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Preface

Research activity on chemical sensors is now flourishing throughout the world.
Many papers on chemical sensors are being published in journals and read at domestic
and international conferences. They convince us that chemical sensors are here to stay.
When Prof. Seiyama organized the Sensor Research Group within the Electrochemical
Society of Japan in 1977, sensor was not a popular term. Now, topics on sensors appear
in newspapers, weekly magazines, and even on TV. This represents general acceptance
and recognition that sensors are an indispensable element in modern society.

In the fourth volume of this series we have compiled state-of-the-art review papers
on new principles, new devices, and detailed mechanism of various chemical sensors.
They will help readers gain further understanding of devices in their own work and widen
their scope in related areas concerning chemical sensors.

One strategic field of chemical sensors is biosensing for medical and health care
equipment, especially useful in geriatric medicine. Frequent health checks at one’s own
home will be more and more necessary to keep the elderly healthy and active as the pro-
portion of the aged in the population steadily increases all over the world. In some cases
health conditions will have to be monitored constantly to give warnings or provide
emergency assistance at the right time. Sensors discussed to date for this kind of applica-
tion are mainly physical sensors for position, temperature, pressure sensing, or electrocar-
diography. Because biochemical substances play major roles in physiological processes
such as metabolism, excitation and contraction of skeletal muscle and neurotransmission
chemical sensing of the related biochemical substances will eventually become indispen-
sable. From this point of view more than half the papers in this volume are relevant to
biosensing. It is hoped that the reviews on biosensing will be beneficial to the future
development of this kind of device.

Although various kinds of new devices and principles have been proposed not all of
them have been commercially successful. Even scientifically fascinating and well-
engineered devices sometimes find difficulty in the commercial market. Some of these en-
counter problems in the fact that reasonable production cost is required for a successful
device, not just high performance. Moreover, new devices must be introduced at the right
time to meet social needs. In this respect, I believe it is still instructive to read the legen-
dary story of success in the development of the Taguchi gas sensor.

I wish to acknowledge the efforts of all the contributors who have prepared

ix
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manuscripts and the editorial board members who have given valuable advice. I would
also like to express my sincere thanks to Mr. Ippei Ohta and other staff members of
Kodansha Scientific Ltd. who have worked on this volume. :

Shigeru YAMAUCHI
Editor
September 1991

e o



Editorial Board v
List of Contributors vii

Preface

ix

Development of the TGS Gas Sensor

(A. Chiba)
1. Introduction 1
2. Invention of the Gas Sensor 1
2.1 Brief personal history prior to the invention
2.2 Initial stage of invention 2
2.3 SnO, 5
2.4 Platinoid catalysts 6
2.5 Heaters 6
2.6 Sintering and sintering agent 6
2.7 Challenge to thin film 7
2.8 Trial to heighten mechanical strength 9
2.9 Sensor using SiC heaters 11
2.10 Increasing porosity 11
2.11  Organic silica as a binder 12
2.12  What completed the invention 12
5. Establishment of Figaro Engineering Inc. 13
3.1 Commercializing the sensors 13
3.2 Too sensitive detectors 15
3.3 Non-alarming detectors 15
3.4 Competitors 16
3.5 Frequent occurrence of gas accidents 17
3.6 Aiming to further develop Figaro 17
3.7 Factotum Figaro 18
References 18

Some Basic Aspects of Semiconductor Gas Sensors

(N. Yamazoe and N. Miura)

1. Introduction 19
2. Microstructure of SnO, Particles 20

xi

Contents



~xii  CONTENTS

2.1 Grain size of SnO; and its control by additives 20
22 Grain size distribution 21
243 Coagulation structure of SnO, particles 22
0 Influence of Microstructure on Gas Sensitivity 25
3.1 Grain size effects in pure SnO, elements 25
3.2 Grain size effects in oxide-impregnated SnO, elements 26
3.3 Model analysis of grain size effects 27
3.4 Valency control of SnO, 31
4. Modifications of SnO, Surface 32
4.1 Promoting effects of noble metals- 32
4.2 Chemical and electronic sensitization 35
4.3 Evidence for electronic interaction 36
4.4 CuO as a unique receptor for H,S 38
4.5 Control of acid-base properties 39
5 Concluding Remarks 40
Acknowledgments 41
References 41

Silicon Technologies for Sensor Fabrication
(W. Mokwa)

Introduction 43

2. Basic Processing Steps 44

2.1 Layer fabrication 44

2:2 Etching 47

2.3 Lithography and structuring 47

2.4 Doping 49
Silicon on Insulator Technology 49
Silicon Micromechanics 50

5. Thin Film Chemical Sensors on Silicon Substrates 52

5.1 Thin film gas sensors 52

5.2 Surface acoustic wave devices 53

5.3 Micro electrodes for concentration measurements in liquids
Chemical Sensors Based on Silicon Devices 56
Micromachined Chemical Sensors 61

8. Conclusion 61

References 62

[

A W

S

Characterization of Oxygen Adsorbates on Semiconductive Oxides
(M. Iwamoto)

