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Abstract 

A MEMS hot wire anemometer was designed, simulated, fabricated and 

tested.  The device was of a planar silicon substrate construction measuring wind 

direction in two dimensions.  Wind velocity and temperature were also measured 

with the same sensing elements on the device.  This anemometer formed part of a 

multisensor incorporating other sensing functions such as humidity and light 

onto a common silicon substrate compatible with active electronics integration.  

Of these sensors only temperature, wind speed and direction are presented as the 

work of this thesis, however integration of each of these sensors within the larger 

multisensor was a necessary consideration.  Also presented are the results of the 

prototype devices constructed from discrete surface mount components offering 

device alternatives dependant on application. 

Simulation and development was aided with Coventorware multiphysics 

modelling software providing virtual analysis in electrical, thermal and fluidic 

domains.  Fabrication was primarily conducted within the Griffith University 

fabrication laboratory with a subsequent fabrication run of four wafers in a 

commercial foundry hosted by Motorola.  Packaging options were developed for 

the silicon die consisting of either conventional chip carriers or application 

specific fibreglass carriers.  Prototype packaging was also developed for the 

larger complete system incorporating the interface electronics and 

communications system. 
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Testing was conducted in the laboratory in a controlled environmental 

chamber and wind tunnel built to calibrate the devices.  Laboratory results are 

reported for the controlled environment response to demonstrate the consistency 

and accuracy obtained during testing.  Wind tunnel testing was conducted both 

on the carrier mounted die and on the larger self contained system to be deployed 

into the field trial incorporating all interface electronics and the communications 

system.  Field trial testing was employed to evaluate the devices under continued 

operation when exposed to typical environmental abuse such as thermal cycling 

and physical contamination over time.  The field trial results present a typical 24 

hour period of operation measured against a commercially available weather 

station mounted in the same location for reference. 

The results from the laboratory and field trial testing demonstrated the 

sensor operational and meeting the design requirements, showing a velocity 

range exceeding 0-30m/s ±10%, directional accuracy of better than 8º and power 

consumption of 45mW.  This was achieved in a die size 42% of that allowable in 

the design requirements.  Fabrication process requirements were largely CMOS 

compatible and was demonstrated with the integration of a diode on the same 

silicon die. 



iii 

 

 

Statement of Originality 

 

 

This work has not previously been submitted for a degree or diploma in 

any university. To the best of my knowledge and belief, the thesis contains no 

material previously published or written by another person except where due 

reference is made in the thesis itself 

 

 

    

  Richard Jozef Adamec 



MEMS Anemometer 

iv 

Acknowledgements 

This Ph.D. was supported in part by the CRC for MicroTechnology. 

I wish to thank my supervisors David Thiel and Philip Tanner for their guidance 

and editorial assistance throughout this research.  In particular David for his 

patience, persistence and motivational advice both on a professional and personal 

level during the writing of this manuscript. 

I am thankful to Takeharu Suzuki, Leon Gourdeas and Ray Sweatman for their 

assistance in the laboratories. 

I would especially like to thank my parents and very dear friends who have 

persevered in supporting me mentally and emotionally through the years leading 

to this submission.  The tolerance and understanding of these wonderful people 

has helped me through the most challenging years and personal difficulties of my 

life.  To these people, for helping me to find the motivation to continue, I will be 

forever grateful. 

 



 

v 

Table of Contents  

Abstract ................................................................................................... i 

Statement of Originality ......................................................................... iii 

Acknowledgements ................................................................................ iv 

Table of Contents.....................................................................................v 

Table of Figures ..................................................................................... ix 

Chapter 1 Introduction .............................................................................1 

1.1 Overview........................................................................................1 

1.2 Design requirements .......................................................................4 

1.3 Literature review ............................................................................6 

1.4 Conclusions ....................................................................................9 

1.5 Thesis outline ...............................................................................10 

References..........................................................................................16 

Chapter 2 The Proposed Solution ...........................................................19 

2.1 Hot wire anemometer theory.........................................................19 

2.2 Test Structure ...............................................................................31 

2.3 Prototype 1 ...................................................................................43 

2.4 Prototype 2 ...................................................................................47 

2.5 Prototype 3 ...................................................................................50 

2.6 Prototype 4 ...................................................................................52 

2.7 Substrate conducted thermal losses...............................................55 

2.8 Sensor calibration .........................................................................61 



MEMS Anemometer 

vi 

2.9 Conclusions ..................................................................................68 

References..........................................................................................69 

Chapter 3 1D Sensor ..............................................................................71 

3.1 Introduction..................................................................................71 

3.2 Bulk versus reverse etched substrate.............................................75 

3.3 Heater excitation techniques .........................................................83 

3.4 Thermal Plume Studies .................................................................89 

3.5 Aluminium on silicon sensor ........................................................91 

3.6 Conclusions ..................................................................................94 

References..........................................................................................96 

Chapter 4 2D Sensor ..............................................................................99 

4.1 Introduction..................................................................................99 

4.2 Design Strategy ..........................................................................102 

4.3 Thermal Modelling .....................................................................106 

4.4 Masks & Fabrication ..................................................................110 

4.5 Wiring and interconnections .......................................................120 

4.6 Packaging ...................................................................................127 

4.7 Failure analysis...........................................................................131 

4.8 Chapter summary........................................................................140 

References........................................................................................141 

Chapter 5 Electrical Interfacing and Preliminary testing ......................143 

5.1 Introduction................................................................................143 

5.2 Thermal model verification.........................................................146 

5.3 Circuit Design ............................................................................153 



Table of Contents 

vii 

5.4 Test procedure ............................................................................159 

5.5 Steady state heating response......................................................160 

5.6 Variable ambient temperature response ......................................171 

5.7 Variable airflow velocity response..............................................174 

5.8 Summary ....................................................................................178 

References........................................................................................182 

Chapter 6 System Results.....................................................................183 

6.1 Packaging ...................................................................................183 

6.2 Test results .................................................................................196 

6.3 Extended applications.................................................................228 

6.4 Chapter summary........................................................................236 

References........................................................................................237 

Chapter 7 Discussion and Conclusions .................................................239 

7.1 Commercial Outcomes................................................................243 

7.2 Future development ....................................................................243 

References........................................................................................245 

Appendix A : Modelling and fabrication of a planar thin film airflow 

sensors .........................................................................................A 

Appendix B : CAD modelling and fabrication of planar thin film airflow 

sensors ......................................................................................... B 

Appendix C : Practical hot wire anemometer excitation modes ............... C 

Appendix D : MEMS Wind Direction Detection: From Design to 

Operation .....................................................................................D 





 

ix 

Table of Figures 

Figure 1-1. Single axis non-directional hot wire anemometer.[1.10]...................7 

Figure 1-2. Image of single axis directional anemometer  [1.11]. .......................7 

Figure 1-3. Heater/sensor arrangement for X & Y directional sensing [1.12]......8 

Figure 1-4   3D hot wire probe based on a  polyimide v-groove joint [1.13] ........8 

Figure 2-1   Typical automotive hot wire anemometer ......................................20 

Figure 2-2   Differential volume of  dV = dx dy dz  with heat transfer components 

of dqx, dqy and dqz. ........................................................................24 

Figure 2-3  Model geometry approximations   a) cylindrical diffusion,  b) 

hemispherical diffusion..................................................................26 

Figure 2-4   Wind tunnel with computer for control of interface, driver and 

logging system (silver box beneath platform).................................32 

Figure 2-5  Airflow velocity correction due to platform obstruction, wind tunnel 

viewed into from end toward sensor platform. ...............................36 

Figure 2-6   Control software written for miniature wind tunnel control and data 

collection .......................................................................................42 

Figure 2-7   Prototype 1 with central incandescent light bulb (heater), four 

sensing thermistors (green), one ambient temperature thermistor and 

biasing resistors.  Hole spacing of PCB = 0.1” ...............................44 

Figure 2-8   Predicted Sine^3, Cosine^3 responses............................................45 

Figure 2-9   Bridge configuration of sensor elements as seen in Figure 2-7. ......46 



MEMS Anemometer 

x 

Figure 2-10   Prototype 2 photo. Pin spacing of 0.1” giving a total length of 

approximately 1” by 0.4” ...............................................................49 

Figure 2-11   Predicted Sine & Cosine responses ..............................................50 

Figure 2-12   Prototype 3, variant 1: Single axis silicon based prototype...........51 

Figure 2-13   Prototype 3, variant 2: silicon based with central heating element52 

Figure 2-14   Prototype 4: Silicon based prototype with bridge elements only...53 

Figure 2-15  Thermal insulation example.  (Colour scale: blue = 300K to red 

=380K) ..........................................................................................56 

Figure 2-16  Insufficient thermal insulation shows significant heating of the 

substrate .  (Colour scale of blue = 300K to red =380K) ................57 

Figure 2-17   Bulk reverse etching ....................................................................59 

Figure 2-18   Thermal circuit with silicon nitride membrane .............................60 

Figure 2-19   Case 1:Easterly wind gives no differential heating of North / South 

element pair ...................................................................................64 

Figure 2-20   Case 2: North-Easterly wind gives partial differential heating of 

North / South element pair .............................................................64 

Figure 2-21   Case 3: Northerly wind gives maximum differential heating of 

North / South element pair .............................................................65 

Figure 3-1   Two similar heater-sensor devices on a substrate a) thermal 

insulation between sensor and substrate b) reverse etched substrate

......................................................................................................76 

Figure 3-2    a) physical layout of the device, b) isothermal profiles within 

polyimide insulation, c) transient thermal analysis of “downwind” 

(top trace) and “upwind” (bottom trace) sensing elements..............82 



Table of Figures 

xi 

Figure 3-3  Differential amplifier and reference bridge where Sens1 and Sens2 

are thermoresistive sensors and Ref1 and Ref2 are assumed to be 

resistors unaffected by temperature. ...............................................84 

Figure 3-4   Transient response calculated from the model shown in Figure 3-1 of 

a) insulated device and b) reverse etched device. ...........................87 

Figure 3-5   Simulated temperature profile during steady state operation with an 

air velocity of 1m/s (Colour scale: blue = 300K to red = 380K) a)  

no thermal insulation b)  thermal insulation beneath heater............90 

Figure 3-6   Thermally insulated airflow sensor (Al on 1mm SiO2) ...................92 

Figure 4-1   3 axes sensor array with central heating element..........................100 

Figure 4-2   Surface view of reverse etched structure a) view outlining element 

arrangements b) profile section showing bulk etched substrate ....105 

Figure 4-3   Thermoelectric heating of serpentine tracks of 2D sensor.  (zero 

airflow with temperature in Kelvin) .............................................107 

Figure 4-4   Process outline steps (cross section images on following pages) 

showing integration of the wind sensor with other sensors and active 

electronics. ..................................................................................111 

Figure 4-5   Silicon substrate with pre implanted N-type well for light sensor has 

silicon Nitride layers grown. ........................................................112 

Figure 4-6   Silicon nitride is patterned by photoresist to implant an N+ well .113 

Figure 4-7   Photoresist is removed and first metal layer deposited .................113 

Figure 4-8   First metal layer is patterned with photoresist and wet chemical 

etching. ........................................................................................113 

Figure 4-9   Photoresist removed, polyimide and second metal layer applied ..114 



MEMS Anemometer 

xii 

Figure 4-10   Second metal layer patterned with photoresist and wet chemical 

etching.........................................................................................114 

Figure 4-11   Resist removed and second polyimide layer applied...................114 

Figure 4-12   Polyimide patterned to produce vias for electrical connections ..114 

Figure 4-13   Window in rear Silicon Nitride layer patterned by photolithography

....................................................................................................115 

Figure 4-14   resist removed and Silicon Nitride used as resist for bulk silicon 

anisotropic etch............................................................................115 

Figure 4-15   Top view of all 6 masks.  Total layout size of 2.52mm.  Integrated 

diode on right hand size ...............................................................117 

Figure 4-16   Determination of minimum die size ...........................................118 

Figure 4-17   Device die and fabrication test patterns......................................119 

Figure 4-18   Wire bonds between wind sensor die and chip carrier ................121 

Figure 4-19   Conductive ink interconnections using FR4 PCB substrates. ......124 

Figure 4-20   Housing used for field trials.......................................................130 

Figure 4-21   Healthy device ...........................................................................132 

Figure 4-22  Electric burnout ..........................................................................133 

Figure 4-23   Failure from physical contact .....................................................134 

Figure 4-24  Long term environmental exposure and contamination................135 

Figure 4-25   Excessive pressure differential resulting in rupture of the 

membrane ....................................................................................136 

Figure 4-26   Minor pressure differential effects inducing flexure of the 

membrane without electrical or physical failure, or Si3N4 thickness 

variation or localised stress. .........................................................136 



Table of Figures 

xiii 

Figure 4-27   Pressure equalisation holes through: left) chip carrier and right) 

PCB carrier ..................................................................................137 

Figure 4-28  Membrane pressure differential with air velocity  following 

equation (4-1) ..............................................................................139 

Figure 5-1.  TCR measurement data for Al tracks on a Si3N4 film obtained using 

the 2D sensor. ..............................................................................146 

Figure 5-2   Environmental test chamber.........................................................148 

Figure 5-3   Extended temperature TCR measurement using a hot plate. .........149 

Figure 5-4   Temperature dependant Power loss showing T4 (see text) 

dependence at high temperatures.  Temperature starts at 25ºC for 

0mW due to room temperature conditions. ...................................150 

Figure 5-5   Thermal resistivity derivation ......................................................152 

Figure 5-6   Thermoresistive anemometer design layout. Total design size 3mm x 

3mm ............................................................................................154 

Figure 5-7   Electrical configuration of sensor elements..................................154 

Figure 5-8   a) Current controlled, b) Voltage controlled, c) Constant 

Resistance(Temperature) controlled, excitation circuits ...............156 

Figure 5-9   Temperature and power for a current controlled sensor ................161 

Figure 5-10   log(p) vs log(i) with linear fit over limited temp range (23ºC-

181ºC) .........................................................................................162 

Figure 5-11   Theoretical calculated power compared to actual measured power.

....................................................................................................164 

Figure 5-12. Temperature and power of a voltage controlled sensor in a constant 

ambient temperature with zero airflow. ........................................165 



MEMS Anemometer 

xiv 

Figure 5-13  Log-Log plot of Power to voltage demonstrating xn where n=1.924

....................................................................................................165 

Figure 5-14  Theoretical calculated versus actual power levels over a temperature 

range (23ºC – 629ºC) ...................................................................167 

Figure 5-15.  Temperature of a resistance controlled sensor ............................168 

Figure 5-16  Comparative of equation for resistance over limited temp (23ºC – 

400ºC) .........................................................................................170 

Figure 5-17. Comparative temperature response to varying ambient temperature.

....................................................................................................171 

Figure 5-18. Comparative power dissipation response to varying ambient 

temperature. .................................................................................173 

Figure 5-19. Element temperature response to varying airflow velocities. .......175 

Figure 5-20.  Power dissipation response to varying airflow velocities ...........177 

Figure 5-21   Thermal circuit for combined thermal resistances of conduction and 

convection ...................................................................................177 

Figure 6-1   Prototype 2, discrete components surface mounted on PCB.  The 

central heating and surrounding  sensing elements are visible on the 

top surface. Same physical dimensions as 16 DIP. .......................184 

Figure 6-2   Prototype 2 with rear surface mounted interface circuitry.  Device 

size equivalent to 16 pin 0.3” DIP integrated circuit package. ......185 

Figure 6-3   Prototype 2 with epoxy diffusion layer over surface mounted 

elements. .....................................................................................185 

Figure 6-4   Raw silicon die (prototype 4) diced and ready to be mounted ......186 

Figure 6-5   28 pin ceramic die carrier package with perimeter bonding pads..187 



Table of Figures 

xv 

Figure 6-6   Device die mounted and bonded in carrier ...................................187 

Figure 6-7   Epoxy filler used to fill the cavity around the  silicon die.  Air 

inclusions in the translucent epoxy are visible. ............................189 

Figure 6-8   PCB carrier with cavity for silicon die and pressure relief hole in 

cavity centre. ...............................................................................190 

Figure 6-9   PCB mounted silicon die with conductive ink connections...........192 

Figure 6-10   Conceptual image of commercial packaging solution with sensor 

on the underside of the top dome cover. (Colour scale indicating 

wind velocity red = 10m/s, blue = 7m/s). .....................................193 

Figure 6-11   Exploded diagram of packaging used for field trials...................195 

Figure 6-12   Actual field trial system PVC package used.  The exposed sensors 

are located on the bottom face of the unit.....................................196 

Figure 6-13   Miniature wind tunnel for individual device testing ...................197 

Figure 6-14   Response of paired differential sensing elements @ 5m/s fitted 

using equations (6-1) & (6-2) corrected for 2.5V bias. .................199 

Figure 6-15   Polar response of paired differential sensing elements with 

correction to remove DC offset.  Note the slight asymmetry in the 

responses and different gains due to manufacturing inaccuracies. 201 

Figure 6-16   Arctan solution without π/2 correction and π offset adjustment ..205 

Figure 6-17   Calculated angle generated by equation (8).  The straight line is the 

perfect result. ...............................................................................206 

Figure 6-18   Polar plot of prototype 2 with epoxy diffusion layer surface ......208 

Figure 6-19   Prototype 2 solution and error ....................................................209 

Figure 6-20   Pitot-static (Prandtl) tube anemometer [6.3]...............................210 



MEMS Anemometer 

xvi 

Figure 6-21   Differential heating at varying wind velocities for a) North-South 

element pair - b) East-West element pair using Prototype 4 .........212 

Figure 6-22  In laboratory direction testing using Prototype 4 and the small GU 

wind tunnel for a number of air velocities. ...................................213 

Figure 6-23   Field trial setup (top) Commercial weather station TAI8515 (AAG 

electrónica)  (bottom) multi-sensor including prototype 4 wind 

sensor ..........................................................................................215 

Figure 6-24   Temperature record of AAG weather station & prototype 4 .......216 

Figure 6-25   Velocity record (blue) AAG weather station  (magenta) prototype 4

....................................................................................................218 

Figure 6-26   Wind direction comparison between AAG weather station and 

Multisensor..................................................................................220 

Figure 6-27   Raw unfiltered data from a) AAG weather station and b) 

Multisensor..................................................................................221 

Figure 6-28   Die edges chipped during dicing resulting in open circuit 

interconnections...........................................................................224 

Figure 6-29   Poor layer bonding showing separation of layer and electrical 

failure ..........................................................................................225 

Figure 6-30   Image from healthy Motorola fabricated prototype ....................226 

Figure 6-31   Mask misalignment resulting in sensor element overlapping silicon 

substrate ......................................................................................228 

Figure 6-32   Inclinometer response to inclination angle .................................229 

Figure 6-33   Solution for the hot wire based inclinometer (Error in green and on 

RH scale) .....................................................................................230 



Table of Figures 

xvii 

Figure 6-34   Acceleration vector angle as a function of lateral acceleration ...233 

Figure 6-35  Dynamic resolution of lateral acceleration ..................................234 

Figure 6-36   Comparison between measured and actual accelerations ............235 

 





 

1 

 

 

 

 

 

 

 

 

Chapter 1 Introduction 

1.1 Overview 

In many applications mass airflow meters, or hot-wire anemometers, are 

beginning to replace their conventional mechanical predecessors such as the 

rotating cup anemometers and similar mechanical devices.  In these sensors the 

mass of air that is heated as it moves past a hot element is detected downstream 

as an increase in sensor surface temperature.  By eliminating the use of moving 

parts distinct advantages are available in terms of manufacturability, reliability, 

service life and size depending on the application and the manufacturing process 

utilised.  Even with these advantages the cost and complexity of these devices 

are rarely addressed as primary concerns.  Due to their inherent system size and 

complexity, the majority of monitoring applications can absorb factors such as 

cost of a single system component into the host platform with minor inflation of 
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the total system cost.  As low cost distributed sensor networks are becoming 

more prolific this problem has been addressed. [1.1]. 

 

Existing wind speed sensors typically meet two of three possible 

requirements for effective use in mass market applications.  

Sensitivity and accuracy – the sensitivity of existing sensors can in many 

cases exceed the requirements for many consumer applications. 

Mass manufacture – semiconductor fabrication techniques provide means 

for mass manufacturing of devices. 

Cost - The inherent mass manufacturability of the semiconductor 

fabrication processes aids in distributing the processing costs over a large 

number of devices.  For this to be effective sensor size must be minimised to 

yield the maximum possible number of devices per wafer. 

 

Cost reduction has been a strong focus of the work contained in this 

thesis.  Methods of reducing the fabrication cost by simplifying the device 

design result in fewer processing steps, a reduced number of materials and 

smaller devices permitting larger numbers of devices and higher yield rates.  The 

end system cost can also be heavily influenced by the complexity of the 

associated interface circuitry for such sensors.  A highly complex analogue 

interface with high precision instrumentation amplifiers will have an adverse 

impact on an attempt to keep production costs low.  Adjusting the sensor design 

and relaxing specification constraints can be used to simplify interface designs 
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and adapt an otherwise potentially cost prohibitive sensor into a device suitable 

and affordable for mass distribution. 

 

The research conducted here consists of design, modelling, proof of 

concept theoretical and practical models, and low volume production devices 

tying together all the previous design steps into a physically realised sensor.  

Modelling of designs in software such as CoventorWare® allowed rapid 

determination of potential device characteristics and the generation of 

geometries which simplified interpretation of the sensor output signals. This led 

to reduced interface electronics requirements and greater thermal efficiencies 

translating to reduced power consumption and faster response times. 

 

Process compatibility allows for the developed sensors to be integrated 

with existing CMOS technology providing options of embedding the required 

interface electronics on to the same silicon die thus producing a “smart sensor”.  

The MEMS approach provides thermal isolation of the sensing elements from the 

embedded electronics avoiding any affect on the interface electronics from the 

heating of the elements.  Minimal post processing steps continue to ensure low 

cost and high yield rates in the assembly from the fabrication line into the target 

platform available to the end user.  Successful field trials of the sensors in an 

agricultural application have prompted industry collaboration and pre-production 

prototype fabrication in a commercial foundry based at Motorola, USA. 
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The primary focus of this research has been the design of a “hot-wire” 

anemometer suitable for the measurement of airflow in farming environments 

using a large scale distributed sensor network however further evaluation has 

demonstrated a number of extended applications for the device in the field of 

inertial sensing devices. 

 

1.2 Design requirements 

The sensor being developed here was part of a multisensor array being 

developed for a potential commercial application so basic design requirements 

were set up for its development.  These design requirements were to some degree 

flexible depending on what was practically achievable as the final application 

was still in negotiation.  The following requirements were addressed by the 

sensor developed for agricultural monitoring. 

 

• Wind velocity range 0 – 100Km/h (~30m/s) 

• Wind direction angular accuracy 18º or 5% (0º - 360º) 

• Temperature range 0 – 50 degrees Celsius 

• Standard atmospheric pressure (sea level =101.3 kPa) 

• Small size (<102mm) 

• Power minimization (<50mW average) 

• Sampling rate (Discrete sampling once per minute) 

• Packaging for cost effective mass manufacture 
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• Largely CMOS compatible (with intention for active electronics 

integration) 

The proposed solution 

Velocity is given by a vector describing both magnitude and direction 

(typically described in degrees of a polar co-ordinate system).  The magnitude 

and direction will be determined simultaneously but independently. 

 

Convection cooling of a self heating sensor has been demonstrated as a 

successful means of determining fluid velocities [1.2].  The rate of heat loss is 

proportional to the speed of the incident airflow and therefore the fluid velocity 

can be determined from a combination of the power input and/or the temperature 

of the heated element. 

 

The directional operation of this sensor has a number of similarities to 

that of the speed determination.  A self heated sensor is used, but in this case 

non-uniform cooling/heating of the sensor surface is used in the determination of 

the direction of the fluid flow over the surface of the sensor.  Replicating heating 

and sensing elements in two orthogonal directions allows solution of the 

direction of airflow in a given plane. 

 

The final outcome of this research project was to produce a silicon based 

semiconductor fabrication process compatible sensor that may in the future be 

integrated with on chip intelligence, i.e. sufficient electronics to provide all 
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interfacing and communication systems to be able to connect a large array of 

sensors to a central computer, most likely via a radio communications network. 

 

1.3 Literature review 

The field of hot wire anemometers has seen previous development of 

sensors ranging from a single dimension to three dimensional sensor arrays and 

sensors that are capable of concurrently detecting other fluid properties [1.3].  

The simplest of the hot wire anemometers, non-directional, for speed indication 

only without directional information (or for one dimension only) have been 

presented by many authors for sensors capable of gas, liquid, or even blood flow 

or pressure sensing. [1.4], [1.5], [1.6] [1.7][1.8]and are in common use in 

consumer applications such as by most automobile engine manufactures in MAF 

(Mass Air Flow) sensors[1.9].  These sensors are not designed to provide 

directional information and are often sensitive along a single axis only.  These 

sensors may be constructed from a singular filament type heating element 

(Figure 1-1) for which the forced convection cooling of the incident airflow can 

be measured by heat loss alone. 
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Figure 1-1. Single axis non-directional hot wire anemometer [1.10]. 

 

Single dimension sensors typically incorporate both heating and sensing 

elements arranged along a single axis (Figure 1-2) and provide a 

positive/negative indication of the incident airflow.  At this first step of 

directional sensing, two functions are monitored; speed and direction, typically 

sensed by thermal power loss and temperature differentials respectively. 

 

 

Figure 1-2. Image of single axis directional anemometer  [1.11].  

 

Two dimensional sensors typically combine thermal sensors as well as 

heating elements.  Directional information in two dimensions will typically 

indicate a positive or negative direction (potentially proportional to incident 

Axis of sensitivity 
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angle) in both the X and Y horizontal axes.  One such device using a square 

array of heaters and thermocouples  Is shown in Figure 1-3. 

 

Figure 1-3. Heater/sensor arrangement for X & Y directional sensing 

[1.12]. 

 

Three dimensional sensors must incorporate a third element (set) for the Z 

axis and one such example has fabricated the 3 orthogonal sensors with MEMS 3 

dimensional processing techniques using polyimide joints to raise the element 

into the vertical axis. 

 

Figure 1-4   3D hot wire probe based on a  

polyimide v-groove joint [1.13]. 
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A number of two dimensional devices were reviewed with varying 

advantages and disadvantages.  Power consumption has severe disadvantages in 

a number of designs [1.14], [1.15] with power consumptions up to 300mW to 

heat the sensor surface for operation.  Large power requirements of these sensors 

are often accompanied by inefficient response time due to thermal inertia.  This 

slow response was expressed both in a long power up delay and also slow 

reaction to varying incident airflow [1.16],[1.17],[1.18].  One method presented 

here helping to overcome such large power requirements and slow response 

times is thermal isolation of the sensor from the substrate. 

 

Some of the published techniques used to overcome these deficiencies 

introduced other non-desirable attributes to the sensors such as more complex 

fabrication requirements [1.19]. One of the design requirements for the sensors 

developed here is the minimisation of production cost.  In order to achieve this, 

fabrication requirements must be simplified and where possible brought into line 

with standard CMOS fabrication processes for existing mass manufactured 

devices. 

1.4 Conclusions 

The approach taken in this work was to design, construct, test and 

optimise a planar anemometer largely compatible for fabrication within existing 

CMOS  process foundries. 
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This anemometer was to be integrated into a multisensor array 

incorporating other sensors such as light and humidity onto the same silicon die.  

CMOS compatibility was sought to enable the potential inclusion of interface 

circuitry and possibly even computational processing such as a small scale 

microcontroller to be included in the fabrication of the die. 

The operation of the anemometer was decided to use the hot wire 

principle of some arrangement of heating element(s) and sensing elements to 

measure the thermal differential generated across the silicon surface due to 

convection cooling. 

Testing of the device was to be both laboratory and in field environments 

to evaluate both the potential of the device and demonstrate the practical 

operation. 

1.5 Thesis outline 

This thesis comprises four primary sections: 

• An introduction to the theory of the technique and review of the 

current device technologies (Chapters 1 & 2) including methods of 

implementation and an analysis of the chosen sensor design 

(describes a 1D sensor).  The device was modelled through 

simulation and analytical approximation which impacted on the 

device geometry for an active silicon based thermoelectric 

anemometer (Chapter 3). 
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• A 2D sensor is described in Chapter 4 together with the 

semiconductor fabrication process steps and limitations in both 

fabricating and assembling the device for physical use. 

• Electrical stimulation and interfacing requirements Chapter 5 and 

the interpretation of the analogue output signals is outlined. 

• Results of fields trials and commercial foundry fabrication are 

presented in Chapter 6 along with extended applications for the 

device. 

