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Abstract 

There is cUlTently a lack of quality sensing techniques that can provide the required spatial and 

temporal resolution for use in microfluidic devices. The development of such micro sensors will 

allow real time monitoring and control of many processes at the micro level, and playa crucial 

role in expanding microfluidics to novel applications. For example, integration of sensors within 

the microfluidic device itself will allow active control of processes within these devices . The 

overall objective of this study was to develop a micro temperature and micro flow sensor for use 

in microfluidic devices. The specific objectives were to develop, design and micro fabricate a 

micro thetmocouple and micro heater, and integrate these within a microchannel to show proof 

of concept of a micro thetmal pulse flow sensor. A platinum-constantan (PT -NiCu) micro 

thetmocouple was developed and fabricated using a three mask process. The micro fabrication 

protocols and procedures were developed for potentiostatically electroplating the constantan leg 

of the micro thetmocouple. The thermocouples were characterized and the Seebeck coefficient 

(sensitivity) was found to be 39.04 /-LVf C and 41.75 /-LV/oC for non compensated and a 

compensated thetmocouple anangement respectively. 

A meandeting resistive type micro heater was developed. The power consumption for the 400 A 

thick gold micro heaters on the si licon oxide and on the glass substrates was compared. The 

power required for the glass substrate was 46mW, ll 2mW and l60mW for 5V, 8V, lOV 

respectively, while for the silicon oxide was 499.5 mW, 1.27 Wand 1.943 W respectively. 

The thel111al flow sensor was developed by integrating the micro heater and micro thetmocouple 

within a microchannel to show proof of concept of the sensor. The flow sensor was operated in 

three modes; time of flight, temperat1ll'e difference and pulsed thetmotransfer calibration mode. 
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Essentially the thetmotransfer principle occurs as the heat loss from the micro heater source to 

the fluid will increase with the flow rate, thereby giving greater voltage amplitude of the 

thetmocouple response with increasing flow velocities. 

The flow sensor perfotmance was characterized using methanol/water as the working fluid for 

mass flow rate in the range of no flow to 0.7 ml/min. The device has several unique operating 

and physical characteristics, including the novel pulsing scheme developed that compensates 

against temperature drift, resulting in high repeatability. 

The flow sensor was calibrated using the thetmotransfer principle for three pulse modes; single, 

multiple pulses with change in input voltage and multiple pulses with change in pulse duration. 

The comparative results showed that the multiple pulse modes generated a more detectable 

signal than the single pulse mode. The multiple pulse regimes allowed for a larger dynamic flow 

range. The flow sensor can be duplicated relatively easily so that multiple sensors can be 

distributed within a micro fluidic device to allow simultaneous flow measurements at different 

locations within the device. 
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Chapter 1: Introduction 

1.1 Introduction 

Modern developments in the design and utiliza tion of microfluidic devices have found 

many applications, ranging from the life sciences for pharmaceutica ls and biomedicine 

(dmg design, delivery and detection, diagnostic devices) to industrial applications of 

combinatorial synthesis (rapid chemical analyses and high throughput screening) and in 

micro electronics cooling. 

For example, in the micro electronics applications, the increase in miniaturization with 

high density transistor fOlmations has resulted in a significantly grcater hcat flux 

generated by these devices. Such heat flux densities cannot be handled with current 

conventional cooling methods and are the limiting fac tor that prevents rapid advances in 

the microelectronics sec tor. Innovative micro fabricated liquid based micro-sca le cooling 

technologies have been developed to overcome these thermal problems [I). These 

devices take advantage of their fast response time, small length scales and can selectively 

address localized areas with greater control. In micro electronics, small areas of very high 

temperature occur periodically, known as hot spots. By integrating micro sensors into 

these devices, ac tive contro l can be achieved in coo ling these hotspots quickly and 

efficiently which will make heat remova l of these devices more efficient and with lower 

power consumption. The integration of micro sensors within these devices will give 

cmcia l information, allowing more flexible thelmal management solutions. 
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The absence of quality micro sensing techniques that provide th e necessary spatial and 

temporal (continuous data feedback) resolution at critical paths and positions in many 

micro fluidic devices has been the main difficulty in achi eving real-time monitoring of 

many processes [I]. Information gathered with micro sensors allows fast response 

manipulations that increase the efficiency and performance of the overall device with 

minimal disturbance to the devices. The three main micro sensors that are currently being 

developed are for temperature, flow and pressure. Tllis study focussed on developing a 

temperature and flow sensor at the microscale. 

Micro temperature sensors can be categorized into two groups: 

1. Electrical (e.g. Thermocouples, Thelmistors) . 

II . Non-Electrical (e.g. SAW, fiber optics, Infrared, Temperature sensitive 

fluorescents) . 

In this study a micro thermocouple was chosen because it can achieve high spatial 

resolution, microfab ricated relatively inexpensively and is more durable than resistance 

thermometers (due to their fabricated stlUcture) . Micro thelmocouples have several 

advantages: (i) they can be extremely small in size, (ii) have a fast time response, (iii) 

integrate with minimal disturbance, (iv) are capable of highly precise temperature 

measurements and (v) are self generating (no not require a external power source). 

Flow measurement at the microscale is particularly difficult due to diversity of medium, 

condition and performance criteria , and the fact that it is not a scalar quantity. However, 

there is a need for precise micro flow measurement and contro l. Existing commercial 

2 
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sensors are inadequate because of their large size and difficulties in integrating with 

micro fluidic devices. Micro flow sensors can be categorized into eight different groups: 

I. Mechanical (e.g. Volume, Force) 

II . Nuclear Physics (e.g. Nuclear Resonance, Isotope Injection) 

III. Optics (e .g. Laser Anemometly, ,uPIV) 

IV. Electrodynamics (e.g. Induction, Conduction) 

V. Hydrodynamics (e.g. Thrust, Pressure Difference) 

VI. Thetmodynamics (e.g. Heat Conduction and Convection) 

VII. Acoustics (e.g. Doppler Effect, Time of Flight) 

VIII. Stochastic (e.g. Conelations) 

The focus of the micro flow measurement was to research and develop a reliable flow 

sensor with a novel con"elation technique. A micro thennal pulse film flow sensor was 

chosen because of its applicability to microfluidic applications, in particular for operation 

in both harsh micro electronics and temperature sensitive biological environments . The 

micro pulse film flow sensor has several advantages, as it can be fabricated using 

standard microfabrication techniques and can measure a wide range of flow rates, with 

minimal disturbance to the flow. 

1.2 Research Objectives 

The overall goal of the research was to deve lop, manufacture and characterize micro 

sensor devices that cou ld measure temperature and flow. The specific objectives are: 

3 
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1.2.1 Micro Thermocouple 
To develop an array of micro them10couples that can be used to monitor temperature 

infOlmation. The micro thelmocouples were designed, fabricated and characterized in this 

study. The micro thermocouples were fabricated using an electroplating process with 

junction sizes in the range 50 ,urn to 500 )..Lm . The junction resolution lower limit was 

restricted by resolution of printed masks. 

1.2.2 Micro Heater 
To develop a micro heater that would provide sufficient heat in a short duration of time to 

cause a localized change in the fluid temperature. A micro heater was designed, 

fabricated and characterized. The power to the micro heater and the cOITesponding 

increase in local temperature was characterized. 

1.2.3 Micro Flow Sensor 
To develop a micro thermal pulse film prototype flow sensor. The feasibility of the 

device was detelmined and the perfonnance charactel1zed. The effects of novel thelma I 

pulse pattems were investigated and the data reduction algorithms to measure the flow 

rate developed. 

1.3 Scope and Organisation of This Work 

This thesis consists of five chapters, including this introductory chapter. The work is 

primalily intended to be a building block for developing future generations of micro 

sensors, and in situ measurements in micro fluidic devices. 

The three main chapters of the thesis are: 

Chapter 2 - Micro Thennocouples 

4 
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Chapter 3 - Micro Heaters 

Chapter 4 - Micro Flow Sensor 

Fundamentals of thelmal measurements and the basic governing equations are presented 

in Chapter 2. This chapter also includes an overview of the literature pertaining to micro 

thelmocouples. Design consideration, fabrication process and novel fabrication 

techniques relating to micro thermocouple are presented. Fundamentals of electroplating 

and characterization results of the electroplated alloy are included. A summary of the 

experimental setup to characterize the thermocouples is presented. The experimental 

results for the thelmocouples are presented and discussed. Finally, the effect of signal to 

noise is investigated. 

Chapter 3 presents the design considerations and fabrication process of the micro heater. 

An overview of the literature related to resistance micro heaters is presented. The 

experimental results for the micro heater are presented and discussed. The power input 

requirements for detection of the heat pulse are evaluated. 

Chapter 4 presents the fundamentals of flow sensing and its governing principles for 

application at the micro-scale. The experimental setup is introduced and the limitations of 

the system are discussed. The experimenta l results are presented, with the novel pulse 

schemes used in this study. 

5 
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Finally, chapter 5 provides an overview and conclusions from this work. Key 

experimental findings of the current investigation are summarized, and recommendations 

fo r future studies are presented. 

6 
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Chapter 2. Micro Thermocouples 

2.1 Introduction 

There is a need to develop reliable techniques that will measure and control temperature 

in microtluidic devices. [fthe thermal data can be acquired continuously it has the 

capacity to reduce in operat ing costs with faster response times and improved quality 

control in many microtluidic dev ices . Proper effect ive spatial and temporal reso lution of 

temperature sensors in many micro- processes, such as micro coolers and micro reactors, 

is required to achieve rea l time monitoring and control of these processes. 

In micro electron ics, small areas of very high temperature occur periodically, known as 

hot spots. By integrating micro sensors into these dev ices, active control can be achieved 

in cooling these hotspots quickly and effic iently, that will make heat removal of these 

devices more effic ient and with lower power consumption. 

Thermal sensing methods are class ified into two broad categories: name ly (i) contact ing 

and (ii) non-contacting. In thermal contacting sensors there is phys ica l contact between 

the heat source and sensor, and the energy transfer to the sensor is by conduct ion. In 

thermal non-contact ing sensors, there is no phys ical interaction between the sensor and 

heat source, and the sensors operate by means of rad iation [I] . For contact thermal 

temperature sensors, the heat source generates a thermal signal that is detected by the 

sensor that either generates or modulates an electri ca l signal. Figure 2- 1 shows a 

classification scheme for the famil y of contact ing thermal sensors. Thermal contact ing 
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heat sensors can be subsequently divided into either electrically or non electrica lly 

operated. Electrical thermal sensors either operate by the principle of modulation or self 

generation . A modulating sensor requires an input signal that is used to generate the 

electrical pm,ver of the output signal. Se l f generat ing sensors do not require an external 

power source. All but two of the electrical based thermal sensors are modulating rather 

than se lf generat ing. The two se lf generat ing sensors in this scheme are thermocouples 

and noi se sensors. No ise sensor technique compares the thermal noise of a reference 

resistor with the unknown noise of the measurement res istor. They require extensive post 

hardware, software and were considered unsuitable there was a high possibility of 

interference in measurements when operated in a micro electronics environment. 

Thermocouples are based on the Seebeck effect, where an electromoti ve force (EMF) is 

generated across a junction between two different metal s that are held at different 

temperatures. 

All other thermal electrica l sensors require external power source. Other non contact 

methods, include infrared which is limited to measuring surface temperatures (a ll objects 

emitting electromagnetic radiation), liquid crystal imaging based on the optical propel1ies 

of the mate ri al, indicators are temperature sensiti ve materi als that are added to the 

surfacelf1uid that change co lour with changes in temperature and finally temperature 

sensiti ve fluorescents (e.g. Rhodamine B). 

Tab le I compares some of the most com mon micro thermal sensors. Thermistors are 

small , thermally dependent semiconducting res istors. They have a hi gh degree of 

sensiti vity, however thi s sensiti vity is non linear and may vary within a batch of samples, 
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due to the fabricat ion process. Therefore thermistors require individual ca libration that is 

not very simple. The resistance temperature device (RTD) operates on the principle that a 

conduct ive material resistance changes as a fu nction of its temperature. They are high ly 

acc urate and have a linear output over a wide temperature range; however, they are 

relat ive ly large and can be eas ily damaged. A thermistor works on the same principle as a 

RTD and is cheaper; however, it is not as accurate and has a non linear output. 

Micro thermocouples were chosen for th is study because they can achieve high spatia l 

reso lution (50 - 500l-lm junction sizes), and they can be micro fabricated inexpensively 

and more durably than res istance thermometers. They have no offset and need not be 

biased. Thin film thermocouples (TFTCs) have severa l advantages over conventional 

bulk temperature sensors as they are extremely small in size with fast response times (3 

ms [3]), have minimal disturbance characteri st ics and are capab le of highly precise 

temperature measurements (as can be located directly at the point of measurement). 

When combined in an array TFTCs can measure temperature at multiple locations over 

an area with an extremely high spatial resolution. [n thi s study, micro thermoco uples are 

developed that can be used in a range of applications. 
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Table I: Relative performance of com mon electri ca l micro sensors, (adapted from [I]). 

Range Resolution Response Sensitivity 
Type Output Device Comments 

[0C] [DC] Times [s] [pV/°C] 

Approx. 
Thermocouple -\ 60 Thin 

Rapid 

to 370 
± 0.3 0.005 Linear, - 50 

Fo il 
response foil 

(T -type) construction . 
Difference 

Thermopile o to Linear, Research very 
± 0.2 < I 40 Micro 

(T -type) 70 Difference stable 

Difficult to 

Non-
use, low 

Noise 
-200 

± I < I Linear, - 0.01 Resistor 
sensitivity . 

to 100 Electrica l 
Abso lute 

circuit must be 
well designed 

Platinum 0.4 WOC 
Commerc ially 

Resistance 
200 to 

± 2 Ihr Linear, Wire standard, 

Tem perature 
1000 Absolute @ IOOQ wound stable and 

precise 

I on- Variable 
Commercially 

-270 Mini lower cost the 
Thermistor 

to 450 
± O.I - I Linear, as 

bead PRT, but non 
Absol ute NTC,PTC 

linear 

Cheap general 
Spreading -50 to 

± 3% 5 
- Linear, 7 WK 

Silicon 
purpose sensor 

resistor 150 Abso lute @ lkQ of moderate 
accuracy. 

Cheap general 
purpose sensor 

of moderate 

Thermodiodes 
-50 to 

± I 10 
Linear, 

-2m V IK Sili con 
accuracy. 

200 Absolute Thermistors 
better 

characteri stics 
(+TCT) 

Low cost with 
integrated IC 

Thermotrans istor 
-50 to 

± I 10 
Linear, I pA/K 

Sili con 
are good 

200 Absolute @300 ~lA genera l 
purpose 
sensors 
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Figure 2-1: Classification scheme of co ntacting thermal sensors, (adapt ed from [1J) . 

c Ec=O 

d 

~ r. ,r 
Position, X E1ectriC-dl equiwlenl clrcui l 

Figure 2-2 : Bas ic thermocouple Temp eraturelX diagram , and Equiva lellt Electrical 

circuit, (adapted from [3J). 
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The objective here was to develop an electroplated mIcro sca le thermocouple, micro 

fabricate the same and then document the corresponding microfabricat ion techniques. 

The following section describes the literature rev iew of existing research in the field 

deve loped in the past with an emphas is on micro thermocouples. The fundamental 

phys ics of thermocouple phenomena and their governing equations, the materials, the 

fabrication methods, and characterization results are presented. 

2.2 Fundamentals and Governing Equations 

There are three major effects involved in thermoelectric thermometry: the Seebeck, 

Peltier and Thomson effects. 

Thomas Johann Seebeck di scovered that di ss imilar conductors that form a closed circuit 

and are exposed to a temperature gradient will generate a net thermal electromotive force 

that induces a continuous electric current. 

In the case of two dissimilar conductors A and B that are joined together at a hot point T2 

and with a temperature di ffe rence ,0.T maintained between the hot point T2 and the co ld 

junct ion T" an open circuit vo ltage ,0. V is deve loped between the leads at the co ld point 

(see Figure 2-2) . This is known as the Seebeck effect and it can be expressed as [3] 

Ll Va = aLlT 2 -1 
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where a is the See beck coeffic ient [~V / K l For a p ractica I worki n g thermoco LI pie th e 

electro-therma l force is proportional to the product of the temperature difference and the 

Seebeck coefficient difference [3]. 

where a 1 and a2 denotes the Seebeck coefficients of materials 1 and 2, respectively. The 

vo ltage produced is independent of both the size/shape of the junction or surround ing 

circuit. 

A reference temperature T I (Ice Bath or cold junction compensat ion) is required as it is 

on ly possible to measure the temperature difference using thermocouples. Table presents 

some standard Seebeck coefficients for common metals with reference to Platinum at 

O°c. 

The EMF expressed in terms of the Fermi energy EF and the diffusion potential q can be 

expressed as the Seebeck coefficient, which is a bulk propelty [5] . 

EF / q = ¢ is the electrochemical potential and q is the electron charge . The Fermi level 

of metals is temperature dependent. Thus the Fermi level difference wi ll be lower at the 

hot junction such that the electrons will flow towards it causing a positive Seebeck 

coefficient. However a diffusion potential will develop wh ich will oppose the EMF from 
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the change in Fermi level. Therefore there will be no gradient electrica l potential unless a 

temperature gradient exists. 

Table 2: Thermoelectri c EMF and Seebeck coeffi cients of va rio LI S metal s at 200 °C relati ve to platinum at 
O°C [1]. 

Element L1~. (mV) aetV/K) 

Chromium +3.38 16.8 

Gold +1.84 9.20 

Copper +1.83 9. 15 

Platinum 0.00 0.00 

Constantan -7.45 -37.25 

2.2.1 Empirical 'Laws' of Thermocouples 

In orde r to get accurate repeatab le measurements the fo ll owing th ree empirica l laws 

gove rning thermocouples need to be considered: 

The 'Law ' o{Homogeneous Materials [3]: 

'A thermoelectric current cannot be sustained in a circuit of a single 

homogeneous material, however vmying in cross-section, by the application of 

heat alone. ' 
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Th e 'Law ' o(Intermediate Materials [3]: 

Th e algebraic sum oftlie thermoelectromotive forces in a circuit composed of 

any number of dissimilar materials is zero if all the circuit is at a uniform 

tempera tu reo ' 

Th e 'Law ' o[Successive or Intermediate Temperatures [3]: 

'If two dissimilar homogeneous metals produce a thermal emf of £" when the 

junctions are at temperatures T,and T2, and a thermal emf of £2, when the 

junctions are at T2 and T3, the £l\!fF generated when the junctions are at T, and 

T3 will be £'+£2. ' 

The first law implies that there must be at least two different metals to create an EMF, 

and any EMF generated fo r a single metal is due to the non uniformities in the material. 

The second law implies that if a third homogenous metal C is added between the metals 

A or B, once the juncti on temperature remains the same, the net EMF of the circuit will 

remain the same. This holds true once there is good thermal and electrical contact 

between the different metals . The third law states that a thermocoup le calibrated with a 

known reference temperature can be used at any other reference temperature once there is 

a known linear correlation. 
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2.2.2 Transient Temperature Measurements 

Use of micro thermocouples is an effective method to measure temperature changes in a 

transient environment due to their abi lity to respond quickly (~3ms) [I). A thermocouple 

has finite mass and therefore finite heat capac ity, and consequently cannot respond 

instantaneously to temperature changes. Assuming a first order lumped system, the 

energy equation for the thermocouple sensor can be represented as [I] 

dB 
pVcp - = hA8 2-4 

dt 

where cp is the spec ific heat, 8 the di ffe rence of temperature between the thermocouple and 

ambient, h is heat transfer coeffic ient due to convection and A is the surface area of the 

thermocouple junction. Solving the equation, the time constant for a thermocouple can be 

obtained as [I] 

T = pvcp 2-5 
itA 

For a short response time the thermocouple should be des igned to have as large a surface 

area as poss ible while minimizing its vo lume. 

2.2.3 Thermocouple Noise 

The primary consideration determining the performance of a thermocoup le is the signal 

to noi se ratio. At the hea11 of the signal there is a fundamental noise generated due to 

actual temperature flu ctuations and due to electrica l in terference, the limit of which is the 

sensitivity of the thermocoup le. This most basic source of noise ar ises from the therm al 

energy, kT of the system. This source of noise is referred to as Johnson noise, after J.B . 
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Johnson who fi rst noted it. It can be approximated as white noise. The average noise 

power, Pr [W] for a res istance R [0] is [3], 

v2 

Pf = .L = kT fjf 2 -6 
4R 

where b.f is the di fference in bandwidth of the signal between f and f + b.f [Hz], Vi is 

the mean square of the fluctuating potenti al, k is the Boltzmann constant [J /K ], R is the 

res istance of the conductor and T [K] is the abso lute temperature of the conductor. 

