dissipated in three ways: conduction, 

convection, and radiation [72]. The radiation heat transfer could be ignored as the maximum 

operating temperature is 200°C. The main energy loss due to conduction occurs from SiC 

heating film to Ni electrodes and from the film to the glass substrate. However, the heat loss 

due to conduction is small because of the low thermal conductivity of the glass substrate.   

Under non-flow conditions, the non-linear characteristics (Rh-Vh characteristic) from            

Figure 6.5(a-c) reflect the change of heater temperature and heater resistance with the supplied 

bias at different oven temperatures. The relative change in heater resistance can be calculated 

as                                                                                         

                                             heating on- heating off

heating off

R RR
R R


h

h

                                                          (1) 
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where Rheating on and Rheating off represent the initial resistance prior to supplying the bias and the 

resistance of stable data shown on the ohmmeter after providing the bias, respectively. A simple 

series electrical circuit was designed to measure the voltage drop across the external resistor, 

Rext and thereby Rh was calculated (Inset of Figure 6.5(a)). Using equation (1), the relative 

resistance change accounts for 4.88%, 2.72% and 1.75% for ambient temperatures of 100°C, 

150°C and 200°C, respectively, Figure 6.5(d). The heating power could be estimated as follows: 

Ph=Vh
2/Rh, where Vh and Rh are the voltage applied to the heater and heater resistance 

respectively. It is notable that due to reduced heat loss into the glass substrate, only a magnitude 

of milliwatt heating power is needed to observe a significant change in heater resistance. The 

low power operation of our SiC heating film strongly reveals the potential for sensitive thermal 

flow sensors working at elevated temperatures. 

 

Figure 6.5: Characterization of SiC hot film sensor at elevated temperatures using Joule heating effect: (a) 

To=100°C. The inset shows an external electrical circuit to measure the voltage drop across the external resistor, 

Rext ; (b) To=150°C; (c) To=200°C and (d) Normalized heater resistance versus heating voltage. 

6.4.4 High-temperature flow testing 
 

The fabricated thermal flow sensor in Figure 6.1(d) represents the calorimetric configuration 

comprising of a central heater and upstream and downstream temperature sensors. However, 

we utilized only the heating element for high-temperature flow testing. The inset in               

Figure 6.6(a) shows the working principle of the hot film flow sensor inside an oven. As such, 

when a large bias is applied to the heater, a temperature rise occurs around the SiC film due to 

the Ohmic loss and reaches a steady state when the heat loss is equal to the supplied power[73]. 
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At the steady state, the following equation describes the relationship between the heating power 

and the convective heat loss under the constant voltage mode (Vh=constant): 

                                         
2V

hA(T T )
R

 h
f

h

                                                                     (2) 

where Rh, A, and T are the heater resistance, surface area of the film and heater temperature, 

respectively; Tf is the temperature of the fluid (air) and h is the convective heat transfer 

coefficient. The steady-state output of a hot-film should follow King’s law, which states that 

                                                 h a bVn
f                                                                            (3) 

where a, b and n are constants and Vf is the air velocity. The temperature and resistance of the 

heating film exposed to the air flow could be measured easily if the TCR is higher for the 

material and vice-versa [74]. For instance, the thermal sensors proposed in [75,76] provides 

low thermoresistive sensitivity and so sensing temperature changes is challenging. 

Consequently, the resistance change (∆Rh/Rh) is generally converted into voltage (∆Vh) change 

by a Wheatstone bridge circuit and amplified later to observe the sensor response. Nevertheless, 

the high TCR of our SiC heating film shown in Figure 6.3(b) and Figure 6.6(b) strongly suggests 

that the resistance change (%) could be easily observed during flow measurement. 

Accordingly, we have measured the heater resistance directly via ohmmeter and the 

characteristics are shown in Figure 6.6(c-e).  

When an airflow passes around the film, the power loss increases, and the temperature of the 

heater film decreases. This leads to the increase in electrical resistance of the film, owing to 

the negative temperature coefficient of resistance (NTC) behaviour. Figure 6.6(c-e) shows the 

resistance change of the heater with respect to the supplied voltage at three different ambient 

temperatures. It is noteworthy that the sensitivity due to air flow is higher at 100°C and 

decreases with the rise of temperature. This is due to the reason that the steep temperature 

sensitivity curve of 3C-SiC becomes flat at higher temperatures as observed in Figure 6.6(b). 

In other words, the absolute thermal coefficient of resistance decreases with increasing 

temperature. As a result, the Rh-Vf characteristics is observed to be non-linear at 100°C and 

becomes linear with increasing temperature. We have also observed that the amount of change 

in resistance increases with the rise of supply voltage for the flow range. For instance, the 

resistance increases by 42% percentage from 20V to 30V heating, as observed in Figure 6.6(c). 

The data shown in Figure 6.6(c-e) were fitted by a quadratic polynomial. The R-squared value 
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of quadratic fitting in Figure 6.6(a) (heating voltage=20V) is equal to 0.98 implying the fit 

explains 98% of the total variation in the data about the average. 

 

Figure 6.6: Flow sensor characterization: (a) Operating principle; (b) Resistance-Temperature dependency; (c) 

To=100°C; (d) To=150°C; (e) To=200°C. 

Figure 6.7(a-c) shows the variation of relative resistance change versus flow velocity for three 

different ambient temperatures. The slope of the relative change in resistance and flow velocity 

can be quantified by a parameter called flow sensitivity. It can be represented mathematically 

as follows:       
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flow on- flow off

flow off

R RR
R R
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h

h

f f

                                                              (4) 

where Vf represents the flow velocity in m/s. Using equation (4), the sensitivity due to flow 

was calculated to be 5 mm-1s  at 100°C and reduces to 1.28 mm-1s at 200°C for a constant flow 

velocity of 1.29 m/s, Figure 6.7(c). Also, the sensitivity increases with the supply voltage at all 

ambient temperatures, Figure 6.7(b). For instance, the sensitivity for Vh=27.5V was estimated 

to be 3.87 mm-1s, whereas it increases to 5 mm-1s for Vh=30V as in Figure 6.7(a). 

 

Figure 6.7: Normalized flow response data for three different supply voltages: (a) To=100°C; (b) To=150°C and 

(c) To=200°C. 

We also observed that a higher flow velocity led to an increasing heater resistance due to 

cooling through forced convection. Figure 6.8(a-c) illustrates the effect of air flow velocity due 

to Joule heating at three elevated temperatures. The heating voltages were different for the 

operating temperature. For instance, we limited the Vh to 30V, 20V, and 12.5V at 100°C, 

150°C, and 200°C as a significant change in resistance was observed as shown in                  
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Figure 6.5(a-c) and also for the safe operation of the device. It is evident that a resistance shift 

was observed from Figure 6.8(a-c) compared to Figure 6.5(a-c) due to the cooling effect. As the 

heating voltage is dependent on the airflow velocity, conduction heat loss will be dominant if 

the heating voltage is higher than the cooling rate. On the other hand, higher convective cooling 

can be obtained with the rise of flow velocities. 

 

Figure 6.8: Effect of air flow velocity on the sensor output: (a) To=100°C; (b) To=150°C; (c) To=200°C. 

The regime of flow can be quantified by an important parameter called the Reynolds number. 

For flow in a pipe, the Reynolds number can be expressed as 

                                                     
DV

Re


 f
D                                                                          (5) 

where D is the hydraulic diameter of the pipe is 0.05 m, Vf is the air flow velocity (m/s) and υ 

is the kinematic viscosity of air is 15.1110-6 m2/s, respectively. Laminar flow in a pipe occurs 

up to a Reynolds number of 2,100 and transitional flow occurs between 2100< ReD <4000. For 
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ReD >4000, turbulent flow occurs. According to equation (5), the threshold velocity where the 

laminar flow regime ends is 0.64 m/s and transitional flow prevail between 0.64< Vf <1.23. 

The ReD is estimated to range approximately from 330 to 4268 for the flow range 0.1 to 

1.29 m/s.  

The maximum detectable airflow velocity in a high-temperature measurement set-up could be 

very challenging. Our experimental set-up depends on various constraints: (i) the outer 

diameter of the propeller and the number of blades, (ii) the hydraulic diameter of the copper 

pipe, (iii) operating voltage of the dc motor employed, (iv) the size of the temperature oven 

and (v) the size of the sensor chip. Due to the aforementioned factors, the maximum air flow 

velocity generated by our set-up was 1.29 m/s. 

Using the raw data presented in Figure 6.8, the normalized change in heater resistance was 

plotted for a constant air velocity in Figure 6.9. We observed that the heating voltage must be 

high for lower temperatures to compensate for the convective heat loss through the air flow. 

For instance, we applied a maximum of 12.5V at 100°C and 30V at 200°C to compensate for 

the heat loss for a constant flow velocity of 0.41m/s. Consequently, the normalized heater 

output was found to be maximum at 100°C and minimum at 200°C respectively. 

 

Figure 6.9: Effect of operating temperature on the heater output for a constant air flow velocity. 

6.5 Conclusions and future outlook 
 

We briefly reviewed the current state of art sensing materials and thermoresistive air flow 

sensing techniques for harsh environments and proposed a novel method to characterize 

thermal sensors both in the presence and absence of airflow at temperatures of around 200°C. 

The SiC sensor fabricated using MEMS anodic bonding technique was packaged properly to 

withstand the high-temperature operation. Challenges encountered in the mechanical, electrical 

and control parts of the measurement system were addressed accordingly. The results presented 

herein, demonstrate that the sensor responds well to airflow up to 1.5 m/s approximately, and 



141 
 

requires only several milliwatts to operate. The sensor combines the advantages of small size, 

low power consumption, high thermal sensitivity coupled with high-temperature stability. 

However, the sensitivity of the flow sensor could be improved further with a calorimetric 

operation, which is highly sensitive to low flow velocities. Future works will also involve the 

design of released structures, which will increase the sensor response time, an important 

characteristic of a thermal flow sensor. 
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 A highly sensitive SiC calorimetric thermal flow sensor for harsh 

environments 
 

Abstract 

Due to their great potential for miniaturisation, thermal flow sensors have been a serious 

competitor of conventional flow meters for measuring velocity and direction of fluid flow. 

