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ABSTRACT OF THE THESIS 

 

Design & Finite Element Analysis of Micro Electro Mechanical 

Capacitive Temperature Sensors 

 

by NABEELA ZABIN KHAN 

 

 

Thesis Director: 

Jaeseok Jeon 

 

 

 

This thesis presents the design and simulation of micrometer-scale capacitive 

temperature sensors, which could serve as a component for miniaturized wireless sensor 

nodes for the internet of things requiring structural flexibility and optical transparency. 

The proposed sensor design employs a conventional, planar interdigitated capacitor 

structure, explores the thermo-mechanical property (thermal expansion coefficient) of 

various sensing materials including a conductive polymer, and can be easily implemented 

using a single-layer surface micromachining process. The operating characteristics of 

prototype sensors comprising different sensing electrodes are investigated as a function 

of various physical design parameters using numerical simulation software, which uses 

the finite element method (FEM). FEM simulation results show that the prototype sensor 

that utilizes a conductive polymer for the sensing electrode exhibits a reasonably good 

linearity and sensitivity (~0.31 fF/˚C) over a relatively wide temperature range (between 

7 and 127 ˚C). The dimensions and electrode materials (e.g., Au, Cr and W) of the 
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proposed sensor can be readily customized for different temperature ranges required for 

different applications. 
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Chapter 1 

Introduction 

 

1.1 Background 

 Capacitive sensors have many important applications: pressure sensing, proximity 

sensing, touch sensing, accelerometers to name a few. However, capacitive temperature 

sensing is a rare breed and only notable instance of commercialization is in cryogenic 

applications [74]. In this work novel interdigitated capacitive sensors that enable low 

cost and potentially high resolution temperature sensing in flexible, transparent 

electronics, have been proposed.  

  In the proposed design instead of using the temperature dependence of the 

electrical property- “dielectric constant” of the dielectric material, the temperature 

dependence of the mechanical property- “volumetric thermal expansion” of the 

electrode material in Inter Digitated Electrodes (IDC) architecture has been explored. 

The value of thermal expansion coefficient for most solid materials is small [18]. The 

extent of expansion is limited for practical temperature values. As a result, this physical 

phenomenon has not been considered for temperature sensing in an IDC structure.  

 Recent advancements in polymer synthesis and polymer microfabrication 

technology has led to new polymers and polymer composites being researched as 

semiconductor layers in organic field effect transistors and conductive layers in MEM 

relays [4]. Rutgers Device group has pioneered research in polymeric MEM relays. In 

the prior work for the group, we had to investigate the conductive polymer: PEDOT: 

PSS, which was used in the prototype MEM relay. As the electrical, thermal and 



2 
 

 

mechanical properties of this material were studied, it inspired a new possibility in a 

different application. Because of its relatively high conductivity, potentially high 

Thermal Expansion Coefficient and low young’s modulus, it was a good candidate as 

electrode material in Inter digitated structure for temperature sensing. Capacitance is 

dependent on the dimension of the electrodes, hence as the device undergoes volumetric 

thermal expansion, its capacitance should change in response to rise in temperature.  

1.2 Research Goals 

The traditional semiconductor temperature sensors are transistor based [52]. 

Fabrication of transistors is a complex process requiring several steps [53]. Interdigitated 

electrodes can be fabricated in two steps: deposition and lithography. The proposed 

design is much simpler and the footprint is comparable to current semiconductor 

temperature sensors [42]. The device structure, material and interfacing circuit can be 

customized according to application and measurement range.  

The proposed sensor design was modeled on two FEA tools: CoventorWare10 and 

COMSOL 5.1. The initial CoventorWare simulations gave a rough idea of the correlation 

between capacitance and dimensions in an IDC.  Later comprehensive electrostatic and 

thermo mechanical studies were performed on a more sophisticated Multiphysics 

platform – COMSOL. Simulation results show promising linearity and sensitivity over 

wide temperature ranges. The results also give insight into design optimization. 

PEDOT:PSS electrodes are aimed at applications such as flexible and transparent 

electronics. Thermal properties of this “synthetic metal” are not known [20]. With an 

incentive to using it in subsequent prototype design, the thermal expansion coefficient of 

PEDOT:PSS was acquired by emulating organic MEM relay data on CoventorWare.  
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1.3 Thesis organization 

 Chapter 2 begins with an overview of existing temperature sensing technologies: 

Thermistor, RTDs, Thermocouples and IC temperature sensors. After briefly discussing 

their structures and operations, the advantages and disadvantages of these technologies 

were contrasted with each other, in terms of linearity, measurement range, cost, power 

and sensitivity. The principle of capacitive sensing was discussed in chapter 2.2. A short 

history on capacitive temperature sensing was also provided with pertinent examples. 

The chapter concludes with an overview of the proposed sensor design. 

Chapter 3.1 introduces the structure and operation of the Micro Electro Mechanical 

(MEM) relay devices; then explores the concept of “Pull In Voltage” a pertinent device 

parameter for this project, followed by a description of prototype Organic MEM relays 

fabricated by Rutgers Devices group. It proceeds to a discussion on PEDOT: PSS- a 

conductive polymer to be employed in the temperature sensor design.  

Chapter 3.2 begins with an orientation to one of the two Finite Element Analysis 

soft wares used in this thesis project- CoventorWare.  It‟s intended to familiarize readers 

with the Designer and Analyzer modules. It visually explains the functionality of 

different modules, using screenshots of the user interface windows. At the same time, it 

walks through the MEM relay 3-D modeling, solver setting and simulation steps. 

 Chapter 3.3 delves into thermal and mechanical properties of polymers and 

discusses the effect of temperature on pull in voltage of MEM relays. Chapter 3.4 

includes a summary of literature review on polymer properties. It details the process for 

extracting the Coefficient of Thermal Expansion (CTE) of PEDOT: PSS from 

CoventorWare simulations. 



4 
 

 

Chapter 4 is an amalgamation of all work done on the other Finite Element 

Analysis software. This chapter comprises of prototype device modeling, simulation and 

result analysis on COMSOL. The results are shown in the form of color coded 3D plots 

and 1D graphs. A 3D depiction of deformation, a cross sectional view of potential 

distribution and a 1D graph showing the transfer function of the device are among the set 

of simulated results. The results are analyzed in section 4.2.8. The conclusions of the 

thesis are presented in Chapter 5. 
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Chapter 2 

                           Temperature Sensors 

 

2.1 Current Temperature Sensors 

         Temperature sensors are the most widely used type of all sensors. A temperature 

sensor is a device whose properties vary in response to change in temperature. “A good 

sensing element should have low specific heat, very small mass, high thermal 

conductivity and strong and predictable sensitivity to temperature” [36]. There are many 

kinds of temperature sensors available: resistive, thermoelectric, semiconductive, 

optical, acoustic and piezoelectric. All have different types of characteristics depending 

on their application. The most prevalent temperature sensors will be discussed briefly, 

outlining their advantages and disadvantages. 

    

2.1.1 Thermistor 

 The thermistor is a resistive temperature sensor whose name is a contraction of 

the words „thermal‟ and „resistor‟. They are two types of Thermistors: NTC and PTC. 

