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ABSTRACT

A sensor, originates from the Latin word “SENTIRE”, is a device, which perceives and
responds to a physical and chemical stimulus. Semiconductor sensors are such type of
electronic devices in which the semiconducting material is responsible for sensing
function. Micro-Electromechanical Systems (MEMS) based integrated gas sensors
present several advantages for these applications such as array fabrication, small size,
and unique thermal manipulation capabilities. MEMS based gas sensors, which are
usually produced using a standard CMOS (Complementary Metal Oxide
Semiconductor) process, have the additional advantages of being readily realized by
commercial foundries and amenable to the inclusion of on-chip electronics.
Gases are linked to life and their odors tremendously influence the image of our
environment. The human nose serves as a highly advanced sensing instrument which is
able to differentiate between hundreds of smells but fails if absolute gas concentrations
or odorless gases need to be detected. The demand for gas sensing devices which
support the human nose is accordingly large. Support is desired in safety applications
where combustible or toxic gases are present and in comfort applications, such as
climate controls of buildings and vehicles where good air quality is required.
Additionally, gas monitoring is needed in process control and laboratory analytics.
Most of the microheaters which are used to elevate the temperature of gas
sensor, integrated with the design of either platinum, nichrome or poly-silicon etc. as
heater element are suitable for high temperatures and were fabricated with poly-silicon
as heater material as well as electrode to observe the particular ambient temperature. In
the present work, a platinum based coplanar microheater is designed and studied for gas
sensing applications. Microheaters with different structures are designed to obtain
better temperature uniformity. Interdigitated electrodes can be placed on the same layer
as of microheater to obtain a coplanar design. The design has been accomplished using
finite element method (FEM) through COMSOL Multiphysics.



CONTENTS

CERTIFICATE. .. .o e i
ACKNOWLEDGEMENT ... ..o I
ABSTRACT .., i

LIST OF TABLES. ... e, viii
ABBREVIATIONS . ..o e, iX
CHAPTER 1: INTRODUCTION. ...ttt 1-14
1.1 MEMS: AN INTRODUCTION. .. ..ottt 1
L2HISTORY OF MEMS. ..., 4
L3MEMS MATERIAL. ... ..o, 4
1.4 ADVANTAGES OF MEMS....oi i 6
1.5 APPLICATION OF MEMS. ..ot 6
1.6 CONCEPT OF ELECTRONIC-NOSE.......ccciiiiiiiiiiiiii 7
1.7 METAL OXIDE GAS SENSOR.... ..ot 10
1.8 NEED OF MICROHEATER..... ..ottt 11
1.9 STRUCTURE OF METAL OXIDE BASED GAS SENSOR............... 11
CHAPTER 2: LITERATURE REVIEW. ... ..o 15-19
CHAPTER 3: INTRODUCTION TO COMSOL.......cootiiiiiiiiiiiiiien, 20-29
3.1 COMSOL MULTIPHYSICS: AN INTRODUCTION..........c.ccevvnnnn. 20
3.2 JOULE HEATING AND THERMAL EXPANSION INTERFACE...... 23

3.3 ELECTRO-THERMAL MATHEMATICAL MODELING IN JOULE
HEATING. ..., 25
3AMODEL INPUTS. ..o 27
3.5 CONCLUSION. ... .t 29
CHAPTER 4: MICROHEATER DESIGN. ... 30-36
4.1 INTRODUCTION. ... 31
42 MICROHEATER. ...t 31
4.3 MICROHEATER DESIGN ISSUES. ..., 32
4.4 ADVANTAGES OF COPLANAR MICROHEATER.................. 34
4.5 SELECTION OF MICROHEATER MATERIAL..............c....... 34



4.6 MICROHEATER GEOMETRIES AND THEIR SIMULATION

RESU LT S e e e e e 35

47 CONCLUSION. ...ttt e e e 36
CHAPTER 5: RESULTS AND DISCUSSION.......ciiiiiiiiiiiiieieieieeeea 37-50
5.1 Parameters consideration under electro — thermal analysis.................. 37

5.2 Electro-Thermal analysis..........ccoooieiiiiiii e 37

5.3 Design of S-shape Microheater GEOMetry.............ccoviviiiiiiiiiinnininn.. 38

5.4 Simulation Results of S-shape Microheater with IDT and Sensing Layer....41

5.5 Design of Double Meander Shaped Microheater Geometry.................... 44

5.6 CONCIUSION. ....uinitii e 50
CHAPTER 6: FABRICATION STEPS. .. ..o 51-59
6.1 Fabrication steps of MEMS based gas Sensor.............c.coeoeueeveneninennnn.. 51
CHAPTER 7: COCLUSION AND FUTURE PROSPECTS.........ccceviiiiiiienns 60-61
8 TV 14110 Y2 60

7.20 CONCIUSION. ...t 60

7.3 FULUIE SCOPC. ettt e e 61
REFERENCES . ... e e e e e 62



LIST OF FIGURES PAGE NO.

Fig. 1.1: Basic block diagram of MEMS.

Fig. 1.2: (a) Vectorial representation of a sensor in energy domain.
(b) Vectorial representation of an actuator in energy domain.

Fig. 1.3: Basic structure of metal oxide based gas sensor.

Fig.1.4: Microheater integrated with IDT.

Fig. 3.1: COMSOL Multiphysics window.

Fig. 3.2: Setup study type in COMSOL Multiphysics.

Fig. 3.3: Joule Heating and Thermal Expansion module window in COMSOL
Multiphysics.

Fig. 3.4: Material Selection in COMSOL Multiphysics 4.3.
Fig. 4.1: A structure of micro-heater.

Fig. 4.2: Temperature profile of single meander microheater.
Fig. 4.3: Temperature profile of double meander microheater.
Fig.4.4: Temperature profile of S-shape microheater.

Fig. 5.3.1: 3D view of Pt based S-shape geometry.

Fig. 5.3.2: 2D view of S-shape geometry with dimensions.

Fig. 5.3.3: IDT placed coplanar to microheater.

Fig. 5.3.4: Dimensions of IDT placed coplanar to microheater.
Fig. 5.3.5: 3D view of the microheater and IDT over which the

sensing layer is deposited.

Fig.5.4.1: Temperature distribution over the uniform width S-shape microheater.

Fig. 5.4.2: 2D view of varying width S-shape microheater with coplanar IDT.
Fig. 5.4.3: Temperature distribution for varying width S-shape microheater.

Fig.5.4.4: Temperature variation along the line between two terminals

of s-shape microheater.

2

12

13

20

21

24

27
31
35
35
36

39
39
40
40

41
42
42

43

44

Vi



Fig. 5.5.1: 2D view of double meander geometry with uniform width.

Fig. 5.5.2: Temperature profile for uniform width double meander microheater.

Fig. 5.5.3: Dimensions of modified varying width double meander microheater.

Fig. 5.5.4: Temperature profile for varying width double meander microheater.

Fig. 5.5.5: Temperature variation along the line between two terminals

of double meander Shape microheater.

Fig. 5.5.6: Effect of resistivity change on resistance of IDT.

Fig. 6.1: Silicon wafer <100> as substrate.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

6.2:

6.3:

6.4:

6.5:

6.6:

6.7:

6.8:

6.9:

Structure after wet oxidation.

Top view of mask lay out design of micro-heater with dimension.
Structure after Platinum deposition.

Structure after Silicon Nitride deposition.

Structure after membrane patterning and Oxide Etching.

Structure after Silicon etching using KOH + IPA and TMAH solution.

Structure after removal of Silicon Nitride.

IDT structure for detection of resistance change of sensing surface.

45
46

46

47

48

49

51

55

55

56

56

57

58

58

59

vii



LIST OF TABLES PAGE NO.

Table 1.1: Temperature limit of some selected metal oxide sensing 14

surfaces used in gas sensors.

Table 1.2: Typically used metal oxide sensing surface and their aimed gases. 14

Table 5.1: Analysis of MEMS microheater. 49

viii



MEMS
IDT
IDE
CvD
PVD
ICs
Poly-Si

Pt

ABBREVIATIONS

Micro Electro Mechanical System
Interdigitated Transducer
Interdigitated Electrodes
Chemical Vapor Deposition
Physical VVapor Deposition
Integrated Circuits

Poly silicon

Platinum



CHAPTER-1

INTRODUCTION

Gas sensors are used to determine the information about gases present in the
atmosphere. MEMS based gas sensors have the advantage of small size and low
power consumption. A gas sensor consists of a sensing layer/film which is
sensitive to the presence of gas. Sensing layer used is generally oxides or metal
oxides. Gas sensor operates generally in the temperature range of ~150°C to 300 °C.
Microheater is used to heat the sensing layer so that the gas present in the
environment can react with the sensing layer. Interdigitated Transducer (IDT) is
used to measure the change in resistivity of the sensing layer in the form of resistance

change across the IDT terminals.
1.1 MEMS: An Introduction

MEMS stands for Micro Electro Mechanical System. MEMS devices are micro
level devices having both electrical and mechanical components. Generalized
definition of MEMS is “It is a device where micro sensor and mechanical parts
(Actuators) along with signal processing circuitry are combined on very tiny slice of
silicon”. MEMS devices are fabricated using IC compatible batch process
techniques. Materials like silicon, quartz, glass and polymer can be used as substrate
in these devices [1].

MEMS is based on three basic blocks- sensor, processor and actuator as shown
in Fig. 1.1. Sensor or micro-sensor senses the measurand or input signal. Most of
time input is probably non - electrical signal which is converted into electrical
signal by a transducer. Vectorial representation of a sensor is shown in Fig.
1.2(a). Processor is next to sensor block which gets electrical signal from sensor.
Processor is used to perform  mathematical or logical operations on the signal.
Processor has electrical signal as input and output. The final building block is
the actuator which gets electrical signal from the processor as input and generally

gives a non-electrical signal as output.