 

In Chapter 2 currently available technologies are reviewed demonstrating 

the contrast between mechanical versus non-mechanical devices together with an 

overview of the device developed and tested during this research.  Substantial 

benefits were observed in replacing the conventional mechanical rotating cup 

anemometer with a non-mechanical solid state device such as those developed 

here.  Interface requirements of some designs require high gain instrumentation 

amplifiers to generate practical signal levels due to low sensitivity [1.20] and 

this additional circuitry also raises the cost of development and ultimately the 

cost to the end consumer.  Relaxing selected functional requirements of the 

device allowed implementation of a thermoresistive hot-wire anemometer with a 

reduced physical size and relatively large signal outputs.  Discrete component 

models were used to demonstrate a large scale approach to the design providing 

a development platform for the generation of the geometry relationship to the 

thermal response and ultimately the numerical solution of airflow direction from 

orthogonal axis sensor pairs. 
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Chapter 3 outlines preliminary work in the development of a 1D sensor.  

The sensor developed is a solid state planar device without moving parts relying 

on thermo/fluidic mechanisms such as heat convection transfer to generate a 

measurable temperature differential across the sensor surface.  The device was 

fabricated using a 1µm Silicon Nitride membrane supported by a silicon wafer 

frame.  Heating and sensing elements consist of two serpentine thermoresistive 

elements arranged as a differential bridge and heated via a constant power or 

constant temperature supply.  This thermal device coupled with the fluidic nature 

of the airflow on the sensor surface makes the analytical solution of the device 

extremely complex and highly prone to error induced by approximations of the 

model.  Finite difference modelling through software packages such as 

CoventorWare® were used to greatly reduce the development time by modelling 

the sensor operation within set boundary conditions. This approach was used to 

verify potential design approaches used in further investigation [1.21][1.22]. 

 

Selectively simplifying the model greatly accelerated development 

without the introduction of significant inaccuracies.  In particular this approach 

was used for verification of device geometry and to simplify the response 

solution to the sensor output for airflow direction. 

 

A 2D sensor is reported in Chapter 4.  CMOS compatible steps were 

developed to provide a sensor platform that can provide host to the interface 

electronics required and so integrated within the same silicon substrate.  This 
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creates the possibility of an integrated ‘smart sensor’.  In this sense “smart” 

refers to the ability of the sensor to operate independently of other controlling 

devices, being responsible for its own stimulation and interfacing and also 

reducing the number of interconnections required and providing an electronic 

output signal which requires very little post processing. 

 

While largely successful in constraining the fabrication steps to those 

already existing on the CMOS foundry line, a number of variations to the 

conventional processes were required to achieve some of the physical 

requirements of the sensors. These include sufficient thermal isolation between 

the sensor elements and the surrounding silicon substrate.  This resulted in 

additional post-processing steps that must be undertaken after the fabrication of 

the active support electronics along side the sensing area. 

 

The additional assembly of the sensor into its carrier and into the larger 

functional platform was considered.  While the sensor is required to interact with 

the physical environment in sensing atmospheric conditions, this same 

environment is typically too aggressive for the survival of exposed 

semiconductor devices.  Typical protection of integrated circuits is achieved by 

use of passivation layers such as Silicon Dioxide.  A similar approach here is 

difficult to be employed as the passivation layer would diminish sensitivity of 

the elements.  For this reason, consideration to packaging of the device is 

paramount to successful implementation and continued operation without 

adversely affecting the sensors characteristics or sensitivities. 
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The electrical interfacing requirements and demand of the sensor on the 

host system are described in Chapter 5 both in terms of the stimulation of the 

sensor for operation, the reading of the sensor output signals, and the 

interpretation of these signals for use by the end user.  To this end the interfacing 

requirements of the sensors required the simplification of interface circuitry and 

translation algorithms providing sufficient accuracy and resolution are 

maintained. 

 

Failure analysis of sensors is of great importance in the development 

process.  This analysis provides an indication of the expected useable lifespan 

and rate of failure under normal operating conditions both in the electrical and 

physical domain. Some of this material was published and alternative methods of 

stimulation are presented with a discussion of the effects on operation and the 

continuing validity of the response [1.23]. 

 

In Chapter 6 the development and proof of the sensor strategy and 

technology achieved through laboratory testing and in-situ field trials was used 

to verify the longer term operation and continued performance requirements of 

the devices[1.24].  The design provided consistent data during operation over 

periods of several months in exposed agricultural environments and has 

repeatedly exceeded its intended lifespan with continuous operation of more than 

1 year. 
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Successful laboratory and field trial based operation has led to the 

processing of several wafers within a commercial fabrication foundry.  The 

findings from these fabrication runs and the comparative analysis of the sensors 

produced have been included in this thesis. 

 

A number of additional applications were explored for the sensor still 

using the effects of the convection heat transfer across the surface membrane. It 

was discovered that the source of the convection flow is influenced by 

mechanisms other than airflow.  One such application is the use of the sensor in 

a sealed enclosure and oriented in the vertical axis.  In this orientation the sensor 

demonstrated successful operation as an inclinometer [1.25], the results of which 

are presented in this thesis. 

 

Chapter 7 brings together a summary of conclusions from the work 

presented and published, along with an analysis of the project conduct and 

progress.  Future research directions and fabrication methods together with 

possible alternative implementations are proposed. 
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Chapter 2 The Proposed Solution 

2.1 Hot wire anemometer theory 

Many current hot wire anemometer sensors are not planar but rather form 

some arrangement of a hot wire filament suspended above a surface or in a pipe 

(Figure 2-1).  Such one-dimensional hot wire anemometers are in common use, 

an example being the mass airflow meters incorporated in the majority of 

electronic fuel injected vehicles [2.1].   In the case of directional anemometers, 

this may be a vertically mounted filament suspended in the middle of an array of 

temperature sensors.  
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Figure 2-1   Typical automotive hot wire anemometer 

 

The manufacture of these sensors typically requires three dimensional 

machining and assembly thus limiting the production speed to the maximum 

throughput of the machining facility. Use of these nonplanar devices presents a 

restriction to airflow and can introduce undesired turbulence and pressure 

differentials. 

Planar sensors allow two dimension fabrication techniques to be used.  

Planar fabrication methods are significantly more adaptive to mass manufacture 

such as the semiconductor fabrication processes.  Other advantages of producing 

the sensor on silicon are the potential for inclusion of active electronics on the 

same physical substrate.  This addition of on-chip circuitry reduces 

interconnections and therefore greatly simplifies the packaging of the sensors. 

This reduced manufacturing requirement can reduce cost and increase production 

quantities.  The issue of flow restriction has also been partially addressed with 

the planar device. While some interaction with the incident airflow is necessary, 

apart from the enclosure (potentially similar to the suspended hot wire 

anemometer), no restriction to the airflow is made and only a minute localised 

heating of the incident airflow is introduced.  This may be considered of 
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significant interest in the automotive industry however this could only 

potentially become cost competitive once mass application and use is realised to 

compete against the volume of currently used Mass Airflow meters typically 

produced by third party manufacturers. 

While the design of the sensing device has been modified to a planar 

device the mechanisms of operation remain governed by the heat transport 

equations.  The fundamental principle of a hot wire wind speed and direction 

sensor lies in the transport of heat.  The loss of heat from a heated element (ie. 

above ambient temperature) can result from convection (ie. fluid movement), 

radiation (ie. electromagnetic radiation to the surroundings) and thermal 

conduction.  These three effects are described mathematically by the heat 

transport equations. 

Heat transport equations 

All thermal devices are governed by the laws of thermodynamics.  The 

first law of thermodynamics [2.2] is a statement of the conservation of energy, 

 

SEo – SEi + SEs = 0 

(2-1) 

  The total energy leaving a body, Eo, minus the sum of energy entering a 

body, Ei, (including internal heat generation) and the energy stored in that body, 

Es must equal zero.  That is to say that in a steady state condition where ∆Es = 0, 

the power loss from a body must be equal to the power input to that body. 
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For the device developed here, heat generation from the heating elements 

is the only heat input considered. Heat transfer out from the system is from the 

material surfaces.  As the device is operating in a steady state condition the 

change in energy stored in the system is considered zero. 

 

The three heat transport mechanisms that govern heat transfer through, 

into and out of the material are conduction, convection and radiation.  

Convection heat transfer was the essential mode of heat transfer to enable 

operation of this device and was required to be a significant if not the dominant 

mode of heat transfer.  Conduction and radiation heat transfer would not aid 

operation of the device but rather reduce the sensitivity by introducing 

unnecessary thermal bias and heat loss from the sensing elements.  Conduction 

and radiation losses therefore needed to be minimized to reduce wasted energy 

and achieve low power operation. 

 

The three heat transport mechanisms are governed by three different 

equations and their relevance to this device are discussed in this section. 

Conduction 

The Fourier Law of Conduction in a single spatial dimension was 

originally determined from experimental observation and can be written as 

 

dx
dTkAq xx −=  

(2-2) 
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where 
 qx = power transfer along the x axis 
 k   = thermal conductivity of the material 
 Ax  = Cross sectional area normal to the x axis 

 
dx
dT   = Temperature gradient along the x axis 

 

  A negative power transfer must be denoted to satisfy the observation 

that heat transfer will always occur in the direction from higher to lower 

temperatures. 

For models in which power transfer is a function of both time and one 

spatial dimension (x) the Fourier law of conduction may be written as 

 

x
TkAdq xx ∂

∂
−= , 

(2-3) 

where qx and T are functions of time. 

For multi-dimensional heat transfer models (eg. A cube of dimensions dx 

x dy x dz see Figure 2-2) this equation must be written for all dimensions of 

which q is a function giving 

 

y
TkAdq yy ∂

∂
−= , and 

(2-4) 

z
TkAdq zz ∂

∂
−=  

(2-5) 

for the y and z dimensions respectively, where 
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Ax = dy dz  

Ay = dx dz  

Az  = dx dy  

for a rectangular differential volume within a solid. 

 

 

Figure 2-2   Differential volume of  dV = dx dy dz  

with heat transfer components of dqx, dqy and dqz. 

 

Expanding the definition of this differential volume with consideration to 

the conservation of energy equation (2-1), the general diffusion equation can be 

written [2.3] 

 

dt
dUdz

z
dqdy

y
dq

dx
x

dq
dVq zyx +

∂
∂

+
∂

∂
+

∂
∂

=
)()()(

&  

(2-6) 

where 
 q&   = energy generation/unit volume, 
 dV  = differential volume ( dzdydx ×× ), 

dq

dqz+d

dx

dy

dz

dq

dq

dqx+d

dqy+d
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 zyxdq ,,  = heat flux into faces x, y, and z, and 

 
dt

dU  = the rate of energy storage in the material. 

 

Applying the Fourier Law of Conduction for each of xdq , ydq  and zdq , 

the diffusion equation becomes  

 

dt
dU

k
qT

α
12 =+∇

&
 

(2-7) 

where 
 α = heat capacity 

 

and under a steady state condition, where 0=
dt

dU , the equation becomes 

 

Tkq 2∇−=&  

(2-8) 

This is the Fourier Law of Conduction stated in three spatial dimensions. 

 

Depending on the symmetry in the structure the multi dimensional 

diffusion equation can be simplified to an approximation of either a cylindrical 

heat transfer problem (Figure 2-3a) or a hemispherical model assuming isotropic 

diffusion from a hemispherical source (Figure 2-3b). 
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 a) b) 

Figure 2-3  Model geometry approximations   a) cylindrical diffusion,  

b) hemispherical diffusion 

 

Both models allow some simplification of the conduction equation and 

may be sufficient for analytical approximations of considerably more complex 

spatial geometries.  The cylindrical model of Figure 2-3a can be described with 

the thermal conduction equation of  

 

( )21

1

2ln

2 TT

r
r
Lkq r −









=

π
 

(2-9) 

where 
 qr is heat transfer between internal and external surfaces 
 L is cylinder height 
 k is thermal conductivity 
 r1 is internal radius 
 r2 is external radius 
 T1 is internal surface temperature (surface 1) 
 T2 is external surface temperature (surface 2) 
 (see Figure 2-3a) 
 

and the hemispherical model of Figure 2-3b can be described with the equation 

r1 

r2 

L 

r2 r1 
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( )21
12

214 TT
rr
krrq r −

−
=

π
 

(2-10) 

where 
 qr is heat transfer between internal and external surfaces 
 k is thermal conductivity 
 r1 is internal radius 
 r2 is external radius 
 T1 is internal surface temperature (surface 1) 
 T2 is external surface temperature (surface 2) 
 (see Figure 2-3b) 
 

as described by Thomas [2.4]   

As conduction heat transfer is a linear function of temperature as given by 

the diffusion equation (2-8) the temperature and power relationship would be 

directly proportional to the thermal resistance or 

 

RPT α  

(2-11) 

where 
 T is temperature 
 R is thermal resistance 
 P is thermal power transfer 
 

As the conduction heat transfer is through the silicon substrate, a strategy 

for the minimisation of conduction heat transfer was necessary to maximise the 

sensitivity of the sensing elements.   
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Convection  

The convection heat transfer from a surface into a fluid (moving or static) 

is given by Newton’s Law of Convection Cooling.  Consider a flat plane of area 

AS at a temperature TS in a fluid of temperature TF.  The heat loss q, at thermal 

equilibrium is given by: 

 

( )SFS TThAq −=  

(2-12) 

where 
 q = power transfer to or from the surface in Watts (W) 
 h = convection cooling coefficient (governed by surface  

   properties and natural/forced convection) (W.m-1.k-1) 
 AS =  Surface area exposed to the fluid (m2) 
 TF = Temperature of the fluid (ºC) 
 TS = Temperature of the surface(ºC) 

 

The convection cooling coefficient is used to simplify the equation as the 

heat transfer rate is a function of material properties, fluid used, flow efficiency, 

etc.  Of these the flow efficiency is a function of surface geometry, flow velocity 

and fluid viscosity.  Distinction between static and moving fluids is made by 

variation of the convection cooling coefficient as the variation of heat flow 

cannot be determined simply by fluid velocity for all fluids.  This makes h a 

complex variable and it is usually accepted as a coefficient with published ranges 

for given materials or structure profile under preset conditions of fluids and flow 

rates. Examples of ranges (within an order of magnitude) for thermal convection 

coefficients for some homogeneous fluids over a plane surface are available in 

the reference material such as Rohsenow and Choi [2.5]. 
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Convective heat transfer for the planar anemometer was modelled through 

a single plane only and therefore the dimensionless equation (2-12) is sufficient 

for this case.  The linear form of this equation suggested that this component of 

the total heat loss from the device is linearly proportional to the operating 

temperature.  As both conduction and convection have been shown as linear the 

power loss from the device will be a linear function of temperature if these are 

the dominant modes of heat transfer. 

Radiation 

The third mode of heat transfer is radiation in the form of electromagnetic 

(principally Infra Red) emission of heat from all surfaces. This is governed by 

Stefan Boltzmann’s Law of black body radiation which is defined as 

 
E = ε σ Ts4 

(2-13) 

where  
 E = Emitter (radiated) power loss (W) 

 ε = emissivity ratio of the surface (ε < 1) 

 σ = Stefan-Boltzmann’s constant = 5.670x10-8 W/(m2K4) 
 Ts = Surface temperature (K) 
 
 

Being a forth power relationship to temperature, the radiation heat 

transfer increases rapidly with temperature.  This would considerably complicate 

the temperature versus power response of the device by adding a thermal loss 

that could potentially dominate and practically reduce the sensitivity of the 

device to an inoperable level.  To avoid this potential hazard the operating 
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temperature of the device must be kept below the region where radiation heat 

transfer is considered a significant mode of heat loss.  Provided all temperatures 

are kept below this region, Black body radiation could be considered negligible 

and the heat loss from the device modeled by conduction and convection alone 

resulting in a linear power to temperature relationship.   

Total Heat Loss 

The chip carrier, having both a greater thermal mass and lower thermal 

resistance to the ambient environment, can be approximated as a temperature 

boundary condition at the interface between the chip and the carrier. This 

removes all calculation of power transfer through the complex geometries of the 

carrier and connecting legs. 

With boundary conditions and model approximations such as this, the 

device analysis is greatly simplified.  As the three transfer mechanisms above are 

sumative to the total heat transfer, and if radiation transfer is kept small enough 

to be considered negligible, the remaining conduction and convection will 

provide a heat loss linearly proportional to temperature.  Considering a system in 

thermal equilibrium where ∆Ss=0 the conservation of energy equation of (2-1) 

becomes 

 

( ) ixFSS Edz
dTkATThA Σ=+−  

(2-14) 
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This shows a linear dependence of the system temperature on the input 

power Ei being the joule heating of the resistive elements equal to P=i2R or 

P= R
V 2  as discussed further in Chapter 5. 

 

2.2 Test Structure 

In order to determine the response of the wind speed and direction 

sensors, a small wind tunnel was constructed (see Figure 2-4) which would 

provide consistency in the measurement of each sensor being evaluated. 

Wind tunnel construction 

The body of the tunnel was constructed from a length of 100mm diameter 

acrylic pipe. An electric fan from a leaf blower was fitted to the outlet end to 

provide airflow by drawing the air through the tunnel, and a turbine anemometer 

was fitted to the inlet end to measure the airflow into the tunnel.  The sensor was 

mounted in the centre of the pipe on a computer controlled rotating stage to 

simulate the varying direction of the incident wind. 
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Figure 2-4   Wind tunnel with computer for control of interface, driver and 

logging system (silver box beneath platform) 

 

The draw through system approach was taken to minimize turbulence of 

the air into and through the tunnel as the output from the leaf blower (a 

centrifugal fan), is extremely turbulent and would require a significant array of 

guide vanes to return the airflow to laminar.  Using the draw through approach 

with a bell mouth inducer, the air at the inlet to the tunnel is progressively 

accelerated and remains laminar as it enters the wind tunnel.  This was 

confirmed experimentally with smoke trails.  Swirl created by the inducer of the 

leaf blower was minimised by a diffuser grill placed between the rear end of the 

wind tunnel and the inducer of the leaf blower.  To numerically determine if the 

airflow in the tunnel should remain laminar or become turbulent the Reynolds 

number (Re) of the system was evaluated to determine the distance to the fully 

developed flow region. 

The Reynolds number is the ratio of the inertial forces to the viscous 

forces of the fluid and defines numerical values for which flow can be 
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considered laminar, transitional or turbulent.  Even if the airflow into the tunnel 

is initially laminar, as the air passes through the tunnel, inertial forces may be 

too great to be damped by the viscosity of the fluid and lead to a turbulent flow 

such as eddies further down the tunnel.  To calculate the Reynolds number the 

factors needing consideration are primarily pipe diameter or characteristic length 

from the leading edge of the plane (D), fluid viscosity (µ), fluid velocity (ν) and 

fluid density (ρ), leading to the equation  

 

µ
ρυ DR e =  

(2-15) 

Arguable omissions in the variables considered in calculating this value 

are pipe length and pressure gradient.  Pipe length is not included as the 

Reynolds number is considering the flow in the fully developed region of the 

fluid after the entrance region of the pipe therefore stipulating the pipe must be 

longer than this entrance region.  Pressure gradient may be omitted due to the 

inclusion of velocity although it can be suggested that the pressure gradient 

should be substituted in place of velocity as the pressure gradient is typically the 

stimulus applied with the resulting parameter being velocity. [2.6] 

 

Commonly accepted Reynolds numbers (Re) for the varying flow states 

within pipe flow are defined as  

Laminar flow – Re < 2000 

Transitional flow –Re = 2300 (critical Reynolds number) 
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Turbulent flow – Re > 3000 

 

For flat plate boundary layers before boundary layer separation, ie. 

distance from leading edge, the critical Reynolds number is given as 105. [2.7]* 

 

The following parameter constants were used for the system. 

Air viscosity – µ = 1.837x10-5 kg/m-s (@ 20ºC) 

Air density – ρ = 1.205 kg / m3 (@ 20ºC) 

Pipe diameter – D = 0.1 m 

 

Airflow velocity was tested in the range of 0 – 40m/s.  It can be seen from 

the Reynolds equation (2-15) that the Reynolds number will be highest at higher 

airflow velocities.  Due to this only the highest potential airflow velocity need be 

considered to determine if the airflow will be laminar or turbulent.  From the 

above parameters the Reynolds number is calculated as 2.62x105, defining a 

turbulent airflow through a continuous pipe (ie. in the fully developed flow after 

the entrance region) and turbulent flow at the characteristic distance from the 

leading edge of a surface.  The introduction of the test platform further increases 

                                                 

* The Critical Reynolds number defining the transition region from laminar to turbulent 

flow depends on many factors such as the surface finish and the free stream turbulence prior to 

the plate or pipe being examined. For flat plate analysis Holman [2.8] gave a commonly 

accepted Reynolds number of 5x105 with an observed range of 1x105 to 2x106.  The lower 

(safer) end of this range has been used here. 
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the airflow velocity but also decreases the effective pipe diameter and the 

distance travelled. 

Mounting of the sensor device posed both a difficulty and an opportunity.  

The sensor is a surface device needing to be mounted in a concave walled tunnel.  

To achieve this, a mounting platform was used. 

Rotating platform 

The rotating stage was machined from delrin (plastic).  The shape of the 

platform was machined to promote laminar flow above its surface and therefore 

over the sensor surface.  The cross sectional profile of this platform is shown in 

Figure 2-5.  This profile must be symmetrically rotated around the vertical axis 

to ensure that incident airflow across the sensor surface will be uniform 

irrespective of incident angle.  An increase in airflow speed over the sensor 

surface was caused due to the platform’s obstruction of the tunnel.   

At these low speeds the mach number of the flow is less than 0.1 defining 

the airflow as non-compressible, (1 being considered critical where airflow must 

be considered compressible).  This means that the air velocity can be considered 

to increase without temperature or density increase as the cross sectional area of 

the tunnel varies around the sensor platform.  As the total volume of air had not 

decreased (calibration of the intake airflow rate at the entrance of the tunnel was 

measured with the rotating stage in place) the new value for the airflow velocity 

through the section of the tunnel with the sensor platform can be sufficiently 

approximated by the ratio of entry area of the tunnel to the new free cross 

sectional area of the tunnel as shown in Figure 2-5. 
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Figure 2-5  Airflow velocity correction due to platform obstruction, wind 

tunnel viewed into from end toward sensor platform. 

 

Area(entry) = π r2 = 7.854x10-3 m2 

Area(platform) = h1w1 + h2w2 = 1.7x10-3 m2 

Area(free) = 6.154x10-3 m2 

New airspeed = 127.5% of tunnel entry airspeed. 

 

The modified geometry of the test area within the tunnel mandates 

recalculating the Reynolds number for the tunnel around the test platform. 

As the low mach number defined a purely subsonic flow and therefore 

incompressible airflow the fluid properties of viscosity and density remain 

unchanged from the previous calculation for the unobstructed tunnel.  The new 

parameters used are 

Wind tunnel wall

h1 

w1

w2

h2 

r 

Sensor platform
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Distance from leading edge – 32.5mm 

Airflow velocity range – 0-40m/s 

 

This mounting platform when profiled correctly with tapering edges 

provide a venturi effect on the airflow through the wind tunnel effectively 

decreasing the available area for flow and increasing the airflow velocity.  More 

importantly however this platform brought the sensor device closer to the leading 

edge in the airflow giving a new Reynolds number describing the flow.  With a 

rotating platform diameter of 65mm the distance from the leading edge of the 

platform to the sensing area is reduced to 32.5mm giving a new Reynolds 

number of 8.5x104 defining laminar flow over the test platform at this maximum 

velocity.  This was confirmed experimentally with smoke trails. 

Speed calibration meter (turbine anemometer) 

The wind feed was measured at the entry by a turbine anemometer unit 

(Lutron AM-4201) capable of reading air speed of in the range 0.4 to 30 m/s with 

an resolution of  0.1 m/sec and accuracy of ± 2%.  The turbine anemometer was 

only used on the wind tunnel to calibrate the speed of the airflow against the 

PWM controller.  Once this was set, the controllers calibration was periodically 

checked however the system was generally run in an open loop configuration to 

minimise turbulence introduced by any obstacles such as the anemometer’s 

turbine in the incident airflow. 
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Wind tunnel controller 

The wind velocity was changed by a pulse width modulation controller 

that was incorporated into the logging system. The logging system was designed 

and built specifically for this research and consisted of a PIC microcontroller 

(16F876) by Arizona Microchip with 5 inbuilt 10-bit ADC channels. To limit the 

introduction of error from external circuitry, 16-bit I2C ADCs were also 

included in the logging system.  The wind tunnel controller was mounted in a die 

cast aluminium enclosure and fixed to the wind tunnel base plate.   

Blower controller 

The electronic controller for the blower consisted of an IGBT (Isolated 

Gate Bipolar Transistor) on the output stage of a PWM (Pulse Width 

Modulation) amplifier.  This BJT (Bipolar Junction Transistor) variant allows for 

high collector-emitter voltages without breakdown or coupling of the collector 

voltage into the base therefore making them suitable for controlling high 

voltages as seen in this controller.  Being based on a BJT this component will be 

of no practical use in the reverse active mode and hence can only effectively 

control current in a single direction.  

The motor used on the fan was a non-synchronous AC motor.  This means 

that phase shape of the AC waveform is not important. As a non-synchronous 

motor, control of the motor speed can be simplified if the AC signal is rectified 

before the motor.  This results in double the frequency to the motor but current 

flow in only a single direction and now capable of being controlled by the IGBT 

rather than needing a thyristor such as a Triac or dual SCRs (Silicon Controlled 
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Rectifier). This was used to switch the rectified AC supply for the blower motor.  

Thyristor control of the AC waveform would require zero level detection of the 

AC supply to synchronise the switching of the thyristors where as the IGBT and 

a rectified supply could be switched asynchronously and at a much higher than 

line frequency.  This mode of speed control allowed greater starting and low 

speed torque and therefore more consistent and reliable operation at low speeds. 

To achieve a stable average current for the switched output, the frequency 

of the switching signal into the IGBT must be much greater than that of the AC 

line frequency so that the average current and therefore speed of the motor will 

not be significantly influenced and ‘beat’ at the resulting frequency of the 

mixing of the AC waveform and the switching frequency.  Having a rectified AC 

waveform means that this controller is only suitable for non-synchronous motors.  

The interaction between the controller and the PWM driver was direct drive from 

the output of the microcontroller port.  The microcontroller used a timer 

overflow and timer preset to control the set and total PWM periods. 

Rotating platform controller 

The drive electronics for the rotating stage consisted of an “H-bridge” 

arrangement of BJTs to control a uni-polar 4 phase 6 wire stepper motor.  This 

stepper motor was coupled for direct drive of the rotating sensor platform.  The 

stepper motor resolution was 200 steps/rotation or 1.8º +/-5% therefore also 

giving the test angle a resolution of 1.8º in full step mode. 

Three modes of stepping were possible:  full stepping, half stepping and 

microstepping. 
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Full stepping consists of only 1 phase of the stepper motor being 

energised at any point in time giving a rotation angle equal to that of the pole 

angle of the rotor. 

Half stepping alternates between a single phase and two phases being 

energised.  This mode results in the stepper motor only taking half size steps, ie. 

the rotor rotates only half the angle of the rotor poles each pulse sequence.  This 

gives a resolution of 400 half steps/revolution or 0.9º per half step and also gave 

the advantage of greater stepping torque as the field strength between rotor and 

stator is maintained permanently rather than the torque reducing to the detent 

torque of the motor while the stator phases are not energised. 

Microstepping requires PWM of the phases.  Similar in concept to half 

stepping, microstepping rotates the rotor only part of the angle between poles of 

the stator.  The PWM resolution used determined the effective step angle and 40 

microsteps between each pole angle was consistently achieved with the stepper 

motor used.  The resulting angular resolution of the stepper motor in this modes 

was 0.045º of rotation giving 8000 effective positions / rotation. 

The required resolution of the sensor was better than 5º.  This suggested 

that full stepping of the rotating platform (1.8º/step) would be accurate enough 

but as the platform was being directly driven by the stepper motor without any 

gearing, half stepping was used to increase the available stepping torque and 

therefore increase the reliability of the test system by decreasing the possibility 

of mis-stepping due to potential overloading of the motor.  This also gave a 

smoother step movement with finer resolution (0.9º/step) and less vibration in 

the system. 
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PC interface and logging 

The hardware interface between the logging system and the PC was a 

serial communications link (RS-232 compliant) running at 115.2kbps. The PC 

software interface to the wind tunnel logging system was written in Microsoft 

Visual Basic 6.0.   

Data output was both to the screen in the form of a GUI (Graphical User 

Interface) indicating all measured parameters of the sensors being measured and 

the testing being conducted, and as an output file.  The output file was a comma-

delimited file that could be conveniently imported into mathematical or graphical 

applications such as Matlab, Sigmaplot or MS Excel. 

Control automation and sequencing 

The PC interface software hosted on a number of defined test sequences 

to enable fully automated testing of the various parameters of the sensors.  A full 

test sequence consisted of rotating the sensor through 0º to 90º for a fixed wind 

speed then incrementing the wind speed by a predetermined amount and 

resampling for the range of 0º to 360º for the incident air flow.  This could be 

conducted for wind velocities from 0 through to >30m/s. 