In NTC thermistors resistance decreases with increasing temperature whereas in PTC 

resistance increases with increasing temperature [40]. Only the NTC thermistors can be 

used for precision temperature sensing [36]. NTC thermistors are not affected by 

mechanical and thermal shock and vibration like other temperature sensors [60]. Small 

dimension of thermistors make for relatively fast response to temperature changes. For 

temperature monitoring and control systems that require quick feedback, rapid response 

is an attractive feature [63]. Thermistors produce a higher change in resistance for a 
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given change in temperature than RTDs (3-5% per ˚C vs 0.4% per ˚C for RTDs) [61].  

They are often used where the highest resolution is needed because of its high 

sensitivity to small temperature changes (0.1˚ C) [64]. The down side is its highly 

nonlinear; requires at least 3
rd

 order polynomial or equivalent look up table [64]. It 

works in a narrow temperature range, - 100˚ C to 500˚ C [54], [55]. However they are 

generally used in the temperature between -50˚ C to +150˚ C [42]. Thermistors are 

usually constructed of polymers or ceramic materials such as oxides of Nickel, 

Manganese or Cobalt coated in glass, which makes them fragile [65]. Thermistors are 

passive resistive devices; hence it requires an excitation signal for its operation. Either a 

dc or ac current is passed through the thermistor to produce a measurable voltage 

output. There is an increase in temperature as a result of joule heating from electric 

current [36]. Self-heating can be a source of error for some applications. Using a 

pulsed Dc current can minimize self-heating. Self-heating error in Thermistors is higher 

than in RTDs, as they produce significantly higher resistance (2k to 10k). On the other 

hand, higher resistance minimizes lead resistance error.  Lead wire resistance is 

rendered insignificant by the large base resistance of thermistors; thereby no resistance 

compensation is required. As Thermistors provide an order of magnitude greater signal 

response than RTDs they can operate at a significantly smaller excitation current, 

reducing wire loss [66]. Low cost thermistors have low accuracy, typically used in 

applications with minimal functionality requirements, for example, toasters, coffee 

markers, refrigerators and hair dryers [66]. High accuracy thermistors are expensive. 
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2.1.2 Resistance Temperature Detectors (RTD) 

 Thermistors and RTDs are both thermo resistive sensors. RTDs differ from 

Thermistors in that they use pure metals, typically platinum, nickel or copper whereas 

the materials used in the Thermistors are ceramic semiconductor or polymer. Platinum 

RTDs are prominent because of predictable responses, stability and durability [67]. It‟s 

the most stable, repeatable and accurate of all the temperature sensors. Tungsten RTDs 

are employed for temperatures over 600˚ C. Nickel or Nickel alloys are used up to 400˚ 

C owing to greater resistance to oxidation [56]. Unlike Thermistors all RTDs have 

positive temperature coefficients (PTCs) with an operating temperature range of 

between -200˚C to 700˚C [67].   The resistance values of RTDs are at most 100s of 

Ohms whereas thermistors have resistance values in the KΩ range. They are more 

linear than thermocouples.  Between 0˚ C and 100˚ C, transfer function of RTD is 

almost linear [42]. The main disadvantage of RTD is cost. In line with the other passive 

resistive sensor (thermistor) it also has a self-heating concern and requires a current 

source to operate. Another drawback is its slower response to temperature change 

compared to other sensors. 

2.1.3 Thermocouple 

 Thermocouples are by far the most widely used type of temperature sensor. It‟s a 

device consisting of dissimilar conductors joined to form at least two electrical 

junctions at different temperatures. One junction is used as a reference that has a preset 

temperature and the other junction comes in contact with the object to be sensed. When 

there is a temperature difference between the two junctions “Seebeck effect” produces a 

voltage between them. It requires a cold junction reference which is inconvenient. The 
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generated voltage is proportional to the temperature difference. Thermocouple converts 

thermal energy directly into electrical energy. Thermocouples are inexpensive, simple, 

rugged and easy to use. Their response to temperature change is fast due to their small 

size. Thermocouples are self-powered and require no external excitation source [69]. 

They have the widest temperature range of all temperature sensors from -267˚C to > 

2316˚C [70]. The disadvantages are that the output voltage generated is very small, 

only a few millivolts for a 10˚C change in temperature difference [71]. The voltage 

response to temperature change is nonlinear.  Its the least sensitive and least stable of 

all the temperature sensors. Thermocouples entail high noise susceptibility [72].  

2.1.4 Semiconductor Temperature Sensors 

 A pn junction in a diode and bipolar transistor has temperature sensitive voltage 

vs current characteristic, which is employed in Semiconductor Temperature Sensors. The 

most attractive feature of this kind is high degree of linearity [42]. These devices are 

manufactured through modern semiconductor fabrication techniques in the form of 

integrated circuits (ICs); hence also known as IC temperature sensors.  AD590 and LM35 

manufactured by Analog Devices and Texas Instruments, respectively, are the most 

popular commercial IC temperature sensors in market. They are small, inexpensive, quite 

accurate and ideally suited for embedded applications. The drawbacks are - power supply 

requirement, limited measurement range between - 55˚ C to 150˚ C [42], self-heating and 

high noise susceptibility [57].         
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2.2 Capacitive Temperature Sensing 

A combination of plates separated by an insulator which can store electric charge is 

called a capacitor.  Capacitance can be used to sense distance, area, volume, pressure, 

force, humidity, chemical composition, etc [36]. In a capacitive sensor, the value of 

capacitance is the measure of a stimulus, so to change the capacitance; the stimulus needs 

to change one of the parameters that define the capacitance : 
d

εoAC  . Hence dielectric 

constant, plate area or distance between the plates – varying any of these three parameters 

will change the capacitance which can be measured by a properly designed read out 

circuit [36]. Capacitance is typically measured indirectly by using it to control the 

frequency of an oscillator; the capacitance to be sensed forms a portion of the oscillator‟s 

frequency selective network (LC or RC tank circuit) [73].   

As of now, there has been little work done on capacitance temperature sensing. The first 

instance is an invention by William N. Lawless  in 1972.  U.S. Pat. No. 3,649,891 

describes a capacitive cryogenic thermometer in which dielectric constant of dielectric 

material varies linearly, decreases smoothly with decreasing temperature in the cryogenic 

temperature range. The dielectric material is formed of strontium titanate, SrTiO3, 

crystallized in alumino-silicate glass. The sensitivity reported for this device is 200 Pico 

Fig. 2.1 Sectional view of a capacitive device made in accordance with the invention [49] 
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Farad per degree. [49] 

In the US pat. 5788376 A, another capacitive temperature sensor was introduced 

in coaxially and concentrically aligned cylindrical form, to be used in high temperature 

environments such as automotive vehicle exhaust systems [51]. Here also, the effect of 

temperature on the dielectric constant of the material was applied to sense temperature 

between 0  C and 1000  C. 

