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AAbbssttrraacctt  

 

This thesis deals with the reduction of gas sensor power consumption. 

Systems named electronic noses and containing several non-specific gas 

sensors of the same or different types, in combination with some data 

processing, have appeared on the market over the last decade. The transducers 

of which these systems are composed are mainly chemo-resistors, MOSFETs, 

quartz microbalance (QMB) and surface acoustic wave (SAW) sensors. 

General speaking, all these transducers, when coated with a polymer gas-

sensitive film, operate at a temperature which is slightly higher than room 

temperature and exhibit low-power consumption as a result. 

In the case of chemo-resistors based on metal oxide gas-sensitive materials, 

and MOSFETs coated with catalytic metals, operating temperatures can be up 

to 400°C and 200°C, respectively. If made in a standard technology, these 

sensors are characterised by relatively high power consumption. They are not 

suitable for applications in portable electronic nose systems, a new trend in the 

market. Therefore, the work presented in this thesis focused on the reduction 

of the power consumption for these two types of gas sensing technology. 

The combination of thin film and silicon micromachining processes was used 

to thermally isolate electronic devices on micro-hotplates. Drop-coated metal-

oxide and MOSFET gas sensors requiring less than 100 mW were achieved. 

The design, fabrication, and optimisation of these devices, and thermal and 

gas sensing characteristics, are presented. 
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RRééssuumméé  

Le sujet de cette thèse est principalement axé sur la diminution de la 

consommation d’énergie des capteurs de gaz. Les systèmes basés sur les nez 

électroniques, systèmes qui contiennent plusieurs capteurs de gaz non 

spécifiques combinés à un traitement des signaux, ont fait leur apparition sur 

le marché au début des années 90. Les transducteurs composant les capteurs 

de ces systèmes sont principalement basés sur des résistances électriques, des 

dispositifs à effet de champ ainsi que des résonateurs soit en quartz, soit 

utilisant des ondes acoustiques de surface. D’une manière générale, ces 

différents transducteurs, lorsque combinés à une couche sensible aux gaz de 

nature polymérique, fonctionnent à une température légèrement supérieure à la 

température ambiante et, de la sorte, ils nécessitent ainsi un faible apport en 

énergie. 

Dans le cas de capteurs de gaz de type résistif basés sur des couches sensibles 

composées d’oxydes métalliques, et dans le cas de capteurs de type MOSFET, 

c’est-à-dire à effet de champ, recouverts d’un métal ayant des propriétés 

catalytiques, leurs températures de fonctionnement peuvent s’élever 

respectivement jusqu’à 400°C et 200°C. Lorsqu’ils sont fabriqués à l’aide 

d’une technologie standard, ces capteurs sont caractérisés par une 

consommation d’énergie élevée. Ils ne remplissent donc pas les spécifications 

requises pour les applications dans le domaine des systèmes portatifs, un 

nouveau créneau sur le marché des nez électroniques. Cette thèse fut donc 

concentrée sur la réduction de la consommation d’énergie de ces deux types 

de technologie de capteurs. 
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 viii

Les procédés de dépôt et de structuration de couches minces et de micro-

usinage du silicium ont été utilisés afin d’isoler thermiquement des dispositifs 

électroniques intégrés à des micro-plaques chauffantes sur silicium. Des 

micro-capteurs de gaz de type résistif à base d’un oxyde métallique en couche 

épaisse et de type MOSFET, qui présentent une consommation inférieure à 

100 mW, ont été réalisés. Le design, la fabrication et l’optimisation de ces 

dispositifs, de même que leurs comportements thermiques et sous différentes 

atmosphères gazeuses, sont présentés dans cette thèse. 
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PPrreeffaaccee  

 

I have always liked to study and, especially, to learn. Knowledge is a precious 

treasure given by this world (with love!, but love can only be lived…), and 

many ways can be used to approach and touch it. Physics is a fascinating 

subject to discover, since it brings with it knowledge about the way this world 

behaves. A long time ago, I made the decision that I would explore this more 

deeply through doctoral research. That corresponded to the intellectual 

freedom I wanted to maintain and helped me avoid to make major decisions 

about my future. 

There are possible reasons for why I ended up in Neuchâtel and in the field of 

microsystems. Some people who know me quite well would suggest that I 

followed Justin, or I was attracted by “la $ui$$e”. Nothing was really planned 

and these choices were more the result of a philosophy of life than anything 

else. The decisions I made at that time and context were based on what I felt 

would be best for my own personal growth and intellectual development. I 

could still keep in touch with physics, pursue an activity I enjoy very much 

teaching, and experience research and development in an industry- related 

environment. 

This thesis presents the results of my efforts to this end, in the form of work 

performed within the Sensors, Actuators and Microsystem Laboratory 

(SAMLAB) at the Institute of Microtechnology, University of Neuchâtel, 

Switzerland, during the years 1997-2000.  



�

 xii

The thesis consists of two parts. In the first part, an introduction to the field of 

gas sensing and microfabrication is presented. Gas sensing principles and 

electronic noses are described. This is followed by the presentation of the 

techniques used to fabricate silicon microstructures. The connection between 

gas sensors and the microfabrication techniques is then drawn in order to 

introduce the micromachined gas sensor technology. This first part gives an 

overview of the status of the research in the field and some technological 

basics that could help the reader to better appreciate the research papers. To 

finish the introductory section, a summary introduces the context within which 

the research presented in the papers was done, and points out the contributions 

to the field. The second part contains five separate research papers, studying 

various aspects of micromachined gas sensors: their design, fabrication, 

operation and optimisation. This represents the main body of the thesis, since I 

present there my own work and the subsequent contributions to the field. 

This thesis gave some answers to few questions, answers that are considered 

as right now, but that could be wrong tomorrow… The value of these 

contributions to the field is not guarantee, but it was without doubt valuable 

for my scientific and personal development. Unfortunately, our society needs 

degrees and titles to recognise the path followed by a man. This thesis is 

surely the last one I will obtain and from now on, I will be almost fully self-

taught. 

 

Neuchâtel, december 4th, 2000 
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11..  IInnttrroodduuccttiioonn  

 

Human beings have existed a long time, that is to say, more than just a few 

years ! From the beginning, our ancestors relied on the sophisticated senses of�

hearing, smell, touch, taste and sight, which helped them to survive in the 

uncertain environment in which they lived. The knowledge they obtained from 

their sensing experiences over the generations stimulated, in a more efficient 

way, the development of another powerful tool than their senses: the brain. 

We have just to think of other animals and of people who have a deficiency in 

one or more of these senses, and as a consequence develop their remaining 

senses to above the average levels, to say that in general the human being does 

not use his senses with the utmost efficiency. The development of the brain 

over a long period of time, and the outbreak of science in our society made 

that the time dedicated to our senses was neglected for more creative 

processes. A consequence of this evolution is that our senses have been 

replaced in a lot of operations. Different transducers are used to attain higher 

accuracy and an increase in productivity, and certainly sometimes because of 

our laziness. 

Nowadays, there is a lot of effort in the scientific community to mimick most 

of these senses in order to replace the traditional panels of human testers, 

which are expensive and not as always objective as we want them to be. Most 

of the application may be found in quality control, environmental monitoring, 

safety and health screening. For instance, microphones, another growing field 

in microsystems technology, have been developed for people who are hard of
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hearing. Optical inspection and/or recognition of components is used in many 

fields such as in microelectronics, and chemical sensor systems have appeared 

for quality control of products with respect to smell (emitted gases) and/or 

taste (extracted liquid). The latter field of multisensor analysis of both gaseous 

environments and chemically complex liquids has been growing rapidly 

during the last decade (the 90’s), with the intention of replacing or 

complement advanced analytical instruments such as gas chromatographes 

and mass spectrometers [1]. These instruments reveal the identity and the 

concentration of the molecules giving rise to smell, but they are expensive and 

require trained personal. Moreover, the amount of data to evaluate in the 

analysis is extensive and it is a difficult task to relate a multitude of 

parameters to a certain state or odour.  

The concepts of artificial sensing systems, capable of producing a digital 

fingerprint of a given gaseous or liquid ambient, have come to be known as 

electronic noses (Enoses) and electronic tongues (Etongues), respectively 

[2,3]. The electronic nose/tongues can be seen as the middle course between 

the human panel and the advanced analytical systems to analyse odours. In an 

electronic nose, the function of the olfactory bulb in the mammalian olfactory 

system is assumed by an array of non-specific gas sensors, and a computer is 

used for measuring, processing and evaluating the signals from the sensors [2-

5]. Taking into account the large number of transducers and gas-sensitive 

materials that exist, a multitude of gas sensing devices can be developed [6]. 

At the moment, the main gas sensors used in the electronic noses are based on 

metal-oxides, conducting polymers, polymer composites (e.g. carbon black 

matrix) and catalytic metals materials, in combination with chemoresistor, 
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MOSFET, quartz microbalance (QMB) and surface acoustic waves (SAW) 

transducers [3]. 

A new trend in the electronic nose market is the development of hand held 

monitoring devices capable of performing on-site analysis. One limitation for 

such a device is power consumption, which should be low enough to allow 

battery operation. Looking at the list of sensors generally used, the metal-

oxide and MOSFET sensors are generally operated at high temperature, 250–

450°C and 140–200°C, respectively [6]. If made in a standard technology, 

their high power consumption is unsuitable for portable electronic nose 

systems.  

Therefore, there is a need to reduce the power consumption in these two gas-

sensing technologies. The thermal isolation of these electronic devices by their 

integration onto micro-hotplates using a combination of the thin-film and 

microfabrication processing is the subject of the thesis presented in the next 

chapters and research papers that follow. 

Chapter 2 presents the different transducers used for gas sensing applications, 

and their incorporation in the gas sensing systems named electronic noses. The 

main focus is on the sensor technologies utilised in the papers, namely the 

metal-oxide and MOSFET sensors. Then in Chapter 3, the main 

microfabrication techniques to micromachine microstructures in silicon are 

described. Silicon is the material that was chosen to fabricate the micro-

hotplates on which the gas sensitive devices were thermally isolated. Finally, 

Chapter 4 is an overview of the work performed so far in the field of 

micromachined gas sensors. Their design and fabrication are presented with 

respect to their thermal and mechanical behaviour. 
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Throughout these chapters, connections are drawn to both work previously 

published in the literature and the papers included in this thesis. Hopefully, 

these chapters will provide an introduction for the neophytes in the field, and 

guidance for the discerning reader when going through the papers forming the 

body of this thesis. 
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22..  GGaass  sseennssoorr  ssyysstteemmss  

 

A gas sensor is a chemical sensor that is operated in the gas phase. It converts 

chemical information, which is determined by different concentrations of 

gaseous chemical species, into an electrical signal [6]. Thus, a chemical sensor 

gives a signal that in some way is related to the chemical environment it is 

exposed to. The response, [, of a gas sensor to a single gas can be described 

as: 

    )( ���������� FI[ = � � � � � (2.1) 

where I���	�  is a function (usually non-linear) and F�
�	�  the concentration of the 

gas. The response is in most cases defined as the difference or ratio between 

the steady-state sensor response when exposed to the sample gas and the 

sensor response when exposed to a reference atmosphere (no sample gas).�

This is shown in�Figure 2.1a. 

 
)LJXUH������ (a)�Typical gas sensor response curve, (b) Possible parameters to 

extract from a gas response curve. 
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The concentration-response relationship for most gas sensors approximately 

exhibits either saturated linear behaviour, i.e. linear for low concentrations and 

saturated for higher concentrations, or logarithmic behaviour. Other values 

containing information about the kinetics of the reactions can also be extracted 

from the sensor response, such as the derivatives and integrals over certain 

time intervals (Fig. 2.1b). Three important parameters when describing the 

response of a sensor are the sensitivity, selectivity and stability. The 

sensitivity, γgas, of the sensor towards a specific gas is then defined as: 

    
�����

�����

F

[

∂
∂=γ      (2.2) 

In general, the sensitivity is a non-linear function of concentration. The 

selectivity, Ξ, of a single sensor is usually defined as the ratio of the 

sensitivity related to the gas concentration to be monitored in the linear region 

and the maximal sensitivity to all other interfering components: 

    )(max γ
γ

�����	�	�
�� 
��	���� �

�����

=Ξ      (2.3) 

The stability of the sensor response is defined as the reproducibility of the 

sensitivity and selectivity as a function of time. Most of the drawbacks of the 

commonly used gas sensing technologies come from of their lack of stability. 

There are other demands to be met when producing gas sensors, such as short 

response time, good reversibility, low cost, small size and low power 

consumption. The work presented here concentrated on optimisation of the 
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last three points. The gas-sensing properties were evaluated in collaboration 

with our partners. 

In order to be able to reach these requirements, it is important to have a clear 

view of how a gas sensor is made. It usually consists of two parts: the sensing 

material and the transducer. The sensing material interacts with the analyte, 

e.g. by adsorption/desorption or chemical reactions on the surface and/or the 

bulk of the material. The interaction changes some physical property or 

properties of the sensing material, such as the electrical conductivity or the 

mass, which can be detected using a transducer. The latter converts the 

variation of the physical properties, containing the chemical information, into 

an electrical signal. Different transducer principles can be used in chemical 

sensors, such as changes in conductivity as detected by the voltage drop over a 

series resistor, or changes in mass as detected by the shift in frequency of a 

resonator. A schematic description of the working principles of solid-state gas 

sensors is depicted in Figure 2.2 [7]. 

DGVRUSWLRQ�GHVRUSWLRQ�RU�FKHPLFDO�UHDFWLRQV

RQ�VXUIDFHV�RU�LQ��WKLQ��ILOPV

ZKLFK�FDXVH

PHYSICAL CHANGES

temperature optical properties

mass
conductivity

WKDW�FDQ�EH�PRQLWRUHG�LQ�VHYHUDO�W\SHV�RI

DEVICES

optical

acoustic
resistive

field effect

calorimetric

'LIIHUHQW

MOLECULAR PROPERTIES

size

polarity
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)LJXUH������ Principle of solid-state gas sensors..
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In the following sections, different aspects of sensing materials and transducer 

principles are described, together with the description of some of the most 

common gas sensors. 

2.1 SENSING MATERIALS 

A large number of different materials have their physical properties modified 

after interaction with a chemical environment (Table 2.1). Properties of the 

analytes, such as molecular size, polarity, polarisability, and affinity, along 

with the matching characteristics of the sensing material, govern the 

interaction. 