 A full rotational sweep was conducted even for an airflow velocity 

of 0m/s to ensure that the sensors and their associated circuitry were stable and 

unaffected by the test rig.  This 0m/s velocity angular sweep was also used for 

determining the zero point offset of the arctan directional solution of equation 

(2-19) presented later in this chapter. 
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Figure 2-6   Control software written for miniature wind tunnel control and 

data collection 

 

The software developed for the wind tunnel logged the individual 

analogue outputs from the multisensor device.  Device testing was automated by 

programming the start and final velocities of the test sequence.  At each velocity 

a directional sweep from 0º – 360º was implemented taking a specified number 

of measurements at each angle to allow averaging of the data.  This reduced 

noise, improved the resolution, and showed an improvement of the statistical 

reproducibility of results. 

The software evolved giving different levels of functionality depending 

on the purpose of the testing being conducted.  For example:  the interface shown 

in Figure 2-6 was the most elementary version of the interface allowing 

collection of the raw data and storage in a text file for post analysis of 

unmodified data.  Other versions of the software conducted real time analysis of 

the data to generate temperature, velocity and direction of the airflow across the 
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device surface.  The real time solution and analysis was presented in graphical 

form as a presentation tool for the demonstration of the operation of the sensor 

platform to commercially interested parties. 

In this demonstration software the results of the solutions for temperature 

& velocity were displayed on a bar graphs indicating current values.  Direction 

was graphed as a vector on a polar coordinate graph with an associated error 

segment showing the running averaged result for direction and the limit of the 

values contributing to the running average. 

 

2.3 Prototype 1 

A feasibility study and a proof of concept design prototype was 

developed.  The proof of concept sensor was created to conceptually demonstrate 

the suggested operation of the sensor in terms of operating principle in the 

thermal domain, electrical interface and mathematically determined dimensions. 

The proof of concept design used off the shelf through hole components 

utilising thermistors as the sensing array elements and a low voltage 

incandescent light bulb as a central heating source mounted on FR4 laminated 

fibreglass Printed Circuit Board. (PCB).  Two versions of this proof device were 

constructed, prototype 1 shown in (Figure 2-7) as a concept visualisation only 

device and prototype 2 discussed further in section 2.4 as an operational proof of 

concept device. 

 



MEMS Anemometer 

44 

 

Figure 2-7   Prototype 1 with central incandescent light bulb (heater), four 

sensing thermistors (green), one ambient temperature thermistor and 

biasing resistors.  Hole spacing of PCB = 0.1” 

 

The conceptual visualisation model of prototype 1 was not intended as an 

operational unit but rather proved a clear and easier visualised conceptual 

example of the operating principle of the proposed design. 

In a test of the device, the data recorded showed the characteristic 

electrical outputs expected from a fully operational device with temperature 

differentials of the thermistors depending on airflow direction.  Closer 

examination and further testing of the device showed that even such a relatively 

simple mock up of the sensor worked to a limited extent with characteristic 

temperature differential curves shapes as seen in Figure 2-8.  This sine3 and 

cosine3 approximation is seen due to the narrow cross section of the thermistors 

used resulting in the temperature differential decreasing very rapidly when 
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airflow direction is not directly aligned with the axis of the opposing thermistor 

elements. 

Power consumption, resolution and accuracy were not acceptable by the 

requirements of the project, but this design may be suitable for less power 

critical applications. 
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Figure 2-8   Predicted Sine^3, Cosine^3 responses. 

 

Sensing elements on the through hole version of the sensor used 

commercially available NTC (Negative Temperature Coefficient) thermistors, 

(DSE part number R1895).  These thermistors were rated at 100kOhms +/- 5% at 

25ºC with a temperature coefficient of resistance of 4400ppm. 

Thermistor data (extract) 

NTC Thermistor, Epoxy Coated, with Wire Leads 

Zero Power Resistance = 100kOhms @ 25º C 

B-Constant = 4400K 
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Max Permissible Current = 10mA 

Thermal Time Constant = 24 Sec. 

Operating Temperature Range = -30º to +125º C 

 

The sensing elements are arranged in a ‘bridge’ configuration (Figure 

2-9).  This configuration provided a differential signal between the upper and 

lower elements in the bridge which were physically located on directly opposing 

sides of the sensor surface.  Each electrical arm was placed on the same axis 

either X and Y or North / South and East / West.  This allowed for the 

measurement of positive or negative differential heating of the opposing sensor 

elements. 

 

  

Figure 2-9   Bridge configuration of sensor elements as seen in Figure 2-7. 

 

The heating element was an incandescent filament bulb.  This bulb 

although generally designed and used for the purpose of providing a light source 

also produces significant heat.  The heat from this bulb was sufficient to generate 

the required heat plume providing the necessary temperature differential for the 

operation of the directional sensing elements. 
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The response speed of the filament bulb to cooling via convection heat 

transfer was relatively slow and insensitive.  For this reason the use of the 

filament bulb was only suitable for the direction measurement and not for the air 

speed measurements. 

 

2.4 Prototype 2 

Surface mount PCB sensor 

Prototype 2 was designed and built to demonstrate the thermal operation 

and potential of the mathematical direction solution.  This allowed determination 

of the direction independent of airflow speed by using both differential signals 

without a known maximum output via simulation solution of the sensor outputs. 

The design of prototype 2 consisted of a central heating element with 

surrounding temperature sensing elements.  The central heating element was a 

low resistance thermistor.  A standard resistive element could have been used 

here as the heat source for the directional sensing capabilities of the sensor, 

however, as speed is also being measured in this system, the heat loss from the 

central heating element must be measurable.  This is achieved by monitoring the 

temperature of the central heating element along with the amount of power input 

into this element.  For very low wind velocities the majority of power loss from 

this element is attributed to the natural convection cooling of the element.  As 

the wind velocity increases, the convection cooling coefficient of the element 

increases and results in a greater loss of power from this element and therefore a 
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lower temperature for a given input power.  Resistance is inversely proportional 

to temperature and was used to monitor the temperature of each of the elements.  

Several electrical arrangements could be used to power the central heating 

element.  The comparison of these heating arrangements and the work done has 

been published [2.9] and is presented in Chapter 5. 

 

The operational demonstration model (Figure 2-10) displayed different 

responses depending on the surface finish of the sensor.  With the sensing 

elements directly exposed to the ambient environment, the sensor displayed a 

similar sine3 response (Figure 2-8) to the conceptual model. 

The sine3 response of Figure 2-8 was due to the central heating element 

having an insufficient coincident area with the temperature sensors for any given 

wind direction.  The thermal coupling angle between the heater and the sensors 

was increased by the addition of an epoxy coating.  This coating reduced the 

selectivity of the thermal coupling between the heater and sensing elements and 

widened the directional response curve to more closely follow the anticipated 

sine/cosine relationships of Figure 2-11. 

The negative trade off of this epoxy coating was the reduced sensitivity 

and longer response time of the heating element to convection cooling. 
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Figure 2-10   Prototype 2 photo. Pin spacing of 0.1” giving a total length of 

approximately 1” by 0.4” 

 

Figure 2-10 shows prototype 2.  This sensor consists of a FR4 PCB with 

entirely surface mount components.  On the top surface of the sensor (top right), 

the sensing elements are high resistance NTC thermistors (Tyco LT73 3000 1k0J 

TG) and the central heating element is a low resistance NTC thermistor (Murata 

NCP15XQ102J04RC).  The underside of the sensor contains the interface 

electronics comprising 4 differential amplifiers and their associated passive 

components.  This sensor is a stand alone device requiring only a 5V power 

supply and reporting three analogue outputs of 1 channel of wind speed and 2 

channels for wind direction.  Determining wind direction from these two 

analogue outputs is done by their simultaneous solution and is presented further 

in Section 2.8 and Chapter 6. 
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Figure 2-11   Predicted Sine & Cosine responses 

 

2.5 Prototype 3 

Prototype 3 was a silicon based sensor with central heating element and 

peripheral sensing elements similar in geometry layout to Prototype 2.  This 

prototype consisted of a central heating element surrounded by thermoresistors.  

These thermoresistors were used to measure the temperature differential 

generated across the sensor surface.  The first variant of this prototype used a 

cental heating element and only a single directional pair of sensing elements 

(Figure 2-12).  This allowed direction sensing only along a single axis, ie. 

Positive or negative direction only. 
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Figure 2-12   Prototype 3, variant 1: Single axis silicon based prototype 

 

The second variant of this device comprised a central heating element 

with eight surrounding sensing elements (Figure 2-13).  This allowed sensing in 

4 directions in the plane.  While the previous prototypes had proven the ability to 

solve for direction with only two sensing pairs, the additional 2 pairs were 

included to evaluate the angular response of the silicon based sensor more 

accurately compared to the first iteration where processing and fabrication of 

these devices was more costly in both resources and time.  Once the angular 

resolution of the silicon based prototype was understood an alternative design 

was fabricated with confidence. 
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Figure 2-13   Prototype 3, variant 2: silicon based with central heating 

element 

 

This prototype was intended more as a process development stage than a 

fully functional device.  As such, focus was directed toward verifying the 

foundry processes and directional response profiles rather than sensitivity.  

Thermal insulation (further discussed in Section 2.7) was required to reduce 

thermal conduction between the sensor elements and the silicon substrate. 

 

2.6 Prototype 4 

Prototype 4 was designed without a central heating element (see Figure 

2-14).  The resulting sensor consisted of four elements that were used for both 

heating and sensing operations.  
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While the sensing operation of this device relies on the detection and 

measurement of a thermal plume over the sensor surface, whether this thermal 

profile is generated by a single heater or multiple heating elements was not 

specifically important.  To this end the sensor was simplified by the elimination 

of the central heating element.  The central heating element had no direct 

purpose other than as the heat source for the sensor.  The heater’s function was 

accomplished by supplying sufficient power to the sensing elements so that their 

temperature was raised to produce the required heating for the device.  

Monitoring of the sensing element temperatures was still possible as their 

temperature, even though raised by the self heating, was still a function of the 

incident airflow over the sensor surface.  This method of heating the device was 

proven successful and was the design adopted in the final version of the sensor. 

 

 

Figure 2-14   Prototype 4: Silicon based prototype with bridge elements only 
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The substrate material used for prototypes 3 & 4 was silicon.  The type of 

silicon used for the substrate was not of significant importance at this stage as 

this was being used only for the foundation material and no active electronics 

were implanted in this layer during the initial development of these devices. 

Variations of the design had tracks on the sensor surface fabricated from 

Aluminium, Nichrome, Platinum or Nickel.  The metals were chosen for the 

following reasons. 

• Aluminium: Ease of deposition (evaporative) and wet chemical 

etching.  This was the easiest metal to work with during the 

development of the sensor.  Resistivity of Aluminium is relatively 

low 2.83µΩ.cm however having an acceptable temperature 

coefficient of resistance ~3600ppm made this material a 

consideration. 

• Nichrome’s greatest asset was a relatively high resistivity, 

101µΩ.cm. however the TCR of this material ~1700ppm meant it 

was not the optimum choice in consideration of sensitivity. 

• Platinum was also considered for the track material with a high 

resistivity of 10.6µΩ.cm and acceptable TCR of ~3900ppm, 

however patterning of platinum proved significantly more difficult 

than the other materials and resulted in very low yields from the 

fabrication runs. 

• Nickel was the final material of choice for the tracks.  A good 

resistivity of 6.84µΩ.cm and a high TCR of ~6900ppm.  This 

metal was acceptable from almost all aspects of the project. 
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Having good electrical properties and sufficient inertness to resist 

oxidation and degradation due to the environmental exposure.  

Nickel however does not have fabrication line compatibility with 

the standard CMOS process as it is not a standard material of use 

in these lines.  While initially a deciding factor, further 

investigation determined that the sensor fabrication would likely 

be conducted as a pre or post processing step to the active 

electronics and was suitably inert as to not contaminate the active 

electronics. 

 

2.7 Substrate conducted thermal losses 

The silicon substrate of prototypes 3 and 4 had a very high thermal 

conductivity.  This high thermal conductivity caused three problems for the 

operation of the device.  

1) The thermal coupling between the elements meant that significant heat 

was transferred through the substrate from the heater to the sensor elements.  

This significantly reduced the affect of the convection heat transfer due to the 

incident airflow, the primary mode of operation of this device.  This severely 

reduced the directional sensitivity of the device.   

2)  Excessive heat loss through the substrate and into the chip carrier in 

which the die was mounted.  This heat loss into the carrier greatly increased the 

amount of energy required for operation of the sensor.  
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3) Increased thermal inertia resulting in an unacceptably slow response 

speed of the sensor.   

 

All three of these difficulties had to be overcome for this sensor to be 

practical. 

Thermal insulation 

Thermal insulation was the first method to be trialled in the attempt to 

reduced the thermal conduction path through the substrate of the sensor.  In  2D 

computer modelling of the sensor using Coventorware [2.10], it was found that 

with a sufficiently thick layer of thermal insulation the temperature profile of the 

sensor surface would be primarily associated with the heat plume generated by 

the heating element and the temperature profile within the insulation layer would 

also take on this directional characteristic (Figure 2-15).  This supports the 

results seen from prototype 2 where the fibreglass substrate demonstrated 

relatively low thermal conduction between the active elements. 

 

 

Figure 2-15  Thermal insulation example.  (Colour scale: blue = 300K to red 

=380K) 
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If the insulating layer between the substrate and the sensor elements was 

not sufficiently thick or was of too low thermal resistivity, then heat conduction 

through this layer and into the silicon became the primarily mode of heat 

transport between the sensor elements (Figure 2-16).  This meant that the 

temperature gradient across the sensor surface was severely attenuated and 

became conditional on the thermal conduction in the substrate with little 

influence from the convection cooling of the surface. 

 

 

Figure 2-16  Insufficient thermal insulation shows significant heating of the 

substrate .  (Colour scale of blue = 300K to red =380K) 

 

Secondary effects from insufficient insulation was the excessive heat loss 

from the heating element through the substrate and into the mounting carrier for 

the device.  This heat loss was wasted energy and this inefficiency was not 

afforded by the design requirements. 

Materials available for the insulation layer were either silicon nitride or 

polyimide.  The silicon nitride was available as a pre existing layer on the silicon 
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wafers so no further processing steps were required to create this layer and it 

also served as electrical insulation from the wafer substrate.  Polyimide was the 

other material available for use as a thermal insulation layer as this was already 

to be used for the humidity sensor that was to be integrated with this air flow 

sensor, being coupled together to form a ‘multisensor’ system.  Modelling 

investigations showed that the required insulation thickness (~400µm) was far in 

excess of the possible layer thicknesses achievable by thin film fabrication 

techniques in the semiconductor process.  Si3N4 as an insulator at 400µm (or 

greater) thickness is impractical to manufacture.  However Polyimide can be 

spin-coated and therefore such thicknesses are achievable even using multi-spin 

processes if necessary.  For this reason thermal insulation techniques were 

considered an unacceptable means of reducing heat transfer through the substrate 

and alternative methods were investigated. 

Thermal isolation methods 

As the thermal insulation was found to be insufficiently effective for 

practical operation of the anemometer according to the design requirement an 

alternative method was investigated.  Bulk etching of silicon substrates is a 

widely used process in MEMS development for many thermal and mechanical 

structures [2.11].  It is possible to remove the substrate material immediately 

below the heating/sensing elements (see Figure 2-17). 
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Figure 2-17   Bulk reverse etching  

 

Silicon/semiconductor foundries have accepted this as a necessary 

fabrication step for many MEMS based devices and CMOS fabrication lines may 

be modified to accommodate MEMS processing steps [2.12].  The process of 

reverse etching is a form of removal of bulk silicon areas.  Typically bulk silicon 

etching results in removal of silicon in the order of tens or hundreds of microns 

in depth, much greater than the typical thin film layers deposited on the surface.  

By using reverse etching, bulk etching from the reverse side of the wafer, the 

complete thickness of the substrate could be selectively removed from an area 

outlined by an exposed window patterned into the silicon nitride layer on the 

under side of the wafer below the sensing elements.  To achieve this, the sensing 

elements had to be fabricated on a non-silicon layer, in this case silicon nitride, 

to remain as a physical support for the serpentine tracks in the form of a thin 

membrane.  By removing the substrate from underneath the element the thermal 

conduction paths from the heaters is limited to convection heat transfer through 

the air and heat conduction through the diagram on which the sensor elements 

are supported.  The silicon substrate being used here is 600µm in thickness.  The 

thickness of the supporting diaphragm was 1µm providing adequate structural 
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support and reducing the thermal conduction into the substrate by approximately 

250 - 300 times by significantly increasing the thermal resistance between the 

heater elements and the silicon substrate (Figure 2-18). 

 

  

Figure 2-18   Thermal circuit with silicon nitride membrane 

 

This lowered the heat loss into the substrate and reduced the thermal 

coupling between sensor elements.  The thermal conduction from the substrate to 

the carrier can be approximated by a thermal sink or temperature boundary 

condition of ambient temperature when considering a low heat input from the 

heating element and relatively high thermal conductance from the substrate to 

the carrier. 

The thermal conduction from the bottom of the membrane to the chip 

carrier is governed primarily by Fourier’s Law of Conduction and has very little 

influence due to thermal convection.  This lack of convection heat transfer is due 

to the heated surface being an upper physical boundary.  As there is no source 

for producing motion of the air in the captured air gap, forced convection is not a 



CHAPTER 2. The Proposed Solution 

61 

serious contributor.  Natural convection is the remaining convection transfer 

mechanism, and can be considered almost negligible as this relies on the 

alteration of the buoyancy of the air from the heated surface.  With the heated 

surface being at the top of the air gap, the heated air has reduced density and 

therefore is buoyant.  As this air is already at the top of the cavity there is no 

resulting motion, and thermal conduction is the dominant transfer mechanism. 

 

2.8 Sensor calibration 

The wind sensor device developed here was part of a larger integrated 

system consisting of sensors measuring wind speed and direction, air 

temperature, relative humidity, light and soil conditions including soil water 

tension and nutrient concentrations.  Of these sensors only temperature, wind 

speed and direction are presented as the work of this thesis, however integration 

of each of these sensors within the larger multisensor was a necessary 

consideration. 

Temperature solution 

Thermo-resistive materials display a temperature dependant electrical 

resistivity.  In the case of metals, this Temperature Coefficient of Resistance 

(TCR), when considered over a limited range of -100ºC to a few hundred degrees 

above Standard Room Temperature, can be approximated as a linear response.  

When working in excess of these regions, a second order description of the 

response is necessary. 
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The published value for the thermo-resistivity of Nickel is 6.9x10-3/ºC 

(between 0º and 100ºC) in bulk form [2.13].  The measured thermo-resistivity of 

our 0.1 micron sputtered Nickel film is 6.5x10-3/ºC agreeing well with the 

published value. 

The final measurement of the temperature is achieved using a low current 

supply and a voltage measurement across the sensor.  A low current value must 

be used to prevent self heating of the sensor during temperature measurements.  

Self heating is presented in detail in Chapter 5 and while still a useful mode of 

operation, it does introduce into the measurement the convection cooling effects 

associated with air velocity. 

 

A number of approaches were investigated into delivering proportional 

voltage outputs proportional to the wind speed and direction.  One approach was 

to use a calibrated lookup table.  While small look up tables may provide a good 

option for calibrating out relatively minor fabrication inaccuracies, two variables 

are associated with the directional outputs of the sensor.  This defines at least a 

two dimensional lookup table.  If an accuracy of 5º is required, the minimum 

number of rows in the table must be 1445
3602 =×  elements.  For a square 

array, ie. 144 x 144 elements this represents 20736 array elements, or a 20kB 

array if considering 8 bit array elements.  This would be for the minimum signal 

amplitudes.  Signal amplitudes discussed in Chapter 6 show 100% variation 

between peak amplitudes requiring at least double the number of array  index 

rows and columns, being 288 or approximately 83k words.  This is before 

considering ambient temperature effects which may raise these requirements 
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further.  This  array size is impractical for small cost effective processors to be 

implemented on the silicon die, therefore analytical solution was considered the 

better alternative for solution of direction. 

Simultaneous solution of the differential response 

The differential heating of the North-South pair of sensor elements, that is 

the difference in temperature of the two elements, will follow a sinusoidal 

response.  As the airflow approaches from 0º (Figure 2-19), both North and 

South elements are exposed to the same conditions, that is both lose heat from 

the convection cooling of the incident airflow and neither have a heat input other 

than the joule heating of the current flowing through them.  As both elements are 

under the same conditions, their temperatures will also be the same.  As the 

airflow sweeps from 270º through to 0º the path of the incident air will be over 

the Eastern sensor (Figure 2-20) and progressively sweeping around until over 

the Northern element (Figure 2-21).  This means the Northern element will 

always have cool incident air upon it whereas the Southern element will be 

delivered air that has already been partially heated by either the Eastern or 

Northern elements.  In this case the convection cooling of the Southern element 

will be significantly less leading to an increase in the element’s temperature with 

a maximum Southern element temperature at an incident angle of 0º (Figure 

2-21).   
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Figure 2-19   Case 1:Easterly wind gives no differential heating of North / 

South element pair 

 

 

 

Figure 2-20   Case 2: North-Easterly wind gives partial differential heating 

of North / South element pair 
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Figure 2-21   Case 3: Northerly wind gives maximum differential heating of 

North / South element pair 

 

The polar response of each axis (sensor arrangement consisting of an X 

and Y axis of element pairs) can be tailored by the geometry and location of the 

elements.  If ‘correctly’ (in this case ‘correct’ pertains to the requirements for the 

desired response discussed here) designed and fabricated, the polar response of 

each element pair approximates that of a Sinusoidal function.  With the element 

axis being offset by 90º, the Sinusoidal response from each axis will likewise be 

offset by 90º or in other terms, one axis can be approximated by a sinusoidal 

function and the other axis by a cosinusoidal function (see Figure 2-11).  The 

Sine vs Cosine relationship of these responses can be used to greatly simplify the 

solution for the direction of the incident airflow. 

If both sinusoidal signals have the same amplitude A and are of the form 

 

x = A sin( θ ) + x0 

(2-16) 

Incident airflow (0º) 

North
East

South

West
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y = A cos( θ ) + y0 

(2-17) 

where: 

 x – Temperature of Western element 
 x0 – Temperature of Eastern element 
 y – Temperature of Northern element 
 y0 – Temperature of Southern element 
 

then from the identity of  

( )
( ) )tan(
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sin θ

θ
θ

=  

(2-18) 

An Arctan solution is found of the form 
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(2-19) 

The Amplitude of the two signals cancel in the identity of equation (2-18) 

making the velocity dependent amplitude of the differential signal irrelevant for 

any direction solution and any common amplitude of the two signals.  This 

approximation is valid if the elements are close together and there is no 

turbulence around the platform. 

Taking the Arctan of equation (2-18) gives a resultant θ with a period of π 

or 180º which must be corrected.  By observing if the x axis differential signal is 

positive or negative the first or second period of the Arctan solution can be 
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discerned.  This is realised in equation (2-19) with the addition or subtraction or 

90º dependant on the x axis differential polarity. 

Speed 

Measurement of speed of the sensor is conducted in a similar method to 

that presented previously for temperature with some notable differences to both 

the method and the interpretation of the resulting measurement. 

For zero air speed, the heated temperature of the sensor was seen to be 

approximately 130ºC above ambient. Considering a constant ambient 

temperature the convection cooling of the self heated sensor is dependent 

primarily on the fluid velocity, in this case air speed.  As the ambient 

temperature increases, the convection cooling effect decreases which means that 

both the initial un-heated element temperature rise and the final heated element 

temperature rise are directly proportional to the ambient temperature.   

This gives a linear relationship between, the temperature and air speed 

measurements for zero airspeed.  With this relationship being known, in a non-

zero air speed environment, the sensor response to airspeed can be expected to 

follow a response proportional to the difference in the readings between the 

temperature and airspeed measurements.  The general solution to the temperature 

and power relationship for each mode of operation is presented in chapter 5. 
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2.9 Conclusions 

A number of devices were proposed, constructed and tested in the 

calibration wind tunnel.  All the tested devices, including the concept only 

prototype, demonstrated varying degrees of successful operation.  The observed 

data from these devices was converted to a calculated angle using equation 

(2-19).  This was incorporated into the firmware of a microcontroller to allow 

calibration and logging of the wind speed and direction.  In order to achieve the 

best design, extensive modelling was undertaken.  This is examined further in 

chapters 3 and 4. 

 

The wind tunnel test rig was verified both theoretically and 

experimentally to ensure laminar airflow across the devices under test.  The two 

methods of minimising thermal conduction into the substrate are an insulating 

layer and isolation via reverse bulk etching of the silicon substrate.  The solution 

of the differential heating has been proposed as the Arctan solution to a sine and 

cosine pair of curves of a common offset angle and amplitude.  These devices 

and the solution to this response are discussed further in the following chapters. 
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Chapter 3 1D Sensor 

3.1 Introduction 

A thin film airflow transducer based on the hot wire anemometer 

principle was designed with the aid of MEMS modelling & simulation software.  

This chapter reports on a 1D planar sensor while Chapter 4 reports on 2D planar 

sensors.  With these devices there was a need for thermal isolation of the heating 

and sensing elements to achieve the low thermal conductivity needed to attain 

the required response time and sensitivity.  Typically to accomplish sufficient 

thermal isolation for the device, the substrate will be either reverse etched to 

create a very thin membrane or under-etched with the use of a sacrificial layer to 

form a suspended beam or platform on which the heating and sensing elements 

will be mounted.  As under etching is an expensive processing step compared to 

thin film deposition and etching processes and can adversely affect yield due to 
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the extra processing complexity, initial investigations were directed at assessing 

the possibility of manufacturing sensors that rely on thermal insulation only.  

The insulation considered was provided by layers of material with relatively poor 

thermal conduction characteristics such as silicon dioxide or polyimide.  

Limiting fabrication to the use of processes such as photolithography and 

sputtering/evaporative deposition also simplifies design and assists in achieving 

the design goal of compatibility with standard CMOS fabrication processes and 

materials. 

Primarily thin film fabrication techniques as developed and used in the 

well established semiconductor industry have been used.  The techniques and 

technologies have been well established and founded and provide a reliable base 

for the development of the sensor. 

The process technologies being utilised are [3.1]: 

 Evaporative metal deposition 

 Spin coating 

 Photolithography 

 Wet chemical etching 

Evaporative deposition 

Evaporative deposition uses a filament heater to melt and subsequently 

evaporate under vacuum the metal being deposited.  Metal in the form of wire 

cuttings were held in a tungsten basket that was heated to and above the melting 

temperature of the metal being evaporated (eg. 660º for Aluminium) and then 

further until the basket was white hot.   With the target metal in molten form and 
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under vacuum the vapour pressure/temperature becomes approximately 10 Pa @ 

1600K for aluminium and results in gradual evaporation of the deposition metal 

from the tungsten basket, being deposited on the opposite facing surface, in this 

case the prepared sensor surface.  Deposition thickness was controlled 

approximately by exposure time and subsequently thinned to within 5nm of the 

required layer thickness by wet chemical etching later in the fabrication process.  

Using this technique layer thicknesses were achievable from 10nm through to in 

excess of 1µm.  Layer thicknesses greater than 1 µm were possible but 

impractical due to the necessary exposure times for such thick layers. 

Spin Coating 

Spin coating is used to apply a liquid layer of material such as photoresist 

or polyimide.  The silicon wafer is held by vacuum to a rotating platform.  As the 

wafer is spun at a preset rotational speed, the liquid being deposited (photoresist 

or polyimide for this device) is applied into the centre of the rotating wafer and 

centrifugal force disperses the fluid across the wafer surface.  Both the rotational 

speed and duration of the spin cycle are used to determine the resulting layer 

thickness. 

Typical layer thicknesses achieved were in the range of 1µm - 10µm 

although at the upper limit of this range layer thickness was not consistently 

uniform. 
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Photolithography 

Photolithography uses photographically produced masks, either positive 

or negative of the desired pattern to be produced.  These photographic masks are 

typically produced on glass slides and used later in the contact printing process. 

Masks were often generated from larger paper prints and then 

photographically reduced and transferred to the glass slide.  Alternatively, masks 

could be produced by a pattern generator that directly exposes the glass plate’s 

photographic emulsion and produces a 1:1 size image of the desired pattern.  

While producing a higher quality image, the pattern generator was exceptionally 

slower as the image was constructed progressively from individual exposures of 

rectangular element up to a maximum of 10µm square.  Consider a rectangular 

area to be generated on the mask of dimensions 100µmx20µm.  This would be 

composed of a minimum of 20 individual exposures each 10µmx10µm in size. 

Once produced, these masks were used to produce a photographic contact 

print of the image in the photoresist spin coated on the wafer surface.  Contact 

printing is a shadow printing technique not relying on photographic lenses to 

produce an optical image, but rather provide a shadow mask from the incident 

exposing light. 

Wet chemical etching 

Wet chemical etching is used to remove the undesired material from areas 

on the surface of the wafer.  Previously deposited materials are spin coated with 

a photoresist, then exposed and developed leaving the photoresist material only 

in the areas of the designed pattern.  This photoresist is an etch resist, allowing 
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the wafer to be exposed to an etching solution that will chemically remove 

material from any exposed areas not protected by the photoresist pattern or other 

etch resist layers.  The resist layer can also be created from materials other than 

the photoresist. eg. silicon nitride was used as an etch resist/mask for the bulk 

silicon etch process used to generate the suspended diaphragm for the sensor 

elements.  After the etching process is complete, the photoresist is removed 

leaving the patterned surface ready for the next process step in the fabrication 

sequence. 