Assuming that Rand T are constant over the bandwidth b.f , the Root Mean Square 

(RMS) value of the vo ltage of thermal noise for a thermocouple is [3] 

Vf = .J4kTRfjf 2 -7 

with usual units ofnVIHz 

2.3 Literature Review 

Prev ious research on micro thermocouples mainly focused on temporal measurement of 

temperature in electronics and in harsh environments. Generally their fabrication 

techniques we re sputter or electron beam depos ition of metals for the two di ffe rent 

component legs of the micro thermocouple. Initially micro thermocouples were depos ited 

on the tip of cantilevers of an atomic force (AFM) and scanning tunnelling microscopes 

(STM). The AFM and STM used thermocouples to scan the surface of non conductive 

surfaces [4]. The majority of the heat transfer between the tip and the surface was through 

conduction through the gas and not through direct contact of the surface. Shi , L. et al. [5] 
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deve loped a multi layer process consisting of sputter and wet etching with buffered 

hydrofluoric ac id to create cantilever tips for ATM probes. The mai n drawback of the 

AFM and STM methods is the effect of the measurement probe on its surroundings . The 

thermocouple tends to draw heat away from the sample affect ing the true measurement, 

and additionally thi s will di sturb the fluid flow. 

Park et al. [6] designed a multiple array of lO X 10 thermocouples in a 9mm X 9mm area, 

using aluminium nitride (AIN) to reduce the thickness of the intermed iate layers so that a 

sensor thickness of 0.15 /1m could be achieved. This dense multiple array with hi gh 

spatial resolution was des igned for measurements 'vvhere there is a high temperature 

gradient over a small area in applications such as electronic cooling surfaces. The 

thermocouples had an equivalent Seebeck coefficient of 17.6 /1V/K. 

Jang, S. P. et al. [7] developed a thermal sensor array consisting of 25 T-type (Copper­

Constantan) micro thermocouples sputtered on the end of a heat sink in an area 5X5 mm 

using stainless stee l masks. They used the thermocouple to measure the surface 

temperature of the heat sink and subsequently were able to determine flow rate in a 

microchannel using the heat sink thermal resistance. Gualous, H. et al. [8] investigated an 

array of 16 thin film thermocouples with a junction area of 8 X 8/1m. The thermocouple 

consisted of go ld and palladium layers and had a response time in the order of 1 40~l s. 

Thermoelectric properties of electrop lated CuNi all oy were invest igated by Delatorre, R. 

G. et al. [9]. They constructed a thermocouple with a junction consist ing of CuNi alloy 
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and silicon. They found Seebeck coefficients as hi gh as -43 /lV;oC for a junction size of 

400 /lm . An ident ical electroplat ing so lution was used in this research. 

Cygan, A. [10] des igned an array of T type micro thermocouples consist ing of 

electroplated post layers that wo uld improve thermal insulation where the junction of the 

thermocouple was electroplated on top. Modelling found that posts of3 /lm were 

opt imum ; however, it was not possible to fabricate an actual working prototype due to the 

complexity of the multi-layered electroplating fabrication process. 

Chu, D et al. [ I I] examined the effect of the Seebeck coeffic ient with red uctions of 

junction size. Their thermocouples consisted of go ld and ni ckel elements and was 

fabricated on a I micron ox ide fi lm on si licon wafer. They observed that down to a 

thi ckness size of 100nm, the Seebeck coeffic ients did not experience any significant 

changes. However after this point there was a notable reduction in Seebeck coefficient 

with an increase in noi se leve l. They observed a change in Seebeck coeffic ients with a 

variation of the thermocouple ratio of the element thicknesses. They explained that as the 

thin fi lm gets thinner, the res ist ivity increases and the cross-section area decreases, 

therefore increas ing Johnson noise leve ls. 

An investigati on into thin film thermocouples embedded into meta ls was examined by 

Zhang, X. et al. [1 2]. Similarl y to Chu , D et al. [II] they found that a reduced film 

thickness resulted in faster response times; however, there was significant reduction in 

thermal sens iti vity. The main difficulty in embedd ing thin film thermocouples in metal 

substrates is that there must be dielectric materials in order to provide electri cal insulat ion 
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for the sensing unit. They used a combination of Alumina (AI 20 3) and sili con nitride 

(S i3N4) in order to insulate materials from the substrate . This combination was chosen in 

order to cover potential pinholes in the alumina film and to minimize thermal stresses. 

They sputter deposited chrome I and alumel as the thermocouple elements. In the 

manufacture of their standard K type thermocouple they used thin layers of Titanium (Ti) 

in order to get good adhesion between electrica l insulators and the thermocouple 

elements. They ac hieved a thermal sensiti vity of 40.6 )..tvf C, which is comparab le to the 

sensitivity of the macro standard K-type thermocouples. They did not observe any 

changes in Seebeck coeffic ients due to the thin layers ofTi used for ad hes ion. 

2.4 Materials 

The materials for the sensor substrate and sensor were se lected based on their thermal and 

electrical properties and feasibility for microfabri cat ion. A flat smooth glass or si licon 

with a 9000 A layer of oxide was chosen as the substrate material because of its capacity 

to electrically insul ate and iso late the metal thermal sensor. 

Electroplating was the preferred method for fabrication of the thermocouple both due to 

its low cost as we ll as the range of compos ition that can be obtained by tuning the 

depos ition potential. Gold was se lected for the thermocouple electroplat ing base because 

of its high res istance to electrochemical corros ion and oxidation which is crucia l for 

electrop lating. Since go ld does not ad here to the glass substrate, a chromium layer is 

deposited as a seed layer for the go ld deposition. Constantan was se lected fo r one leg of 

the thermocouple. The reason for its se lection was its high Seebeck coeffic ient relative to 
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other metals. It has a unique pos ition for a metal or al loy as it has a negative Seebeck 

coeffic ient. The implication here is that when forming a junction with another metal or 

all oy it wi ll show higher sensitivity relative to alternative alloys if such were chosen to 

partner that meta l or al loy. Further propert ies of constantan are di scussed in detail later in 

subsection 2.5 . 

Plati num was meta l deposited as the second leg of the thermocouple. It was chosen due to 

the fact that all Seebeck coeffic ients of materials are always referenced to Platinum 

because it is a pure metal with a low Seebeck coeffi cient. The advantage is that even 

though secondary junctions will occur, the secondary junct ion effect is known and can be 

compensated from thermocouple reference tables, see Table 2. 

2.5 Electroplating 

Electrodeposition is a convenient and inexpensive way of depositing thin film s on 

conductive substrates without damaging the substrates [13] . It is extensively used in 

industry due to its high quality of deposits, high production rates, few size and shape 

limitations and low initial capital investment. It has severa l advantages over sputtering 

vacuum deposition processes because it can have high deposition rates at low 

temperature, with the poss ibility of tailoring the crystallographic texture and compos ition 

of the depos its. 

A typical electroplat ing ce ll setup genera lly consists of an electricall y conducti ve and 

chemica lly inert anode (Platinum), cathode (conductive wafer that is to be plated) , and an 

aqueous sa lt so lu tion (meta ls to be plated), as shown in Figure 2-3 . The substrate to be 
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plated is initially patterned using a lithography process to create a mould for plating with 

junction sizes in the range 50 11m to 500 11m, (see Figure 2- 12). The thermocouple 

substrate is then maintained at a negative potential relative to the anode. The aqueous salt 

so lution contains reducible forms of ions of the desired metals . The positively charged 

cat ions migrate towards the negati ve ly biased substrate where they are reduced, and 

deposited in the catholyte reg ion (immediately surrounding the cathode of the so lution), 

at the exposed conductive surface . 

There are three fundamental stages in cathodic deposition of alloys: 

I. Ionic Migration : occurs when the ions move in the direction of the cathode under 

the presence of applied potential , diffusion and/or convection, see Figure 2-3. 

2. Electron transfer: occurs when the hydrated ion molecules align with the presence 

of the field on entering the diffusion double layer. As the metal ions enter the 

fi xed double layer their hydrated shell is lost due to higher field potential. As 

these ions reach the cathode surface they become individually neutralized and 

absorbed onto the surface. 

3. Incorporation : occurs when atoms are absorbed at the growth point on the cathode 

and combined with the growing lattice. 

Detailed discLission of these mechanisms and their theoretical significance can be found 

in Pleith, W. [14] . 
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When a platinum anode is immersed in an aqueous salt solution containing ions of the 

des ired metal of depos ition M7l+ there wi II be an exchange of metal ions between the two 

phases, the metal and the so lution. [14] 

M7l + + ne =; M 2-8 

where n is the number of electrons invo lved in the reaction. The governing equation for 

the cathode potential, while depos it ion is occurring, is the Nernst Equation [1 5], and is 

the fun ction of the acti vity of metal ions in the so lution (M7l+ == ::) [1 5]. 

where EO is the standard electrode potential of the metal, :J is the Faraday constant 

(96487 Cmor i
) , R is the gas constant (8 .3 14472 J/K mol), T is the absolute temperature 

in Kelvin, a~+ is the acti vity of the metal ion of the reactants, aM is the activity of the 

metal ion of the products, n is the va lence change of ions, (n ickel n=O, 1 ,2,3. Copper = 

1,2), 

The first term is the standard reduction potential for a given metal, the second accounts 

fo r the thermodynamic concentration of the metal ions, and the fin al term Pi s 

po larization. Polarisation occurs when there is a dev iati on of the ce ll potentia l from the 

equilibrium va lue when a Faradi c current is applied. Potential is measured by the 

overpotenti al (Tj) , see equation 2-1 1. The standard reduction potential of the 

electroplating so lution under investi gation is presented in Table 3. The reducti on 
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potentials are referenced against a standard hydrogen reference electrode (SHE) at a 

temperature of 25°C and atmospheric pressure. 

Table 3: Standard Reduction Electrode Potentials [15] 

Standard Value (V) 

Electrochemical Reductions Electrode Reaction Versus SHE 

Oxygen (Acid so lutions) O2(9) + 4e- + 4H(;,q ) ~ 2H2O(l) 1.23 

Oxygen(Basic solutions) 0 2(aq) + 4e- + 2H20 Caq) ~ 40HC-;'q) 0.401 

Cu/C u2+ Cu2+ + 2e - ~ Cu 0.340 

H2 2H + + 2e - ~ H~ 0 

Ni/Ni2+ Ni 2+ + 2e- ~ Ni -0.236 

HydroGen evolution 2H20 + 2e- --> H2(q) + 20H- -0.83 

Overpotential (1]) occllrs when there is a difference between the equilibrium potential of 

the electrode E and the potentia l of the same electrode as a result of current flowin g 

through it, E( l), 

1] = E(I) - E 2-10 

This overpotential is the sum of different overpotenti al T] terms due to different reaction 

steps. 

1] = 1]mt + 17 ct + 1]rxn 2-11 
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where ll mt is mass transfer overpotential (concentration polarization), ll ct is the charge 

transfer overpotenti al (act ivation polarization), and ll rxn is the reaction overpotential 

(reaction polarization) . For large negative overpotenti al (1] 2: 100mV) the total current 

density (i) increases exponentially with overpotential (1]) : 

. . _an:J /) . (l_a)n:J /) 2-12 L = - Loe RT - Loe RT 

where io is the exchange current density (1] = 0, i = io)' a is the transfer coeffi cient. Thi s 

express ion for the total current density is known as the Butler-Vo lmer equation and 

describes the electrode kinetics. The first term is assoc iated with overpotential occurring 

forward reacti on (in thi s case cathode), while the second term is assoc iated with the 

overpotential reverse reaction (in thi s case anode). Equation 2- 12 is an exponential 

relation, showing that for small changes in overpotenti al there will be large changes in 

current density. The logarithm of Equati on 2- 13 results in the Tafel equation, which can 

be used to model the electrode kinetics. [1 5] 

1] = a ± b loglil 2-13 

h 2.303RT l . d b 2.303 RT d 1'1' h b I I f h were a = og Lo an = are constants an L IS t ea so ute va ue 0 t e 
an::J a n ::J 

current density. The sign holds for anodic and cathodic processes respecti ve ly. The 

charge transfer coeffic ient a can be derived from slopes of the Tafe l lines and the 

exchange current density io can be determined fro m an extrapolation to the Nernst 

potenti al when E = Eo. 
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Electrodeposited alloys have app li cations in decorative purposes, protective coatings 

(marine installations) or app lication where specific propel1ies are required, such as better 

physical properties that include corrosion resistance and magnetic properties. Essentia lly, 

co-deposit ing of two metals does not differ from that of depositing ofa single metal, 

nonetheless, finding the correct conditions for depositing is not a straightforward process. 

Two conditions must exist for alloy electrop lating to occur [16] ; 

1. One of the metals must be capable of being independently deposited (Copper) 

before the other metals are co deposited. 

2. The deposit ion potentials must be fairly close (within 50 m V [16]) together. 

Deposition of a given metal is dependent on the Nernst Equation, (Equation 2-9), which 

is made up of two main terms. The first of these is the standard electrode potential EO of 

the metal in question. The other term is a function of the ions activ ity val ues, which in 

turn is propol1ional to the ionic concentration . For two cathode processes to occur 

simu ltaneously, for instance for Copper and Nickel to be deposited at the same site, then 

the spec ific potential equation 2-9 becomes; 

EelL = ENi 2-14 

Thi s equation Nernst equations for copper and nickel - implies that for co deposition to 

occur either; 
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• The indi vidual standard potenti als E~ i must be about equal to E~u so that minor 

adjustments in the bulk concentrations of the metals will make ENi and Ecu 

equal. This is not the case in this particular study, as the standard potentials of 

both Copper and Nickel are far apart (0.5 V). 

• The standard electrode potentials di ffe r by a large amount, such that the E~u 

cannot approximate to being equal to E~ i ' Thereby the value of the acti vity is 

controlled by changing the respecti ve concentrat ions. This mechani sm is the 

method of choice used in thi s study. 

• A lternati ve ly when the reduction potential is far apart, and large adjustment in the 

activities is not poss ible, the polarizations of Pelt and PI i must be far enough apalt 

to equalize the dynamic depos ition potential s. However it is to be noted that high 

polarization values will result in two phase alloys [15]. 

As metal s with higher potentials reduce preferenti ally (copper), they often prohibit the 

depos ition of lower potential metals (nicke l). Therefore the choice of the potential must 

be se lected very carefully in order that the lower potential metal can be depos ited 

simultaneously without use of excess ive current density. 

Figure 2-4 depicts a typical depos ition vo ltage plot versus current density fo r two 

different individual metals. The partial polar ization curves of two metals, M I and M2, 

that are contained in the bath, their combined polari zation curve and hydrogen evo lution, 

which occur at higher negative overpotenti al that dec reases effi ciency. are presented. The 

curves are made up of three regions. Initially the reactions are thermodynamic controll ed, 
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followe d by an upward sloping kinetically contro ll ed region and finally by a mass 

transport controlled reg ion. In the thermodynam ically controlled region, the standard 

potential is modified by thermodynamic so lution factors, which is theoreti ca lly 

represented by the second term in equation 2-9. The electrons tend to move to their 

lowest e nergy state possible. Applying a current increases their act ivity (second term of 

Nernst equation 2-9), and allows reactions that would not normall y occur to happen as the 

electrons can now move to their preferred energy leve l. The kinetic regions are where 

reactions are governed by the Butler-Volmer equation (Equation 2-1 2) . [n this region the 

current ri ses exponentially with an increase in overpotential. At low currents the surface 

concentration of ions is approximate ly that of the bulk concentration. At higher currents, 

the depos ition rate is faster, and the ions cannot be replaced quickly enough, lead ing to 

the onset of the final region where mass transport is dominant. Here the current is large 

enough that species are fully reacting but the depos ition rate remains constant. This is 

known as the limiting current. Even though the deposition rates remain constant the 

potential can be increased. However, when the limiting current is achieved, the current 

increases the amount of hydrogen evo lution and not the spec ies depos ition. In Figure 2-4 

co-depos ition will occur at a potential V \ with a ratio of M I :M2 in relation to 1\/12. 

Alte rnat ive ly, for a potential ofV2 a different ratio ofM I :M2 of the alloy will be 

deposited which is related to h/l-l. This demonstrates how an alloy can depos it two metals 

at one potential and how the compos ition percentage of the alloys can be determined. 

28 



M.A. Sc. Thesis: 

14 

----~ 
c;; 
= Q.I 
'0 ... b = 
t Iz 
:: 
I.l 

Neg. 

McMaster University - Mechanical Engineering 

r-I - - ---illt------, 
'. ' 

An~~e , 
(Platinum) 
I 

Anions 

e e 

e ~-

Cat bode 
(SUbstrate) 

Fig ure 2-3 : Schematic of bas ic elec troplating cell 

Practical Current 
Curve (Copper) M2 

-" .' 
, 
• 

I 

. 

• 
I 

. 
• . 

VI V2 

. . 

Hydrogyen 
Evolution 

:~ 
Mass Transport Control ..... -._ ._. -._._ . ...... 

,~ . . 
· · • . 

KInetic Control 

Limiting Current - - -- - - - - . 
. . 

Thermodynamic Control 

---7 Potential. (E) 

F igure 2-4 : Polarizat ion curves f or Copp er (M2) an d Nickel (M J) Alloy dep os itio n. 

(a dapted fro m [J 0, 15 J) . 

Simon Loane 

29 



M.A. Sc. Thesis: McMaster Univers ity - Mechan ical Engineering Simon Loane 

2.5.1 Constantan Alloy 

Constantan (NiCu) alloys have been electrop lated due to its decorative use as long back 

as 1912 [17]. They have good corros ion resistance, catalytic, mechanical and electrical 

properties. Nickel-Copper alloys were se lected for this study because of their high 

Seebeck coefficient relative to other metals and demonstrated linear output vo ltage curve 

over a w ide operating temperature range (0-1250 0c) . The linear output vo ltage is a 

particularly useful attribute when cons idering ease of ca librat ion, determination of the 

certainty of individual measurements and consistence between devices. NiCu alloy is in 

an unique position among meta ls and metal alloys as it has a negative Seebeck 

coeffic ient. When combined with other metals to make a thermocouple junction, it will 

provide a larger Seebeck coefficient difference and hence a larger sensitivity. This is the 

primary reason why they are used in traditional k-type and t-type thermocouples. 

Different compositions ofN iCu alloys will result in different Seebeck coeffic ients . With 

increasing nickel compositions the sensitiv ity ofNiCu alloys increase until reaching a 

max imum at approximately 55%, after which there is a reduction in sensiti vity aga in [3]. 

Alloys that are over 30% copper rich are hi ghly corrosion resistant in ac idic and alkaline 

med ia and in many oxidising and reducing gas environments. These propel1ies are 

par1icularly good for micro thermocouples in microfluidic app lications, as they wi ll not 

tarnish or add harmful contaminants and not affect any biological samples. 

Another advantageous attribute of CuNi alloy is that it is a cata lyt ic material for a wide 

va riety of processes. In electrochemical processes it is a mechanism for small mo lecule 
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transformations (H2' methanol, glucose) [\8]. This has many applications in biosensor 

(glucose) , fuel cells (dehydrogenation reaction from alcoho l) and even environmental 

problems (nitrates etc.). These properties allow the possibility of the thermocouple to act 

with a dual application (taking temperature measurements, while at the same time acting 

as a catalyst). Foremost it is capable of making the appropriate measurement. In addition 

it could operate in a closed loop format (i.e . current passing through) that wo uld permit it 

to act as a catalyst in certain applications. Also Nicke l-Copper al loys have greater tensile 

strength than pure nickel [\5]. Hardness val ues of alloys can be contro lled very precisely 

as the gra in size increases with nickel composition. 

The characteristics of electroplated thin layers depend on the process, such as electrolyte 

composition, temperature, agitation, pH, the applied potential and the current density. 

The standard reduction potential of copper (+0.34 V) and nickel (-0.25 V) versus the 

standard hydrogen reference electrode (SHE) are far apa11, (see Table 3 for relative 

standard potentials of processes). Under normal deposition conditions of Copper and 

Nicke l, equilibrium is never atta ined and the deposition potentials are always more 

negat ive than that of the standard potentials due to polarization (coro llary of Faraday 's 

Law). Therefore a complexing agent is required to bring the discharge potential of the 

two spec ies closer together to co-deposit both metals from an electrolytic bath. Various 

complexants sLlch as citrate, pyrophosphate, ammonia, and cyan ide have been exam ined 

[ 19]. 
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In thi s study b oth citrate and acetate complex ing age nts we re considered. Partial current 

densities of copper and nickel are reduced by adding citrates to so lution, however by 

different amo unts. Complexing citrates cause the reduction of the concentra tion ofCu+ 

ions by severa l orders and therefore the concentration ratio ofN i+ ions to C u+ is 

increased. Rod e, S. et al. [20] investigated the complex ing chemistry for Copper-N ickel 

alloys fro m citrate baths. They examined the co-depos ition models for simi lar 

electroplating solution; however, their so lution had higher concentration of both copper 

sulphate, and tri-sodium citrates, leading to lower deposition of Nickel compos ition for 

relati ve negati ve potentials. 

Rode, S. et a l. [20] found that fo r a bath with pH 6 so lution, all the Nickel ions are 

complex to NiC ir. There were no Ni ions and no copper nickel complexes. The copper 

ions form ed a dominant copper complex as CuCit2H/. Complex metal ions, the 

concentration o r activity of the ions in so lution and the reversible electrode potential are 

ca lcul ated using the stab ili ty constant of the complex determined by Rode, S. et al [20]. 