Vectorial representation of an actuator is shown in Fig.1.2(b). Actuator

actually responds to environment (e.g. pumping, filtering, positioning, regulating

and moving) based on intended designed instruction [2].

Input (__\Ieasurand_]_.,

Processor or

p Output

. Decision )
Sensor " making —*| Actuator
operator
Fig. 1.1 Basic block diagram of MEMS.
Actuator

Sensor

TS

(a)

(b)

Fig. 1.2 Vectorial representation of (a) sensor (b) actuator in energy domain space.

Where, E-Electrical, T-Thermal, R-Radiation, Me-Mechanical, M-Magnetic,

O-Optical, C — Chemical.

The real power of this technology is that many devices can be built at the

same time across the surface of the wafer, with no assembly required. Since

it is a photographic-like process, its just as easy to build a million devices

on the wafer as it would be to build just one. MEMS promises to

revolutionize nearly every product category by bringing together silicon-

based microelectronics with micromachining technology, making possible

the realization of complete systems-on-a-chip. MEMS is an enabling

technology allowing the development of smart products, augmenting the



computational ability of microelectronics with the perception and control
capabilities of microsensors and microactuators and expanding the space of
possible designs and applications.

For fabrication of MEMS, three processing steps are used: (1)
Deposition (2) Lithography and (3) Etching. In deposition, thin films of material
are deposited on substrate. Chemical reaction method and physical reaction
method are used for deposition. Chemical reaction methods which are like,
chemical vapor deposition (CVD), Electro deposition, epitaxy and thermal
oxidation. The physical reaction methods which are like, physical vapor
deposition (PVD) and casting. In lithography, a patterned mask is applied on
top of the film by photolithographic imaging. It can be classified in two groups:
(1) Pattern transfer and (2) Lithographic module. In etching process, it is
necessarily requirement to etch the films selectively to the mask. Basically, it is
subdivided in two methods: dry etching and wet etching.

One common MEMS (Micro-Electro Mechanical Systems) fabrication
technique is the anisotropic etching of crystalline silicon, where etch rate is a
function of orientation. The anisotropic etching of silicon is ubiquitous process
in micromachining. Complex microsystems can be generated using the
anisotropic properties of single crystal silicon in an orientation dependent
dissolution reaction. Modern exacting demands in this rapidly growing industry
require fundamental understanding of these processes in order to achieve a
well-defined anisotropic ratio and a good surface finish. Mostly used
technology for bulk structuring for micro sensors and actuators is the
anisotropic etching with KOH. Specifications for the etched structures (such as
high etch rate ratios of <110> and <100> to <111> planes, short etch times and
minimum roughness) can be obtained by optimization of the etch parameters.
For sensor applications <100> oriented silicon is mostly used. Advantages and
disadvantages of the different etching conditions are anisotropic direction
selectivity, speed and surface roughness of the pattern. In isotropic etching, all
orientations or planes etch at the same rate, hence a square hole would get
rounded corners. In anisotropic etching, because of the differences in rates some
planes grow while others disappear. There are two main classifications that

describe how the initial mask shape will evolve into the final etched shape.



Firstly, etched shapes may be classified as either pegs or holes. Holes are lower
than the surface of the wafer and pegs are higher than the wafer, Holes enlarge

with time while pegs shrink.

1.2 History of MEMS

MEMS was first developed in the 1970s and then it was commercialized in
1990s. Using MEMS, it becomes possible to make any system to be smaller, more
efficient, less expensive and faster. In an ideal MEMS configuration, ICs (Integrated
Circuits) provide the “thinking” part of that system, while MEMS supplement this
intelligence with control functions and perception [3]. Pressure sensors having bulk
etched silicon structure were the first wave of MEMS commercialization started
in the late 1970s and early 1980s. In that first pressure sensor silicon membrane
deformed under pressure and piezoresistive track laid on its surface, was affected
and the change is used to transform the pressure into an electronic signal [4].

A second wave of commercialization arrived in the 1990s, which was
mainly focused on information technology and personal computers (PCs). In this
era, video projection is one of the products that was introduced by Texas
Instrument which is depended on electrostatic actuated tilting micro mirror
arrays. There is another product named thermally operated inkjet print head that
remain a high demand application till date.

A micro-optics as an accompaniment to optical fiber communication - by
way of all optical related devices and optical switches is the third generation of
MEMS commercialization [5]. And the fourth wave of the commercialization
could be other applications that may include biological and neural probes, also
called lab-on-chip drug development and biochemical system and macro scale
drug delivery system. E-nose is also the latest application that comes under fourth

generation of MEMS commercialization.

1.3 MEMS Material

MEMS technology may be implemented using different manufacturing
techniques and different materials that totally depends on the device which is
being created and the market in which it has to operate [6]. Different types of

materials are:



Silicon

It is the material which is widely used in consumer electronics. It has very
suitable material properties among other choices like; it can survive in harsh
conditions, has uniform mechanical properties throughout the wafer lots, and also
has suitable mechanical, thermal, electrical and optical integration. In a form of
single crystal, silicon is considered as almost perfect example of Hookean material,
that when it is flexed, there is almost no energy dissipation because it has virtually
no hysteresis. Also silicon has very high reliability as this material suffers very little
fatigue and also has service lifetime in the range of billions to trillions. And the
biggest advantage is fabrication and treatment processes for silicon substrate are
documented and well established. Also silicon compounds are also used in MEMS.
Some of the examples are Silicon dioxide (SiO,), Poly-Silicon (Poly-Si), Silicon
Carbide (SiC) and Silicon Nitride (SizNy).

Quartz
It is basically a compound of Silicon dioxide (SiO,) and its orientation
is not based on Miller indices. It is also counted as an ideal choice of material for
MEMS sensor as it has near absolute thermal dimensional stability. It is advisable
material in case of micro fluidics applications in biomedical analysis. It has certain
advantages over silicon that it is more dimensionally stable, more flexible in
geometry and transparent to ultraviolet light which is better for motive of species

detection.

Gallium Arsenide

It is compound semiconductor and is a major candidate for photonics
devices as it has high mobility of electrons. It is higher level thermal insulator
having outstanding dimensional stability at high temperature. In comparison to

silicon it is more difficult to process and more expensive.

Polymers

They are nowadays become popular choice for MEMS and micro system
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though having biggest drawback of poor conductivity. They have certain
proficient advantages like, low cost of raw material, light weight, high

electrical resistance.

Metals

Metals are used to make MEMS elements. Although metals do not have the
advantages that are displayed by silicon but in terms of mechanical properties, it
shows high reliability. Widely used metals are platinum, gold, aluminum, silver,

copper.

1.4 Advantages of MEMS

e Miniaturization: Smaller size, low power consumption, ruggedness.
e |C Compatible: Higher performance.
e Batch Fabrication: Low cost.

e Low power consumption.

1.5 Application of MEMS

MEMS devices are often found as sensors like gas sensors, pressure
sensors, optical sensors, position and speed micro sensors and is also making
large inroads into defense, medical, aviation, optical communication [2,3] and
many more.

a) Communication

It is more benefiting to make high frequency circuits with the help of RF-
MEMS technology. Electrical components like, tunable capacitors and inductors
can be enhanced remarkably using MEMS technology. The total circuit area, cost
and power consumption can be decreased and the performance of communication
circuits can be enhanced if the proper integration of such components are made
perfectly. RF-MEMS is widely used in antennas, oscillators, phase shifter circuits

and filters.

b) Biotechnology
For DNA identification and amplification, MEMS is providing new

discoveries in engineering and science like the Polymerase Chain Reaction (PCR)

6



system. Also there are micro-systems for throughput drug selection and drug
screening, micro- machined Scanning Tunneling  Microscopes (STMs).  For
detection of hazardous biological agents and chemical agents, biochips are
developed. Bio-MEMS in health and medical related technologies, one important

development of Lab-On-Chip for chemo sensor and biosensor is made.

c) Integrated Circuits

Micro technology generally has been developed for producing silicon
semiconductor. The revolution in silicon has allowed to create reliable, small
processor in form of IC (Integrated Circuits). Micro-machined substrates are
having significant importance for low power pressure sensors, temperature sensor,

gas sensors etc.

d) Automotive Domain

MEMS devices are widely used in airbag system, active suspension
and automatic door lock system. They have large applications in vehicle security
systems, headlight leveling systems and inertial brake lights. MEMS sensors

are having application in air temperature control in cars.

1.6 Concept of Electronic-Nose (E-nose)

In many industries, for measurement of quality of perfumes, drinks, foods
and sometimes chemical and cosmetic products, the human nose is used as
diagnostic tool [7]. Human sensory panels are highly subjective as human smell
estimation is affected by many factors. These individual variations may occur and
also be affected by mental health and physical health [8]. One of the great
achievement and application of MEMS is E-nose. E-nose is a device which imitates
the discrimination of the mammalian olfactory system which is sensory system for
smell [9].

The E-nose has sensor arrays which act as olfactory system of human nose
that have number of sensing sense [10]. The odor samples sense on the array
sensing surface causes a chemical and/or physical change on that surface which
changes associated electrical properties of sensing surface like, conductivity or

current.



1.6.1 E-nose sensor response to odorants

E-nose sensor’s response to odorants is normally observed as a 1% order time
response. In the very first stage of odor testing, it is necessary to acquire a
baseline by flushing a reference gas by sensor. When it is exposed to that
odorant, it causes variations in output signal till the sensor attains to steady-
state value. Finally the odorant is removed from the sensor by using the help
of reference gas and it comes back to its original baseline value. Here
this process gives two important definitions.