7DEOH������ Typical sensing materials used in gas sensors, adapted from [8]�

&ODVV�RI�PDWHULDOV� ([DPSOH�

ionic compounds electronic conductors (SnO2, WO3, TiO2, In2O3, MoO3, 
V2O5, ZnO, …) 
mixed conductors (Ga2O3, SrTiO3, …) 
ionic conductors (ZrO2, CeO2, …) 

metals Pd, Pt, Ir, Ag, Au, … 
polymers polypyrrole, polytiophene, polyaniline, carbon-black 

composite… 
supramolecular structures calixarenes, porphyrins, phthalocyanines,  … 

 

Two main types of interaction between the analyte and the sensing material 

can be distinguished. One type is chemical sensing with inorganic materials. 

Reactions at the surface and/or in the sensing material may lead to 

chemisorption or catalytic reactions between the molecules present. Thus, the 

charge distribution, or the carrier concentration or mobility in the sensing 

material might change, which can be detected by several transducer principles. 
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This type of gas-sensitive material is often unspecific. Instead, different 

sensitivities for broad groups of molecules are achieved. The sensitivities of 

these materials can be tuned by addition of dopants or operation at different 

temperatures for example. Examples of this type of sensing material are 

semiconducting metal oxide and catalytic metals [9-12]. Another type of 

chemical sensing materials is based on lock-and-key-type interaction, which 

usually consists of organic materials. They can be arranged either as a 

monolayer of the recognition molecules or as specific recognition sites in a 

polymeric matrix [8]. Typical materials employed are cage-like molecules, 

such as calixarenes [13]. The recognition may be both geometric, depending 

on the size and shape of the material, and affinity-based between the key and 

lock molecules, via specific recognition sites in the sensing material. 

2.2 TRANSDUCER PRINCIPLES 

The change in the physical properties of the sensing material when interacting 

with the analyte might be monitored using different transducer principles. 

These transducers allow measurement of changes in the physical properties 

and their conversion into an electrical signal. The most common sensing 

material properties monitored are summarised in Table 2.2. The changes of 

different properties of the sensing material, due to its interaction with the 

analyte, can be measured using different detection principles. For instance, 

several physical properties have been suggested for monitoring in conjunction 

with tin oxide sensors, i.e. work function, conductivity and temperature, which 

can give additional information about the analytes present [14]. Conducting 

polymers are used mostly as chemoresistors [15], but they can also serve in 
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mass-sensitive devices [16], work-function sensitive MOSFET [17], 

capacitive sensors [18], optical thickness dependent devices [18], and 

temperature sensitive thermopiles [18]. Therefore, several different detection 

principles can be employed for a specific application, depending on the 

required characteristics for the sensors, such as the sensitivity, selectivity, 

linearity, and response time. 

7DEOH����� Physical properties monitored in gas sensors [19] 

3URSHUW\� � ([DPSOH�RI�VHQVRU�W\SH�

mass ∆m Surface acoustic wave sensor and 
quartz microbalance 

work function ∆Φ transistors, Schottky diodes 

resistance ∆R metal oxide semiconductor resistors  
impedance ∆Z conducting polymer chemoresistors 
capacitance ∆C capacitors 
potential difference  ∆E  voltametric electrochemical cell 
current ∆I amperometric electrochemical cell 
temperature ∆T thermistor 
optical absorption ∆ε optical CO2 detector 
optical thickness ∆(n·d) reflectometric interference sensors 

2.3 SPECIFIC GAS SENSORS 

A certain number of gas sensors are described in this section, with an 

emphasis on the two technologies utilised in this thesis work and presented in 

the publication chapters to follow: the metal-oxide sensor and the MOSFET 

sensor. 
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������ 0HWDO�R[LGH�VHQVRUV�

�������� 6HQVLQJ�0HFKDQLVPV�

These sensors are based on the gas-sensitive properties of a semiconducting 

metal-oxide layer which is usually polycrystalline, and whose conductivity is 

modulated by the oxygen adsorbed at the surface and at grain boundaries [10]. 

These metal oxides change their conductivity in the presence of reducing or 

oxidising gases, such as O2, H2, CO, NOx, C2H5OH and hydrocarbons [20]. 

The sensitivity and the selectivity of these sensors can be modified by 

changing the oxide microstructure and/or by using catalytic metals (dopants) 

as Pt, Pd, Au or Ag [20]. A schematic illustration of sensor operation is shown 

in Figure 2.3. 
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)LJXUH����� Principle of metal oxide sensor operation [19]. 
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The detection principle of the n-type SnO2 sensor presented in Paper 1 is 

closely related to the number of oxygen ions adsorbed on the SnO2 grains. In 

air, oxygen is adsorbed on the surface of the grains, depleting the surface and 

the grain boundaries of electrons, which subsequently leads to a decreased 

conductivity of the device. Depending on the operating conditions, the nature 

of the oxygen ions formed can be O2
-, O-, or O2-. Hydroxyl groups (OH) may 

also be present [10]. In the presence of reducing molecules, the number of 

adsorbed oxygen ions decreases, increasing the concentration of electrons in 

the material. The reverse occurs in the presence of oxidising molecules. The 

role of dopants is to promote the reaction between the reducing and oxidising 

gases with the sensor surface and grain boundaries. At low temperatures, 

physical adsorption can dominate the chemical sensing, while chemisorption 

becomes more influential at somewhat higher temperatures. For higher 

temperatures, catalysis and surface defects, and finally bulk effects, start to 

dominate the sensing mechanism. Since the chemical reactions are strongly 

dependent on temperature, the sensitivity and selectivity of the device can be 

tuned by the variation of the operating temperature from 200 to 450°C [20]. 

�������� 7HFKQRORJ\�

Metal-oxide sensors are fabricated as sintered powders or thin films with 

variable thickness [21]. The sintered powder is usually screen printed on top 

of an alumina substrate with previously integrated electrodes and heater on the 

front and on backside, respectively (Fig. 2.4). This thick film technology is 

considered as a relatively high power technology and does not allow a rapid 

variation of the operating temperature. 
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electrode

metal oxide film

heated ceramic substrate  

)LJXUH����� Thick film metal-oxide gas sensor structure [19]. 

The thin film technology is mostly utilised in combination with the micro-

hotplate concept (Fig. 2.5) [21,22]. The devices are based on a micromachined 

hotplate on a silicon substrate (see Chapter 4). The gas-sensitive thin film 

material is deposited on top of the remaining thermally isolated membrane. 

The sensors show a low-power consumption compared to the thick sensors 

previously mentioned. Moreover their small thermal mass enables fast 

temperature variations. As noted earlier, the sensitivity and selectivity of a 

metal-oxide sensor is highly temperature dependent. Thus, a large amount of 

information can be obtained by modulating the temperature and conductance 

of the metal-oxide film. However, one of the major drawback of this 

technology is the poor stability (drift) of the gas-sensitive thin metal-oxide 

film. 

Therefore, the technology presented in Paper 1 is based on the merging of 

thick film sensing technology with the micro-hotplate concept. The thick film 
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sensing material provides better gas sensing characteristics in term of stability 

and the hotplate substrate makes this technology suitable for markets where 

low-power consumption, low-cost and reliable devices are needed, such as in 

portable instrumentation and the automotive industry. 

 

 

(a)      (b) 

)LJXUH����� Thin film metal-oxide gas sensor structure: (a) schematic cross-

sectional view, (b) thin film micromachined gas sensor mounted 

on a standard TO type package (Courtesy of Microsens SA, 

Neuchâtel, Switzerland). 

������ 026)(7�VHQVRUV�

�������� 026)(7�VHQVRU�VWUXFWXUH�

Metal-Oxide Semiconductor devices can be built as Schottky diodes, 

capacitors (MOSCAP) or transistors (MOSFET). The semiconductor is 

normally silicon and the insulator, silicon dioxide. Gas-sensitive field effect 

devices have been studied for over 25 years, since the original discovery of the 
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large sensitivity of palladium gate metal-oxide semiconductor structures to 

hydrogen [23]. A schematic illustration of a n-type Pd-MOSFET sensor 

structure is shown in Figure 2.6. 

 

)LJXUH����. Schematic Pd-MOSFET structure. 

The sensor is composed basically of three layers: doped silicon as substrate, a 

typically 100 nm-thick oxide film, topped by a continuous catalytic metal film 

forming the transistor gate. With a negative gate voltage, majority carriers 

(holes) are drawn towards the semiconductor-insulator interface (Fig. 2.6a). 

Because of the rectifying properties of p-n junctions, there will be no drain 

current (,� ) at a positive applied drain voltage (9� ). At positive gate voltage, 

electrons accumulate at the interface (Fig. 2.6b). At high enough positive 

voltage, the electrons outnumber the negative acceptor ions in a thin layer just 

below the interface. This is called an inversion layer, which makes it possible 

for current to flow between the two n-doped areas. In a field-effect transistor, 

a small change in applied gate voltage can give rise to a relatively larger 

change in conductance in the inversion layer. 
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In a sensor configuration, the gate and drain are connected together (9 � =9� ). 

The MOSFET operates at constant current between the source and drain. The 

voltage at the gate and drain constitutes the sensor signal (9 � � ). 

�������� 6HQVLQJ�PHFKDQLVPV�

When exposed to the catalytic metal, hydrogen gas molecules dissociate and 

adsorb on the palladium surface as hydrogen atoms. Some of the atoms diffuse 

rapidly through the metal layer to be adsorbed at the metal-oxide interface, 

resulting in its polarisation. These atoms appear to be residing on the oxide 

side of the interface [24]. They give rise to a dipole layer, which is in 

equilibrium with the outer layer of adsorbed hydrogen and the gas phase. The 

dipole layer induces an abrupt step in charge and hence potential distribution 

in the structure (Fig. 2.7) [25]. 
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)LJXUH����� Detection principle for a thick metal gate MOSFET sensor [19]. 
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The voltage drop, ∆Vi that appears at the interface is added to the externally 

applied voltage (9 � � ) and a shift in the I-V curve towards lower voltages is 

obtained as an output signal (Fig. 2.8).  

VG

ID

∆Vi

with H2 without 
H2

 

)LJXUH����� I-V characteristics for a MOSFET sensor with and without 

hydrogen exposure [19]. 

The voltage drop (∆Vi) is proportional to the number of hydrogen atoms 

absorbed per unit area at the metal-oxide interface, and is used to monitor the 

hydrogen concentration in the ambient environment. When the hydrogen gas 

is not anymore present in the ambient, the hydrogen atoms at the metal-air 

interface recombine into molecules (or water if oxygen is present), and the 

metal-oxide interface, which is in equilibrium with the outer interface, is 

emptied. This shift in the I-V curve is therefore reversible [24,26]. 
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Hydrogen containing molecules can also be detected with a Pd-MOSFET 

sensor if they can be dehydrogenated on the palladium surface, such that 

hydrogen atoms are released and diffuse through the metal layer to the metal-

oxide interface [27]. This is valid for, e.g., alcohols, hydrogen sulphide and 

unsaturated hydrocarbons, but not ammonia and amines. By changing the 

temperature it is also possible to detect different molecules (tune the 

selectivity) with a single Pd-MOSFET sensor since they require different 

temperatures to start reacting on the catalytic metal. However, the temperature 

of operation is limited by the silicon technology to a value not higher than 

200−225°C, due to leakage currents at p-n junctions increasing with 

temperature. 

If the catalytic metal gate is made so thin that it is discontinuous with holes 

and cracks, but still useful as a gate electrode, a large sensitivity to e.g. 

ammonia is found [28,29]. In this case, it is believed that the voltage shift is 

not only due to the electrical polarisation phenomenon at the metal-oxide 

interface, ∆Vi, but also from charges/dipoles on the insulator surface, ∆Va, and 

possibly on the metal surface, ∆Vs (Fig. 2.9). 

Present work indicates that polarisation phenomena at the insulator surface, 

when they occur, together with the hydrogen dipoles at the metal-insulator 

surface, might give the most significant contributions to the voltage shift [30]. 

A detailed model for the generation of a voltage shift in thin metal films does 

not exist yet. 

Thin discontinuous metal gates can therefore detect all kinds of molecules that 

give rise to polarisation phenomena in the thin metal film, including those 

detected by the thick film sensor, and some additional ones like ammonia and 
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amides. In order to increase the selectivity of these sensors, other catalytic 

metals, such as Pt and Ir, that have different response characteristics towards 

different molecules, can be used [11]. 

SiO2

∆Vs

∆Va ∆Vi

-
+

Discontinuous 
catalytic metal

-
+

-
+

 

)LJXUH����� Detection principle for a thin metal gate MOSFET sensor [19]. 

�������� 7HFKQRORJ\�

The MOSFET transducer is fabricated using standard microelectronic 

processes on silicon, such as thin film deposition and patterning, and ion 

implantation [31]. As a kind of post-processing, the standard gate material is 

removed and replaced by a catalytic metal film. Multiple sensors can be 

fabricated simultaneously on a substrate, and batches processed. However, this 

technology is limited to operational temperatures of 200–225°C, and the 

power consumption is relatively high. The operation of the sensor in a 

modulated temperature mode and its application in hand held instruments are 

therefore practically not possible. 

Another design based on the field-effect sensing mechanism is the suspended 

gate field-effect transistor structure (SGFET), with an insulating air gap 
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between the gate metal and the insulator [32]. In such devices, the response 

originates from the species adsorbed to the gate and insulator surface, but not 

from a metal-oxide interface as in the MOSFET sensor. The adsorbed 

molecules and occurring species give rise to a shift in the work function, 

which can be detected by a shift in the operating point of the MOSFET. For 

instance, the gate metal could be Pd and the sensor would have then 

approximately the same hydrogen sensing mechanism as the thick Pd-

MOSFET, except that the response is smaller. Other conducting materials 

such as conducting polymers can also be used as gate sensitive materials [32]. 

These polymer films can also replace the catalytic metal in a MOSFET sensor 

structure to obtain a gas sensor based also on the principle of the work 

function variation [33]. These last two technologies, the SGFET and the 

polymer gate FET (PolFET) have the advantage that they manifest gas-

sensitive properties at room temperature and therefore can be considered as 

low-power devices. Finally, the reduction of the power consumption of the 

common MOSFET sensors based on catalytic metals, to compete with the 

technologies mentioned above and also enable new modes of operation such 

as temperature modulation, is the subject of Papers 2 to 4 included in this 

thesis.  

In the case of temperature limitation, it has been shown that Schottky diodes 

and transistors made on silicon carbide substrates can be used at temperatures 

up to 1000°C, due to the larger bandgap of SiC [34,35]. Using such structures, 

it is possible to detect e.g. saturated hydrocarbons, which is difficult with an 

ordinary MOSFET sensor. Another interesting feature is the short response 

time of the sensors, less than 10 ms at high temperature, which makes SiC 

devices useful for e.g. monitoring of the fuel-to-oxygen ratio in the exhausts 
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from individual cylinders in car and truck engines. In the following papers, we 

suggest silicon-on-insulator technology (SOI) as a possible candidate to 

reduce the power consumption of MOSFET sensors and increase their 

temperature of operation up to 300–350°C [36]. SOI could fill the gap left in 

temperature between the standard silicon and the more expensive SiC 

technologies. 