Citrate baths produce good quality depos its with stress free Ni rich alloys possessed of a 

high current effi ciency. Their low tox icity, stability of so lution, and the fac t that they can 

act as brightening, leve lling, buffer agent removes the requirement for additional additive 

aaents into the so lution. 
/:> 

In thi s work, CuN i alloy was electroplated to fabr icate one leg of the thermocouples. The 

electroplating solution used fo r thi s study is presented in Table 4. 
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Table 4: E lect rop lat in o recipe r 13] 

lYlate ri al INicke l Sulfate Copper Sul fate Citric Ac id Tri sodi um Salt 

C he mi cal Compos ition NiS04 CUS04 C6H51 a30 7 

Quantity [mollL] 0.171 0.019 0.19 

The plating bath was prepared from ana lyti cal grade chemi cals and de- ioni sed water with 

resisti v ity of lS.2Mncm. The electrodepos ition was carried out potentiostatica lly 

(- 1.16V) in a three electrode cell , as shown in Figure 2-5. The vo ltage was adjusted to 

ma intain a desired current density, between the wafer and the Sil ver-S ilver C hl oride 

(Ag/ Ag-Cl) reference electrode (that was placed c lose to the cathode), compensating for 

changing impedances of the e lectrodes during plating to ma inta in a more constant current 

density . 
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Figure 2-5: Electroplated potentiostatically setup in a three electrode cell 

Figure 2-6: Experimental setup 
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The bath was operated at 30°C, in order to eliminate the effects of ambient temperature. 

Increas ing the temperature promotes the more noble metal deposition. The depos ition of 

the meta l was contro lled using a Labview interface, see appendix D, keeping the 

reference voltage constant in relation to the substrate by changing the potenti al between 

the pow e r source [Keithley 24 10] and the substrate, (see experimental setup Figure 2-6) . 

It was ag itated at 300 rpm by mechanica lly bringing fresh so lution to the cathode surface , 

causing the diffusion layer thickness at the cathode to decrease. This promotes the more 

reactive metal (Cu) to depos it, by bringing fresh so lution to the quiescent stat ionary 

double layer. The less reacti ve metals are thus removed. However thi s effect is minimal 

when dealing with complex ions (thi s case) . The pH was ac idic at 6. The pH generally 

doesn' t affect the compos ition, however it is more important for regulating phys ical 

properti es [20]. Depos ition rates were typically 6.66 A per second and depos ition 

typicall y occurred for 5 minutes and resulted in 200 nm thickness. 

In the pote ntial range where reduction of Copper and Nickel occurred, hyd rogen 

evolution is also present and cannot be neglected. Hydrogen evo lution occurs at OV 

referenced aga inst a SHE, and in aqueous so lu tion, is preferential to that of Ni reduction, 

see Table 3. Hydrogen evo lution rates usually increase with increasing negative 

potenti als. However due to po larization, hydrogen overvo ltage potentials of some meta ls 

can be reached without di scharge of hydrogen. Examining the Nernst equati on 2-9 it is 

made up of standard potential and also a fun cti on of the ions acti vity va lues. By 

manipulating its second term and changing the concentration, the Ni reduction can be 

made to occur before the onset of Hydrogen evo lution. When hydrogen evolution occurs 
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the metal ions will plate the cathode in an errati c manner, giving a dendritic structure, 

with poorly adhering coatings of insufficient thickness [2 1 ]. Avoidance of this is highly 

desirable . 

FiGure 2-7 shows the I-t curves with different electrolysis potentials. The curves show 
b 

that a more negative potential will result in a larger reduction current. It can be seen from 

FiGure 2-7 that a small increase in overpotential1'} will result in an exponential increase in 
b 

the current de nsity, which is described by the Butler-Volmer (equation 2-12). 

The electroplated constantan composition was characterised using Energy Dispersive 

Spectroscopy (EDS). Figure 2-8 shows the percentage of Ni content in the alloy as a 

function of the deposition potential. The experimental results are plotted with 

experimental data obtained by Saltorelli, M.L. et al. [13]. The depositions of the Copper 

and N icke I ions are independent of each other, so the total vo ltage potentials are the sum 

of the voltage potential of their components. At more positive potentials the depos ition of 

pure copper occurs. The electrolyte so lution contains low concentrations of copper ions, 

its reduction is diffusion controlled [1 3] and follows the rules of mass transport with the 

limitinG current of Cu2
+, see Table 3. Essentially, at low concentrations the Cu ions 

b 

quickly dropped to zero where they have to be refreshed from the bulk solution. The new 

Cu ions must cross the thin double layer. Thereby the diffusion controls the rate of the 

reaction rather than the kinetics. Cll can be independently deposited (one of the criteria 

for alloy electroplating) at potentials lower than (~- O.SV). 
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At the potential where Ni deposition (~-0.95V) begins, the Ni deposition is first charge 

transfer controlled. The partial current is again described by the Butler-Volmer equation 

2- 12. [t can be seen that at large overvoltage, the charge transfer dominates. The 

increasing partial current of nickel deposition is added to the limiting partial current of 

Cu deposition [14]. As increasing polarization occurs at the cathode, the Ni ions 

discharge also becomes diffusion controlled and this explains the reduction ofNi content 

at even further negative potentials. 

The deposits were of a smooth , meta llic appearance. At low composition percentages of 

nickel the deposits were bright shiny reddi sh colour. With increase in composition of 

nickel that reddish shine became faded to be replaced by a bright metallic grey deposit. 

Scanning Electron Microscopy (SEM) showed the deposits to be homogeneous with 

small granularity, (see Figure 2-9 a). The grain size is dependent on the applied potential 

and at higher compositions of nickel larger granularity occurs. [t was noted that the level 

of homogeneity of compensation and grain size of the films decl ined past a negative 

potential of -1.2SV. This represents the potential point where hydrogen evolution 

occurred. SEM images verified a high concentration of holes within non homogenous 

films once hydrogen evolution became established (see Figure 2-9 b) . 

The electrop lating characterization results were cons istent with previous research [1 3]. 

The variation between the results can be explained by a number of differences in the 

operating parameters and experimental setup ( non agitation, saturated calomel electrode 

(SCE) reference electrode, platinum foil anode size, 0.478 cm2 exposed plating area, 3 cm 
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di stance between anode and cathode). Firstly, Sat10re lli used a Saturated Calomel 

Electrode (SCE) as a reference electrode with potential voltage [Efsoc ] of 0.242 V with 

respect to SHE. A reference electrode is a device which has a well defined potential with 

respect to the SHE reference electrode [1 5]. In this study an Ag/AgCI reference electrode 

with a potential [ Efsoc] of 0.198 V with respect to SHE reference electrode was used 

[1 4]. FUl1hermore the operating bath temperature was set to 30°C that wi ll fut1her reduce 

the Ag/AgC I electrode potential with respect to the SHE reference electrode. The 

difference in the potential ofthe different reference electrodes can account for the more 

negative shi ft in the curve. The electroplating bath so lution was ag itated which has the 

effect of increasing the potential, see equation 2-9, of the nobler copper to deposit. This 

has the adverse effect of reducing the percentage of nickel thus reducing the height of the 

curve. Other poss ible discrepancies between the results are surface area of anodes, the 

surface area to be deposited on, different potentials between crystals sizes, and the nature 

of the metallographic crysta l face exposed to the so lution that may determine its 

potential. 
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Figure 2-9: a) SEM picture of typical consta ntan thin film , b.) non-homogenous film 

ca used due hydrogen evo lution 

Figure 2-10: Picture of the leads attached with the silver conductive epoxy paste. 

a) • Silicon (Si) 

Growth of oxide as base dielectric layer • Silicon Dioxide (Slo,) 

b) • Chromium (Cr) 

Gold (Au) 

Metal DeposItion of Cr and Au • Photoresist 
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g) ...... -
Micro Thermocouple 

Figure 2-11: Process flow of micro the/mocol/ple 
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2.6 Secondary Junctions and Lead Wire Attachment 

Secondary junctions are unwanted junctions that contribute to the total generated e. m.f. 

When there are a number of such junctions in a sequence they each contribute to the total 

thin film thermocouple output. Reduction of errors can be optimised by attention to 

materials and the methods of attachment at these junctions. In order to minimize 

secondary juncti on effects, all components must be homogeneous, all like materia ls 

should have identical Seebeck characteristics and the temperature of all these identi cal 

junctions should be properly controlled [3] . Secondary junctions may ari se due to the 

Seebeck coeffi cients of the thin films di verging from that of the contact wire, usually 

because of different crystal structures in each. 

Two methods of attaching, the lead wires to the contact pads were considered: 

I. So ldering - Soldering to a thin film sample requires extreme care and is 

undes irable because it is very diffic ul t to make the contact areas small enough to 

avo id excess error. The sample may also be contaminated or damaged during the 

so ldering process. It is therefore less than ideal as a method in thi s instance. 

2. Sil ver conductive epoxy application is considered to be more optimal as it has a 

low thermal res istivity (> 0.0004 Ocm) and thermal conducti vity (2.5 W ImK). 

Due to its low thermal di ffu sivity, thi s is idea l to reduce the effects of the 

secondary junction. 

There were three juncti ons that contribute to the outp ut ofthe TFTC, (see Figure 2- 10): 

I. Platinum ICu lead wire (due to cost considerat ions), 
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2. Constantan IPlatinum (measurement junction), 

3. Constantan I Constantan lead wire. 

Traditionally, macro scale thermocouples are characterized in a thermal bath to determine 

their sensitivity. This only works at the micro scale if the secondary junction thermal 

diffusivity is of the order of 10 % and the connection pads are at a far enough distance 

from the heat source. It is also necessary to keep the secondary junction away from the 

bath itself, keeping it at a constant different temperature to that of the thermal bath in 

order to get reasonably accurate Seebeck coefficients. 

Platinum being the most expensive material was foregone in preference to Silver 

conductive epoxy and thin copper lead wires. The effects of platinum copper junctions at 

known temperatures were determined using existing thermocouple tables, see Table 3. 

A test to determine if there was EMF generated at these junctions was performed in a 

similar manner to Jia et al. [22]. Each junction was cooled separately down to a 

temperature of 77K or -196 DC with a drop of liquid nitrogen and the voltage was 

measured. It was found as expected that an EMF was generated when either Pt/Cu lead 

wire or the CuNi IPtjunctions were cooled. However, there was no EMF detected when 

the CuNi I CuNi lead wire junction was cooled. This was due to the fact that the 

composition of the electroplated constantan matched that of the constantan lead wire. 
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2.7 Thermocouple Fabrication 

Initially, a thin silicon oxide (Si02) layer of9000 A was grown on a silicon wafer as 

shown in Figure 2- 11 (a) . The Si02 layer acts as an electrical insulator (dielectric layer) . 

A 60 A layer of chrom ium followed by a 200 A layer of go ld was deposited on the 

Si licon Oxide as a plating base, shown in Figure 2- 11 (b). Chromium acts an adhesion 

layer between the gold th in film and the substrate. 

The go ld acts as a seed layer for subsequent electroplat ing. Subsequent ly, the wafer was 

plasma oxidized at 80 W for 1 minute to remove any organ ic residues and improve 

surface ad hesion. A thick positive photoresist (AZ P4620) was spun cast at 3000 rpm for 

30 seconds. The sample was baked at 100 °C for 4 minutes. The substrate was exposed 

through the first mask for 39 seconds at 7.6 mJ/sec and was deve loped in 1:3 AZ 400K to 

01 water for 2 minute to pattern the moulds fo r the electroplating as shown in Figure 2- 11 

(c) . A picture of the mould is shown in Figure 2- 12 (a). Constantan was electrop lated 

onto the exposed go ld surface (F igure 2- 12 (b)) using the following conditions. The 

constantan-plat ing so lution cons isted of26.47 gi L nickel sulphate, 3 gi L copper sulphate 

and 49.035 giL Citric Acid Trisod ium Salt [1 9]. The plat ing was performed 

potentiostatically (- 1.09V with reference to a Agi AgC I saturate electrode) in a three­

electrode ce ll , as shown, see Figure 2-5 producing a deposit ion rate of 6.66 A per second . 

A labview control program was used to contro l the homogenous of the film. Ini tially the 

reference vo ltage was ramped up to avo id hydrogen evo lution. This would give alloy 

compositions of 16.3 Nickel and 83.7 Copper, whi ch was picked to match the 

compos ition of constantan lead wire. The photoresist "vas disso lved in acetone and the 
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substrate was subsequent ly plasma oxid ized at 80 W for 5 minutes in order to completely 

remove the photores ist. Afterwards, S- 1808 photores ist was spun cast at 3000 rpm for 30 

seconds. The samp le was soft baked at 110 °C for 90 seconds. The substrate was exposed 

for 5 seconds at 7.2 ml/sec to pattern to protect the thermocouple leg whil e etching using 

the second mask and was developed in 1:5 deve loper 35 1 to 01 water for 25 second s. 

Com mercia l go ld etchant [Sigma-Aldrich] and a nickel compatib le chrom ium etchant 

[Cyantek Corp.CR 1 00] were used to etch the base seed layer, Figure 2- 11 (e). The 

photoresist was removed by acetone and the substrate subsequent ly plasma oxidized at 80 

W for 5 minutes in order to completely remove the residual photoresist. Next, primer 

[MicroPrimer HP Primer, ShinEtsuM icroS i] was spun cast at 4000 rpm for 30 seconds. 

Fo llowing thi s, S- 1808 photoresist was spun cast at 4000 rpm for 30 seconds. The sample 

was soft baked at 90°C for 2 minutes. The substrate was exposed for 5.63 seconds at 7.1 

ml/sec, using the third and final lift off mask to pattern the platinum component of the 

thermocouple. It was then soaked in to luene for 6 minutes before being blown dry by 

nitrogen. The toluene modifies the top layers of the photoresist, hardening them, making 

them more difficult to deve lop away. Thi s causes an undercut profile of the deve loped 

photoresist, which causes a break in the deposited metal films and ensures easy li ft-off. It 

was developed in 1:5 developer 35 1 to Dl water for 90 seconds. A 60 A layer of 

ch rom ium followed by a 1200 A layer of Plat inum was deposited on the substrate, shown 

in Figure 2- 11 (t). Chromium acts an ad hes ion layer between the platinum and the 

substrate. The plat inum was released, upside down, in a bath of acetone. The photoresist 

was removed by acetone and subsequently plasma oxidized at 80 W fo r 5 minutes in 
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order to completely remove the residual photoresist. Figure 2-13 shows a complete 

fabricated thermocouple. The comp lete process flow for the micro thermocouple is 

contained in Appendix A. 

2.8 Thermocouple Experimental Setup 

The primary function of the experimenta l setup is to characterize the micro thermocouple. 

The facility is shown schematica lly in Figure 2- 14. The experimenta l setup allows the 

determination ofthe sensitivity (Seebeck coefficient) of the micro thermocouples and 

characterizes the vo ltage output as a function of temperature. 

The test facility consists of a thermal bath NESLAB RTE 10 [Thermo Electron 

Corporation] with built in RTD temperature control. An Omega 710 RTD calibrated to 

±0.03 °c was used as the reference temperature for calibration (see appendix B) and was 

measured using a 3440 1 A multimeter [Ag ilent] with data acquired using a GPIB-USB­

HS and Labview. The micro thermocouple output vo ltage was measured using a 34401 A 

multimeter [Agilent] which had a resolution of 1 fl V and accuracy of ± 5 fl V. 52[[ 

thermometers [Fluke] were used to measure amb ient temperature, the temperature of the 

surface of the micro sensor, and the secondary j unctions temperatures with accuracy of ± 

0.1 0c. 

The NESLAB RTD 10 thermal bath was powered up and on reaching the desired 

temperature was allowed to operate for a flllther I to 1 Yz hours to ensure thermal 

eq ui I ibrium. The test section was immersed in the bath unti I its thermocouple junctions 

were complete ly submerged in water, keeping the secondary junction above the water 
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level of the bath. The substraLe was located a distance of 10 mm away from the reference 

RTD. Thermal equilibrium was assumed between the bath temperature measured by the 

reference RTD and the junction of the thermocouple when all the embedded macro T 

type thermocouple remained constant for a period of no less than 5 minutes. The T-type 

thermocouple was embedded between the substrate and glass backing and is not in 

contact with the water. Steady state was assumed to have been reached between the 

temperature of the bath and the thermocouple vo ltage response when a period of time 

long enough for the temperature of the thermal bath to equal to the temperature at the 

thermocouple junction had passed, as the glass has a large thermal conductivity, see 

Figure 2- 15. 

Between tests the substrate was removed from the bath in order to reduce the effect of 

conduction through the substrate on the secondary junction. The temperature of the 

secondary junction is measured using a separate T-type thermocouple and thi s 

measurement was used to determine the added EMF of this secondary junction from 

reference thermocouple tables, see Figure 2- 15. The T thermocouple was attached with 

thermal paste to surface adjacent to the secondary junction. 
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Figure 2-12 : (a) First mould oJpositive photoresist (b) COll s tantan elec troplat ed 

Figure 2-13: CompletedJabricated micro thermocollple 

Copper Lead Wire 

Figure 2- 14: Schematic oj charac terization oj micro th ermoco uples 
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2.8.1 Effect of Seed Layer on the Underlining Micro Thermocouple 

To assess the effect of the seed layer on the micro-thermocouple, a macro thermoco uple 

of wire diameter of (0.002 " <1» was sputter coated with I 000 A of go ld on its junction 

and was compared with an identical macro thermocouple of (0.002"<1». The macro 

thermocouples were submerged into the thermal bath with the micro thermocouple. The 

macro thermocouple temperatures were read directly offa 52Il Thermometer [Fluke]. It 

was seen that the thermocouple temperature readings were offset by 0.0 I V throughout the 

experiments. 

From the macro tests we can conclude that the effect of the seed layer shifts the curve 

upwards, however the slope remains the same, and therefore the sensitivity of the 

thermocouple remains the same. In the fabrication of the micro thermocouple the go ld 

seed layer is over etched to prevent ajunction forming between it and the constantan and 

Platinum thin films. Th is allows us to conclude with some degree of confidence that the 

effect of the go ld seed on the overall Seebeck effect can be neglected . 
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Fig ure 2-15: Picture of the tes t sec tion used in calibrat ion micro th ermo co uples 
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2.9 Micro Thermocouples Results 

The sensitivity of the constantan electroplated metal was tested using a thermal bath as 

stated previously. The platinum leg of the thermocoup le acted as a reference allowing the 

determination of the Seebeck coeffic ient of the thin film. One batch of micro 

thermocouples was calibrated. Initiall y, tests between each set of thermocouple junctions 

sizes were carried out, (SO 11m up to 500 11m) and consistency between readings was 

confirmed. Final cal ibration on this batch consisted of measurements on 3 micro 

thermocouples of junction size 300 11m. For each thermocouple 6 measurements were 

taken at each temperature point, 3 with ice bath compensation and 3 with no 

compensation. Subsequently these points were averaged, for both the ice bath 

compensat ion and no compensat ion cases, and the ca libration curves were plotted and are 

presented in Figure 2- 16. The constantan compos itions fo r this batch was 16.3 % nickel 

and 83.7 % copper with a deposited thickness of2000 A. The Seebeck coeffic ient was 

expected to have different sensitivity properti es to that of the bulk material and th is is 

consistent with other prev ious research [9; 13; 18; 19]. 

Figure 2- 16 is a plot of both compensated and non compensated ca libration curves for the 

constantan plat inum micro thermocouple. The compensated micro thermocouple had two 

junct ions, the constantan-platinum measuring junction and a secondary junction of 

platinum- copper that was at a known temperature. In order to get a more reali stic 

measurement of sensitivity the foll ow equation was used. 

Vcorr ected = Vmeasured - Vptcu 2-16 
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where Vcorrected is the actual vo ltage contributed due to the CuNi-Pt j unction, 

Vmeasured is the experimental vo ltage and Vptcu is the theoretica l vo ltage of copper at the 

known temperature of the Pt-Cu junction, fro m Table 2Table . At each temperature 

measurement point, the three measurements were averaged and a linear curve was fi tted 

with OrginPro 81 software. The relati ve Seebeck coeffi cient is deri ved from the slope of 

the temperature diffe rence with vo ltage curve, see Figure 2- 16. The slope of the 

ca librati on curve (the sensitivity) was 39.04 IlV/oC with a standard dev iation of3.34 Il V. 

The ca libration curves are typica l piecewise polynom ial curves consistent with the 

standard ITS-90 fo r thermocouple references. The ca librated equat ion of the ice bath 

compensated micro thermocouples is 

v = - 73.463xl0-s + 34.74x l0- 6r - 22.478xl0 - 7r2 + 31.752xl0- 8r3 -

28.7291 x l0 - 10r 4 2-1 7 

The non compensated micro thermocouple had three junctions, the constantan-platinum 

measuring juncti on, a secondary juncti on of platinum-copper that was at a known 

te mperature and secondary junction consist ing of a CuNi-Cu j unction (T-type 

thermocouple) . The temperature of the fin al secondary junction was taken at the room 

temperature. The fo llowing equat ion was used to fi nd the corrected vo ltage measurement. 

Vcorrected = Vmeasured - Vptcu - Vcu NiCu 2-18 

I Thermocouple ca li bration curves are piecewise po lynomial curves as set out by standard lTS-90 fo r 
thermocouple references. However, to determine Seebeck coeffic ients the standard is to determi ne the slope 
from a linear fit curve from the experimenta l data 
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where Vcorrected is the actual vo ltage contributed due to the CuNi-Ptjunction, 

Vm easured is the experimental vo ltage, Vptcu is the theoretica l vo ltage of Copper at the 

known temperature of the Pt-Cu junction, and Vcu NiCu is the theoretica l vo ltage at 

measured room temperature of the T -type thermocouple juncti on, the fin al two terms 

being determined from Table. The slope of the calibrat ion curve (the sensitivity) of the 

non compensated micro thermocouple was 41.75 ~l V/DC with a standard dev iation of 

7.458 ~ V. The calibration equation of the non compensated micro thermocouples is 

v = -1l.268xlO - 5 - 59.24xlO - 6r - 9.5026xl O- 7r2 + 1.78095xlO - 8r 3 -

1.07493xlo- 1or 4 2-19 

In Figure 2- 16 there is an offset of 0.622 mY between the ca libration curves . The shift in 

curves can be explained by third emp irica l law of therm ocouples, the law of Intermediate 

temperatures [3], where a reference temperature can be used at any other reference 

temperature once there is a known linear correlation. 