Calorimetric thermal flow sensors have been increasingly employed to detect very low 

velocities due to its unique operation concept with multiple thermal sensors. This chapter 

presents the design and numerical modelling of a thermal flow sensor constructed for 3C-SiC 

heating and sensing elements integrated on a glass substrate. The thermal and fluid-flow 

behaviour of the sensor were investigated for different operation conditions. This chapter also 

investigates the relationship between the sensitivity of the sensor in the low (0-0.1m/s), medium 

(0.1-1m/s) and high (1-8m/s) flow regimes and the geometrical parameters. The current status 

of the work and future plans are finally discussed. 
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7.1 Introduction 
 

The detection and measurement of air-flow velocity and direction is an important task in 

applications such as meteorology and weather forecast [1], agriculture [2,3] and autonomous 

navigation [4]. This operation can be achieved by a sensor, which is compact and consumes a 

minimum amount of power. Conventionally, a mechanical anemometer is utilised to measure 

the speed and direction owing to its simplicity and cost-effectiveness. However, the mechanical 

parts wear after a long operation and result in poor performance with decreasing sensitivity and 

thereby causes a problem to the overall system [5]. The advancements in 

Microelectromechanical (MEMS) systems led to the wide utilisation of miniaturised thermal 

flow sensors that could outperform mechanical anemometers for measurement tasks that 

require a high spatial resolution or sensitive detection of low-velocity air flow. In addition, 

thermal flow sensors are beneficial to applications required high spatial resolution, where local 

flow velocities are of special interest, as device dimensions can be reduced [6].  

Based on their operating principle and configuration, thermal flow sensors are classified into 

three types: (a) hot-wire/hot-film; (b) calorimetric and (c) time of flight [7]. Hot-wire/hot-film 

sensors directly utilise the temperature change or heat loss of a miniaturised heat source 

exposed to the flow. These sensors lack the ability to measure the flow direction as convective 

cooling depends only on the velocity magnitude [8]. In contrast, calorimetric sensors employ a 

heater and pairs of temperature sensors to measure the asymmetry of temperature distribution 

around the heater. Due to the presence of the two temperature sensors on both sides of the 

heater, the flow direction can be detected. Besides, the most desirable feature of calorimetric 

sensors is the ability to offer high sensitivity toward small flow velocities [9]. Time of flight 

flow sensors sense the elapsed time between the injected heat pulse from an upstream heater to 

the received pulse from a downstream temperature sensor. According to the transduction 

mechanism, thermal flow sensors operate based on three types of temperature sensing: (a) 

thermoresistive, (b) thermoelectric and (c) thermoelectronic. A detailed review of thermal flow 

sensors, operating principle, and the transduction mechanisms could be found elsewhere 

[10,11].  

The key transduction mechanism for many temperature sensing applications is the 

thermoresistive effect, because of the simplicity and high sensitivity of thermoresistive 

sensors[12]. In the last two decades, several research groups have developed and reported 

calorimetric air flow sensors utilizing this transduction effect. For instance, the works reported 

in [13–17] were primarily intended for operation under moderate environments. On the other 
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hand, there is a growing demand for the devices to operate under harsh environmental 

conditions such as high temperature, high pressure, nuclear radiation, and chemically 

aggressive media. For example, the reaction chamber of combustion engines is an environment 

with high temperature, pressure-filled with explosive and toxic gases[18].  

The current lack of works on developing highly sensitive calorimetric air flow sensors under 

harsh conditions could be attributed to three reasons: (i) thermoresistive sensitivity (ii) the 

sensing platform and (iii) survival of the sensing and heating materials. Metals such as nickel 

[19], platinum [20] and titanium [21] have been widely employed as heating/sensing materials. 

Even though these materials exhibit linear thermoresistive characteristics, the TCR is relatively 

low, on the magnitude offer thousand ppm/K [22]. On the other hand, semiconductor materials 

such as germanium [23] and polysilicon [9] have been deposited as thin-film on a chip and 

served as heating/sensing elements. These materials possess a wide range of temperature 

coefficient of resistance (TCR) from positive to negative values and can be tuned using 

different concentrations of doping. However, their thermoresistive properties hinder the use at 

elevated temperatures and aggressive media [24]. Furthermore, these materials lack the ability 

to operate at elevated temperatures for a longer period. 

Over the last two decades, silicon carbide (SiC), a semiconductor material known for its large 

bandgap and superior physical properties has gained a reputation for the possible use in harsh 

environments. For instance, researchers around the globe developed SiC-based temperature 

[25], pressure [26],  strain [27] and acceleration [28] sensors etc. Among the 3C, 4H and 6H 

polytypes of SiC, 3C-SiC can be heteroepitaxially grown on the silicon substrate on a larger 

area, lower cost and at a lower growth temperature. However, this sensing platform suffers a 

high vertical current leakage at temperatures of around 150°C and needed an alternative 

technology [29,30]. Therefore, in our previous work, we transferred the SiC films on to a glass 

substrate and reported a hot-film flow sensor at moderate and elevated temperature 

conditions[12,31]. However, the response of the sensor under temperature change was slow 

due to the large thermal mass of the glass substrate. 

The research of this chapter is motivated by the need to isolate the SiC heaters and sensors 

from the glass substrate by etching it to form cavities prior to SiC/glass bonding. As a result, 

we achieve a fast-thermal response time, which is an important characteristic of the thermal 

sensor. To our best knowledge, a highly sensitive calorimetric air flow sensor for operation at 

elevated temperatures has never been reported yet. In this chapter, we performed a systematic 
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finite element analysis (FEA) simulation to understand the influence of different geometrical 

parameters on the temperature and flow characteristics. Next, parametric optimisation was 

carried out to get an insight into the distance between heating and temperature sensing pairs as 

this strongly influences the sensitivity. Works are underway in the final stage of sample 

fabrication, and thereafter experiments will be suitably designed to validate the numerical 

models. 

7.2 Sensor operating principle and the design 
 

The presented flow sensor is based on a three-element calorimetric measurement principle. The 

heat is transferred from a heated solid element to the fluid by forced convection, causing the 

temperature of two sensing elements located on both sides of the heater to change,                   

Figure 7.1(a). The distance between the upstream sensor and the heater is defined as h-usd , and 

the distance between the downstream sensor and the heater is defined as h-dsd . The temperature 

of the symmetrical upstream and downstream sensors with reference to the heater would be the 

same if there is no fluid flow. However, under the presence of incoming air flow, the effects of 

forced convection change the temperature distribution. That is, as the heat dissipated by the 

heater is transported by the flow, there is a cooling effect in the upstream zone, whereas the 

temperature downstream increases. The flow response is obtained by the temperature 

difference between the two sensing elements. 

 

Figure 7.1: Calorimetric thermal flow sensor: (a) Schematic sketch; (b) Wheatstone bridge circuit to implement 

the calorimetric configuration and (c) Cross-section of the proposed flow sensor for numerical simulation. 

In general, the electrical output signal of the sensor can be obtained with a Wheatstone bridge 

circuit, which consists of the two temperature sensors on two branches, a variable resistor, and 
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the other resistor can be chosen to balance the bridge as shown in Figure 7.1(b). The heating 

resistor can be powered by a separate external voltage source. At zero flow, the resistance of 

both the temperature sensors remain the same and the bridge provides a zero-voltage output. 

However, under the presence of airflow, the bridge becomes unbalanced and a corresponding 

finite value of the output voltage is recorded.  

Figure 7.1(c) depicts the proposed flow sensor. The heating and the two temperature sensing 

elements are made of silicon carbide (3C-SiC) and suspended on both ends of the substrate. 

Considering the thermal and mechanical properties of standard microelectronic materials, glass 

is selected as the substrate to offer the required isolation between the different sensing elements 

and the heater element itself.  The area of SiC heating and sensing elements are 300 µm × 75 

µm × 5 µm and 300 µm × 15 µm × 5 µm, respectively. The three pairs of symmetrically 

arranged sensing elements are placed at 15, 30 and 45 µm apart from the central heater. The 

flow channel considered in this work is a rectangular air box of dimensions 1,200 µm × 24,750 

µm × 500 µm. The sensor is positioned in the middle of the air box and the flow direction is 

axial, i.e., perpendicular to the temperature sensors.  

7.2.1 Numerical Simulation as a design tool 
 

Finite Element Method (FEM) simulation is an excellent tool to obtain an accurate temperature 

distribution on the device for different heater locations. From this temperature distribution, the 

electrical output signal, the voltage of the resistive sensors can be calculated. The simulation 

allows for choosing the adequate locations of the sensing elements according to the desired 

flow regime. The properties of the heating and sensing materials employed for the simulation 

is tabulated in Table 7.1.  

Table 7.1 Material properties considered for COMSOL Simulation 

Property Silicon Carbide Glass 

Electrical Conductivity (S/m) 16.637 ×103 e-12 

Heat Capacity at constant pressure, J/(kg*K) 1200 700 

Relative permittivity 10 11.7 

Density (kg/m^3) 3200 2329 

Thermal Conductivity, W/(m*K) 450[W/(m*K)]*(300[K]/T)^0.75 130 

Relative Permeability 1 1 

Surface Emissivity 0.5 - 

 

The physics modules considered for this simulation include Joule heating (electric currents and 

heat transfer in solids) and laminar flow as shown in Figure 7.2(a). In Electric Current module, 

a current is applied to the central heater which locally raises the temperature via Joule heating. 

The stationary equation of continuity is given by 
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                                                            J=Q j                                                                         (1) 

where J is the electric current density (A/m2) and Qj is the heat source (W/m3). Whereas, in 

heat transfer module, a temperature gradient occurs between the heated resistor and the 

surrounding media due to the conduction and forced convection heat transfer phenomena.  The 

model equation for the heat transfer mechanism is given by 

                                                 p j

T
C T Q

t
 


    


                                                      (2) 

where T is the temperature field to be solved and  is the thermal conductivity (W/m.K). In 

fluid dynamics module, a laminar flow is introduced through the air above the membrane, 

affecting the amount of forced convection into the air. The Navier-Stokes equations represent 

the momentum transport and are solved by default in the single-phase flow interface in 

COMSOL. The model equations governing this physics are given by 

                                                    0u
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                                                (4) 

where u is the fluid velocity (m/s), p is pressure (Pa) and F is a body force term (N/m3). In our 

model, the steady-state problem is solved by cancelling the time derivative terms in equations 

(3 & 4). The equation (4) represents the flow of a Newtonian fluid in the laminar flow region. 

A detailed overview of respective equations and their theory could be found elsewhere[32]. 