������ 2WKHU�VHQVRU�W\SHV�

�������� 0DVV�VHQVLWLYH�GHYLFHV�>�@�

The most frequently used mass sensitive transducers are quartz microbalances 

(QMB) and surface acoustic wave devices (SAW). The large number of 

potential gas-sensing coatings, like polymers, inorganic materials, and 

biomolecules, results in a broad availability of selectivity. SAW-devices can 

be operated at higher frequencies than QCM, resulting in higher sensitivity. 

The working principle of these devices relies on the relation of the electric 

field with the dimensions/geometry of the piezoelectric materials. When an 

AC-field is applied to the electrodes, the piezoelectric crystal (quartz, LiNbO3, 

LiTaO3) oscillates at a characteristic frequency. In QMB, bulk acoustic waves 

are propagated in a transverse shear mode between the two faces bearing the 

electrodes, i.e. the atoms are displaced in the same direction as the wave 

propagates. In SAW devices, the particle displacement is perpendicular to the 

wave propagation direction. They are usually operated as delay lines in which 

a second pair of interdigitated electrodes is used to receive the signal launched 

from the first electrodes. Changes in mass and/or viscosity of the sensing layer 
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through adsorption of molecules decrease the frequency. The sensing layer 

determines the sensitivity profile. 

�������� 3RO\PHU�VHQVRUV�>�@�

Polymers are used in a wide variety of gas sensor types, based on electrical 

(e.g. chemoresistors), electrochemical, mass sensitive and optical mechanisms 

[15,16]. A wide range of materials can be synthesised by changing the basic 

monomers, the attached functional groups, the polymeric structure, or by use 

of different dopants. Thus, sensitivity to a multitude of organic compounds 

can be obtained. Nonylphenylpolyethoxylate, poly(ethyleneimine), 

polypyrrole, polyaniline, phthalocyanine, and carbon black matrix, are among 

the polymers used to detect different analytes. 

Chemoresistors are widely used with conducting polymers. They consist of 

two electrodes with the polymer film in between. They are usually operated at 

room temperature (low-power). A disadvantage of this technology is that most 

of these polymer films show a high sensitivity to humidity. 

�������� 2SWRFKHPLFDO�VHQVRUV�>�@�

Optical sensors utilise changes in properties such as fluorescence, absorption, 

refractive index, and reflectance, caused by the interaction of the analyte with 

the sensing surface. A number of different molecules can be detected, with 

selectivity dependent on the sensing layer, and the excitation and detection 

wavelengths. 

Carbon dioxide is an important indicator of biological and combustion 

activities. CO2 monitoring is based on optical absorption at a CO2-specific 

wavelength, and can give important information on the activity of the analysed 
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samples. Another interesting type of transducer for optical sensors is based on 

fiber optics [37]. They can be coated with different sensing materials such as 

polymers and catalytic metals. Surface plasmon resonance (SPR), which 

employs the evanescent electric field that penetrates the sensing layer (on a 

metal) under conditions of total reflection to probe that layer, can be also used 

as chemical sensor [38]. The detection of the reflected intensity can be 

correlated to the refractive index change induced by chemical incorporation 

into the sensing layer. 

�������� (OHFWURFKHPLFDO�FHOOV>�@�

Solid-state electrochemical cells consist of a ZrO2-Y2O3 tube, where the 

zirconium dioxide acts as an oxygen ion conductor at 600-800°C. This sensor 

type is one of the most widely used devices as a λ-probe in automobiles to 

monitor combustion efficiency. Solid-state thick and thin film electrochemical 

sensors for CO2 have also been reported [39,40]. 

�������� 3HOOLVWRUV�

In thermal chemical sensors, commonly named pellistors, combustible gases 

are monitored by measuring the energy (temperature) liberated during their 

oxidation. For instance, these sensors have found applications in methane 

detection [41,42]. Volatile organic compounds can also be detected using a 

calorimetric sensor arrangement [43]. 
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2.4 ELECTRONIC NOSES 

������ :RUNLQJ�SULQFLSOH�

The concept of the electronic nose (ENose), that is to say�the combination of 

gas sensor arrays and computerised data processing to model the human 

olfactory sense, was first proposed by Persaud and Dodd in 1982 [4]. The 

array of a few non-specific sensors “performs the function” of the huge 

number of non-specific receptor cells (the olfactory bulb) of the mammalian 

olfactory system, and the pattern recognition, with the help of a computer, has 

the “role” of the brain in treating the data [2,44]. Once the signals are 

analysed, the results are compared to previously acquired data in a database to 

classify and/or quantify the chemical clusters of volatile compound, in 

particular, odours. The system principle is illustrated in Figure 3.10. 

 

)LJXUH������ Principle of a system for analysis of volatile compounds using gas 

sensors [19]. 

The result obtainable by an ENose can be viewed as a chemical image or 

portrait of a given combination of volatile compounds [3]. For successful 

recognition of an odour, the sensors need to give a stable and reproducible 
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signal when exposed to the odours of interest. Moreover, an array of 

sufficiently different sensors (typically 4–20), with a certain sensitivity 

overlap, should be used to obtain a chemical image. It is worth pointing out 

that the sensor array may also include some specific solid-state sensors to be 

used as reference points in the data analysis procedure. 

������ 'DWD�WUHDWPHQW�

Data treatment is an important aspect in the use of an electronic nose. Two 

phases can be distinguished in the data treatment procedure: feature 

extraction, also called pre-processing, and pattern recognition [44-46].  

Feature extraction reduces the data comprising the signal (baseline, response 

and recovery) of every sensor to one of a few typical values characteristic for 

the odour. The choice of feature extraction depends on the sensor type used. 

The common values extracted are the response, which is the difference or ratio 

between the steady-state value obtained for the sample gas and the value of 

the sensor when exposed to no sample gas, and the derivative and integrals 

over certain time intervals. The values of every sensor are then collected in a 

‘feature vector’ or matrix that is used as input for the pattern recognition [44]. 

A formal definition of pattern recognition can be “the mapping of a pattern 

from a given pattern space into a class-membership space” [47]. In the case of 

gas analysis, it could involve molecular recognition of species present in a gas 

mixture, and less common, at what concentrations. The class-membership 

does not necessarily have to be the concentration of the molecules present, but 

can also be indirect properties of the gas mixture such as the freshness of 

ingredients and the quality class of air. Depending on the purpose and 
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characteristics of specific odour analysis, different pattern recognition 

techniques can be applied to the feature matrix. For some simple applications 

where the system is only used to detect an incidental outlyer, a simple 

visualisation with principle component analysis (PCA) might be sufficient 

[45,48,49]. This method allows the visualisation of a maximum of data 

variance using a base transformation [2,50,51]. When in a developed stage, 

with an optimised system and good discrimination between data sets, some 

data sets can be used to train the system. These training data sets can be 

modelled by a linear technique like partial least squares (PLS) [2,50], or with 

neural networks [47]. The choice of a more refined technique depends on the 

application and the required output format [52]. 

������ $SSOLFDWLRQV�DQG�WHFKQRORJ\�

Within the last 10 years, there has been rapid development in the electronic 

nose technology [53]. The principal sensors used initially were metal-oxide, 

organic conducting polymer sensors and quartz microbalance sensors. More 

recently, MOSFET and surface acoustic wave sensors have been used, and 

quadrupole mass spectrometry has been introduced in commercial systems.  

Presently, electronic noses are mainly applied for quantitative or qualitative 

applications in various fields, e.g. food and beverage, tobacco, cosmetics, and 

packaging industries, environment control, and more recently, R&D studies 

for safety and health care purposes. More details on electronic nose 

technology can be found in review articles [5,44,54,55]. 

Miniaturisation is one future trend in the ENose market and some research 

institutions and companies are already at work on chip-based Enose. On-site 
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analysis and leakage detection require analysis to be performed with hand held 

devices. In terms of power consumption, the sensors based on polymer 

technology have an advantage over the other technologies. On-chip ENose 

based on carbon black matrix- or polymer- CMOS compatible chemo-

capacitors, -calorimeters and -resonators are in an advanced state of 

development [56,57]. Modular miniaturised gas analysers, with integrated 

valves and pumps and using the surface acoustic wave or metal-oxide 

technology, have also been reported [58,59]. 

As stated in the previous section, the low-power thin film metal-oxide sensors 

suffer from a lack of stability, and MOSFET sensors from high power 

consumption. There is a need to improve both of these technologies with the 

aim of meeting the specifications for applications in the next generation of 

portable gas analytical systems. This thesis represents a step further in this 

direction. Micromachining of silicon is described in the next chapter. This 

technique of microfabrication was the main tool used to lower the power 

consumption of metal-oxide and MOSFET gas sensors. 

2.5 CONCLUSION 

In summary, many types of gas sensors can be made from the combination of 

the different sensing materials and transducers. If the different possible modes 

of operation are considered for each sensor type, an incredibly large amount of 

data can be extracted from a gas mixture. The use of data treatments in 

conjunction with arrays of unspecific gas sensors has lead to the concept of 

gas sensor systems, known as electronic noses. 
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33..  SSiilliiccoonn  mmiiccrroommaacchhiinniinngg  

 

Sensors on silicon are generally made using a combination of thin-film 

processes used in microelectronics, and specific microfabrication processes, 

used in microsystems. On one hand, thin film processes on silicon, including 

deposition, implantation, masking and etching, are well established and fully 

described in the literature, and will not be reviewed here. For the interested 

reader, more information on this subject may be found in Refs. [31,60,61]. On 

the other hand, the field of micromachining applied to sensors is relatively 

new and less described in the literature. Therefore, this chapter constitutes a 

summary of the two major categories of techniques used in the field, bulk and 

surface micromachining. 

A vast majority of bulk and surface micromachining is based on single crystal 

silicon substrates, on which this chapter is focused.  Beams, cantilevers, 

diaphragms and membranes of diverse materials can be released by using 

silicon micromachining. These microstructures find applications in many 

fields; such as physical and thermal sensors, and in the field of interest of this 

thesis, low power gas sensors. Micromachining has grown into a large 

discipline. Therefore, this chapter is limited to the description of the basic 

knowledge needed for the understanding of the following scientific papers. 

The next sections are almost entirely based on the book written by Marc 

Madou, entitled “Fundamentals of Microfabrication”, published by CRC press 

in 1997 [62]. More details can also be found in these references [63-65]. 
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3.1 WET BULK MICROMACHINING 

In wet bulk micromachining, features are sculpted in the bulk of materials 

such as silicon, quartz, SiC, GaAs, InP, Ge, glass, and Pyrex by orientation 

independent (isotropic) and/or by orientation dependent (anisotropic) wet 

etchants. Bulk micromachining means that three-dimensional structures are 

etched into the bulk of crystalline and noncrystalline materials. A vast 

majority of bulk micromachining work is based on single crystal silicon. The 

technology employs solution-based chemicals as tools, instead of plasma as in 

the next section. A typical structure fashioned in a bulk micromachining 

process is shown in Figure 3.1. 

This type of membrane structure, a likely base for a pressure sensor or an 

accelerometer, demonstrated that batch fabrication of miniature components 

does not need to be limited to integrated circuits (ICs). Despite all the 

emerging new micromachining technologies (sections 3.2 and 3.3.), Si wet 

bulk micromachining, being the best characterised micromachining tool, 

remains the most popular in the industry. 

After a short historical note on bulk micromachining, we start with an 

introduction to the crystal structure of single crystal silicon. Then, some 

empirical data on wet isotropic and anisotropic etching are reviewed, and 

models for anisotropic etching behaviour follow. Finally, etch stop techniques 

are described. 
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)LJXUH����� A wet bulk micromachining process is used to craft a membrane 

with piezoresistive elements. Silicon micromachining selectively 

thins the silicon wafer from a starting thickness of about 400 µm. 

A diaphragm having a typical thickness of 20 µm or less with 

precise lateral dimensions and vertical thickness control results 

[62]. 

������ +LVWRU\�

The earliest use of wet etching of a substrate, using a mask (wax) and etchants 

(acid-base), appears to be in the fifteenth century for decorating armour [66]. 

Engraving hand tools were not hard enough to work the armour, and more 

powerful acid-base processes became established. The masking in this 

traditional chemical milling was accomplished by cutting the maskant with a 

scribing tool and peeling the wax where etching was wanted. In Reference 

[66], Harris describes in detail all the improvements that, by the mid-1960s, 
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made this type of chemical milling a valuable and reliable method for 

manufacturing integrated circuits. Through the introduction of photosensitive 

masks by Niépce in 1882, chemical milling in combination with lithography 

became a reality and a new level of resolution and precision came within 

reach. The more recent applications of lithography-based chemical milling are 

the manufacture of printed circuit boards, started during the Second World 

War, and, by 1961, the fabrication of Si-based integrated circuitry. The 

tolerances for fashioning integrated circuitry are many orders of magnitude 

smaller than in the chemical milling industry. 

In this chapter, we are concerned with lithography and chemical machining 

used in microfabrication of sensors and actuators. A major difference, 

compared to the processes used in the IC industry, lies in the aspect ratio 

(height-to-width ratio) of the features crafted. In the IC industry, one deals 

mostly with very small, flat structures with aspect ratio of 1 to 2. In the 

microfabrication field, structures typically are somewhat larger, but aspect 

ratios might be as high as 400. 

Isotropic etching has been used in the silicon semiconductor industry since its 

beginning in the early 1950s. The usual chemical isotropic etchant used for 

silicon was HF in combination with HNO3 with or without acetic acid or water 

as diluent [67-70]. In the mid-1960s, the Bell Telephone Laboratories started 

work on development of anisotropic Si etching in mixtures of KOH in 

water/alcohol and later, in KOH/water solutions. The need for high aspect 

ratio etching in silicon arose when making dielectric integrated structures in 

integrated circuits [71-72]. In the mid-1970s, a new surge of activity in 

anistropic etching was associated with the work on V-groove and U-groove 

transistors [73-75]. 
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The first use of Si as a micromechanical element can be traced back to a 

discovery in the mid-1950s, and an idea from early 1960s. The discovery was 

the existence of large piezoresistance in Si and Ge in 1954 [76]. The idea 

came in 1961, when a diffusion technique for the fabrication of Si 

piezoresistive sensors for stress, strain and pressure was proposed [77]. The 

year after, researchers at Honeywell made the first thin Si piezoresistive 

diaphragms, of the type shown in Figure 3.1 [78].  