The main contribution of thi s shift is the 3rd extra junction when considering the micro 

thermocouple. The fact that another juncti on is exposed, for the non compensated 

thermocouple, means that there is an additional contribution to the overall EMF. A 

theoretica l correction factor was incorporated to approximate the associated EM F that 

generated with the secondary junction. Also, there is a larger scatter of the readings. The 

difference in slopes can be attri buted to ambient fluctuat ions (±2 DC) th roughout the 

course of the experimenta l run , that would be detected by the exposed secondary 

junction. Thi s is also the reason for the larger slope for the non compensated micro 
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thermocouple at 4 1.75 ~l Y/oC compared t039.04 ~Y/oC of the compensated micro 

thermocouple. 

The standard dev iation for the non compensated thermocouples of7 .458 ~Y was almost 

tw ice that of the ice bath compensated thermocouples at 3.34 ~l Y. Even though non 

compensated thermocouples are not the correct method of implementation of 

thermocouples as they are less accurate, it does raise a poss ibili ty for future refinements 

of measurement in microfluidi c dev ices where space is of at a premium. The 

di sadvantage is obviously the loss of accuracy . 

Initially, for the constantan materi al a negative slope curve was expected. However, thi s 

was not the case. Constantan is an alloy which is made up of 45% nickel and 55 % copper 

(bulk Seebeck coeffi cient -37 .2 ~YfC), whereas the batch of micro thermocouple that 

we re calibrated had thin films with a compos ition of 16.3 1 % nickel and 83.69 % copper. 

Thi s would most likely reduce the negat ive Seebeck coeffi cient signifi cantly. Another 

factor is the thi ckness of the thin film layer. Higher compos itions of the Nickel ri ch thin 

film s were fabricated; however, the film thickness remai ned relat ively low as hydrogen 

evo lution occurred when the Labview control program (see appendix C) was left on fo r a 

long du rat ion of time. Thi s was due to the fact, that to keep the reference electrode at the 

constant vo ltage over a period of time, an iterative method was used over ti me that 

increases the vo ltage between the cathode and anode. Either a pul se electrop lat ing 

method or patch on the Labview program may fix thi s problem. These higher Nicke l 

compos itions were not ca librated at thi s time as the focus was on the overall completi on 
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of the device. Other possible factors that may affect the propel1ies ofCuNi thin film are 

impurities from the Au bond coat, surface effects, or substrate generated stresses [18]. 

Figure 2- 17 is a plot of the Seebeck cal ibration curves for three micro thermocouples 

from the same batch. It can be seen from the plot that the micro thermocouples are highly 

consistent with a standard dev iation error of3.34 ~IV . This indicates that the 

e lectrop lating thin film was homogenous and this was confirmed with SEM pictures. The 

small fluctuations between therm ocouple measurements can be accounted for by the 

slightly different lead wire and lead wire length. Figure 2-17 confirms that on ly one 

thermocouple need to be ca librated in a batch of micro thermocouples to have an accurate 

measurement device. This is pal1icularly impol1ant when dealing with MEMS dev ices as 

thousands of sensors can be fabricated on a substrate, and individual calibration per 

sensor would become tedious. 

Johnson noise has a significant role when using a thermocouple as this limits its 

sensitivity. The signal to noise ratio should be as high as possible for best detect ion of 

thermal change in a fluid. Figure 2- 18 is a plot of Johnson noise with respect to 

temperature for the three different thermocouples. It can be seen that this thermal noise is 

exponential dependent to upon the increase in temperature. Thermocouple I and 

Thermocouple 2 are reasonably consistent with each other. However, there is an increase 

in noise for Thermocouple 3 that may be due to the slightly different attachment of the 

extension leads, which act as antenna fo r picking up noise. The signal to noise will be 
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discussed aga in in chapter 4 as it plays a significant ro le in the detection of changes in the 

thermal pulse that is generated from the micro heater, which is presented in Chapter 3. 

2.10 Summary 

Th is chapter presented an overvi ew of the deve lopment of micro thermocouples in thi s 

study. Class ificat ion schemes, fundamentals and governing equations were first 

discussed. The rational of choos ing constantan thin films is explained. Critica l design 

spec ificat ion of the electrop lat ing are di scussed. Calibrat ion of the compos ition of nickel 

to the electrica l potential is presented and examined. Secondary junctions effects as 

sources of add itiona l erroneous EMF are examined. The microfabrication process 

developed for the micro thermocouples is presented along with the advantages and 

limitations of each step of the procedure. The experimental ca librat ions of three micro 

thermocoup les for both compensated and non compensated cases were presented. The 

ca li brations produced a slope of39.04IlV/oC for ice bath compensated and 4 1 IlV/oC for 

non compensated thermocouples. The consistency ofthe homogeneity of micro 

thermocouples is discussed and the ca li bration curves for both cases are presented. 

Finally, the effect of signal to noise is in vesti gated. 
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Chapter 3: Micro Heater 

3.1 Introduction 

In the previous chapter we examined the method of detecting thermal changes within 

microfluidic dev ices using micro thermocouples. In this chapter a method of introducing 

a thermal pulse into the system will be di scussed. In palticular, the development of a 

micro heater will be presented. 

Micro heaters have extensive app licat ions in MEMS devices as they utilize low power 

consumption, have fast response times, hi gh mechanical stability, hi gh fabrication yield, 

high density integration and controlled functionality. Micro heaters have hi gh surface to 

volume ratios. This tends to improve the heat transfer within small volumes making fast 

reaction contro l possible. App lications include micro gas sensors, pressure sensors, flow 

rate sensors, micro explos ive boiling, micro ignition of micro propulsion systems, and 

thermal micro sensors or micro actuators [24; 25; 26]. 

There are two types of micro heater; the wire heater and the thin film heater. The thin 

film micro heater has several advantages over the wire heater such as lower mass and 

ease of compatibili ty and integration with other devices. Micro heaters provide the ab ility 

to thermally act ivate systems at prec ise locat ions, and they can facilitate the integration of 

sensor arrays. They have linear variation of resistance with temperature making them 

palticularly good for ease of calibration. A simple meandering type res istor micro-heater 
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was chosen as the primary design for this work because it was small , and can be eas ily 

micro fabricated and integrated into micro systems relatively inexpensive ly, see 

Figure 3-2. 

Direct measurements of temperature in micro heaters are notoriously difficult due to their 

small dimensions [27] . In this study the surface temperature of the micro heater was 

determined by calibrating the known change of res istance of the material as a function of 

temperature. 

The spec ific objective was to des ign, micro-fabricate and test a meandered type micro 

scale heater. The followin g section describes the literature review of existing research in 

the field with an emphasis on meandered type micro heaters. The fundamental physics of 

the heat transfer phenomenon and the governing equations, the materials, the fabrication 

methods, fabrication process flow, and complete characterization results for the micro 

heater are presented. 

3.2 Fundamentals and Governing Equations 

Metals that are commonly used in the construction of micro heaters are ohmic so changes 

in the res istance can be ca librated versus temperature in a uniform temperature 

environment. Subsequently the supply input power can be calibrated with the resistance 

of the micro heater. For a given power input, it is poss ible to estimate the average 

temperature of the heater from res istance measurements. A resistance micro heater is 

governed by Joul e heating (resistive or ohmic heating). This is a process by which 
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electrica l energy in the form of current is passed through thc conductor to release thermal 

energy to the medium in contact with the heater. The heat generated from Joule heating is 

where Q is the energy generated by a constant current I, R is the electrical res istance and t 

is the time. 

The effect of conduction through the substrate is examined below, with heat transfer 

effects such as convection and diffusion discussed in Chapter 4, while radiation is 

neglected throughout as its value is negligibly smaller than that caused by thermal 

conduction. 

Thermal conduction is governed by Fourier's law of conduction, and is given by 

dT 
Q = - KA - 3-2 

dx 

where Q is the heat transfer [1], K is the conductivity of the materia l [W ImK], A is the 

area of contact and dT is the temperature gradient. The thermal conductivity of the 
dx 

material can be related to the thermal resistance as 

t 
Rt = - 3-3 

K 

where Rt is the thermal res istance [m 2K/W] , K is the thermal conductivity of the material 

[W/mK] , and t is the thickness of the micro heater material [m]. A simple 1-0 thermal 
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res istance model was used to compare substrate materials, and approximate input power 

for the heater. 

Table 5: Thermal Conducti vity and thickness of materials for I-d thermal resistance model 

Gold Silicon Silicon Oxide Glass 

Thermal Conductivity 
0.58 141.2 1.026 1.18 

[W/mK] 

Thickness 
3 475 0.9 475 

[~lIn ] 

3.3 Literature Review 

Research on micro heaters to improve heating characteristics while minimizing power 

consumption has been performed [28]. Micro heaters using thin film Pt\Cr and Pt\MgO 

deposited on cantilevers (thermal bridge) that were made up of dielectric materials have 

been examined. Dielectric materials such as SbN4/Si02/SbN4 (N /OIN) showed high 

thermal isolation characteristics; however, they had limited life span and were fragile and 

subject to mechanica l shock which gave limited design app lications [24]. 

Chung, G. S. [24] examined the effect of trench structures constructed beneath low power 

micro heaters. The platinum heater was fabricated with a buffer layer of MgO between it 

and the silicon oxide substrate. They examine the effect of conduction and also power 

consumption fo r devices consisting of zero to 10 trenches. They found a better 

temperature distribution with an increase in the number of trenches, larger width and gap. 

For a power input of 0.9 W, in the presence of 10 trenches an operating temperature of 

580 °C was achieved. For dev ices where no trenches were fabricated on the dev ice an 

operat ing temperature of280 °c occurred for the same input power of 0.9 W. These 
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lower heating characteristics were due to the high thermal conductivity of silicon. The 

increasing number of trenches improved thermal isolation as we ll as reduced the thermal 

losses. Consequently, a lower power consumpt ion was required as the trenches reduced 

the effects of conduction by isolating the heater from the rest of the substrate. 

Limitations of micro heaters that were fabr icated on heavily p-doped silicon were 

examined by Fung, S.K.H. [29]. The polysilicon micro resistance heater was sputter 

coated with tin ox ide and/or aluminium that acted as a hotplate which was designed to 

reduce thermal gradients. Despite the exce ll ent material properties of silicon they found 

that a relatively high power consumption was required . For micro-heater filaments that 

are thermally insulated from the rest of the substrate surface, a back etch ing is required to 

leave a thin thermal bridge. In the case of a micro heater on a si licon substrate, 

temperatures of800 K can eas ily be achieved with input power in the range 30- 150 mW. 

Tigge laar, R. M. et al. [30] fabricated 5 platinum meandering micro heaters over an area 

of 4. 1 mm x 450 J..lm, with heater cross sectional width of 50 J..lm. The micro heater was 

used in a micro-reactor for gas phase reactions within a channel. The platinum heaters 

were deposited onto a substrate of heavily doped mono crystalline si li con, with an 

insulating layer of silicon nitride. The substrate was back etched to create a membrane for 

which rhodium was deposited at the middle/hottest point of the heaters as a catalyst for 

the micro reactor. The micro heaters were operated at power inputs of 0.4 Wand this 

resulted in operating temperatures between 550-600 DC. Analytic models for the 

temperature profiles were presented and different heater shapes (meander, sinusoidal and 

parallel bars) compared for both thermal and mechanical behaviour. A sinusoidal shaped 
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heater had the hi ghest temperature distribution; however, its mechanical stabi lity was 

lower than that of the meander des ign. The parallel bars had the lowest thermo­

mechanical stresses. The main draw back was the inability for integration of sensors 

bet'vveen the heaters. 

Simon Loane 

Baroncini, M. Et al. [26] proposed a double spiral heating element for steady state 

localized uniform heating over the sensing area of a gas sensor. They fabr icated a four­

point probe micro heating element and developed a simple analytical model for it. The 

PtlTi micro heater was fabricated on a silicon nitrate substrate. They thermally iso lated 

the device by anisotropically etching the backside of the silicon wafer. A peak 

temperature of 460 DC was achieved with an average approximate temperature gradient of 

0.05 DC/f.lm , for a power input of70 mW. 

Zhang, K.L. et al. [27] designed a thin film go ld/titanium micro heater for applications of 

micro-thruster ignition and micro boiling on a pyrex bulk substrate. They performed 

experiments to determine the resistivity and thermal conductivity of the thin film which 

differed from the bulk properties. The heater produced a temperature change of 80DC for 

an input of 5V over a period of 2 seconds, 300DC for an input of 8V for a period of 1 

second and 400 DC change for lOY for a period of 2 seconds. This surface temperature 

was cons idered we ll suited for a ShOli temperature pulse app lication and the same 

geometry of the meandering micro heater were used in this project. The differences 

between the designs were the materials lI sed and the method of attaching the lead wires to 

the connection pads. 
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Platinum was preferred by some of the previous researchers for the micro hcatcr as it had 

better controllability in terms of bulk resistance . In our research it was decided that the 

micro heater would be fabricated out of gold to all ow easier integration of the micro 

heater with the subsequent flow sensor. To simplify the fabrication process, a glass based 

meandering micro heater was designed in order to eliminate anisotropic etching that is 

associated with silicon based microfabrication. 

3.4 Materials 

The materials for the sensor substrate and heater element were selected based on their 

thermal and electrical properties and feasibility of microfabrication using current 

technology. A flat smooth 350 /lm thick Pyrex was selected for the substrate because of 

its low thermal conductivity and its capacity to thermally insulate, thereby isolating the 

heater electrically and thermally. This al lows good heat confinement to be achieved and 

low power consumption. Gold was selected for the heater base because of its high 

electrical and thermal conductivity, high resistance to electrochemical corrosion and 

oxidation, and ease of integration of the heater with other sensors. A 400/800A thick 

layer of go ld was deposited on the glass substrate. This range of thickness was chosen to 

minimize the cross sectional area and consequently lower the resistivity. The width of the 

meandering micro heater film was 50 /lm due to constraints of the lithography process, 

(alternative more expensive masks would be required for smaller features) and similarity 

in the design geometry of Zhang, K.L. et at. [27]. Since go ld does not adhere to the glass 

substrate, a thin nominal chromium layer of 60 A was deposited as a seed layer for the 

go ld deposition. 
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3.5 Microfabrication Process 

The micro heater was fabricated using a one mask process as shown schematica lly in 

Figure 3- 1. A 375 ~lm thi ck glass wafer was used as the substrate. A 100 A layer of 

chrom ium followed by a 400 A layer of go ld was deposited on the glass substrate for the 

heater mater ial , as shown in Figure 3-1 (a) . Chromium acts as an adhesion layer between 

the go ld thin film and the substrate. Subsequently, the wafer was plasma oxidized at SO 

W fo r 5 minute to remove any organic residues and improve surface adhesion. S- ISOS 

photoresist was spun cast at 3000 rpm for 30 seconds. The sample was soft baked at 110 

°C for 90 seconds. The substrate was exposed for 5 seconds at 7.2 mJ/sec to pattern the 

micro heater using the second mask (see appendix A) and was deve loped in 1:5 developer 

35 1 to DI water for 25 seconds, (Figure 3- 1 (b)). Commercial go ld etchant [Sigma­

Aldrich] and a nickel compatible chromium etchant [Cyantek Corp.CRIOO] were llsed to 

etch the base layers, (Figure 3-1 (c)). The photoresist was removed by acetone and the 

substrate was subsequently plasma oxidized at SO W for 5 minutes in order to completely 

remove the res idual photores ist, revealing the micro heater (F igure 3- 1 (d)) . A picture of 

the micro heate r is shown in Figure 3-2 . 
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Micro Heater Cross Section _." .. ."..., 

Micro Heater 

Figure 3-1: Heater fabrication process flow. 

Figure 3-2: Micro heater 
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3.6 Experimental Setup 

The micro heater was characterized in situ with the micro thermocouples, using the 

thermal bath NESLAB RTE 10 [Thermo Electron Corporation] (see schemat ic in Figure 

2.1 5). The fac ility allo'vved the determination of resistance as a function of temperature . 

An Omega 710 RTD calibrated to ±0.03 °c was used as the reference temperature for 

calibration and was measured using a 3440 I A multimeter [Agilent] with the data 

acq uired using a GPIB-USB-HS and labv iew, to determine steady state, as discussed in 

section 2.7 . 

A four point resistance probe was connected to the lead wires (each length 3 ') which 

were connected to the micro heater, and was measured using a 34401 A multimeter 

[Agi lent]. The micro heater resistance measurements were taken using a 3440lA 

multimeter [Agilent] that had a resolution of 3 mn and accuracy of ±3 !-In. Steady state 

was taken when thermal equilibrium had been achieved (i.e. when the T-type 

thermocouples that where embedded in the micro thermocouple setup remained constant 

for a duration of not less than 5 minutes). The average resistance reading was determined 

as a function of a known temperature, and was subsequent ly correlated to se lf heating 

measurements at se lected power levels. Thus a corre lation of average temperature of the 

surface of the heater versus power leve ls was achieved. 
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3.7 Micro Heater Characterization 

A meandered micro heater was fabricated in order to introduce a thermal pulse into a 

micro channel. The calibration of the resistance for known uniform temperatures was 

performed using a thermal bath as described previously. For each micro heater, three 

measurements were taken at each temperature point. Subsequently these points were 

averaged and the calibration curves were plotted, as shown in Figure 3-3. 

The calibration curve is linear, and shows the temperature dependent relationship with 

respect to change in the resistance of the metal. 

where RH (T) and Ro are the resistance of the heaters at temperature T and T = O°C 

respectively, and ao is the temperature coefficient of resistance at O°C. 

Simon Loane 

The change in resistance of the micro heater with temperature for the micro heaters 

thickness of2400 A and 400 A is shown in Figure 3-3. A linear curve was fitted with 

OrginPro 8 software. The slope of the resistance versus temperature for the 2400 A thick 

go ld micro heater on a Si02 substrate was 0.10219 0.1°C with a standard deviation of 1.03 

mO. The calibration equation can be represented by 

RH(T) = 46.66491(1 + 2.1898-3T) 3-5 

where the constant 46.66491 represents the res istance at temperature T = O°C and 

2.1898-3 is the temperature coefficient ao at O°c. 
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The slope of the res istance versus temperature for the 400 A micro heater on a glass 

substrate was 6.181 D.l°C with a standard deviation of 5.67 mo.. The ca libration equation 

IS 

RH(T) = 319.11483(1 + 1.9369- 2T) 3-6 

where the constant 319.11483 represents the res istance at temperature T = O°C and 

1.9369-2 is the temperature coeffici ent ao at O°c. 

The correlation estimates the average of the temperature profile across the micro heater 

element. However, thi s is based on the assumption that the heater is at a uniform 

temperature throughout the element. Typically thermal gradients can occur along the 

heating element, especially at the centre and at the sites of the connection pads as shown 

by Zhang, K.L. et al. [27]. They demonstrated that a thermal gradient was apparent by 

both modelling and by experimentally bringing their dev ice to destruction and examining 

thermal sensiti ve coating. From Equation 3-6 we obtain an average overall temperature of 

the surface of the heater as the centre of the heater can be several degrees higher (approx 

10 °C [27]). For micro electronic applications the maximum elevation ofthe temperature 

of the fluid is approximately 60°C. There is a significant temperature gradient on the 

surface of the micro heater, however, with update in experimental fac ilities sign ificant 

reduction in noise to signa l can be achieve, which would allow for fllliher reductions of 

power requirement and thus reduction in the temperature gradient. 

The power input to the micro heater was co rrelated to the res istance of the heate r. This 

res istance measurement could then be related to surface temperature using equat ion 3-6 
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determined from Figure 3-3. A plot of the surface temperature of the heater to the power 

input level is presented in Figure 3-4. A correlat ion between the surface temperature of 

the heater to input power can thus be determined. The calibration equation is linear and 

for the sil icon oxide substrate can be represented as 

T = 27.0964( 1 + 0.349SPi (T)) 3-7 

where Pi(T) is the power input and T is the temperature. 

Input voltages of 5V, 8Y, lOY were used for the micro heaters that were fabricated on a 

silicon oxide substrate with a corresponding power of 499.5m W, 1.27Wand 1.943W 

respect ive ly. At these power leve ls the surface temperatures were 33. 1 DC, 36.3 DC and 

46.9 DC respectively. 

For the micro heater that was produced on the silicon oxide substrate, the power 

consumption was extremely high (1.943 W for surface temperature of 46.9 0c), and 

would not be suited to MEMS app lications. This is due to the high thermal conductivity 

of the silicon, wh ich acts as a heat sink. This means that more power is required to 

increase the temperature of the fluid as heat is conducted away towards the si licon 

substrate. Thus, for a feasib le device fabricated on sil icon oxide, an anisotropica lly 

backside etch is required to reduce conduction in the substrate. The backside etch would 

reduce the thickness and provide thermal iso lation between the heater and the si licon 

substrate. This would reduce the thermal losses and thus lower the power consumption 

required to get the same changes in temperature. 
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The calibration equat ion for the micro heater on the glass substrate is 

T = 31.987(1 + 3.1317Pi (T» ) 3-8 

where the Pi (T) is the power input and T is the temperature. 