1. Introduction 63
2. Oxygen Species Adsorbed on Oxides 63

2.1 O; and O~ species and mutual conversions of oxygen adsorbates

2.2 O~ Undetectable by ESR 66
2.3 0%~ and O3~, dimer and trimer of O~ 67
2.4 O species 68
3. Adsorption States of Oxygen Species on Oxides 69

63




4. Reactivity of Oxygen Species Adsorbed on Metal Oxides

4.1 Reaction of O~ with inorganic compounds
4.2 Reaction of O~ with hydrocarbons 74
4.3 Comparison of reactivities of oxygen radicals
S Conclusions 79
References 80

Miniaturization of Catalytic Combustion Sensors

(H. Futata)
1e Introduction
2 Conventional Catalytic Combustion Sensors 85

2.1 Structure and fabrication 85
2.2 Sensing properties for flammable gases 86
2.3 Problems in practical applications 87
3. Improvement for Selectivce CO Detection 87
3.1 Points of development 87
3.2 Preparation of gas-sensing elements 88
3.3 Preparation of reference elements 88
3.4 Set-up for complete sensors 88
35 Sensor performance 89
4. Development of Low-power Sensors 93
4.1 Strategy for cordless sensors 93
4.2 Capacity of dry batteries 94
4.3 Design of cordless sensors 94
4.4 Pulse driving mode for power-saving 95
3. Conclusion 97
References 97

Solid Electrolyte Potentiometric Oxygen Gas Sensors
(C.M. Mari and G.B. Barbi)

Introduction 99
Operating Principles 99
Precision of Oxygen Partial Pressure Determination
Accuracy and Reliability 102
Response Time 102
Materials 104
6.1 Electrolytes 104
6.2 Electrodes 108
3 Conclusions 109
References 109

Qs W=

NASICON: a Sensitive Membrane for Ion Analysis
(P. Fabry and E. Siebert)

1. Introduction 111

2, Structure and Properties of NASICON 112
2.1 Structure 112
2.2 Conductivity 112
2.3 Solubility in water 113

73

77

100

73

Contents

xiii



xiv  CONTENTS

3. NASICON Preparation Processes 114
4. ISE Improvements with NASICON 115
4.1 Impedance 115
4.2 ISE shape and construction 115
4.3 Response time 117
4.4 Selectivity 119
S Conclusion 123
References 123

Characterization of Poly(dimethyldiallylammonium chloride) and Its
Application to Electrochemical Sensors
(R.S. Tieman, K.L. Rauen, W.R. Heineman and E.W. Huber)

Introduction 125
. NMR Studies of Irradiated DMDAAC 126
3, Electrochemistry of Poly(DMDAAC) Networks on Platinum
and Graphite 128
4. Solid-state Electrochemical Measurements Using Poly(DMDAAC) 134
Humidity Sensor 137
6. Conclusions 142
Acknowledgments 142
References 142

N =

W

Biosensors with Microvolume Reaction Chambers
(L. Bousse, J.C. Owicki and J.W. Parce)

1. Introduction 145

2. LAPS Devices 146
2.1 Theory 146
2.2 Advantages 148

3: Kinetics of pH change in Microvolumes 149
3.1 Analysis of the rate of pH change 149
3.2 Statistical analysis of slope determination 152
4. Application to Enzyme-linked Immunoassays 153
4.1 Sensitivity of enzyme detection 154
4.2 General immunoassay description 157
4.3 Sensitivity of the measurement system 159

5. The Measurement of the Metabolism of Living Cells 159
5ol Introduction 159
52 Metabolism and extracellular acidification 160
53 Measuring extracellular acidification: the silicon microphysiometer 160
5.4 The metabolic rate of typical mammalian cells 162
5.5 Illustrative applications 163
5.6 - Extension to single-cell measurements 164
6. Conclusion 165
References 166



Contents  xv

Enzyme Sensor Utilizing an Immobilized Mediator
(F. Mizutani and S. Yabuki)

Introduction 167
The Use of Conducting Support 168
2.1 Electrochemically prepared PPy layer containing dehydrogenase,
cofactor and mediator 168
2:2 A mixture of PPy and photocrosslinked poly(vinyl alcohol) as the
support of GOD and mediator 171
2.3 Platinized platinum electrode with immobilized GOD and mediator 174
3. The Use of Water-soluble Macromolecular Mediators 175
4. Future Prospects 178
References 179

N =

Piezoelectric Biosensors
(G.J. Bastiaans)

1. Introduction 181
2. Principles of Piezoelectric Acoustic Sensors 182
2.1 Overview 182
2.2 Acoustic waves 183
2.3 Resonators 185
‘ 2.4 Waveguides 188
P 3. Bioactive Surfaces 194
i 3.1 Immobilization 194
4. Experimental Piezoelectric Biosensors 197
F 4.1 Bulk wave device sensors 197
4.2 Waveguide device sensors 200

5. Future Trends 201
References 202

Sensitization of Dielectric Surfaces by Chemical Grafting Application to
ISFETs and ENFETs
(P. Clechet, N.J.-Renault and C. Martelet)