A few more capacitance temperature sensors were built in recent times that have 

niche applications such as implantable medical temperature sensor [50] and multimorph 

cantilever for engine component health-monitoring [47]. In this thesis, a novel MEM 

sensor is proposed, that applies a unique indirect transduction mechanism involving 

multiple energy conversion steps (thermal to mechanical to electrostatic) for temperature 

sensing. 

2.3 Proposed Structure & Material 

  Interdigital electrodes are one of the most prevalent periodic electrode structures. 

They are employed in Micro Electro Mechanical Systems (MEMS), microwave, 

chemical sensing, piezoacoustics, and biotechnology in very different ways. The most 

common reason for making an interdigitated electrode structure is to increase the 

effective overlapping area and therefore, the capacitance between the electrodes [48].  

Inter digital capacitor is a magnified version of a single parallel plate capacitor. The total 

capacitance increases approximately linearly with the number of plates [58]. 

Comprehensive analytical models of the interdigital electrodes capacitance are available 

in literature [44], [45]. 
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The magnitude of Capacitance between two neighboring finger is: C = 
d

tlo
ro . 

There is contribution from fringe capacitance as well [18]. For the proposed design 

fringe capacitance works favorably toward sensing temperature variance. 

The proposed design comprises of two sets of electrodes suspended (to allow it to 

deform) at one end and clamped at other (to eliminate mechanical vibration) and an air 

gap between them (air is the dielectric material). The electrodes from opposite terminals 

don‟t come into contact with each other, in other words they are interdigitated. 

Capacitance increases with number of electrodes; therefore they should be as dense as 

possible. However enough gap need to be left between the fingers to accommodate the 

highest deformation that may occur in the operating range. The choice of the material 

and dimensions of the device is application dependent. Each application requires a 

judicious choice of sensor design according to layout constraint, optical and mechanical 

specifications and most of all temperature measurement range. For flexible, transparent 

electronics PEDOT:PSS or ITO are suitable materials though PEDOT:PSS has a much 

lower melting point than ITO. For high temperature applications Gold, Chromium, 

Nickel, Tungsten etc can be used since they have a much higher melting point. For each 

material the transfer function will be different, therefore, the readout circuit has to be 

tailor made for each application. Since thermal properties of PEDOT:PSS have not been 

tested and reported yet,  it was extrapolated from experimental data on polymeric MEM 

relays. In the next chapter the theory and operation of MEM relays is introduced. 
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Chapter 3 

Thermal Expansion Coefficient of PEDOT:PSS 

 

 

3.1   MEM Relay  

3.1.1 MEM Relay basics 

A MEM relay is a mechanical switch that mimics the behavior of Field Effect 

Transistors. There are two parallel plate electrodes: a static bottom plate and a movable 

top plate, usually suspended from beams. When a voltage is applied between the two 

electrodes, the resultant electrostatic force actuates the top electrode downward. When 

the two electrodes come into contact, a current can flow through the channel and hence 

the device is in its „On‟ state. To turn off the relay, the applied voltage must be reduced 

below the release voltage. In the off state there is no current flow. Transistors leak current 

even when it is idle. When MEM relays are switched off there is an air gap between the 

conductors. They are physically separated so there is no off state leakage.  

 

Fig. 3.1 Cross sectional view, Top view and ID-VGB plot of a MEM logic relay [1] 
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There are three types of forces in operation. (1)  Electrostatic force, Felec which 

depends on the actuation area and applied voltage. (2)  Spring restoring force, Fspring/Fk 

which depends on the effective spring constant of the movable structure and (3) 

Adhesive force. Electrostatic force and adhesive force work downward; they try to pull 

the top electrode down. On the other hand, the spring restoring force works upward in the 

opposite direction. 

 In a given system the spring force and adhesive force remain constant. Therefore 

in order to turn a relay on and off the electrostatic force has to be manipulated by 

changing the voltage. The minimum required voltage to turn the relay on is called Pull In 

Voltage. To turn off the device the voltage must be reduced below a certain amount 

 

Fig. 3.3 (a) Conceptual illustration of a logic relay in the on state (pink) or off state (red). 

Force vs. Z-position curves for (b) non-pull-in mode (C) pull in mode operation [1] 

which is known as the Release Voltage. The difference between Pull In Voltage and the 

Release Voltage is known as the Hysteresis Volatge.  

Fig. 3.2 OFF State Felec +Fadh > Fspring,  ON State Felec +Fadh < Fspring [2] 
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In the figure above in red, the top electrode is shown suspended from beams and 

in pink it shows the same device when its pulled in [2].  The two features protruding from 

the top electrode is called dimples and the gap between the dimples and the bottom plate 

is called dimple gap, gd.  The gap between the two parallel plates is called actuation 

gap, g. Depending on the relative sizes of dimple gap and actuation gap a relay will 

operate in either pull in mode or non-pull in mode. If gd is small (less than one third of g) 

the relay operates in non-pull in mode; if it is larger than one third of g, then it operates in 

pull in mode. Figure (b) and (c) are force vs displacement plots computed from following 

equations: 

app

2

2

e

app

2
elec V

2x

εA
V

dx

dc

2

1
F       ..   ..   .. (1) 

xKF effspring                              ..   ..   .. (2) 

Electrostatic force increases super linearly whereas spring restoring force 

increases linearly. In the non-pull in mode at the point of contact Fe=Fk. In order to turn 

off the relay applied voltage needs to be reduced slightly to reduce Fe by Fa. So, the 

hysteresis voltage will be small. If gd> go/3 at the point of contact, Fe exceeds Fk so that 

Fe needs to be reduced more than Fa to turn off the relay. Therefore hysteresis is larger in 

pull in mode. For pull in mode VPI is given by the following equations: 

OVo

3

eff

PI

A27ε
g8K

V     ..   ..   .. (3) 

For the non-pull in mode VNPI is given by: 
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d
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)g(gg2K

V



    ..   ..   .. (4),   
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WEt4
K
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m

3

eff   ,   eqE = equivalent elastic 

modulus                  



15 
 

 

ovA is the effective area of overlap between the gate and body electrode and oε  

is the permittivity of free space. effK is the effective spring constant of the structure [1], 

[4]. 

3.1.2 Organic MEM Relay 

In an earlier published work titled “Organic Microelectromechanical Relays for 

Ultralow-Power Flexible Transparent Large-Area Electronics” by the Rutgers Devices 

group, two prototype MEM relays: fully and partially polymeric relays were fabricated 

and the influence of temperature on their switching characteristics was investigated.  

 

Fig. 3.4 Top, Bottom and wireframe rendered 2-D and 3-D views of the prototype MEM 

Relay on CoventorWare 

Six terminals: a movable gate, a body and two pairs of source/drain make up the relay 

structure [3].] The details of the fabrication can be found in the aforementioned 

publication. The movable structure, suspended by serpentine springs, has three polymer 
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layers: structural polymer (SU-8 shown in Cyan), conductive polymer (PEDOT: PSS 

shown in Red) and dielectric polymer (Cytop shown in Green). The pair of channels, 

dimples, sources and drains are made of PEDOT: PSS in the purely polymeric structure 

whereas ITO replaces PEDOT:PSS in the partially polymeric relay [4]. PEDOT:PSS will 

be discussed in detail in the next section. 