In addition to the described physics domain equations, boundary conditions are essential to 

solve the temperature and flow problem numerically. Therefore, a set of boundary conditions 

under which the simulation results will be validated with experimental data. The electrical 

boundary conditions include potential at one end of the SiC heater and ground at another end. 

The air flow and the heat transfer modules were coupled by adding flow velocity field. The 

thermal conductivity boundary conditions in the flow domain include the temperature inlet and 

outflow conditions in the air box boundaries. The symmetry condition was also included in 

which assume the flow just outside the air box faces is the same as outside those faces.   

Since we assume that the flow velocity was high enough to ignore the influence of temperature 

rise to the flow field, the simulation was done by fluid and joule heating sequence. If the 

temperature was solved first and used as an input to obtain flow field, it would become a weakly 
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coupled multiphysics problem. Therefore, the flow field was solved first followed by solving 

the temperature poblem using the flow field as its input. 

Another important consideration in numerical simulation is meshing the geometry. The 

accuracy of the solution increases with the number of increasing mesh elements, which results 

in longer execution times. However, in this work, the airbox was coarsely meshed whereas the 

sensor zone is finely meshed for an accurate solution with less computation time, Figure 7.2(b). 

Simulations were carried out in steady state, and dynamic changes were not considered. Two 

stationary studies were carried out, where the flow field was first solved first and then imported 

to solve the temperature problem. To investigate the effects of the different conditions, a 

parametric sweep was utilised to study the relationship of various parameters. 

 

 

Figure 7.2: Numerical Simulation: (a) Interaction of various multiphysics used for simulation and (b) Finely 

meshed sensor structure and coarsely meshed air box  

7.3 Numerical results and discussions 
 

The response of the flow sensor depends basically on the geometrical parameters of the design, 

the thermal properties of the materials and the geometry of the air chamber. The most important 

geometrical factor considered is the separation distance between the sensing and the heating 

resistors. 

 

Figure 7.3: Surface plots of the temperature distribution: (a) zero flow and (b) air flow velocity of 0.1m/s 
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Figure 7.3(a) shows the temperature distribution along the channel without air flow. At this 

point, the symmetrical distribution is achieved by heat conduction through the ends of the 

device as well as through the surrounding air. However, an air flow velocity of 0.1m/s decreases 

the surface temperature of the upstream sensor and increases the downstream sensor due to 

convection as shown in Figure 7.3(b). The temperature of the thermal flow sensor reaches its 

equilibrium distribution when a balance exists among the heat generation, flow convection, 

axial conduction, and heat loss. 

Temperature variation at each sensing element depends on the distance from it to the heating 

element. Figure 7.4(a) was obtained by sampling the temperature along the axial flow direction, 

showing the temperature distribution for a constant heating power of 13.8 mW for various flow 

velocities. In general, a higher flow velocity implies a lower temperature at the upstream 

section of the channel and a higher temperature at the downstream section. The inset of       

Figure 7.4(a) clearly shows that the maximum temperature at the heater decreases due to the 

cooling effect for a constant heating power. Similarly, Figure 7.4(b) illustrates that the 

maximum temperature at the heater increases each time due to the heating effect for a constant 

flow velocity. These heat transfer phenomena agree well with previous works reported in the 

literature [33–35]. 
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Figure 7.4: FEM results of the temperature distribution due to the presence of an incoming flow: (a). Constant 

heating power=13.8mW and (b). Constant airflow velocity=0.1m/s. 



156 
 

P =1.3mWh

P =5.2mWh

P =11.7mWh

P =20.8mWh

P =32.5mW
h

0

50

100

150

200

250

300

350

H
e
a

te
r 

T
e

m
p
e

ra
tu

re
T

(
C

) 
h
°

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Air flow velocity(m/s)

(a) Low flow regime

0 .1 0 .2 0 .3 0 .4 0 .5 0 .6 0 .7 0 .8 0 .9 1
0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

Air flow velocity(m/s)

H
e

a
te

r 
T
e

m
p

e
ra

tu
re

T
(

C
) 

h
°

P =1.3mWh

P =5.2mWh

P =11.7mWh

P =20.8mWh

P =32.5mWh

(b) Medium flow regime

1 2 3 4 5 6 7
0

5 0

1 0 0

1 5 0

Air flow velocity(m/s)

© High flow regime

P =1.3mWh

P =5.2mWh

P =11.7mWh

P =20.8mWh

P =32.5mWh

 

Figure 7.5: Heater temperature profile versus flow velocity for different heating power 

The characteristics of the SiC heater depicted in Figure 7.5(a-c) illustrate that the temperature 

of the heater decreases as the flow rate increases. As the applied heating power overcomes the 

cooling effect, the temperature becomes higher. However, for heating power less than 1.3 mW, 

the cooling effect is dominating, and the heater would eventually cool down to room 

temperature. A detailed derivation for temperature distribution on the heating resistor could be 

found elsewhere[9,36]. 
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Figure 7.6: Temperature variation of the downstream sensing resistors versus incoming flow rate: (a) Ph=0.8mW; 

(b) Ph=7.8mW and (c) Ph=21mW. 

On the other hand, the relative temperature variation of different sensing resistors is shown in 

Figure 7.6(a-c) and Figure 7.7(a-c) for three different heating powers. Figure 7.6(a-c) illustrate 
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the characteristics of downstream sensing resistors. Figure 7.7(a-c) show the characteristics of 

upstream sensing resistors respectively. The temperature of the sensing resistors close to the 

heater (d=15 µm) is higher than the resistors located far away from the heater (d=45 µm) for 

all constant heating power. In addition, the temperature of the upstream resistors decreases as 

the flow rate increases (Figure 7.7(a-c)), whereas the temperature of downstream resistors 

increases initially and then decreases (Figure 7.6(a-c)).  
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Figure 7.7: Temperature variation of the upstream sensing resistors versus incoming flow rate: (a) Ph=0.8mW; (b) 

Ph=7.8mW and (c) Ph=21mW. 

These phenomena are related to the heat transfer mechanisms between the different elements 

of the flow sensor. This trend has been observed and reported by other researchers[37].      

Figure 7.8(a-c) show the temperature difference between the sensors located near the heater 

(d=15 µm) is lower compared to the temperature difference for sensors located further away 

from the heater for the same low air velocities (0-0.1m/s), implying that the sensitivity 

increases with increasing distance between the temperature sensors. The sensitivity of a thermal 

flow sensor is defined as the ratio of the difference in temperature between the sensor pair to 

the flow velocity. The sensitivity of the flow sensor for a heating power of 1.3 mW is equal to                        

10°C sm-1 when the sensor pair is 15 µm from the heater. In contrast, it increases to                       

20°C sm-1 for 0.1 m/s when the sensor pair is 45 µm from the heater. Moreover, the sensitivity 

of the thermal flow sensor is closely related to heat loss [38]. The sensitivity increases as the 

heat loss decrease, as shown in Figure 7.8(a-c).   
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Figure 7.8: Sensor responses for three different heating power for low and medium flow regime 

The saturation effect occurs when the temperature difference between sensor pairs located at a 

specific distance from the heater reaches a constant value and does not change with velocity. 

Figure 7.9(a-c) indicate that the saturation effect occurs at higher velocities. In addition, the 

sensitivity will be higher for the sensor pairs located closer to the heater for higher flow 

velocities (1-7 m/s). 
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Figure 7.9: Sensor responses for three different heating power for high flow regime. 

The output signal (temperature difference) and the sensitivity of the flow sensor for low flow 

velocity (Vf=0.05 m/s) is plotted against the distance from the sensor to the heater in Figure 

7.10(a-b). The closer the sensor to the heater, the lower is the output signal and vice-versa. On 

the other hand, the higher the heating power, the larger is the output signal. It should be noted 

that the output signal characteristics will be reversed for higher flow velocities since the 

calorimetric flow sensor is sensitive to low flow velocities.  
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Figure 7.10: Sensor response and sensitivity characteristics at the linear region for a constant flow velocity of 0.04 

m/s: (a) Output signal curve and (b) Sensitivity characteristics. 

7.4 Conclusions and future perspectives 
 

This chapter presents the 3D FEM simulations of a thermal flow sensor featuring three pairs of 

SiC temperature sensor and a heater suspended from a less thermally conductive substrate of 

glass. The thermal and flow characteristics of the sensor were investigated for different 

electrical conditions initially. Parametric optimization was performed on geometrical factors 

such as the distance between the heater and sensor and heater width to study the sensitivity 

characteristics. The results confirm that, by proper selection of the active sensors, it is possible 

to measure air flows in low ranges (0–0.1m/s) and also in higher ones (1-8m/s) using the same 

device. This preliminary numerical analysis offers many advantages leading to the next stage 

of the development: fabrication and characterisation. The proven possibility of device 

optimisation through COMSOL software instead of fabrication iterations of the actual physical 

devices helps to reduce the development cost.  

As a part of the ongoing work, the electrical and thermal characteristics of the micro-heater 

and temperature sensors will be obtained initially. The detailed comparison of numerical 

simulation and measurement will be the subject of further investigations. In addition, 

measurements will also be conducted to obtain the flow direction by orienting the sensor in 

different directions relative to the flow velocity. 
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 Conclusions and future perspectives 
 

 This thesis presents an overview of 3C-SiC-based thermal flow sensors for ambient and harsh 

environments. Initially, the fundamentals of heat transfer in macro and micro-scaled thermal 

sensors were analysed, with a focus on understanding thermal flow sensors. The limitations of 

the existing non-released/released thermal sensor structures of single material were identified. 

These insights led to the determination of research gaps and formulation of research questions 

into the released/suspended thermal sensor structures made of different materials. In response 

to these questions, hot-film and calorimetric thermal flow sensor configurations were 

developed and implemented. 

In general, the chapters are summarised as follows: 

1. Chapter 2 provides a comprehensive literature review on thermal flow sensors in the 

context of harsh environments. The state-of-the-art sensing and insulating materials 

were reviewed and 3C-SiC was identified as a suitable candidate because of its high 

thermal sensitivity and superior physical properties. In addition, the development of 

thermoresistive and thermoelectric flow sensors in the past two decades was also 

summarised to identify the possible research gap. It was also found that thermoresistive 

sensors were easy to implement and offer simple electronic design. This led to the 

conclusion of developing 3C-SiC thermoresitive flow sensors for the subsequent part 

of the research. 