In the mid-to late-1970s, there were a few companies commercialising 

micromachined structures, such as pressure sensors, thermal print head, 

thermally isolated diode detectors and ink jet nozzle arrays. 

Petersen’s 1982 paper, extolling the excellent mechanical properties of single 

crystalline silicon, helped galvanise academia to get involved in Si 

micromachining in a major way [79]. Before that time, most research efforts 

would be found in industry, and practical needs were driving the technology. 

Many scientists are now involved in micromachining research, looking for 

applications which could one day be commercial breakthroughs 

������ 6LOLFRQ�FU\VWDOORJUDSK\�

�������� 0LOOHU�LQGLFHV�

The periodic arrangement of atoms in a crystal is called a lattice. The unit cell 

in a lattice is a segment representative of the entire lattice. For each unit cell, 

basis vectors (a1, a2, and a3) can be defined such that if that unit cell is 

translated by integral multiples of these vectors, one arrives at a new unit cell 

identical to the original. A simple cubic-crystal unit cell for which a1 = a2 = a3 
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and the axes angles are all 90° is shown in Figure 3.2. In this figure, the 

dimension ‘a’ is known as the lattice constant. 

   

)LJXUH�����  Miller indices in a cubic lattice: planes and axes. Shaded 

planes are: a (100), b (110), c (111) [62]. 

To identify a plane or a direction, a set of integers h, k, and l,called Miller 

indices,are used. To determine the Miller indices of a plane, one takes the 

intercept of that plane with the axes and expresses these intercepts as multiples 

of the basis vectors a1, a2, a3. The reciprocal of these three integers is taken, 

and, to obtain whole numbers, the three reciprocals are multiplied by the 

smallest common denominator. The resulting set of numbers is written down 

as (hkl). 

A direction in the lattice is expressed as a vector with components as multiples 

of the basis vectors. The Miller indices of an orientation are obtained by 

translating the orientation to the origin of the unit cube and taking the 

normalised coordinates of its other vertex. For example, the body diagonal in a 

cubic lattice as shown in Figure 3.2c is 1a, 1a and 1a or a diagonal along the 

[111] direction. 

Directions [100], [010], and [001] are all crystallographically equivalent, and 

form the family of <100> directions. A family of faces which bear like 

relationship to the crystallographic axes — for example, the planes (001), 
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(100), (010), (001), (100), and (010) — are all equivalent and are marked as 

{100} planes. 

�������� &U\VWDO�VWUXFWXUH�RI�VLOLFRQ�

Crystalline silicon forms a covalently bonded structure, which has the same 

crystalline arrangement as carbon in diamond form and belongs to the more 

general zinc-blend classification [80].� Silicon, with its four covalent bonds, 

coordinates itself tetrahedrally, and these tetrahedrons make up the diamond-

cubic structure. This structure can also be represented as two interpenetrating 

face-centered cubic lattices, one displaced (¼, ¼, ¼)a with respect to the 

other, as shown in Figure 3.3. The structure is face-centered cubic (fcc), with 

two atoms in the unit cell and a lattice parameter ‘a’ for silicon of 5.4309 Å. 

 

 

)LJXUH����� The diamond-type lattice can be constructed from two 

interpenetrating face-centered cubic unit cells. Si forms four 

covalent bonds, making tetrahedrons [62]. 

For such a cubic lattice, direction [hkl] is perpendicular to a plane with three 

integers (hkl), i.e., the Miller indices of a plane perpendicular to the [100] 
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direction are (100). The {111} planes present the highest packing density and 

the atoms are oriented such that three bonds are below the plane. 

When ordering silicon wafers, the crystal orientation must be specified. The 

most common orientations used in the IC industry are the <100> and <111> 

orientation. In micromachining, <110> wafers are used quite often and the 

<111> wafers are considered generally as useless, as they cannot be etched 

anisotropically except when using deep plasma etching (Section 3.2) or laser-

assisted etching [81]. On a <100> wafer, the <110> direction is often made 

evident by an orientation flat. They are especially useful to align the structures 

to be etched with a specific crystallographic direction. 

������ *HRPHWULF�UHODWLRQVKLSV�LQ�WKH�VLOLFRQ�ODWWLFH�IRU�ZHW�DQLVRWURSLF�

HWFKLQJ�

To better understand the different three-dimensional shapes resulting from 

anisotropically etched single crystal Si (SCS), some of the more important 

geometric relationships between different planes within the Si lattice need 

further clarification. Silicon wafers with a (100) or a (110) surface plane will 

be considered. It should also be noted that in anisotropic etching of silicon, the 

{111} planes, which have the highest packing density, are virtually 

nonetching compared to the other planes. Therefore, the sidewalls of an etched 

pit in SCS will ultimately be bounded by this type of plane, if the etch time is 

long enough for features bounded by other planes to be etched away. The 

types of planes introduced initially depend on the geometry and the orientation 

of the mask features. 
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�������� >���@�2ULHQWHG�VLOLFRQ�

In Figure 3.4, the unity cell of a silicon lattice is shown together with the 

correct orientation of a [100]-type wafer relative to this cell [82]. It can be 

seen from this figure that intersections of the nonetching {111} planes with 

the {100} planes (e.g. the wafer surface) are mutually perpendicular and lying 

along the <110> orientations.  

 

)LJXUH����� (100) silicon wafer with reference to the unity cube and its 

relevant planes [82]. 

Provided a square mask opening  is accurately aligned with the primary 

orientation flat, i.e., the [110] direction, only {111} planes will be introduced 

as sidewalls from the very beginning of the etch. During etching, truncated 

pyramids deepen but do not widen (Fig. 3.5). 
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)LJXUH����� Anisotropically etched features in a (100) wafer with a square 

mask opening [62]. 

After prolonged etching, the {111} family of planes is exposed down to their 

common intersection and the (100) bottom plane disappears, creating a 

pyramidal pit (Fig. 3.5). 

For a mask opening with arbitrary geometry and orientation (for example, a 

circle) and for sufficiently long etch times, the anisotropically etched recess in 

a {100} wafer is pyramidal, with a base perfectly circumscribing the circular 

mask opening. Convex corners (> 180°) in a mask opening will always be 

completely undercut by the etchant after sufficiently long etch times. This can 

be disadvantageous, for example when making a mesa instead of a pit, or it 

can be advantageous for undercutting suspended cantilevers or bridges.  

The slope of the sidewalls in a cross-section perpendicular to the wafer surface 

and to the wafer flat is determined by the angle α as in Figure 3.4. This is the 



&KDSWHU����6LOLFRQ�PLFURPDFKLQLQJ�

 39

off-normal angle of the intersection of a (111) sidewall and a (100) cross-

secting place, and can be calculated from: 

D
/=αtan      (3.1) 

with 2
2×= D/  or °== 26.352

2arctanα , or 54.74° for the 

complementary angle. The tolerance of this slope is determined by the 

alignment accuracy of the wafer surface with respect to the (100) plane. Wafer 

manufacturers typically specify this misalignment to ±1°. 

 

)LJXUH����� Relation of bottom cavity plane width with mask opening width 

[62]. 

The width of the rectangular or square cavity, W0, in the bottom plane in 

Figure 3.6, aligned with the <110> direction, is completely defined by the etch 

depth, z, the mask opening, Wm, and the above-calculated sidewall slope: 
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( ) ]:]:: PP 274.54cot20 −=°−=   (3.2) 

The larger the opening in the mask, the deeper the point at which the {111} 

sidewalls of the pit intersect. The etch stop at the {111) sidewalls’ interaction 

occurs when the depth is about 0.7 times the mask opening.  

�������� �>���@�RULHQWHG�VLOLFRQ�

In Figure 3.7, we show a unit cell of Si properly aligned with the surface of a 

(110) Si wafer. Whereas the intersections of the {111} planes with the (100) 

wafer surface are mutually perpendicular, here they enclose an angle γ in the 

(110) plane. Moreover, the intersections are not parallel (<110>) or 

perpendicular (<100>) to the main wafer flat (assumed to be <110> in this 

case), but rather enclose angles δ or δ + γ. It follows that a mask opening that 

will not be undercut (i.e., oriented such that resulting feature sidewalls are 

exclusively made up by {111} planes) cannot be a rectangle aligned with the 

flat, but has to be a parallelogram skewed by γ – 90° and δ degrees off-

axis.The angles γ and δ are calculated as follows [82]: 

( ) 2
2

2

2

2

2

1

tan ==
D

D

β
   (3.3) 

°=


−°=−°= 47.1092
2arctan21802180 βγ  (3.4) 

°=


+°=+°= 26.1252
2arctan9090 βδ   (3.5) 
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)LJXUH����� (110) silicon wafer with reference to the unity cube and its 

relevant planes. The wafer flat is in a <110> direction [82]. 

From Figure 3.7, it can be seen that the {111} planes are oriented 

perpendicular to the (110) surface. This makes it possible to etch pits with 

vertical sidewalls. The bottom of the pit would be bounded by {110} and/or 

{100} planes, depending on the etch time. As the {110} planes are etching 

slightly faster than the {100} planes, the flat {110} bottom is getting smaller 

and smaller and a V-shaped bottom bound by {100} planes eventually results. 

�������� 6HOHFWLRQ�RI�>���@��RU�>���@�RULHQWHG�VLOLFRQ�

In Table 3.1, the main characteristics of etched features in [100]- and [110]- 

oriented silicon wafers are compared. From this table, it is obvious that for 

membrane-based sensors, such as micro-hotplates, [100] wafers are preferred 

for the flat bottoms that result when pits are etched. To also achieve a high 

component density with anisotropic etches on (100) wafers, the starting silicon 

wafers must be very thin because of the aspect ratio limitations due to the 
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sloping sidewalls. Vertical etching in (110) surfaces relaxes the etching 

requirement dramatically and enables more densely packed structures [83,84]. 

7DEOH����� Selection of wafer type [62] 

 

������ %DVLFV�RI�VLOLFRQ�ZHW�HWFKLQJ�

Wet etching of Si is used mainly for cleaning, shaping, polishing, and 

characterising structural and compositional features [85]. Modification of wet 

etchant and/or temperature can alter the selectivity to silicon dopant 

concentration and type and, especially when using alkaline etchants, to 

crystallographic orientation. Etching proceeds by reactant transport to the 

surface (1), surface reaction (2), and reaction product transport away from the 

surface (3). If  (1) or (3) is rate determining, etching is diffusion limited and 

can be increased by stirring. If (2) is the rate-determining step, etching is 
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reaction rate limited and depends strongly on temperature, etching material, 

and solution composition. Diffusion-limited processes have lower activation 

energies than reaction-rate controlled processes, and therefore are relatively 

insensitive to temperature variations. 

Isotropic etchants etch in all crystallographic directions at the same rate. They 

are usually acidic, such as HF/HNO3/CH3COOH (HNA), and lead to rounded 

isotropic features in single crystalline silicon. They are used at room 

temperature or slightly above (<50°). Some alkaline chemicals such as 

KOH(aq) etch anisotropically, i.e., they etch away crystalline silicon at different 

rates depending on the orientation of the exposed crystal plane. Typically, the 

pH stays above 12, while more elevated temperatures are used for these 

slower types of etchants (>50°). Isotropic etchants generally show diffusion 

limitation, while anisotropic etchants are reaction limited. 

������ 3UDFWLFDO�DVSHFWV�RI�LVRWURSLF�HWFKLQJ��

Since this method was not suited to the fabrication of the microstructures 

presented in the scientific papers included in this thesis, only basic aspects are 

summarised in the following lines. 

For isotropic etching of silicon, the most commonly used etchants are 

mixtures of nitric (HNO3) and hydrofluoric acids (HF). Water can be used as 

diluent, but acetic acid is preferred because it prevents the dissociation of the 

nitric acid better and so preserves the oxidising power of HNO3, which 

depends on the undissociated nitric acid species for a wide range of dilutions 

[68]. The etchant is called the HNA system. By the early 1960s, the isotropic 

HNA silicon etch was well characterised. Iso-etch curves giving the etch rate 
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of HNA solutions as a function of composition, Arrhenius plots showing the 

temperature dependence of the etch rate, electrochemical and preferential 

etching, and masking are presented in Refs. [62,65,67-70]. 

������ 3UDFWLFDO�DVSHFWV�DQG�PRGHOV�RI�DQLVRWURSLF�HWFKLQJ�

Anisotropic etchants shape or ‘machine’ desired structures in crystalline 

materials. When carried out properly, anisotropic etching results in geometric 

shapes bounded by perfectly defined crystallographic planes. Anisotropic wet 

etching techniques were developed mainly by trial and error. Going over some 

experimental data before going in a detail description of etch models, seems 

fitting. Moreover, we must keep in mind that for higher index planes, most 

models fail. 

The development of anisotropic etchants solved the lateral dimension control 

lacking in isotropic etchants. Different etch stop techniques needed to control 

the membrane thickness, such as in the device presented in Figure 3.1, are 

available, and make these features manufacturable. However, anisotropic 

etchants are slower, even in the fast etching direction, with etch rates of 1 

µm/min or less. Etching through a wafer is therefore a time-consuming 

process. 

�������� $QLVRWURSLF�HWFKDQWV�

A wide variety of etchants have been used for anisotropic etching of silicon, 

including aqueous solutions of KOH, NaOH, LiOH, CsOH, NH4OH, and 

quaternary ammonium hydroxides, with the possible addition of alcohol. 

Alkaline organics such as ethylenediamine, choline (trimethyl-2-hydroxyethyl 



&KDSWHU����6LOLFRQ�PLFURPDFKLQLQJ�

 45

ammonium hydroxide) or hydrazine with additives such as pyrocatechol and 

pyrazine have been employed as well. Etching of silicon occurs without the 

application of an external voltage and is dopant insensitive over several orders 

of magnitude. Alcohols such as propanol, isopropanol, and butanol typically 

slow the attack of Si [86,87]. The etch rate in anisotropic etching is reaction 

rate-controlled and therefore temperature dependent. The etch rate for all 

planes increases with temperature and the surface roughness decreases with 

increasing temperature, so etching at higher temperatures gives the best 

results. 

The principal characteristics of four different anisotropic etchants are listed in 

Table 3.2. The most commonly used are KOH [86-91] and ethylene-

diamine/pyrocathechol + water (EDP) [92,93]; hydrazine-water is rarely used 

[94,95]. More recently, quaternary ammonium hydroxide solutions such as 

tetraethylammonium hydroxide have become more popular [96-99]. Each has 

advantages and problems and before making a choice, one should consider the 

extensive literature on the subject. 