The vo ltage input for the micro heaters that were fabricated on a glass substrate are 5V, 

8V, 10V respective ly that required a power input of 46m W, 11 2m Wand 160m Wand 

respectively. At these power leve ls the surface temperatures were approximated at 36.3 

°C, 40.8 °c and 49.4 °c respectively. These are significantly lower due to the glass 

hav ing a thermal conductivity that is two orders of magnitude lower than that of silicon. 

Aga in reducing the thickness of the substrate (therma lly iso lating the heater) wou ld 

greatly reduce the power consumption. In future optimisation studies this could be carried 

out by etching in HF acid. 

3.8 Summary 

This chapter presented an overview of the deve lopment of micro heaters in thi s study. 

Fundamentals and govern ing equations were di scussed. The experimental calibrat ion of 

the micro heate r for its variation of resistance with temperature was presented. The 

microfabricat ion process was presented along with the advantages and limitations of each 

step of the procedure. Tests were conducted at steady state producing a linear 

characteri stic equation which correlates the temperature with power input. The effects of 

the substrate on the micro heaters and conc lusions on further optimisation were 

discussed . 
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Chapter 4. Micro Flow Sensor 

4.1 Introduction 

[n the prev ious chapters we examined the sensors for detecting thermal changes within 

microfluidic dev ices (i.e. micro thermocouples), and then examined the method of 

introducing a therma l pulse (i.e. micro heater) into the system. [n this chapter we will 

di scuss and analyse the integrat ion of both , to create a method that can detect changes in 

flow rates in microfluidic systems. 

Microfluidic dev ices are often required to manipulate small fluid volumes which require 

active sensing and control with fast response times and location se lective precision Such 

micro devices have found a wide range of app licat ions in such industries as electronic 

cooling, pharmaceutica ls, biomedical and combinatorial synthes is (rap id chem ica l 

analys is and high throughput screening). [n these devices, accurate measurements of very 

small flow rates of the order of nanolitres per minute are required Thus there is a 

growing need for micro flow sensors, as these utilize low power consumption, have 

mechanical stability, with high fabrication yield, high density integration and controlled 

functionali ty. 

Flow ve loci ty is a particularly difficult measurement to achieve, due to di versity of 

medium, condition and performance criteria, and the fact that it is not a sca lar quantity. 

While precise flow measurement and control are genera lly demanded in these 
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applications, ex isting commerc ial sensors are inadequate for this purpose because of their 

large size, hi gh cost and di fficulties in interfac ing with microfluidic devices. 

There are several methods to sense flow that use a variety of phys ical phenomena. The 

phys ical princip les that are commonl y used for fl uid flow sensing are; 

I. Mechanical (e .g. Vo lume, Force). 

II. Nuclear Phys ics (e .g. Nuclear Resonance, Isotope Injection) 

III. Optics (e.g. Laser Anemometry, IlP1V) 

IV. Electrodynamics (e.g. Induct ion, Conduction) 

V. Hydrodynamics (e.g. Thrust, Pressure Di ffe rence) 

VI. Thermodynamics (e .g. Heat Conduction and Convection) 

VII. Acoustics (e.g. Doppler Effect, T ime of Flight) 

VIII. Stochast ic (e.g. Correlat ions) 

There have been several di ffe rent micro fabricated fl ow sensors that have used these 

princi ples with vary ing leve ls of success, many being highly app lication dependent. 

Figure 4- \ shows a class ificat ion scheme fo r the fa mily of fl ow sensors. Among the 

severa l methods offlow sensing, there are three promis ing pri ncip les for the 

measurement of flow; ( I) laser anemometry, (2) differential pressure sensors, and (3) 

thermal fl ow sensors. 
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Laser anemometry techniques such as Micro Particle Image Velocimetry (}lPIV) are very 

accurate, non-intrusive and a llow for the measurement of flow veloc ities. However the 

equipment is rather bulky, with high initial capital cost and the sensor is not incorporated 

with in the device. Differential pressure detection techniques are very suitab le for liquid 

flow measurements at high throughput levels, as the pressure loss along a microchannel is 

a linear function of flow velocity. However, at lower vo lume liquid flow appl ications 

Cnl/min) and for gas flow, where pressure loss would be very small , the accuracy and 

detectability is significantly reduced. Thermal flow sensors are being more widely used 

because of their relative ease of incorporation into microfluidic devices. In its simplest 

form, the fluid flows over an impulse heat transfer source where the heat pulse is 

advected and detected downstream by a thermal sensor. The velocity can then be 

estimated using a ve locity inversion algorithm . 

The thermal flow principle was chosen for this study due to its mechanical and electronic 

circuit simplic ity. It has the advantage of smal l size, fast response time, low power 

consumption and good interface with microfluidic devices. The method is compat ible 

with standard electronic methods of data acquisition. The method is also highly sensitive 

at low flow rates. However, due to the heat pulse generated in these devices, it requires 

very short pulse times (order ofms) and good thermal isolation. 

A thermal flow sensor generally consists of a heater and one or more temperature sensors. 

There are several modes of operation, depending on the way the heat transfer effects are 

evaluated. Figure 4-2 shows the general signal transport in thermal flow sensors. The 
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heater may be operated in a pulse heating mode or in a constant temperature mode while 

measuring the heat ing power/temperature or the response of the sensor to the input. There 

are three types of thermal fl ow sensors: hot fi 1m type, ca lorimetric type and time of fl ight 

type. 

Hot film type sensors or hot-wire anemometry (HWA) measure the effect of the fluid 

flow on a sensor that is mainta ined at a temperature above the flui d. Fo r these sensors, in 

the constant temperature mode, any increase in mass fl ow of the fluid in contact with the 

sensor requires an increase in electrica l power in order to mai ntain the hot film at the 

same temperature. If operated in the constant power mode, the temperature of the hot fi lm 

will decrease with an increase in mass fl ow rate which is then measured. These sensors 

types often suffe r fro m offset and dri ft problems, thus reducing their accuracy. 

Calorimetric principle is based on the temperature di stribution around a heater, due to 

thermal diss ipation caused by a fl owing fluid . At no fl ow, the di stribution would be 

symmetric; however, as the mass flow rate is increased there wi ll be a skewing of the 

temperature distribution towards asymmetry away away the fl ow direction. The big 

di sadvantage of th is mode of operat ion is that it must run at a constant temperature, 

di ss ipating heat into the fluid that can be detrimenta l fo r biolog ical applications. 

Thermal time offl ight (TTOF) sensors are those in which a heat pul se is generated and its 

heat trace is picked up by a downstream sensor at a known downstream di stance. The 

time between the heat pu lse generated and its detecti on can be used to determine the fl ow 
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ve loc ity. This system is offset free and has less long term drift. A lower fl ow rates time of 

fli ght becomes difficult to detect the thermal signal. 

4.1.1 Flow Sensor Design 

The foclls of the flow measurement was to research and deve lop a reliable flow sensor 

with a novel correlation technique. A micro thermal pulse calibration flow sensor was 

chosen because of its suitab ility to microfluidic app lications, and in pa11icular because it 

is suited to both harsh micro electron ics (to tackle hotspots) and temperature sensitive 

biological environments. The method has several advantages. It can be implemented 

relatively inexpensive ly, as it is amenable to standard microfabrication techniques and 

can measure a wide range of flow rates with minimal di sturbance to the fl ow. 

A meandering res istance micro-heater was fabricated to create a temperature pulse in the 

moving fluid as described in the previous chapter. This thermal pulse was detected by a 

micro thermocouple located downstream of the heater. The fl ow sensor can be operated 

by using a nove l correlation technique, and also in a time of fli ght mode. Fo r time of 

flight mode the time between the pulse and its detection is used to calculate the velocity 

of the flow. 

The dev ice des ign, shown schematica lly in Figure 4-3 , consists of a microheater to 

generate the thermal pul se and a micro thermocouple downstream at a fi xed di stance to 

detect the pulse. Pulsing the heater minimizes the heat input into the working fluid. 

Furthermore, it is also micro sca lab le, has a sma ll foot print and can be eas ily integrated 

vv ithin microfl uidic systems. 
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The existing research in the field is reviewed below, with an emphasis on micro flow 

sensors, the fundamental phys ics of flow phenomenon and the basic heat transfer 

equations are presented. The materials, working fluid , fabrication methods, and 

characterization results for the flow sensor are also presented. 

4.2 Literature Review 

Simon Loane 

The literature on micro flow sensors is divided into three sections: (i) thermal senso rs, (ii) 

electrochemical sensors and (iii) others. 

4.2.1 Thermal Flow Sensors 

The first thermal flow sensor was proposed by C. C. Thomas in 1911 . It was the first time 

that heat was used as a principle of detecting the mass flow rate in a macro channel. It 

consisted of a copper heater and two thermocouples that were placed in an open channe l. 

The device was rather bulky, and disturbed the flow around where the heater was 

introduced, as shown in Figure 4-4. 

The first thermal flow sensor that was designed on a silicon substrate was described by 

van Putten, A.F. P. and M iddelhoek, S. [31] in 1974, where it operated under the 

anemometer principle. Kim, T.H. and Kim, J .K. [32] fabricated and characterized a 

gaseous micro thermal flow sensor with thin fi lm thermocouples that worked under the 

ca lorimetric principle. It was fabricated on a quartz substrate using stain less stee l masks 

and sputtering processes. The micro thermocouple consisted of alumel and chromel 

materials that make up a K-type thermocouple. The microchannels were fabr icated from 

PDMS using Bake li te material as the master. The ca lorimetric technique requires a 
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relative ly slow (~ 100s) initial start up time to allow the dev ice to come to thermal 

equ ilibri um. They correlated their dev ice fo r flow rates in the range of 5 to I 00 SCCM by 

applying 100 W fo r lOs and examining the effect of the flow rates on the asymmetry of 

the temperature profil es. They determined that there was an optimum distance between 

the sensors to achieve a max imum sensitivity of the output. We iping, Y. et al. [33] 

deve loped a ca lorimetric based thermal fl ow sensor on a silicon substrate . It operated in a 

constant heat power mode, with operating vo ltages in the range of 3 to 18 V to limit the 

surface temperature of the heater to 60 °C as its des ign purpose was for biochemica l 

sampling. It was able to measure fl ow rates in the range 10 to 700 Il l/min. The micro 

channel on which the sensor operated was a capillary tube. 

Rodrigues, R.J. and Furlan, R. [34] des igned a pulsed micro fl ow sensor that was suitable 

for both gaseous and liquid fl ow measurements. It operated with both sinuso idal and 

pulsed signals and showed an improvement to similar sensors that were operated in a DC 

mode. They extended the range of measurements to low flows (5-25 mm/s) . They 

determined an analyt ica l model for a square wave pulsed time of fli ght that was in good 

qualitative agreement above ve lociti es of 5 mm/s. The dev ice was also operated in the 

calorimetri c mode; however, no results were presented for thi s mode of operat ion. 
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Figure 4-3: Co nceptual schematic of a Ihermalmicro pulse fi lm flo II' sensor 

Figure 4-4: The first macro thermal jlOlll meter proposed by c.c. Thomas in 1911, (adapted from [1]) . 
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Hariadi , I. et. al. [35] used a simple one dimensional model to exam ine a thermal time of 

flight sensor. They used an equi va lent electrical network in order to simplify the heat 

transfer problem. The model was applied to detect the effects of increasing the width of 

the heat pulse on the magnitude of the detecting sensor. They also presented a novel way 

of determining the flow ve locity data by calibrating the device to the period of the output 

signal as a function of the fluid ve loc ity. They found that their model was within 15% of 

the experimental results. 

Ashauer, M. et. al. [36] fabricated and tested a thermal time of flight fl ow sensor that 

could measure both liquid and gas flows. Their sensor could operate by either time of 

fli ght or thermotransfer mode. Thermotransfer is where the fluid is heated and the 

corresponding temperature rise is measured. The heating of the fluid is restricted to 

within the boundary layer. By combining both sensing principles within the same dev ice, 

a large dynamic range of operation was obtained. Their sensor was bi-d irectional and was 

ab le to detect flo w velocities from 0.1 to 150 mm/s with resolution of 0. 1 mm/s. 

Ashauser, M. et. al. [36] exam ined the influence of different fluids (water, oi l, 

isopropanol) on sensor ca librations. As the thermal interaction occurs within the thermal 

boundary layer of the fluid , the response was dependent on thermal conduct ivity and the 

viscosity of the medium when operating in the thermotransfer mode. However, in the 

thermal time offlight mode, no effect on the medium was observed as the time oftl ight is 

directly corre lated with the flow rate. 
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Buchner, R. et al. [37] designed a fabrication process for a thermal flow sensor where the 

change in temperature was detected using a thermopile. It was designed to operate in a 

high temperature environment. It was fabricated on a silicon substrate and was thermally 

iso lated using a deep reacti ve ion etch (ORIE) technique. The thermopile consisted of 15 

individual thermocouples. Each thermocouple had a sensitivity of 287 Il V IK with an 

overall therm opile sensiti vity of 4.3 m V /K. The flow rate was determined using the 

calorimeter principle. The response time to the thermopile was 2.61 ms and the sensor 

was able to detect flow rates up to 21l1/s, with a reso lution of 0.2 Il lls. Table 6: Overview 

of experimental and modelling of micro fl ow sensors. 

Bruschi , P. et al. [38] designed an anemometric flow sensor for liquids that used only one 

temperature sensor. They examined the effect of settling time (time duration between 

measuring cycles) on both the constant temperature (CTA) and constant power (CPA) 

mode. They found that the CTA mode had a reduction of the settling time, and thi s was 

patticularly ev ident at the lower flow rates due to sensor signal degradat ion as settling 

times are longer and the vo ltage values are not able to be sampled at steady state 

conditions. The sensor was meso in size (1.5 mm2
) and the probe was intrusive into a 

standard pipe, lead ing to small in sertion losses. They developed a closed loop control 

sensor that could measure flow rates from 0.6 - 30 IIhr. They found that using a pulse 

mode improved the settling times and shortened the measurement cyc le. The single 

temperature sensor avo ids mismatching problem at the same time and had a sensit ivity of 

3.3 mV/K. 
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Author Sensor Type flo lV range Resolution Fluid Size Totes 
[mm] 

Kim, T.I-L Kim lK Calorimetric 5-100 SCCiYI 5 SeCM Gas 30 x 0.8 k-type thermocouples, 
(2006) sputtering fabrication 

Weiping, Y. et al. Calorimetric 10 - 700 ~ Gas - Input power 3-18 Y giving 
(2005) JlI /1ll i 11 max temp 60 °C due to 

biochemical samples 

Rogdrigues, R. J. Calorimetric & 5 - 25 mm!s 5mm/s LiquidiGas - Analytical model, 
Furlan. R. (2003) TOF Measurement and Heater 

thennoresisti ve 

Hariadi. 1. et al. TOF modeling 0.143 -- 2.089 - Liquid - modeI15%+ pulse times 
(2002) mls 10ms - 30 m5 

Ashauer. M. et al. Thennotransfer 0.1 - 150 O.lmm/s Liquid/Gas 0.4 x 0.6 pulse power 50 mW, 
(1999) &TOF mmis response ti me 2 ms 

Bucher. R. et al. Thermotransfer Up to 2 /1 l1s 0.2/11/s Liquid 4x2 Distance from heater 20 -
(2005) (Thermopile) 200 um, Thermopile 

Sensitivity 4.3 mY/K, 
consist IS thermocouples 
individual sensitivity 287 
uY/k Response time 2.61 

Bruschi. P. et al. Thennotransfer 0.6 - 30 I/llr - Liquid 1.5 x 1.5 Pulse mode -Improved 
(2004) (Anemometric) settling times. shorter 

measurement cycle, 
temperature sens iti vity 3.3 

mY/K. Closed loop 
contro lled. 

Okulan. N. et al. Pulse 0.01 - 10 - Liquid ~ 25% pulse cycle, 50 to 100 
(2000) Thermotransfer ml /min illS on times unamplified 

sensitivities of60 mW at 
1 Oul/min, single and 
Double pulse modes 

\Vu, J. Sansen, \V. Electrochemical I - 15 ~tI /min Ipl/min Liquid 2 x 1.5 100 ms @2Y 
(2002) (Oxvgen) 

Poghossian, A. et Electrochemical 0.1 - 0.6 - Liquid 14 x 16 Sensitivity 56 mY/pH 
al (2003) (pH sensitive ml/min 

ISFETs) 

Hamel. C. K. et al. Electrochemical 10 - 2000 - Liquid - Ims @ -I lOY 
(2003 ) (Conductiv ity nl/min 

TOF) 

Mosier. B. P. et al. Electrochemical 0.01 - 10 I p lis Liquid 0.14 .x Operating at high pressures 
(2004) (Conductivity pI/min 3. 126 (10000 psi) 

TOF) 

Szekely, L. et al. Optical(Fiber 1-100 flUhr OJnllhr Liquid Extel11al Measured the meniscus of 
(2004) optic probe) the liquid to determine 

now rate response time 400 
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Okulan, Net al. [39] developed a pulsed mode thermotransfer micro flow sensor on a low 

stress sili con oxide bridge. The sensor was pulsed for interva ls of 100 ms with a duty 

cycle of25 %, with current input of3 mAo The power input was limited as the 

temperature sensing element was for biological applications with a maximum working 

temperature of60 0c. They observed for zero flow rate of the liquid there was an increase 

in output vo ltage of 100 mY with in the first 30 s of operation. Thi s drift occurred due to a 

continual increase in sensing element temperature (diffusion of the pulse) where the lack 

of forced convection resulted in a long thermal time constant. They also observed that the 

sensor detected changes of temperature due to the pulse, as initially there was a rise in 

temperature towards steady state temperature (at lower flow rates it does not reach steady 

state), after the trailing edge of the pulse. The sensor coo ls down significantly slower than 

the heating trailing edge of the heat pulse. Consequently, the detection sensor has 

additional offsets (accumulative initial conditions) as the cycles continue. They 

introduced a novel double pulse operat ion to reduce the effect of drift from the 

accumulative initial condition fo llowing each pulse. The double pulse reg ime forces the 

temperature to equilibrate towards the steady state temperature for the sensors. Thi s can 

be shown in no flow rate condition as now there is no initial offset for the first 30 s. It 

increases the va lidity of the measurements even though temperature drift may still occur. 

They were able to detect a flow range of 0.01 to 10 mllmin and with the double pulse 

regime, and they had a repeatability of measurements of ± 1.49 %. 
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4.2.2 Electrochemical Flow Sensors 

The initial electrochemical time offlight flow sensor was proposed by Wu, J. and Sansen, 

W. [40]. They used a molecule tracer (oxygen) instead of a thermal tracer. The advantage 

here was that the molec ule tracer cannot diffuse into the wa ll s, thereby eliminating the 

effect of conduct ion through the wa ll s. An electrochemical ce ll was used to produce 

oxygen that was detected by a downstream ce ll. The operating range was between 1 to 15 

~l Llmin , and the small operating range was due to the sensiti vity of the oxygen sensor. 

A time offl ight fl ow ve loc ity sensor using lon-sensiti ve fie ld-effect transistors (ISFETs) 

was deve loped by Poghossian, A.et al. [4 1]. The sensor cons isted of an ion generator and 

two pH sens iti ve ISFETs that were located downstream. It operated under a time of fli ght 

principle that detected changes in pH. The ISFET output signal changes were typically 

about 180-200 mY. The pH sensitivity for the ISFET was 55-58 mY/pH for change of pH 

of approx imate ly3.2-3.5. They calibrated their dev ice in the range 0.1 to 0.6 ml/min. Due 

to the fast response time of ISFETs there is a potent ially large dynamic measurement 

range from Jlmls to m/s. The biggest drawback is the fact they are relative ly large, 

(sensing area of 0.5 x I mm for each ISFET) and so will have low spatial reso lution. 

A conductivity pulse time of flight fl ow sensor was developed by Harnett, C. K. et al. 

[42]. The flow rate was determ ined by measuring the time of fl ight of an ion pulse 

introduced by electro lys is at a pair of electrodes inside the channel. The advantages of 

this system are that the ion pulse cannot diffuse into the wa ll s reducing the need for 

therma l iso lation, and it is insensitive to viscos ity variat ions. However it requires hi gh-
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vo ltage inputs, and it can only operate in weakly buffe red so lutions for slow fl ow rates 

because the ion pul se would di sperse away before being detected and are subj ect to DC 

electroni c dri ft. They operated the sensor over a fl ow range of 10-2000 nL/min. 

Mos ier, B. P et a!. [43] further deve loped the concept of a conducti vity pulse time of 

fli ght sensor and in 2004 patented it as a compos ition pulse time offli ght mass sensor. 

The dev ice was of similar des ign and operat ing principle to Harnett, C. K. et al. [42]; 

however, they extended the operating range from I nL/min to 10 il L/min. It was also 

claimed it operated under pressure conditions up to 10000 p.s.i , with the limitation being 

the materi al of the micro channel. The dev ice size was minimized to 0.1 4 x 3. 126 mm . 