Response time: It is the time taken by for the sensor to sense (expose) the odorant.
Recovery time: It is the time taken by sensor to come back to its baseline
resistance value. The succeeding stage in this odor analysis is sensor
response manipulation that is obviously with respect to baseline value and this

process reduces drift, noise and also naturally generated large or small signals

[8].

Some common sensors used for E-nose are:

e |Intrinsically conducting sensor: When vapor / gas is flushed on
surface of conducting polymers, conducting polymers expand and its
resistance will be changed that cause change in conductivity.

e Composite Conducting polymers sensor: They have combinations
of conducting polymer and non-conducting particles. Typically conducting
polymers like, carbon black and polypyrrole (PPy) scattered in an insulating

polymer matrix.

e Surface acoustic wave (SAW) sensor: In surface acoustic wave sensor,
input transducer, gas sensitive coating and output transducer is
deposited on piezoelectric substrate. As input transducer gets ac input,
it generate acoustic wave. There is change in mass of gas sensing
membrane that causes alteration of acoustic frequency produced by input

transducer. This change is observed by output transducer.

e Quartz crystal microbalance sensor: It works on same principle as SAW

sensor. Normally, piezoelectric material oscillates while ac supply voltage is
applied and it produces resonance frequency. But gas is absorbed by this

material and it changes its mass and that makes change in resonance
8



frequency.

Optical sensors: Glass fiber coated with dye saturated polymer is
used for sensing purpose. At one end of fiber, light is entered with original
wavelength and due to gas interaction of fiber at the other end, the shift
in wavelength is observed.

Metal oxide field effect transistor (MOSFET) sensors: The basic
concept of metal oxide field effect transistor (MOSFET) sensor is that
there is variation in oxide conduction while it interacts with a gas. Also this

variation normally proportional to the amount of gas concentration.

1.6.2 Applications of E-nose sensor

E-nose has countless applications in many areas such as food products,

agriculture field, medical field, military etc. All these applications are explained as

below.

1.

o

Agriculture Field: E-nose is used in crop protection, plant production,
to find plant harvest timing, to find crop (fruit) ripeness, to find pre & post-

harvest diseases, pest identification [11].

Pharmaceutical and Medical: Its applications are in product purity
checking, quality control of drugs, consistency and uniformity of drug
formulation, cancer detection, Urinary Tract Infections (UTI) detection,

respiratory diseases recognition and other clinical discovery [12,13].

Manufacturing: E-nose is widely applicable in hazardous gas leak
detection, to inspect flavor and aroma, safety & security, examine

manufacturing process [11].

Food & Beverage: It is utilized in product variety analysis, product
evenness checking, smell reorganization, quality assessment, smell
characteristics checking, milk (dairy) product checking, meat and sea food

quality checking etc [11,14].

Military: Explosive substance detection, military and civilian safety and

9



security, also chemical and biological weapons detection etc. are

applications of E-nose in military [15].

6. Environment: It is used in hazardous gas identification, pollution detection,
water & air quality checking etc. [16,17]

7. Aroma and Cosmetics: Its application may be in comparing natural
and artificial cosmetic products, to measure efficiency of deodorants, to find

life time of perfume etc. [15].

1.7 Metal Oxide Gas Sensor

Although we have already discussed all options for gas sensor used in E-
nose in topic 1.2.1, metal oxide sensor is the best option as it has certain advantages

as mentioned below [16].

Easy electronic interface
Capability to detect no. of gases
Ease of use

Very low maintenance

Good sensitivity

Low cost

YV V.V V V V V

Fast response time

There are two available options of MOSFET sensors. One is n-type sensors
(sensing surface) which have majority charge carriers as electrons such as ZnO
(Zinc Oxide), TiO, (Titanium dioxide), WO3 (Tungsten trioxide), Fe,O3 (Iron (l11)
oxide) etc. While another is p-type sensors (sensing surface) having holes as
majority charge carriers such as NiO; (nickel oxide), CoO (cobalt oxide) and others.
MOSFET sensors surface is highly sensitive with oxidizing gases (such as N0,
CO,, NO,, and NO etc.) which cause increase in depletion region of sensing
surface and reducing gases (such as NHjz, CHj, SO, H,S and CO etc.) which
cause decrease in depletion region of sensing surface [16]. This slight change of
depletion region causes electrical properties of material from that amount

(concentration) of certain gas can be measured.

10



1.8 Need of Micro-Heater

In metal oxide sensor, which uses electron depleted surface, -either
oxidation or reduction process occur on depleted sensing surface or oxide surface.
In these process electrons are added or extracted depending on metal oxide
sensor whether is n-type or p-type. But all these process generates oxygen. It
needs very high temperature (around 100° C to 600° C) to occur this

phenomena depending upon the gases and used sensing surfaces.

To achieve this high temperature in metal oxide sensor, there is a need of
micro- heater (sometimes it called as heating element or heater). The main task of
micro-heater is to provide temperature uniformity (with attaining constant high
temperature) for sensing layer. Also micro-heater must operate at less applied
voltage so power consumption can be reduced. If micro-heater is in direct contact
with substrate, it may damage substrate. So generally, micro-heater is placed on

platform of SiO, (Silicon dioxide).

1.9 Structure of metal oxide based gas sensor
In any metal oxide based gas sensor structure has basically five layers (as
shown in Fig. 1.3):
» Substrate
Insulating platform
Micro-heater

Interdigitated electrodes

YV V V V

Sensing Film

Substrate:
Silicon is considered as the best choice as substrate in all the integrated
circuits, all the electronic consumer products and MEMS as well due to its various

advantages as already discussed in previous section.

Insulating platform:
To give electrical insulation, a thin layer of SiO, (Silicon dioxide) or
sometime Si3N, (Silicon Nitride) is used. This is helpful to avoid direct damage on

substrate due temperature from 100° C to 600° C, generated because of heating of

11



microheater.

Micro-heater:

MEMS based metal oxide structure is very small in terms of surface (around some

hundreds of um? surface area). Microheater is critical component of metal oxide gas
sensor to detect the desired gas properly. As micro-heater geometry in the range
of micron dimension, it requires very low applied voltage to achieve very
high temperature. The heating of micro-heater is based on joule heating concept.
Micro-heaters are extensively used in humidity sensors, microfluidics, gas sensors

and many other micro systems.

Sensing Film

Sensing electrodes

SiO2 Platform

eater

Substrate of Silicon

Fig. 1.3 Basic structure of metal oxide based gas sensor.

Interdigitated electrodes:

On the SiO, platform, micro-heater is placed and interdigitated electrodes
made of aluminum, gold or platinum is placed coplanar to the heater, which
detect variations in resistance of metal oxide sensing surface while it

responds to gases. The term interdigitated, selected for use throughout this,

12



refers to a digitlike or fingerlike periodic pattern of parallel in-plane
electrodes used to measure the resistance when a gas is present on the
material sample or sensitive coating. A typical chemical interdigitated sensor
design is to deposit interdigitated electrodes on an insulating substrate. The
electrodes are coated with a thin layer of material that is sensitive to the
concentration of chemicals present in the ambient atmosphere. The most
common outputs of measurement are changes in resistance and capacitance
between electrodes. The sensing mechanism is that when the sensor is
exposed to ambient chemicals, the interaction of the chemicals with the
sensitive material coating changes the material’s conductivity, dielectric
constant, and/or the effective thickness of the sensitive layer. The change in
conductivity and effective thickness result in a resistance change, and the
change of dielectric constant and effective thickness of the sensitive layer
changes the capacitance. Interdigitated chemical sensors are inexpensive to
manufacture and can be integrated on a chip consisting of the sensor element
and signal processing electronics. Fig. 1.4 shows a microheater design with
coplanar IDT [49].

100pm 100pm
heater eletrode

3000

Fig.1.4 Microheater integrated with IDT [49]
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Metal oxide sensing layer:
There are several options available for metal oxide sensing layer.
The concentration of any gases on the sensing surface is measured in terms of ppm
(part per million) or ppb (part per billion). The resistivity / conductivity of sensing
surface changes with amount of gas concentration. The temperature limit of some

selected metal oxide sensing surface are shown in Table 1.1 [19].

Table 1.1 Temperature limit of some selected metal oxide sensing surfaces
used in gas sensors.

Sr. No. Metal Oxides sensing surface Temperature limit/ range
1 Tin oxide (SnOZ) 300° C or above
2 Zinc oxide (ZnO) 300° C
3 Tungsten trioxide (WO,) Up to 500° C
4 Indium tin oxide (ITO) 300° C
5 Titanium oxide (TiOZ) 250° C
6 Cerium oxide (CeQ,) 400° C

As metal oxides have very good sensitivity to some hazardous gases,
used for sensing purpose. Some typical metal oxide sensing surface and

aimed gases are shown in Table 1.2 [16,20].