The simple KOH/water system is the most popular etchant and was used to 

fabricate the devices presented in this thesis. A KOH etch, in near saturated 

solutions (1:1 in water by weight) at 60-80°C, produces a uniform and shiny 

surface. Etch rate non-uniformity gets considerably worse at above 80°C. A 

large amount of bubbles are seen to evolve from the Si wafer while etching in 

KOH. The etching selectivity between Si and SiO2 is not very good in KOH. 

KOH is also incompatible with the IC fabrication process. The surface 

roughness continuously decreases with increasing concentration. Since the 

differences in etch rates for different KOH concentrations are small, a highly 
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concentrated KOH is preferred to obtain a smooth surface on low index 

planes. 

7DEOH�����  Principal characteristics of four different anisotropic etchants�[62] 

 

�������� 0DVNLQJ�DQG�SURWHFWLRQ�

Etching through a whole wafer (400 to 600 µm) takes several hours (a typical 

wet anisotropic etch rate being 1.1 µm/min). When using KOH, SiO2 cannot 

be used as a masking material for features requiring such a long exposure to 

the etchants. For prolonged KOH etching, a high density silicon nitride mask 

has to be deposited. A low pressure chemical vapor deposited (LPCVD) 

nitride, with an etch rate less than 0.1 nm/min, generally serves this purpose 

better than a less dense plasma-deposited nitride [100]. If in the overall 

processing of the devices, nitride deposition does not pose a problem, KOH 

emerges as the preferential anisotropic wet etchant. 
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In many cases, it is necessary to protect one side of a wafer from an isotropic 

or anisotropic etchant. The backside is either mechanically or chemically 

protected. In the mechanical method the wafer is held in a holder, often made 

from Teflon. In the chemical method, waxes or other organic coatings are 

spun onto the wafer side to be protected. 

�������� (WFK�VWRS�WHFKQLTXHV�

In many cases it is desirable to stop etching of silicon when a certain cavity 

depth or membrane thickness has been reached. Non-uniformity of etched 

devices due to non-uniformity of the silicon wafer thickness can be quite high. 

Even with the best wafer quality, the wafer taper is still around ±2 µm. The 

taper and variation in etch depth lead to intolerable thickness variations in 

many applications. Moreover, the variation in etch rates becomes critical if 

one etches membranes down to thicknesses of less than 20 µm; it is almost 

impossible to etch structures down to less than 10 µm with a time-based 

technique.  

The most widely used etch-stop technique is based on the fact that anisotropic 

etchants do not attack boron-doped (p+) Si layers to any great extent 

[101,102]. Experiments show that the decrease in etch rate is nearly 

independent of boron concentration to the fourth power in all alkaline 

etchants. It follows that a simple boron diffusion or implantation, introduced 

from the front of the wafer, can be used to create beams and diaphragms by 

etching from the back. One disadvantage with this etch stop technique is that 

extremely high boron concentrations are not compatible with standard CMOS 

or bipolar techniques. 



�

 48

Alternatively, a second etch-stop method, based on an electrochemical 

mechanism can be used. In this case, a lightly doped p-n junction is used as an 

etch stop by applying a bias between the wafer and a counter electrode in the 

etchant [102-103]. In electrochemical anisotropic etch stop, a p-n junction is 

made, for example, by epitaxial growth of an n-type layer (phosphorous-

doped, 1015 cm-3) on a p-type substrate (boron-doped, 30 Ωcm). This p-n 

junction forms a large diode over the whole wafer. The wafer is generally 

mounted on an inert substrate with the n-type epilayer down and p-type 

substrate on top, and is partly or wholly immersed in the solution. An ohmic 

contact to the n-type epilayer is connected to one pole of a voltage source and 

the other pole of the voltage source is connected via a current meter to a 

counter electrode in the etching solution. In this arrangement the p-type 

substrate can be selectively etched away and the etching stops at the p-n 

junction, leaving a membrane with a thickness defined by the thickness of the 

epilayer. The incorporation of a third electrode (a reference electrode) in a 

three-terminal set-up allows a more precise determination of the silicon 

potential with respect to the solution. A great advantage of this etch stop 

technique is that it works with low doped Si (levels of the order of 1016cm-3), 

allowing the integration of electronic components. A disavantage is the set-up 

itself, which requires complex fixtures and manual wafer handling. Other 

electrochemical etching techniques, such as photo-assisted methods, are also 

used but less frequently [102]. 

Yet another distinct way to stop etching is by employing a change in 

composition of material. An example is an etch stopped at a Si3N4 diaphragm. 

Silicon nitride is very strong, hard, and chemically inert, and the stress in the 

film can be controlled by changing the Si/N ratio in the LPCVD deposition 
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process. The stress turns from tensile in stoichiometric films to compressive in 

silicon-rich films. A great number of the materials are not attacked by 

anisotropic etchants and therefore used as an etch stop. Another example is the 

SiO2 layer in a silicon-on-insulator structure (SOI) [102]. A buried layer of 

SiO2, sandwiched between two layers of crystalline silicon, forms an excellent 

etch stop because of the good selectivity of many etchants of Si over SiO2.  

�������� $QLVRWURSLFDOO\�HWFKHG�VWUXFWXUHV�

In Figure 3.8 are compared wet isotropic etch (a) with examples of anisotropic 

etches (b to e). In the anisotropic etching examples, a square (b and c) and a 

rectangular pattern (d) are defined in an oxide mask with sides aligned along 

the <110> directions on a <100>-oriented silicon surface. Etching with the 

square pattern results in a pit with well-defined {111} sidewalls (at angles 

54.74° to the surface) and a (100) bottom. The dimensions of the hole at the 

bottom of the pit, as we saw above, are given by Equation 3.2. The larger the 

square opening in the mask, the deeper the point where the {111} sidewalls of 

the pit intersect. In Figure 3.8a, an undercutting isotropic etch is shown. 

Misalignment in the case of an anisotropic etch still results in pyramidal pits, 

but the mask will also be severely undercut. A rectangular pattern aligned 

along the <110> directions on a <100> wafer leads to long V-shaped grooves 

(see Fig. 3.8d) or an open slit, depending on the width of the opening in the 

oxide mask. Using a properly aligned mask on a <110> wafer, holes with four 

vertical walls ({111} planes) result as shown in Figure 3.8e. 
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)LJXUH����� Isotropic and anisotropic etched features in <100> and <110> 

wafers. (a) isotropic etch, (b) to (e) anisotropic etch. (a) to (d) 

<100> oriented wafers, and (e) <110> oriented wafer�[62]. 

It is also possible to machine surface structures by undercutting. In this case, 

the orientation of the wafer is of extreme importance. Consider, for example, 

the formation of a bridge as in Figure 3.9a. When using a (100) surface, a 

suspension bridge cannot form across the etched V-groove; two independent 

truncated V-grooves flanking a mesa structure are obtained. To form a 

suspended bridge, it must be oriented away from the <110> direction. This is 
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in contrast with a (110) wafer where a microbridge crossing a V-groove will 

be undercut. Convex corners will be undercut by etchant, allowing formation 

of cantilevers as shown in Figure 3.9b. When forming a mesa in a (100) wafer, 

e.g. a mass with perfect 90° convex corners and walls having an angle of 54.7° 

with the (100) surface, compensation structures must be incorporated in the 

mask to avoid subsequent undercutting at the convex corners [104-106]. 

    

)LJXUH����� How to make (a) a suspension bridge from a (100) Si wafer and 

(b) a diving board from a (110) Si wafer [107]. 

By covering the (100)-oriented Si wafer with a dielectric film and using a 

backside mask opening, it is possible by anisotropic etching of silicon to 

release a membrane made of this film (see Fig. 3.10a). This technique was 

used in the following scientific papers to thermally isolate a joule-heating 

resistor on a dielectric membrane to obtain a micro-hotplate type device. 

Moreover, with the help of two successive steps of wet anisotropic bulk 

micromachining of silicon in KOH [108-110], a silicon island was fabricated 

underneath a dielectric membrane to allow the integration of electronic 
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devices on a micro-hotplate (Fig. 3.10b). These structures were then used to 

decrease the power consumption of metal-oxide and MOSFET gas sensors. 

6L

'LHOHFWULF�PHPEUDQH

   

6L

'LHOHFWULF�PHPEUDQH

 

            (a)      (b) 

)LJXUH������ Closed dielectric membranes realised using wet anisotropic bulk 

micromachining of silicon: (a) with and (b) without silicon island. 

�������� :HW�DQLVRWURSLF�HWFKLQJ�PRGHOV�

Lots of conflicting data exist in the literature on the anisotropic etch rates of 

the different Si planes, especially for the higher index planes. This is not too 

surprising, given the multiple parameters influencing individual results. 

Temperature, stirring, size of etching feature, KOH concentration, addition of 

alcohols and other organics, surface defects, complexing agents, surfactants, 

pH, and cation influence can all affect anisotropic etching. 

Several chemical models explaining the anisotropy in etching rates for 

different Si orientations have been proposed. In this section only the main 

models are mentioned. Different Si crystal properties have been correlated 

with the anisotropy in silicon etching. 

• It has been observed that the {111} planes present the highest density of 

atoms per cm2 to the etchant and that the atoms are oriented such that 
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three bonds are below the plane. It is possible that these bonds become 

chemically shielded by the surface bonded (OH) or oxygen, thereby 

slowing the etch rate. 

• It has also been suggested that etch rates correlate with available bond 

densities, the surfaces with the highest bond density etching faster. The 

available bond densities in Si and other diamond structures follow the 

sequence 1:0.71:0.58 for the {100}:{110}:{111} surfaces.  However, 

bond density alone is an unlikely explanation for etch rates because of 

the magnitude of etching anisotropy (e.g. a factor of 400), compared to 

the bond density variations of at most a factor of two [84]. 

• The slow etching of {111} planes was also explained on the basis of 

their faster oxidation during etching [84]. This does not happen on the 

other faces, due to the greater distance of the atoms on planes other than 

(111). Since they oxidise faster, these planes may be better protected 

against etching. The oxidation rate in particular follows the sequence  

{111}>{110}>{100}, and the etch rate often follows the reverse 

sequence. In the most used KOH-H2O system, however, the sequence is 

{110}>{100}>{111}. 

• In yet another model, it is assumed that the anisotropy is due to 

differences in activation energies and backbond geometries on different 

Si surfaces [130]. 

• Seidel et al.’s model supports the previous explanation [86,87]. They 

detail a process to explain anisotropy based on the difference in energy 

levels of backbond-associated surface states for different crystal 

orientations. 



�

 54

• Finally, Elwenspoek et al. [113] propose that it is the degree of atomic 

smoothness of the various surfaces that is responsible for the anisotropy 

of the etch rates. Basically, this group argues that the kinetics of smooth 

faces (the (111) plane is atomically flat) is controlled by a nucleation 

barrier that is absent on rough surfaces. The latter, therefore, would etch 

faster by orders of magnitude. 

3.2 DRY BULK MICROMACHINING 

Wet anisotropic etching has shown limitations in etching deep structures with 

high anisotropy in silicon. The ability to etch such features in silicon is of 

considerable interest in the micromachining community for a variety of 

applications, including fabricating deep fluidic channels and single-crystal 

mechanical structures. Deep reactive ion etching and cryogenic dry etching 

reactors, both using plasma technology, appeared on the market in the 1990s 

and constitute the latest developments in the field. The information given in 

the following sections is based on the book by Gregory T.A. Kovacs, 

“Micromachined Transducers Sourcebook”, published by WCB/MaGraw-Hill 

in 1998 [63]. 

������ %DVLFV�RI�VLOLFRQ�GU\�HWFKLQJ�

In this class of “dry” etching reactions, external energy in the form of radio 

frequency (RF) power drives chemical reactions (taking the place of elevated 

temperatures or very reactive chemicals). Energetic ions supply the necessary 

energy such that reactions can occur at low temperatures. This is a very 
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powerful type of process that can achieve impressive anisotropy (aspect ratios) 

in the cases where the bombardment of the surface by ions (generally 

perpendicular to the wafer) drive the etch reaction. 

Dry etches were originally developed in the early 1970’s for applications in 

microelectronics. RF energy applied to a pair of plates accelerates stray 

electrons, increasing their kinetic energy to levels at which they can break 

chemical bonds in the reactant gases upon impact, forming ions and additional 

electrons. With ongoing input of RF energy into the chamber, 

electron/molecule collisions continue to yield ions and electrons, while 

exposed surfaces within the chamber absorb or neutralise these species. After 

a number of RF cycles, a steady-state discharge is reached in which generation 

and loss processes are balanced. 

At this point, the discharge is characterised by a central glow or bulk region 

and dark or sheath regions between the bulk region and the electrodes. It is in 

the sheath regions where nearly the entire potential drop occurs between the 

electrodes. The bulk region is electrically semi-neutral. The higher mobility 

electrons can exit the bulk region more readily than ions in response to the RF 

cycles. This gives rise to the high-field sheath regions that form to retard the 

further departure of electrons from the bulk region, thus maintaining charge 

neutrality. 

The DC component of the sheath field (sheath bias) accelerates positive ions 

originating in the bulk and thus gives rise to the bombardment of the wafers 

by the resulting highly energetic ions. The DC bias will occur on its own as 

described above, or it can be controlled using a separate DC power supply 

typically on the order of 0 to 600V. This produces a “bias-sputter” or “bias-

etch” configuration and allows some control of the electron and ion impact 



�

 56

energies on the wafers. Conceptual illustrations of a dry etching system are 

shown in Figure 3.11. 

�

)LJXUH ����� Conceptual illustrations of (a) plasma etcher: grounded wafer, 

symmetrical electrodes, (b) reactive ion etcher: powered wafer, 

grounded surface area much greater than powered electrode [63]. 

������ 'HHS�UHDFWLYH�LRQ�HWFKLQJ�

A very high-aspect-ratio method referred to as deep reactive ion etching 

(DRIE) relies on a high-density, inductively coupled) plasma source and an 

alternating process of etching and protective polymer deposition to achieve 

aspect ratios of up to 30:1 (sidewall angles 90±2°), with photoresist 

selectivities of 50 and 100:1, silicon dioxide selectivities of 120 to 200:1, and 

etch rates on the order of 2 to 3 µm/min [114,115]. The practical maximum 

etch depth capability of this approach is on the order of 1 mm, and precise 

etch depths can readily be obtained using buried SiO2 etch-stop layers (e.g. 

using silicon-on insulator wafers). 
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A patent covers the concept of alternating between etching and polymer 

deposition [116]. The etching step uses SF6/Ar with a substrate bias of –5 to –

30 V so that cations generated in the plasma are accelerated nearly vertically 

into the substrate being etched. After etching for a short time, the 

polymerisation process is started. A mixture of trifluoromethane (CHF3) and 

argon is used (although other fluorocarbons gases such as C4F8 combined with 

SF6 tend to be utilised in current commercial equipment), and all exposed 

surfaces (sidewalls and horizontal surfaces) are coated with a TeflonTM-like 

polymer layer (≈ 50 nm thick). If ion bombardment due to a small applied bias 

voltage is used during the polymerisation step, the formation of polymer on 

the horizontal surfaces can essentially be prevented. The etching step is then 

repeated, and the polymer deposited on the horizontal surfaces is rapidly 

removed due to ion bombardment and the presence of reactive fluorine 

radicals. 