            For three decades conductive polymers have been an area of intense research 

culminating in the Nobel Prize for chemistry in 2000. In 1977, Alan Heeger, Alan 

MacDiarmid, and Hideki Shirakawa came up with the major breakthrough: the discovery 

of doped Polyacetylene. [5] 

  The highest conductivity found to date in a commercial product is 1000 S/cm 

which is of PEDOT:PSS (Clevios™). The polymer film has high transparency across 

the visible light spectrum and even into near IR and near UV regions, virtually 100% 

absorption from 900-2,000 nm [6].  Its also known for high stability, high ductility and 

easy processing. It has applications as anti-static coating in photographic films, as 

electrode material in OLED displays, Organic Photovoltaics, Solid Electrolyte Capacitors 

and printed Electronics and microactuators [7].  

 PEDOT:PSS was first synthesized in 1990 and has remained the industrial 

standard ever since. The most used technique for deposition of PEDOT:PSS films is spin 

casting. In contrast to many other conjugated highly conductive polymers, PEDOT shows 

a very stable conductivity. [5]. 

The manufacturer of PEDOT: PSS (Clevios™ PH 1000) Heraeus have not tested 

its thermal and mechanical properties. As of now most of the material properties of 

PEDOT:PSS are unknown. In order to employ this conductive, transparent polymer as 
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electrode material in the proposed design, Coefficient of Thermal Expansion value is 

required to be put in as a material property into the simulator. Hence, the CTE of 

PEDOT:PSS was extracted by reverse engineering experimental data on CoventorWare. 

A range of CTE values were used and by trial and error matching simulated VPIs were 

found at different temperatures. 

3.2 CoventorWare10   

Finite Element Analysis is a numerical method that approximates exact solutions of 

boundary value problems for partial differential equations by minimizing an associated 

error function. FEA discretizes or meshes a large problem into smaller, simpler problems 

called finite elements [9]. Its traditionally a branch of Solid Mechanics, was first applied 

to stress analysis in civil engineering and mechanical engineering and nowadays also 

commonly used for multiphysics problems [10], [43]. A plethora of finite element 

software packages are commercially available including AutoCAD, SOLIDEDGE, and 

SOLIDWORKS. More sophisticated FEA software tools integrate drawing and 

Fig. 3.5 Design Flow of CoventorWare10 collected from product documentation 
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simulation packages, for example, ANSYS and COMSOL. CoventorWare is a finite 

element software suite tailored for MEMS design and simulation. The two modules 

called DESIGNER and ANALYZER in CoventorWare set up a complete modeling and 

simulation work flow for MEMS. [11] 

3.2.1 Solid Model Builder 

The first step to create a 3D model in CoventorWare is defining the Solid Model 

Builder. The Solid Model Builder gives access to Materials Editor, Process Editor, and 

Layout Editor. 

Fig. 3.6 A Screenshot of the Solid Model Builder Window 

 

3.2.2.1 Material Editor 

To create a solid model a material properties database (.mpd) file is needed. The 

.mpd files stores characteristics of the materials used in a fabrication process. There is a 

built in .mpd file that contains strength, density, conductivity, and thermal properties of 

some common materials.. For the organic MEMS relay design a new material database 

was created and characteristics of PEDOT:PSS, SU-8, Cytop were defined inside it. Two 
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existing materials – SILICA and SILICON_100 were added from the built in database 

into the new one. Simulation results depend on the physical and chemical properties of 

the materials that make up the model. 

3.2.2.2 Layout Editor 

 

The CoventorWare Designer module includes a 2-D Layout Editor. [11]. In the 

layer browser window different layers can be named and color coded for clarity. These 

layers are equivalent of lithography masks in practical fabrication. Masks are named and 

background types ( light or dark)  are defined for the process editor. In the MEM relay 

layout four layers color coded in blue, green, yellow and cyan were drawn. Blue denotes 

top plate, green denotes channel, yellow denotes dimples and cyan denotes bottom plate. 

 

 

Fig. 3.7 Organic MEM Relay layout  
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3.2.2.3 Process Editor     

 

Fig. 3.8 Fabrication steps in the process flow 

In the Process Editor a process flow is created simulating foundry processes that 

will fabricate the MEMS design. A series of actions (deposit or etch) can be chosen from 

the process library. Each deposition step requires plugging in layer name, material and 

thickness of the layer. Only the materials available in the .mpd file that‟s selected in the 

solid model builder will show up on the drop down menu. In the etch steps a mask from a 

drop down list (fetched from layout) has to be chosen, the photoresist type positive or 

negative has to be defined and etch depth has to be specified. Each process step is 

displayed in its own row. Display Color sets the color of the deposited material. Selected 

colors will appear in the Preprocessor with the associated parts [11]. 

3.2.3 Pre Processor 

In the Preprocessor a 3D model of the device will appear as defined in the Solid 

Model Builder. The Preprocessor is an interactive module that has options to view and 

edit solid models and generate meshes [11]. Faces and parts of the 3D model can be 

named in the preprocessor to be used in the solver set up. Substrate is left out of the 

meshing. The meshing options available within the Preprocessor are: Extruded Bricks, 
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Manhattan Bricks, Mapped Bricks and Tetrahedron. Since the geometry of the MEM 

relay is orthogonal, all model faces are planar and join at right angles, Manhattan Bricks 

was chosen as mesh type for the simulations [11].  

 

Fig. 3.9 PreProcessor displays the 3-D view of the meshed structure 
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Fig. 3.10 Deposition and etching steps in the process flow from Pre Processor Canvas; 

Substrate is hidden step 3 onwards; Structure is scaled up vertically for visualization. 
 

 Substrate   Silica   PEDOT: PSS  Cytop  SU-8 
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3.2.4 Field Solvers 

 There are a number of 3-D solvers available in Analyzer module of 

CoventorWare for electrostatics, mechanics, coupled electromechanics, 

thermomechanics, and piezoelectrics. CoSolveEM is a compound solver that uses 

MemElectro to compute electrostatic actuation forces and MemMech to compute 

mechanical restoring forces. Since MEM relay devices use electrostatic effects for 

actuation, CoSolveEM was chosen as field solver in the simulations of these devices. 

3.3 Temperature dependence of VPI 

  Metals temperature dependent behavior is mostly reliable and consistent. For 

example, Aluminium retains its mechanical properties between room temperature and 

250˚C -300˚C.. Materials like Cu and steel are even more consistent with varying 

temperature. As building blocks of metallic substances are small, they readily organize 

into crystal structures. In polymers the building blocks are very large and entangled. 

 

Fig. 3.11 Elastic modulus vs Temperature behavior of Nylon 6 (SemiCrystaline polymer) 

& PolyCarbonate (amorphous polymer) [12] 

The entanglement deters molecules from organizing into crystals. As a result, under 

normal processing conditions no polymer is fully crystalline and some polymers barely 
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show any crystallization.  Changes in temperature influence the mechanical properties of 

polymers due to the lack of pattern/orientation in the structure [12]. 