Table 1.2 Typically used metal oxide sensing surface and their aimed gases.

z: Metal Oxides sensing surfaces Aimed gas

1 Tungsten trioxide (WO3), Zinc oxide (ZnO) Nitrogen dioxide (NO,)

2 Tungsten trioxide (WO3) Nitric oxide (NO)

3 Tin oxide (SnO,), Zinc oxide (ZnO) Nitrous oxide (N,O)

4 Tungsten trioxide (WO,), Zinc oxide (ZnO) Hydrogen sulfide (H,S)

5 Zinc oxide (Zn0O), Titanium oxide (TiOZ) Carbon monoxide (CO)

6 Titanium oxide (TiOZ), Tin oxide (SnOZ) Ammonia (NHs)

7 Tungsten trioxide (\/\{03), Tin oxide (SnOZ), Methane (CHa)
Zinc oxide (ZnQO)

8 Tungsten trioxi_de (vyog), Zinc oxide (ZnO), Sulfur dioxide (SO,)
Tin oxide (SnOZ)

9 Zinc oxide (Zn0O), Tin oxide (SnOZ) Carbon dioxide (COy)
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CHAPTER-2

LITERATURE REVIEW

2.1 Literature Review

The focus of this work is to design a microheater for gas sensing application. They
have good sensitivity to some relevant gases like CO, H2, NOx and hydrocarbons.
Metal oxide gas sensors are frequently used in gas leakage detection (propane,
butane) and ambient air quality monitoring (CO, NOx). New application fields are
toxic gas detection like CO and smoke gas monitoring in houses and buildings. In a
semiconductor gas sensor, a micro-heater is used as a hot plate which controls the
temperature of the sensing layer. The semiconductor gas sensor utilizes
semiconductor properties of surface adsorption which is used to detect changes in
resistance as a function of varying concentrations of different gases. In order to
detect these resistive changes, the heater temperature must be held constant and
uniform over the heater area. Therefore, sensitivity, selectivity and response time of the
semiconductor gas sensor are dependent on the sensing layer material and operating
temperature of the micro-heater [21]. Use of a micro-heater is important in gas
sensors because the gas reaction in the sensing layer occurs at high temperatures.
Materials used in metal oxide gas sensors are SnO2, ZnO, TiO2, and WO3. All those
materials are n-type semiconductors, which have, typical working temperature in the
range 200-600 K [22-23]. In a gas sensor, microheater is used to control the
temperature of the sensing layer. The idea of using semiconductors as gas sensitive
devices leads back t01952 when Brattain and Bardeen first reported gas sensitive
effect on germanium [23]. Later Siyanda, found gas sensing effect on metal oxides
[24]. Taguchi finally brought semiconductor sensors based on metal oxides to an
industrial product [23]. Taguchi type sensors are still in the market, but most of the
commercially available sensors are manufactured in screen printing technique on
small and thin ceramic substrates [23, 25, 26]. Screen printing technique has the
advantage that thick film of metal oxide semiconductor sensor are deposited in batch
processing thus leading to a small sensor to sensor distribution within production
lots. However, screen-printed ceramic gas sensors are, with respect to power
consumption, mounting technology and selectivity still in need of improvement. The

power consumption of screen printed devices is typically in the range of 1-5 Watt
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[25] that is too much for application which allow just the use of battery driven
elements. The mounting of the overall hot ceramic element is difficult. One has to
find such designs that ensure good thermal insulation between sensor element and
housing as well as high mechanical stability. Good thermal isolation is thereby not
only needed to minimize the overall power consumption but also to enable the
integration of signal processing electronics in the same housing. Sufficient
selectivity of metal oxide sensors can up to now only be achieved if the sensor is
used in an application where the number of gases is limited such that cross-
sensitivities can be neglected or if several sensors are put together to an array. In the
latter case a lack of selectivity and therefore overlapping sensitivities of different
sensors can be turned into an advantage [27]. Even though the use of array is
promising with respect to sensor selectivity one has to keep in mind that the use of
sensor arrays leads to an increased size of the sensor element or to the use several
separate elements and thus to an increased power consumption. In the last few years
the above mentioned difficulties have been overcome. The integration of gas
sensitive metal oxide layer in microelectronic processing was achieved with the use
of micromachining steps to yield micro-machined metal oxide gas sensors. This
technology is promising to overcome the difficulties of screen-printed ceramic
sensors due to the following facts.

Recent trends in application of metal-oxide gas sensors demands for thermal and
mechanical performance such as low power consumption, fast response, and
uniform temperature over the sensing layer and good mechanical stability at high
temperatures [28-29]. For these objectives, the thermal characteristics of the
microhotplate have to be well known and optimized, mainly with respect to power
consumption, transient response and uniform temperature distribution, by controlling
the heat losses, dielectric materials and heater configuration.[30-32] In the year 1997-
98 Carole Rossi et. all experimentally proved that silicon base microheater using
stalked dielectric membrane exhibit good performance with respect to power
consumption [30-31]. In 2003 S. M. Lee et. all proposed some new designs for
microheater which consumes very low power [33]. J. Puigcorbé at all in 2003
reported the development of a microheater for a metal oxide gas sensor and tested in
order to characterize its thermal and mechanical behavior by combining experimental

measurement with finite element method (FEM) simulation. Roy et.al.[34] in 2009
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has already discussed elaborately the significance of co-planar structure with
microheater and IDE produced by a single lithographic step on micromachined
silicon substrates using a novel nickel alloy DilverP1 with its advantages over other
heating elements.
Four different geometries single meander, double meander, fan type and square
geometries are described by L. Sujatha et al. [35]. All four geometries are made of
Poly-silicon material having same material properties and having 100um x 100um
surface area. Also same voltages applied at ends to all geometries and can achieved
maximum temperature of 483.83K. Among all four structures, square type
geometry has cover vast area in which having more than 80% temperature. While
Velmathi G et al. [36] describes the simulated results of micro-heaters having an
improved temperature distribution over the sensing area and a higher density of
integration is presented, by using six different patterns of micro-heater like Plane
plate with central square hole, Double spiral, Honey comb, S- shape, fan shape and
meander type with their Electro thermal simulated temperature profile. For the
same supply voltage applied, the uniform temperature profile and the power
consumption of the heater to get 400°C is analyzed. High temperature uniformity is
achieved in fan type patterns of micro-heater.
In 2001 S. Semancik et al. [37] introduced microhotplate platform made of poly-
Si on the platform of SiO,. They have used four arrow shaped electrodes for
measuring heating temperature and observing change in sensing surface.
Microhotplate is CMOS compatible and easily integrated on heterogeneous types
of on chip circuits. In 2006 Bijoy kantha et al. [38] described implementation and
fabrication process. They have made structure of SisN4 layer on both side of
silicon substrate. Also have SiO, insulating layer above SisN4 layer and it has

Ti/Pt micro-heater suspended on the top of the structure. They have used BaSnOj3

as sensing surface. Results are analyzed (resistance variation) at 600° C and 700° C
for O, and CO gases. Velmathi G. et al. in 2010 has introduced six different
geometries of micro-heater. They have used finite element method in COMSOL
Multiphysics simulation tool. They have analyzed plane plate with central square
hole, double spiral, honey comb, meander, fan type and s-type of geometries.
Their 2D surface temperature is observed to achieve 400 °C temperature. Also
resistive heating vs applied voltage characteristic was analyzed [39]. Jae-Cheol
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Shim et al. describes the fabrication and characteristics of a NO sensor using ZnO
thin film integrated SiC micro heater based on SiC thin film of operation in harsh
environments.  Sensitivity, response time, and operating properties in high
temperature and voltages of NO sensors based SiC MEMS are measured and
analyzed. As compare with only ZnO thin film, using the Pt added ZnO thin film
was showed higher sensitivity, lower working temperature, and faster adsorption

characteristics to NO gas than the pure ZnO thin film [40].

2.2 Objectives

The main objectives of presented work are as follows:

1. To describe and simulate different micro-heater geometries using COMSOL
Multiphysics and to analyze which geometry gives better temperature
uniformity.

2. To achieve a geometry optimization in fixed surface area for given
structure for temperature uniformity.

3. To put a sensing layer on the heater surface and analyze the effect of
presence of a gas through interdigitated transducer (IDT).

4. Use IDT to analyze the resistivity change of the sensing layer due to
presence of gas.

2.3 Thesis organization

Chapter 3 covers the research methodology used in this project. Finite Element
Analysis (FEA) package of COMSOL Multiphysics is used for design and
simulation of micro- heater geometries of metal oxide based gas sensor. Joule
heating and thermal expansion physics of structural mechanics module is used to
generate micro-heater geometries. Computer simulation has certain
advantages because it provides design optimization by changing materials of the

device, its properties, geometries and layer dimensions without actual fabrication.

Chapter 4 describes the design parameters of metal oxide gas sensor. It explain the
design parameters of micro-heater and effect of this parameter on sensing
surface of MEMS based metal oxide gas sensors. It also explains different micro-

heater geometries comparison for gas sensor and best shape is selected among all
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the choice for improving temperature uniformity in gas sensor for proper detection

of gases.

Chapter 5 gives shape optimization of selected micro-heater geometry to enhance
better temperature uniformity. It gives relation between maximum surface
temperature with applied voltage. The microheater is integrated with coplanar IDT

above which is a sensing layer.

Chapter 6 describes the fabrication steps to design micro-heater for MEMS based
gas sensor. This will helpful to fabricate MEMS based gas sensor with Poly-Si
and/Platinum based micro-heater.

Chapter 7 concludes this project after all results compared in Chapter 5. Also it

gives idea about future work possible in this field.
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CHAPTER-3

INTRODUCTION TO COMSOL

3.1 COMSOL Multiphysics: An Introduction

It provides Finite Element Analysis (FEA), solver, simulation. It has
packages for engineering and general physics applications based on  advanced
numerical method so it is generally called as “Multiphysics”. In early year,
this software was known as “FEMLAB”. The basic idea of this tool is to mimic
as similarly as possible the effects that are noticed in real world. This tool also
offers to add coupled system of PDE (Partial Differential Equations). It provides
simulation platform along with their dedicated physics tools for AC/DC
module, electrical, chemical, plasma, general physics etc.