4.2.3 Other Techniques 

A novel optical method to determine fl ow rates in the order of nils was deve loped by 

Szekely, L. et a!. [44]. Who deve loped a method that could accurately measure in 

operating range of I-I 00 ~tl/hr with an extremely high reso lution of 0.3 nils. They used a 

fibre optical probe technique that invo lved measuring the meni scus of the fluid. The 

di sadvantage of thi s technique is it requires a meni scus (only operates at beginning of 

fl ow) and the dev ice is not in situ, so requi res external bul k equ ipment. 

4.3 Fundamentals and Governing Equations 

[n the previous chapters we examined the principles behind thermal sensing and of the 

micro pulse heater. Here we incorporate both principles and examine the fund amentals 

and governing equations of fl ow measurement. The many di ffe rent factors that need to be 

considered, in order to get an accurate mass fl ow measurement, including the heat 
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transfer to the fluid , heat diss ipati on of the pulse and profil e quality of the pulse are 

examined. 

Thermal fl ow sensors invo lve three energy domains: fl ow, thermal and electrica l. The 

interaction between the electrical and thermal domains to produce the heating pulse and 

detect it has been covered in chapter 3 and chapter 2 respective ly. The fl ow and thermal 

in teractions between the fluid and the sensor will now be discussed. 

The flow is governed by the Nav ier-Stokes equations while the thermal energy exchange 

is governed by the thermal boundary layer equations. The heat is conducted from the 

surface of the res istance heater to the fluid , where it is advected downstream and detected 

by a micro thermocouple. 

The overall heat generated by the heater is transported in four ways, namely the di ffu sion 

heat transfer within the fluid qflu id, the substrate qsolid, the forced and free convection qconv 

and radiation qrad. 

The radiation losses, qrad is relati ve ly small in the standard environment and temperature, 

and thus can be neglected. Free convection can be neglected due to the small thermal 

grad ient wi thin the operating conditions. However, the fo rced convection due to fl uid 

fl ow is of signifi cant importance. The Nav ier-Stokes equati ons can be simplified by 

assuming laminar fl ow and neglect ing buoyancy fo rces. The heat transfer to the fluid is 

determined by di ffusion and fo rced convection mechani sms. The rate of change of 

temperature of a fluid can be determined using an energy balance. 
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For a one dimensional case it is given by [45] ; 

where T is the temperature as a function of position x, time t, and a is the heat diffusion 

coefficient given by 

a = .!:.L 4-3 
pCp 

where a [m2/s] is the diffusion coefficient, kris the thermal conductivity, p is density and 

Cp is the specific heat capacity of the fluid. The first term is the transient rate of change of 

temperature. On the right hand side of equation 4-2, the first term is associated with 

diffusion while the second term is associated with forced convection. Equation 4-4 is a 

transient diffusion-convection heat transfer equation that can be solved using a circuit 

modeling approach [35]. 

The heat transfer due to conduction within the substrate is governed by [45]; 

Equation 4-4 again can be so lved using an equiva lent electrica l network, cons ist ing of 

elements of thermal res istance and capacitance [35]. 

The thermal energy exchange between the sensor and the fluid is governed by the thermal 

boundary layer equations. The heat transfer between the surface of the heater and the 

fluid is proportional to the temperature gradient within the boundary layer and can be 

expressed using an average heat transfer coefficient h as [45] 
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where kr is the thermal conducti vity, Ts is the surface temperature and Too is the ambient 

temperature of the fluid . 

For a laminar boundary layer with an unheated starting length the average Nusselt 

number, Nux can be expressed as [46] 

x >Xo 4-6 

where Rex and PI' are the Reynolds number and the Prandtl number respectively and Xo is 

the unheated starting length from the channel to the heater. 

The heat transfer coeffici ent can be determined by [45] 

q = hAb.T 4-7 

where q can be estimated from [45] 

where m is the mass flo w rate of fluid , cp is the spec ifi c heat of the fluid and L'lT is the 

change in temperature. 
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The fluid is fully developed , and thermal laminar boundary layer thickness can be 

represented by the following equation [46] 

4-9 

For fully deve loped fl ow in a channel 6 = h/2, where h is the channel hi ght. Substituting 

into equation 4-9 

The using Equation 4- 10 thermal boundary layer can be so lved using an iterative method , 

and is plotted in Figure 4-6. From Figure 4-6 a.) it is clear that with decrease in thermal 

boundary layer with increase in flo w rate. From Figure 4-6 b.) it is clear that there is 

increase Nusse lt number with increase in flow rate. The amount of heat is constant 

between the different flow rates. With increase in flow rates the thickness ofthe thermal 

boundary layer is reduced, thus reducing the area in which the heat transfer occurs. The 

thermal energy is shared between a smaller area offluid and thus the sensor detects more 

therma l energy. 

A simple one dimensiona l order of magnitude model was used to determine the effect of 

substrate material on heat transfer from the heate r to the fluid (convection) and substrate 

(conduction, diffusion).The diffusion length sca le was determined as 

l ~..JCrt 4-11 

93 



M.A. Sc. Thesis: McMaster Uni versity - Mechanical Engineering Simon Loane 

and the di ffu sion time sca le is 

12 
t dif fus ion 0( ~ 4-12 

The convect ion time sca le is estimated as 

1 
t convection 0( -U - 4-13 

conv 

Ifwe assume 

we have a first approximation of the effect of the substrate on the convecti on of the heat 

pulse by the fluid. 

Table 7 shows the ratio of the convective to diffusion time scales for a silicon substrate 

for different fl ow ve locities and distances between the heater and senso r. The 

correspond ing rat ios for a glass substrate are shown in Table 8. It is clear fro m Tab le 7 

and Table 8 that for a silicon substrate the effect of diffusion through the substrate 

dominates, and the convection of the heat pulse by the fl ow would be small , making 

detection of the pulse by the sensor due to the fl ow di ffi cult. For a sil icon ox ide layer it 

can be seen that again the di ffusion is dominant. Even at the hi gher ve loc ity of 5.56 x l 0-2 

mis, the di ffu sion through the substrate is higher than the convection through the working 

fluid . Thus, the dominant mode of heat transfer would be that of diffusion through the 

substrate. Fo r the glass substrate, the di ffusion rate through the substrate and the working 

flui d is less than that of the time sca le for forced convection. For the operating ve loc ity 
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range of 1.11 x 10-3 to 7.8 x 10-2 mis, it can be seen that the thermal pulse can be detected. 

However, below this ve loc ity range, it is harder to determine the dominant effect. 

Table 7: The ratio of time taken for heat pulse to be detected due to the effect of convecti on on ly, to the 

time taken for the heat to diffuse through the substrate to reach sensor at known distance downstream for a 

si li con substrate. 

ConvectionlDiffusion Time Scale Ratio 

Silicon 

~ 
(,J 

:: ~ 3.45 x I 0-4 5.35x I0-3 2 x 10-3 3 X 10-3 
~ E-.... 
V> 

~ 

0 0 0 0 0 

l.ll x I O-J 208.18 124.49 35.93 23.9 1 

- 5.56 x IO-J 4 1.56 26.8 1 7.19 4.78 V> 

---E- l.I x I 0-2 2 1.01 13 .56 3.63 2.42 > :: 
0 

3.3xl0-- 6.99 4.52 1.2 1 0.8 1 u 
~ 

C 4.44 x l 0-2 5.20 3.35 0.9 0.6 'u 
0 

'Qj 5.56 x l 0-2 4.16 2.68 0.72 0.48 ;, 
6.7x l0-L 3.44 2.23 0.6 0.3 

7.8xI0-L 2.96 l.91 0.5 I 0.34 
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Table 8: The ratio of time taken for the heat pulse to be detected due to the effect of convect ion on ly, to the 

time taken for the heat to diffuse through the substrate to reach sensor at known di stance downstream for a 

si I icon substrate. 

ConvectionlDiffusion Time Scale Ratio 

Glass 

~ 
~ = E 3.45x I0-4 5.35x I0-3 2 x 10-3 3 X 10-3 
CI: .... . ~ -
~ 

0 0 0 0 0 

1.11 x I O-J 0.28 0. 18 0.048 0.032 

~ 5.56x I0-J 0.06 0.04 0.001 0.007 
---E - 1.1 x I 0-2 0.03 0.018 0.005 0.004 > :: 

0 
3.3xI0-2 0.01 0.0061 0.002 0.001 '-' 

~ 
~ 

4.44 x l 0-2 0.007 0.0045 0.0012 0.0008 .... 
';,:j 
0 
~ 5.56 x 10-2 0.005 0.0036 0.0009 0.0006 > 

6.7 x 10-2 0.0047 0.0031 0.0008 0.0005 

7.8 x 10-2 0.004 0.0025 0.0007 0.0004 

4.3.1 Modes of operation 

The flow sensor developed herein can either be operated in the time offl ight mode or by 

a simple ca librat ion method correlat ing the change in vo ltage signals to the mass flow 

rate of the working fluid. 

4.3.2 Time of flight 

For the time offlight mode, the deformation of the heat pulse during advection due to 

diffusion and convect ion needs to be considered . The response curves of thermocouples 

along the flow direct ion will have different shapes and will be shifted along the time 

96 



M.A. Sc. Thesis: McMaster University - Mechanical Engineering Simon Loane 

sca le. The fi rst thermocouple will detect a bell shaped pulse; however, by the ti me the 

pulse has reached the second thermocouple, the amplitude will have decreased with the 

width of the curve spread, due to diffusion and di ss ipation of the heat pul se, as shown 

schemati ca lly in Figure 4-7. The time shift will be inverse ly propolt ional to the flow 

ve loc ity. 

For time offl ight, the analyt ical so lu tion fo r a pul se signal with in put strength qo is given 

by [35] 

Tex, t) = 
qo _ (x -ut) 2 

--e 4a 
4rrKt 

4-15 

where K is the thermal conductivity of the fluid and qo is the initial heat transfer input to 

the system. Knowing the di stance between the thermocouples, the flow ve loc ity can be 

ca lculated by determining the time di ffe rence between detection of the pulse at each 

location. The simplest case where convection dominates (i .e. high flow rates) gives us the 

traditional time offl ight equat ion: 

u = ~ 4-16 
t 

However at small er fl ow ve loc iti es where di ffusion may have an effect. Solving equat ion 

4- 15 we have time constants such that [35] 

r= 

x 2 

r=-
4a 

u* o 

u= o 

4-1 7 

4-18 
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4.3.3 Pulsed thermotransfer calibration 

The thermotransfer principle is that the heat loss from the micro heater source to the fluid 

will increase with the fl ow rate, thereby giving greater vo ltage amplitude of the 

thermocouple response with increas ing fl ow ve loc ities. There are two benefi ts of thi s 

technique; one is scalab ility and the second is no time domain in fo rmation is required, 

after ini tial ca libration is done. There is, however, a drawback to thi s method. The 

ca librati on curves are dependent on the working fluid properties, and thus each di ffe rent 

wo rking fluid will require a new calibration. However, when ca librating one dev ice, due 

to the nature of the micro fabrication processes, several thousand of the same sensors are 

calibrated in parallel. 

Our calibration technique invo lves correlating the change in vo ltage detected by the 

thermocouple to mass fl ow rates. Thi s method has the advantage that once it is ca librated, 

then very little external hardware is required for post process ing. Thi s is in contrast to 

TOF technique that requ ires extra hardware for the data to be time stamped accurate ly. 

Here, the ampli tude between the di ffe rent pul ses is ca lculated and corre lated for di ffe rent 

fl ow rates to obtain a cal ibration curve . 
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Figure 4-9: Mo lec ular S tru cture of Fe 70(cop ied fro III [ 56) 
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It requires only a heat source and a micro thermocouple, (as temperature drift is minimal, 

a second sensor becomes redundant) thus reducing its foo t print, which is very attract ive, 

see Figure 4-8. Thi s is theoretically true for the time of fli ght sensor, however it is more 

complex to correlate an electrica l thermal signal (heat pulse) with an electri cal signal 

(thermocouple vo ltage response) as they have di ffe rent magnitudes, than it is to correlate 

between two similar electrica l signals (two thermocouples responses), to work out time 

shi ft in fo rmation. 

Even though the ca librati on correlat ions are dependent on the working fluid properties 

and operat ing conditions, a single calibrat ion reproducible to thousands of other dev ices 

can be bulk micro mac hined. 

4.4 Materials and Working Fluid 

The materials for the sensor substrate, sensor, and microchannel were se lected based on 

the micro fl ow phenomenon, their thermal and electrica l properties and feas ibility for 

microfabrication. The micro channel fabrication materials and wo rking flui d are now 

di scussed. 

4.4.1 Working Fluid 

The working fluid has a signifi cant impact on the performances of the micro fl ow sensor. 

The main drawback of PDMS is that it is hydrophobic which means it restri cts the flow 

of water in the channe ls. Many differe nt temporary and semi permanent techniques to 

make the surface of PDMS hydrophilic have been invest igated and are rev iewed in 

Makamba, H. et al. [50]. Therefore the main req ui rements for flui d se lect ion was that it 
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wets the POMS surface and hence the microchannel can be filled and that it has high heat 

transfer coefficients in order to have a strong thermal signal from the heater to the 

thermocouples. 

Water, Methanol, and FC 70 were all considered as the working fluid . A comparison 

between their phys ical properties under standard ambient temperature and pressure 

conditi ons is presented in Table 9. Water is widely used in microfluidics as it is 

biologically compatible. Although it has a high spec ific heat, its large latent heat capac ity 

means that long pulse times would be required to get strong thermal signals. Most 

importantly POMS is hydrophobic so the water would be restricted in the POMS 

channels. Methanol on the other hand makes POMS wettable. Initial testing of the micro 

flow sensors within the microchannel were undertaken using 3M™ Fluorinert™ 

Electronic Liquid (FC 70) as the working fluid . FC 70 is a clear, colourless, non­

flammable, low-odour and fully-fluorinated liquid. It is compatible with sensitive 

material s, leaves no res idue upon evaporation, and is both thermally and chemically 

stable. Its high dielectric strength and conductivity makes it excellent for heat transfer for 

thermal management applications. Its chemical structure is (CF3(CF2)-l). FC 70 has a 

boiling temperature of215 °C under standard atmospheric conditions. The molecul ar 

structure of FC 70 is shown in Figure 4-9. 
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Table 9: Phys ica l properties of different fluids under standard ambient temperature and pressure condi tions. 

Properties Water [52] 
Methanol 50% Methanol 50% 

HF70 [56] 
[52] Water 

Chem ical Structure H2O CH30H H20 + CH]OH (CF 3(CF 2)~) 

Molecu lar Weight 
18.0 16 32.04 161.4 820 

(glmo\) 

Density 
1000 795 .77 - 9 18.52 1940 

(kg/m3
) 

Dynamic Viscos ity 
0.001003 .000525 - 0.00076 0.024 

(Pals) 

Thermal 
Conductivi ty 0.595 0.196 - 0.395 0.070 

(W/m2K) 
Boiling Point 

(0C) 100 64.7 - 82.3 215 
Specific Heat 

(kJ /kgK) 4.184 2.554 - 3.390 1.1 
Latent Heat 
(kJ/KgK) 2260 1100.2 - 1680 69 

Dielectric Constant 80 33.6 - 56.8 1.98 

However, due to the low thermal conductivity of FC 70, a high power consumption was 

required for detectab le thermal pulses as conduction through the substrate materials was 

dominant. With further thermal isolation of the heater from the substrate FC 70 would be 

idea l for micro electronic cooling applications. 

In thi s study, the micro flow sensors were tested using a mi xture of 50% of Methanol and 

50% of water as the wo rking fluid. Methanol is misc ible in water and al so enables 

wett ing of the mi xture in POMS microchanne ls. The mixture is clear, co lourless, 
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compatible with sensit ive materials, and its high dielectric strength and conducti vity 

make it exce llent for heat transfer for thermal management applications. It has an 

approximate boiling temperature of 82.3 DC under standard atmospheric conditions. A 

50% Methanol and 50% water mixture was chosen as it allowed the liquid to flow 

through the channel. 

4.5 Microfabrication Process 

The micro flow sensor microfabrication is a three palt process. It consists of: 

I) micro thermocouple and heater fabrication , 

2) microchannel fabrication , 

3) system integration. 

4.5.1 Fabrication process 

The fabrication process for the fl ow sensor in vo lves the integrati on of both the micro 

thermocouples and micro heater within a microchannel. 

Simon Loane 

There are two changes to the fabrication procedure of the micro thermocouples described 

in Chapter 2; firstl y, the substrate is glass instead of silicon oxide and secondly the micro 

heater is integrated within the fabrication process by inco rporating it in the second mask 

des ign, (see Appendix C). 

A 60 A layer of chromium foll owed by a 200 A layer of go ld was depos ited on the glass 

as a plating base, shown in Figure 4- 10 (a). Subsequently, the wa fer was plasma ox idized 
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and a thick positive photoresist (AZ P4620) was spun cast. The first mask containing one 

leg of the thermocouple was exposed and deve loped, (see Figure 4- 10 (b)). 

Constantan was electroplated onto the exposed go ld surface (Figure 4-1 0 (c)). A thin S-

1808 photoresist was spun cast. The second mask containing both the micro heater and 

the micro thermocouple was exposed and deve loped, (see Figure 4- 10 (d)). At Figure 4-

10 (d), the process flow is div ided in to a section through the micro thermocouple and a 

second through the micro heater. The go ld and chromium layers are etched away to 

revea l the micro heater. Agai n thin S- 1808 photoresist was spun cast and the final li ft off 

mask was exposed and developed , to fabr icate the second leg of the thermocouple. A 60 

A layer of chrom ium followed by a 1200 A layer of Plat inum was deposited on the 

substrate, shown in Figure 4-10 (e). Chromium acts an adhes ion layer between the 

platinum and the substrate . The platinum was released, upside down, in a bath of acetone. 

Figure 4-10 (f) shows the completed individual fabricated micro-thermocouple and 

micro-heate r. Fabricating both the micro heater and the micro thermocouples together on 

the same substrate provides the framework fo r the micro pulse film flow sen SOl', as shown 

in Figure 4-10 (g). The comp leted fabr icated micro pu lse fi lm flow sensor is shown in 

Figure 4-11. 
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• Chromium (Cr) 

Metal Deposition of Cr and Au on Glass Gold (Au) 

• Photoresist 

• Constantan (CuNi) 

b) 
~I 

Patterning AZ P4620 Mould II Platinum (Pt) 

c) 

Constantan Electroplated 

d) 
Thermocouple Cross Section Micro Heater Cross Section 

Pattering of Sacrifical photoresist and Etching of Au & Cr 

e) [ =., J 1--1 _ "' ... .. _ " ------' 

Patterning of sacrificial photoresist and depositing of Pt for Lift off 

f) 
JaTlt .. w . . ... 

1--__ ----11 ,----I __ -------' 
Micro Thermocouple Micro Heater 

g) - ...... . 

Integrated Micro Pulse Film 

Figure 4- 10: Fab rication process flo II' for the integrated micro pulse film 

Figure 4-11: Completed fab ricated pulse film jlO111 measurement device on Si02 substrate 
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4.5.2 Fabrication of micro channels 

Traditionally microfluidic dev ices were fabri cated using silicon and glass techniques. 

These tried and tested techniques are expensive and time consuming and require the use 

of clean room facilities, reducing their usefulness for rapid evo lution of prototypes [47]. 

Fabrication for microfluidic techno logies using Poly(dimethylesiloxane) (POMS) is 

preferred due to its ease of fabrication , low cost, quick throughput and fl exibility in 

application. POMS is a silicone-based materi al supplied in two components, a base and 

curing agent. The base is made up of short chemical chains contain ing the viny l groups 

(-CH=CH2) which , when mixed with the curing agent that is made up of long chains 

containing hydrosil oxane (Si-H) groups become cross-linked and solidifies [47, 48]. 

POMS dev ices are fabricated by soft lithography where the pre-polymer mi xture is cast 

on a master (or mould) replicating its features. Subsequently, the pre-polymer is 

polymerized using heat to produce an elastomer. The POMS pre-polymer is poured and 

conforms to the features, see Figure 4-12. It is inert, non-toxic making it biocompatible, it 

is electrically and thermally non conductive and has low fluorescence. Thus it wi ll not 

interfere with flu orescence as it is transparent in the visib le/UV reg ion so optica l 

detection methods are possib le. However it is hydrophobic but it can be made hydrophilic 

by surface mod ification techniques [49; 50; 5 \] . 

4.5.3 Microchannel Fabrication 

The microfluidi c channel was fabricated by cast ing polyd imethylsiloxane (POMS) on top 

of an SU-8 (M icroChem Corp.) mould which was patterned photo li thographically to 
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define the microchannel structure. A sili con wafer was plasma ox idized for I min at 50 

W to improve the adhes ion propel1ies. Su-8 100 was spun cast at 3000 rpm on a sili con 

wafer for 30 sec to spread a I OO~lln thick layer. The res ist was soft baked for 10 minutes 

at 65°C, and for 30 minutes at 95°C. Subsequently the sample was exposed fo r 90 

seconds at 7.2 mJ/sec using a negati ve microchannel mask. Fo llowing exposure, the 

sample was post baked for I minute at 65°C, and for 10 minutes at 95°C. A I: I 0 curing 

agent to base POMS pre-polymer mixture was cast on the SU-8 moulds to produce a 

replica. The cast POMS pre-polymer was cured at 65°C fo r I hour. The cured POMS 

elastomer was pee led off from the Su-8 mould, and holes were punched in them in order 

to attach glass tubing for the inlet and outlet of the channel, see Figure 4-1 2 for process 

fl ow. 