Young‟s modulus of SU-8 is reduced by > 5 times when temperature increases to 

150˚ C [13], [14]. The temperature dependence of young's modulus of PEDOT: PSS and 

Cytop are not known. Nonetheless, its common knowledge that young‟s modulus of 

polymers usually decrease with increasing temperature [4]. PEDOT:PSS films are 

amorphous [15]; hence its Young‟s Modulus vs Temperature behavior most likely 

follows the same pattern as that of Poly Carbonate in Fig. 3.11.  From the expressions (3) 

& (4), its seen that VPI and VNPI are proportional to Eeq. Hence, with increasing 

temperature VPI and VNPI decrease.  

The decrease in switching voltages can also be attributed to deformation of the 

movable structure in response to thermally created strain gradient. The composite 

polymer structure has three layers made of three different materials, each with different 

coefficient of thermal expansion. The top layer: Cytop has CTE value of 74 ppm/˚C 

while bottom layer: SU-8 has a CTE value of 52 ppm/˚C [16], [17]. The conductive layer 

in the middle is made of PEDOT:PSS; reporting  a Thermal Expansion Coefficient value 

of  PEDOT:PSS is the first task of my thesis. With a uniform temperature rise of ΔT, the 

three layers elongate unequally: Cytop expands more than SU-8. Since the three layered 

materials are tightly joined together at the interfaces the structure must bend downward 

forming a concave shape in the middle [18]. As a result, the actual actuation gap becomes 

narrower than the as-fabricated gap go and from the eqns. (3) & (4)  in Chapter 3 the 

switching voltages VPI, VNPI being directly proportional to g, decrease with temperature 

[4].  



25 
 

 

3.4 FEA results: CTE of PEDOT:PSS 

There are varied reports on thermal and mechanical properties of common polymers 

in literature, which is anticipated taking into account disparity in testing conditions, 

concentration etc.  Nevertheless, material properties which were roughly consistent 

across the references have been jotted down in the following table [16] - [34]. 

Properties Unit SU-8 PEDOT:PSS PMMA PC PVC Cytop PDM

S 
CTE 1/K 5.20E-05 To be reported 5-9E-05 6.50E-

05 

7.00E-05 7.4 E-05 3.10E

-04 Poisson Unitlesss 0.22 0.34 0.35-0.4 0.37 0.41 0.42 0.5 

Young's 

modulus MPA 2.00E+03 2.00E+03 

1.8-

3.1E+03 

2-2.4 

E+03 2.4 E+03 

1.40E+0

3 

0.36-

0.87E

+03 
Table 3.1 Mechanical Properties of common Polymers 

The Coefficient of Thermal Expansion (CTE) is a material property indicative of 

the extent to which a material expands as a result of rise in temperature.  A material 

responds to a tensile force by elongating in the axial direction and contracting in the 

transverse direction. The absolute value of the ratio between the longitudinal strain 

(elongation in the axial direction) and transverse strain (contraction in the transverse 

direction) is called Poisson's ratio [35]. After analyzing the data we can speculate there 

is a correlation between Coefficient of Thermal Expansion (CTE) and Poisson Ratio. 

Following the trend in which CTE changes with Poisson, a first degree approximation 

was made that CTE of PEDOT:PSS should lie  between 40 ppm/˚C – 60 ppm/˚C.  
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The table above shows measured VPI of fully and partially polymeric relays as a 

function of temperature. These ten data points were collected from Yanbiao Pan‟s 

experiments for the aforementioned paper. There might be minor inaccuracies in the 

temperature measurements. As expected when the relays are heated VNPI decreases. A 

number of simulations were run on CoSolveEM field solver, using different CTE values 

of PEDOT:PSS between 40 ppm/˚C and 60 ppm/˚C for a temperature of 21.5 ˚C.  By trial 

and error, a simulated VPI was found that came very close to the experimental VPI of 11 

V.  

          Simulated VPI  at 21.5 ˚C (Experimental VPI = 11 V ) 

CTE 

(ppm/˚C) 

60 55 45 44 46 47 49.2 

 
VPI  (V) 

10.842-10.843 10.93457-

10.9355 

11.0625-

11.25 

11.0625-

11.25 

11- 11.0625 11.05664-

11.05762 

11.01562-

11.02344 

Table 3.3Simulated VPI of the Fully Polymeric Relay at 21.5 ˚C using different CTE values of PEDOT:PSS 

 

Above are the simulated VPI from several attempts. A CTE value of 49.2 ppm/˚C 

was picked out from these as it produced a VPI of 11.02 V which approximately matches 

the measured VPI for the corresponding temperature. The same process was repeated for 

the other nine data points. 

Fully polymeric Partially polymeric 

Temperature Measured VPI Temperature Measured VPI 

˚C V ˚C V 

21.5 11 21.5 10.4 

41 10.4 41 9.95 

60 9.93 60 9.54 

85 9.41 85 8.86 

103.5 8.83 103.5 8.24 

Table 3.2 Measured VPI  of fully and partially polymeric relays at different temperatures 
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 Simulated VPI  at 21.5 ˚C (Experimental VPI = 10.4 V ) 

CTE (ppm/˚C) 65 75 85 86 88 

 

VPI  (V) 

10.78027 -

10.78125 

10.62402 -

10.625 

10.46777 -

10.46875 

10.46582 -

10.4668 

10.43555 -

10.43652 

Table 3.4 Simulated VPI of partially polymeric relay at 21.5 ˚C using different CTE values of PEDOT:PSS 

         Simulated VPI  at 41 ˚C (Experimental VPI = 10.4 V ) 

CTE 

(ppm/˚C) 

51 49.2 47 46 45 

 

VPI  (V) 

10.24902-10.25 10.29688 -

10.30469 

10.36719 -

10.368161 

10.39648-

10.39746 

10.375-

10.4375 

Table 3.5 Simulated VPI of the Fully Polymeric Relay at 41 ˚C using different CTE values of PEDOT:PSS 

Table 3.6 Simulated VPI of partially polymeric relay at 41 ˚C using different CTE values of PEDOT:PSS 

Simulated VPI  at 60 ˚C (Experimental VPI = 9.93 V ) 

CTE 

(ppm/˚C) 

46 45 44 43 42 

VPI  (V) 9.6875 - 9.75 9.75 - 9.8125 9.75 - 9.8125 9.8125 - 9.875 9.897461 - 

9.898438 

Table 3.7 Simulated VPI of the Fully Polymeric Relay at 60 ˚C using different CTE values of PEDOT:PSS 

Simulated VPI  at 60 ˚C (Experimental VPI = 9.54 V ) 

CTE 

(ppm/˚C) 

47 48 49 49.2 50 

VPI  (V) 9.682617-

9.683594 

9.636719 -

9.637695 

9.592773 - 9.59375 9.585938 - 9.59375 9.554688 - 

9.555664 

Table 3.8 Simulated VPI of partially polymeric relay at 60 ˚C using different CTE values of PEDOT:PSS 

Simulated VPI  at 85 ˚C (Experimental VPI = 9.41 V ) 

CTE 

(ppm/˚C) 