With the help of built in interfaces and modern support for defining
material properties, it is very easy to make models implementing the suitable
physical quantities such as, constraint, supply sources, fluxes (electrical or heat) ,
its material properties without specifying the underlying equations [41]. User can
define their own expressions, variables. COMSOL basic window is shown in Fig.
3.1
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Fig. 3.1 COMSOL Multiphysics window.
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User has to add physics with specific sub-physics (Specific area of

simulation or specific operation of that physics). Also user has to define study

type for analysis. Study types options are mentioned below:

e Preset Studies

» Eigen Frequency

» Stationary

» Time Dependent

e Custom Studies
» Empty Study

» Eigen Value

» Frequency Domain

One can change/add study during simulation process also. There are many

available choices like, parametric sweep response, cluster computing etc. Fig 3.2

shows setup study tab on simulation window.
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Fig. 3.2 Setup study type in COMSOL Multiphysics
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COMSOL Multiphysics supports many applications area. It also

provides some live link module such as with MATLAB, CAD and Excel.

All the application modules are mentioned in the list:

>

vV V.V V V VYV VYV V V VYV V V VY VYV V V VYV V V Y V V VY V V V VY V V

AC/DC Module

Acoustics Module

Batteries & Fuel Cells Module
CAD Import Module

CFD Module

Chemical Reaction Engineering Module
Corrosion Module

ECAD Import Module
Electrochemistry Module
Electrodeposition Module
Fatigue Module
Geomechanics Module

Heat Transfer Module
LiveLink Products for CAD
LiveLink for MATLAB
LiveLink for Excel

Material Library

MEMS Module

Mixer Module

Microfluidics Module
Molecular Flow Module
Multibody Dynamics Module
Nonlinear Structural Materials Module
Optimization Module

Particle Tracing Module

Pipe Flow Module

Plasma Module

RF Module

Semiconductor Module

Structural Mechanics Module
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» Subsurface Flow Module
» Wave Optics Module

3.2 Joule Heating and Thermal Expansion Interface

The Joule heating and thermal expansion interface (Physics) is found
under the Structural Mechanics branch in the model wizard window. It has
combination of Heat transfer interface, electric current interface and also

Structural Mechanics interface.

The Joule Heating Interface

The Joule Heating physics is combination of two different modules:
electric current interface which is part of AC/DC module and Heat transfer
interface. Joule heating is also called as resistive heating or ohmic heating.

As mentioned earlier, there is interaction of both modules, which may
occur in both directions:

1. In the Electromagnetic Heat Source node, this resistive heating is visible as
a heat source.

2. To use default setting value for electric conductivity from the material.
From the choice from Conduction current-> Electrical Conductivity list,
and choose the Linearized resistivity which is basically temperature
dependent and described by the following equation.

P_ Po (3.1)

(1+a(T —TO))

Where o is the temperature coefficient of resistivity, which describes how the resistivity

varies with temperature and pois the resistivity at reference temperature 'Ib .

The dependent variables may be temperature T and electric voltage potential V.
Joule Heating and Thermal Expansion physics is selected and parameters are defined for
the structure under analysis which is shown in Fig. 3.3. They are interface parameters; we
can add more parameter as per our requirements of parameter definition by simply right
clicking on Joule Heating and Thermal Expansion physics. Generally we add parameter
definition like, Fixed constraint from Structural Mechanics, Ground and Electric

Potential from Electric Current, Temperature and Heat Flux from Heat Transfer physics
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defined under main module.

They are defined like [42],

A\
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Fig. 3.3 Joule Heating and Thermal Expansion module window in COMSOL Multiphysics



3.3 Electro — Thermal Mathematical Modeling in Joule Heating

Joule Heating model contains the following important sections:

Domains

While analyzing any structure, one should select the domain on which he/she
wants to apply Joule Heating and Thermal Expansion model, otherwise it select all
domain by default [43].

Dependent Variables
The Joule Heating Model node in COMSOL uses the following version of the

heat equation as the mathematical model for heat transfer in solids:

pC,(dT/dt) — A(KAT) = Q (3.2)

With the following material properties:
e pisthe density.
e C,isthe heat capacity.
e ks the thermal conductivity (a scalar or a tensor if the thermal conductivity is
anisotropic).

e Qs the heat source (or sink).

For Joule heating, it comes from the electric current and is added in the
Electromagnetic Heat Source node. For a steady-state condition, obviously
temperature does not vary with time so we can eliminate first term. In addition, an
electric current equation is also added in analysis.

When an electric current flows in a solid or in liquid having finite
conductivity, it converts electric energy into heat through material resistive losses
which is widely known as joule heating. Resistive heat generated Q is proportional to
square of current density J . Electric field E is equal to negative of gradient of voltage
potential V. Also there is proportional relation between current density J and electric
field E and there is reciprocal relation between conductivity ‘¢’ which is function

of temperature and a resistivity ‘p’.
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From the above discussion,

2 3.3

g =c(T) G4
1
i]:_

o (3.5)

0= o-|J|3= %p ._E|2 =G- |w’|‘1

(3.6)
For particular temperature range, the electric conductivity o is a function of
temperature T given by,
(@)
G = 0
1+a (T -T,)
(3.7)

Where o is the temperature coefficient of resistivity, which describes how the resistivity

varies with temperature and o, is the conductivity at the reference temperature To. Also

power consumption is describe as,

Where V is electric potential applied and R is resistance of heating electrode.
As explained in (3.8), power consumption is directly proportional with square of

applied voltage and also inversely proportional with the resistance of used material.

The equations have been solved and simulation is done under
Dirichlet, Neumann, and mixed boundary conditions using the Finite Element Analysis
(FEA) method when the Electro-Thermal module is selected in COMSOL
Multiphysics. Also for simulation purpose, fixed applied electrical potential and fixed

temperature and the ends of the material terminal is considered.
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3.4 Model Inputs
This section contains values and fields, which are considered as inputs to
expressions that define material property. If you have added such user defined

property groups, their model inputs appears here. Initially, it is empty section.
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Fig. 3.4 Material Selection in COMSOL Multiphysics 4.3

Conduction Current

It has SI unit of S/m and it defines electrical conductivity. We have already
discussed this in previous section. User have to go to Joule Heating and Thermal
Expansion Model-> Joule Heating Model - locate Conduction Current - Electrical

Conductivity and have to change it from user defined to Linearized resistivity.

Heat Conduction

There is default setting to use the thermal conductivity from the material. If
anyone wants to give his/her own value, select option of user defined. It has Sl unit as
[W/((m.K)]. The thermal conductivity k gives relation between the temperature
gradient AT and the heat flux vector g. Path will be Joule Heating and Thermal

Expansion Model - Joule Heating Model - locate Heat Conduction - choose
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option as from material.

Electromagnetic Heat Source
The Electromagnetic Heat Source feature is only available in the Joule Heating

predefined COMSOL Multiphysics interface. It is added as default node. Joule

heating is proportional to I°R, where | is electric current and R is resistance of material.

Initial Values

The initial Values node adds initial values for the temperature T and the
electric potential V that can serve as an initial condition for a transient simulation or as
an initial guess for a non linear solver. If users need to specify more than one set of
initial values, then one can add addition Initial Values features. Generally,
temperature is taken as room temperature (293.15 K) and electric voltage potential is
ov.

Free

Free feature is considered as default boundary condition. That means that there is
no loads and/or no constraint acting on boundary. In micro-heater, this feature is used
for edge.

Ground

This feature is not given directly but we have to choose by right click on Joule
Heating and Thermal Expansion Model and choose electric currents then choose
ground option. In micro-heater, we have to define one end as electric potential and

other as ground.

Fixed Constraint

We have to make fix structure sometimes domain or edges or boundary to
withstand against stress and joule heating. It may change structure. So there is one
option available by right clicking Joule Heating and Thermal Expansion Model
—>Structural Mechanics - Fixed Constraint.
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3.5 Conclusion

In this chapter, we have studied and discussed about the COMSOL Multiphysics
simulation tool with its features and different modules. As we will design and
simulate different micro-heater geometries, this module will helpful to analyzing

results and understand the behavior of micro-heater with respect to its properties.
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CHAPTER-4

MICROHEATER DESIGN

4.1 INTRODUCTION

In most cases microheater must be a small structure fabricated using a CMOS-
compatible process with a good fabrication yield and having the lowest possible power
consumption. Microheaters consist generally of a hot plate on a membrane micro
machined from bulk silicon. The temperature rise is obtained by the Joules heating in a
resistor deposited on a membrane a few micrometers thick. The material commonly
used for the substrate is Si because of its excellent mechanical properties. Another
advantage of using Si is that the electronics circuits and the sensor can be integrated on

one single chip.

4.2 Micro-heater

MEMS Micro-heaters can generate high temperature at low power and also exhibit
fast response time. Generally micro-heaters have a thin film heater coil or wire which
may be suspended within silicon for better thermal isolation. Usually, micro-heaters

have platform of Silicon dioxide (SiOy) or Silicon Nitride (SiN4). They are capable
to operate at temperatures up to 600° C.
The power consumption or heating power (P) can be calculated using formula

as explained below:

P=— (4.1)

Where V is an applied voltage and R is a resistance across two ends of micro-heater.
The value of resistance can be found by mentioned formula for given micro- heater

geometry:

R=p— (4.2)
w-h
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Where p the value of resistivity of material, | is the length, w is the width and h is

the height of micro-heater.

A structure of micro-heater is shown in Fig. 4.1, where 200 x 200 um? platform

of Silicon dioxide (SiO,) is used and above it micro-heater is placed.

4.3 Micro-heater Design issues

The micro-heater design is essential to restrain the temperature distribution

and also to reduce power consumption. To fulfill a desired temperature distribution,

user has to choose proper micro-heater geometry and substrate.