2. An analytical solution for the Joule heating problem of a segmented wire made of two 

materials was derived in Chapter 3. The one-dimensional governing equations of the 

steady-state temperature distribution along the heating wire with the consideration of 

heat conduction and free-heat convection was established. The analytical models were 

initially verified with COMSOL numerical simulation and finally validated with a 

scaled-up wire model using IR thermal camera measurement. A good agreement of the 

data demonstrated the potential of the proposed analytical technique for thermal flow 

sensing applications. 

3. Chapter 4 presented an extension of the analytical solution from a single-layer 

nichrome/copper wires to 3C-SiC/Al thin film suspended structures under steady-state 

condition. The model was validated by fabricating and characterising the thermal sensor 

under ambient conditions. The experimental results agreed well with the analytical 

model. This work would benefit a number of applications that need a 
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microheater/sensor for low power consumption. In addition, the analytical model would 

benefit many thermal applications and in all types of heterogeneous solids and will be 

a useful methodology to design Joule-heated thermal sensors. 

4. A highly sensitive hot-film air flow sensor with 3C-SiC on the glass as heating and 

sensing elements was reported in Chapter 5. Using a novel anodic bonding process, the 

SiC was transferred to an insulating glass substrate for static and dynamic 

measurements. The TCR test showed that n-type SiC exhibits a negative TCR of  -

20,716 ppm/K. Over an air flow range of 0.2 to 9 m/s, the sensor showed excellent 

sensitivity and required only several milliwatts to operate. Therefore, we believe that 

SiC on glass system could potentially meet the demands for low-power and highly 

sensitive thermal sensors. Finally, a flow direction study on the 2D-flow sensor 

indicated that the performance of the sensor remained the same in either direction. 

5. Chapter 6 presented a high-temperature stable packaging of a micromachined hot-film 

flow sensor. The materials, metallisation and interconnects used in our flow sensors 

were robust and withstood temperatures of up to 200°C. An Arduino Uno 

microcontroller was used to control dc motor, which was connected to a copper 

propeller for generating air flow. The electrical contacts between the metal electrodes 

and the SiC heating resistor were made by a suitable high-temperature epoxy and a 

brass metal sheet. High TCR and excellent mechanical stability via thermoresistive and 

Joule heating test demonstrated the prospect for utilizing cubic silicon carbide as the 

primary material in the high-temperature flow sensor. Finally, the sensor was 

characterised under low airflow velocity of range 0-1.5 m/s and the performance was 

evaluated based on sensitivity and linearity respectively. 

6. Chapter 7 presented the numerical analysis of the calorimetric thermal flow sensor 

using COMSOL Finite Element Modelling (FEM). The first step of the modelling 

yielded the temperature distribution along the sensor with and without air flow. Then, 

parametric optimisation provided the distance between the temperature sensor pairs and 

heater respectively. Work is in progress to fabricate the device and validate the 

experimental flow characteristics with numerical data. The device is expected to 

respond well to very small air flow velocities in the range of 0-1 m/s at elevated 

temperatures. 

As proven by this research, cubic silicon carbide can be used as a sensing material for 

thermoresistive flow sensors thanks to its high-temperature capability. However, further 
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studies could be done to explore the possible applications of SiC-based thermal sensors. Future 

studies are recommended as follows: 

1. The use of the thermoresistive effect in SiC could extend beyond sensors operating at 

high temperatures to cover high-frequency and bioapplications. For instance, utilizing 

the large TCR of n-type SiC described in Chapter 5 could make the development of 

SiC-based self-sensing high Q-factor/high-frequency resonators possible, and thereby 

can eliminate the need for optical measurements. 

2. Through this research, the thermoresistive effect in 3C-SiC is promising and could pave 

the way for the investigation of other SiC polytypes such as 4H-SiC to evaluate its 

capability for high-temperature thermal sensors. 

3. The implementation of air flow sensors could lead to a possible way of developing other 

fluid-based thermal sensors. For instance, liquid flow sensors often find their 

applications in water distribution facilities than other fluid. Although differential 

pressure detection is suitable for liquid flow measurement with good throughput, 

measuring low volume liquid flow is difficult. In this case, the thermal measurement 

could be the prime choice. We implemented continuous heating of the heater in this 

thesis. Another possible heating technique could be a pulsed mode of operation, which 

will significantly reduce energy consumption. 
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Appendix A: Analytical models for the segmented wire 
 

A.1: Steady-state temperature distribution along the resistive bridge                                       
 

We consider the one-dimensional problem of electric current induced Joule heating of a 

suspended bridge that dissipates heat by internal conduction and free convection in air. The 

length of the bridge is considered to be 2l with ends located at –l and +l. The nichrome-based 

heater element is 2 ol long and connected at each end by copper contact segments as shown in 

Figure 3.1. Upon current input through the copper wire, steady-state temperature distribution 

along segment 1 (nichrome), 1( )x  will develop with a maximum, max ( 0)x   at the middle 

of the bridge. The temperature distribution across segment 2 (copper) is represented by 2 ( )x . 

To develop expressions for the temperature distribution along the bridge, the following 

assumptions are made: 

(v) Heat transfer occurs by conduction along the bridge and natural convection in air. 

(vi) Heat conduction and convection are significant in one dimension only. i.e. the 

temperature distribution is one-dimensional. 

(vii)  The resistivity varies linearly as a function of temperature with the temperature 

coefficient of resistance. It is represented by  1o o         . 

(viii) Thermal conductivity is independent of temperature. 

At the steady state, the supplied heating power is balanced by the heat loss through conduction 

and free convection. The rate of heat conduction in direction x is proportional to the temperature 

gradient, which is the rate of change in temperature with distance in this direction.  

Cu

NiCr

-l o

l o

Longit
udinal 

axis

-l

+l

x+ xΔ

Qconv
Qcond

0

θ (x=-l)=θ2 o

θ (x= l)=θ2 + o

I  

Figure 3.1: Schematic layout of the segmented heating wire 

On a rate basis, the energy balance under the steady-state condition is 
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gen cond convE E E   
                                         (1) 

where the heat loss caused by conduction is described by 

 
' '

cond [ ( ) ( )]crE A x x x       
                                         (2) 

Considering the thermal energy is generated in the bridge at the expense of electrical energy, 

the energy generation term will be positive and acts like a source. The generated thermal energy 

is expressed by 

The heat loss due to free convection is presented in the following equation: 

where lsA d x   is the surface area of the portion x . In the case of a horizontal cylinder, the 

heat transfer coefficient h in the air is evaluated by the expression, 

The Nusselt number (Nu) can be evaluated by finding the Rayleigh number Ra, given by 

On substituting the corresponding values in equation (6) gives Ra 15.932 which falls 

between 0.1 Ra 100  [45]. The correlation to evaluate the Nusselt number for the 

corresponding Rayleigh number is expressed by 

The constants c and m for the corresponding Rayleigh number is c 1.02 and m 0.148 . 

Accordingly, the heat transfer coefficient in the air is calculated to be                                                       

h = 31.562 W/m2K. Substituting equations (2), (3) and (4) in equation (1) gives 

 
     ' ' 2

cr cr o

cr

ls

x
A x x A x hA I R

A


     


         

                       (8)                                                              
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                                         (5) 
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air air ,air

air air

Ra (GrPr)
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                                         (6) 

  
m

Nu c Ra                                           (7) 
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      ' ' 2 2

cr cr o crlsA x x A x hA I R J A x                                         (9) 

      ' ' 2 2

cr o crA x x x h d x I R J A x                                           

(10) 

Dividing by x on both sides lead to, 

The resistivity varies linearly as a function of temperature with the temperature coefficient of 

resistance and represented by  o o1         . Following this assumption, the equation 

(12) can be simplified further as 

The above equation (13) represents the one-dimensional heat transfer equation along the wire. 

Therefore, the governing equations for the two segments are given by: 

Equation (10) can be written in the quadratic form of second order as follows: 

The complementary function of equation (16) can be obtained as follows: 

Solving for the roots of  , the two roots are real and unequal in nature and are given by 

The complementary function of equation (16) can be represented as 

    
 

' '

2 2

cr o cr

x x x
A h d I R J A

x

 
    

   
     

 
 

                             (11) 

    '' 2

cr o crA x h d J A                                       (12) 

      " 2 2

cr cr o cr o o o1A x h d J A J A h d                                          (13) 

 " 2 2

1 cr 1 cr 1,o 1 1 cr 1,o 1 o o( ) ( ) ( 1)A x h d J A J A h d                                      (14) 

 " 2 2

2 2 2,o 2 2 2,o 2 o o( ) ( ) ( 1)cr cr crA x h d J A J A h d                                      (15) 

  2

1 cr cr 1,o 1 0A h d J A                                                (16) 

  2

1 cr cr 1,0 1

1 cr

4

2

A h d J A

A

   




 
  

                                        

 2

cr 1,o 1

a,b

1 cr

  
h d J A

A
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Equation (11) can similarly be written in the quadratic form of second order as follows: 

The complementary function of equation (18) can be obtained as follows: 

Solving for the roots of  , the two roots are real and unequal in nature and are given by 

The complementary function of equation (18) can be represented as 

The particular solution of equation (16) can be obtained by letting 1 1 constant   . 

Therefore, the equation (16) takes the form, 

Solving for 1 in the above equation gives, 

The particular solution of equation (18) can be obtained by letting 2 2 constant   . 

Therefore, the equation (18) takes the form, 

Solving for 2 in the above equation gives, 

 2 2

cr 1,o 1 cr 1,o 1

1 cr 1 cr

C.F 1 A exp Bexp
h d J A h d J A

x x
A A

     

 

    
     
      

              

               

(17)                                  

  2

2 cr cr 2,o 2 0A h d J A                                                (18) 

  2

2 cr cr 2,0 2

2 cr

4

2

A h d J A

A

   




 
  

                                        

 2

cr 2,o 2

1,2

2 cr

  
h d J A

A

  





   

                                        

 2 2

cr 2,o 2 cr 2,o 2

2 cr 2 cr

C.F 2 exp exp
h d J A h d J A

C x D x
A A

     

 

    
     
      

              

             (19)                                  

 2 2

cr 1,o 1 1 cr 1,o 1 o o0 ( ) ( 1)h d J A J A h d                                     

 2

cr 1,o 1 o o

1 2

cr 1,o 1

( 1)

( )

J A h d

J A h d

    


  

  
  

  

 
                      (20)         

 2 2

cr 2,o 2 2 cr 2,o 2 o o0 ( ) ( 1)h d J A J A h d                                     
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The complete solution for the temperature distribution in the heater element  1 x  and in the 

end-contact segment  2 x  is the sum of their respective complementary function and 

particular integral. They are represented as follows: 
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cr 1,o 1
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1 cr
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1 o o

1 cr
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                                                              (22) 
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                                           (23) 

For convenience, let us consider 
 2

cr 1,o 1

1

1 cr

h d J A

A

  





 and

 2

cr 2,o 2

2

2 cr

h d J A

A

  





  in 

equations (22) and (23). The equations (22) and (23) represent the temperature distribution 

along the heater segment  1 x and the end-contact segment  2 x  respectively. The constants 

A, B, C, and D are differential constants and can be obtained by imposing the boundary and 

continuity conditions represented in equations (24) - (27) respectively.  