43 42 41 39 37 

VPI  (V) 9 – 9.0625 9.054688 – 9.0625 9.117188 - 9.125 9.242188 - 9.25 9.374023 - 

9.375 

Table 3.9 Simulated VPI of the Fully Polymeric Relay at 85 ˚C using different CTE values of PEDOT:PSS 

Simulated VPI  at 41 ˚C (Experimental VPI = 9.95 V ) 

CTE 

(ppm/˚C) 

61 60 59 55 

VPI  (V) 9.958008-9.958984 9.986 - 9.987 10.01758-10.01855 10.124 - 10.125 
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Simulated VPI  at 85 ˚C (Experimental VPI = 8.86 V ) 

CTE 

(ppm/˚C) 

49.2 46 45 44 

VPI  (V) 8.679688 - 8.6875 8.75 – 8.8125 8.878906 – 8.879883 8.875 - 

8.9375 

Table 3.10 Simulated VPI of partially polymeric relay at 85 ˚C using different CTE values of PEDOT:PSS 

Simulated VPI  at 103.5 ˚C (Experimental VPI = 8.83 V ) 

CTE 

(ppm/˚C) 

44 39 37 

VPI  (V) 8.289 - 8.290039062 8.671875 – 8.672852 8.811528 – 8.8125 

Table 3.11 Simulated VPI of the Fully Polymeric Relay at 103.5 ˚C using different CTE values of 

PEDOT:PSS 

Simulated VPI  at 103.5 ˚C (Experimental VPI = 8.24 V ) 

CTE 

(ppm/˚C) 

60 55 49.2 46 45 

VPI  (V) 7.0625 - 7.125 7.4375 – 7.5 7.898438 – 

7.90625 

8.125 – 8.1875 8.21773 – 

8.21875 

Table 3.12 Simulated VPI of partially polymeric relay at 103.5 ˚C using different CTE values of 

PEDOT:PSS 

Fully polymeric Partially polymeric 

Temperature CTE Simulated VPI Measured 

VPI 

Temperature CTE Simulated VPI Measure

d VPI 
˚C ppm/˚C V V ˚C ppm/˚C V V 

21.5 49.2 11.02 11 21.5 88 10.43 10.4 

41 46 10.397 10.4 41 60 9.98 9.95 

60 42 9.9 9.93 60 50 9.55 9.54 

85 37 9.37 9.41 85 45 8.88 8.86 

103.5 37 8.81 8.83 103.5 45 8.22 8.24 

Table 3.13 Experimental and simulated VPI and the corresponding CTE of PEDOT:PSS 

The closest matches of VPI and the corresponding CTE values of PEDOT:PSS have 

been jotted down in Table 13. The material properties of SU-8 and Cytop used in the 

CoventorWare simulation have been collected from their respective manufacturer 

datasheet [16], [17]. Since these chemicals were diluted with PGMEA and fluorinated 
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solvent (Bellex Corp., CT-SOLV 180), respectively, their precise CTE cannot be known 

[4].  However, it can be approximated the values are of the same order as in the datasheet. 

Ten CTE values were obtained from the large number of simulations performed. 

The average of these values is around 49.92 ppm/˚C. Thus, here we report an upper 

estimate of 49.92 ppm/˚C for CTE of PEDOT:PSS. To get a sense of the accuracy another 

batch of simulations were run using the discovered CTE of PEDOT: PSS. 

 

 

 

 

 From Table 14 we see that the difference between the simulated and measured VPI 

(inaccuracy) increases with temperature. CoventorWare did not take into consideration 

the fact that young‟s modulus decreases with increasing temperature [12]. During the 

reverse Engineering stage, in the absence of this effect (decrease in young‟s modulus) the 

CTE values had to over compensate with extra deformation to account for the reduction 

in VPI. If the decline in young‟s modulus was accounted for, the corresponding CTE 

values would have come out progressively smaller and smaller than what was found. As a 

result the average CTE would have been smaller as well. 

Table 14 data discrepancies can be explained as following. The real CTE is 

smaller which if used would have produced bigger simulated VPI (closer to experimental 

VPI). Using a CTE value of 49.92 ppm/˚C is making the VPI smaller in the simulations. 

Employing constant Young’s modulus (2 GPa) in the material property database (in 

CTE Temperature Simulated VPI Measured VPI Error 

ppm/˚C ˚C V V V 

 

 

49.92 

21.5 11.02 11 + 0.02 

41 10.28 10.4 - 0.12 

60 9.56 9.93 - 0.37 

85 8.59 9.41 - 0.82 

103.5 7.84 8.83 - 0.99 

Table 3.14 Experimental and simulated VNPI at CTE of 49.92 ppm/˚C 
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reality it drops with increasing temperature) has an opposing effect. Its making the 

simulated VPI progressively larger. At 21.5˚ C, the effect of constant Young‟s modulus is 

more dominant since barely any thermal expansion  

Fig.  3.12 Simulated and Experimental VPI vs Temperature 

occurs below room temperature. As a result simulated VPI (11.02 V) turns out larger than 

experimental VPI (11 V). At 41˚C and onwards significant thermal expansion takes place 

and both opposing effects play a role. Nonetheless the effect of a larger coefficient of 

thermal expansion is superseding the effect of a constant young modulus. As the 

temperature increases the error becomes more pronounced as thermal strain multiplies 

with temperature and produces larger deformation in the simulations. 

The figures below show the deformation of the top electrode at different 

temperatures: The deformation tells us that CoventorWare is aware of the thermal strain 

gradient when solving for pull in voltage. With increasing temperature the movable 

structure becomes more and more concave; maximum amount of deformation occurring 

at the center. 
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Fig 3.13 Deformation of the MEM relay top electrode at 21.5°C 

 

Fig 3.14 Deformation of the MEM relay top electrode at 41°C 
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Fig 1.15 Deformation of the MEM relay top electrode at 60°C 

 

 

Fig. 3.16 Deformation of the MEM relay top electrode at 85°C 
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Fig. 3.17 Deformation of the MEM relay top electrode at 103.5°C 
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Chapter 4 

 Prototype device modeling on COMSOL 

 

The temperature sensor was designed on COMSOL 5.1 using the Electromechanics 

module. COMSOL is a Finite Element software package that solves various physics and 

engineering models, especially coupled or multiphysics phenomenon. 

 4.1 COMSOL Simulation Setup 

 4.1.1 Setting up model environment 

 The first step to design a model on COMSOL is selecting space dimension. From 

a variety of options: 3D, 2D Axisymmetric, 2D, 1D Axisymmetric, 1D and 0D, 3D space 

dimension was chosen for the temperature sensor design. All the physics are grouped by 

application area, for example, Acoustics, Fluid Flow, Heat Transfer, Structural 

Mechanics, AC/DC etc. Electromechanics under the Structural mechanics branch was 

added to the model as Multiphysics interface. Select Study window shows a list of studies 

available based on all the physics selected in the previous step. Stationary study was 

chosen as it severs the analysis objective for this work.  