Some of the basic requirements must keep in mind those are as follow:

>
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Material used

Uniform temperature distribution over the heater
Mechanical stability

Long life

Micro-heater geometries
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Fig 4.1 A structure of micro-heater.
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Material used: For most effective performance, it is a primary necessity to choose an
ideal material for micro-heater. Mostly, the value of resistivity of material used
micro-heater should be high. Platinum (Pt), Gallium nitride (GaN), Gallium arsenide
(GaAs), Titanium nitride (TiN), DilverP1 (alloy of Ni, Co, Fe), Poly silicon (Poly-Si)

and many metal alloys etc. are widely used materials for micro-heater [47].

Uniform temperature distribution over the heater: It is essential need of micro-
heater to have better temperature uniformity for proper detection of desired gases [26].
So choice of micro-heater geometry which can distribute temperature equally

throughout the sensing surface area without generating any “hot spot™ is desirable.

Mechanical stability: For having long life and mechanical stability of micro-
heater, we should minimize stress and displacement. This is totally dependent on
micro-heater material and its geometry. Also the deformation gradient and thermal

expansion of micro-heater must be lower that will helpful to achieve better results.

Long life: Micro-heater geometries plays a vital role for achieve better temperature
uniformity. There are many micro-heater geometries are available and are to

investigated and simulated to attain uniformity.

Micro-heater geometries: While choosing micro-heater thickness, one should care
about material strength and heat consumption of the geometry to avoid more heat
dissipation loss. Preferred materials used as membrane under microheater for heat
(thermal) isolation are Silicon dioxide (SiO,;) and Silicon nitride (SisN4), though

SizN4 is having more heat consumption than SiO; [31].

Low power consumption: Low power consumption is most important parameter
among all especially for battery operated sensors. As we have already seen the power
consumption equation, by decreasing width and height of micro-heater geometry, we
can increase resistance and that causes reduction in overall power consumption. So

dimensions of micro-heater are very critical for making low power gas sensor.
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4.4 Advantages of Coplanar Microheater

Both the microheater and the interdigitated electrode are placed laterally on the
same insulating substrate. Because of the high thermal conductivity of silicon membrane
there is no need of the stacked structure. Rather microelectrodes can be placed on the
same layer at an optimum distance from the microheater leading to a novel coplanar
design.
The advantages of this coplanar heater are:
(a) Fast response time
(b) Better temperature uniformity over the membrane area

(c) Ease of fabrication

4.5 Selection of micro-heater material

To find micro-heater material, it is necessary to discuss material parameters
such as thermal conductivity, coefficient of thermal expansion and thermal conductivity.
Cooling time or heating time of micro-heater actually depends on thermal conductivity.
More the value of thermal conductivity of material, higher will be the value of rise time.
Also cooling time is always marginally higher than rise time. This difference is
clearly seen in metals. Variation in object size with temperature change is dependent on
coefficient of thermal expansion. This is measurement of fractional change in size of
structure per degree change in temperature at constant value of pressure. Lastly,
electrical conductivity represents how the temperature increases due to joule heating.
It has always been a challenge to select proper material for micro-heater to achieve
desired temperature requirement for any gas sensor. We have already discussed various
materials available for micro-heater like, Titanium nitride (TiN), Gallium nitride (GaN),
Gallium arsenide (GaAs), DilverP1 (alloy of Ni, Co, Fe), Poly silicon (Poly-Si), Platinum
(Pt) and many metal alloys like brass and alnico [47]. Among them Titanium nitride
(TiN), Gallium nitride (GaN), Gallium arsenide (GaAs) are less preffered materials as
they have certain major disadvantages. Dilver P1 has many advantages such as high

yield stress, low thermal power thermal expansion, low thermal conductivity.
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Here we have used Platinum (Pt) as a material for micro-heater since, Platinum (Pt)
has very high temperature stability (because melting point is high) so it can easily
withstand at very high temperature. Also it can attain high temperature by applying very

small voltage.

4.6 Micro-heater geometries and their simulation results
Various types of micro-heater geometries are simulated and analyzed using
simulation tool COMSOL Multiphysics 4.3 to achieve basic two requirements namely,

high temperature uniformity and low power consumptions.

For the simulation purpose, all geometries are made of Pt with micro-heater
geometry height of 2 pm and with 200 x 200 um? surface area with platform of SiO, to
provide thermal insulation to improve temperature profile [48]. Also in micro-heater
geometries, one end of micro-heater is having applied voltage of 1.0 V and the other end
is grounded. Comparison has been made for three most desired micro-heater geometries
as mentioned below.

» Single meander
> Double meander
» S-shape

The purpose of simulation of above geometries is to find the best suitable
geometry which proves better temperature uniformity, so surface temperature will not be
under consideration. Every simulation result represents temperature distribution by
rainbow colors. Where red color area represents maximum temperature and blue area
represents minimum temperature (minimum temperature is defined during boundary

conditions).

1) Single meander
Single meander geometry is simulated and result of surface temperature
distribution is shown in Fig. 4.2. Simulation result displays very less temperature

uniformity.

34



Surface: Temperature (K)

A 43375
0 100 —40

00
|
|
|
X

400

|00
380

360

30

Y

4

\
-

Vv 323

Fig. 4.2 Temperature profile of Single meander microheater.

2) Double Meander
Single meander and double meander geometry are most studied and researched
geometries among all as they are easy to design and fabricate [39]. Fig 4.3 demonstrates
the double meander geometry with its simulation result of temperature distribution. There

is a vast improvement in temperature uniformity as compared to single meander
geometry.
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Fig. 4.3 Temperature profile of double meander microheater.
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3) S-shape Microheater
Fig. 4.4 shows simulation result of S-shape geometry where it can be observed
that it has greater uniformity. Heater was made of Pt on an insulating base.
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Fig. 4.4 Temperature profile of s-shape microheater.

4.7 Conclusion
We have simulated various micro-heater geometries but S-shape and double
meander geometries provides better temperature uniformity. S-shape geometry has
high stress and less stability at high temperature as more deposition in middle portion
of geometry. In the next chapter, we will simulate this s-shape micro-heater geometry
by using Platinum as micro-heater material. There will be discussion on width
variation of micro-heater geometry and its effect on temperature uniformity. All results

will be compared and conclusion will be made based on these results.
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CHAPTER-5

RESULTS AND DISCUSSION

5.1 Parameters consideration under electro — thermal analysis
During the simulation and result analysis, some parameters of micro-heater
are considered as most crucial as they directly affect the performance of gas sensor.
They are mentioned below:
Maximum temperature
Temperature uniformity
Power consumption
Transient temperature response

Transient resistance response of micro-heater

YV V V V V V

Current density

We have already discussed parameters like, maximum temperature,
temperature uniformity and power consumption so they are not deliberated further in
discussion. As response/recovery time of gas sensor is dependent on sensing
surface temperature and sensing surface temperature is relied on transient
temperature response of micro-heater, it is more crucial to have minimum
transient temperature response time of micro-heater. Due to joule-heating there is
variation in resistance of micro-heater. As temperature increases, value of resistance
raises. Also current density represents the distribution of current on the micro-heater

surface (current / area).

5.2 Electro-Thermal analysis

In the previous chapter, various geometries are tried and analyzed for
optimum solution of micro-heater geometry. Then modified spiral geometry is found
as optimum solution which having high resistance value (which is helpful for
resistive heating) and less power consumption. We have already discussed

resistive heating (Q) equation in previous chapter i.e,

Q=c{WV| 2 (5.1)
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For particular temperature range, the electric conductivity ¢ is a function of
temperature T given by:

°0
C ="
1+a(T-Ty)
(5.2)
Where ¢, is the temperature coefficient of resistivity.
The basic resistance equation including cross sectional area A is given by:
r_p!
A
=
c-A (5.3)

From above equation it is clear that, electric conductivity o and cross sectional area
A are inversely proportional. Also from equation (1), we can conclude that either
increases the voltage gradient of micro-heater two ends (simply increases applied
voltage potential of electrode) or increases the area (thickness or width) of micro-
heater. Let us discuss two cases in which variations in voltage gradient and
variations in thickness / area (thickness * width = area) of micro-heater geometry is
analyzed for measure changes in temperature and power consumption of micro-

heater.

5.3 Design of S-shape Microheater Geometry

S-shape geometry which is shown in Fig. 5.3.1, is having 2 pm
thickness and it is placed on 200 x 200 pm? insulating platform of SiO, having 3 um
thickness. All dimensions are shown in Fig. 5.3.2. Properties of SiO, and Pt are
defined in Appendix 1. As shown in Fig. 5.3.2, micro- heater has equal stripe width
of 20 um throughout.
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Fig. 5.3.1 3D view of Pt based S-shape geometry.
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Next goal is to place the IDT co-planar to the microheater. IDT is used to detect the
changes in the sensing layer in presence of a gas. Fig. 5.3.3 shows placement of the
two interdigitated electrodes (IDE’s) with respect to the microheater on the
same insulating base. The red color shows the IDE’s. The IDE’s are also made of

Pt and have same stripe width of 7 um throughout. Fig. 5.3.4 shows the dimensions of

the IDE’s.
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Fig. 5.3.3 IDT placed coplanar to microheater.
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Fig. 5.3.4 Dimensions of IDT placed coplanar to microheater.
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A gas sensitive layer of ZnO is used for gas sensing purpose. Whenever there is a
ambient gas present in the atmosphere it will react with the sensing layer in presence
of heat provided by the microheater. So a circular shape sensing layer is placed over
the surface of microheater as shown in Fig. 5.3.5. The sensing layer has a thickness of
2 pm.

Fig. 5.3.5 3D view of the microheater and IDT over which the sensing layer is
deposited.