(v) The thermal gradient at the center of the bridge is zero, that is 1 / 0x    

(vi) The end or contact temperatures at  andl l  are fixed at room temperature, i.e.,

sl l      

(vii) The difference of heat flux across the interface ox l  is zero, that is 

       1 1 o 2 2 o/ @ / @x x l x x l           

(viii) The temperature across the interface ox l   is equal, that is    1 o 2 ox l x l     

 2

cr 2,o 2 o o

2 2

cr 2,o 2

( 1)

( )

J A h d

J A h d

    


  

  
  

  

 
                      (21)         
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A.1.1: Temperature profile for the right-hand side of the bridge: 

Applying symmetry condition, 1 / 0x    to equation (22) gives, A = B. Applying the 

boundary condition, sl   to equations (22) & (23) gives, 

Applying the interface temperature condition,    1 o 2 ox l x l     to equations (22) & (23) 

yields, 

Applying the interface heat flux condition,        1 1 o 2 2 o/ @ / @x x l x x l           to 

equations (22) & (23) and simplifying leads to, 

Equations (24-26) resemble a system of simultaneous equations with three unknowns. 

Cramer’s rule is an explicit formula for the solution of a system of equations with as many 

equations as unknowns. It states that, 

Given














lizhygx

kfzeydx

jczbyax

which in matrix form can be represented as



















































l

k

j

z

y

x

ihg

fed

cba

 

The values for x, y and z can be calculated as follows: 

ihg

fed

cba

lhg

ked

jba

ihg

fed

cba

ilg

fkd

cja

y

ihg

fed

cba

ihl

fek

cbj

x  z and,  

Provided that the denominators of determinants 0z and , yx . Representing the equations   

(24-26) in matrix form, 

      2 2 s 2Cexp Dexpl l                              (24)         

          1 1 2 o 2 o 2 1Aexp Aexp Cexp Dexpo ol l l l                               (25)         

 
       1 1

1 1 2 o 2 o

2 2

A exp exp Cexp +Dexp 0o ol l l l
 

   
 

 
        

 
 

                  (26)         
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2 2 s 2

1 o 1 o 2 o 2 o 2 1

1 1
1 o 1 o 2 o 2 o

2 2

0 exp exp A

exp exp exp exp C

D 0
exp exp exp exp

l l

l l l l

l l l l

   

     

 
   

 

 
 

    
            
        

       
  

 

The above square matrix is in the form of bax  where ''a is 33 square matrix, x and b  are 13

column vectors respectively. Evaluating the determinant of ''a  

Since the determinant of the above matrix (equation (27)) is non-zero, Cramer’s rule can 

provide a unique solution to this system. Solving for A C D, and     

   

   

   

s 2 2 2

A 2 1 2 o 2 o

2 o 2 o

exp exp

exp exp
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l l

   

   

 

 

     

 

 

Evaluating the determinant, we get 
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Evaluating and expanding the determinant, we get, 
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        A 2 s 2 1 2 o 2 o=2 exp expl l l l                                     (28)         
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Evaluating and expanding the determinant, we get, 

According to Cramer’s rule, the constants are calculated as follows, 
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   2 o 2 oexp expl l l l 

 
 
 
 
 
 
 
 
 
 
 
 
      
 
 
 
  

                                          (34) 

The constants A,  and DC depend on the geometry, the thermal conductivity, the convective 

heat transfer coefficient and the electrical resistivity of the wires. The maximum point of the 

curve  max x which is also known as the hot-spot location along the length of the bridge can 

be obtained by differentiating  1 x with respect to x and letting it to zero. x = 0 is the only 

critical point for the curve in this region. The maximum temperature along the bridge is 

obtained by substituting x = 0 in the following equation: 

  max 1 1 o oA , x l x l                                             (35) 

 

A.1.2: Temperature profile for the left-hand side of the bridge: 

Applying symmetry condition, 1 / 0x    to equation (22) gives, A = B. Applying the 

boundary condition, sl     to equations (22) & (23) gives, 

Applying the interface temperature condition,    1 o 2 ox l x l      to equations (22) & 

(23) yields, 

Applying the interface heat flux condition,        1 1 o 2 2 o/ @ / @x x l x x l             

to equations (22) & (23) and simplifying leads to, 

      2 2 s 2Cexp Dexpl l                              (36)         

          1 1 2 o 2 o 2 1Aexp Aexp Cexp Dexpo ol l l l                               (37)         
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Equations (36-38) resemble a system of simultaneous equations with three unknowns. 

According to Cramer’s rule described in section A.1.1, the equations (37-39) can be 

represented in matrix form, 

   

       

       

 

 
2 2 s 2

1 o 1 o 2 o 2 o 2 1

1 1
1 o 1 o 2 o 2 o

2 2

0 exp exp A

exp exp exp exp C

D 0
exp exp exp exp
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The above square matrix is in the form of bax  where ''a is 33 square matrix, x andb  are 13

column vectors respectively. Evaluating the determinant of ''a  

Since the determinant of the above matrix (equation (39)) is non-zero, Cramer’s rule can 

provide a unique solution to this system. Solving for A C D, and     
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Evaluating the determinant, we get 
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Evaluating and expanding the determinant, we get, 

 
       1 1

1 1 2 o 2 o

2 2

A exp exp Cexp +Dexp 0o ol l l l
 

   
 

 
        

 
 

                  (38)         

        

       

1 o 1 o 2 o 2 o

1 1
1 o 1 o 2 o 2 o

2 2

exp exp exp exp

exp exp exp exp

l l l l l l

l l l l l l

   

 
   

 

              

 
            

 

 

                      (39)         

        A 2 s 2 1 2 o 2 o=2 exp expl l l l                                   (40)         
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Evaluating and expanding the determinant, we get, 

According to Cramer’s rule, the constants are calculated as follows, 
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B 0                                                                                                                                                 (44) 
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       1 o 1 o 2 o 2 oexp exp expl l l l l l             

                                (46)                     

Equations (22) and (23) represent the temperature profile along the length of the bridge. The 

constants occurring in the differential equations were obtained using the system boundary and 

continuity conditions in the range of o0 x l  and ol x l   in section A.1.1. In addition, the 

constants for the range o0 x l   and ol x l    are symmetric with respect to the other side 

and obtained in section A.1.2. 
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Appendix B: Custom made MATLAB programs for the developed 

segmented wire models: 
 

B.1: Thermal characteristics                                       
 

%% Initialization of variables 

xi1=0.00017;                   %% TCR of Nichrome 

xi2=0.0040;                      %% TCR of copper          

rho1=1.05e-6;                   %% Electrical resistivity of Nichrome wire 

rho2=0.016e-6;                 %% Electrical resistivity of copper pads%% 

kappa1=38;                       %% Thermal conductivity of Nichrome wire%% 

kappa2=400;                     %% Thermal conductivity of copper pads%% 

lo=2.5e-2;                          %% Length of Nichrome wire%% 

l=10e-2;                             %% Length of the whole bridge%% 

thetas=23;                          %% Ambient temperature%% 

I=4;                                    %% Current flowing through the wire%% 

Imax=4;                             %% Maximum current for plotting T-I curves%% 

dia=1.21e-3;                      %% Diameter of copper and nichrome wire%% 

J=(4*I)/(3.14*(dia)^2);     %% Current density along the  wires%% 

h=31.652;                         %% Convective heat transfer coefficient of free air %% 

Acr=1.1493e-6;                %% Cross-sectional area of the wire%% 

Aw=3.7994e-3;                %% Lateral surface area exhibiting convection phenomena%% 

%% Calculating the constants 
 

gaama1=sqrt(((h*Aw) -((J)^2*Acr*rho1*xi1))/(kappa1*Acr));  

%% Gaama value of segment1 

gaama2=sqrt(((h*Aw) -((J)^2*Acr*rho2*xi2))/(kappa2*Acr));  

%% Gaama value of segment2 

delta1=(((J)^2*Acr*rho1*((xi1*thetao)-1))-(h*Aw*thetao))/(((J)^2*Acr*rho1*xi1)-(h*Aw)); 

%% Delta value of segment1 

delta2=(((J)^2*Acr*rho2*((xi2*thetao)-1))-(h*Aw*thetao))/(((J)^2*Acr*rho2*xi2)-(h*Aw)); 

%% Delta value of segment2 

%% Calculating differential equation constants, A, C and D for the length of the bridge from 

(0 to l) by Cramer's rule 
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delta_positive=(((-(exp(gaama1*lo)+exp(-gaama1*lo)))*(exp(gaama2*(l-

lo))+exp(gaama2*(lo-l))))+(((kappa1*gaama1)/(kappa2*gaama2))*(exp(gaama1*lo)-exp(-

gaama1*lo))*(exp(gaama2*(lo-l))-exp(gaama2*(l-lo)))));  

%% Cramer's rule determinant vale for positive segment 

deltaA=(2*(beta2-thetas)) -((beta2-beta1) *(exp(gaama2*(l-lo)) +exp(gaama2*(lo-l))));                

A=(deltaA)/(delta_positive); %% Evaluating constant_A 

deltaC=((-(thetas-beta2))*(((exp(gaama1*lo)+exp(-gaama1*lo))*exp(-

gaama2*lo))+(((kappa1*gaama1)/(kappa2*gaama2))*(exp(gaama1*lo)-exp(-

gaama1*lo))*(exp(-gaama2*lo)))))+((exp(-gaama2*l))*((-(beta2-

beta1))*((kappa1*gaama1)/(kappa2*gaama2))*(exp(gaama1*lo)-exp(-gaama1*lo)))); 