4.1.2 Creating Geometry 

 One can either import geometry from an external file or use drawing tools from 

COMSOL or use LiveLink products to create geometry. Executing any of these brings 

the model into view in the graphics window. Workplane, primitives, array, extrude 

and Form Union functions were used to draw the geometry.  
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  Fig. 4.1 3D view (xyz plane), top view (xy plane), side view (zy plane) of the geometry 

4.1.3 Specifying material properties 

 Material browser has several built in materials grouped by application area, 

available to be used. The material library contains over 2500 materials with up to 24 key 

properties each. Air and Silica glass were added into the model from the Built In section 

and PEDOT:PSS was added from the User defined library after manually inserting basic 

properties in the Material Contents Section.  A value of 50 ppm/ K was used for 

Coefficient of Thermal Expansion as determined in the earlier work. Polar polymers at 

high frequencies generally have dielectric constants of between 3 and 5 [59].  Relative 

Permittivity of 4 was picked for PEDOT:PSS. The rest of the material properties were 

collected from the Heraeus datasheet [20]. 

Fig. 4.2 Side view (zy plane) of Air , Electrode and Substrate Domains of the geometry 

4.1.4 Defining Physics 

 From Physics toolbar Electrical boundaries were defined with Terminal 1 and 

Ground 1. One set of interconnected electrodes selected for Terminal 1 were set to an 

Electric potential of 1 V. The other set of electrodes were added to Ground. For structural 
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boundaries a Fixed Constraint was used on boundary 3 which is the bottom layer of the 

glass substrate. All the domains except surrounding air were selected under Linear 

Elastic Material. Thermal Expansion interface was added to the model tree under the 

same node. Prescribed Mesh Displacement boundary was added to allow the 

surrounding air domain to deform. 

4.1.5 Creating mesh 

There is a default Physics Controlled Mesh setting that automatically generates a 

mesh adapted to the physics setting within the model. The other option is user controlled 

mesh where users have manual control over the mesh size. There are different element 

types such as triangles, tetrahedrons, hexahedrons, quadrilaterals, pyramids and prisms. 

Physics controlled mesh was chosen for the simulations as the computers in the EE labs 

don‟t have sufficient memory for sophisticated mesh type and finer mesh elements.  

 

Fig. 4.3 Meshed geometry on COMSOL 
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4.2 Simulation Results & Discussion 

The final step in the workflow is running the simulation. In the study settings a 

temperature sweep was set up between 275 K and 340 K with an interval of 5 K for the 

first simulation. The computation time varies depending on the geometry, mesh size and 

data points to be computed. 

The sensor model was investigated using different structural designs and electrode 

materials. It should be noted that the dimensions are in micro meters and the substrate 

footprint is close to 800 µm × 300 µm. The first design is a 8 electrode thin film structure 

made of PEDOT:PSS, each with a plate area of 100 µm × 100 µm. The thickness of the 

electrodes is 1 um in all the simulations unless mentioned otherwise. The anchors on each 

side are 50 µm wide and 10 µm in height. There is a 1 µm airgap between the electrodes‟ 

edges on three sides and the remaining edge is clamped onto the anchor. For 1 µm thick 

electrodes gap between the bottom edge and substrate is 9 µm. In the same structure Gold 

electrodes were also simulated to observe its characteristics. The second design is a 39 

electrode thin film structure occupying the same layout. Each electrode is 20 µm wide 

and 100 µm long. For this design three different materials were used: PEDOT:PSS, Gold 

and Chromium. In the next design the electrode thickness was increased to 9 µm, leaving 

an airgap of 1 µm between bottom plate and substrate. In the final design anchor height 

was increased to 20 µm and electrode thickness was doubled to 18 µm, leaving a 2 µm 

airgap at the bottom.  

A double layer structure was implemented with PEDOT: PSS electrodes at the end. 

The gap between the layers was 5 µm, each 1 µm thick. Each Bottom electrode was 
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clamped to the opposite anchor to their top counterpart so that the two plates had a 

potential gap between them and have an increased overlapping area. 
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4.2.1 PEDOT:PSS Electrode  

 

Fig. 4.4 Deformation of PEDOT:PSS electrodes at 77 ˚C 

 

 

 

Fig.4.5. Potential at Electrode top edge 
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Fig.4.6 Transfer function of 8 Electrode PEDOT:PSS structure from 7˚C to 77 ˚C  

 

 

Fig.4.7 Transfer function of 8 Electrode PEDOT:PSS structure from 7˚C to 127 ˚C  
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Fig.4.8 Deformation of PEDOT:PSS electrodes at 77˚C 

 

 

Fig.4.9 Potential at Electrode top edge 
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Fig.4.10 Transfer function of 39 Electrode PEDOT:PSS structure from 7˚C to 77 ˚C 
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4.2.2 Gold Electrode 

 

Fig. 4.11 Deformation of Gold electrodes at 237˚C 

 

Fig.4.12 Transfer function of 8 Electrode Gold structure from 7˚C to 277 ˚C 
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Fig 4.13 Transfer function of 8 Electrode Gold structure from 277˚C to 577 ˚C 

 

 

Fig.4.14 Transfer function of 8 Electrode Gold structure from 7˚C to 577˚C 
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Fig.4.15 Deformation of Gold electrodes at 237˚C 

 

Fig.4.16 Transfer function of 39 Electrode Gold structure from 37˚C to 137˚C 
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Fig.4.17 Transfer function of 39 Electrode Gold structure from 137˚C to 237˚C 

 

 

Fig.4.18 Transfer function of 39 Electrode Gold structure from 2˚C to 237˚C 
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4.2.3 Chromium Electrode  

 

Fig.4.19 Deformation of Chromium electrodes at 237˚C 

 

Fig.4.20 Transfer function of 39 Electrode Chromium structure from 577˚C to 727˚C 
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Fig. 4.21 Transfer function of 39 Electrode Chromium structure from 7˚C to 727˚C 
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4.2.4 Tungsten Electrode 

 

Fig. 4.22 Deformation of Tungsten Electrodes at 237˚C 

 

Fig. 4.23 Transfer function of 39 Electrode Tungsten structure from 127˚C to 327˚C 
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Fig. 4.24 Transfer function of 39 Electrode Tungsten structure from 327˚C to 427˚C 
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4.2.5 9 um thick Electrode  

 

Fig.4.25 Deformation of 9 um thick Gold electrodes at 297˚C 

 

Fig.4.26 Transfer function of 9 um thick Gold electrodes from 277˚C to 297˚C 
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Fig.4.27 Deformation of 9 um thick Chromium electrodes at 297˚C 

 

Fig.4.28 Transfer function of 9 um thick Chromium electrodes from 277˚C to 297 ˚C 
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4.2.6 18 um thick Electrode  

 

Fig.4.29 Deformation of 18 um thick Gold electrodes at 297˚C 

 

Fig.4.30 Transfer function of 18 um thick Gold electrodes from 277˚C to 297˚C 
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Fig.4.31 Deformation of 18 um thick Chromium electrodes at 297˚C 

 

 

Fig.4.32 Transfer function of 18 um thick Chromium electrodes from 277˚C to 297 ˚C 
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4.2.7 Double Layer Electrode 

 

Fig. 4.33 Deformation of double layer PEDOT:PSS electrodes at 107˚ C 

 