������ &U\RJHQLF�GU\�HWFKLQJ�

Cryogenic cooling of the wafer can greatly enhance anisotropy of etching. By 

cooling the chuck to liquid nitrogen temperatures (77 K) and using helium gas 

flow under the wafer to transfer heat, the wafer’s temperature can be 

maintained at cryogenic temperatures during etching. Apparently, the 

mechanism is condensation of the reactant gas(es) on the sidewalls of the 

etched structures (condensing gas at the bottom of the structures is removed 

by ion bombardment). A potentially important issue with cryogenic dry 

etching is that if microstructures become thermally isolated due to the etching, 

cryogenic temperatures (and hence high aspect ratio) may not be maintained 
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locally. Using pure SF6, it is possible to obtain aspect ratios on the order of 

30:1 and etch all of the way through a full-thickness silicon wafer. Some 

examples of the application of cryogenic dry etching to micromachining are 

presented in Ref. [117]. 

3.3 SURFACE MICROMACHINING 

Bulk micromachining means that three-dimensional features are etched into 

the bulk of crystalline and noncrystalline materials. In contrast, surface 

micromachined features are built up, layer by layer, on the surface of the 

substrate. A wet or dry etching photolithographic process defines the surface 

features in the first layer, which will be the sacrificial layer. Free standing 

structures are formed by depositing and patterning a second layer over the 

first, a wet etching releases them from the plane by undercutting. In surface 

micromachining, shapes in the x-y plane are unrestricted by the 

crystallography of the substrate and limited to a few microns height in the z 

direction. The nature of the deposition processes involved results in very 

planar surface micromachined features. Specifically, the films of 

polycrystalline silicon (poly-Si), the main structural material in surface 

micromachining and deposited by low-pressure chemical vapour (LPCVD), 

are generally only few microns high (low z).  

Even with the best possible process control, polysilicon has some material 

disadvantages over single crystal Si, in that it generates a somewhat smaller 

yield and has a lower piezoresistivity [118-120]. However, dimensional 

uncertainties are of greater concern than material issues. Moreover, the wet 

process for releasing structural elements from a substrate tends to cause 
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sticking of suspended structures to the substrate, so-called stiction, introducing 

another disadvantage associated with surface micromachining. 

Some of the mentioned problems have recently been resolved by process 

modifications and/or alternative designs. Surface micromachining has then 

rapidly gained commercial interest, mainly because it is the most IC-

compatible micromachining process developed to date. 

In this section, after a brief history, the basic process sequence will be 

described. The technique is only summarised in the next paragraphs since it 

was not utilised in the scientific research included in this thesis. However, it 

can be applied to the field of low-power gas sensors, as will be demonstrated 

in Chapter 4. More detailed information about thin film mechanical properties, 

the processing steps, stiction, and sealing of the cavity, and is presented in the 

Refs. [62,63,121-124]. 

������ +LVWRU\�

The first example of a surface micromachined device for an electro-

mechanical application consisted of an underetched metal cantilever beam for 

a resonant gate transistor presented in 1967 [125]. By 1970, the first example 

of a magnetically actuated metallic micromotor appeared in the literature 

[126]. Because of fatigue problems, metals are rarely used for the fabrication 

of mechanical components. The surface micromachining method as we know 

it today was first demonstrated by Howe and Muller in the early 1980s, and 

relied on polysilicon as the structural material [127]. These pioneers, along 

with Guckel [128], an early contributor to the field, produced free standing 

LPCVD polysilicon structures by removing the oxide layers on which the 
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polysilicon features were formed. Howe’s first device consisted of a resonator 

designed to measure the change of mass upon adsorption of chemicals from 

the surrounding air. Later mechanical structures, especially hermetically 

sealed mechanical devices, provided proof that the IC revolution could be 

extended to electromechanical systems [129]. In these structures, the height 

(z-direction) typically is limited to less than 10 µm, ergo the name surface 

micromachining. 

The first survey of possible applications of poly-Si surface micromachining 

was presented by Gabriel et al. in 1989 [130]. In 1991, Analog Devices 

announced the first commercial product based on surface micromachining, a 

50-g accelerometer for activating air-bag deployment [131]. A feature wave of 

major commercial applications for surface micromachining could be based on 

the Texas Instruments Digital Micromirror DeviceTM. This surface 

micromachined movable mirror array is a digital light switch that precisely 

controls a light source for projection display and hard copy applications [132]. 

The commercial acceptance of this application will likely determine the future 

power of the surface micromachining option. 

������ 6XUIDFH�PLFURPDFKLQLQJ�EDVLF�SURFHVV�

A surface micromachining process sequence for the creation of a simple free-

standing poly-Si bridge is illustrated in Figure� 3.12 [133,134]. A sacrificial 

layer, also called a space layer or base, is deposited on a silicon substrate 

coated with a dielectric layer as the buffer/insulation layer (Fig. 3.12a). 

Phosphosilicate glass (PSG) deposited by LPCVD stands out as the best 

material for the sacrificial layer because it is etched even more rapidly in HF 
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than SiO2. In order to obtain an uniform etch rate, the PSG film must be 

densified by heating the wafer to 950-1100°C in a furnace or rapid thermal 

annealer (RTA) [135]. With a first mask, the base is patterned as shown in 

Figure 3.12b.  

 

)LJXUH�������Basic surface micromachining process sequence: (a) Space layer 

deposition, (b) Base patterning with mask 1, (c) Microstructure 

layer depostion, (d) Pattern microstructure with mask 2, (e) 

Selective etching of space layer [62]. 
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Windows are opened up in the sacrificial layer and a microstructural thin film, 

consisting either of polysilicon, metal, alloy, or a dielectric material, is 

conformally deposited over the patterned sacrificial layer (Fig. 3.12c). Furnace 

annealing, in the case of polysilicon at 1050°C in nitrogen for one hour, 

reduces stress stemming from the thermal expansion coefficient mismatch, 

and the nucleation and growth of the film. Rapid thermal annealing has been 

found to be effective for reducing stress in polysilicon as well [135]. With a 

second mask, the microstructure layer is patterned, usually by dry etching in a 

CF4 + O2 or CF3Cl + Cl2 plasma (Fig. 3.12d) [136]. Finally, selective wet-

etching of the sacrificial layer, say in 49% HF, leaves a free-standing 

micromechanical structure (Fig. 3.12e). This surface micromachining 

technique is applicable to combinations of thin films and lateral dimensions 

where the sacrificial layer can be etched without significant etching or attack 

of the microstructure, the dielectric, or the substrate. 

3.4 CONCLUSION 

In this chapter the main techniques used to structure or ‘micromachine’ silicon 

were reviewed. These techniques can be separated in two main categories, 

bulk and surface micromachining. With bulk micromachining techniques, 

three-dimensional features may be etched into the bulk of crystalline and 

noncrystalline materials. Wet isotropic or anisotropic etchants can be used. In 

contrast, surface micromachined features are built up, layer by layer, on the 

surface of the substrate. Dry etching defines the surface features in the x-y 

plane, and wet etching releases them from the plane by undercutting. 
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Beams, cantilevers, diaphragms and membranes of diverse materials can be 

released by using silicon micromachining. These microstructures find many 

applications in the development of sensors and actuators, such as in the field 

of interest of this thesis, low power gas sensors. The next chapter presents the 

silicon micromachined gas sensors. 
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44..  MMiiccrroommaacchhiinneedd  ggaass  sseennssoorrss  

 

There is a demand for gas sensing devices for many applications, including 

monitoring for combustible or toxic gases to ensure industrial safety, climate 

control of buildings and vehicles to improve comfort, and in process control 

and laboratory analytics. Accurate, high performance gas analysers based on 

gas chromatography or mass spectrometry are available, but tend to be 

relatively large and expensive. Their use in thus confined to analytical labs or 

process control. For other purposes, such as remote monitoring, cheaper, 

smaller, and user-friendly sensors are required. Hence, a lot of research and 

development has been done to design small, low-power, and inexpensive gas 

sensors that possess sufficient sensitivity, selectivity and stability for a given 

application. A large variety of sensors based on different sensing principles, 

such as semiconductor gas sensors, optical gas sensors, mass sensitive 

devices, catalytic sensors, dielectric sensors, and electrochemical sensors, 

have been reported (see Chapter 2) [6]. 

On one hand, some types of gas sensors are just by their nature considered as 

low power gas sensors. As already mentioned, polymer-coated transducers, 

such as chemo-resistors, MOSFETs, quartz microbalances (QMB) and surface 

acoustic waves (SAW) fall in this category [15-17,33,43.56,57]. This type of 

sensor is usually operated at a temperature slightly higher than room 

temperature. On the other hand, chemo-resistors based on gas-sensitive metal 

oxide  materials and  MOSFETs coated  with catalytic  metals, with  operating 
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temperatures up to 450°C and 200°C, respectively, exhibit high power 

consumption. 

Taguchi was the first to develop metal-oxide gas sensors to the level of an 

industrial product [137-139]. These Taguchi-type sensors are still on the 

market. However, most of the commercially available sensors nowadays are 

manufactured using screen-printing techniques on small and thin ceramic 

substrates [140-142]. Screen-printing has the advantage that thick films of 

gas-sensitive metal-oxide sensors are produced in batch processing. This 

technology is well established, and high performance has been achieved using 

screen-printed ceramic sensors in various field applications. 

However, screen-printed ceramic gas sensors are still in need of improvement, 

especially with respect to power consumption, mounting technology and 

selectivity. The power consumption of these sensors is typically in the range 

of 200 mW to about 1 W [140], which is too much for applications where only 

battery-driven elements may be used. Moreover, the use of arrays of these 

sensors, which on the one hand is very promising with respect to improve 

discrimination between gases in a mixture, can lead on the other hand to the 

increased size of the sensor elements or combined sensor assemblies and thus, 

to increased power consumption. 

In contrast, MOSFET gas sensors are small in size. In addition, 

microelectronics-based processing allows the formation of arrays on one 

substrate. However, their mounting on metallic packages leads to power 

consumption in the range of 500 mW to 1 W and thus to the same problems as 

for metal-oxide sensors. 

In the last few years, the above mentioned difficulties have led to new 

developments in substrate technology. The integration of gas-sensitive films in 
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standard microelectronic processing has been achieved, and has led together 

with the use of micromachining (see Chapter 3) to micromachined metal-

oxide gas sensors like the one shown in Figure 4.1. This technology shows 

great promise for overcoming the difficulties of screen-printed ceramic 

sensors. The sensitive layer is deposited onto a thin dielectric membrane of 

low thermal conductivity, which provides good thermal isolation between the 

substrate and the gas-sensitive heated area on the membrane. In this way, the 

power consumption can be kept very low, with typical values on the order of 

30–150mW, with the substrate remaining almost at ambient temperature [22, 

143-145,159]. This type of thermally heated device is commonly called a 

micro-hotplate, and is used in different applications [146-149]. 

 

)LJXUH����� Schematic of the micromachined sensor commercialised by 

MicroChemicalSystems SA (MICS), Corcelles, Switzerland: 

sensor element on the left and housing on the right. 

The mounting of membrane-based sensors is much easier than for an overall 

hot ceramic sensor element, and control and signal-processing electronics can 

be integrated on to the same substrate if desired. Moreover, sensor arrays, 
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which are often needed to overcome the bad selectivity of single sensor 

elements, can easily be implemented in this technology. The small thermal 

mass of each micromachined element allows rapid thermal programming, a 

unique feature, which can be used to study the kinetics of surface processes 

and to achieve kinetically controlled selectivity [150]. 

In this chapter, the frequently used technologies in the field of micromachined 

gas sensors, and the design parameters which influence the thermal and 

mechanical properties of such devices, are reviewed. The following sections 

are based mainly on the only review written on the subject by I. Simon et al. 

[21]. 

4.1 MICROMACHINED GAS-SENSING PLATFORMS 

Several elements have to be considered in the design and processing of 

micromachined gas sensing platforms. Suitable characteristics for such 

devices are low power consumption, high mechanical strength, and well-

controlled temperature distribution across the sensing layer. The latter is 

important since both the thermal and mechanical properties of the gas-sensing 

film are strongly temperature dependent. To reach the given specifications, 

different combinations of geometries, materials and fabrication techniques can 

be used. 
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������ 7HFKQRORJ\�

�������� 0HPEUDQH�

The starting point for the production of micromachined gas sensors is the 

formation of a thermally isolated heating area on a membrane. In most cases, 

silicon is used as the substrate and silicon micromachining methods (see 

Chapter 3) are used to release the dielectric membrane on which are located 

the active components of the hotplates. In general, there are two different 

types of structures which the membrane can adopt; one is the closed-

membrane-type, the other the suspended-membrane type (Figs. 4.2 and 4.3). 

     

      (a)      (b) 

)LJXUH����� Schematic of a closed-membrane-type hotplate: (a) top view, (b) 

side view [21]. 

The closed-membrane-type hotplate is formed by anisotropic etching of 

silicon from the backside (see Chapter 3). In most cases, the membrane is 

made of silicon nitride and/or silicon oxide thin films. These materials are also 

used as insulator to cover the heater deposited on the membrane and hence 

electrically isolate it from the sensing film. Using these sorts of thin films, the 

typical thickness of the membrane/insulator sandwich is between 1 and 2 µm 
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[144-146,151]. Another method to form the membrane consists of using 

nitrided porous silicon with a thickness between 25 and 30 µm, which can be 

obtained by silicon anodisation followed by nitridation [152]. Silicon oxide, 

silicon nitride and nitride porous silicon all possess low thermal conductivities 

and can thus provide good thermal isolation between the heated active area 

and the membrane rim silicon chip frame [153-155]. Silicon nitride layers 

generally have large tensile stress and silicon dioxide layers are compressive. 

 

)LJXUH����� Schematic of suspended-membrane-type hotplate: (a) top view, 

(b) side view [21]. 