 

A combination of both theoretical computer modelling and physical 

fabrication and testing was used.  Preliminary testing of this design demonstrated 

small yet reliably measurable temperature gradients across the device surface 

during steady state operation.   

Multi-physics modelling, ie. electro-thermo-mechanical and fluid 

dynamic analysis of the structure was required to successfully model the thermal 

conduction, radiation and forced convection effects of the device during and 

after ohmic heating of the heating element in the sensor. 

 

3.2 Bulk versus reverse etched substrate 

In this section two one dimensional devices are compared. One used a 

thermal insulation layer between the heating and sensing elements and the 

substrate and the other used the reverse etch method to create a suspended 

diaphragm to provide the required thermal isolation of the sensor elements from 
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the silicon substrate. Figure 3-1a depicts a central heater and neighbouring 

sensing elements mounted on an insulating layer such as silicon dioxide. This 

was representative of the devices both modelled and fabricated. 

 

 

 

 

 

 

a) 

 

 

 

 

 

b) 

Figure 3-1   Two similar heater-sensor devices on a substrate 

a) thermal insulation between sensor and substrate b) reverse etched 

substrate 

 

 Figure 3-1b shows a typical reverse etched structure with the control 

heating element and neighbouring temperature sensing elements symmetrically 

located on top of the thin membrane.   

This sensor determines wind speed from the power loss from the heating 

element through convection heat transfer to the air flowing above the sensor.  

This power loss may be monitored in one of two ways, maintaining a constant 

temperature heater and measuring the power required to maintain this 

temperature (constant temperature mode) or by maintaining a constant input 

Sensing elements Heater Sensing elements Heater 
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power and recording the flow dependant temperature of the heating element 

(constant power mode). 

In both forms of measurement the flow sensor was created using a single 

heating element (typically referred to as a hot wire anemometer) however two 

temperature sensors, one either side of the heating element, ie. one up-wind and 

one down-wind from the heater were included.  These temperature sensors were 

used to determine the direction of the fluid flow and also allowed the 

investigation of a number of other characteristics about both the hypothetical 

model and the real world device once fabricated. 

 

Thermal modelling of the device took into account all three domains of 

heat transfer: conduction, radiation and convection.  In the models being 

investigated here, convection heat transfer was required to be the dominant mode 

of heat transfer.  Due to the temperatures used in these models, black body 

thermal radiation was negligible[3.2] and so was ignored in the formulation.  

Conduction through the silicon substrate was likely to be an important mode of 

heat transfer from the heating element and could be minimized by the use of 

reverse side etching as have been used in a number of implementations of fluid 

mass flow sensors [3.3].  This method provides minimal thermal coupling 

between the heating and sensing elements.  Disadvantages of this method of 

reducing the thermal transfer between the structure and its supporting substrate 

include:  

a) Weakening of the structure due to the use of a very thin membrane that 

may be easily damaged by inadequate handling procedures and insufficient care 
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being taken during the manufacturing step or during use.  Such thin membranes 

may also limit the application in which the sensor may be used as the membrane 

may need to retain fluid (gas or liquid) under greater than ambient pressure.  In 

these situations a membrane type sensor would be inadequate as any difference 

in pressure, either positive or negative would cause deformation of the 

membrane. In severe cases the sensor may be destroyed by the membrane being 

burst.  A recipe for low stress Si3N4 in needed to avoid similar issues. 

b) A second disadvantage is that reverse side etching is required.  

Depending on the manufacturing process, this step may be difficult to achieve 

without causing damage to other areas of the wafer or without incurring 

significantly extra costs in the manufacturing process.  

c) While two sided mask alignment tools are available these are expensive 

and were not available at the Griffith University fabrication facility. 

 

The simulation of the models was primarily through the use of 

CoventorWare (formally known as MEMCAD) simulation software [3.4].  This 

software was designed with a primary target audience of MEMS designers.  Most 

of the simulations conducted were primarily two dimensional.  The reduced 

model complexity gave faster solutions and allowed a finer mesh to be used for 

the model to reach convergence in similar processing time.   

The reduction of the model from three to two dimensions was considered 

acceptable as the regions of interest, ie. the heat conduction profile through the 

plane of symmetry of the heater and sensors, was sufficiently thin with respect to 

the feature sizes and also sufficiently distant from discontinuities in the material 
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that would present edge or fringing effects that would significantly effect the 

accuracy of the solution. 

The boundary conditions were almost identical for the two models shown 

in Figure 3-1 (taking into consideration the reduced substrate mass in the second 

model).  The ambient temperature for the environment and the base surface of 

the device was set as a boundary condition of 25ºC. The reverse etched model 

only has temperature boundary conditions imposed on the bottom base surfaces 

at the edge of the die for the silicon frame created.  This temperature boundary 

condition of the base of the silicon substrate can be applied as the sensor was 

mounted on a platform (effective heatsink), the result of which is a thermal mass 

far greater than will be influenced by the relatively short heating periods 

simulated.  Since the heating period is only relatively short the operation of the 

sensor examined the steady state condition rather than the transient effects and 

the outputs from the sensor were allowed to settle to measure the steady state 

heating differential.  In the simulation the average element temperatures were 

recorded while in the real physical device temperature was proportional to 

element resistance. 

 

The CoventorWare simulation environment uses model creation steps that 

are analogous to the fabrication steps required for the actual fabrication of these 

devices.  Photolithography masks, similar to those used for integrated circuit 

fabrication processes, are required for the patterning of materials as the device is 

created.  These masks can be used as either positive or negative etch masks for 

the hypothetical foundry process set out in the software.  It should be noted that 
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this software was designed for modelling the MEMS devices themselves and not 

the fabrication processes.  This is evident in the “foundry” process where no 

distinction is made between isotropic or an-isotropic etchants.  There is no limit 

to the design of wall angles such as would be seen along the crystal planes when 

using an an-isotropic etch. It does allow for corner corrections that may normally 

be needed to correct for such etching effects to be omitted.  Although this was a 

convenience in terms of quickly building a simulation ready model, the software 

was of limited value in the evaluation of the masks to be used for the actual 

fabrication of the device. 

 

A simplified version of an existing, commercially available sensor 

[3.5][3.6] was used for this modelling.  This sensor used a combination of 

heating elements, with thermopiles for the sensing elements located adjacent to 

these heaters.  The simplification of this model was to remove the separate 

heating and sensing elements and combine their functionality into single patch 

elements.  Although this may not be an ideal reduction of the model, it allowed 

for a significantly reduced complexity of the device being modelled while 

keeping variation of the operating principles of the device to a minimum. 

 

The device shown (Figure 3-2) uses the forced convection cooling effects 

generated by the velocity of the air over the surface of the sensor as all elements 

are simultaneously heated.  This effect was measurable rather than the 

conduction mode of heat transfer being dominant as the polyimide insulation 

layer reduced the thermal coupling between the sensor elements and the silicon 
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substrate.  The result of this convection cooling is a temperature gradient across 

the device surface in the opposite direction as the airflow.  The reduced model is 

shown in Figure 3-2.  

  

Dimensions and materials for the device shown were:  

• overall size - 2.5mm square 

• Electrical heating and sensing elements 600 x 750 µm of 0.1µm thick 

evaporated Aluminium 

• substrate thickness of 600µm of Silicon 

• insulating layer thickness of 20µm of polyimide 

• distance between parallel elements was 800µm 

To aid visualisation of the device and the results, a number of features 

were removed from the results view (Figure 3-2b).  These include such 

components as the air layer above the sensor surface that would otherwise 

obscure view of the underlying features.  Also modified in this view, the layer 

thicknesses were increased (visually only).  The device substrate was removed 

from the visualisation leaving only the insulating polyimide layer and the 

sensing elements.  As the aspect ratio of this insulating layer is normally very 

small, in the order of 1/100 or less, the thickness (z-axis) was magnified (x50) to 

aid the visualisations of the isotherms within this layer. 
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a) 

 

b) 

 

c) 

Figure 3-2    a) physical layout of the device, b) isothermal profiles within 

polyimide insulation, c) transient thermal analysis of “downwind” (top 

trace) and “upwind” (bottom trace) sensing elements. 
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Before discussing the simulation and experimental results for this section, 

the electrical powering strategies as discussed.  A full discussion on the 

electrical heating techniques introduced here is presented in Chapter 5. 

 

3.3 Heater excitation techniques 

Electrical interfacing 

The two possible methods to monitor the response of this device were to 

supply either a constant stimulus to the heater or to maintain a constant 

temperature at the heating element.   

The sensing elements however present a more complex measurement as 

the process of monitoring the resistance of these conductors can in turn result in 

Joule heating of the metal seriously altering the accuracy of the measurements.  

The electrical arrangement used here (Figure 3-3) to monitor the resistance of 

these thermoresistors was a bridge configuration feeding into a differential 

amplifier and is further discussed in Chapter 5.  Combining this with a reference 

bridge the output of the differential amplifiers was the increase or decrease of 

the differential pair voltages (proportional to the temperature differential) with 

respect to the reference bridge voltage. 
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Figure 3-3  Differential amplifier and reference bridge where Sens1 and 

Sens2 are thermoresistive sensors and Ref1 and Ref2 are assumed to be 

resistors unaffected by temperature. 

 

Constant voltage/current 

This electrical excitation mode requires feedback from the sensor 

elements to monitor either voltage or current for the heating element and 

maintain this input into the heating elements, at a constant level irrespective of 

the resulting temperature and therefore resistance of the element.  In this mode 

of operation, the element temperatures demonstrated an inverse relationship to 

the air flow velocity.  This was expected from the increased constant of the 

convection cooling equation presented in chapter 2. 
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Constant temperature 

Constant temperature powering of these sensors achieves a constant 

average resistance of the heating elements.  As the resistance of the elements is 

directly and linearly proportional to temperature, maintaining a constant 

resistance of the element results in a constant average temperature of the 

element.  In this mode of operation the input power to the device is monitored 

and indicative of the airflow velocity.  Input power was found to be proportional 

to airflow velocity for this mode of operation. 

These excitation techniques and the results of their investigation were 

published [3.7] and are further addressed in Chapter 5. 

Simulation Results 

Power required for the heating of the elements was 10mW per element.  

This was set as one of the boundary conditions of the model in the simulation, 

along with an ambient temperature of 25ºC, air velocity (in the x direction) of 

1m/s and substrate surface temperature (mounted surface) of 25ºC under these 

boundary conditions the simulation of the device involved the transient heating 

of the elements with a fixed power flux.  This allowed the evaluation of the 

steady state thermal response of the system and as only power input boundary 

conditions were set for the device surface, temperatures observed were indicative 

of the affects of convection cooling of the passing airflow. 

 

Figure 3-2b & Figure 3-2c illustrates the differential heating of the 

sensors indicating the direction of the airflow is indeed directed along the x-axis.  
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The temperature differential (approximately 20ºC) is explained by the varying 

convection cooling taking place on each side of the sensor.  As the heated air 

passed from the first element to the second, the heat that the air absorbed from 

the second element was reduced thereby allowing the second element to reach a 

significantly higher temperature.  The large thermal capacity of the insulating 

layer and the underlying bulk substrate is seen from the relatively slow 90% 

response time of approximately 5 seconds. This imposed significant frequency 

response limitations which was not experienced with the reverse etched device.   

 

In the reversed etched model (Figure 3-4a), the thermal response was 

quite fast showing a 90% settling time in the order of 7-8ms.  Clearly visible in 

the results are the heater temperature (top trace), down-wind sensor (middle 

trace) and up-wind sensor (bottom trace). This provided an indication of the 

direction of air flow as the down-wind sensor was increased in temperature 

relative to the up-wind sensor. 

The second of the devices (relying only on the thermal insulation, Figure 

3-4b) demonstrated a significantly increased settling time for both the heater and 

sensing elements.  In the time duration of the simulated heating, (15 ms) the 

heater still had not reached a plateau in the transition before the power source 

was removed to allow for cooling.  This effect obviously limits the usable 

response time of such a sensor, however in applications not requiring a fast 

response either for power efficiency or for sampling speed, this sensor still 

provided a practical indication of the air velocity.  Similar observations were 

made with the response of the sensing elements showing an extended thermal 
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time constant.  Again the differential heating of the elements is visible although 

a much narrower differential exists between the responses of the opposing 

sensors than in the previous model.  These results suggest that there is still 

significant thermal conduction from the heating element both through the 

insulating layer and underlying substrate to both temperature sensors.  The 90% 

transition time was 10 ms for the insulated device and 3.5 ms for the reverse 

etched device.  There is clearly more thermal inertia in the insulated device 

given the much larger mass of material to heat and the lower thermal 

conductivity of the insulating material.  
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Figure 3-4   Transient response calculated from the model shown in Figure 

3-1 of a) insulated device and b) reverse etched device. 
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With the thermally insulated sensor (Figure 3-4a), although the low 

thermal conductivity of the insulating layer results in the same temperatures 

being obtained with similar power requirements to the reversed etched structures, 

the time response in the thermal domain is affected by the increased thermal 

mass.  The response time is proportional to the specific heat of the insulating 

material and shows approximately 3.5ms response time for the reverse etched 

structure compared to the 10ms response time for the insulated device. 

Fabrication of thermal sensors on an insulation layer rather than using 

isolation (reverse etched or under etching) does pose disadvantages.  Although 

the convection cooling creates a differential temperature across the surface, one 

effect evident is the significant conduction heating of the up-wind sensing 

element unlike that seen with the reverse etched device where the up-wind 

element experienced negligible temperature increase.  The bulk mass of the 

insulating layer, while providing significant thermal resistance from the substrate 

give enough thermal coupling between the elements as to decrease the sensitivity 

of the measurement of convection transfer.  Although power loss is comparable 

for similar steady state temperatures, representing effectively equal thermal 

resistance from the sensing element to ambient, the thermal capacitance is 

greatly increased for the insulated variant suggesting that reverse etched design 

as the better approach to increase the response speed and reduce the energy 

requirements. 

The results suggest that the thermally insulated device although 

potentially viable is not as resource effective in terms of energy consumption or 
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response rates.  For these reasons the reverse etched strategy was selected for the 

development of the devices created. 

 

3.4 Thermal Plume Studies 

In simulating the structures being studied here, a number of effects have 

been observed regarding the thermal response and temperature profiles.  These 

effects have been primarily associated with the thermal gradients through the 

structures, substrates and also the intermediate layers in between these two.   

One such effect was the shape of the heat plume within the insulating 

layer used in between the heater and the sensor’s substrate.  For most of the 

models observed in this study, the relative sizes of the heater and sensing 

elements was in the order of hundreds of times larger in width than the thickness 

of the insulating layer supporting this element.  For these structures the 

observable heat transfer formed a heat plume or localised thermal boundary layer 

diffusing through the moving fluid.  This was expected from both the conduction 

and boundary layer effects that govern the heat transfer.  As the aspect ratio of 

the sensor’s conductor line width to the thickness of the underlying layer is 

brought closer to unity, an interesting shape became evident in the profile of the 

heat conduction through this supporting layer.  Due to the high thermal 

conductivity of the silicon substrate, it was expected to see the majority of the 

temperature gradient, across this insulating layer.  With a middle layer having a 

high thermal conductance, ie. similar to the silicon, the heat conduction toward 

the base is effectively isotropic below the surface of the device while the 
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expected convection through the fluid results in a heat plume trailing off with the 

air flow. (Figure 3-5a) 

 

 

a) 

 

b) 

Figure 3-5   Simulated temperature profile during steady state operation 

with an air velocity of 1m/s (Colour scale: blue = 300K to red = 380K) a)  no 

thermal insulation b)  thermal insulation beneath heater 

 

The results start to vary if the insulating layer (beneath the heater) has a 

significantly lower thermal conductivity than the silicon substrate.  In this case, a 

similar profile to that within the air is also seen within the insulating layer, in 

this case the oxide or polyimide.  The thermal boundary layer (heat plume) 

created in the moving fluid is partially reflected along the x plane forming a 

similar profile in the insulating layer.  In the localised area around the heating 

element this can be explained by thermal conduction however for the down 
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stream of heater the thermal geometry required both conduction and convection 

effects.  Convection concentrates the thermal profile down wind of the heater 

element.  The power required to generate the temperature profiles in Figure 3-5b 

is greatly reduced and in the case of these simulations was found to be 

approximately an order of magnitude less, dropping from 320mW to 27mW. 

As found by these simulations, a strategy to significantly increase the 

sensitivity of flow sensors such as these may lie in the ability to bring the aspect 

ratio of the feature size to layer thickness into the region approaching unity.   

 

3.5 Aluminium on silicon sensor 

Although the main emphasis of this chapter at this stage has been the 

modelling of these devices, versions of this sensor were fabricated to 

experimentally compare and verify (where possible) the simulation results.   

 

This sensor was fabricated on a 1µm silicon dioxide insulating layer and 

patterned from a 100nm layer of Aluminium.  Although the thermal conduction 

of silicon dioxide is much greater than that of the polyimide being studied and 

therefore would not provide as effective insulating layer, this did verify the 

concept.  Evaporative deposition of the aluminium results in a suitably high 

temperature coefficient of resistance (TCR) such that temperature sensing could 

be achieved with metal resistive elements.   
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Figure 3-6   Thermally insulated airflow sensor (Al on 1mm SiO2) 

 

Material selection 

One such example of the devices fabricated is shown above (Figure 3-6).  

In this example both the central heating element and the neighbouring 

temperature sensors were fabricated from Aluminium on a silicon substrate with 

a silicon dioxide thermal/electrical insulation layer.  Although Aluminium is not 

the most suitable material to be used for this type of device, there are a number 

of definite advantages including the ease of fabrication. Deposition of aluminium 

was accomplished by evaporation.  Patterning of this layer was achieved with 

photolithography and wet chemical etching.  Such fabrication methods allow 

very inexpensive experimentation along with short production times.  Conversely 

using a material like Platinum will provide a greater resistance to environmental 

degradation[3.8] and a high temperature coefficient of resistance and while 

sputtering of Platinum is possible, patterning is not as straight forward possibly 

requiring the use of methods like reverse lift off etc. [3.9] 

Metal deposition 

With the evaporative deposition equipment available the only minor 

hurdle encountered was the control of the thickness of the aluminium layer that 
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had been deposited prior to patterning.  With experimentation and practice, the 

deposition rate of the aluminium and the resulting layer thickness deposited was 

controlled to within 10% of the required final layer thickness.  Once patterned 

the final layer thickness was thinned by firstly profiling to obtain the initial layer 

thickness and then wet chemical etching to thin the layer to the required 

thickness.  This resulted in a layer thickness within 5% of that required and in 

the case of the device shown in Figure 3-6 the layer thickness is 100nm ±5nm. 

Once fabricated the wafer was diced into individual sensor dies, each 

being the complete device ready for mounting.  Mounting of these die was in the 

first instance into an integrated circuit chip carrier.  This is a ceramic moulded 

package providing a recessed region for location of the silicon die with elevated 

surrounding connections for wire bond connection of the sensor die to the legs of 

the carrier package.   

Wire bonding and interconnections 

Wire bonding of the sensor die was by thermocompression bonding of 

gold wire.  The 20µm diameter wire is held and heated at a temperature of 

~300ºC within the end of a hollow ceramic needle.  This needle promoted the 

melting of the end of this wire into a ball approximately 40µm in diameter.   

With the sensor die also heated to the same temperature, the needle is brought 

down onto the sensor’s bonding pad with a preset pressure to compress the gold 

ball formed on the end of the wire.  When the needle is lifted from the die 

surface, the gold wire/ball remains fixed to the sensor’s bonding pad with the 

wire tail still threaded through the ceramic needle.  The needle/die is 
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repositioned for similar connection of the tail end of the wire to the bond pad of 

the chip carrier.  To terminate the wire at this point the wire is not allowed to 

feed through the needle on the lifting from the carrier bond pad and instead of 

lift directly vertically from the surface, the needle is partially dragged to sever 

the wire and aid in creating the termination.  The end of the wire now in the end 

of the ceramic needle and will again form a semi-molten ball ready for the next 

connection to be initiated. 

 

3.6 Conclusions 

For the insulated device, the high thermal resistance between the heater 

and the substrate allowed reasonable power levels to be used to achieve the 

appropriate temperatures required for the operation of a flow sensors, however 

the ease in which this device can be fabricated in comparison to a reverse etched 

or under-etched does come at a cost. 

The relatively large thermal mass of the insulation layer below the heater 

resulted in a thermal time constant too high to make useful TOF (time of flight) 

measurements and the sensitivity of the device described in Section 3.5 in its 

current state was very low requiring significant amplification to achieve 

marginal results.  A significantly improved response was seen from the reverse 

etched device demonstrating both a substantial drop in response time and 

stimulation power required. 

One of the factors affecting this thermal time constant is specific heat of 

the insulating layer used beneath the heating element and sensors.  While the 
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high thermal resistance does provide minimal transfer of power (heat) through to 

the silicon substrate, it also resulted in the heat held in the insulator to be very 

slowly transferred back to the heater when power is removed.  If the specific 

heat of the insulation layer were to be significantly reduced then faster response 

measurements for low fluid velocities may be possible. 

The insulated models and devices seen here have a thermal response too 

slow to allow TOF operation.  The time constant of the device is significantly 

extended but the greater thermal mass of the underlying substrate and does not 

allow sufficient rise of the sensor element temperatures with short heating 

pulses.   

Suggestions for how this may be accomplished include modulating the 

heater and examining the phase difference between the heater input and the 

sensor output.  With a reverse side etched sensor this would certainly be possible 

(and has previously been proven [3.10],[3.11]) due to the very short cool down 

time required for the sensor to recover to the ambient temperature, however for 

the insulated version, the thermal time constant may prove too restrictive. 

The reverse etched structure is further developed in Chapter 4 for the 2 

dimension sensor. 
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Chapter 4 2D Sensor 

4.1 Introduction 

In Chapter 3 a one dimensional wind speed sensor was outlined.  This 

sensor was designed and fabricated using simple processes such as sputtering & 

evaporative deposition and photolithography.  This design was grounded in the 

idea of compatibility with standard CMOS fabrication processes and materials.  

Electro-thermo-mechanical and fluid dynamic analysis of the structure indicated 

that thermal conduction and forced convection effects of the device were 

important processes during and after ohmic heating of the sensor’s heating 

element(s) and provided a means of evaluation of various insulating layers and 

their effectiveness in these sensors.  Preliminary testing of the design 

demonstrated small yet measurable temperature gradients across the device 

surface during steady state operation.   
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Bulk machining i.e. the etching of bulk silicon mass from the substrate of 

a silicon based structure, was used to create a thermally isolated platform for the 

elements.  Using this bulk machining process, the silicon substrate was etched 

underneath the sensor array leaving the array elements suspended on top of the 

silicon nitride membrane and thereby minimising the thermal coupling between 

the sensor elements and the bulk substrate.  Photolithography and wet chemical 

etching was used to pattern the thermoresistive sensing and heating elements and 

remove the bulk substrate from underneath the sensor array. 

In this chapter a novel 2D structure is reported.  The basic design is 

similar to the 1D device described in Chapter 3, but with additional heating and 

sensing elements as shown in Figure 4-1. 

 

 

Figure 4-1   3 axes sensor array with central heating element 
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The 1D device of Chapter 3 used a central heating element with 

neighbouring sensing elements.  Initial designs of the 2D device use a similar 

approach with a central heating element and eight sensing elements arranged in a 

radial array of opposing pairs.  Later designs of the 2D device where modified to 

reduce the number of sensing elements to only two pairs (one pair per orthogonal 

axis, x and y).  The final design did not use a central heating element and instead 

combined its operation with that of the surrounding sensing elements. 

The photolithography processes required 6 masks, for patterning of each 

layer of the design.  These masks are presented and discussed in Section 4.4 

(Masks and Fabrication). 

The final dimension of the device was 6.884mm2 with serpentine tracks.  

These serpentine tracks composed track elements 15µm wide by 0.1µm for the 

layer thickness. 

Track material was Nickel with the suspending membrane fabricated from 

Silicon Nitride supported by the Silicon substrate.  Polyimide was used as a final 

passivation layer as this material was already being used for the humidity sensor 

included in the design. 

 

The electrical resistance of each of the 4 individual sensing elements was 

100+/- 20% Ohms.  While the variation of these elements’ resistances was quite 

large, it was demonstrated that this error and its affects were removed by using 

the sensing elements in a differential bridge configuration (presented part in 

chapter 3.2) that negated resistance errors introduced by geometry variations 

during the fabrication. 
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Thermal properties of the device consisted of the TCR of the Nickel layer 

(6900ppm) and the thermal conduction of the Nickel (90.7 W/m. ºC) and Silicon 

Nitride (30.1 W/m. ºC) and the bulk Silicon substrate (148 W/m. ºC) [4.1] 

While the effects of the thermal coupling through the Silicon Nitride 

membrane into the Silicon substrate must be included for completeness, the 

Silicon Nitride membrane reduced this thermal coupling sufficiently that the 

thermal conduction through the Silicon Nitride layer into the substrate is no 

longer the dominant mode of heat transfer.  Convection cooling was the primary 

mode of heat transfer out of the elements with forced convection being 

responsible for the generation of the thermal plume and heat transfer between the 

sensing elements. 

 

4.2 Design Strategy 

As the 1D sensor was capable of direction detection in either a positive or 

negative sense, achieving direction around 0º - 360º could be achieved by 

replication of the sensing elements as a circular array centred around the heating 

element. 

An initial evaluation design used 4 sensor pairs orientated at 45º offset 

(Figure 4-1).  This allows 4 axes, with positive or negative airflows or a specific 

solution at 45º intervals.  Interpolation between these axes allows for finer 

direction resolution. 

Interpolating between the 45º angles was found to be more accurate than 

required.  However the calculation of the solution for differing wind speeds was 
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excessively complicated as the amplitude of the response from each element pair 

was also dependant on the air velocity.  This meant no absolute values could be 

used in the interpolation but rather allowing only relative comparisons to 

adjacent element pairs only.  This meant that if an equation was to be used for 

the interpolation, instead of a three dimensional comparison table, the 4 

simultaneous equations must be solved.  This level of complexity in the solution 

was not considered acceptable with the prediction that the solution would be 

reduced to a single equation for each orthogonal axis, or two simultaneous 

equations.  Reduction of the number of sensing elements to only the two 

orthogonal axes (90º offset) provided a means for the directional solution to be 

simplified to the simultaneous solution of a sine and cosine relationship as 

already outlined in Section 2.9.  This design is given in Figure 4-2. 

Reduction of heating elements 

The 1D device of Chapter 3 and initial 2D design used a central heating 

element to produce the thermal plume required to create the thermal gradient 

induced by forced convection cooling of the device surface. 

 

The solution and directional responses seen from the early prototypes 

followed a sine^3 and cosine^3 relationship.  This suggested the generated heat 

plume was too narrow and required widening.  This was achieved by increasing 

the size of the heating element.  This increase in the heater element size however 

was not a trivial solution as increasing the diameter of this element also 

increased the spacing of the sensing elements resulting in the ratio of geometries 
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of the elements staying relatively constant.  To enlarge the effective size of the 

heating element and so increasing the heater to sensor ratio geometries, the 

heater was located further from the centre of the device and closer to the edges 

of the silicon die. 

One possible solution is the location of the heating elements adjacent to 

the sensing elements [4.2]  This method however also increased the size of the 

device die and complicates the electrical connection to the heating element from 

2 to 8 connections.  

An effective and novel variation of the design removed the central heating 

element from the device altogether, with the sensing elements also acting as the 

heat sources for the device. 

Thermoresistive sensing elements must typically be used at very low 

current to allow measuring of their resistance while avoiding self heating caused 

by their power dissipation.  This self heating is generally considered a 

problematic characteristic as this will cause an internally generated rise in 

temperature of the element and corresponding error in the reading of the ambient 

environment temperature.  Self Joule heating has in this case been used to 

advantage by becoming the heat source to generate the thermal plume over the 

sensor surface.  By still monitoring the individual element resistance (or more 

specifically their differential pair ratios) but at a higher current sufficient to 

cause Joule heating, the elements now perform both functions to provide the heat 

source and measure the resulting temperature gradient from the forced 

convection cooling. 
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a) 

 

b) 

Figure 4-2   Surface view of reverse etched structure a) view outlining 

element arrangements b) profile section showing bulk etched substrate 

 

This simplifies the design and fabrication of the device primarily by a 

reduction in the mask complexity/density and reduces the number of 

interconnections required.  The remaining interconnections to be made were 

located around the perimeter of the device and no tracks or boning wires were 

needed over the surface of the membrane area.  Minimal modification of the 

existing circuit design was required.  

Temperature differential of the sensing elements could still be 

accomplished in a similar manner as before using a differential bridge.  However 

the supply voltage or current for these sensing elements was now a variable 
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governed by airspeed and the resulting power loss from these elements.  This 

meant that the output voltage from the differential bridges would also be a 

function of airflow, a dependency that had to be removed for accurate sensing of 

direction. 