4.5.4 System Integration: 
The microfluidi c channel was integrated to the micro pulse fl ow sensor by adhering it to 

the substrate using a combination of plasma oxidization and liquid POMS as glue, see 

Figure 4- 12. Both the POMS channel and the silicon substrate were plasma oxidized for I 

minute at 50 W. A 1:3 curing agent to base mixture of POMS was spun cast on a glass 

slide at 3000 rpm for I minute. The microchannel was placed gent ly onto the spun 

POMS, to attach the thin film of POMS only in the elevated regions, preventing the 

channel being clogged. The POMS elastomer with microchannels was subsequently 

ali gned using ali gnment markings on the substrate with the thermocouples and micro 

heater. Then a 1:3 curing agent to base mi xture of POMS pre-polymer was poured on the 

microchannel border and baked at 150 °C. The POMS pre-polymer on the microchannel 
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boundary bonded the microchannel with the underlying substrate. This prevented leakage 

problems [51]. 

4.6 Experimental Setup 

The primary function of the test ri g was to characterize the micro pulse flow sensor. The 

test setup is shown schematically in Figure 4-13. This test setup allows the determination 

of the flow rate in potentially three different modes; time of tl ight, temperature 

difference, and calibration. 

The test facility consi sts of an AFG 30228 function generator [Tektroni x], with amplifier 

[Harshaw NV-26], 54624A Oscilloscope [Agilent] , Z8021 0 syringe pump [KD 

Sc ientific] ice bath, low band pass filter [Wavetek dual Hi/Low filter model 852], 

3440lA multimeter [Ag lient] with data acquired using a GPIB-US8-HS and LA8VIEW 

software to record the transient measurements. The vo ltage output from the micro pulse 

flow device thermocouples were measured using two 3440 IA multimeter which had a 

resolution of l~lV and accuracy of±5 ~V. 

Accurate measurement of the thermocouple response vo ltage requires either amplificat ion 

of the signa l or a data acqu isition system sensitive enough to measure low vo ltage leve ls, 

since here we are trying to identify the signa l peak of a very low vo ltage signal (m V) of 

the thermocouple. Amplification brings the vo ltage signal into range of detection of the 

data acquis ition; however, amplification augments both the noise and the signa l. Power 

input to the micro heater was generated by the AFG 30228 function generator wh ich has 

a maximum freque ncy of250 MHz with 5Vp_p. For higher voltages, an amp lifier was 
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required. Thi s amplifier increased the noise on the power input (see Figure 4-1 4). To 

reduce the noise associated with the amplifier it was powered up for a period of 45 

minutes before testing, which gave a slight reducti on of the noise (machine required time 

in order for operating temperature stabilization) . 

Tektronix Arb Express software was used to des ign the input pulse signals, which were 

entered into the AFG 3022B function generator. Diffe rent duty cyc les, amplitudes, and 

pulse durations were examined, as we ll as novel changes in amplitude curves and pulse 

duration curves. 

Since noise can be significant and affect the results, all sources of noise were examined 

throughout the experiment using a 4 channel 54624A Osc illoscope [Ag ilent] which had a 

sampling speed of 500 MHz. Careful attention was paid to the electrical connections. For 

example, long thermocouple wires can act as antennae that pick up noise and ambient 

interference such as electromagnetic inference (EMI) and radio frequency interference 

(RFI). All wires and instruments were shielded using coaxial cables. Initial vo ltage 

measurements were acquired without filters and were converted into the frequency 

domain by using a Fast Fourier Transform (FFT) algorithm . Most of the in terference was 

fo und to be above the 10Hz (60 Hz (electric power noise) to 10 kHz) range and a 

hardware low pass fil ter [Wavetek dual Hi/Low filter model 852] was used with a 20 dB 

flat ampli ficat ion. I On F capac itors were placed between the lead wires as they entered the 

low pass fil te r in order to short the AC noise signal to ground . This 10 nF capac itor 
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resistor has the effect of reducing the noise at the (~ IO MHz) MHz range, where the 

smaller the capacitor rating the higher the frequency in which the noise is reduced. 

Simon Loane 

A Z8021 0 syringe pump was used to control the fl ow rates of the fluid. Its operating 

range was from O.lul/min to 0.7 ml/min. The flow rate was limited due to PDMS sea ling 

problems that were caused by the higher pressure to drive the higher flow rates. The fluid 

in the channel was all owed to remain at steady state for 45 minutes prior to taking any 

measurements. After each test the fluid was pumped for a period of at least one minute 

and was aga in allowed to atta in steady state for 5 minutes. The order in which the 

instruments were controlled was as follows. First the syringe pump was turned on, and 

then the function generator and pulses were introduced into the system. After 30 seconds 

(in order to get good signal condit ioning) the labview control program recorded the 

response of the thermocouple to the heat pulse. 

4.6.1 Signal Conditioning 

The power was input using a function generator (AFG 3022B), with a max output of 5 V. 

It is shown in Figure 4- 18 that for a power input of 5V, the signal is barely detectable by 

the thermocouple (response has large signal to noise rati o) . To increase the signal 

strength , the vo ltage input needed to be increased. The function generator is not able to 

accomplish thi s. The low vo ltages were set on the function generator, in mY range, and 

were amplified using a Harshaw, NV-26 amplifier. The input vo ltages from the micro 

heater are shown in Figure 4-14, where it can be observed there are high leve ls of noise 

on the signal fo r each input (5 , 8 and 10 volts) . As there are hi gh leve ls of noise on the 
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signal , the number of samples that were needed so the true voltage amplitude maximum 

was measurement, was in the range of 3 sets of 30 samples. 

The measured vo ltage reading from the thermocouples are presented in Figure 4-15 along 

with the input voltage of the micro heaters. Three graphs using different pulse modes for 

the heater are presented for a constant mass flow rate of 0.3 ml/min. Figure 4-15 a) is a 

single pulse operation mode at 10 Volts. It can be seen that the peaks of the thermocouple 

response are very distinct and have consistent amplitude. There is no ri se in the ambient 

conditions of the working fluid after each pulse cyc le. Figure 4-15 b) is the output from a 

multiple pulse operation, where the input voltage is changed for each pulse (5V, 8V and 

10V). It is shown that with the change in input voltage the output response changes 

similarly. The relaxation time for the heated working fluid after each pulse to return to 

ambient temperature is fastest in this mode. Figure 4-15 c) is ofa multiple pulse 

operation where the pulse time is changed (50 ms, 100 ms and 150 ms) . Here, with an 

increase of the pulse time, the output voltage of the detecting sensor increases. The 

detected voltage signals are now more prominent. Again the ambient working fluid 

temperature returns to ambient after each cycle. 
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Figure 4-12: Su-8 100 PDIvIS microchannel fabrication and integration on the time of 

flight sensor. 
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There is considerab le noise on both the output signal and the input pulse, as can be seen 

on all three graphs. To filter the noise, a 3 point running average of the data was 

considered ; however, this introduces both a time and amplitude shift of the pulse, and 

would affect the accuracy of the results. Ultimately it was decided upon using only the 

raw data as the peaks were very distinguishable despite the noise, and any effect of 

smoothing wo uld have adverse effects on accuracy. 

4.7 Experimental Results 

4.7.1 Introduction 

The micro flow sensor was correlated using the experimental setup, (see Figure 4- 13) as 

outlined previoLlsly. The initial batch of micro flow sensors were fabr icated on si licon 

dioxide substrates, as at the time of fabrication glass wafers where unavailable. For the 

si licon dioxide substrate devices, the heat transfer from the pulse micro heater was 

predominately through the substrate and not the fluid. Th is meant that the micro 

thermocouples detected the temperature change of substrate and not of the change in fluid 

temperature, except at the higher flow rates were there was a comb ined detection of the 

forced convection and the conduction through the substrate. Due to time constraints, and 

in order to prove the concept, it was decided to fabr icate an alternative micro-meso 

device. 

The alternative device cons isted of the micro heater as described in chapter 3 and a meso 

T-type thermocouples of wire diameter (<D 50/1111) inserted into the POMS micro channel, 

(see Figure 4- 16). This el iminated the effect of conduction through the substrate on the 
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thermocouple output as the thermocouple was directly in the fluid fl ow; however, it 

required an optical but less accurate method of detecting the di stance between the 

thermocouple and the heater. The following results are from this type of device unless 

otherwise stated. 

4.7.2 Low duty cycle 

Simon Loane 

A low duty cyc le of 2.5 % was chosen for the pulsed heater input of between 50 to 150 

ms intervals, typically between every 2-4 per second. This was found to minimize the 

thermally induced effects such as temperature drift on the working fluid properties. This 

low duty scheme resulted in high sensitivity and repeatability; however, it significant ly 

reduced the response time of the measurements. Cooling the fluid to the surrounding 

ambient temperature after the heat pulse requires longer time than initial heating of the 

fluid . Increasing the duty cyc le up to 25%, there was a ga in in the response time of the 

flow sensor. However there was an additional slight increase in temperature drift. The 

maximum temperature of the working fluid was 60°C, which is at the upper limit of 

tolerance for electrical cooling applications. 

4.7.3 Time of flight 

The operati on of the micro fl ow sensor in the time offl ight mode was initially examined. 

As expected, and it is very ev ident from Figure 4- 17, there is a decrease in the maximum 

amplitude of the vo ltage signal and an increase in the time shi ft between the two 

thermocouple responses as the fl ow rate is reduced. At these lower fl ow rates, the 

detected pulse signal is weaker, increasingly deformed and broadened between the two 
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thermocouples . The pos ition of the max imum amplitude is only dependent on the fl ow 

ve loc ity. 

At the lower fl ow rates, di ffusion within the flu id dominates. At fl ow rates below 0.1 

ml/min, the time of fli ght measurements are less detectable without an increase in the 

input power. Thi s is not ideal, as in most MEMS devices the aim is to limit the power 

consumption. Additionally there is the danger of crosstalk of the heating pulse on the 

thermocouples . In thi s case, thi s is rather small and does not affect the measurement due 

to the fact that considerable ti me was spent grounding the experimental setup . 

A cross correlation of the two signals was considered to determine the time shi ft between 

the input heat pulse and the thermocouple output. However it was deemed that the results 

were too subjective for thi s to be considered an accurate method of detection due to the 

experimental equipment. While a time shi ft was clearly ev ident th rough all 

measurements, no satisfactory correlation could be achieved due to limitations ofthe data 

acqui sition system and its time stamping. 
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F ig ure 4-16: T-type thermocouple embedded at the top of th e micr o channel, its minimal 

junction si=e has limit ed effect on the flo ll' 
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[n the present setup, the time stamping was ach ieved using labview and a GP[B interface 

which acquires data from both thermocouples in series. Thi s reduces the sampling 

frequency and also affects the ordering of the data as both are controlled by labv iew. 

Over multiple samples the time shi ft would be affected considerably by this limitation. 

The repeatability of this measurement was poor; however, with a simple upgrade of the 

data acquisition system, reliable time offlight measurements are possible. Upgrad ing the 

data acquisition system would invo lve acquiring a low vo ltage data acquisition board. 

This board would be able to acquire thermocouple data directly, eliminat ing the need for 

Ag il ent and GPIB interfac ing. This would allow measurement from the thermocouple to 

be taken in para llel, and speed up the sampling rate. [t is poss ible that ata higher flow 

rate than 0.7 ml/min the time offlight mode would be a more accurate method of 

detection and in combination with the calibration method it would increase the dynamic 

range of the device. 

4.7.4 Single pulse operation mode 

[n the single pulse operation mode, the change in vo ltage detected by the thermocouple 

was correlated with the mass flow rate. The calibration principle is that the heat loss from 

the micro heater source to the fluid will increase with flow rate, thus resulting in a higher 

output from the downstream thermocouple, see Figure 4- 18. The ca l ibrat ion matrix 

consisted of testing each parameter change three or more times for every flow rate, 

rangi ng from no flow up to 0.7 mllmin. The limitat ion of detectable flow rates in this 

setup occurred due to failure of POMS glue sea ls at the interconnects. At flow rates 
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hi gher than 0.7 mllmin the high pressure gradi ents required to dri ve the fl ow resulted in 

small leakage. 

The response of the thermocouple 0.5 mm downstream fro m the micro heater fo r 10 V 

inpu t and period of 4 seconds and duty cyc le of 2.5% is shown in Figure 4- 16 fo r 

di ffe rent fl ow rates . Clearly, the thermocouple output signal increases with an increase in 

the fl ow rate. At each fl ow rate three sets of data were taken and averaged. Thi s exercise 

consisted of averaging approx imately 40 to50 data points. A linear curve was fi tted to the 

data using OrginPro 8 software, see Figure 4- 19. The calibrati on equation with a lO Y 

micro heater input is 

v = 0, 2377 + 1.8384U 4-19 

The ca libration equation had a standard dev iation of 4,9 mY, The ca libration equation for 

the 8 Y input was 

v = 0,1826 + 2,223 U 4-20 

with a standard dev iation of 8,34 mY. 

The ca libration equat ion fo r 5 Y input fl ow sensor was 

v = 0,06167 + 2 ,186U 4-21 

with a standard dev iat ion of 8,09 mY, 
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At low heater power inputs of 5 Y the sensor detecti on range was 0.1 ml/min to 0.7 

ml/min. Below 0.1 mllmin the amplitude was within the noise reg ion of the signal, see 

Figure 4- 18. This made the detection of an individ ual pulse harder and reduced 

repeatability. 

At 8Y input there was a higher dynamic measurement range from 50 flllmin to 0.7 

mllmin . The standard dev iation however was 8.36 mY which was higher than that of the 

5Y input (8.09 mY) . This was due to the fact that the calibration was made over a larger 

range. When the input was increased to lOY, the dynamic measurement range increased 

from 10 fl llmin to 0.7 ml/min. Interestingly, the standard dev iat ion decreased to 4.9 mY, 

meaning that with an increase in vo ltage input there was an increase in dynamic range 

and repeatability. The increase in repeatability with increased vo ltage input was expected. 

An increase in the micro heater power would produce a stronger heat pulse, resulting in 

more heat transfer to the fluid and consequently a more detectable temperature ri se by the 

thermocouple. 

Figure 4-20 shows that input power to the micro heater does not affect the detection of 

heat pulse to the thermocouple. The linear relationship between the temperature 

difference and the mass fl ow rate holds; however, it does affect the detectability of the 

signals that are primarily governed by the noise in the system. 
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Figure 4-20: S ignal response of thermoco uple lvith different vo ltage inputs , for a flow rale 
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Figure 4-2 1 consists of the calibration curves for a single pulse mode fo r inputs of lO Y 

for both near and far thermocouples. The ca libration curves for the thermocouple located 

1.5 mm away from the micro heater with a lO Y input is 

v = 0.1 2531 + 0.31722 U 4-22 

This ca librat ion equation had a standard dev iation of 7.88 m V, and was va lid for fl ow 

rates in the range 50 Il l/min to 0.5 ml/min. At lower fl ow rates, the diffusion becomes 

more significant resulting in a loss of signal at the thermocouple. [t was seen that with a 

small « I mm) increase in di stance between the heater and the thermocouple, the 

sensitivity of the fl ow sensor increased, however with an increased standard dev iati on 

from the calibrat ion. This was consistent with Mayer et al. [53] where the distance 

between the temperature sensor and heater are small. 

For example, locating the heater and sensor very close together would result in the 

temperature di ffe rence between heated fluid and surrounding fluid being small. The 

heated fluid would pass the sensor almost instantly with little or no time for heat transfer 

losses. Converse ly, if they are located too far apart, the sensor will not be able to detect 

any change in temperature, as the heated fl uid would diss ipate and diffuse its thermal 

energy by the time it passes over the sensor. Thi s implies that the sensitivity will increase, 

reach a maxim um, and then decreases aga in as the distance between the heater and 

thermocouple is increased . This is incons istent with the resul ts of Kim, T. H. et al. [32] 

where the sensitivity dec reased with increased di stance between temperature and heater,. 

In their case the heater and sensor where located a large di stance away from each other 
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(5, 10 and 15 mm) and the heated fluid is di ssipated and diffused away reducing the 

sensitivity. They located their sensor a di stance greater than 5 mm away from the heater 

(far from the heater), thereby already operating on the downward edge of the curve. The 

heat loss from the micro heater to the fluid will increase with fl ow rate, thereby giving a 

greater vo ltage amplitude detection at the thermocouple with increas ing fl ow ve loc iti es. 

The calibration curve with the thermocouple 0. 5 mm away from the heater shows thi s 

behaviour. However at higher flow rates, for the thermocouple located 1.5 mm away 

there is a decrease in the signal as the ve locity increases. The increase in fl ow rate 

increases the diffusion of the heat pulse, resulting in a reduction in the signal strength . 

This would also occur at the near thermocouple with fut1her increases in flow rate and 

this shows the upper limitations of the thermotransfer ca libration method. It was not 

poss ible to further investigate this as the max imum fl ow rate was 0.7mllmin because of 

the structural integrity of the microchannel at hi gher fl ow rates. 

The upper limit of the dynamic range of the dev ice can be increased by reve rting to a 

time of fli ght measurement once the maximum point of the thermotransfer calibrati on 

method is reached and was demonstrated by Ashauer, M. [23 ]. 

4 .7.5 Change in Pulse Width Operation Mode 

The effect of changing the width of the heat pulse on the fl ow sensor operat ion was 

in vestigated. The response of the thermocoup les to a pulse width cyc ling of 50 ms, 100 

ms, and 150 ms is shown in Figure 4-22. It is clear that with an increase in pulse width 

there is an increase in ampli tude of the response vo ltage from the thermocouple. The 
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difference in vo ltage response amplitude was calculated for each pulse, and the change in 

amplitude plotted aga inst the mass flow rate. A linear slope can be ca lculated and 

co rrelated to the Velocity. The same thermotransfe r principle applies as that of the single 

pulse mode, however a reduction in pulse widths reduces the thermal effect on the 

ambient fluid , and also the overall power consumption. 

[n thi s case, only one of three periods of pulsing is at the full pulse width duration. A 

sequence of weak, medium and strong pulse is now detected by the sensor. Effective ly 

we have reduced the overall power consumption, which subsequently reduces the overall 

heat input into the system. Thi s method also allows eas ier identification between cyc les 

and that should allow for better cross correlation between sets of pulses. 

The diffe rence in voltage response with time between the changing pulse widths of 50 

ms, 100 ms and ISO ms is shown in Figure 4-22 for different fl ow rates. Figure 4-23 a) 

shows the voltage responses of the thermocouple located 0.5 mm away from the heater, 

while Figure 4-23 b.) shows the response for the thermocouple located 1.5 mm away 

from the heate r. [n both cases, with an increase in flow rate, the vo ltage response of the 

thermocouple increased with an increase in pulse width. Consequently, the linear slope 

assoc iated with the change in the pulse width regime increases with the flow rate. This is 

consistent throughout the data taken ; however, in Figure 4-23 a.) for the thermocouple 

located 0.5 mm away, the first point assoc iated with a 50 ms pulse is higher than that of 

the next two higher flow rates. Thi s point is erroneous and decreases the slope for this 

palticular flo"v rate. The reason for this is that at lower pulse widths there is a "videI' range 

of error, which is subsequently averaged . [n thi s case, addit ional data points were 
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required in order to reduce thi s error; however, these were not taken at the time of 

measurement and the fac ili ty was reconfigured for another experiment by the time thi s 

di screpancy was di scovered. 

The ca librat ion curves for the change in pulse width operating fl ow sensor are presented 

in Figure 4-24. At each fl ow rate at least three measurements were averaged and fi tted 

with OrginPr08 software. The slopes [a] were deri ved from the slopes of the vo ltage 

di ffe rence with time, see Figure 4-23 . The ca libration equation for the near thermocouple 

fo r change in pulse width mode of operation, located 0. 5 mm away from heater, was an 

exponential curve; 

v = e ( - 36.424+2.2901a-O.0365a 2
) 4-23 

The ca librat ion curve fo r the fa r thermocouple for the change in pulse width mode of 

operation, located 1.5 mm away from the micro heater was a linear fitted cllrve. The 

slope of the calibration curve (sensitivity) was 28.58 /-un/V with a standard dev iat ion of 

4.74 /-lmlY. The ca libration equati on fo r the fa r thermocouple is, 

v = - 0.21564 + O.02858a 4-24 

Us ing the pulse width mode, we have the benefits of reduced thermal interfe rence in the 

working fluid and lower power consum pt ion. 
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4.7.6 Change in pulse amplitude operation mode 

The effect of change in amplitude of the heat pulse on the flow sensor operat ion was 

investigated. The response of the thermocouples to the cyc ling of the amplitude of the 

pulse of 5 V, 8V and 10 V is shown in Figure 4-25. 

Simon Loane 

[t is evident that by increas ing the pulse amplitude there is an increase in the amplitude of 

the response vo ltage from the thermocouple. The di ffere nce in voltage response 

amplitude was ca lculated for each pulse, and the change in amplitude plotted against the 

mass flow rate. A linear slope can be calculated and correlated to the mass flow rate. The 

same thennotransfer principle applies as that of the single pulse mode, however a 

reduction in pul se amplitude reduces the thermal effect on the ambient fluid , and also the 

overall povver consumption. 

A sequence of weak (5V), medium (8V) and strong (I OV) pulses are now detected by the 

sensor. The cycling of the heat pulses makes it is easier to identify (match the pulse 

amplitude) between cyc les and that should all ow for better cross corre lation between sets 

of pulses. 