C=(deltaC)/(delta_positive); %% Evaluating constant_C 

deltaD=((-exp(gaama2*l))*((-(beta2-

beta1))*((kappa1*gaama1)/(kappa2*gaama2))*(exp(gaama1*lo)-exp(-

gaama1*lo))))+(((thetas-beta2))*(((exp(gaama1*lo)+exp(-gaama1*lo))*(-

exp(gaama2*lo)))+(((kappa1*gaama1)/(kappa2*gaama2))*(exp(gaama1*lo)-exp(-

gaama1*lo))*(exp(gaama2*lo))))); 

D=(deltaD)/(delta_positive); %% Evaluating constant_D 

 

%% Calculating differential equation constants, A_1, C_1 and D_1 for the length of the bridge 

from (0 to -l) by Cramer's rule 

delta_negative=(((-(exp(-gaama1*lo)+exp(gaama1*lo)))*(exp(gaama2*(lo-

l))+exp(gaama2*(l-lo))))+(((kappa1*gaama1)/(kappa2*gaama2))*(exp(-gaama1*lo)-

exp(gaama1*lo))*(exp(gaama2*(l-lo))-exp(gaama2*(lo-l))))); %% Cramer's rule determinant 

vale for negative segment 

deltaA_1=(2*(beta2-thetas)) -((beta2-beta1) *(exp(gaama2*(lo-l)) +exp(gaama2*(l-lo))));        

A_1=(deltaA_1) /(delta_negative); %% Evaluating constant_A_1 

deltaC_1=((-(thetas-beta2))*(((exp(-

gaama1*lo)+exp(gaama1*lo))*exp(gaama2*lo))+(((kappa1*gaama1)/(kappa2*gaama2))*(ex

p(-gaama1*lo)-exp(gaama1*lo))*(exp(gaama2*lo)))))+((exp(gaama2*l))*((-(beta2-

beta1))*((kappa1*gaama1)/(kappa2*gaama2))*(exp(-gaama1*lo)-exp(gaama1*lo)))); 

C_1=(deltaC_1) /(delta_negative); %% Evaluating constant_C_1 

deltaD_1=((-exp(-gaama2*l))*((-(beta2-

beta1))*((kappa1*gaama1)/(kappa2*gaama2))*(exp(-gaama1*lo)-

exp(gaama1*lo))))+(((thetas-beta2))*(((exp(-gaama1*lo)+exp(gaama1*lo))*(-exp(-
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gaama2*lo)))+(((kappa1*gaama1)/(kappa2*gaama2))*(exp(-gaama1*lo)-

exp(gaama1*lo))*(exp(-gaama2*lo))))); 

D_1=(deltaD_1)/(delta_negative); %% Evaluating constant_D_1 

 

%% Temperature distribution along the Nichrome wire and copper conductive pad 

length1=linspace (-l, -lo,100); 

temperature1=(C_1*(exp(gaama2*length1)))+(D_1*(exp(-gaama2*length1)))+(delta2);     

%% Temperature distribution along the copper conductive pads from length -l to -l0 

subplot (2,1,1) 

plot (length1, temperature1,'r'); 

xlabel ('Length of the bridge (m)'); 

ylabel ('Temperature (degree celsius)'); 

hold on 

length2=linspace(-lo,0,100); 

temperature2=(A_1*(exp(gaama1*length2)))+(A_1*(exp(-gaama1*length2)))+(delta1);    

%% Temperature distribution along the nichrome wire from length -lo to 0 

plot (length2, temperature2,'r'); 

xlabel ('Length of the bridge (m)'); 

ylabel ('Temperature (degree celsiu)'); 

length3=linspace (0, lo,100); 

temperature3=(A*(exp(gaama1*length3))) +(A*(exp(-gaama1*length3))) +(delta1);        

%% Temperature distribution along the nichrome wire from length 0 to lo 

plot (length3, temperature3,'r'); 

xlabel ('Length of the bridge (m)'); 

ylabel ('Temperature (deg celsius)'); 

length4=linspace (lo, l,100); 

temperature4=(C*(exp(gaama2*length4))) +(D*(exp(-gaama2*length4))) +(delta2);    

%% Temperature distribution along the copper conductive pads from length l0 to l 

plot (length4, temperature4,'r'); 

xlabel ('Length of the bridge (m)'); 

ylabel ('Temperature (degr celsius)'); 

B.2: Electrical characteristics                                       
 

%% Temperature dependent electric potential distribution 

length1=linspace (-l, -lo,100); 
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potential1=(-J.*rho2.*length1)-

(J.*rho2.*xi2.*temperature1.*length1)+(J.*rho2.*xi2.*thetas.*length1)+(J.*rho2.*l)+(J.*rho2

.*xi2.*temperature1.*l)-

(J.*rho2.*xi2.*thetao.*l)+(2.*J.*lo.*rho1)+(2.*J.*lo.*rho1.*xi1.*(temperature2+temperature

3))-(2.*J.*lo.*rho1.*xi1.*thetas)-(2.*J.*lo.*rho2)-

(2.*J.*lo.*rho2.*xi2.*temperature1)+(2.*J.*lo.*rho2.*xi2.*thetas); 

plot (length1, potential1,'--g'); 

xlabel ('Length of the bridge(m)'); 

ylabel ('Temperature dependent electric potential(V)'); 

hold on 

length5=linspace (-lo, lo,100); 

potential2=(-J.*rho1.*length5)-

(J.*rho1.*xi1.*(temperature3+temperature2).*length5)+(J.*rho1.*xi1.*thetas.*length5)+(J.*r

ho2.*(l-lo))+(J.*rho2.*xi2.*(temperature1+temperature4).*(l-lo))-(J.*rho2.*xi2.*thetas.*(l-

lo))+(J.*rho1.*lo)+(J.*rho1.*xi1.*(temperature3+temperature2).*lo)-

(J.*rho1.*xi1.*thetas.*lo); 

plot (length5, potential2,'--g'); 

xlabel ('Length of the bridge(m)'); 

ylabel ('Temperature dependent electric potential(V)'); 

length4=linspace (lo, l,100); 

potential4=(-J.*rho2.*length4)-

(J.*rho2.*xi2.*temperature4.*length4)+(J.*rho2.*xi2.*thetas.*length4)+(J.*rho2.*l)+(J.*rho2

.*xi2.*temperature4.*l)-(J.*rho2.*xi2.*thetas.*l);                          

plot (length4, potential4,'--g'); 

xlabel ('Length of the bridge(m)'); 

ylabel ('Temperature dependent electricpotential(V)'); 

 

%% Temperature independent electric potential distribution  

length1=linspace(-l,-lo,100); 

elecpotential1=(-J*rho2*length1)+(J*rho2*l)+((2*J*lo)*(rho1-rho2));   

%% Potential distribution for the range of -l to -lo  

plot(length1,elecpotential1,'g'); 

xlabel('Length of the bridge(m)'); 

ylabel('Electric potential(V)'); 
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hold on 

length5=linspace(-lo,lo,100); 

elecpotential2=(-J*rho1*length5)-(J*rho2*lo)+(J*rho2*l)+(J*rho1*lo);   

%% Potential distribution for the range of -lo to lo  

plot(length5,elecpotential2,'g'); 

xlabel('Length of the bridge(m)'); 

ylabel('Electric potential(V)'); 

length4=linspace(lo,l,100); 

elecpotential4=(-J*rho2*length4)+(J*rho2*l);   

%% Potential distribution for the range of lo to l  

plot(length4,elecpotential4,'g'); 

xlabel('Length of the bridge(m)'); 

ylabel('Electricpotential(V)'); 

 

%% Voltage-Current characteristics of the bridge 

deltav1=((-870132. *current).*rho1).*(lo+(xi1.*((A.*(exp(gaama1.*lo))/(beta1))-(A.*(exp(-

gaama1.*lo))/(beta1))+(beta1.*lo)))-(xi1.*thetao.*lo)); %% Voltage drop between 0 and lo 

deltav2=((-870132.*current).*rho2).*((l+(xi2.*((C.*(exp(gaama2.*l))/(beta2))-(D.*(exp(-

gaama2.*l))/(beta2))+(beta2.*l)))-(xi2.*thetao.*l))-

(lo+(xi2.*((C.*(exp(gaama2.*lo))/(beta2))-(D.*(exp(-gaama2.*lo))/(beta2))+(beta2.*lo)))-

(xi2.*thetao.*lo))); %% Voltage drop between lo and l 

totalvoltage=(2.*((deltav2)-(deltav1))); %% Total voltage drop between 0 and l (positive 

segment) 

plot(current,totalvoltage,'m'); 

xlabel('Current(Ampere)'); 

ylabel('Voltage(Volts)');    

hold on 

 

%% Power-Current characteristics of the bridge 

power=((2.*((deltav2)-(deltav1))).*current); 

plot(current,power,'g'); 

xlabel('Current(Ampere)'); 

ylabel('Power(Watts)'); 

hold on 
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Appendix C:  Analytical models for the suspended p-type 3C–SiC bridges 

under consideration of Joule heating 

 

C.1: Model for a two-layer multi-segment thermoresistive bridge as a microheater 
 

Considering a two-layer and multi-segment resistive bridge suspended at both ends on the 

silicon substrate, Figure 4.1(a). The total length of the bridge is 2l, varying from – l to + l. The 

length of the SiC-based heater element is 2lo varying from – lo to + lo Let κ1 and κ2 represent 

the temperature independent thermal conductivity of SiC and Al respectively.  

 

Figure 4.1: Model of a two-layer multi-segment thermoresistive bridge as a microheater: (a) Schematic 

representation of the bridge; (b) Schematic 3D view of the composite Al/SiC layers (not to scale) and (c) 

Equivalent thermal circuit. 

The thermal conductivity of the two-layer conducting segment is the equivalent thermal 

conductivity of SiC and Al denoted by κc. In addition, the electrical resistivity of SiC and Al is 

denoted by ρc. The specific resistance ρ varies linearly with respect to temperature and 

represented by  01o         , where  is the temperature coefficient of resistance. The 

two-layer conducting segment can be considered as a parallel circuit for the determination of 

the values of κc and ρc by electrical and thermal analogies. Figure 4.1(b) shows the two-layer 

SiC/Al conducting segment. Figure 4.1(c) depicts the equivalent thermal circuit. The notations 

used in the following model is summarized follows. Rc is the equivalent electrical resistance of 

the parallel circuit, R2 = RAl is the electrical resistance of the Al layer, R1 = RSiC is the electrical 

resistance of the SiC layer, Rth  is the equivalent thermal resistance of the parallel circuit, AAl is 

the cross-sectional area of Al layer, ASiC is the cross-sectional area of the SiC layer, Ac is the 

total cross-sectional area, lc is the total effective length. 
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For heat conduction, the energy equation or the rate equation is known as Fourier’s law. The 

rate equation for the one-dimensional solid medium composed of two segments having a 

temperature distribution θ(x) is expressed as                                                                

 

th

xq A
l R

 


 
     

                   (1) 

Where qx represents the heat rate by conduction in Watts and the term
th

l
R

A
  represents the 

thermal resistance. The thermal resistance is analogous to electrical resistance defined by 

Ohm’s law. Equation (1) indicates that the conduction heat rate is inversely proportional to the 

thermal resistance and the temperature gradient is the same across the parallel circuit. 