Introduction 205
Chemical Sensitization of ISFETSs 206
2.1 Deposition of membranes 206
2.2 Ion implantation 209
2.3 Chemical grafting 210
3, Surface Silanization of Silica Thin Layer 210
3.1 Preparation of dense long chain monolayers 210
3.2 Ag™*-sensing ISFET 214
3.3 ENFET using direct covalent bonding of urease 220
4. Conclusion 223
References 224

N




xvi  CONTENTS

High Sensitive Immunosensor Employing Surface Photovoltage Technique
(T. Katsube and H. Uchida)

1. Introduction 227
2 Surface Photovoltage (SPV) Technique 228
3. Experimental Details 230

3.1 Protein immobilization 230
3.2 Measurement of surface photovoltage 230
3.3 Preparation and measurement of the semi-solid electrolyte system 231
4, Experimental Results 231
4.1 Protein immobilization 231
4.2 Activity of the immobilized IgG 232
4.3 Surface photovoltage 232
4.4 Surface charge measurement 233
Discussion 234
Conclusion 238
References 239

AN W

Non-invasive Monitoring of Glucose in Blood
(J. Kimura, T. Kuriyama, M. Kikuchi and T. Arai)

Introduction 241
Suction Effusion Fluid as a Bio-chemical Constituent Sensing Sample 242
ISFET Biosensor for Body Fluid 243
Feasibility Study by Animal Experiments 246
4.1 Effusion fluid sampling 246
4.2 Effusion fluid glucose measurement 247
53 SEF Technology Applied to Humans 249
54 SEF sampling method 249
5:2 Effusion fluid glucose measurement 250
6. Conclusion 251
References 251

AW =

Biosensing System for Odor Compounds Using Plants
(H. Matsuoka)

Introduction 253
Biosensor and Biosensing 253
Strategy for the Development of an Odor-sensing System Using Plants 255
Response Properties of Plant Leaf to CO, Gas 255

4.1 Measurement of leaf potential 259

4.2 Response of plant leaf to high concentrations of CO, gas 255

4.3 Response stability 256

4.4 Quantitative Response to CO, gas 257

5. Mechanism and Significance of Leaf Responsiveness to High Concentrations
of CO, Gas 258

5.1 A model of leaf structure 258

5.2 Possible participation of H* in the ON response 261

5.3 ‘Physiological meaning of the exposure to high concentrations of CO;

gas 261
5.4 Involvement of a second messenger in the response to CO, gas 261

A wWwb =



Contents  xvii

6. Responsive Properties of Plant Leaf to Odor Compounds 262
6:1 Direct response to odor compounds 262
6.2 Effects of the exposure of odor compounds on the marker response 262
6.3 Comparison of the response to pure CO, gas and that to CO, gas
containing odor compound 263
7 Quantitative Experiments on Odor Compounds 264
7.1 Development of a quantitative supplying system for odor
compounds 264
7.2 Quantitative experiment on the response to BA 265
8. Concluding Remarks 265
Acknowledgments 265
References 265

Index 267



Development of
the TGS Gas Sensor

AKIRA CHIBA
Figaro Engineering Inc. 1-5-3, Senba-nishi, Minoo, Osaka 562, Japan

1. INTRODUCTION

The semiconductor-type gas sensor was first put to practical use in 1968 as a sensor
for domestic gas leak detectors. This was the Figaro TGS (Taguchi Gas Sensor).

Naoyoshi Taguchi (former chairman of Figaro Engineering Inc.) began working on
this sensor in 1962 and achieved success after six years of total dedication to the project.
He and the present author then established Figaro Engineering Inc. and became first in
the world to put the sensor to practical use.

This semiconductor-type gas sensor was first utilized in the field of domestic gas
leak detectors thanks to its advantages of high sensitivity, high reliability, etc. At a later
stage, this sensor was applied to detect alcohol content in drivers suspected of driving
under the influence, to detect incomplete combustion in boilers, as auto-cooking sensors
for microwave ovens, etc.

Unusual in Japan, Taguchi is a self-employed inventor and this invention was
achieved completely on his own. Much of the recent high technology that has appeared as
a result of systematic research contrasts strikingly to the humble origins of Taguchi’s
early achievements.

I wish to dedicate this report to Naoyoshi Taguchi for his achievement in develop-
ing the TGS after a long arduous road to acceptance, resulting finally in its being put to
practical use by Figaro Engineering Inc.

2. INVENTION OF THE GAS SENSOR
2.1 Brief Personal History Prior to the Invention

Naoyoshi Taguchi was born in Kobe, Japan, in 1936. Taguchi has been my friend
since elementary school and even then he was already full of curiosity and had a keen
sense of observation. Whenever he went to a hilly area near his house, his pockets would
be full of fossils, insects such as ant lions, stones and rocks that he had gathered on his
way. Whenever he went to town, he would collect electric wires, tools, electric parts used
in radios, motors, and generators in a junkshop and come back with his bicycle loaded
full of junk. Whenever he visited a fireworks display, he used to run around collecting
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