5.4 Simulation Results of S-shape Microheater with IDT and Sensing
Layer

Now apply a voltage of 0.5V across the terminals of the microheater to obtain the
necessary temperature. The base of SiO2 which is 3 UM thick will provide an insulation
path for the heat to protect the device from any damage. Fig. 5.4.1 shows the

temperature distribution across the geometry.
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Fig.5.4.1 Temperature distribution over the uniform width S-shape microheater.

To obtain better temperature uniformity we have to choose a varying width

microheater.

Changing the width of microheater will help in providing more uniformity. Fig.

5.4.2 shows the geometry of varying width S-shape microheater. It has a width of 10

pum on the top and bottom edges and 20 um width in the rest of the region.
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Fig. 5.4.2 2D view of varying width S-shape microheater with coplanar IDT.
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5.4.1 Simulation result of varying width S-shape microheater:
For the s-shape heater we designed we apply a voltage of 0.5V across the terminals
of the microheater to obtain the necessary temperature. The base of SiO2 which is 3 UM

thick will provide an insulation path for the heat to protect the device from any

damage. Fig. 5.4.3 shows the temperature distribution across the geometry.
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Fig. 5.4.3 Temperature distribution for varying width S-shape microheater.

Comparing Fig. 5.4.1 and Fig. 5.4.3 it can be easily observed that the varying
width microheater provides better temperature uniformity than the uniform width

microheater. This geometry is used for further research.

A graph of temperature variation for both the above geometries is shown in Fig.
5.4.4. 1t shows the temperature distribution along the line joining the two terminals of
the heater (y=x) for the s-shaped microheater. In this figure the solid black line shows
the temperature variation for uniform width s-shape heater and the green dashed line
for non-uniform width heater. From Fig.5.4.4 it can be analyzed that better

temperature uniformity is obtained in case of non-uniform width heater.
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Fig.5.4.4 Temperature variation along the line between two terminals

of s-shape microheater.

5.5 Design of Double Meander Shaped Microheater Geometry

Double meander geometry having 2 um thickness is shown in Fig. 5.5.1,
and it is placed on 200 x 200 um? insulating platform of 3 pm thick SiO,. For the
insulating platform SiO, is used as a material and for microheater Platinum is
used. All dimensions are shown in Fig. 5.5.1. Properties of SiO, and Pt are defined
in Appendix 1. As shown in Fig. 5.5.1, micro- heater has equal stripe width of 20
pm throughout.
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Fig. 5.5.1 2D view of double meander geometry with uniform width.
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5.5.1 Simulation result for double meander shape microheater

A voltage of 0.5V is applied across the terminals of the microheater to generate the
necessary heat required by the gas sensor. Fig. 5.5.2 shows the simulation result for the

uniform width microheater over which sensing layer of ZnO is also presented.
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Fig. 5.5.2 Temperature profile for uniform width double meander microheater.

To improve the temperature uniformity a varying width double meander shape
microheater is used, as shown in Fig. 5.5.3.
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Fig. 5.5.3 Dimensions of modified varying width double meander microheater.
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Simulation result for varying width double meander microheater when supplied a
voltage of 0.5V across the microheater terminals is shown in Fig. 5.5.4. This figure also
includes the sensing layer.
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Fig. 5.5.4 Temperature profile for varying width double meander microheater.

A graph of temperature variation for both the above geometries is shown in Fig.
5.5.5. It shows the temperature distribution along the line (x= 100um) between the two
terminals of the heater for the double meander type microheater. In this figure, the
solid black line shows the temperature variation for uniform width heater and the
green dashed line for non-uniform width heater. From Fig.5.5.5 it can be
analyzed that better temperature uniformity is obtained in case of non-uniform width
heater.
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Fig. 5.5.5 Temperature variation along the line between two terminals of

double meander shape microheater.

Table 5.1 shows the analysis and comparison of the S-shape and double meander shape
microheaters.

Table 5.1: Analysis of MEMS microheater.

Geometry Maximum Temperature (K) Temperature Uniformity
Double meander uniform width 628.68 ~ 40%

Double meander non uniform 579.15 ~ 60%

width

s-shaped uniform width 567.43 ~70%

s-shape non uniform width 588.47 ~80%
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From the simulation results and the comparison table it is clear that S-shape varying
width microheater shows better temperature uniformity. So this s-shape microheater is
used for calculating further results.

Gas Detection

In presence of heat the ambient gases reacts with the sensing layer. It either oxidizes
or reduces the sensing layer. This reaction changes the resistivity of the sensing layer
which is detected by the IDT. Whenever the resistivity of the layer changes the
resistance across the IDE terminals also changes and the result is observed. Fig. 5.5.6
shows a graph between the resistance across IDE’s and the resistivity change of the
sensing layer due to gas.
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Fig. 5.5.6 Effect of resistivity change on resistance of IDT.
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5.6 CONCLUSION

A comprehensive model of microheaters is designed and simulated. Comparison
between double meander and s-shape microheaters is done and it is analyzed that S-
shape microheater provide better temperature uniformity. Similarly, microheater
geometries with different width are analyzed for temperature uniformity. It has been
found that the varying width microheater shows better temperature uniformity than the
uniform width microheater with same geometry. Also the resistance change across the
IDE’s with the change in the resistivity of sensing layer (depends on the presence of
gas) is analyzed and discussed.
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CHAPTER-6

FABRICATION STEPS

6.1 Fabrication steps of MEMS based gas sensor

For design of MEMS based gas sensor, Silicon <100> will be used

used as substrate as material shown in Fig. 6.1.

vV V.V V V V V V V VY

Fig. 6.1 Silicon wafer <100> as substrate
Fabrication steps are as follows:
Wafer cleaning
Oxidation
Lithography
Platinum deposition
Silicon nitride deposition (sputtering) and annealing
Back side membrane patterning and Oxide Etching
Silicon etching using TMAH solution
Silicon nitride removal
IDT deposition

Deposition of Sensing layer

6.1.1 Wafer Cleaning

Generally, before using silicon wafer in fabrication process, it should be
cleaned chemically to remove heavy metals, organic films and particulates. There
are three different techniques available for cleaning.
» Piranha Cleaning
» RCA- 1 Cleaning
» RCA-2 Cleaning

For use any one technique, one should switch on the exhaust of chemical
hood. Wear protective gown, goggle, mouth mask, head cap just before starting

work on wet bench.
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(A) Piranha Cleaning

Piranha solution which is used for cleaning purpose, is made of a
mixture of H,SO,4 (sulfuric acid) and H,O, (hydrogen peroxide). As the
mixture is a strong oxidizing agent, that will clean most of organic matter, also
it will also hydroxylate partially all surfaces (add OH groups) and it is
making them highly hydrophilic (water compatible).

There are many different mixture ratios utilized and all are commonly
called piranha. A typical mixture is 3:1 concentrated H,SO, (sulfuric acid)
to 30% H,0, (hydrogen peroxide); other protocols can be used a 4:1 or even
7:1 mixture. A closely related mixture, sometimes called "base piranha”, is a 3:1
mixture of ammonium hydroxide (NH;OH) with hydrogen peroxide. Piranha
solution must be made with great precautions. It is very corrosive and also an
extremely powerful oxidizer. Surfaces must be carefully cleaned, and totally
free of organic solvents before coming into contact with piranha solution. Piranha
solution makes clean by dissolving organic impurities, and a large amount of
impurity will reason violent bubbling also a discharge of gas that can cause an

explosion.

Piranha solution must be prepared by adding H,O, (hydrogen peroxide)
to H,SO, (sulfuric acid) very slowly, never vice versa. This process will generate
heat. The resultant heat can increase solution temperatures exceeding 100° C.
Before applying any heat, it must be permissible to cool reasonably. The abrupt
raise in temperature can also lead to violent boiling, or even spraying of the
tremendously acidic solution. Explosions may occur if the peroxide solution
concentration is higher than 50% of total solution. Once the mixture is become
stable, it can be further heated to maintain its reactivity. The hot (often bubbling)
solution will clean organic composites off substrates, and oxidize or hydroxylate
most of surfaces. Cleaning usually requires about 10 to 40 minutes, after

which time the substrates can be removed from the solution.

The solution may be mixed before application or directly applied to the
material, applying the sulfuric acid first, followed by the peroxide. Due to the self-
decomposition of hydrogen peroxide, piranha solution should be used freshly
prepared. Piranha solution should not be stored. Immersing the substrate (such as a
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wafer) into the solution should be done slowly to prevent thermal shock that may

crack the substrate material.

(B) RCA- 1 Cleaning
Take 2 quartz beakers, 1 measuring cylinder, wafer holder and wash with DI

(Deionised) water (DI water plant has been placed just next to the wet bench).
Preparation of RCA-1 solution:

RCA-1 is a solution of Deionised Water (DI H,O): Ammonium hydroxide
(NH4OH): H,0; (hydrogen peroxide) (5:1:1)
(Always add reactive compounds (acid/base) to water)
a.) 200 ml DIH,0 b.) 40 ml NH4OH c.) 40 ml H,0,

Take 200 ml DI water into Cleaned beaker. Add 40ml H,O, and 40ml
NH4OH to DI water. Once the solution is prepared, keep it on a hot plate. Turn on
the hot plate and set temperature to 150° C. The solution will need to be heated to
80° C. This will take about 15 minutes. Once solution gets heated up to 80° C, load
silicon wafer into wafer holder and immerse into heated RCA-1 solution for 15
minutes. After 15 minutes of cleaning take out wafers from the solution and

rinse with DI water thoroughly for 1minute.