The difference in voltage response with ti me between the changing pulse amplitude of 

5V, 8V and 10 V are shown in Figure 4-26 for different flow rates . Figure 4-26 a) is for 

the vo ltage respo nses of the thermocouple located 0.5 mm away from the heaters, wh ile 

Figure 4-26 b.) is the response for the thermocouple located 1.5 mm away from the 

heater. [n both cases, with an increase in flo w rate, the vo ltage response of the 

thermocouple increased with an increase in pulse amplitude. Consequently, the linear 
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slope assoc iated with the change in the pulsed amplitude reg ime increased with the flow 

rate . Thi s is consistent throughout the data taken. 

The calibration curves for the change in pulse width operating flow sensor are presented 

in Figure 4-27. At each fl ow rate measurement at least three measurements were 

averaged and curve fitted with OrginPro8 software. 

The calibrat ion equation for the near thermocouple for change in pulse amplitude mode of 

operation, located 0.5 mm away from heater, was a parabolic curve 

v = - 1.193 + 0.131a - 0.00216a 2 4-25 

where a is the slope. The calibration curve for the far thermocouple for the change in 

pulse amplitude mode of operat ion , located 1.5 mm away from the micro heate r was a 

linear fitted curve. The slope of the ca librat ion curve (sensiti vity) was 50.83 ~lln/V with a 

standard dev iation of 8.35 ~lIn /V. The calibrat ion equation for the far thermocouple is, 

v = - 0.2899 + 0.OS08a 4-26 

Us ing the pulse amplitude mode, we have the benefits of reduced thermal interference in 

the working fluid, more detectable signal than the single pulse mode and pulse durat ion 

mode and lower overa ll power consumption. 
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4.7.7 Temperature Drift 

When the heat pul se is introd uced into the working fluid , there is transient heating of 

fluid that is detected by the sensor. At low fl ow rates, where the fo rced convection is 

relative ly small , there is a long thermal time constant assoc iated with thi s. The sensor 

responds to the heat pulse resulting in a rise to a steady state temperature above the 

ambient, during the on period of the pulse. Thi s is followed by a more gradual reduction 

in temperature back towards the ambient when the heater is off. At lower fl ow rates, the 

sensor does not reach the full steady state temperature, and consequently will not return 

to ambient, and there will be a continuous offse t/drift by an additional but decreas ing 

temperature/vo ltage amount. 

Figure 4-28 illustrates that by changing the pulsing technique we can signifi cantly reduce 

the temperature drift. For the single pul se operating mode, at low fl ow rates a temperature 

drift can be seen. This is due to the fac t that a constant amount of heat is being introduced 

with each pul se, all of which can not be di ss ipated in the cool down cycle when the heater 

off. Us ing a varying pulse width scheme, the vo ltage of lO Y is input for di ffe rent pulse 

durations. The cycle is much longer between the stronge r pulses, ( 12 second compared to 

4 seconds), and thus allows the fluid to equilibrate better resulting in less drift, with the 

additional benefi t of lower overall power consumption. Finally, by using a change in 

vo ltage amplitude method, aga in we have longer periods between the strong ( lOY) 

pulses. Sta11ing with a strong lOY pul se, the response is reg istered by the thermocouple 

fo ll mNed by an 8V impulse and fi nally by the weaker 5 V pulse. Thi s method red uces 

further the effect of temperature drift and has significa nt advantages with power 
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consumption. At hi gh duty cyc les, thi s pulse technique would be particular effective at 

allev iat ing temperature drift; however, it can not be fully eliminated and will always be 

present in some manner. 

4.7.8 Advantages 

The fl ow sensor was ca li brated using the thermotransfer principle for flows up to 0.7 

ml/min with a 5% precision, for three different operating modes. 

• The main advantage of the proposed so lution with respect to more conventional 

ones is its sca lab ility, as it has a signifi cantly reduced foot print requiring on ly one 

temperature sensor, and will result in a greater mechanical simplicity. 

• The dev ice requires neg ligible net heat input. Only a shott period of heating time 

is required until a strong signal has been generated. The power consumption can 

be futther reduced by introducing novel pulsing schemes. Th is makes the flow 

sensor particularly app li cable to biological app licat ions. 

• No time doma in information is required once initial calibration is done, with a 

calibrated operating range be low < 0.7mllmin. This is a significant advantage of 

the thermotransfer method as it red uces the amount of hardware and software 

required , and would reduce chip real-estate requirements for lab on ch ip 

app lications. [t also makes the post process ing rather more simplistic. 

l "" .:1.) 
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-The technique requires an initial complex ca libration methodology that if it were 

requ ired fo r each individual dev ice thereafter would make thi s method too 

cumbersome and cause it to made redundant. However, due to the batch 

fabrication method of M EMS dev ices, one dev ice ca libration per batch is all that 

is req uired. Th is makes thi s ca l ibration method and mode of operation particularly 

attractive . 

4.9 Summary 

This chapter presents an overview of the micro fl ow sensor deve lopment and des ign in 

thi s study. Crit ical des ign specifications of the fabrication process of both the 

thermocouple and heater are examined. The rationale behind materials, working fluid , 

thermocouple des ign, and fa brication techniques are explained. The developed 

microfabricati on process, along with advantages and limitations of each step of the 

process di scussed. Detail ed characterization results of the micro fl ow sensor are 

presented . 
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Chapter 5: Conclusions and Future Works 

5.1 Introduction 

In this chapter a summary of the conclusions of this study is presented. The key 

challenges and major benefits of the nove l micro pulse fl ow sensor are rev iewed. The key 

experimental results of the overa ll device, as we ll as each of the individual components of 

the dev ice are summarized. Thi s is followed by some recommendations for future work, 

which may clari fY some of the questions that have ar isen from thi s work. 

5.2 Overview and Conclusions 

There were three main objectives: (I) the development of the micro thermocouple, (2) the 

deve lopment of the micro heater and (3) the deve lopment of the micro flow sensor. [n 

thi s thesis, micro thermocouples capable of highly precise (0.5 DC) temperature 

measurements and micro heaters were designed, fabricated and characterized. 

Subsequently they were integrated into a micro pulse film sensor within a microchannel. 

I. The microfabrication protocols and procedures were deve loped for the micro 

thermocouple, micro heater and micro thermal flow sensor. The micro flow sensor 

was fabr icated using a three mask process. 

2. Characterization of the constantan (ni ckel/copper) alloy for the fabrication of 

thermocouple ,vas one of the main challenges of the fab rication process. The 

constantan alloy was electroplated using an electrop lating so lution suggested by 

135 



M.A. Sc. Thesis: Mci'vlaster Uni versity - Mechanical Engineering Simon Loane 

Green. T. K. et al. r1 9] and in ves ti gated by Sartorelli , M.L. et al. [1 3]. Materi al 

nicke l compos ition concentrations were characterized fo r di ffe rent reference 

potenti als. With increase in nicke l content there was increase in Seebeck 

coeffic ient. Typ ica l depos its were smooth and meta lli c with small granulari ty. At 

-1.25 V dec line in homogeneity of compensati on and gra in size, thi s is where 

hydroge n evo lution occurred, and pin holes we re fo und. 

3. Both a compensated and a non compensated micro thermocouple arrangement 

were fabricated and tested, and as expected the ca libration slopes were 

approximately the same at 39.04 !l V jOe and 41.75 !l V jOe respective ly. However 

the accuracy of the compensated thermocouple is twice that the non compensated 

thermocouples due to addit io nal secondary junctions present that was exposed to 

ambi ent (room temperature flu ctuations ~ ± 2°C). The non compensated 

arrangement, not withstanding the findin g above, could be used for measurement 

where there is less stringent demand for accuracy. 

4. There was a hi gh consistency of the micro thermocouple measurements fo r the 

same batch, with a standard dev iation of3 .34 !lV. This indicates a homogenous 

constantan fi lm, with the dev iat ions most li ke due to secondary juncti ons. Thi s 

demonstrates that only one thermocouple wo uld be required to be ca librated in a 

batch of micro thermocouples to have a accurate batch of the thermocouples. 

5. The power req ui red for the glass substrate was 46mW, 11 2mW and 160mW for 

5V, 8V, 10V respect ive ly, while fo r the sili con oxide it was 499.5 m W, 1.27 W 

and 1.943 W respecti ve ly. The signifi cantl y hi gher power consumption fo r the 
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si li con oxide substrate was due to the two orders of magnitude hi gher thermal 

cond uctivity of the si licon oxide compared to glass. 

The micro flow pulse sensor developed here had good repeatability and had the effect of 

compensating against temperature drift that has been problematic in previous micro 

thermal mass flow sensors . The main features of the flow sensor are: 

1. The sensor cou ld be operated in th ree modes: (I) time of fl ight, (2) temperature 

difference l and (3) pulsed ca libration mode. It was the pulse ca librat ion technique 

that eliminated the interference of input temperature on the working fluid 

temperature. 

2. The flow sensor was tested for three pulse mode configurations; single, multiple 

pulses with change in input vo ltage and multiple pulses vvith change in pulse 

duration. The results showed that the multiple pulse modes generated a more 

detectable signal than the single pulse mode and minimized thermal effects on the 

working fluid. 

3. The multiple pulse regimes allowed increas ing the devices dynamic flow range. 

The flow sensor cou ld be rep li cated eas ily to be distributed throughout the 

microchannel so measurements could be made simultaneously at several 

locations. 

4. The microfabrication process developed here was simpler and the sensor had a 

high response time, and was hi ghly sens iti ve . 

I Temperature difference mode was not demonstrate , but it can be catered for under current des ign 
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5. The micro fl ow sensor was tested with a working fluid consisting of a mixture of 

methanol and water. Experimental data showed promising results with fast and 

highly sensitive signals for ranges of 0.5 Ill/min to 0.7 ml/min. An operational 

maximum fl ow rate of 0.7 ml/min was achieved by the sensor. The dev ice can be 

operated as a therm otransfer sensor for fl ow ve loc it ies up to 0.5556 m/s with 

reso lution of 1. 11 x 10-3 m/s 

6. The main advantage of thi s technique is that following the initial calibration of the 

dev ices, there is no requi rement fo r time shi ft data (each measurement requi res a 

time stamp), and thi s reduces the amount of post hardware and software required 

to get tangible resul ts. 

5.3 Recommendation 

There are a number of items of interest that could be pursued which relate to the present 

wo rk. The fo llowing are recommended for future research: 

I. In order to get higher film thickness for higher percentage of the nickel in 

constantan, a new labview control program should be deve loped to in vestigate a 

pul se electrop lating method . 

2. Back etching of the sili con di oxide substrate should be investigated to create a 

thermal bridge fo r the micro heater, and to see what red uction in power 

consumption of the micro heater might be ac hieved. 
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3. The fl ow should be measured using a IlPIY system, that is currently ava il ab le in 

the lab. Thi s will prov ide in fo rmat ion on the flow field effect after the heat 

impulse is introduce to the system, and help to optimize the pulsing reg imes. 

4. Develop an alternat ive in situ technique to characterize the thermal pulse. One 

method is to use a temperature-dependent fluorescent dye, where the thermal 

plume from the heater could be recorded and the fl ow characteri stic of the thermal 

signal varied using a similar technique that was developed for microfluidics in 

standard microchannels [53]. 

5. Update the data acqu isition in order to achieve acc urate time of fli ght 

measurements. Currently the thermocouple sensor responses are been acquired 

using GPIB-US B-HS which takes two in parallel , with the order set by labview. 

Both signals need to be acquired simultaneously and time stamped. 

6. The experimental setup for the pulse ca libration should be updated in order to 

reduce the leve l of noise on the microheater and subsequently on the response of 

the signal. Thi s requires an alternati ve amp lifier to that used [Harshaw NY -26]. 

By reducing the noise on the input pul se, the signal will become eas ier to detect, 

and subsequently it cou ld require lower power leve ls to operate, thus improving 

the overall performance of the device. 

7. Investigate the effects of different working fluids, as the sensor response is 

dependent on the thermal conductivity and on the viscos ity of the medium . This 

would broaden the suitab ility of the device to diffe rent app li cations. 
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Appendix A - Manufacturing Process 

Micro Pulse Film Fabrication Process 

Glass / Si O2 Subs trat e Clea llill g 

• Rinse with acetone for 15 seconds. 

• Rinse with methano l for 15 seconds. 

• Rise with de-ionized (01) water for 5 minutes. 

• Dry the sample using compressed nitrogen 

• Dehydrate the sample at 110 °C for 2 minutes. 

kJe tal D epos iti oll 

• Depos it a 100 A thick chrom ium layer. 

• Depos it a 900 A thick go ld layer. 

Patt e r llill g COllstOlltOIl i'vJo uld 

• Plasma oxidize the substrate at 80 W for I minute. 

• Sp in AZ 4620 for 30 seconds 3000 rpm ~ thickness 8-9 ~lm 

• Soft Bake @ 100 °C for 4 minutes . 

• Expose the substrate using the Mask I for 39 seconds at 7.6 m
i
2 em 

• Deve lop photoresist in 1:3 AZ400K to 01 Water so lution fo r I minute 20 

seconds. 

• Rinse with 01 Water for 5 minutes. 

• Dry with Compressed nitrogen. 

• Dehydrate the sample at 110°C for 2 minutes. 

CO ll sto ll ta ll Elec troplati ll g 

• Plasma ox idize the sample at 80 W for 5 minutes. 

• Mix ingredi ents presented in Table with 01 water for electroplating 

so lution . 
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• Submerge substrate and a Pt target in the electroplat ing so lution. 

• Stir the so lution wi th magnetic st ir bar at 500 rpm. 

• Heat the so lution and adjust the temperature 30°C. 

• Us ing the DC power supply. Connect cathode (b lack) to substrate and 

anode to Pt (Red) target. 

Simon Loane 

• Place the Sil ver-S ilver reference close to the substrates. Set the vo ltage in 

order to maintain the Reference voltage at 0.95 V. 

• Remove the sample from the so lution after 15 minutes. 

• Rinse the sample with DJ water for 5 minutes 

• Rinse the sample with acetone until the photores ist is removed 

• Rinse the sample with methanol for 15 seconds. 

• Rinse with DJ water for 5 minutes. 

• Dry the substrate using compressed nitrogen. 

• Dehyd rate the sam ple at 110°C for 2 minutes. 

• Plasma oxidize the substrate at 80W for 5 minutes in order to completely 

remove the photoresist res idual. 

Patt erllillg th e H eate r 

• Spin S 1808 Photoresist for 30 seconds at 3000 rpm. 

• Soft bake the sample at 110 °C for 90 seconds . 

• Expose the substrate using Mask 2 for 5 seconds at 7.5 ml/sec. 

• Develop photoresist in 1:5 developer 35 1 to DI Water so lution for 25 

seconds. 

• Rinse with Dl water for 5 minutes. 

• Dry with compressed nitrogen 

• Hard bake the samp le at 130°C for 2 minutes. 

• Etch the go ld with nicke l compatible go ld etchant for 10 seconds. 

• Etch the chrom ium with nickel compatible chromium etchant for 2 lit 

minutes 
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• Rinse with acetone to remove photores ist 

• Rinse with methanol for IS seconds. 

• Rinse with DJ water fo r 5 minutes. 

• Dehydrate the sample at J 10°C for 2 minutes . 

• Plasma oxidize the substrate at 80W for 5 minu tes in order to completely 

remove the photores ist res idual. 

Pt lIIould L I!t Off Pro cess 

• Plasma oxidize the substrate at 80 W for 5 minute. 

• Spin primer fo r 30 seconds at 4000 rpm 

• Spin S 1808 Photores ist for 30 seconds at 4000 rpm. 

• Let sample sit in a di sh that is partially covered fo r 5 minutes. 

• Soft bake the sample at 90 °C for 2 minutes. 

• Over expose sample using Mask 3 for 5.63 seconds at 7. J mJ/sec. 

• Sock sample in toluene for 6 minutes. 

• Blow dry off with nitrogen. 

• Over deve lop photoresist in 1:5 deve loper 35 1 to DI Water so lution fo r 90 

seconds. 

• Rinse with DJ water for 5 minutes. 

• Dry with compressed nitrogen 

M etal Deposit ion 

• Plasma oxidize the substrate at 80 W for 2 minute. 

• Depos it a 60 A thick Cr layer 

• Depos it a 1000 A thick Platinum layer. 

• Release upside-down in acetone bath for 15 minutes. 

• Rinse with acetone to remove any remaining photores ist 

• I f photores ist rcmains place substrate upside in a bath of acetone and place 

in a ultra soni c cleaner for I minutes 
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• Rinse with acetone to remove any remaining photoresist 

• Rinse with methanol for 15 seconds. 

• Rinse with DI water for 5 minutes. 

• Dehydrate the sample at 100 °C for 2 minutes. 

• Dice the samp le into individual micro plus sensors. 

Microchannel Fabrication 

Sili ca II SlIbstrat e Cleanillg 

• Rinse with acetone for 15 seconds. 

• Rinse vv ith methanol for 15 seconds. 

• Rise with de-ionized (Dl) water for 5 minutes. 

• Dry the sample using compressed nitrogen 

• Dehydrate the sample at I 10 °C for 2 minutes. 

Patt erll illg Mi crocliallllel MOliid 

• Plasma oxid ize the substrate at 50 W for I minute. 

• Sp in cast SU-8 100 at 3000 rpm for 30 seconds - thickness I 00 ~lln 

• Soft Bake @ 65°C for 10 minutes and @ 95°C for 50 minutes. 

• Expose substrate using the microchannel mask for 90 seconds at 7.2 111J
2 em 

• Post bake the samp le at 65 °C for I minutes and at 95 °e for 10 minutes. 

• Develop with low heat for 30 minutes in 1:3 SU-8 developer to DJ Water 

so lution 

• Rinse with DI water for 5 minutes. 

• Dry with compressed nitroge n. 

• Dehydrate and hard bake the sample at 130°C for 5 minutes. 

Casti ll g PDA;JS lIIi c ro c liallll e l 

• Mix 10: I of PDMS to curing agent. 

• Degasify the mi xture in des iccators for 5 minutes. 
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• Pour POMS over microchannel mould and bake it at 65 °C for 60 minutes . 

• Peel off POMS from the si li con substrate 

• Cut each microchannel with 2mm rim . 

• Punch inlet and outlet using glass micro-pipette 

Integrating PDMS micro channel and sensors 

• So lder lead wires to the device 

• Plasma oxidize the electrode substrate and POMS microchannel at 50 W 

for 45 seconds. 

• Spin cast 20: I of POMS to curing agent at 4000 rpm for 60 seconds. 

• Align two macro thermocouples (d iameter .003 ') at inlet and outlet. 

• Oab POMS microchannel on spun POMS glue, be careful not to get glue 

into channel. 

• Align the microchannel on substrate according to thermocouple junctions. 

• Mix 20: I of POMS with curing agent and app ly using a syringe with 

needle onto the border of POMS microchannel on glass substrate 

• Bake the sample for 3 minutes at 150°C. 

• Plasma oxidize the dev ice and glass tubing at 50 W for 45 seconds. 

• Insert glass tubing in inlet and outl et holes. 

• Pre-heat the device with glass tubing's on heat plate at 150°C for 2 

minutes. 

• Us ing a syringe with needle pour the POMS mixture around glass tubing 

on the POMS microchannel. 

• Bake the sample for 3 minutes at 150 °C 
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Appendix B - RTD Calibration Curve 
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---- Polynomial Fit of Temperature I 
100 105 11 0 115 120 125 130 135 140 

Resistance (0) 

Temperature Resistance Tem perature Resistance Temperatu re Resistance 

°C Q °C Q °C Q 

2.05 10 1.606 5.38 102.957 36.20 11 5.066 
2.08 10 1.615 5.45 102 .986 36.76 11 5.283 
2. 15 10 1.657 5.62 103.055 38.57 11 5.983 
2.63 10 1.85 1 6.43 103 .398 40.2 1 11 6.623 
2.65 101.858 7.0 1 103.622 46 .74 119.232 
2.71 10 1.88 1 7.2 1 103.703 49.40 120.255 
2.80 101.9 18 20.20 108.705 53.93 122.090 
2.8 1 10 1.924 23. 1 109.822 54.28 122 .223 
2.93 101.972 23.46 109.963 60.68 124.784 
3.0 1 101.976 24.93 110.544 63.40 125.828 
3.77 102.267 25.24 11 0.666 65.07 126.469 
4.10 102.443 26.75 11 1.274 66.46 126 .993 
4. 14 102.464 27.03 111.383 70.23 128.556 
4.24 102.50 1 27.78 111.674 72.9 1 129.575 
4.32 102.534 29.34 11 2.3 10 74.83 130.30 14 
4.39 102.562 32.00 11 3.388 81.73 133.084 
4.52 102.613 32.79 113.695 84.75 134.229 
4.66 102 .673 33 .87 114. 11 2 91. 19 136.800 
4 .69 102 .683 34.08 11 4.195 98.54 139.648 
4 .74 102.702 35.08 114.636 

-Standard deV iat ion ot ± 0.0:>9690 13 °C 

y = 54.4567 * 10- 6 x 3 - 19.8473657 * 10- 6 x 2 + 4.93 04361018x - 351.2264827483 
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Appendix C - Mask Design 
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Appendix D - Labview Programmes 

Labview programme for data acq ui sition for flow sensor 
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