A third bridge constructed in the interface electronics with no dependence 

on the airflow velocity was used as the reference for the differential bridges and 

proved a successful solution.  A more detailed discussion of the interface 

electronics is presented in Chapter 5. 

 

4.3 Thermal Modelling 

It was anticipated that a full serpentine track model under electro-thermal 

simulation would not be required for the development of this device but 

confirmation of this prediction was necessary.  A full model of the 4 element 

device was programmed in Coventorware and simulated under electric 

simulation resulting in Joule heating of the element tracks.  While not necessary 

for mapping the thermal plume, it was helpful  and necessary to confirm a 

number of predictions made about the significance and influence of various 

aspects of the device such as thermal loss from the supply interconnections 

between sensor elements and the thermal profile of the elements.  
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Figure 4-3   Thermoelectric heating of serpentine tracks of 2D sensor.  

(zero airflow with temperature in Kelvin) 

 

Full Serpentine track model with Joule heating 

Electric current was used for power input to the serpentine tracks to result 

in Joule heating of the sensor elements.  In a variation of the model where all 

tracks have been located on the membrane area (Figure 4-3), Joule heating 

resulted in a considerable temperature increase in the power distribution 

interconnects between elements.  In this specific case where the interconnect 

tracks did undergo significant self heating, the increased resistance due to 

temperature increase influenced the bridge differential voltage output.  Even if 

balanced from opposing elements, this still has an adverse influence on the speed 

sensitivity. 

Two solutions to this problem were possible. 
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Firstly the relocation of the interconnect tracks off the membrane area to 

above the silicon substrate greatly increasing the thermal coupling into the 

relatively fixed temperature of the substrate and maintained the interconnect 

track temperatures constant and equal with the substrate temperature.  This 

however did not address the issue of the power loss (and wasted energy) from 

these sections of the track where a temperature boundary condition was being 

imposed short circuiting any heat flux in these conductors. 

The second option was to widen the interconnects to reduce power 

dissipation.  Power dissipation P is a function of both current i and resistance R, 

P = i2 R, and  supply current was governed by that required to sufficiently heat 

the sensing elements active area. 

The modelling results confirmed that if power distribution tracks were to 

be fabricated from the same layer as the elements that they would need to be 

made as wide as practically possible to minimise resistance R and self heating. 

 

Both these methods were used to reduce thermal loss into the substrate 

and self heating of the interconnecting tracks. 

Element thermal profile 

The temperature increase of a single track on the membrane as in the case 

of the interconnect tracks of Figure 4-3 was seen to be approximately 40 ºC 

above ambient temperature for a total device dissipation of 15mW. 

If tracks were located adjacently, as in the case of the serpentine tracks, 

the combined heating effect of the tracks produced a greater average temperature 
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rise of the overall element to approximately 80 ºC in the central regions.  This 

produced a thermal gradient within the dimensions of the sensing element 

themselves and confirmed the expectation that the elements would not have a 

uniform temperature distribution and would require significant separation from 

the membrane edges to minimise thermal coupling and heat loss to the 

surrounding substrate. 

Constant temperature modelling 

Electrical stimulation of the device elements was not the most suitable 

power input in terms of convergence speed of the simulations.  This electrical 

boundary condition required the multiphysics model in the thermal and 

mechanical domain to be extended into the electrical domain, considerably 

complicating the solution requirements. 

To simplify the model and return the simulation requirements to that of 

only thermal and mechanical domains, (mechanical domain is required to model 

the forced convection heat transfer from one element to another).  Power input to 

the system was approximated by a fixed thermal boundary condition only. 

Constant temperature modelling was made more complex by the thermal 

profile generated across the sensing elements due to both natural and forced 

convection cooling.  A temperature boundary condition could not be applied as 

although this would produce a thermal plume across the device surface, it would 

adversely constrain the element temperatures. This effect was generated and 

observed. 
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A thermal flux was used at the boundary however this was not as accurate 

as the electrical simulation.  A thermal flux is not a complete solution as this 

power input condition is not temperature dependant whereas the increased 

temperature will cause increased heating in these regions for the electrical 

stimulation technique.  This is a positive feedback situation that has potential to 

result in thermal runaway.  This was avoided by using a constant temperature 

powering method of stimulation where as one area will increase in temperature 

this must be compensated by a corresponding reduction of temperature in other 

areas otherwise the input power to the overall device is reduced.  

 

4.4 Masks & Fabrication 

The first step in the fabrication of integrated circuits is the production of a 

series of photolithography masks.  These masks are used sequentially in 

deposition and etching processes to pattern the layers appropriately.  Isotropic 

etching was used in all but the final reverse etch of this device.  This simplifies 

the mask design process as no corner corrections of the masks are necessary.  

An-isotropic etching of silicon can require such corner corrections to account for 

the crystal planes and the resulting etch angles.[4.3] 

The following process sequence includes one ion implantation step and 

several additional deposition/etching steps.  These steps were not required for 

the wind sensor fabrication but were required to create ancillary sensors such as 

a light sensor using a photo diode and a humidity sensor designed by Takeharu 

Suzuki [4.4].  In the multisensor design, the same die was used for all sensors.  
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These processes also allow other active electronics and passive sensors to be 

fabricated on the same silicon substrate. 

 

 

 

 

 

 

 

 

 

 

Figure 4-4   Process outline steps (cross section images on following pages) 

showing integration of the wind sensor with other sensors and active 

electronics. 

 

From the above process outline (Figure 4-4), the only process step 

required exclusively for the wind sensor is the release etch step.  All other 

process steps are shared by the other sensors on the die.  This list demonstrates 

that the wind sensor was successfully integrated into a considerably more 

complex device with relatively little impact on the number of processing steps 

required. 

 

• Process Outline 
– N-Well Implant 

– N+ Implant 

– Photodiode Ohmic Metal & Bottom Cap Electrode 

– Patterned Top Cap Electrode & Thermal Resistors 

– Passivation Vias 

– Membrane Release Etch 

Photodiode 

Humidity 

Sensor 

I/O & Thermal isolation 

Wind Sensor
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Figure 4-5 through to Figure 4-14 summarises the processing steps 

required.2  Figure 4-15 shows a top view of all masks used in the process. 

 

 

Figure 4-5   Silicon substrate with pre implanted N-type well for light sensor 

has silicon Nitride layers grown. 

 

The silicon substrate had already been through a number of processing 

steps before the wind speed and direction sensor fabrication was started (Figure 

4-5).  Any active electronics that would be required as part of the final device 

could be fabricated prior to growth of the Silicon Nitride layer.  This Silicon 

Nitride layer would then also provide protection as an effective passivation layer 

for the active electronics.  All future process steps are conducted at temperatures  

(<100ºC) far below that necessary to affect the impurity diffusion regions within 

the silicon. 

In this example an N-Well was implanted into the base silicon substrate.  

This N-well formed half of a photodiode  that was included in the design as part 

of a multisensor project.  Only the single N-well was implanted in the prototype 

                                                 

2 Figures 4.5 through to 4.14 are not drawn to scale.  Actual dimensions are described in 

the text with approximate scale of 500µm thick Si wafer, 6884mm2 die size and deposition layer 

thicknesses ranging from 0.1µm to 10µm thick. 

Si3N4 
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and the semiconductor properties of the silicon were not used beyond this.  Note 

however that the fabrication of one active device was sufficient to demonstrate 

an integratable design. 

 

 

 

 

Figure 4-6   Silicon nitride is patterned by photoresist to implant an N+ well 

 

 

 

 

Figure 4-7   Photoresist is removed and first metal layer deposited 

Figure 4-8   First metal layer is patterned with photoresist and wet chemical 

etching. 

 

Figure 4-7 & Figure 4-8 show deposition and patterning of the bottom 

electrode of the humidity sensor and the top electrode of the photodiode. 

Photoresist 

Nickel Photoresist 
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Figure 4-9   Photoresist removed, polyimide and second metal layer applied 

Figure 4-10   Second metal layer patterned with photoresist and wet 

chemical etching 

 

Deposition and patterning of the second metal layer created the top 

electrode of the humidity sensor and the wind sensor elements.  This second 

metal layer was deposited on a polyimide layer that provided electrical insulation 

from the underlying layers. This polyimide layer also formed the sensing 

dielectric for the moisture absorption within the humidity sensor. 

 

 

 

 

 

Figure 4-11   Resist removed and second polyimide layer applied 

Figure 4-12   Polyimide patterned to produce vias for electrical connections 

 

A second polyimide layer was deposited and patterned creating the 

second sensing layer of the humidity sensor and a protective (similar to 

passivation) layer above the wind sensor elements.  Patterning of this polyimide 

Polyimide Nickel 
Photoresist 

Polyimide 
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layer provides access with vias for connection to both the top and bottom metal 

layers and any bond pads created for interconnects to the silicon substrate or 

implanted active electronics (not shown). 

 

 

 

 

 

Figure 4-13   Window in rear Silicon Nitride layer patterned by 

photolithography 

Figure 4-14   resist removed and Silicon Nitride used as resist for bulk 

silicon anisotropic etch 

 

The final sequence of steps in the fabrication process is the patterning and 

creation of a window in the underside Silicon Nitride layer that was to provide 

access and act as an etching mask for the final bulk silicon etch used to remove 

the substrate silicon and create the membrane for the thermal isolation of the 

wind sensor elements.  Topside etch protection can be provided either by a 

mechanical etch mask sealing against the wafer perimeter or by a chemical etch 

mask applied to be completely removed after the final processing of the wafer. 

 

Once this final bulk etch was completed the device dies were diced and 

separated into individual devices, ready to be mounted in a carrier or other 

package. 
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The top view of the lithography masks used during the fabrication process 

is shown in Figure 4-15.  The active light sensor (photodiode) is shown on the 

right hand edge of the sensor array.  The wind sensor elements are visible on the 

top, bottom and left and right sides of the sensing area.  These serpentine tracks 

have the top and right elements sharing a common bonding pad.  Left and bottom 

sensing elements share the bottom left bonding pad.  These shared bonding pads 

do not form the centre of the differential bridges but rather the positive and 

negative power supply connections.  The second connection for each element, 2 

at the top left corner and 2 at the bottom right corner, are the bonding 

connections used for making the interconnections for the centre of each 

differential bridge and these interconnections must be made in the interface 

electronics.  Making these bridge connections was preferred to be done off 

sensor rather than add the extra tracks and complexity/die size on the prototype 

as this reduced the number of masks required to fabricate the device.  Fabricating 

these extra interconnects on the die are a straight forward process and would not 

add confirmation to the validity of the design however as these connections must 

overlap each other as opposing sensors elements are paired, it is not possible to 

make these connections without an extra metal layer. 
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Figure 4-15   Top view of all 6 masks.  Total layout size of 2.52mm.  

Integrated diode on right hand size 

 

The area of the silicon die is primarily governed by the reverse etched 

window since the wall angles of the silicon must be at an angle of 54.7º.  

Anisotropic etching of the bulk silicon requires the minimum dimensions be 

greater than the base dimensions of the etched substrate plus the required silicon 

frame thickness and associated bonding pads, active electronics area and 

diaphragm etch overhead.  This is illustrated in Figure 4-16. 
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Figure 4-16   Determination of minimum die size 

 

The scribe grid allocated in Figure 4-16 allows for the thickness of the 

dicing saw.  This area will be lost during the cutting process.  The I/O region 

indicated allows for active electronics as well as interconnects and wired 

bonding pads. 

 

A number of test patterns and alignment marks were also produced in the 

mask sets (see Figure 4-17).  This was to provide accurate alignment of each 

layer with underneath layers and to verify each step in the process was achieved 

within tolerances.  
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i-line Global 
Alignment Keys 
i-line Fine 
Alignment Keys 

Original Size 
(100%) 

Reduced Size 
(50%) 

Reduced Size 
(80%) 

DUV Global 
Alignment Keys 
(2 Sets) 

Contact 
Alignment Keys 

Dagger Set 
(4 Corners) 

DUV Fine 
Alignment Keys 
(4 Places) 

Figure 4-17   Device die and fabrication test patterns 

 

Three variations of the sensor design were included in the masks to assess 

variation of the operation of different size devices.  The size variations included 

in the masks were 100%, 80% and 50% by dimensions.  These variations equate 

to 100%, 64% and 25% by area.  Power input to each of these size variations was 

expected to follow the reduction in size by area.  As convection cooling (natural 

or forced convection) is a direct function of the surface area, a 50% reduction in 

physical surface area was expected to result in a corresponding 50% reduction in 

the required input power and power loss to achieve the equivalent element 

temperatures. 
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4.5 Wiring and interconnections 

The 2D sensor was initially mounted in a similar method to the 1D sensor 

of Chapter 3, in an IC carrier package.  A larger carrier package was required to 

fit the larger multisensor die.  The device was secured in the carrier using 

Alumina paste.  This is a common adhesive used for IC carrier mounting.  The 

Alumina paste has a good thermal conductivity which means the thermal loss 

into the substrate would be carried into the carrier, again enforcing the need for 

good thermal isolation between the sensor element array and the bulk substrate 

of the device. 

The 2D wind and direction sensor shown in Figure 4-2 required electrical 

connection.  This is an integral part of the design for the fabrication and 

assembly.  Integrated circuits are typically electrically connected using wire 

bonding techniques such as thermo-compressive gold wire bonding or vibrational 

aluminium bonding.  In both of these examples the bonding pads on the sensor 

interconnection tracks were used as anchor points for one end of the bonding 

wire.  This bonding wire was “looped” through the air to an adjacent bonding 

pad on the 24 pin integrated circuit carrier.  At this point of the interconnection 

the wire is severed and another wire is prepared for the next connection.  A more 

complete description of this process was presented in Chapter 3.  The final 

structure is illustrated in Figure 4-18. 
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Figure 4-18   Wire bonds between wind sensor die and chip carrier 

 

This interconnection bonding technique has proven very reliable and 

successful over the years for standard integrated circuit bonding, however a 

number of potential problems arise when applying this same bonding technique 

to a MEMS device, in particular the planar 2D anemometer. 

The physical attributes of the dies that must be considered as potential 

problems with this method of interconnects are: 

a) Mounting of the sensor must be equal or preferably higher in 

elevation to surrounding surfaces or features. 

b) Bonds and interconnects could disrupt the airflow causing 

turbulence and significantly alter the apparent incident airflow 

direction. 

c) Sharp edges, recesses or cavities near the die could introduce 

airflow disruptions with similar results to that of (b) 
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d) As the Silicon Nitride membrane is extremely delicate, contact 

could result in puncture and failure of this membrane.  Even the 

substrate surrounding this membrane is relatively delicate as the 

substrate now forms a frame around the membrane, rather than a 

solid rigid base. 

For these reasons the ideal mounting arrangement requires the top surface 

of the die to be located at the same or slightly raised level to the surrounding 

surface with no obstacles or any surface discontinuities. 

During the process of mounting the die the difficulties included: 

a) Wire bonding typically requires substantial force and temperature 

(>300ºC) to form a thermo-compressive weld of the gold wire to the bonding 

pads on the silicon surface.  This temperature and pressure must be compatible 

with the physical strength of the MEMS device. 

b) The wire bonds typically leave the bulk of the wire in the vertical plane 

as the wire is drawn from the starting bond pad and perpendicular to the surface 

before being directed back to the carrier pad.  The loop of wire that remains in 

the air can form an obstacle to any incident air flow and may cause turbulence 

over the sensor surface or in a worst case significantly alter the apparent incident 

airflow direction. 

c) The destination bonding pad of the chip carrier was typically at a 

similar elevation to the silicon surface.  A few tens of microns difference was 

acceptable, but a considerable difference in elevation between the two bonding 

surfaces resulted in a substantially weaker, if not completely failed bond.  There 

is also the possibility of the bonding wire connection contacting the edge of the 
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silicon die in cases where the die is mounted substantially higher than the carrier 

bonding pads and requires the bonding wire to leave the die at a large negative 

angle to the vertical normal.  For this reason the carrier of the silicon die was 

typically recessed to accommodate the thickness for the silicon and any bonding 

agent between the silicon die and the carrier, and to provide clearance between 

the surface of the die and its bonded interconnects to a cover that may be used to 

seal the die from the environment. 

Several methods to overcome these interconnection issues were 

investigated.  These included: 

a) Screened/printed conductive ink 

This technique was used in later versions including the devices used in 

the agricultural field trials.  This consisted of a PCB manufactured to very close 

tolerances to fit the die in a recessed bay allowing the PCB surface to be 

practically co-planar with the die surface.  Electrically conductive ink/epoxy was 

used to bridge from the die connecting pads to the PCB bonding pads (Figure 

4-19).  The interconnect was only a few tens of microns in height.  While in the 

initial trials they were painted by hand, it was envisioned that future production 

by this method could use screen printed methods to accurately and cleanly apply 

the conducive ink/epoxy to the bonding pads. 
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Figure 4-19   Conductive ink interconnections using FR4 PCB substrates. 

 

b) Die bonding into larger die carriers than would typically be used 

for a die of this size. 

By using a die carrier significantly larger than that typically used for 

these devices, the negative angle created between the die and the carrier bonding 

pads was greatly reduced and allowed considerably higher mounting of the die 

with the carrier whilst not having the interconnects foul on the edge of the die or 

strain excessively resulting in a poor bond. 

Wire bonding into a chip carrier was used initially despite the disruption 

of the airflow.  This proved sufficient for the purposes of proof of concept 

testing in the prototype designs. 

c) Use of epoxy to fill the cavity around the die.  This reduced 

airflow disruptions and provided extra mounting rigidity to the interconnects 

(wire bonding) from the die to the carrier.  Epoxy utilised for this filling process 

was selected  with similar thermal expansion coefficient to that of the FR4 

material if a PCB style carrier is to be used, to match the thermal expansion 
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properties and minimise risk of failure due to temperature induced mechanical 

stress. 

This allowed use of a generously oversized carrier to be used and the die 

could be mounted above the carrier edges. 

The bubbles in the epoxy filler were not a concern provided the surface 

was flat and the bubbles remained only as internal imperfections.  The layer 

thickness of the epoxy was governed by the depth of the carrier package and the 

level of the silicon surface to which it was to meet evenly.  This resulted in a 

zero layer thickness over the silicon surface and approximately 2.5mm deep in 

the surrounding carrier cavity.  As this packaging approach was used only for 

preliminary prototyping and testing, thermal expansion effects were not 

substantial, however would need to be accounted for if the package was to be 

commercially realised. 

Greater thermal coupling from the substrate and through the epoxy filler 

around the edge of the silicon die also provided extra thermal coupling between 

the die and the carrier through the edge walls of the silicon substrate.  This, 

along with the same increased thermal coupling from the interconnect wires, 

marginally increased the power required to reach a given temperature but as this 

is a constant effect of thermal conduction, static operation of the system would 

be relatively unaffected.  The greater thermal coupling for the interconnects also 

gives the benefit of maintaining a more consistent resistance of the interconnects 

and in balancing of the resistance bridges. 
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This is considered an advantage as any variation of interconnect 

resistances would be incorrectly interpreted as variation of the sensor element 

resistance & temperatures and therefore incorrect directional results. 

 

Bonding pads for the interconnections were made via thermo-compressive 

bonding or via conductive ink/epoxy printed onto the surface of the die and the 

IC carrier or the PCB platform. 

To make these interconnects to the die, bonding pads were patterned or 

allocated in the design for specific bond pad locations.  In the masks shown here 

and the sensors developed, bond pads have not been specifically designed for the 

interconnects.  Allocation of these bonding pads was not necessary as the 

conductive tracks for connection between the heating elements was patterned 

very wide to eliminate any self-heating and subsequent heat loss into the 

substrate and therefore wasted energy.  The excessive width of these heater 

supply tracks has enabled wire bonding directly to these tracks without the need 

for dedicated bonding pads.  This allocation of such a large bonding pad area 

allows for flexibility and compensation by making the interconnection bonds at 

slightly varying locations to the original design.  While not specifically used for 

this purpose, this would allow for compensation of slight variations of resistance 

and therefore some minor balancing of the resistance bridges by relocating the 

effective connections point between the resistive elements and therefore adding 

resistance to one element while removing resistance from the opposing element. 
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4.6 Packaging 

Packaging of electronics can pose a significant problem to the designer of 

any electronic device.   

Without packaging the typically fragile electronics of almost any complex 

system is exposed to the elements of the ambient environment.  Semiconductors 

are greatly susceptible to the harsh elements of the atmosphere where the chip is 

subject to environmental degradation, dust deposits, mechanical abrasion and 

rapid environment changes. 

A number of issues are compounded when the electronics must be 

encapsulated and protected from the environment, but the sensors need to be 

exposed to the same environment. 

The packaging which protects these semiconductor devices from the 

environment has two effects.  Firstly the protection from the environment 

provides both a prolonged operational life of the sensor but also could 

completely inhibit the operation of the sensor.  Secondly the packaging protects 

the sensor from the environment it is trying to monitor.  While some protection 

is required such as protection from damage due to either water or physical 

damage from debris or wildlife, a planar anemometer must have its surface 

exposed to the air.  

In the case of anemometry, the issue is complicated further by 

considerations relating to the flow of fluid (in this case air) across the sensor 

surface.  Incorrect geometry or package design can lead to problems such as an 

incorrect incident angle because of turbulent airflow, the production of eddies or 
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vortexes or overexposure of the sensitive surface of the sensor to the 

environment leading to destruction (for example by contamination, precipitation 

or even debris or other physical contact such as the case of bird droppings etc.). 

Avoidance of the physical contamination, such as falling leaves or bird 

droppings, leads to the need for a cover to obscure the sensor active area and 

indeed overreaching the sensor to provide protection of the sensor from such 

debris even when incident from a side angle due to air movement. 

Protection from precipitation presents a problem in that a simple cover 

over the surface of the sensor may not be sufficient to avoid the contamination of 

the surface with water that may run down the walls or internal ceiling of the 

cover, or is drawn by capillary action or surface wetting up the structure to the 

sensor surface. 

Alternatively the sensor area was most easily obscured by inverting its 

mounting.  By mounting the devices upside down (ie. active surface on the 

bottom), any contamination that would otherwise settle on the sensor surface 

would fall past it. 

The first step used in protecting the device was to mount the sensor from 

the underside of the enclosure (see Figure 4-20). This provided some protection 

from incident debris or water carried in under the cover and normally deposited 

by gravity. 

This inverted mounting also reduced although did not eliminate, the 

frequency of contact with insects and wind carried water or mist.  For this reason 

the position and covering dome did not offer sufficient protection. 
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The design of the packaging to protect from these and other potential 

environment hazards, had to ensure smooth airflow over the sensor surface was 

maintained.  The effects of an increase or decrease of the actual air speed over 

the sensor surface can be corrected as the sensitivity variation of the sensor 

provided it is both predictable and repeatable.  Likewise with an offset in 

direction that is induced in the incident airflow can be corrected numerically if 

consistent, however for every correction required an error will be introduced.  

With too many correction factors the accuracy and repeatability of the sensor 

may become questionable. 

 

The planar anemometer was designed for environmental monitoring in an 

open field or forest. A covering shield over the top of the sensor would provide 

protection from incident rain,  debris or animals such as bird attack however it 

was insufficient to guard from any water or mist carried by the wind   

The housing used for the field trial conducted with these sensors is shown 

in Figure 4-20  Construction of the housing consisted of a plastic (PVC) casing 

housing the interface electronics (chapter 5) and the telemetry circuitry.  The 

base of the housing was machined to allow the anemometer to protrude from the 

bottom of the housing.  A rain lip was machined into the bottom edge of the 

casing preventing any water to drip from the edge of the housing rather than to 

run to the sensor area.  Silicone was used to fill and bridge the gap between the 

PCB of the sensor device and the base housing.  Long term reliability of the 

silicone was considered acceptable for this application as the intended 

operational life of this product was one growing season within the farming 
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industry, (less than 12 months)  For longer term applications more durable 

materials maybe necessary. 

The entire housing was suspended inverted from a beam and stand that 

could be planted in the ground.  The results of the field trial using this housing 

are presented in chapter 6.  Also presented in Chapter 6 is the suggestion for a 

more commercially appropriate system housing. 

 

Figure 4-20   Housing used for field trials 

 

The second step of protection implemented was the use of a pseudo 

passivation layer.  Passivating layers are used on semiconductors to protect the 

active electronic area from any contamination either prior to or during the 

packaging process or after manufacture.  This passivating step can also be used 

as an etch or chemical resist for further fabrication process steps.  Passivation 

layers commonly used in the semiconductor industry are silicon dioxide, silicon 

nitride and polyimide which are relatively easily deposited on the semiconductor 

surface. 
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In this sensor a full passivation layer of silicon dioxide was not possible 

to grow as no silicon was left exposed from the die and RF sputtering of the 

layer was considered as an additional unnecessary processing step.  Another 

difficulty with using of a silicon dioxide layer was the fact that it seals against 

humidity ingress.  This is not desirable as a humidity sensor formed part of the 

sensor array being developed as a collection of sensors on a single silicon die 

forming a “multisensor”. 

For these reasons, polyimide was selected as the passivation layer.  This 

provided relatively low thermal conductivity thereby limiting thermal loss from 

the heating elements into the surrounding silicon substrate, allowing the 

humidity absorption properties of the underlying polyimide layers to be 

reasonably un-affected and providing sufficient physical protection from direct 

contact with insects or larger quantities of water.  Polyimide is commonly used 

in CMOS fabrication and so met the criteria of a CMOS compatible process and 

was already being used in prior processing steps so represented minimal 

additional extra material and processing costs to the design compared to the 

addition of a new material. 

 

4.7 Failure analysis 

To provide any degree of understanding of viable lifetime of these 

devices, an understanding of the potential failure mechanisms is necessary.  Four 

primary mechanisms of failure were identified for these devices. 

Failure of the device may be from one of the following affects:  
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 a) electrical overload (Figure 4-22)  

 b) physical damage from rough handling (Figure 4-23) 

 c) environment induced contamination (Figure 4-24) 

 d) pressure differential causing physical damage (Figure 4-25) 

Healthy device 

 

Figure 4-21   Healthy device  

 

The healthy device of Figure 4-21 shows the wind sensor array (4 

serpentine track elements) with the integrated humidity sensor design utilising 

the 4 corners of the silicon.  Connections to each of the wind sensor elements 

and the humidity sensor have been made using conductive paste 

The darker central region extends as a square underneath the humidity 

sensor and outlines the location of the reverse etch that had removed the bulk 

silicon leaving only the sensor layers supported by the optically translucent 

Silicon Nitride diaphragm. 
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Electrical overload 

 

Figure 4-22  Electric burnout 

 

Figure 4-22 demonstrates the results of excessive current supply to the 

device.  In this example the device consists of the wind sensor elements. Here 

the current to the device was approximately 30mA with a calculated average 

element temperature in excess of 700ºC.  Clearly visible in the image are the 

regions that have been discoloured by the excessive temperature.  Apart from 

failure of the Nickel tracks by fusing, the delicate membrane supporting the 

tracks appears unaffected.  While this doesn’t allow conclusions about the 

longevity of the polyimide with regard to heat cycling, it does confirm the ability 

of the polyimide to cope with the short term elevated temperature seen during 

operation.  Electrical testing demonstrated in Chapter 5 shows currents 

approaching this failure point are created under non-zero airflow conditions.  

The airflow and its associated convections cooling allow significantly higher 
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operating currents without such excessively high element temperatures.  This is 

only possible under non-zero airflow conditions and must be considered in the 

design on the control circuits further discussed in Chapter 5. 

Physical contact damage 

 

Figure 4-23   Failure from physical contact 

 

Physical contact of the device was always considered the most likely 

cause of failure.  In the example shown in Figure 4-23, the Silicon Nitride 

diaphragm has failed to contact during the mounting process.  The creasing of 

the membrane in this image is the result of a contact induced crack in the 

membrane allowing the internal stress of the film to pull and tension the film in 

unequalised directions.  While the crack in the film did result in an electric open 

circuit of the directly affected sensor element, other elements that were no 

incident to the crack were not significantly electrically affected.  This suggests 
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that the device may tolerate in some cases minor physical contact that is 

insufficient to physically break the membrane. 

Environment induced contamination 

 

Figure 4-24  Long term environmental exposure and contamination 

 

The most common failure mechanism of the silicon nitride membrane was 

as a result of rough handling of the sensor or infield contamination. 

Potentially automated handling through to the packaged stage would 

practically eliminate failure during the assembly stage.  Once packaged, the 

sensor die should no longer be accessible to human hands leaving the only 

possible contact via debris possibly carried by the wind in field deployment.  

This is where careful consideration must be applied to the packaging as outlined 

in Section 4.6 and further discussed in Chapter 6. 
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Pressure differential 

 

 

Figure 4-25   Excessive pressure differential resulting in rupture of the 

membrane 

 

 

Figure 4-26   Minor pressure differential effects inducing flexure of the 

membrane without electrical or physical failure, or Si3N4 thickness variation 

or localised stress. 
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Air velocity pressure differential failure 

As with all integrated circuits, this device must be physically and 

electrically bonded to the same carrier, commonly either a ceramic integrated 

circuit carrier or a Printed Circuit Board (PCB).  One potentially destructive 

problem that was encountered during the bond process was the variation of 

ambient pressure compared to that when the die was physically bonded to its 

carrier.  As ambient air pressure fluctuates, the differential pressure between the 

sealed cavity underneath the sensor membrane and the ambient environment 

above the membrane surface could be significant enough to cause flexure and 

failure of the membrane either in the short terms from extreme pressure 

differential or in the long term by fatigue of the membrane as it cycles through 

deflection both into and out of the silicon surface plane. 