Nevertheless, by appropriate choice of deposition and annealing steps 

multilayer systems of silicon oxide and/or silicon nitride have proven to be 

mechanically stable. It is also possible to deposit a so-called low-stress silicon 

nitride (200-300 MPa) film by low-pressure chemical vapour deposition 

(LPCVD), which, compared to the previous films, is not fully IC-compatible 
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[156,157]. The closed-membrane-type has the disadvantage that it requires a 

double-sided alignment for the bulk silicon etch from the backside. Moreover, 

sloped sidewalls are obtained by anisotropic etching of silicon, making the 

lateral dimensions required to form the membrane larger (see Chapter 3). 

Plasma etching (see Chapter 3) might therefore be an alternative to wet 

etching if a larger number of sensors on a wafer are desired. 

The suspended-membrane-type is completely or partially processed from the 

front-side. Therefore, it is often claimed that the suspended membrane is more 

compatible with CMOS processing [158,159]. The suspended membrane is 

generally released by anisotropic etching of silicon from the front side 

[158,159]. The membrane is first formed by depositing dielectric layers like 

silicon dioxide and/or nitride and then patterning to form etched windows. The 

etching is performed afterwards, or after dicing and packaging [159]. 

Sacrificial etching of porous silicon is another possibility for obtaining 

suspended membranes with a greater thickness (few microns) [160]. Another 

way to fabricate this type of membrane is to use a combination of anisotropic 

etching from the back with reactive ion etching from the front to form open 

windows in the membrane. Suspended membranes made of silicon carbide 

have been processed in this way [161]. The typical lateral dimensions of 

suspended membranes lie between 100 and 200 µm. 

Recently, suspended membranes were also realised on alumina ceramic 

substrates using bulk and surface-like micromachining of this material [162]. 

This ceramic approach is based on anodic alumina films with self-organised 

morphology. The regular porous structure is formed when aluminium is 

anodised in certain acidic solutions. This anodic alumina can be completely 

dissolved at pHs lower than 4.2 and higher than 9.9, whereas normal 
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(polycrystalline) alumina would be subjected only to slight surface etching. 

Since alumina has a low thermal conductivity, and the solubility of anodic 

alumina is of a highly anisotropic nature, thermally isolated suspended 

membranes can be made directly from an alumina substrate without additional 

layers (Fig. 4.4).  

 

)LJXUH����� Thermally isolated cantilever made from anisotropic etching 

of an alumina substrate [163]. Courtesy of Nanomaterials 

Research LLC, Longmont, CO, USA. 

Finally, though not as highly developed, suspended membranes made using a 

surface micromachining process (see Chapter 3) have been reported 

[154,163]. In one case, polysilicon was used as membrane and heater at the 

same time and released by etching a sacrificial oxide film, as in the established 

polysilicon micromachining process [154]. In another case, polysilicon was 

used as the sacrificial film to release a membrane made of dielectric films 

(Fig. 4.5) [163]. 
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        (a)            (b) 

)LJXUH����� Top view SEM photo and cross-section schematic of a surface 

micromachined gas sensor [163]. 

The advantages of such technology are the high density of integration and the 

possibility to integrate the electronics on to the same chip (CMOS). The 

problems are mainly caused by the gap (1–2 µm) remaining between the 

membranes and the substrate. Stiction of the membranes on the substrate 

might occur and the step to cover by the crossing metal interconnections is 

large. 

�������� ,QWHJUDWLRQ�RI�KHDWHU��WHPSHUDWXUH�VHQVRU�DQG�FRQWDFWV�WR�WKH�

VHQVLQJ�OD\HU�

Heater and thermometer structures, which are needed to control the sensor 

operation temperature, can be integrated in two different ways. The first is 

known as the horizontal approach and is used when the electrodes are made 

for example of platinum; the heater and thermometer structures can be 

integrated in the same layer as the electrodes with no additional steps (Fig. 

4.6b) [164]. 
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        (a)       (b) 

)LJXUH����� Schematic cross-section view of (a) vertical or (b) horizontal 

approach [21]. 

However, the design of structures that guarantee both appropriate temperature 

(resistance) measurements and homogeneous temperature distributions over 

the active area can represent quite a challenge. The second way is the vertical 

approach in which the heater and thermometer are made in successive steps as 

shown in Figure 4.6a. This approach allows more design flexibility [144].  

The heater and thermometer are frequently formed in polysilicon, platinum or 

p++ doped silicon, and embedded in silicon oxide or nitride for electrical 

isolation [144,147,151,158-160,166-168]. Sometimes these resistive structures 

act at the same time as heater and thermometer. Polysilicon can be deposited 

by a standard chemical vapour deposition (CVD) process and patterned using 

a resist mask and reactive ion etching. Platinum can be evaporated or 

sputtered, and patterned by a lift-off process or ion beam etching. Whereas 

polysilicon structures can be easily integrated in an IC-process, platinum 

elements are generally not [151]. Appropriate thicknesses for polysilicon and 

platinum are 0.5 and 0.25 µm, respectively. The sheet resistance of the 

polysilicon can be adjusted by n-type doping with POCl3 [169], and it is 

possible to fabricate polysilicon with negative temperature coefficient 
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resistance (TCR). This is a large advantage as negative TCR materials 

counteract to hot spots whereas heater materials with a positive TCR, such as 

platinum, have an amplifying effect on hot spots [146]. On the other hand, 

polysilicon heaters suffer from a lack of reliability at high temperature 

[170,171]. Another alternative material to form the heater and thermometer is 

boron-doped (p++) silicon. The structures are located underneath the 

membrane in the silicon substrate and are preserved during the silicon etching 

process as p++ etch stop (see Chapter 3) [166,167]. 

Thermometers have also been realised using aluminium plates with electrical 

connections for 4-point temperature measurement [159], or by forward biased 

p-n junctions, since the voltage of diodes operated at constant current is 

proportional to the absolute temperature [172-173]. The use of aluminium 

plates improves the temperature uniformity over the active area (high thermal 

conductivity), but limits the sensor operation and annealing temperatures to 

values below 500°C. 

Electrical connections to the gas-sensitive films are generally made by metal 

electrodes, deposited on top of the membranes in the so-called active area. The 

electrodes are located underneath the sensing film most of the time, but their 

deposition on top of thin gas-sensitive layers has also been realised [174]. The 

electrode materials usually employed to contact metal-oxide or polymer 

sensitive films are gold and platinum with an adhesion layer underneath (Cr, 

Ti, Ta) [22,145,151,162]. In some cases, aluminium and tungsten have also 

been used for metal-oxide layers [159,175]. Aluminium is commonly 

employed to contact the catalytic metals of MOSFET sensors. Aluminium is 

advantageous, as it is the standard metallisation in IC-processes. However, its 

contact properties to metal-oxide and polymer sensing films are rather bad, 
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and the maximum operation temperature is limited to about 500°C due to 

electromigration. 

������ 7KHUPDO�GHVLJQ�

The thermal characteristics of micromachined gas sensors have to be 

optimised mainly with respect to low power consumption and well-controlled 

temperature distribution over the sensing area. The physical mechanisms 

regulating heat losses have to be understood for optimum thermal design of 

the sensing platforms. 

Heat transfer occurs due to conduction, convection and radiation. The 

different heat transfer pathways of a micromachined platform are illustrated in 

Figure 4.7. The heat losses from the heated sensing area are due to heat 

conduction through the membrane, and to losses to the surrounding 

atmosphere through heat conduction and convection. Radiative losses might 

also be taken in account depending on the application. 

 

)LJXUH� ���� Heat pathways of a micromachined sensing platform [21].

According to the different pathways of heat transfer, the determination of the 

total heat loss and temperature distribution is not an easy task. In the design of 
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a new device, simple models for basic understanding are necessary and, to 

minimise the costs of development, extensive simulation studies like FEM 

(finite element modelling) simulations are required. 

Assuming that the different components of heat flow are additive, the total 

heat flow, 4 � ��� , can be expressed as: 
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DPEKRWPPWRW

∆+−×××+

−××+

−××=

44εσ

λ

λ

  (4.1) 

The first term describes the heat conduction through the closed membrane, the 

second the heat conduction through the ambient air, the third heat losses due 

to radiation and the last term, ∆[, accounts for unknown heat losses including 

free convection. ��� �� ** ,  and UDG*  are geometric factors, and are empirical 

values which contain information about the geometry of the closed or 

suspended membrane and its effect on heat losses. KRW7  and �	��
7 denote 

respectively the temperature of the hot active area and the ambient 

atmosphere. �λ  and 
�� �λ are the thermal conductivity of the membrane and the 

surrounding atmosphere, respectively, ε the emissivity and σ  the Stefan-

Boltzmann constant. In the next sections, the different terms are discussed and 

expressions for the geometric factors are obtained. 
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�������� +HDW�FRQGXFWLRQ�WKURXJK�WKH�PHPEUDQH�

For the calculation of heat conduction, one has to deal with a 3-dimensional 

problem. Due to the negligible thickness of the membrane compared to its 

length, the heat conduction perpendicular to the membrane is generally 

neglected. 

In the case of a suspended membrane, a further reduction to a one-dimensional 

problem is straightforward, as heat conduction occurs basically only along the 

suspension beams with length l and sectional area of �������$ . Conduction within 

the membrane plate is negligible in comparison [143] and with 4 beams one 

obtains: 

( )
O

77$
4

�	��
��
��
����	��
������
����	���

−×××= λ4
   (4.2) 

where  O
$

*
�����	�

� ×= 4
     (4.3) 

For a closed membrane, a simple model is obtained by replacement of the 

square membrane by a round one [144] as depicted in Figure 4.8.  This leads 

to one-dimensional heat conduction problem in cylindrical coordinates which 

can be easily solved [31]: 

( )
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( )()
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UU

G
*

/ln

2 ×= π
      (4.5) 

d denotes the thickness of the membrane, and ra and ri the radius of the 

membrane and the heated area, respectively. From equations 4.2 and 4.4, it is 
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clear that selection of membrane/suspension beam materials of low thermal 

conductivity and thickness is desirable to achieve low thermal losses. In 

addition, the length-to-width ratio of the suspension beams and the ratio ra/ri, 

should be chosen as large as possible to minimise heat losses. 

 

)LJXUH����� Replacement of a square membrane by a one-dimensional 

circular membrane [21]. 

In the closed-membrane case, the importance of adequate scaling of the square 

heating resistor (edge length a) compared with the square membrane (edge 

length b) has been shown by several authors [151,153,169]. The power 

consumption as a function of distance between heated area and silicon rim 

decreases with increasing distance. Nevertheless for a given distance, the 

thermal isolation is practically not improved further [169], the chip silicon rim 

remaining close to the ambient temperature. Increasing the membrane size 

results only in larger devices, reducing the density of integration 

Finally, by computing the heat loss in equation 4.2 and 4.4, it can be clearly 

shown that the suspended membrane type provides lower power consumption 

than a closed membrane. 
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�������� +HDW�ORVVHV�WR�WKH�DLU�

Heat losses to the surrounding air can occur through two different 

mechanisms, i.e. fluid motion and conduction. We can distinguish between 

two different types of heat loss by fluid motion: forced convection or 

free/natural convection. When there is no fluid motion, heat is transferred only 

by conduction. 

In the following, forced convection is excluded. Nevertheless, due to the 

coupling of the temperature field and thus the fluid field, the calculation of 

heat losses to air remains difficult. There are two approaches proposed in the 

literature to simplify the calculations. 

In the first approach, the fluid motion is neglected [143,169,177]. It is 

assumed that there is no significant contribution of convectional fluid motion 

because of the small size of the heated structures. The heat transfer to air 

occurs only by heat conduction. Under this assumption, it is possible to use a 

simple analytical model as an estimate for heat losses to the air as in Ref. 

[144]. This model approximates the hot gas sensor and the cold ambient by 

concentric spheres with radius ri and ra, respectively. While the model gives a 

rough estimate of the heat loss by conduction in air, numerical solutions are 

needed to solve the problem correctly. An additional factor affecting 

conduction in air, which needs to be considered, is the temperature 

dependence of the thermal conductivity of air [178]. To optimise the heat 

losses in air using this approach, the heated area has to be minimised and the 

distance between the cold die and hot membrane maximised. 

Qualitatively, the same can be drawn with the second approach, which takes 

fluid motion into account. In this case, empirical heat transfer coefficients are 
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used to describe the heat losses to the air. Heat transfer coefficients are, in 

general, empirical values and account for heat transfer due to conduction as 

well as fluid motion. The total heat flow, 4 ��� � , from a heated membrane area to 

the surrounding air can be described as: 

( )DPEKRWPDLU 77$4 −××= α     (4.6) 

with �α  being the mean heat transfer coefficient. Theoretical determination of 

heat transfer coefficients requires knowledge of the temperature field and the 

velocity and is rather difficult. However, for certain problems it is possible to 

find empirical equations describing heat transfer. Nevertheless, the results 

should be considered just as estimates for microhotplates, as the empirical 

equations used are actually evaluated for much larger hotplate sizes. On the 

other hand, with the help of calculated mean heat transfer coefficients, the 

total heat flow above a membrane can be easily calculated. Reduction of 

power consumption saving is accomplished by minimising the heated 

membrane area and the operation temperature. The latter depends on the 

properties of the gas-sensing material. 

�������� 5DGLDWLRQ�

The expression for radiation in equation 4.1 was obtained with the assumption 

that the heated membrane area behaves like a grey emitter, i.e. the degree of 

emission from the heated membrane is set equal to the degree of absorption 

[176]. Under the assumption that the heated membrane area, $, radiates in all 

directions, the geometry factor � ���*  can be set to ( )$* 	 
�� ×= 2 . Heat losses due 

to radiation thus increase with heated membrane area. Generally the heat 



 

 82

losses due to radiation amount to only a few percent of the total heat loss 

[146,151,153,172]. Nevertheless, due to the T4 –dependency, radiation should 

be considered carefully as a potential problem if very high sensor operation 

temperatures are applied. Radiative losses can be reduced dramatically by 

coating the membrane backside with glossy materials like gold (ε = 0.05) 

[179]. 

�������� .H\�SDUDPHWHUV�IRU�ORZ�SRZHU�PLFURPDFKLQHG�SODWIRUPV�

From the above discussion, some key parameters for minimising the total 

power consumption of micromachined gas sensing platforms are: 

• thin membranes consisting of materials of low thermal conductivity 

should be constructed. 

• the heated area should be decreased. 

• for closed membranes: heater edge length should be adjusted to the size 

of the membrane. 

• for suspended membrane, suspension beams with high length-to-width 

ratios should be used. 

• a large pit depth should be chosen. 

• for both types: gold coating at the backside of the membrane. 