(C) RCA- 2 Cleaning

Preparation of RCA-2 solution:
RCA-2 is a solution of Deionised Water (DI H,0): Hydrochloric acid
(HCI): H,0; (hydrogen peroxide) (6:1:1)
a) 240 ml DI Water b) 40 ml H,0,
c) 40 ml HCI

Take 240 ml DI water into Cleaned beaker .First Add 40ml H,O, and then 40ml
HCI to DI water. Once the solution is prepared, keep it on a hot plate. Turn on the
hot plate and set temperature to 150° C. The solution will need to heat to 80° C.
This will take about 15 minutes. Once solution gets heated up to 80° C, load
silicon wafer into wafer holder and immerse into heated RCA-2 solution for 15
minutes. After 15 minutes of cleaning take out wafers from the solution and
rinse with DI water thoroughly for 1minute. The RCA-2 cleaning removes
metallic contaminants from the wafer.
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Preparation of dilute HF (hydrofluoric acid solution):
Measure 200ml of DI water using measuring cylinder and pour into
250 ml polypropylene beaker and then measure 2ml of HF in a polypropylene
measuring cylinder and add to DI water and mix thoroughly using Teflon rod.
Then dip RCA2 cleaned silicon wafer into dilute HF solution for 15 seconds
and finally rinse with DI water for 1min.

Now the wafers are ready for thermal wet oxidation process.

6.1.2 Oxidation

There are four different methods of oxidation as mentioned below:
1. Diffusion oxidation

2. Wet oxidation

3. High pressure oxidation

4. Plasma oxidation

Though all methods are effective but wet oxidation is used for MEMS
based gas sensor fabrication process. Wet oxidation is explained in details as
below:

Switch on the mains of thermal wet oxidation furnace to grow 1000
nm oxide layer. Ramp up furnace temperature to 500° C and pass nitrogen
gas (0.5 liter/min) into the furnace to create inert nitrogen atmosphere. Then
load the wafers into furnace and ramp up furnace temperature from 500° C to
1100° C. Now pass oxygen gas (1 liter/min) directly into the furnace for 10
minutes for dry oxidation. After 10 minutes stop direct supply of oxygen
gas into the furnace and pass oxygen through the water bubbler (bubbler
temperature should be 97° C) for 3hrs for wet oxidation. After 3hrs stop oxygen
supply and pass nitrogen gas (0.5 liter/min).Ramp down the furnace
temperature to 37° C and unload the wafers. This oxide is used as a hard mask
during the Potassium Hydroxide (KOH)/TMAH etching process. After this

step, we have structure as shown in Fig. 6.2.
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Fig. 6.2 Structure after wet oxidation

6.1.3 Lithography

Top side of oxidized wafer is coated with S1813 Photoresist at 4000
rpm for 40 seconds and prebaked at 125° C temperature for 1minute for top
layer pattern transferring double sided EVG 620 mask aligner will be used used.
The UV bulb is switched on for 10 minute for stabilization. Mask is loaded

according to procedure (guided by software on the screen).

Wafer is loaded and aligned with the mask. Then the mask pattern is transferred
onto the coated photoresist by UV exposure, the pattern is then developed in a
MF26A developer solution for 1min and rinsed with DI water followed by

nitrogen drying.
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Photoresist §

Fig. 6.3 Top view of mask lay out design of micro-heater with dimension.
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6.1.4 Platinum deposition

200nm platinum was deposited after lithography process by sputtering method.

)
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Fig. 6.4 Structure after Platinum deposition.

Standard Sputtering parameters used in prior are:
Plate voltage: 1.5 KV
Incident power: 60w Reflected power: 25W

Plate current: 60mA
Distance between target and substrate: 5.2cm
Pre sputtering time: 2min

Deposition time: 8min

6.1.5 Silicon nitride deposition (sputtering) and Annealing

80nm silicon nitride was deposited as a hard mask for bulk silicon etching.

Sputtering parameters: Plate voltage: 1.5KV Incident power: 60W Reflected
power: 20W Plate current: 60mA
Distance between target and substrate: 6¢cm
Pre sputtering time: 15min
Deposition time: 15min
Silicon Nitride

Fig. 6.5 Structure after Silicon Nitride deposition.

After deposition, nitride has to be annealed in a polymer annealing furnace at
700° C temperature for 45 min in nitrogen ambient. Flow rate of nitrogen should
be 0.5 ltr/min.

56



6.1.6 Back side membrane patterning and Oxide Etching

Back side of oxidized wafer has to be coated with S1813 Photoresist at 4000 rpm
for 40 seconds and prebake it at 125 degree temp for 1min. For
membrane, pattern has to be aligned with respect to top layer pattern by double
sided EVG 620 mask aligner.

The UV bulb is switched on for 10 min for stabilization.

The parameters set are: Soft Contact

Constant Dosage -75mJ/cm?

Wafer is loaded and aligned with the mask

The mask pattern will be transferred onto the coated photoresist by UV
exposure. The pattern is then developed in a MF26A developer solution for

1min and rinsed with DI water followed by nitrogen drying.

Fig. 6.6 Structure after membrane patterning and Oxide Etching

6.1.7 Silicon etching using KOH + IPA and TMAH solution

Preparation of 30% KOH solution

Weigh 105g of 85% pure KOH pellets into 250ml glass beaker and
add 195ml of DI water and stir it thoroughly till KOH pellets
dissolves completely. Keep this solution on a hot plate for heating to 75° C.
Once after reaching temperature add 50ml of IPA to the heated KOH solution
and immerse wafer into the solution for silicon etching for 2hrs and 30min
after 2hrs and 30min etching take out wafer from the solution and wash
with DI water thoroughly and dry with nitrogen. Etch rate of silicon in
KOH+IPA is 50micron/ hour and etch rate of silicon oxide is 150nm / hour.
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Preparation of 5% TMAH solution

Take 200ml of DI water in a clean 250ml beaker and then add 40ml of
25%TMAH solution. Once the solution is prepared, keep it on a hot plate
.Turn on the hot plate and set temperature to 150° C. The solution will need to
heat to 75° C. This will take about 15 minutes. Once solution gets heated up to
75° C, add 0.2g of ammonium persulphate salt to the solution. Load KOH+IPA
etched silicon wafer into wafer holder and immerse into heated TMAH
solution for 3 hrs for further silicon etching. Take out sample from the

solution and rinse with DI water followed by methanol.

Fig. 6.7 Structure after Silicon etching using KOH + IPA and TMAH
solution.

6.1.8 Silicon Nitride Removal
Silicon nitride was etched using 1:3 BHF solution by dipping for 10secs.After
etching of silicon nitride layer wafer was thoroughly rinsed with DI water and dried

with nitrogen.

I ] | I
Fig. 6.8 Structure after removal of Silicon Nitride.

6.1.9 IDT deposition

For deposition of IDT (Interdigitated Electrodes), there is same
procedure followed which is used in micro-heater deposition. Generally, Au
or/and Ag materials are used for IDT. Use of IDT is to detect resistance change

of sensing surface.
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Fig. 6.9 IDT structure for detection of resistance change of sensing surface

6.1.10 Deposition of Sensing Layer

On IDT electrodes, sensing surface is deposited. Typically, Tin
oxide (Sn0O,), Zinc oxide (ZnQO), Tungsten trioxide (WOs3), Indium tin oxide
(ITO), Titanium oxide (TiOz), Cerium oxide (CeO;) are used for sensing

surface.
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CHAPTER-7

CONCLUSION AND FUTURE PROSPECTS

7.1 Summary

The work presented in this thesis includes the simulation results of the
microheater. It was aimed at improving the temperature uniformity of the
microheater which is used in a gas sensor. Different materials to be used for
microheater were studied. ZnO has been chosen for the sensing layer and Pt for
heater. Different microheater geometries were observed and simulated to improve
the overall temperature uniformity. The effect of presence of a gas is studied in the
form of resistance change across IDT. FEM method is used for simulation using
COMSOL Multiphysics.

7.2 Conclusion

In the present work, a MEMS based microheater for gas sensing application
has been studied. The method used and the results have provided the design rules
and criteria for FEM method analysis. Microheaters are based on the principal of
joule heating. Different geometries were simulated to observe the heating profile
and to obtain the desired temperature. By varying the dimensions of the heater we
obtained more temperature uniformity. Out of all the geometries analyzed S-shape
microheater provides maximum temperature uniformity and when the dimensions
were varied the result was significantly improved. The heater was placed on an
insulating base of SiO, and the heater is made of platinum. Also an IDT is placed
coplanar to the microheater to detect the changes in the environment. Upon the
heater is a sensing layer made of ZnO which is sensitive to gases in the presence of
heat. By applying a voltage of 0.5V we obtained a temperature of 588.47° K. Also
by varying the resistivity of the sensing layer (in presence of gas) we observed the
change in resistance across IDE’s.
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7.3 Future Scope

In future no doubt Pt will be used for microheater material but still a lot
more research is needed to choose better material for the microheater. Dilver P1
(composition of alloy like Fe, Ni and Co) is considered available option as it
consumes less power and has good resistivity, though it generates
less temperature as compared to Platinum. There is also scope in modification of
the sensor layer to have better response magnitude and time according to the
requirements. Research is also possible for more low power consumption heaters
that can be used industrially and can serve better longevity. The signal processing

unit can also be developed for giving a sensor alarm.
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APPENDIX-I

Material properties used in simulation

,ig Properties SiO, Platinum

1 Co efficient of thermal 0.50-6 8.80e6
expansion in 1/K

5 Heat capacity at constant 730 133
pressure in J/kg-K

3. Relative permittivity 4.2 7.0

4. Density in kg/m® 2200 21450

Thermal Conductivity in

5. W/m-K 1.4 71.6

6. Young’s modulus in Pa 70e9 168e9

7. Poisson’s ratio 0.17 0.38

8. Electrical Resistivity in 10018 10.66-8

Q-m
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