The most successful approach to solution of this failure mechanism was 

the provision of a hole in the base of the carrier (Figure 4-27) providing a means 

of pressure equalisation of the under membrane volume with the ambient 

environment. 

 

 

Figure 4-27   Pressure equalisation holes through: left) chip carrier and 

right) PCB carrier 
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Another potential failure mechanism relating to pressure differential 

exists.  The air behind the membrane is stationary and the air above the 

membrane can be moving at high speeds.  The difference in air velocities 

introduces a pressure differential described by the Bernoulli equation fluid 

pressures. 

 

bbbaaa ghVPghVp ρρρρ ++=++ 22

2
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2
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(4-1) 

where 
 a is the first point along the pipe 

  b is the second point along the pipe 
  P is static pressure in newtons per meter squared 
  ρ is density in kilograms per meter cubed 
  V is velocity in meters per second 
  g is gravitational acceleration in meters per second squared 
  h is height in meters above sea level 

 

Using the approximations of negligible height variation and a velocity of 

0m/s for the stationary air below the membrane, the Bernoulli’s pressure 

equation becomes 

2

2
1

aba VPP ρ−=  

(4-2) 

Thus the pressure above the membrane surface decreases with the square 

of the air velocity (Figure 4-28). 
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For example the pressure differential is 582 Pa at 30m/s and 1034 Pas at 

40m/s. 

In higher air speed applications such as for aircraft wings, or higher 

density fluids such as water, the pressure differential will be substantially 

greater, however for the velocities on interest for current applications of weather 

monitoring the pressure differential from the maximum practical air velocity 

(40m/s) is approximately 10% of typical atmospheric pressure variations.  For 

this reason and considering the environmental application, the failure of the 

membrane due to this the air velocity affect was not considered to be of concern. 
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Figure 4-28  Membrane pressure differential with air velocity  

following equation (4-1) 
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4.8 Chapter summary 

A 2D system was designed and fabricated in primarily standard CMOS 

production techniques and materials.  Simplification of the design has produced 

a device requiring only four elements combining both sensing and heating into a 

common area. Reverse side etching achieved sufficient thermal isolation of the 

elements to ensure convection heat transfer generates sufficient temperature 

gradient for wind direction detection.  Issues of packaging for field use were 

addressed leading to an inverted mounted sensor coated with a polyimide epoxy 

as both a functional layer for the humidity sensor incorporated into the design 

and as a passivation layer providing some protection from the environment.  

Wire bonded interconnects were used in preliminary testing despite problems 

associated with the disruption of air flow.  This was minimised by keeping the 

silicon surface elevated to a level equal with the carrier and using an epoxy filler 

to retain a smooth and continuous surface from any incident angle.  Circuit 

requirements have been briefly introduced and are discussed further in Chapter 

5. 
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Chapter 5 Electrical Interfacing and 

Preliminary testing 

5.1 Introduction 

Hot wire anemometers can be operated in a number of modes, with a 

constant current source, constant voltage source or constant temperature control.  

The more conventional modes of operation such as constant current or constant 

voltage require relatively simple feedback circuits to maintain steady state 

operation however maintaining constant temperature typically increases the 

complexity of the feedback system, as the temperature cannot usually be 

measured directly.   
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The operation of the 2D thin film directional anemometer outlined in 

Chapter 4 was investigated using three electrical modes of operation; constant 

current, constant voltage and constant resistance. The steady state heating 

response and sensor characteristics for the different excitation modes was 

determined.  Evaluation of these alternative techniques was primarily done by 

experimentation with analytical solutions developed for steady state temperature 

with zero airflow.  The anemometer tested was the four element 2mm x 2mm 

thermoresistive sensor array mounted on a 1.0 µm silicon nitride membrane 

formed by bulk reverse etching (see Chapter 4, Figure 4-2 for device details).  

Reverse etching used for thermal isolation of the sensor elements allowed 

element temperatures in excess of 600ºC to be reached with an input power of 

~270mW. Accurate lower temperature operation was possible with element 

temperatures and heating powers as low as 65ºC and 25mW respectively with a 

normal operation range set at 134ºC, 45mW for zero airflow at 23ºC ambient 

temperature. 

 

Current sources are commonly used for excitation of such devices and 

resistance feedback is often not required as resistance variations during operation 

are typically quite small.  High power modes of operation can lead to instability 

and self-destruction in devices with a positive temperature coefficient of 

resistance (PTCR). Voltage or resistance feedback provides stable operation due 

its self-limiting nature in a PTCR device.  Resistance monitoring provides a 

means to achieve stable temperatures of the heating elements and provides 
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reduced sensitivity to fluctuations in ambient air temperatures and a more 

consistent response to the varying incident airflow velocities. 

 

For relatively small variations in temperature (ranges in the order of 

100ºC) and above temperatures of -200ºC, the resistance/temperature 

relationship of metals may be considered linear [5.1].  This means the 

temperature of a sensor can be controlled by maintaining a constant resistance of 

the heated elements.  Maintaining the heating element at a constant temperature 

provides a means of compensation for the convection cooling that will otherwise 

lower the temperature of the heater during airflow measurements.  Constant 

current and voltage arrangements are self-limiting in this situation and while 

having some other advantages, do not provide this power loss compensation.  

This compensation can be taken further to provide a constant temperature above 

the ambient environment, and thereby remove the ambient temperature induced 

drift for airflow velocity measurements.  This mode of compensation is 

transparent in the operation of the sensor and does not require calculations to 

remove the ambient temperature component as is the case with differential type 

methods.  Before any testing and evaluation could be conducted, the device was 

first verified to be operating in accordance to the thermal model approximations 

made earlier in Chapter 2 and Chapter 4. 
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5.2 Thermal model verification 

TCR measurements 

The Temperature Coefficient of Resistance (TCR) was required where the 

temperature of the heating elements must be calculated, as physical contact was 

not possible and optical pyrometers of sufficient thermal resolution were not 

available.  Figure 5-1 illustrates the variation in sensor element resistance R as a 

function of ambient temperature T being increased slowly from 25ºC to 60ºC 

using the environmental testing chamber (see Figure 5-2). 

 

TCR measurement y = 0.4465x + 122.96
R2 = 0.9997

130

135

140

145

150

155

25 30 35 40 45 50 55 60

Element temperauture (ºC)

El
em

en
t r

es
is

ta
nc

e 
(Ω

)

 

Figure 5-1.  TCR measurement data for Al tracks on a Si3N4 film obtained 

using the 2D sensor. 
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Giving Figure 5-1 the linear relationship of 

 

R = Ro [ 1 + α (T – To) ] 
(5-1) 

where R is element resistance at temperature T where the element resistance Ro at 

temperature To, equals 134 Ω @ 23ºC and the Temperature Coefficient of 

Resistance (TCR) is α equal to 3382ppm.  This data aligns well with the 

published value for TCR of 3600ppm [5.2].   

This positive TCR is critical in the interface circuitry being used.  With 

insufficient design consideration of the excitation circuit, the device could enter 

the conditions for thermal runaway where by the temperature rise from the 

heating would create an increased element resistance leading to greater power 

dissipation and further increased heating, a positive feedback cycle with 

destructive potential. 

The TCR of the device was also tested over a much greater temperature 

range, 25ºC – 400ºC on a heated platform however to successfully test this 

temperature range a slightly different test structure was required.  Over the 

limited temperature range of 20ºC – 60ºC, an environmental chamber (Figure 

5-2) was utilised capable of controlling both temperature and humidity.  This 

chamber had an upper temperature limit of approximately 65ºC 
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Figure 5-2   Environmental test chamber 

 

The temperature range of the devices was further tested using a heated 

test platform which heated the silicon die from below.  The heating was applied 

through the silicon substrate.  Although this heat loss is linear with temperature 

as shown in equation (2-12) and could be calculated, it still introduced 

unreasonable and unnecessary  error in the TCR measurements. The device was 

tested prior to the reverse bulk etch step so that heating was relatively uniform.  

All other processing had been completed so the sensor was complete in every 

other respect.  Conduction was the dominant mode of heat transfer, and there 

was negligible convection cooling of the surface elements.  The TCR 

measurements were conducted in the same manner as for the limited range 

testing.  Results showed good linearity (Figure 5-3) with a linear regression 

R2=0.9978 and a TCR of 3709ppm, within 3% of the published TCR of 

3600ppm. 
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Extended range TCR
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Figure 5-3   Extended temperature TCR measurement using a hot plate. 

 

Thermal resistance 

A number of assumptions and simplifications were made during the 

design and modelling of the device.  Foremost the thermal model was assumed to 

be linear in terms of the power loss to temperature response.  That is the heat 

loss from the device under normal operating conditions was expected to follow 

primarily the laws of thermal conduction and convection which both present a 

linear relationship between temperature and thermal power loss as seen in 

equations (2-2) and (2-12).  Radiation heat transfer was expected to provide 

negligible heat loss from the device due to both the relatively low operating 

temperatures to be used, and the T4 relationship of the radiation heat transfer 

equation (2-13).  In testing the sensor for its power dissipation to temperature 
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relationship, the best curve fit was found to demonstrate an P=ax4+bx+c 

dependence (Figure 5-4) suggesting some degree radiation transfer. This was 

only measurable under operation conditions in excess of 600ºC, however the 

device was not designed nor expected to operate at this elevated temperature.  

When the temperature range was reduced to consider element temperatures no 

greater 400ºC, a linear response provided a regression coefficient of R2=0.9995 

for the same data demonstrating a linear approximation was acceptable for these 

normal operation temperatures.  Intended operating temperatures were typically 

less than 150ºC under normal operation and a maximum temperature not to 

exceed 200ºC meaning the linear approximation was sufficiently accurate. 
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Figure 5-4   Temperature dependant Power loss showing T4 (see text) 

dependence at high temperatures.  Temperature starts at 25ºC for 0mW due 

to room temperature conditions. 
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Thermal resistance measurements 

The thermal resistance was extracted by plotting the data over a limited 

temperature range where conduction and convection dominate and produce a 

linear dependence of temperature on power. 

Figure 5-5 demonstrates the strong linear relationship with gradient of 

4.16x10-4 W/ºC derived for the thermal conductance found by the 

power/temperature relationship of  

 

( )
T

amb
R

TTP −=  

(5-2) 

where 

P = power input (or loss) of the system (W) 
T = temperature of the device elements (ºC) 
Tamb = ambient environment temperature (ºC) 
RT = thermal resistance to the ambient environment. (ºC/W) 

 

From the convection cooling equation of (2.12) and approximating a 

natural convection coefficient for air of between 5 and 30 W/m.ºC [5.3], the 

calculated thermal conductance attributed to convection cooling lies between 

2.611x10-5 W/ºC and 1.566x10-4 W/ºC. 

This is considerably lower than the measured thermal conductance 

demonstrating that other heat losses such as thermal conduction into and through 

the substrate still play a significant role in the heat transfer. 
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Element temperature vs Input power
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Figure 5-5   Thermal resistivity derivation 

 

In the non-reverse etched device where thermal conductance was 

expected to dominate the heat transfer, thermal conductivity of the bulk silicon 

as given by equation (2-2) and the cross sectional area specified as a range of 

1.647x10-6m2 – 5.221x10-6m2 (as given by using either just the heating elements’ 

area only or by using the equivalent diaphragm surface area respectively, and 

therefore neglecting fringe fields) then the thermal conductance of the bulk 

silicon is in the range of 0.41175W/ºC to 1.365W/ºC.  This indicates that the 

conduction heat transfer has been significantly reduced. 

When the diaphragm model was simplified by dividing loss into a series 

of additive cases, the approximated thermal conductivity was found to be 

7.13x10-4W/ºC showing a ~1400x reduction in heat conduction compared to the 

bulk conduction example.  This verified the effectiveness of the diaphragm in 
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reducing heat loss and thermal coupling of the elements through the substrate 

and emphasises that this is a necessary design requirement in the sensor. 

 

5.3 Circuit Design 

The sensor element layout and interconnect pad locations are shown in 

Figure 5-6 and the equivalent electrical circuit outlined in Figure 5-7.  Ideally 

the resistance of each sensor element is identical. The resistance of each sensor 

element was appropriately 130Ω.  The total resistance between excitation points 

X & Y was also approximately 130Ω (Figure 5-7).  Electrical stimulus to the 

device was applied to connections X and Y irrespective of the excitation mode 

used.  The outputs of the device were taken from connections X, Y and VRef being 

associated with the East-West pair, North-South pair and excitation reference 

voltage outputs respectively.  The excitation reference (located off board in the 

case of the prototype devices) was a higher resistance voltage divider and 

provided an output signal corresponding to zero airflow, or more accurately a 

non-directional airflow, i.e. the balance point output from the sensor bridges.  

The non-directional dependent reference voltage was required to be subtracted as 

the offset signal from each of the bridge pairs.  Without this dynamic reference 

signal, the simultaneous solution of the bridge outputs was not possible.  This is 

discussed further in Chapter 6. 
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Figure 5-6   Thermoresistive anemometer design layout. Total design size 

3mm x 3mm 

 

 

Figure 5-7   Electrical configuration of sensor elements 
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The three modes of operation, constant current, constant voltage and 

constant temperature required different driving circuits and while similar in 

appearance, have each been designed independently to provide operation at 

similar steady state temperatures in the static ambient environment.  Simplified 

versions of these drive circuits are shown in Figure 5-8. 

 

Operation of the sensor with a bias current of 16mA (at an ambient 

temperature of 25ºC with zero incident airflow) results in a measured element 

resistance of 179Ω and calculated element temperatures of approximately 134ºC.  

The element temperature was calculated using equation (5-1) and the 

experimentally derived TCR.  This was set for all three test scenarios (room 

temperature with zero airflow) and all steady state measurements were taken 

relative to this condition.  While higher power operation of the sensor may 

provide advantages such as increased sensitivity and accuracy, this also increases 

the possibility of device failure under specific conditions where the system may 

be capable of thermal runaway.  The power to the sensor may be either increased 

or decreased depending on the required operating conditions and in these 

prototypes was allocated for operation at higher than room temperatures (up to 

60ºC) or relatively high airflow velocities (30m/s) without changing the set point 

value of the element temperature. 

Lower temperature operating points allow lower power operation in more 

stable and controlled environments such as the laboratory however this results in 

limited and insufficient sensitivity in the open outdoor environment such as 

farming and agricultural fields. 



MEMS Anemometer 

 

156 

 

 

Figure 5-8   a) Current controlled, b) Voltage controlled, c) Constant 

Resistance(Temperature) controlled, excitation circuits 

 

Constant current operation 

Constant current was obtained from the current source shown in Figure 

5-8a.  The operational amplifier was set to monitor the resultant voltage drop 

across R3, current sense resistor.  Given a fixed and temperature stable resistance 

at this point and negligible current flow into the amplifier, a constant combined 

average current is maintained through the sensing elements in the bridge.  The 

potential across the current sense resistor R3 was subtracted from the absolute 

voltage at the output of the amplifier to obtain an output voltage proportional to 

the power loss and therefore incident airflow velocity.  The current was set to 

16mA for the overall device current in this test configuration. 
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Constant voltage operation 

Constant voltage was provided by the operational amplifier maintaining 

equal voltages at its input connections, (pins 5 & 6, Figure 5-8b) thereby 

allowing the sensor voltage to be set by the voltage divider consisting of the R4 

& R5 resistor combination.  The voltage for this test was set at 3V.  This was in 

the same range as that used in the constant current system equating to a room 

temperature, zero airflow current of 16mA and average element temperature of 

~134ºC.  Differential voltage measurement across R6, is proportional to the 

current through the device elements, and was used to determine the input power 

to the sensor. 

Constant temperature operation 

To provide a constant average sensor element temperature a constant 

overall resistance must be maintained.  The ratio of the device resistance and a 

current limiting resistor (R9) was compared to a reference voltage divider to 

provide a dynamic response that varies as the sensor elements self-heat (Figure 

5-8c). This feedback provides additional power to the device when the resistance 

falls too low, and the power to the device is reduced when the resistance is too 

high. This adjustment of the input power and used to track and maintain a 

constant resistor divider ratio and thus a constant average element temperature.  

This constant resistance arrangement was found to be reliable and predictable as 

the R/T curves for a thin film metal (over a limited temperature range) was 

approximated by a linear relationship with the measurable Temperature 
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Coefficient of Resistance, (TCR) as shown in Figure 5-1 and derived in equation 

(5-1, allowing accurate and simplified setting of the desired temperature. 

 

The constant resistance system was dependent on the characteristics of 

the differential amplifier, as the output of the amplifier at ‘power on’ is zero 

assuming an initial condition that both voltage dividers will have zero output 

voltage and therefore provide an equal potential to the amplifier inputs, resulting 

in a zero output from the amplifier.  In this situation the circuit remains in an 

effective “off” state and failed to self heat.  Similar failure was also observed if 

the ambient temperature rose above the set point heater temperature where the 

drive circuit would supply zero power to the device and enter the pseudo “off” 

mode.  To overcome this potential problem, a capacitor (C1 = 10µF) was used to 

provide an initial step response to the voltage dividers to initiate the first valid 

comparison of the system.  The final circuit including the start-up capacitor is 

shown in Figure 5-8c.  Once running effectively with the circuit supplying power 

to the sensor, C1 provides only minor low pass filtering of the output of the 

operational amplifier with a time constant of 37.5us from the output resistance of 

the op-amp R=375ohms and τ=RC.  This low pass filtering was desirable to 

reduce high frequency noise in the system and yet was high enough (~4244Hz) 

to allow fast response and operation of the heater circuitry. 

 

While all three circuits were constructed and operated well in the 

laboratory tests, in a commercial application there may be a requirement for 

extra driving transistors/FETs to provide sufficient current to the sensor 
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depending on the op-amp selection made.  For the non-destructive experiments 

conducted here the current of the sensor did not exceed 26mA, which was within 

the maximum output current specification of the LM324 op-amp, rated at a 

maximum output current of 40mA.  This was adequate for test purposes. 

 

5.4 Test procedure 

A test procedure was established to compare the operation of the three 

different device configurations, Constant Voltage, Constant Current and 

Constant Temperature.  Characterisation of each of the excitation modes was 

necessary to evaluate the appropriateness of each mode in terms of sensitivity, 

stability and power efficiency.   

The test procedure consisted of the following 3 stages and test results are 

reported in Section 5.5: 

a) Steady state heating response conducted in the environmental testing 

chamber of Figure 5-2. 

With the ambient temperature fixed at 25ºC and with zero forced airflow. 

All parameters of the device were measured as set point values of the Voltage, 

Current and Temperature control circuits were progressively increased to an 

approximately equivalent maximum current in the sensors of 26mA.  This 

determined the steady state conditions of operation and the maximum currents 

and temperatures expected for the heating elements.  This was compared to 

analytical solutions and the models presented in chapters 2 and 4 to confirm their 

validity. 
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b) Variable ambient temperature response conducted in the environmental 

chamber of Figure 5-2 with the ambient temperature steadily increased from 

25ºC to 55ºC with no forced airflow and maintaining a fixed excitation signal.  

This allowed the generation of a base line for the expected response of the device 

for varying ambient environment temperatures. 

c) Variable airflow velocity response conducted in the wind tunnel of 

Figure 2-5  to determine the base line for each excitation mode. 

Static excitation with equivalent zero airflow was used as the start points, 

The airflow velocity across the sensor surface was increased from zero to 25m/s 

and the device’s power and temperature recorded.  Velocity was varied by 

automated control of the wind tunnel developed and described in Section 2.4.  

Each test was conducted under fully automated control to maintain consistency 

across all tests.  Automated logging of data provided space delimitated text files 

imported for analysis post testing into spreadsheet analysis packages including 

MS Excel, Matlab and Sigmaplot. 

 

5.5 Steady state heating response 

In this section results from the test measurement as outlined in section 5.4 

are discussed.  Results for each of the excitation modes are separated and 

discussed accordingly. 
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Current excitation 

The results from the steady state current heating are plotted in Figure 5-9 

with the element temperature and power plotted as a function of the sensor 

current. 
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Figure 5-9   Temperature and power for a current controlled sensor 

 

The temperature/power relationship was approximated by a linear 

function over a limited temperature range as demonstrated in Figure 5-5 and 

according to the current source power equation  

 

P = i2 R 

(5-3) 

the power dissipation is predicted to increase proportionally with the 

square of current for a fixed resistance.  Due to the increased temperature of the 
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elements and corresponding resistance increase, the power dissipation increased 

(Figure 5-10)  at a rate proportional to greater than the square of the current over 

the limited temperature range.  This limited range ensured negligible radiation 

heat loss with P∝ xn  where n = 2.078. 

With the greater than x2 relationship to power, the current must be 

controlled very accurately to maintain a constant preset temperature.  At high 

temperatures and currents, even small variations in current may lead to large 

increases in dissipated power and corresponding element temperatures easily 

capable of burning out sensor elements as shown in Figure 4-22. 
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Figure 5-10   log(p) vs log(i) with linear fit over limited temp range (23ºC-

181ºC) 

 

Using the relationships of the current source power equation of (5-3), the 

temperature compensated resistance of equation (5-1) and the observation of 
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Figure 5-5 demonstrating the linear relationship between power and temperature 

of equation (5-1) with thermal resistance of 2404ºC/W, the power relationship to 

current can be written as 
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 (5-4) 

where 

P = power input (equivalent to heat power loss) (Watts) 

Tamb = ambient environment temperature (ºC) 

i = excitation current (Amps) 

RT = Thermal resistance to the ambient temperature (ºC/W) 

TCR = Temperature Coefficient of Resistance of elements (1/ºC) 

Ro = Element resistance at temperature To (Ω) 

To = Calibration temperature for Ro (ºC) 

 

Comparison of this equation and the actual power observed shown in 

Figure 5-11 show a strong linear relationship with R2=0.9998 and error in offset 

of 0.3356mW.  This suggests that while relatively complex, provided the TCR, 

thermal resistivity and initial element resistances are known, both power and 

temperature can be determined from excitation current alone using equation 

(5-4). 
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Figure 5-11   Theoretical calculated power compared to actual measured 

power. 

 

Voltage excitation 

Figure 5-12 shows the temperature of the sensor (as calculated from 

element resistance) and the power consumed by the elements as a function of 

sensor voltage.  The voltage source power equation  

 

R
vP

2

=  

(5-5) 

suggests power rises with the square of the voltage for a fixed resistance.  The 

temperature dependant resistance however will reduce power input making 

power dissipation proportional to less than the square of the voltage.  This is 

confirmed in Figure 5-13 showing the log of Power against the log of Voltage 
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and a linear fit with a gradient less than 2. The measured power is proportional 

to xn where n=1.924 which is less than 2. 
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Figure 5-12. Temperature and power of a voltage controlled sensor in a 

constant ambient temperature with zero airflow. 
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Figure 5-13  Log-Log plot of Power to voltage demonstrating xn where 

n=1.924 
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Using the voltage source power equation of (5-5) and the temperature 

compensated resistance equation of (5-1) with a thermal resistance of 2404ºC/W 

(from Figure 5-5) the temperature equation in terms of excitation voltage was 

found to be a quadratic solution of the form 
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(5-6) 

Using the power input given by the power/temperature relationship of 

equation (5-2), the voltage excited power input equation can be written as  
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(5-7) 

This set of equations demonstrated excellent correlation to the actual 

power values record as shown in Figure 5-14 with an error of only 1.53ºC offset 

with the gradient n=1.924 ± 0.0151.   
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Figure 5-14  Theoretical calculated versus actual power levels over a 

temperature range (23ºC – 629ºC) 

 

Implementation of equations, (5-4), (5-6) & (5-7), into any on board 

microcontroller based system is excessive in terms of the necessary 

computational power and time requirements.  This reason, supported by the lack 

of ambient temperature compensation, suggests that another excitation technique 

must be found, in order to effectively implement the interpretation algorithm 

within the on board intelligence of each sensor node. 

 

Constant temperature excitation 

Using the drive circuit in Figure 5-8c, static and dynamic tests were 

conducted to examine the performance relative to constant temperature and 
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changing excitation values or changing ambient temperature with a  constant 

excitation set point value. 
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Figure 5-15.  Temperature of a resistance controlled sensor 

 

As the resistance and therefore the average element temperature is 

controlled in this excitation mode, the equations to analytically determine the 

resulting temperature and power are significantly simplified to the previous 

excitation modes. 

As temperature relates directly to the set point resistance values, taking 

the Temperature Coefficient of Resistance (TCR) and the baseline resistance at a 

calibration temperature values (R0 @ T0) the average temperature of the elements 

is given by  
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Expanding equation (5-8) to include the ambient environment temperature 

(Tamb) and the thermal resistivity of the combined conduction and convection 

losses as defined in Chapter 2 and determined in Section 5-2 the power required 

to elevate the sensor to the set point resistance value R is 
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(5-9) 

This equation is significantly simplified compared to the power and 

temperature equations for current source excitation (5-4) and voltage source 

excitation (5-6) meaning implementation into an on board processor is 

considerably more achievable. 

Testing to verify the validity of equation (5-9) was conducted by 

maintaining a constant ambient temperature with zero airflow velocity and 

systematically raising the set point values of the temperature and comparing the 

theoretically calculated power from (5-9) to the actual power consumption of the 

physical circuit, (see Figure 5-16) demonstrating excellent correlation supporting 

equation (5-9). 
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Toward the higher power end of the measurements the actual power is 

seen to increase at a greater rate than the theoretical values (reducing gradient).  

This can be accounted for by the decrease of the thermal resistivity as the 

temperature becomes high enough to no longer neglect radiation heat transfer. 
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Figure 5-16  Comparative of equation for resistance over limited temp (23ºC 

– 400ºC) 

 

Summary 

Each mode of excitation was compared with the relevant theoretically 

predicted values to the actual power and temperature values recorded during 

testing. 

All three modes demonstrated excellent correlation between theoretical 

and test data using the assumption of negligible radiation heat transfer 

confirming this assumption to be appropriate. 
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While all modes were predictable in response, resistance (temperature) 

control showed a more accurate power predictability, Figure 5-16 and simpler 

power equation (5-9). 

These results suggest that the resistance and therefore temperature 

controlled method of excitation is preferable to maintain best accuracy of 

element temperatures and power dissipation. 

 

5.6 Variable ambient temperature response 

The comparative results for the ambient temperature tests are given in 

Figure 5-17.  This is a linear response for constant current and constant voltage 

mode.  The constant resistance excitation mode shows no variation in 

temperature as expected. 
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Figure 5-17. Comparative temperature response to varying ambient 

temperature. 
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An increase in the ambient temperature resulted in an increase the 

resistance of positive temperature coefficient thermoresistors.  This is seen 

(Figure 5-17) as an increase in the temperature of the non-temperature controlled 

devices.  There is a corresponding decrease of heating power in the resistance 

controlled arrangement (Figure 5-18). 

As described and predicted from the discussion on the steady state heating 

responses in the preceding sub-section, the current controlled circuit power is 

greater than that defined by P = i2 R. Since resistance was shown to be 

proportional to Temperature (Figure 5-1), it follows that the element temperature 

under Current source excitation will be greater than a linear relationship with the 

ambient temperature. 

The voltage controlled circuit demonstrated the opposite characteristics 

with a less than unity dependence on the Resistance of the sensing elements.  

Thus the element temperatures are less than a linear relationship with the 

ambient temperature. 

Both these cases are demonstrated in Figure 5-17 with linear 

approximations of element temperatures for both circuits and clearly 

demonstrating gradients of greater than 1 for the current controlled circuit 

(m=1.176) and less than 1 for the voltage controlled circuit (m=0.844) as 

predicted. 

 



CHAPTER 5. Electrical Interfacing and Preliminary Testing 

173 
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Figure 5-18. Comparative power dissipation response to varying ambient 

temperature. 

 

Summary 

If the excitation amplitude is held constant the current source power 

equation (5-3) and the voltage source power equation (5-5) show that the power 

dissipation for each mode can be described by a function proportional to 

Resistance for current source and inversely proportional to Resistance for 

voltage source excitation. 

As Resistance is proportional to Temperature, the same proportional (or 

inversely proportional) relationships will hold true for ambient temperature 

changes as evident in Figure 5-18 (regression coefficients of R2=0.9974 and 

R2=0.9997 for current and voltage control respectively). 

For the resistance control mode, as resistance and therefore temperature is 

constant, the input power has an inverse relationship of ambient temperature 
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(Figure 5-18).  While presenting a potential limitation of maximum ambient 

temperature being necessarily lower than the set point operating temperature, 

this resistance/temperature control does pose a significant advantage.  In a rising 

ambient temperature environment the temperature controlled excitation mode 

cannot possibly lead to thermal runaway.  Once the average element 

temperatures reach the set point value, no power is supplied to the elements 

effectively shutting down the heating until the temperature lowers again.  This 

thermal runaway protection is also seen although not to the same extent in the 

voltage controlled excitation mode in the negative gradient of the response in 

Figure 5-18. 