Therefore, the effective equivalent resistance of the parallel combination is given by  

 

th Al 3C-SiC

1 1 1

R R R
   

                   (2) 

Substituting the value of R for each layer in equation (2), we get  

 
3C-SiC 3C-SiCAl Al

Al 3C-SiC

c c

c

A AA

l l l

 
   

                   (3) 

Let,  lAl = l3C-SiC = lc = l , AAl = wH1 and A3C-SiC = wH2 .The total area is given by                                 

Ac = wH1 + wH2. Substituting the geometrical terms in equation (3) leads to 

  

 
Al 1 3C-SiC 2

1 2

c

H H

H H

 






 

                   (4) 

Equation (4) clearly suggests that the equivalent thermal conductivity is directly dependent on 

the thickness of the materials. The relationship between electrical resistance and specific 

resistivity is represented by  

 l l
R

A wH

 
   

                   (5) 

Substituting equation (5) in equation (2) leads to 
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  1 2

1 2

Al 3C-SiC

c

H H

H H


 




 
 

 

  
                   (6) 

The specific resistance of silicon carbide 3C-SiC 0.14 cm   has been taken for the calculation. 

The specific resistance of aluminium, the thermal conductivity of aluminium and the thermal 

conductivity of silicon carbide used for the analytical model are 8

Al 2.65 10 m    ,

1 1

Al 205Wm K    and 1 1

3C-SiC 360 Wm K    respectively. The thickness of SiC and Al 

layers are 280 nm and 80 nm, respectively. According to equations (4) and (6), the equivalent 

thermal conductivity and the equivalent specific resistivity of the conducting segment are 326 

Wm-1K-1 and 1.19 × 10-8 Ωm, respectively. 

C.2: Temperature distribution model 

 

The phenomenon of Joule heating occurs when an electric current is passed through the bridge, 

developing a temperature distribution along its length θ(x). The maximum temperature 

θmax(x=0) is found at the centre of the bridge. Assuming that free convection and surrounding 

radiation are negligible, the governing heat conduction equations using simple energy 

conservation equation can be written as, 

 
stored in gen outE E E E                        (7) 

Here, Estored is zero. Hence, heat is conducted into the element at x at the rate of qx and is 

conducted out of the element at location x+dx at the rate of qx+dx. Therefore, the energy terms 

can be substituted and into equation(7) and simplified as follows: 

    ' ' 2

1 cr 1 1 cr 1 1 cr 1 0A x x A x J A x                                                    (8)                                                              

    ' '

1 1 2

1 cr 1 cr 1 0
x x x

A J A
x

 
 

   
  

 
 

                                         (9) 

 

 
2
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1 1 1,0 1 12

1 ,0 | |o oJ x l
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                                       (10) 

 

 
2

22
c 2 c 2 22

1 , | |o oJ l x l
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                                       (11) 
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Where J1 and J2 represent the current density along the heating and conduction segments and 

1  2 denote the temperature coefficient of resistance (TCR). In order to find a solution for the 

described problem, a set of boundary and continuity conditions need to be prescribed.  

The symmetry condition at the centre is: 

 1 0at 0x
x


 


  

                   (12) 

The conditions at the ends of the bridge are: 

 
l l s                          (13) 

Where s is the ambient temperature. The Interface continuity conditions are: 

        1 2 1 2ando o o ol l l l                            (14) 

where the segments 1 and 2 have the common temperature at their interface ox l  as a result 

of the assumption of zero contact resistance. 

 
       1 2 1 2

1 1ando c o o c ol l l l
x x x x

   
   

   
   

   
 

                   (15) 

where the segments 1 and 2 have the common heat flux at their interface ox l  . The position, 

geometrical length, and temperature difference can be non-dimensionalized to make the model 

more convenient as follows: *

o, and =olx
x

l l
        Using the above conventions, the 

governing equations (10) and (11) and the necessary boundary and continuity conditions are 

written in semi-dimensional form as follows: 

 
       2

2
2 *1 1

1 1,0 1 1 o2 *
1 ,0 | |J x

l x

 
    


       


 

                 (16) 

 
 2

2
2 *c 2
2 c 2 2 o2 *

1 , | | 1J x
l x

 
    


       


  

                 (17) 

 *1

*
0at 0x

x


 


 

                 (18) 
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1 1 s                       (19) 

        1 2 1 2and                             (20) 

 
       1 2 1 2

1 c 1 c* * * *
and

x x x x

   
       

   
   

   
 

                 (21) 

The equations (16) and (17) represent a system of second order linear ordinary differential 

equations (ODE).  

The complementary function of equation (16) can be obtained as follows: 

Solving for the roots of  , the two roots are complex and imaginary in nature and are given by 

The complementary function of equation (16) can be represented as 

Where A and B are constants of differentiation and let 1,0 1

1 1

1

J l
 




 for convenience. 

Similarly, the complementary function of equation (17) can be obtained as follows: 

Solving for the roots of  , the two roots are complex and imaginary in nature and are given by 

The complementary function of equation (17) can be represented as 

 

 21
1 1,0 12

1
2

4
0

2

J
l
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1,o 1

1,2 1

1

  iJ l
 




   
                                        

 * *

1 1C.F 1 cos sinA x B x                                (22)                                  

 

 2c
2 c 22
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  iJ l
 




   
                                        

 * *

2 2C.F 2 = Ccos Dsinx x                             (23)                                  
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Where C and D are constants of differentiation and let c 2
2 2

c

J l
 




 for convenience. The 

particular solution of equation (16) can be obtained by letting 1 1 constant   . 

Solving for 2 in the above equation gives, 

The particular solution of equation (17) can be obtained by letting 2 2 constant   . 

Solving for 2 in the above equation gives, 

The complete solution for the temperature distribution in the heater element  *

1 x  and in the 

end-contact segment  *

2 x  is the sum of their respective complementary function and 

particular integral. They are represented as follows: 

 
   * * * *

1 1 1 o

1

1
A cos Bsin ,0 | |x x x x    



 
      

 
 

                   (28) 

 
   * * * *

2 2 2 o

2

1
Ccos Dsin , | | 1x x x x    



 
      

 
 

                   (29) 

Applying symmetry condition (18) to equation (28) leads to B = 0 and applying boundary 

condition to equations (28) and (29) results in 

 
2 2

2

1
Ccos Dsin 


   

                   (30) 

Applying continuity condition to equations (25) and (26) results in 

    2 2

1 1,0 1 1 1 1,0 1 01J J                               (24) 

 
1

1

1
o 



 
  

 

 
                      (25)         

    2 2

2 c 2 2 2 c 2 01J J                               (26) 
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2

1
 



 
  

 
 

                      (27)         
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1 2 2

1 2

1 1
Acos Ccos Dsin     

 
     

                   (31) 

Applying interface heat flux condition to the differential forms of equations (28) and (29) 

leads to 

 
1 1

1 2 2

2

A sin Csin Dcos 0
c

 
     

 

 
   

 
 

                   (32) 

Equations (30)-(32) represent a system of 3 linear equations and 3 constants. The constants 

were obtained by Cramer’s rule as described in section A.1.1. The equations (30-32) can be 

represented in matrix form, 

   

     

     

2

2 2

1 2 2

1 2

1 1
1 2 2

c 2

1

0 cos sin A
1 1

cos cos sin C

D
sin sin cos 0


 

     
 

 
     

 

  
    

    
                        

    
    

 

 

The above square matrix is in the form of bax  where ''a is 33 square matrix, x andb  are 13

column vectors respectively. Evaluating the determinant of ''a  

Since the determinant of the above matrix (equation (33)) is non-zero, Cramer’s rule can 

provide a unique solution to this system. Solving for A C D, and     

   

   

   

2 2

2

A 2 2

1 2

2 2

1
cos sin

1 1
cos sin

0 sin cos

 


   
 

   

 
 
 

 
     

 



 

Evaluating the determinant, we get 

 
   1 1

1 2 1 2

c 2

cos cos 1 sin sin 1
 

       
 

 
     

 
 

                   (33)         
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2

2

C 1 2

1 2
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1
0 sin
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Evaluating and expanding the determinant, we get, 
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0 cos
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Evaluating and expanding the determinant, we get, 

According to Cramer’s rule, the constants are calculated as follows, 

 

   

2

2 1 2

1 1
1 2 1 2

c 2

1 1 1
cos 1

A

cos cos 1 sin sin 1

 
  

 
       

 

 
   

 
 

   
 

                                                    (37) 

B = 0                                                                                                                                   (38) 

 
 A 2

2 1 2

1 1 1
= cos 1 

  

 
    

 
 

                    (34)         
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1 1 1 1 1 1
1 2 1 2 1 2 1 2

2 c 2 c 2 1 c 2

1 1
1 2 1 2
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1 1
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C

cos cos 1 sin sin 1

     
             

       

 
       

 

      
        

      
 

   
 

 

                                                                                                                                             (39) 
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1 1
1 2 1 2

c 2

1 1
cos sin sin cos sin cos sin cos

D

cos cos 1 sin sin 1

     
             

       

 
       

 

      
        

      
 

   
 

     

                                                                                                                                           (40) 

The constants were obtained for the boundary and continuity conditions in the range of 0 < |x*| 

< 1. The constants for the range 0 < |x*| < -1 of are symmetric with respect to 0 < |x*| < 1. The 

constants A, C, and D on the geometrical length ratio, the thermal conductivity of two 

segments, thickness, width and the electrical resistivity of the segments. Furthermore, the 

temperature distribution along the bridge is directly dependent on the applied current I and the 

geometry of the segments. Using equation (16), the maximum temperature at the centre of the 

bridge could be determined as:       
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Appendix D : Custom made MATLAB programs for the developed 3C-SiC 

microbridge heater : 