    Fig. 4.34 Transfer function of double layer PEDOT:PSS electrodes from 7˚C to 107˚ C 
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4.2.7 Analysis  

    Material  Number 

of 

electrodes 

Thickn

ess 

(µm) 

Temperature 

range 

(˚C) 

  Sensitivity 

(fF/˚C) 

          

Linearity 

 

PEDOT:PSS 

(Single layer) 

 

       8 

 

1 

7 - 77 0.037 Good 

7- 127 0.0375 Approx. 

parabolic 
39 1 7 - 77 0.31 Linear in 

small 

ranges 

PEDOT:PSS 

(Double 

layer) 

 

8 

 

1 

7 -107 0.038 Parabolic 

for most 

part 
 

 

 

Gold 

 

8 

 

1 

7 - 277 0.011 Good 

277 - 577 0.015 Good 

7 - 577 0.0126 Good at 

certain 

ranges  

 

39 

 

1 

37 - 137 0.07 Good 

137 - 237 0.11 Good at 

certain 

ranges 

2 - 237 0.081  

9 277 - 297 0.675  

18 277 - 297  1.8  

 

Chromium 

 

39 

        

         1 

577 - 727 0.0467 Good 

7 - 727 0.032  

9 277 - 297 0.1  

18 277 - 297 1.75  

 

Tungsten 

 

39 

         

       1 

 

400 - 600 0.0225 High 

600 - 700 0.028 High 

Table 4.1 Summary of Simulation Results 
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Table 4.2 Thermo mechanical properties of electrode materials. 

PEDOT: PSS electrodes exhibit reasonable linearity over 7˚C - 127˚C. Linearity 

deteriorates for 39 electrode structure but the sensitivity increases over nine folds. Gold 

structures show solid linearity over wider temperature ranges. The highest temperature  

achieved was 577˚C. As expected, sensitivity increases with thickness. Chromium 

electrodes demonstrate good linearity between 577 ˚C and 727 ˚C. Its sensitivity is low 

compared to Gold which is anticipated as Chromium has a lower CTE. Tungsten achieves 

the highest temperature range of 700˚ C. Its highly linear with low sensitivity which is 

again explained by its low CTE. Its notable that despite Tungsten having a very high 

melting point (3422˚ C) COMSOL solver converged only until 700˚ C. It most likely 

loses its linear elasticity around this temperature as the thermal stress approaches the 

ultimate tensile strength (UTS). The same explanation applies to Gold and Chromium. 

So, thermal stress will be a bottle neck for these structures. Using them beyond maximum 

operating range may cause permanent failure. This is an interesting structural engineering 

problem. The geometry needs to be optimized for highest thermal stress withstanding. 

Double layer improved the signal response of the PEDOT:PSS electrodes many folds 

without increasing the layout area. If the gap between the double layers were smaller, 

output capacitance would have been higher (Capacitance is inversely proportional to the 

distance between the plates). If more layers were added it would have been much higher 

but that would increase the chances of the structure losing its linear elasticity at a lower 

Material CTE (ppm/ ˚C) Melting Point (˚C) Density (Kg/m3) Young‟s 

Modulus 

(GPa) 
PEDOT:PSS 50  Thermally stable until 200 [5] 1000 2 

Gold 14.2 1064 19300 70 

Chromium 4.9 1,907 7150 279 

Tungsten 4.5 3422 19350 411 
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temperature due to increased compressive stress at the joints. The structure can be readily 

customized for different applications. For applications that require smaller geometry the 

footprint can be reduced and multiple layers of electrodes can be added to boost the 

sensitivity. For applications requiring high degree of linearity a denser material should be 

chosen so that the deformation is more uniform. Different metals- Al, Ag, Pt, Cu, Ti can 

be experimented as electrode materials to find favorable linearity at different temperature 

ranges.  
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Chapter 5 

                                    Conclusion 

 

5.1  Future Work 

The proposed capacitive sensor would require an appropriate interfacing circuit. To 

enable high resolution sensing relaxation oscillators would be the ideal choice. In the 

thin film structures output capacitance is relatively small; hence CMOS RF oscillator is 

a good candidate as readout circuit. For applications that don‟t require small geometry, 

signal response of the transducer will be substantial. In such cases the oscillator circuit 

can be made with discrete components. To achieve low noise JFET amplifiers will be 

good choice as active element of the oscillator [75]. Integration of read out circuit and 

noise analysis is the next step of the research.  

Experimenting with new materials can lead to new avenues of research and 

applications. Other conductive polymers and metals will be investigated for electrode 

material in the future. There is still plenty of room for design optimization to enhance 

performance. One potential design is a multi-layer electrode structure to increase the 

capacitance many folds without compromising in footprint. Some analytical modeling 

such as relationship between deformation and linearity would come in handy for 

predicting performance of new designs quickly.  

Finally the prototype design needs to be fabricated and tested for stability, accuracy, 

resolution, repeatability etc. Structural Mechanics is an integral aspect of this sensor‟s 
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design. Buckling, creep, fatigue, wear, fracture, thermal shock - dynamic behavior of the 

sensor needs to be experimentally tested.  

5.2 Potential Applications 

 Thermocouples have the widest measurement range. At very high temperature it‟s 

the only option for sensor. However, its least sensitive, least stable, nonlinear and noise 

susceptible. The tungsten electrode sensor could be a low cost alternative at high 

temperatures. Thermistors are used in the temperature range between -50 ˚C to 300˚C 

for high resolution. With appropriate oscillator circuit design, the proposed sensor 

should be highly sensitive to small changes in temperature and potentially replace highly 

nonlinear self-heating thermistors. RTDs show good performance characteristics except 

slower response and self-heating. They are the most expensive among the temperature 

sensors. The proposed sensor shows better linearity at certain temperature ranges and 

will be cheaper than RTDs because its batch fabricated. Semiconductor temperature 

sensors have the best qualities and currently employed for most embedded applications. 

The new design has an added advantage of higher temperature range. PEDOT:PSS thin 

film electrodes can potentially be used in flexible and/ transparent electronics 

5.3 Conclusion 

The dissertation proposes a new transduction mechanism for temperature sensing.  A 

conductive polymer called PEDOT:PSS was investigated as a thin film sensing element. 

Thermal properties of PEDOT:PSS such as coefficient of thermal expansion and 

temperature dependence of young‟s modulus are not known yet. A key contribution of 

this work is reporting an upper estimate of Thermal Expansion Coefficient of 

PEDOT:PSS, which was extrapolated from experimental data on organic MEM relays. 
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The main contribution of this work is finite element analysis of the sensor model on 

Multiphysics platform COMSOL. The simulations using different structural designs and 

electrode materials gave key insights into geometry optimization and performance 

parameters such as sensitivity, linearity and detection range. We learnt that for 

sensitivity optimization the electrode geometry should be as compact as possible. 

Different Electrode materials show linear response over different temperature ranges. 

When designing a sensor the transfer function plots need to be referred to pick a suitable 

material for an application. Wide variety of configurations and materials lead to new 

possibilities in diverse applications. 
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