 

5.7 Variable airflow velocity response 

Figure 5-19 shows the measured relationship between the element 

temperature and the air flow velocity.  The average element temperature of the 

temperature controlled excitation remained almost constant irrespective of the 

airflow velocity. As the airflow velocity increased, the forced convection cooling 

effect on the surface of the sensor dramatically increased the heat loss from the 

sensor.  This resulted in the temperature controlled system supplying extra power 

required to counteract the extra heat loss to maintain a constant element 

temperature. 
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Figure 5-19. Element temperature response to varying airflow velocities. 

 

In the other systems (current and voltage controlled), the temperature fell 

significantly impacting the sensitivity.  As the sensitivity for both velocity and 

direction is governed by the temperature differential of the elements, if the 

‘above ambient’ temperature of the elements is low then this will limit/reduce 

the sensitivity.  For both current and voltage source modes, the temperature fell 

significantly (although to a greater extent for current) and follow a non-linear 

path (Figure 5-19) 

The power effect due to ambient airflow velocity was examined further 

(Figure 5-20). 

Current control of element heating was the only excitation mode to 

decrease the input power to the elements at the increased airflow velocities 

(Figure 5-20).  This is a condition where extra power is required to maintain 

sensitivity.  If the heating elements’ temperature fall then the available 



MEMS Anemometer 

 

176 

differential temperature is also reduced.  For this reason, current controlled 

excitation of the devices was not considered the optimal solution. 

Voltage controlled excitation did marginally increase the power input to 

the heating elements (Figure 5-20) however this was in response to the drop of 

the element temperature (Figure 5-19).  So even though extra power was 

supplied, the element temperatures were still permitted to fall. 

Constant resistance control maintained constant temperature (Figure 5-19) 

by significantly increasing the elements’ input power (Figure 5-20). 

As airflow velocity increases, convection cooling is increased (and so too 

the corresponding heat loss) while the thermal resistance into the substrate 

remains constant with ambient temperature, therefore for a fixed heater and 

ambient temperature, there is a constant heat loss irrespective of airflow 

velocity.  The combination of these factors results in a non-linear dependence of 

power loss to the airflow velocity. 

In such a case the heat transfer equation governing heat loss from the 

elements will take the form 

( )SFSx TThA
dx
dTkAq −−−=  

(5-10) 

which combines equations (2.1) and (2.3) for conduction and convection 

heat transfer.  This can be represented by the thermal circuit shown in Figure 

5-21.  This response can be seen graphically in Figure 5-20 where the power is 

demonstrated as a non-linear function of airflow velocity for the resistance 

controlled excitation. 
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Figure 5-20.  Power dissipation response to varying airflow velocities 

 

 

 

Figure 5-21   Thermal circuit for combined thermal resistances of 

conduction and convection 

 



MEMS Anemometer 

 

178 

5.8 Summary 

The steady state heating response of the sensor demonstrated a strong 

linear relationship between the heating power and the temperature of the sensor 

elements up to 160mW or 400ºC.  This was expected, as below these 

temperatures the only significant heat sinking should be through natural thermal 

convection to the ambient environment and thermal conduction into the substrate 

surrounding the diaphragm.  These two heat transfer mechanisms have a linear 

response to temperature (see Chapter 2).  Above 400ºC the effective thermal 

resistance decreased more rapidly as displayed by the beginning of a gradual 

increase of the gradient of the input power required in the resistance controlled 

response of Figure 5-4.  This translated to an increase in thermal sinking of the 

generated heat.  This follows prediction as the thermal radiation was negligible 

at low temperatures but became more significant as temperatures increase. 

 

Given that the temperature of the elements must be kept below 400ºC, for 

a given power input, an expected above ambient temperature (ambient 

temperature range of -30ºC to +60ºC) is readily achievable.  It is not desirable to 

exceed this maximum temperature during normal operation as this will increase 

the thermal stress on the device potentially leading to premature failure. 

 

Temperature rise was found to be a linear function of power input for the 

voltage and current controlled systems during ambient temperature variation.  

This linear dependence provided some compensation for varying ambient 
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temperature when the system is set to maintain a constant above ambient 

temperature of the elements.  This minor benefit however was negated by the 

massive drop in element temperatures when the airflow velocity performance 

was evaluated. 

 

The airflow velocity response of the constant temperature system 

demonstrated much better compensation for the increased thermal dissipation 

compared to the response from either the constant current or constant voltage 

systems.  This power compensation extends the useable range of the velocity and 

sensitivity to both wind velocity and direction as is further discussed in Chapter 

6. 

Current controlled response 

Current controlled operation of hot wire anemometers presents a number 

of challenges for practical applications.  High sensitivity to heating power 

demands good accuracy from both the control circuit and the fabrication 

processes of the device.  A positive ambient temperature feedback response 

increases inaccuracies due to a lack of ambient temperature compensation and, in 

extreme cases, can potentially lead to thermal runaway.  Airflow across the 

sensor provides significantly increased cooling of the sensor and reduces the 

temperature of the heating elements resulting in reduced power dissipation.  This 

excitation method provides negative compensation for the extra convection 

cooling from the incident airflow and also lowers the thermal differential 
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generated across the sensor surface.  This is detrimental if direction 

measurements are to be made. 

Voltage controlled response 

Constant voltage control of the heater provided a negative but linear 

response to ambient temperature giving a more predictable and controllable 

response at high power levels than for current controlled systems.  Linearity of 

the heater temperature was maintained in the response for variation of ambient 

temperature.  This excitation mode demonstrated marginally better suitability 

than the current source excitation to wind velocity measurement as element 

temperature reduction induced by the increased convection cooling of the airflow 

increases the power dissipation of the heater providing some minimal 

compensation for the extra heat loss. 

Temperature controlled response 

Constant temperature control provides a non-dependent response of the 

heater temperature to ambient temperature providing good predictability in the 

set point value and minimizing requirements for calibration.  This meant ambient 

temperature compensation was effective, maintaining good temperature stability 

over a large ambient temperature range.  This also limits the operation to a 

maximum theoretical temperature, protecting the sensor from possible thermal 

runaway.  Airflow velocity response demonstrated good stability of the sensor 

temperature and retained sensitivity at high airflow velocities unlike the other 

excitation methods examined.  Maintained heater temperatures maximized the 

thermal differential possible across the sensor surface that was used for 
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directional measurements of the incident airflow.  This was the method used in 

the field work reported in Chapter 6. 

 

If ambient temperature compensation is required such that the element 

temperature is raised to a set point above ambient temperature, the reference 

divider in the constant temperature system could use an element with an equal 

TCR but higher resistance than the sensor elements.  The higher resistance would 

reduce any self-heating of the reference resistor, retaining sensitivity only to the 

ambient temperature of the incident airflow.  This would provide appropriate 

above ambient temperature compensation irrespective of the ambient temperature 

without sacrificing the stability created for the air velocity measurements.  As 

the maximum temperature differential across the sensor surface was a function of 

the maximum element temperature the accuracy of the resistance controlled 

sensor was maintained at the higher wind speeds and provided a superior 

solution compared to the current or voltage controlled systems. 
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Chapter 6 System Results 

6.1 Packaging 

Complete FR4 device (prototype 2) 

Prototype 2 was a self contained device requiring no additional 

packaging.  The physical assembly consisted of discrete components and a 

commercially available integrated circuit (LM324 quad op-amp array) surface 

mounted top and bottom of a double sided FR4 printed circuit board.  The board 

was the physical structure supporting all components of the active sensor 

element array (Figure 6-1).  This board was patterned for interconnections and 

mounting of the interface and excitation control circuitry (Figure 6-2) required 

for interfacing this device to an analogue datalogger. Electrical interface 

connections formed the legs of the device similar to a standard integrated circuit.  
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In the later designs a 2.5mm thick epoxy layer (Figure 6-3) was poured over and 

moulded to the entire surface of the PCB to diffuse the heat plume generated 

around the sensing elements to create a thermal geometry which had a relatively 

simple and less critical mathematical solution of equation (2.16) (see chapter 2 

for the full description of this device). 

 

 

Figure 6-1   Prototype 2, discrete components surface mounted on PCB.  The 

central heating and surrounding  sensing elements are visible on the top 

surface. Same physical dimensions as 16 DIP. 

 

The circuit implemented on the bottom layer of this PCB consisted of the 

constant temperature controller discussed in Chapter 5, a low power constant 

current source for temperature only measurements and 2 differential amplifiers 

with outputs corresponding to the differential heating response in the x and y 

axes.  The input to this device was a 5V power supply and a single digital control 

line was used to switch between temperature measurement and velocity/direction 

measurement control.  Only the analogue output values for each axis were output 
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from the device and required further analysis to interpret as a directional vector 

solution.  

 

 

Figure 6-2   Prototype 2 with rear surface mounted interface circuitry.  

Device size equivalent to 16 pin 0.3” DIP integrated circuit package. 

 

Significant performance differences were observed between that with and 

without the epoxy diffusion layer. These results are presented in section 6.2. 

 

 

Figure 6-3   Prototype 2 with epoxy diffusion layer over surface mounted 

elements. 
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Chip level packaging (prototype 4) 

Prototype 4 was fabricated on a silicon substrate.  Two primary issues 

were to be addressed.  

1) physical mounting of the device  

2) electrical interconnections.   

The raw silicon die pattered with the sensor elements and interconnects 

(Figure 6-4) have surface periphery bonding pads available to a chip carrier.  

Direct physical connection to the die’s bonding pads is very delicate and was 

made using a fine gold wire bonder as used in the semiconductor industry. 

 

 

Figure 6-4   Raw silicon die (prototype 4) diced and ready to be mounted 

 

Physical mounting of integrated circuits most commonly uses ceramic or 

plastic packages with a recessed cavity and exposed pads on the circumference 

of the cavity.  This allows interconnection between the silicon die and the 

package legs.  Typical bonding techniques between the silicon die and the carrier 

package are wire bonding using either thermocompression or ultrasonic 

vibration/friction bonding. 
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Figure 6-5   28 pin ceramic die carrier package with perimeter bonding 

pads. 

 

The silicon die was mounted in the carrier using Alumina paste.  During 

thermocompression gold wire bonding, the bonding pads on the die surface must 

be raised to over 300ºC to achieve reliable bonding and yet the die must be 

totally rigid in the carrier to prevent misalignment of the die and potential failure 

of bonds.  Alumina paste is a commonly accepted bonding medium for these 

requirements. 

 

Figure 6-6   Device die mounted and bonded in carrier 

During normal semiconductor device mounting, the die is mounted in the 

recessed cavity of the carrier (Figure 6-6) and the die surface and bonding pads 
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are typically below the surface of the rest of the carrier.  This was not acceptable 

in this application as the lower surface height disrupted airflow and both reduced 

speed and created turbulence over the active area of the silicon die.  Minor 

variations in airspeed over the sensing area were not of great concern as these 

could be compensated by calibration, however turbulence is not so predictable 

and while it could potentially be numerically averaged out, this would reduce the 

effective response time of the device and potentially cause unreliable 

measurements. 

To overcome this difficulty the silicon die was elevated from the base of 

the cavity by mounting on several layers of additional silicon wafer to be equal 

to or slightly greater than the surface elevation of the rest of the carrier.  With 

the die mounted in this elevated position the surrounding cavity was then filled 

with an epoxy resin to produce a continuous surface from the carrier across to 

the silicon die (Figure 6-7). This creates a smooth boundary layer condition for 

the airflow over the device thereby minimising turbulence.  Importantly the 

epoxy filler was carefully applied to avoid any application of the epoxy to the 

surface of the die.  Any contact here was likely to destroy the sensor and any 

obscuring of the elements will result in an unusable device. 
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Figure 6-7   Epoxy filler used to fill the cavity around the  silicon die.  Air 

inclusions in the translucent epoxy are visible. 

 

During and after the pouring the two part epoxy filler around the die, the 

epoxy developed air bubbles in the cavity (primarily due to mixing), before the 

epoxy had hardened.  These air pockets (visible in Figure 6-7) were below the 

epoxy surface and did not interfere with the smoothness of the epoxy outer 

surface.  Bubbles in the epoxy may play a part in thermal stress when the device 

is heated by the sun.  Therefore, for commercial applications and manufacture of 

these devices, a more effective application of the epoxy would be likely 

(probably also a different material) meaning air inclusions in the filler would be 

less likely. 

A number of options were considered for the implementation of these 

sensors.  Initial packaging consisted of 25um gold wire interconnects from the 

sensor die to the IC carrier package.  These gold wire bonds left the bonding 

wires raised above the silicon surface leaving possible interference of the airflow 

over the sensor surface.  Although the epoxy filler largely embedded these 

bonding wires, the epoxy was filled to the edge of the silicon leaving the wire 
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bond and also a short tail of wire leaving the bonding pad, exposed to the 

environment.  Experimental testing verified these minor obstructions did not 

significantly affect the operation of the device.  Leaving the bonding wires raised 

in this manner did however leave the extremely delicate bond wires exposed to 

the environment where even minute airborne objects could damage the bonded 

connection and would result in early failure of the device. 

 

An alternative was to mount the silicon die on FR4 printed circuit board.  

This robust design consisted of the die being recessed into a PCB and conducting 

ink tracks being printed from the PCB to the die bonding pads.   

 

 

Figure 6-8   PCB carrier with cavity for silicon die and pressure relief hole 

in cavity centre. 

 

A PCB carrier was designed in Protel and the fabrication externally 

sourced.  The recessed area was created by mechanically milling the PCB 

surface.  The recess was deeper than the silicon die thickness to allow for 
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adhesive to secure the die.  Close tolerance to the x and y dimension was 

required for three reasons.   

1) an exact fit of the die would assist in the alignment of the sensor 

element array to the carrier axis 

2) any cavity between the die and the PCB would introduce 

disruption of the airflow affecting the accuracy of the measurements and  

3) reducing the gap between the silicon die and the PCB bonding 

pads also reduced the length the interconnections needed to bridge this 

gap.  A pressure equalisation hole (visible in Figure 6-8) was required to 

prevent differential pressure stressing the membrane during atmospheric 

pressure variations or potentially accommodating for Bernoulli generated 

pressure differentials during elevated wind speed. 

 

Thermocompression wire bonding of the die to the PCB carrier was not 

possible as the FR4 material was not designed to withstand the elevated 

temperature required.  Ultrasonic wire bonding using Aluminium wire was not 

suitable because the FR4 material being a resin/glass mat composite has 

sufficient flexure to damp the ultrasonic vibration during the bonding process.  

This made the bonds unreliable and prone to short term failure. 

The most suitable bonding method was the use of conductive ink 

manually painted across from the silicon die bonding pad to the corresponding 

bonding pad on the PCB carrier.  This method of bonding also minimised any 

raised obstruction in the airflow above the device surface and also minimising 
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potential disruption of the airflow across the device surface with the final 

product as shown in Figure 6-9. 

 

Although construction of initial prototypes was labour intensive and not 

suitable for a commercially viable product, this did provide effective, reliable 

and robust prototypes for field testing.  Screen printing to the required feature 

sizes seen here (0.1mm) is well developed and commonly used for such 

commercial products such as flexible polycarbonate printed circuits [6.1], [6.2] 

and could be adapted to this application for mass manufacture. 

 

 

Figure 6-9   PCB mounted silicon die with conductive ink connections 

 

The final result was a silicon die mounted into a carrier that was easy to 

handle and significantly more adaptable to mounting in the larger physical 

system. 

System level packaging 

System level packaging was not an objective of the initially proposed 

project however to conduct the field trials and evaluation of the device design, 
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the device was packaged sufficiently to demonstrate successful operation in the 

target environment and suitable for commercial production.  Conceptual designs 

of the system housing (Figure 6-10) was briefly examined and mock-up 

prototypes developed, however the system packaging used for the field trials was 

considerably simplified to allow development within the available time and 

financial constraints. 

 

  

Figure 6-10   Conceptual image of commercial packaging solution with 

sensor on the underside of the top dome cover. (Colour scale indicating wind 

velocity red = 10m/s, blue = 7m/s). 

 

The field trial packaging system consisted of several assemblies. One 

system is shown in Figure 6-11. This consisted of  

1) inverted planar mounting surface for the wind speed device  

2) mounting location for a leaf wetness sensor 

3) physical containment of the electrical interface 
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4) provision for an external antenna assembly 

5) mounting of this contained package sufficiently above ‘ground’ and 

distant from the vertical mast using a metal stake. 

 

 

The electrical assemblies within the field trial system included (Figure 

6-11) 

1) Multisensor (wind sensor, humidity sensor) 

2) leaf wetness sensor 

4) interface electronics for these and an additional soil moisture sensor 

buried at the base of the system (Multisensor interface board) 

5) intelligent controller for the system to activate and measure each 

sensor device (system hub) 

6) half duplex radio communications module (Proprietary Adhoc 

Wireless Network node) to allow communication between each 

system node and a the host controlling computer.65 
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Figure 6-11   Exploded diagram of packaging used for field trials 

 

The wind sensor was mounted on the inverted face of the package 

protecting the sensing area from damage due to incident debris falling onto the 

surface.  To avoid water running down the outside of the enclosure and onto to 

the wind sensor, a rain lip, visible in Figure 6-12 was provided on the edge of the 

enclosure.  While these provisions were designed to reduce the likelihood of 

physical damage of the device, physical failure of the sensing elements was still 

the first failure mechanism observed.  The system lifespan was targeted at 

approximately 8 months or 12 months being achieved in most cases.  This 

Multisensor 
located 
under 
interface 
board 
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lifespan of the device would be increased with further development of the 

enclosure to better protect the sensing elements from physical contact. 

 

 

Figure 6-12   Actual field trial system PVC package used.  The exposed 

sensors are located on the bottom face of the unit. 

 

6.2 Test results 

Laboratory testing  

Laboratory based testing was conducted in 3 different environments,  

1) the environmental chamber at Griffith University for testing the 

response of the devices to ambient temperature (Figure 5-2),  

2) the mini-wind tunnel constructed at Griffith University (Figure 6-13) 

for testing of the devices by themselves up to high wind velocities in excess or 

40m/s and  
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3) a larger wind tunnel at University of Queensland to test the entire 

system enclosure and mounting assembly up to wind speeds of 20m/s. 

 

 

Figure 6-13   Miniature wind tunnel for individual device testing 

 

Testing in the environmental chamber was conducted to verify operations 

of the device under varying ambient temperatures for zero airflow velocity.  This 

condition of operation gave the necessary calibration information such as the 

TCR for the devices to be able to conduct ambient temperature measurement.  As 

ambient temperature measurements are made under low power operations to 

avoid self heating, these measurements can  be made at any airflow velocity 

without changing the result. 

 

Environmental chamber testing also gave the base line response for 

airflow velocity measurements.  This is effectively a calibration of the response 

of the variation of the thermal conductivity with response to airflow velocity. 
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The constant temperature excitation mode of operation was used for the 

field trial operations.  The system was setup to maintain an above ambient 

temperature of 110ºC (same as the test situation of Figure 5-19).  By maintaining 

the constant “above ambient” temperature, the velocity response of the devices 

was consistent with Figure 5-20 irrespective of the ambient temperature. 

Differential signals 

Prototype 2, consisted of a central heating element and surrounding 

temperature sensing elements.  The directional output of the sensor was broken 

into two independent responses (Figure 6-14). These two signals were generated 

from an orthogonal arrangement of two opposed thermoresistive elements per 

axis.  These outputs were proportional to the difference in resistance of the 

thermoresistive elements and were obtained using a voltage divider bridge 

comprising of either the North-South (y) or East-West (x) paired elements.  

Directional results obtained for a wind speed of 5 m/sec is given in Figure 6-14.  

The voltage dividers were electrically connected between ground and +5 volts 

thereby giving a zero airflow velocity output voltage of 2.5V for balanced 

element resistances and temperatures.  In equations (6-1), (6-2), (6-3) and (6-4), 

variables y0 and x0 define the DC offset of the signals, A and B give the 

amplitude of the differential waveforms while θ and c denote the incident airflow 

angle and any angular offset that may exist respectively.  Angular offset is 

assumed to be equal for the two element pairs providing that they were 

accurately fabricated on their correct axes.  In this case the angular offset refers 
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to offset of the entire device with respect to North-South (0º) orientation.  The 

two differential signals must be simultaneously solved in order to derive the 

angle of the incident airflow (θ).  The necessity for the simultaneous solution 

stems from multiple considerations such as the amplitude of the response and the 

inability of an arccosine function to discern between the first 180º and second 

180º of the N/S symmetrical response being reflected around an angle of 0º and 

180º.  A similar axis of symmetry is seen for the signal of the East/West element 

pair with the reflection occurring at 90º and 270º as seen in Figure 6-14 below.  

 

Prototype 2 differential responses to incident airflow angle at 5m/s wind speed
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Figure 6-14   Response of paired differential sensing elements @ 5m/s fitted 

using equations (6-1) & (6-2) corrected for 2.5V bias. 

 

Analysis of these two differential signals demonstrates good correlation 

to the prediction of Figure 2-10 with a coefficient of determination of a cosine3 

and sine3 fit of R2 = 0.958 and R2 = 0.992 respectively. 
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The equations used to fit this data were 

 

3
0 ))(cos( cAyy +⋅+= θ  

 (6-1) 

3
0 ))(sin( cBxx +⋅+= θ  

(6-2) 

where 
y = differential response from N/S axis 
x = differential response from E/W axis 
y0 = Offset error in zero airflow of N/S axis 
x0 = Offset error in zero airflow of E/W axis 
A = Peak amplitude of N/S differential signal 
B = Peak amplitude of E/W differential signal 
θ = Incident airflow angle 
c =offset of sensor alignment to N/S axis (N=0º) 

 

with coefficients of y0=x0=0, A=1.04, B=0.94 and c=0 

 

Over the limited region of 180º - 360º for the E/W signal x and R2 of 

0.998 is found with the same coefficients.  As the device consists of two 

equivalent but independent axes with each element pair being a mirrored 

arrangement of a heating element and sensor, then any one of these quadrants 

can be used to model/predict/evaluate the potential performance of the device 

and only needs to be mirrored across each axis to obtain equal operation from 

each of the four quadrants.  This suggests that with a more symmetrical heating 

element and more accurate alignment of the sensing elements an R2 fit of 0.998 

would be achievable for the entirety of both differential signals. 
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Figure 6-15   Polar response of paired differential sensing elements with 

correction to remove DC offset.  Note the slight asymmetry in the responses 

and different gains due to manufacturing inaccuracies. 

 

More evident now in Figure 6-15 compared to Figure 6-14 is the error in y 

that lowered the R2 to 0.958.  The signal of x displayed a considerably more 

symmetrical response.  This can be attributed to inaccurate alignment of the N/S 

pair of sensing elements to the position and orientation of the heating element. 

 

The direction of the incident airflow may be determined from the 

response measured in Figure 6-14 using the equations  
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Equations (6-3) & (6-4) assume normalised amplitude 

 

From the individual differential signals in Figure 6-14, the incident 

airflow angle in the range of 0 – π may be found by solving either equations 

(6-3) or (6-4) in the range 0 - π. (A solution from 0 - 2π is not possible from a 

single signal due to the arcsine and arccosine functions giving a result with 

period of π.)  To convert the signal to cover the full range of greater than or less 

than π, the second signal may be used to shift this result into the π - 2π region if 

necessary.  This approach however while successful for waveforms of known 

amplitude, does not allow solution for varying flow rates and therefore variable 

signal amplitude. 

Part of the sensor requirement is the ability to measure airflow velocity 

which is measured from the modulation of the power required by the heating 

elements due to the variation in the convection cooling efficiency.  This variation 

however also causes a modulation of the amplitude of the directional response, 
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resulting in unknown amplitude of the sine and cosine waveforms being reported 

by the sensor.  For this reason a single solution from equations (6-3) & (6-4) is 

of no practical value. 

The simultaneous solution of equations (6-1) & (6-2) can remove the 

amplitudes A and B however x first needs to be modified to become a function of 

A rather than the currently independent variable B.  As the amplitude relationship 

between the differential paired elements is a constant ratio, A can be substituted 

in place of B for the amplitude with use of a scaling coefficient β resulting in 

equation (6-5). 

 

3
0 ))(sin( cAxx +⋅+= θβ  

(6-5) 

Solving equation (6-3) for A and substituting back into equation (6-5) 

gives 
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+= θ
θβ

 

(6-6) 

In this form, the solution no longer relies on a known amplitude.  

Provided the curve profile (primarily related to the geometry and arrangement of 

the heating and sensing elements) of the signals remain constant this equation 

provides a solution irrespective of the amplitude fluctuation due to wind 

velocity. This equation may be solved for θ to produce; 

 



MEMS Anemometer 

 

204 

( )( )[ ] cxxyy
xx

−







−−−

−
= 3

1
2

00
0

1arctan βθ  

 (6-7) 

Ideally the devices manufactured here would have a ratio of signal 

amplitudes of unity giving a β of 1. However Figure 6-15 shows that the 

amplitude of the East/West pair is less than the North/South pair which results in 

inaccurate solution of θ which is a direct result of manufacturing inaccuracy.  

 

The periodic nature of the Arctan function in equation  (6-7) results in a 

reported angle from -π/2 to +π/2 (Figure 6-16) and further modification of the 

solution is necessary to resolve the angle from -π to +π, and then to shift the 

result to 0 to 2π (equation (6-8)).  A polar plot of each response (Figure 6-15) 

demonstrates the paired element responses and the symmetry of x about the 0-π 

axis that prevents solutions for angles falling outside the range of 0 to π.  To 

overcome this problem the polarity of y (North-South pair) after any DC offset 

correction, is used to correct the arctan solution of equation  (6-7) by either 

adding or subtracting π/2 providing a -π to +π indication.  Finally a shift by π 

brings the result into the desired region of 0 to 2π.  
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Figure 6-16   Arctan solution without π/2 correction and π offset adjustment 
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(6-8) 

Post analysis of the results obtained during testing, generated the 

following coefficients for equation (6-8); 

x0 = 0.002, y0 = -0.0022, β = 1.1208, and c = - 0.0436. 

Verification of these values was established with the aid of Figure 6-14 

and Figure 6-15.  Figure 6-14 shows the raw data from the sensor, and indicates 

the average signal level of x0 and y0 being greater than 0V and less than 0V 

respectively.  Seen in the graph of Figure 6-15 are the amplitudes for x0 and y0 

(x0 > y0) resulting in a β of greater than 1.  Figure 6-15 verifies that the actual 

angle of incidence will be less than the calculated angle of incidence due to the 

polar response of x being rotated clockwise by 8º. 
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Using equation (6-8) the solution of the incident airflow angle was found.  

The difference error observed between calculated and actual incident angle was a 

maximum of approximately 15º and was primarily attributed to inaccuracy in the 

fit of the theoretical sine3 and cosine3 curves to the actual response measured due 

partially to the fabrication inconsistencies.  In particular the regions of 0, π/2, π 

and 3π/4 where the response of y and x are at their minimums (Figure 6-14) 

meaning any 1/y term such as seen in equations (6-3), (6-4) and  (6-7) are going 

to be most inaccurate.  This was verified by Figure 6-17, where each π/2 section 

from 0 to 2π demonstrated a lower gradient for the calculated response for the 

incrementing angle than the actual incident angle being measured.  This lower 

gradient resulted in a cumulative error over each π/2 region and presented itself 

as an apparent discontinuity at angles of 0, π/2, π and 3π/4. 

 

 

Figure 6-17   Calculated angle generated by equation (8).  The straight line 

is the perfect result. 
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Methods of correction for this error include polynomial post scaling.  This 

type of correction rather than modifying the analytical solution of equation (6-8) 

allows for correction of errors that may be introduced by the packaging of the 

sensor or by other factors not associated with the geometry of the sensor but 

rather the physical environment in which the sensor has been placed.  This form 

of correction however is expensive in terms of post measurement analysis and 

does not suit mass production.  Due to this, a better alternative was to create a 

more predictable differential response from the elements with the smallest 

possible range that would introduce uncertainty in the result. 

 

With the epoxy diffusion layer added over the device elements the 

direction response was less acute displaying a sine and cosine relationship for 

the sensor element pairs. 

This diffused response was described by the equations 

 

y= y0+A.cos(θ+c) 

(6-9) 

x=x0+A.sin(θ+c) 

(6-10) 

As predicted in Chapter 2 and Figure 2-13 and is graphically 

demonstrated in Figure 6-18 in a polar plot. 
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Amplitude response of differential elements
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Figure 6-18   Polar plot of prototype 2 with epoxy diffusion layer surface 

 

Using the same method of simultaneous solution of the responses yield 

the directional solution  
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(6-11) 

This equation solves the simultaneous equations of (6-9) and (6-10) and 

accommodates for the π periodicity of the Arctan solution.  Results from Figure 

6-18 were processed using equation (6-11) and are shown in Figure 6-19. The 

absolute error is also included in this plot and was less than +- 10º showing a 

30% improvement from the previous version of this prototype. 
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Calculated angle & associated error @ 5m/s
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Figure 6-19   Prototype 2 solution and error 

 

Testing of prototype 4 was conducted in the same manner as for prototype 

2 with the same sine and cosine equations (6-9), (6-10) and (6-11), as used for 

prototype 2 with the diffusion layer, being applicable for the response. 