D.1: Thermal characteristics                                       
 

%% Initialization of variables 

xi1=-5.000e-3;                       %% TCR of segment1                   

xi2=0.004308;                       %% TCR of segment2 

rho1=0.004;                           %% Electrical resistivity of SiC wire 

rho2=1.192e-7;                      %% Electrical resistivity of Al pads 

kappa1=360;                          %%Thermal conductivity of SiC wire 

kappa2=325.555;                   %%Thermal conductivity of Al pads 

l0=10e-6;                               %% Length of SiC wire 

l=250e-6;                               %% Length of Al pads 

theta0=25;                              %% Ambient temperature 

I=6.5e-5;                                %% Current 

w=5e-6;                                 %% Width of the wire 

t1=280e-9;                             %% Thickness of the SiC wire 

t2=80e-9;                               %% Thickness of the Al wire 

J1=(I)/(w*t1);                       %% Current density along the SiC segment 

J2=(I)/(w*t2);                       %% Current density along the SiC/Al segment 

I_max=6.5e-5;                       %% Maximum current applied to find the maximum temperature 

%% Evaluating the constants 

gaama1=(((I)/(w*t1))*sqrt((rho1*xi1)/kappa1));       %% Gaama value of segment1 

gaama2=(((I)/(w*t2))*sqrt((rho2*xi2)/kappa2));       %% Gaama value of segment2 

delta=(cos(gaama1*l0)*cos(gaama2*(l0-

l)))+((kappa1*gaama1)/(kappa2*gaama2))*sin(gaama1*l0)*sin(gaama2*(l0-l)); 

deltaA=(1/xi2)+((1/xi1)-(1/xi2))*cos(gaama2*(l0-l)); 

A=(deltaA)/(delta); 

deltaC=((1/xi2)*((cos(gaama1*l0)*cos(gaama2*l0))+(((kappa1*gaama1)/(kappa2*gaama2))

*sin(gaama1*l0)*sin(gaama2*l0))-

(((kappa1*gaama1)/(kappa2*gaama2))*sin(gaama1*l0)*sin(gaama2*l))))+((1/xi1)*((gaama1

*kappa1)/(gaama2*kappa2))*sin(gaama1*l0)*sin(gaama2*l)); 

C=(deltaC)/(delta); 
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deltaD=((1/xi2)*((sin(gaama2*l0)*cos(gaama1*l0))+(((kappa1*gaama1)/(kappa2*gaama2))*

sin(gaama1*l0)*cos(gaama2*l))-

(((kappa1*gaama1)/(kappa2*gaama2))*sin(gaama1*l0)*cos(gaama2*l0))))-

((1/xi1)*((gaama1*kappa1)/(gaama2*kappa2))*sin(gaama1*l0)*cos(gaama2*l)); 

D=(deltaD)/(delta); 

deltaT1=(theta0)-(1/xi1);                          %% Difference between ambient temperature and 

reciprocal of TCR of segment1 

deltaT2=(theta0)-(1/xi2);                          %% Difference between ambient temperature and 

reciprocal of TCR of segment2 

%% Temperature distribution along the SiC wire and pad  

length1=linspace(0,l0,100); 

temperature1=((A*(cos(gaama1*length1)))+deltaT1);  %% Temperature distribution along the 

SiC wire(segment1) 

subplot(2,1,1) 

plot(length1,temperature1); 

xlabel('Length of the bridge (m)'); 

ylabel('Temperature (deg celsius)'); 

hold on 

length=linspace(l0,l,100); 

temperature2=((C*cos(gaama2*length))+(D*sin(gaama2*length))+deltaT2);     

%% Temperature distribution along the SiC conductive pads (segment2) 

plot(length,temperature2); 

xlabel('Length of the bridge (m)'); 

ylabel('Temperature (degr celsius)'); 

D.2: Electrical characteristics                                       
 

%% V-I Characteristics of SiC bridge with temperature dependent on resistivity 

figure 

subplot(3,1,1) 

current=linspace(0,I_max,100); 

gaama1=(((current)./(w*t1))*sqrt((rho1*xi1)/kappa1));               

gaama2=(((current)./(w*t2))*sqrt((rho2*xi2)/kappa2)); 

delta=(cos(gaama1.*l0).*cos(gaama2.*(l0-

l)))+((kappa1.*gaama1)/(kappa2.*gaama2)).*sin(gaama1.*l0).*sin(gaama2.*(l0-l)); 
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deltaA=(1/xi2)+((1/xi1)-(1/xi2)).*cos(gaama2.*(l0-l)); 

A=(deltaA)./(delta); 

deltaC=((1/xi2).*((cos(gaama1.*l0).*cos(gaama2.*l0))+(((kappa1.*gaama1)/(kappa2.*gaama

2)).*sin(gaama1.*l0).*sin(gaama2.*l0))-

(((kappa1.*gaama1)/(kappa2.*gaama2)).*sin(gaama1.*l0).*sin(gaama2.*l))))+((1/xi1).*((gaa

ma1.*kappa1)/(gaama2.*kappa2)).*sin(gaama1.*l0).*sin(gaama2.*l)); 

C=(deltaC)./(delta); 

deltaD=((1/xi2).*((sin(gaama2.*l0).*cos(gaama1.*l0))+(((kappa1.*gaama1)/(kappa2.*gaama

2)).*sin(gaama1.*l0).*cos(gaama2.*l))-

(((kappa1.*gaama1)/(kappa2.*gaama2)).*sin(gaama1.*l0).*cos(gaama2.*l0))))-

((1/xi1).*((gaama1.*kappa1)/(gaama2.*kappa2)).*sin(gaama1.*l0).*cos(gaama2.*l)); 

D=(deltaD)./(delta); 

voltagedifferencebetweenl0and0=(((-(current)./(w.*t1)).*rho1).*(l0-

(xi1.*theta0.*l0)+(xi1.*deltaT1.*l0)+(A.*xi1.*sin(gaama1.*l0)./gaama1))); 

voltagedifferencebetweenlandl0=((((current)./(w.*t2)).*rho2).*((l+(xi2.*deltaT2.*l)-

(xi2.*theta0.*l)+(C.*xi2.*sin(gaama2.*l)./gaama2)-(D.*xi2.*cos(gaama2.*l)./gaama2))-

(l0+(xi2.*deltaT2.*l0)-(xi2.*theta0.*l0)+(C.*xi2.*sin(gaama2.*l0)./gaama2)-

(D.*xi2.*cos(gaama2.*l0)./gaama2)))); 

voltagedifferencebetweenland0=(2.*((voltagedifferencebetweenlandl0)-

(voltagedifferencebetweenl0and0))); 

plot(current,voltagedifferencebetweenland0,'b'); 

xlabel('Current (Amp)'); 

ylabel('Voltage (V)'); 

%% Power dissipation versus current 

subplot(3,1,2) 

current=linspace(0,I_max,100); 

gaama1=(((current)./(w*t1))*sqrt((rho1*xi1)/kappa1));               

gaama2=(((current)./(w*t2))*sqrt((rho2*xi2)/kappa2)); 

delta=(cos(gaama1.*l0).*cos(gaama2.*(l0-

l)))+((kappa1.*gaama1)/(kappa2.*gaama2)).*sin(gaama1.*l0).*sin(gaama2.*(l0-l)); 

deltaA=(1/xi2)+((1/xi1)-(1/xi2)).*cos(gaama2.*(l0-l)); 

A=(deltaA)./(delta); 

deltaC=((1/xi2).*((cos(gaama1.*l0).*cos(gaama2.*l0))+(((kappa1.*gaama1)/(kappa2.*gaama

2)).*sin(gaama1.*l0).*sin(gaama2.*l0))-
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(((kappa1.*gaama1)/(kappa2.*gaama2)).*sin(gaama1.*l0).*sin(gaama2.*l))))+((1/xi1).*((gaa

ma1.*kappa1)/(gaama2.*kappa2)).*sin(gaama1.*l0).*sin(gaama2.*l)); 

C=(deltaC)./(delta); 

deltaD=((1/xi2).*((sin(gaama2.*l0).*cos(gaama1.*l0))+(((kappa1.*gaama1)/(kappa2.*gaama

2)).*sin(gaama1.*l0).*cos(gaama2.*l))-

(((kappa1.*gaama1)/(kappa2.*gaama2)).*sin(gaama1.*l0).*cos(gaama2.*l0))))-

((1/xi1).*((gaama1.*kappa1)/(gaama2.*kappa2)).*sin(gaama1.*l0).*cos(gaama2.*l)); 

D=(deltaD)./(delta); 

voltagedifferencebetweenl0and0=(((-(current)./(w.*t1)).*rho1).*(l0-

(xi1.*theta0.*l0)+(xi1.*deltaT1.*l0)+(A.*xi1.*sin(gaama1.*l0)./gaama1))); 

voltagedifferencebetweenlandl0=((((current)./(w.*t2)).*rho2).*((l+(xi2.*deltaT2.*l)-

(xi2.*theta0.*l)+(C.*xi2.*sin(gaama2.*l)./gaama2)-(D.*xi2.*cos(gaama2.*l)./gaama2))-

(l0+(xi2.*deltaT2.*l0)-(xi2.*theta0.*l0)+(C.*xi2.*sin(gaama2.*l0)./gaama2)-

(D.*xi2.*cos(gaama2.*l0)./gaama2)))); 

power=((2.*((voltagedifferencebetweenlandl0)-

(voltagedifferencebetweenl0and0))).*current); 

plot(current,power,'m'); 

xlabel('Current (Amp)'); 

ylabel('Power (W)'); 

%% Maximum temperature versus current 

subplot(3,1,3) 

current=linspace(0,I_max,100); 

gaama1=(((current)./(w*t1))*sqrt((rho1*xi1)/kappa1));               

gaama2=(((current)./(w*t2))*sqrt((rho2*xi2)/kappa2)); 

delta=(cos(gaama1.*l0).*cos(gaama2.*(l0-

l)))+((kappa1.*gaama1)/(kappa2.*gaama2)).*sin(gaama1.*l0).*sin(gaama2.*(l0-l)); 

deltaA=(1/xi2)+(((1/xi1)-(1/xi2)).*cos(gaama2.*(l0-l))); 

A=(deltaA)./(delta); 

maximumtemperature=((A.*(cos(gaama1.*(0))))+deltaT1); 

plot(current,maximumtemperature,'c'); 

xlabel('Current (Amp)'); 

ylabel('Temperature (deg celsius)'); 

save 2l_100 current voltagedifferencebetweenland0 power maximumtemperature
 