 

The testing for prototype 4 was conducted primarily in a larger wind 

tunnel located at University of Queensland, Brisbane, Australia.  This larger 

wind tunnel was used rather than the smaller wind tunnel developed at Griffith 

University to be able to concurrently evaluate the housing of the sensors to be 

used in the field trial development and to be able to test the entire system in the 

same packaging and physical orientation as intended in the field trials. 

 

This larger wind tunnel allowed the entire housing and mounting stand to 

be assembled equivalent to how they were installed in the field trials and rotated 

through 0º - 360º via a rotational platform that was designed and built 



MEMS Anemometer 

 

210 

specifically for the purpose of testing this prototype.  The same stepper motor 

controller arrangement was used however in this case the stepper motor did not 

direct drive the sensor rotation but rather through a worm drive and gear 

arrangement considerably increasing the torque of the larger stepper motor being 

used in order to adequately control and rotate the entire sensor housing and 

mounting stand inside a wind tunnel operating at speeds up to 20m/s or 72km/h.  

Monitoring of the actual airflow velocity was achieved with a Pitot-static tube 

anemometer [6.3] (also known as a Prandtl tube) designed and built to connect 

for this project to the same logging system monitoring the prototype 4 sensor so 

as that the actual wind speed was continuously recorded with every measurement 

taken by the multisensor system.  This Pitot-static tube anemometer operates on 

the Bernouli pressure differential generated between the Total pressure (pt) at the 

tip of the tube and the Static pressure (ps) seen at the side of the tube (see Figure 

6-20) with the velocity solution of equation (6-13). 

 

 

 

 

Figure 6-20   Pitot-static (Prandtl) tube anemometer [6.3] 

 

2

2vrpp st +=  

(6-12) 

Airflow direction

Static pressure Ps 

Total dynamic pressure Pt 
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( )
r

pp
v st −=

22  

(6-13) 

where 
pt = total pressure (= Static pressure + dynamic pressure) 
ps = static pressure 
r = air density 
v = velocity 
 

Here the platform was progressively rotated from 0º to 360º at a fixed 

wind velocity.  After reading 360º the platform was returned to 0º to unwind the 

connecting cables from the sensor node and supporting mast and the wind 

velocity increased to the next increment.  The platform was again rotated from 0º 

to 360º while taking continuous measurements.  The wind speeds tested ranged 

from 3m/s (10km/h) to 20m/s (72km/h) increased at 2.5m/s increments from 

5m/s onwards.  3m/s was the lowest tested velocity in this wind tunnel as this 

was the lowest consistent velocity achievable without gusting effects from the 

wind tunnel turbine.  Lower velocities were tested in the Griffith University 

wind tunnel for the sensor only without the system packaging to verify operation 

down to 2.5km/h (less than1m/s).  Results are plotted in Figure 6-21. 
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East - West differential
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b) 

Figure 6-21   Differential heating at varying wind velocities for a) North-

South element pair - b) East-West element pair using Prototype 4 

 

While the same sinusoidal response is evident with the predicted 90º 

phase shift of the East-West element pair, the amplitude of the signals was 

significantly affected making a solution using only a single element pair and 

unknown amplitude impossible. 

As equation (6-11) was developed to find the direction without the signal 

amplitudes (assuming a constant ratio of amplitudes), the solution for the 

direction is possible for any set of these curves and is demonstrated in Figure 

6-22  The maximum error displayed in all of these solutions is 10º. 
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Calculated angle
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Figure 6-22  In laboratory direction testing using Prototype 4 and the small 

GU wind tunnel for a number of air velocities. 

 

Field trial testing 

The standard measured against for temperature, wind speed and direction 

was a commercially available weather station [6.3]. This weather station was 

located at the same test location directly above the multisensor nodes being 

tested (see Figure 6-23 and recorded temperature, wind velocity and wind 

direction at the same time by software written to interface to both the 

commercial weather station and the multisensor nodes at the same time. 

  

Both the multisensor and the commercial weather station were mounted 

on the sensor pole above one another (see Figure 6-23).  Both units were 

elevated considerably above ground with the common obstruction of the 

mounting pole.  This was as per the installation instructions for the AAG weather 
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station.  The AAG weather station consisted of a rotating cup anemometer with a 

directional arrow vane (Figure 6-23).   

 

The specifications of the AAG station are [6.4]: 

 Temperature = 0ºC – 70º ± 0.5ºC 

 Wind velocity = up to 160km/hr (minimum speed not specified) 

 Wind direction = 0º - 360º in 22.5º increments 

 

Wind direction was recorded in only 16 discrete angles and time averaged 

to give a higher resolution.  Due to this time averaged response of the weather 

station, instantaneous samples cannot be compared and the time averaged trend 

must be considered. 

 

Field trials of the multisensor were conducted over a period of 12 months.  

A typical 24 hour period has been extracted from this data to be presented here.  

Only a 24 hour period has been shown for clarity. 

 

Correlation of the data between the AAG station and the multisensor node 

demonstrated no apparent variation over the 12 month period, therefore this 24 

hour period of data may be considered indicative of the data collected during the 

entire field trial. 

 

The date of the data presented was 6th March.  The data shown covers 

from 12am (midnight) 6th March 2005 to 12am (midnight) 7th March 2005. 
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Figure 6-23   Field trial setup (top) Commercial weather station TAI8515 

(AAG electrónica)  (bottom) multi-sensor including prototype 4 wind sensor 
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Temperature 

The temperature reading of the multisensor (magenta, Figure 6-24) has 

been overlayed over the data from the AAG station (blue). 
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Figure 6-24   Temperature record of AAG weather station & prototype 4 

 

Several characteristics were noted in the analysis: 

Good accuracy in low wind velocity and high sunlight conditions (ie. 

solar heating contributed less to the sensor readings than for the AAG weather 

station). 

As outlined in the AAG station documentation, this unit is prone to 

elevated temperature readings in conditions of direct sunlight with low wind 

velocities.  Direct sunlight can elevate the enclosure temperature by as much as 

20ºC however with sufficient airflow velocity the air in the housing is refreshed 

sufficiently often to minimise this effect. 
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This elevated housing temperature is seen in Figure 6-24 as the sections 

between 6:30am and 9:00am and 3:30pm and 6:00pm where direct sunlight 

strikes the housing from it’s side (largest possible exposed surface area) rather 

from the top (shaded by the rotating cup assembly).  During this period the AAG 

station reads up to 2ºC higher than the multisensor. 

The data plotted in Figure 6-24 is unconditioned i.e. no filtering has been 

applied to either signal.  Clearly observable is the higher response rate of the 

multisensor seen as the greater deviation of each reading from the running 

average.  Low pass filtering such as running averaging efficiently removes this 

characteristic for less precise but easier interpretation. 

Wind Velocity 

The same time period has been selected for presentation of the velocity 

readings (see Figure 6-25). 

The primary consideration in interpreting these velocity readings is the 

need for low pass filtering of the signal if correlation with the AAG station is 

required.  Due to the mechanical nature of the AAG station, an amount of low 

pass filtering is inherent in the rotational inertia of the rotating cup assembly.  

Without this low pass filtering (such as in the case of the multisensor with an 

achievable 10Hz 100% response rate) and also due to the much smaller region of 

measurement (~25mm2 rather than 6” diameter) mathematical low pass filtering 

must be employed to demonstrate strong correlation. 
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Wind speed monitoring over 24hrs
6th March 2005
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Figure 6-25   Velocity record (blue) AAG weather station  

(magenta) prototype 4 

 

Sources of error for the velocity response 

The mechanical anemometer averages the wind velocity over a 

considerable duration (in the order of seconds).  This averaging is effectively a 

low pass filter of the air velocity. 

The hotwire anemometer has a much faster response (100ms) and 

therefore detects abrupt changes in the air velocity such as gusting and natural 

turbulence in the uncontained airflow.  With a running average this is effectively 

low pass filtered in a similar way to the mechanical anemometer. 
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Direction 

Directional response was more difficult to measure in the field trial 

compared to the controlled environment of the laboratory.  In the wind tunnel the 

directional response of the sensor was excellent (Figure 6-22) however the 

directional response in the natural environment was much more sporadic.  This is 

in part attributed to the high speed response of the hot wire anemometer and it’s 

ability to pickup even very short duration gusts (effectively being able to 

measure the turbulence of the airflow) while the mechanical anemometer 

effectively low pass filters this directional information due to the limited 

response time.   

 

Figure 6-26 shows the directional response of the multisensor overlayed 

on the direction recordings of the AAG station. It is important to note that the 

direction response of Figure 6-26 must be considered concurrently with the 

velocity response of Figure 6-25. This is necessary as during zero wind speeds 

the directional measurement is invalid.  

An example of this is seen at approximately 1:15am where the wind 

velocity dropped to zero and the directional response was returned as undefined. 

For this period the multisensor reports no direction whereas the AAG station 

reports the last measured direction as the wind vane in still pointing this 

direction and averages this over time when the next movement occurs thereby 

slowing a gradual change of angle rather than discontinuous reading with 

different angles either side of the null period. 
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Figure 6-27a and Figure 6-27b show the raw angle recordings from the 

systems. Clearly distinguishable between the two is the greater variation from 

the average of the multi sensor, especially at higher wind velocities when the air 

flow is gusting and turbulent.  

Figure 6-27b in particular demonstrates the need to mathematically low 

pass filter the directional response to achieve similar results to the averaging 

achieved by the mechanical system of the AAG system shown in Figure 6-27a.  

 

Wind direction monitored over 24hrs
6th March 2005
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Figure 6-26   Wind direction comparison between AAG weather station and 

Multisensor 
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Raw Wind speed data from Dalas station over 24hrs
6th March 2005
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a) 

Raw Wind speed data from Multisensor over 24hrs
6th March 2005
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b) 

Figure 6-27   Raw unfiltered data from a) AAG weather station and b) 

Multisensor 
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Commercial foundry fabrication results 

The latest series of prototypes of this research were manufactured by the 

Motorola Research Laboratory in their fabrication facility in Phoenix, Arizona, 

USA. Four 6” wafers were processed to produce approximately 1584 sensors 

with approximately 396 per wafer.  Line The 4 wafers were labelled C1, D1, D2, 

D3. 

On each of the wafers processed, three variants of the design were 

patterned.  The variations to the design were in terms of the physical geometry 

only with the device dimensions scaled at ratios of 100%, 80% and 50% 

compared to those produced in the laboratories of Griffith University. 

Production of these varying device sizes on the same physical wafer 

presented both advantages and disadvantages.  By producing the devices on a 

single wafer the material and process properties were the same for all die that 

were part of the wafer.  This eliminates process and material variations as a 

variable in comparing the performance of devices whether of the same or 

different scaling. 

A disadvantage however of manufacturing the different sized devices on 

the same wafer was the waste of real estate.  Although the active device area was 

64% or 25% compared to the original size, all dies must be fabricated to the 

same physical size to enable dicing of the wafer to separate the devices.  This 

meant for the 25% area variant, 75% of the wafer surface was unused.  While 

this would not be cost effective in commercial fabrication, the advantages of 
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device variations in a comparable process outweighed this wasted wafer area as 

the operations of these scaled down devices was of interest. 

  For example possible gains could be achieved in the reduction of 

physical size and therefore cost of materials and production by higher device 

counts per wafer.  If a significant reduction in cost was possible then slightly 

reduced functionality in terms of sensitivity or resolution may be acceptable for 

some applications. 

 

The devices fabricated at Motorola were measured and the electrical 

properties are given in Table 6.1 

 

Small (50%) 
 Pins  
 21-3 5-8 11-14 17-20 

Wafer R1 R2 R3 R4 
C1 134 144 134.4 137.4 
D1 154 155.4 153.6 162.2 
D2 138.8 138 O/C 142.4 
D3 137.8 136.6 138.6 137.4 

 
Medium (80%) 

 R1 R2 R3 R4 
C2 117 112.8 113.4 114 
D1 O/C 127.8 140.4 127 
D2 130.2 131.4 138.6 134.4 
D3 125.2 128 129.8 130.2 

 
Large (100%) 

 R1 R2 R3 R4 
C3 110.4 109.8 113 107.8 
D1 125.8 128 129.8 131.4 
D2 O/C 123 386 125.4 
D3 131.4 O/C 137.2 148.4 

Table 6.1   Element resistances of the Motorola produced sensors,  

values in Ohms 
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Some fabrication faults were identified using these measurements. In 

particular open circuits where observed in wafers D1, D2 and D3.  Non-

functional devices were noted in all size variants produced, 100%, 80%, & 50%.  

On further examination, the majority of non-functional devices were attributed to 

chipping of the dies, presumably during the dicing process where the edges of 

the die were chipped and cracked and consequently severed the interconnecting 

tracks on the die between the elements and the bonding pads.  While this may be 

partially and temporarily overcome by allocating a larger die size to give greater 

clearance between the tracks and the dicing line, the room allocated on these 

prototypes is within the necessary process requirements therefore the dicing 

process is in error here rather than the device layouts.  Examples of this dicing 

chipping are seen in Figure 6-28.   

 

 

 Figure 6-28   Die edges chipped during dicing resulting in open circuit 

interconnections 
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Another failure seen in the Motorola fabricated wafers was the lifting of 

some layers from the die Figure 6-29.  In some areas the nickel indicated signs of 

detachment from the substrate allowing the layer to elevate and result in a crack 

of the layer and an electrical open circuit. Similar effects to this had been 

observed during the prototyping at Griffith University with the lifting and poor 

adhesion of nichrome to the silicone substrate. This particular example was 

solved by deposition of a third (10 nm) gold layer first for the nichrome to bond 

to.  

 

 

Figure 6-29   Poor layer bonding showing separation of layer and electrical 

failure 

 

By contrast Figure 6-30 shows a healthy and operational prototype with 

good definition of sensor elements.  Chipping of the die is still apparent and has 

faulted the diode located at the bottom edge of the chip, but this has not affected 

the wind sensor. 
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Figure 6-30   Image from healthy Motorola fabricated prototype 

  

Post fabrication analysis 

The results of the Motorola fabricated sensors showed a significantly 

tighter tolerance in the variation of element resistances.  Original prototypes 

produced at Griffith University showed minimum of 7% variation in resistance 

between elements and a 9% variation in element resistances between batches.  

The commercially produced devices demonstrated a 5% variation in resistance 

between elements on a single device and 8% variation of element resistances 

between wafer.  

An advantage of this tighter tolerance control is better accuracy of the 

devices, however the accuracy obtained from the sensor has achieved the initial 

design requirements and does not justify need for further improvement for the 



CHAPTER 6. System Results 

227 

current intended applications.  Another advantage of these tighter tolerances is 

the easier implementation of calibration valves and procedures 

Calibration of these sensors consisted of taking resistance measurements 

of each element at a standard temperature. This allows the determination of the 

base resistance for temperature measurements; the power to current relationship, 

and the basis of each element pair for the wind direction readings. For example 

the calibration constants for the prototype 4 sensor shown for the field trials gave 

a resistance ratio of 0.926 for the North/South pair and 1.114 for the East/West 

pair.  This translates to offsets in amplitudes of 0.096V and -0.135V 

respectively.  These are accounted for in equation (6-11) as values y0 and x0.  

Self calibration of this device was possible by the microcontroller taking steady-

state samples and storing these values prior to the sensor being exposed to the 

airflow.  This was done at a controlled temperature which also allowed the 

automatic determination of the temperature offset values. 

 

While the prototype devices fabricated by Motorola did show better 

quality in terms of the consistency of line widths and thicknesses and therefore 

more consistent resistance between elements the overall quality of the fabrication 

was not as high as anticipated.  In particular, two areas demonstrated significant 

need for improvement. 

 Reverse etch registration/alignment 

 Dicing of the wafer into individual die. 

Misalignment of the reverse etch mask resulted in the bulk etched window 

underneath the sensor diaphragm being misaligned severely enough in some 
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cases that the elements, instead of being positioned entirely over the window, 

were partially over the underlying silicon substrate.  This has adverse effects on 

the heating with massively reduced sensitivity for that element and axis.  Figure 

6-31 shows a severe case of this misalignment where the left element overlaps 

the silicon substrate. 

 

 

Figure 6-31   Mask misalignment resulting in sensor element overlapping 

silicon substrate 

 

6.3 Extended applications 

During the process of testing the integrated sensors, a number of effects 

were observed.  This included variation in output associated with the inclination 

of the device and also variations associated with device movements.  These 

affects were investigated further. 
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Inclinometer 

Use of the anemometer when sealed from the environment allows the 

sensor to be used as an inclinometer.  This allows the measurement of the angle 

of inclination of the sensor platform 

With the plane of the sensor rotated in to the vertical, the device was 

rotated around the axis perpendicular to the sensor face. 

This orientation has the normal to the sensor face horizontal, one pair of 

elements horizontally aligned and one pair vertically aligned.  Rotation was 

along the axis normal to the sensor surface. 

 

Inclinometer testing (16mA)
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Figure 6-32   Inclinometer response to inclination angle  

 

Operating at the same current as for the wind speed measurements 

(equivalent to 16mA), Figure 6-32 was generated for the differential heating as a 

function of inclination to the horizontal. 
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Where the wind speed/direction operation relied on forced convection for 

the heat transfer, in the inclinometer mode, natural convection was the 

mechanism observed.  With the sensor placed in the vertical plane, the natural 

convection generates the heat plume and the thermal differential created lies in 

the opposite direction to gravity. 

 

Inclinometer testing (16mA)
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Figure 6-33   Solution for the hot wire based inclinometer (Error in green 

and on RH scale) 

 

 Solution of the response was determined in the same manner as for the 

wind direction measurements using equation(6-11) however the inclinometer 

operation (due to the sealed environment of the carrier) does not experience the 

turbulence or gusting over the membrane, and produced a response with an 

accuracy of ±10º (see Figure 6-33). 
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Accelerometer 

This inclinometer was in effect an accelerometer measuring the direction 

of the gravity vector of 1g (9.81m/s2).  This also is an accelerometer able to 

measure 1g in the vertical plane.  To this point the static acceleration of gravity 

only has been measured.  If an additional acceleration vector is added to the 

device, the resulting acceleration vector consists of both that due to gravity and 

the lateral acceleration of the device.  This gives a non-linear magnitude 

response of the form 

 

22 agA +=  
(6-14) 

where 
 A = Acceleration magnitude 
 a  = lateral acceleration 
 g = acceleration due to gravity 
 

in magnitude and  

 









=

g
aarctanθ  

(6-15)  

where  
 θ = the resultant vector angle from down (direction of gravity) 
 a  = lateral acceleration 
 g = acceleration due to gravity 
 

in direction being the vector addition of the two acceleration components. 

If the direction of the resulting vector is analysed, the lateral acceleration 

of the sensor may be determined. 
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Experimental testing required the application of a constant acceleration.  

This is difficult due to the high speed any physical object would achieve and the 

great distance that would be covered.  A rotating test rig was built that allowed 

the 1g acceleration due to gravity to be unaffected and a continuous and 

controllable lateral acceleration applied.  For this purpose a small centrifuge was 

built.  The constant lateral acceleration is directed away from the centre of 

rotation as given by the equation 

 

A = w2 r 
(6-16) 

where 
 A = acceleration 
 w = angular velocity (rad/s) 
 r = distance from the centre of rotation 
 

Now the sensor is exposed to both the static acceleration of gravity 1g 

concurrently with the centrifugal acceleration according to equation (6-16) and 

the resulting acceleration vector angle was determined by (6-15) as shown in 

Figure 6-34 
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Acceleration vector angle as a function of lateral accleration added to 
static gravitation acceleration
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Figure 6-34   Acceleration vector angle as a function of lateral acceleration 

 

This non linear response also provides a dynamic response of sensitivity 

and resolution, giving maximum sensitivity and resolution at low lateral 

accelerations and low sensitivity and resolution at high lateral accelerations. 

Considering the 5º resolution as seen from the wind direction 

experimentation results, this translates to a resolution of 0.094g at 0.5g of lateral 

acceleration and hypothetical resolution of 138g at 40g of lateral acceleration as 

shown by Figure 6-35. 
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Resolution of acceleration measurement of acceleration vector rotation
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Figure 6-35  Dynamic resolution of lateral acceleration 

 

θd
daR =  

(6-17) 

where 
 R = dynamic resolution 
 θd

da  = lateral acceleration per unit of vector rotation 
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Calculated acceleration from vector angle

R2 = 0.9098
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Figure 6-36   Comparison between measured and actual accelerations 

 

Using the reported angle of the multisensor and the calculated 

acceleration vector, testing in the centrifuge demonstrated poor but indicative 

correlation between measured and actual values, with a coefficient of 

determination of R2=0.9098 as shown in Figure 6-36. 

This suggests the operation of the anemometer as an accelerometer  with a 

very large dynamic range capable of fine resolution measurements at low 

accelerations and yet still capable of high acceleration measurements without 

saturation is possible but requires further investigation and testing. 
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6.4 Chapter summary 

Both prototypes 2 and 4 have been presented in their finished form.  

Prototype 2 the FR4 printed circuit board was shown with or without the epoxy 

diffusion layer and would be implemented accordingly depending on the 

necessary accuracy of either velocity or direction measurements. 

Packaging of the silicon die prototype 4 has been shown in two variations, 

either ceramic chip carrier or FR4 printed circuit board, with a recessed chip 

location and both packages with pressure equalisation holes located beneath the 

chip membrane.  For the ceramic chip carrier an epoxy filler was required to 

bridge the void between the carrier perimeter and the chip. 

Wire bonding proved effective for the chip carrier with conductive paste 

used for the FR4 mounted devices. 

The arctan solution of the differential signal for the direction 

measurements proved effective for both prototypes both in laboratory and field 

trial testing with proven consistent operation over a 12 month field trial period. 

An initial commercial fabrication run indicated promising results with 

some unfortunate plant issues that resulted in lower than acceptable yield and 

with failures such as physical damage from the dicing process and poor 

alignment of the reverse etch masks. 

Extended applications showed a novel application of the anemometer as 

an inclinometer and further as a large dynamic range lateral accelerometer with 

sensitivity proportional to acceleration although further testing of this 

functionality is required. 
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Chapter 7 Discussion and Conclusions 

The research undertaken was the design, fabrication, testing and field trial 

implementation of a planar hot wire anemometer, largely compatible with CMOS 

fabrication process lines.   The hotwire anemometer relied on heat transfer from 

and to heating element(s) for determination of both air speed and direction.  

Additional functionality incorporated in the device was the measurement of 

ambient temperature of the environment.  The device was part of a larger 

multisensor project incorporating humidity and light level sensing.  The CMOS 

compatibility requirement was mandated as the device was to be co-fabricated 

with another sensing device (the humidity sensor) and the compatibility to 

incorporate the active interface electronics on the same silicon die. 

A series of prototypes were constructed and tested in the environmental 

chamber and wind tunnel constructed for this research.  Additional testing was 
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carried out in a larger wind tunnel to examine the operation of the assembled 

system prior to field trials. 

Early prototypes (1 & 2) were discrete component devices fabricated on 

Printed Circuit Board and not only demonstrated the operation of the device 

beyond simple proof of concept but were potentially viable devices (in particular 

prototype 2) depending on application requirements.  There was however a 

balance between directional accuracy with the use of an epoxy heat diffusion 

layer and velocity sensitivity.  Operation of the device was possible without the 

diffusion layer allowing greater velocity sensitivity but increased complexity of 

the mathematical solution for direction and slightly increased error in the 

direction calculated.  This prototype was not acceptable for this application 

specifically for the need to be integrated on silicon. 

In the silicon based sensors, element arrangements and functionality were 

combined also minimising electrical connections and simplified device 

fabrication.  Operation of both heating and sensing elements were combined so 

each element was a heating element and a differential temperature sensing 

element.  The device consisted of 4 elements arranged as opposing pairs along x 

and y axis, fabricated on a Silicon Nitride membrane which provided the 

necessary thermal isolation from the substrate by a reverse etch removing the 

silicon substrate below this membrane.  This was found to be critical to reduce 

thermal coupling which reduced the power required to heat the device 

concurrently reducing the response time and increasing sensitivity making the 

device more suitable in practical applications.  This thermal isolation lowered 

thermal conduction into the substrate sufficiently that thermal convection was a 
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primary mode of the heat distribution between the device elements and permitted 

the measurement of the heat plume and differential temperatures across the 

device surface. 

Operation of the device was examined under three different excitation 

modes: constant voltage, constant current and constant temperature (see Chapter 

5).  Constant temperature excitation proved to be the best techniques primarily in 

terms of automatic compensation for greater heat loss at higher airflow velocities 

therefore maintaining sensitivity of the velocity and directional solution 

irrespective of airflow velocity. 

Packaging techniques were discussed in Chapter 6 and although not part 

of the initial project plan for this research, a PVC cylinder based system package 

was developed to house the device and associated interface electronics.  This 

package also housed ancillary sensors and the communication system for a field 

trial implementation of 12 sensor nodes all reporting to a common data 

collection point. 

The field trial results reported in Chapter 6 demonstrated that while the 

system would benefit from a better designed system package, measurements of 

air temperature, speed and direction were effective and followed closely with 

those of a commercially available weather station.  The new sensor technology 

had a much smaller power requirement and a much faster response time than a 

traditional mini-weather station.  Laboratory testing and field trials revealed a 

practical velocity accuracy of ± 10%  and a directional accuracy of ± 8 degrees 

with an overall power requirement of approximately 45 mW. 
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The lifespan of the system was primarily influenced by the lack of 

protection of the membrane surface.  Physical contact with this membrane was 

the first failure mechanism observed on all sensors evaluated in field to date.  

Even with the current system package, no physical contact protection is offered 

to the devices.  Operation times in excess of 12 months were typical with no less 

than 8 months being observed for any device.  This device lifespan was 

sufficient for the original design criteria of agricultural applications of the 

project.  With further development of the system package, the longevity of the 

device will be extended considerably.  Other failure mechanisms such as over 

power heating and rapid pressure changes were examined and addressed either in 

the excitation circuitry or the packaging to reduce the possibility of these modes 

of failure. 

Extended application of the device saw its use as an accelerometer.  In the 

most simple form, the accelerometer was successfully demonstrated as an 

inclinometer by using self heating of the sensor array and natural convection to 

generate the temperature differential.  No additional heat source was required.  

The device was also demonstrated to measure a lateral accelerometer with a 

dynamic response capable of high resolution at low lateral accelerations and with 

decreasing sensitivity at high accelerations allowing for a very large maximum 

acceleration.  This dynamic response was seen as a resolution proportional to the 

acceleration being. 
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7.1 Commercial Outcomes 

While commercial outcomes of the project have not yet been seen, a 

provisional patent has been accepted for the technology developed as part of this 

work. [7.1] 

Motorola in Phoenix Arizona assisted in the first commercial foundry 

fabrication runs of the device, with four wafers of devices produced.  These die 

have been partially distributed to interested parties and are being reviewed.  A 

positive response may result in further commitment to continue with the project 

on a commercial basis. 

 

7.2 Future development 

Further research and development is required to refine the foundry 

process steps.  The objective is to ensure a smooth, cost efficient run through the 

foundry process without the process induced failures of poor alignment, poor 

layer adhesion and chipping during wafer dicing. 

Integration of the interface electronics on to the same silicon die needs to 

be developed.  While the ability to integrate active electronics on the same 

silicon substrate has been demonstrated with the implementation of a single 

diode, the current devices did not have the interface electronics implemented, 

allowing the interface design greater flexibility during the development and 

testing of these devices.  Further development of other possible excitation modes 
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or applications would not be possible if the interfacing was already rigidly in 

place. 

Since a diaphragm has already been created in this device, pressure 

monitoring is possible.  If deflection of the membrane is monitored, differential 

pressure between the above and under side of the diaphragm can be measured by 

piezo or resistive strain gauges.  This raises the issue of the effective operation 

of the thermoresistive array for direction sensing as a strain gauge array where 

differential pressure would be incorrectly depicted as an increase or decrease in 

ambient temperature.  This could be overcome with the addition of an extra 

resistive element that has a lower (ideally zero) TCR also located across the 

membrane or an element with the same TCR mounted off the membrane thereby 

allowing compensation of any pressure induced offset of the element resistances. 

The initial intended application of these devices was for precision 

agriculture however other potential applications for the device have been 

suggested such as building environment monitoring, field applications in military 

areas where the ground airflow directions may be important in predicting gas and 

particle dispersion and exposure.  Automotive applications have also been 

suggested where possible replacement of existing air flow meters in engines may 

yield lower intake restrictions and more efficient engine intake designs. 
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Appendix B : CAD modelling and 

fabrication of planar thin film airflow 
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Appendix C : Practical hot wire 

anemometer excitation modes 
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Appendix D : MEMS Wind Direction 

Detection: From Design to Operation 
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