In this whole discussion, one should not forget that besides low power 

consumption, the gas sensor’s functionality and the mechanical stability have 

to be maintained. 
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�������� +HDWHU�GHVLJQ�

The heater design is crucial for control of the temperature distribution over the 

active area. The geometries of the heater and the substrate have to be adapted 

carefully to achieve a desired temperature distribution. It should be pointed 

out that the heating of an active area with constant power per area results in an 

inhomogeneous temperature profile. The inner part of the heated area loses 

heat to the ambient air and by radiation, whereas the outer part additionally 

loses heat by conduction through the membrane. Therefore, the borders of the 

active area are colder than the inner part, and spatial variation of heating 

power is needed to compensate it. High thermal conductivity films may also 

help to improve the uniformity of the temperature distribution. 

Two practical approaches have been suggested in the literature to solve this 

problem. The first one is to use two heaters: an area heater and a ring heater 

[143,172]. The ring heater serves to compensate of the heat losses through the 

membrane. One difficulty to this two-heater approach is to determine the 

compensating heating power required. The other technique is to use a double-

spiral structure with variable width as the heater [180,181]. A disadvantage 

compared to the previous approach is that the temperature homogeneity 

depends on the heater design and cannot be adjusted later on. 

In general, it is very hard to predict the temperature distribution, and 

numerical calculations are needed. 

�������� 7UDQVLHQW�WKHUPDO�UHVSRQVH�

A simple expression for the thermal transient response of the sensor can be 

obtained by assuming the temperature distribution inside the sensor to be 
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uniform, and by using one overall thermal resistance (5th) and capacity (&th)to 

describe the thermal behaviour. Heat balance between heating power (P) and 

heat losses results in the expression: 

� �

�����

5

7W7

GW

WG7
&3

−+×= )()(
   (4.7) 

This equation allows the calculation of the temperature response to an 

arbitrary heating power input. Solutions can be found using Fourier and 

Laplace analysis. For instance, the temperature response to a step function is 

given by: 

&5H537W7 � �

�

� �	�

� ×=


 −××=−
−

ττ ,1)(   (4.8) 

Because the thermal time constant, τ, obtained in this way depends linearly on 

thermal resistance and capacity, a sensor with low thermal mass and small 

thermal resistance will show faster response. Due to the fact that a small 

thermal resistance also leads to an increase in power consumption, there is a 

trade-off to make in the choice of the thermal resistance material. 

Minimisation with respect to thermal capacity is mainly achieved by a 

reduction of the heated mass. This is why suspended membranes show 

generally faster thermal response than the larger closed membranes.  

�������� 7KHUPDO�VLPXODWLRQV�>���@�

Numerical approximations of the temperature distribution, the total heat loss 

and the transient response can be obtained by replacing the sensor by a set of 

points for which temperature is calculated as a function of time. This set of 
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points is called the computational grid or mesh. The right choice of 

computational grid is very important to obtain good approximations. An 

increase of the number of node points result in better accuracy, but leads at the 

same time to an increase of computational time. Therefore, it is often better to 

model the parts of the sensor that are subject to large changes in temperature 

with a narrow grid and regions with few changes with a rather rough grid. 

One way to derive the equations for the node temperatures is to divide the 

sensor into elements and apply the heat balance to each individual element. 

For each element, a point, e.g. the centre of the element, is selected as a node. 

Temperature and thus flow variations over the element are neglected. The 

node temperature is considered to be representative of the entire element. 

Another possibility is to start with the differential equation, which is the 

mathematical description of the heat balance of an infinitesimal element, and 

replace the differentials by finite differences expressed in terms of the node-

point temperatures. This method is known as the finite-difference method. 

In either case, one has to solve a set of equations relating the temperature at 

the nodes to each other. A lot of analysis tools that can take over this work are 

available nowadays. Solutions can be found by describing the thermal system 

using electrical equivalents and using standard circuit analysis tools such as 

SPICE. 

An alternative is to use advanced finite-element methods (FEM) such as 

ANSYS. FEM describe the solution for a given geometry (one-, two-, or three 

dimensional) by means of a finite number of line, surface or volume elements. 

These can be chosen arbitrarily. FEM can account for complicated boundary 

conditions and temperature-dependent thermal properties. The node equations 

can thus become rather complicated. Finite-element methods are therefore 
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available in the form of complete software packages, which include tools for 

mesh generation, element definition, equation solving and display of results. 

������ 0HFKDQLFDO�GHVLJQ�

Micromachined gas sensors are not only a challenge with respect to thermal 

design but also with respect to mechanical design. With proper design, several 

modes of failure can be avoided such as: 

• large intrinsic or thermal-induced membrane stress, leading to 

deformation (buckling) /breaking of the membrane. 

• plastic deformation at the metal-sensing layer contact area. 

• deformation / breaking of the membrane due to deposition of the 

sensing layer(s). 

• bad adherence / peel-off of the sensing layer due to mechanical and 

thermal stresses. 

• mechanical or thermal induced stress in the metallisation. 

• thermometer and heater shift or drift due to mechanical and thermal 

stresses. 

To avoid these failures, the right sets of process parameters have to be found 

and processes need to be well controlled. Thin film mechanical and electrical 

properties depend strongly on microstructural characteristics like grain size, 

orientation, density, and stoichiometry, and depend on deposition conditions. 

Moreover, the microstructures change with number of heat cycles. This can 

result in the drift of the electrical and/or mechanical characteristics, but also 

presents the possibility to adjust a layer’s properties by annealing steps. 
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Intrinsic stress in single layer or multilayer systems can occur as results of 

thermal stress and residual stress [183]. Thermally induced stress is caused by 

mismatches in the thermal expansion coefficients of the different films, which 

might lead to deformation of the structure, or by non-uniform temperature 

distribution, which may in some cases be temperature dependent. The latter 

points out that thermal and mechanical design are strongly interdependent. 

Residual stresses are due to the fact that the thin films in their deposited form 

are not in the most favourable energetic configuration, resulting in 

compressive or tensile stress. 

Residual stresses are generally much more significant than thermal stress, so 

that control of residual stress in single layers and especially multilayer 

systems is critical for membrane stability [183]. The resultant residual stress, 

σr, of a stacked membrane can be approximated by: 
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where Gi and σi are the thickness and intrinsic stress of the different 

membrane layers. A low residual tensile stress is favourable for the membrane 

of a micromachined gas sensor, since the membrane enters in a compressive 

state (hot in the middle, cold on the chip frame) during operation. 

To obtain such low residual stress in single layers is difficult. Frequently used 

materials such as silicon oxide and silicon nitride show significant 

compressive and tensile stress, respectively. However, the right combination 

of these materials can lead to acceptable resultant residual stress [168]. 
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Moreover, by modifying the stoichiometry, a low-stress silicon nitride film 

can be obtained using low-pressure chemical vapour (LPCVD) deposition 

[156,157]. 

The properties of a single layer might change upon annealing and processing 

of subsequent layers, thus leading to manifestation of different stress 

properties in the layer within the multilayer system than as a single layer. 

Therefore, the design and fabrication of a membrane with low intrinsic stress 

depends on experimental determination of the residual stress. Methods to 

measure residual stress involve curvature measurements of the whole wafer. 

In situ stress diagnostic structures like doubly supported beams or Guckel 

rings, which rely on warping or buckling, may also be used [183]. Such 

experimental check is not only of interest for the design of stable membranes, 

but also for achieving the process control required to guarantee reproducible 

film structures, and thus mechanical as well thermal properties. 

A simple, practical measure for the mechanical stability of micromachined gas 

sensors is the production yield [169]. A more realistic view with respect to 

mechanical stability under normal sensor operation can be obtained through 

use of long-term reliability tests [181,184,185]. The importance of thermal 

stress can then also be determined, the membrane stack expand thermally, 

leading to additional compressive stress, as mentioned before. 

Finally, it should be noted that not only the mechanical properties of thin film 

layers, but also the macroscopic dimensions of the membrane itself influence 

the stability of the micromachined sensors. Decreasing the lateral dimensions 

and increasing the thickness of the membrane and suspension beams can lead 

to much greater stability. However, as stability is improved, thermal losses are 

generally increased as discussed in 4.1.2. The choice of membrane dimensions 
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is therefore a trade-off between high mechanical strength and small thermal 

heat losses. 

4.2 CONCLUSION 

In this chapter, the main technologies used in the field of micromachined gas 

sensors, and the design parameters which influence the thermal and 

mechanical properties of such devices, were reviewed. Suitable characteristics 

for such devices are low power consumption, high mechanical strength, and 

well-controlled temperature distribution across the sensing layer. 

The starting point for the production of micromachined gas sensors is the 

formation of a thermally isolated heating area on a membrane. Silicon 

micromachining is used to release the dielectric membrane on which are 

located the active components. In general, there are two different types of 

structures for the membrane containing the hotplate: one is the close-

membrane-type, and the other, the suspended-membrane type. In most cases, 

the membrane is made of silicon nitride and/or silicon oxide thin films, with 

the heater and thermometer embedded in between. Metal electrodes deposited 

on top usually form the electrical connections with the gas-sensitive films. 

The thermal characteristics of micromachined gas sensors have to be 

optimised mainly with respect to low power consumption and well-controlled 

temperature distribution over the sensing area. The choice of membrane 

dimensions is a trade-off between small thermal heat losses and high-

mechanical strength. 
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SSuummmmaarryy  ooff  ppaappeerrss  

 

In this work, the power consumption of metal-oxide and MOSFET gas sensors 

was lowered using a combination of thin film and micromachining processes. 

Devices with improved thermal and gas sensing properties were designed, 

fabricated and simulated. The published articles and manuscripts that have 

emerged from the results of the experimental work are compiled in the 

upcoming papers. The following paragraphs summarise the topics covered by 

the papers, as well as their contributions to the field. 

Paper I. Design and fabrication of high temperature micro-
hotplates for drop-coated gas sensors 

The first paper deals with the design and fabrication of micro-hotplates for 

drop-coated metal-oxide gas sensors for high temperature operation. Different 

dimensions, geometries and materials were investigated with the aim of 

lowering power consumption, improving temperature distribution and 

withstanding operation at high temperature. Micro-hotplates which could 

withstand annealing temperatures and temperature-pulsed modes of operation 

up to 700°C were demonstrated. Regarding the fabrication, deep reactive ion 

etching of silicon was used to increase the integration density, and a silicon 

island was added underneath the membrane to obtain a homogeneous 

temperature distribution over the sensing area. 
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Paper II. Thermally isolated MOSFET for gas sensing 
application 

The concept of a micro-hotplate having a silicon island presented in the 

previous paper was used to thermally isolate MOSFETs for gas sensing 

applications. An implanted resistor and a diode, used respectively as heater 

and temperature sensor, and 4 MOSFETs were integrated on a micro-hotplate. 

The thermal efficiency of the device was 2°C/mW, with a thermal constant 

less than 100 ms. This low-thermal mass device allowed the operation of the 

sensors in a pulsed or cycled temperature mode, and the monitoring of the 

field and thermal effects in the presence of sample gases. 

Paper III. A low-power micromachined MOSFET gas sensor 

This paper is an extension of the communication presented in paper II. More 

details are given about how the combination of microelectronics and MEMS 

(silicon micromachining) processing technologies was used to fabricate the 

sensor. 

Paper IV. New modes of operation for MOSFET gas sensors 
using low-power devices 

The pulsed and modulated modes of operation for MOSFET gas sensors were 

investigated using the low-power, micromachined MOSFET device. Cycling 

the temperature during gas exposure modified the kinetics of the gas reactions 

with the sensing film. The way in which sensor response was modified 
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depended on the nature of the analyte gas and the catalytic sensing film. 

Pulsing the temperature higher after gas exposure was found to reduce the 

recovery time in specific applications. It was also possible to discriminate 

between gases in a gas mixture by using a sinusoidal-type of temperature 

modulation. Perspectives on new modes of operation are also presented. 

Silicon-on-insulator (SOI) technology is introduced as a good candidate to 

both reduce the power consumption of MOSFET sensors and to increase their 

operating temperature. 

Paper V. Thermal optimisation of micro-hotplates having a 
silicon island 

Thermal measurements and finite-element-modelling  (FEM) were performed 

with the aim of optimising the power consumption and temperature 

distribution of micro-hotplates for metal-oxide and MOSFET gas sensors. The 

work concentrated mainly on micro-hotplates having a silicon island 

underneath the sensing area. The thickness of the silicon island was optimised 

to lower the power consumption of the devices and still maintain a 

homogeneous temperature distribution over the sensing area. The thermal 

conductivity of the silicon and the dielectric membrane, the operating 

temperature, the geometry and area of the heater, and the processing of the 

silicon island were considered in the optimisation process. 
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ABSTRACT 

This paper reports on the optimisation of micromachined hotplates for gas-

sensing applications designed to withstand high temperature coating processes 

and modes of operation. Different thin film materials, geometry and 

dimensions have been investigated regarding to their power consumption, 

their temperature distribution over the sensing area and their robustness when 

annealed at high temperature. In comparison with oxide films, the micro-

hotplates made of nitride were the most robust. They withstood annealing 

temperatures up to 700°C and a pulsed temperature mode of operation. Their 

robustness allowed the sensing area be heated up to a high temperature (550-

700°C). These micro-hotplates are therefore suitable for the annealing “on-

chip” of the gas-sensitive materials deposited in a drop coating procedure. 

Sensors coated with a Pd-doped tin oxide drop and annealed using the
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integrated heater have been tested under different concentrations of CO and 

CH4 in air. 

2.1 INTRODUCTION 

Micro-hotplates have a tremendous importance in the field of high- 

temperature gas-sensing devices (e.g. metal oxide) since they allow the 

reduction of the sensor power consumption and the use of new modes of 

operation such as temperature cycling due to their low thermal mass [1-6]. 

SnO2-based nanocrystalline thick film deposited on micromachined hotplates 

have been investigated during the past years at the Institute of Physical 

Chemistry (IPC), University of Tübingen, Tübingen, Germany as a 

combination of thick film and thin film technology for gas detection [6,7]. 

Thick film technology is well established in the field of the gas-sensitive 

materials. Moreover the use of micro-hotplates as substrate makes this 

technology suitable for markets where low-power consumption, low-cost and 

reliable devices are needed, such as in the portable instruments and in the 

automotive industry. 

The micro-hotplates previously fabricated at the Institute of Microtechnology 

(IMT), Unversity of Neuchâtel, Neuchâtel, Switzerland, could be annealed at 

temperatures not higher than 550°C and were unsuitable for long-term 

operation in a pulsed temperature mode [7,8]. The adhesion of the coating and 

the stability of the sensors were limited by the lack of robustness of the 

devices at very high temperature. In this communication, we report on the 

design, fabrication and characterisation of micro-hotplates, used in a drop-
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coating procedure of the gas sensitive materials, with the aim of improving 

their performance at high temperatures. 

The design has been supported using thermal finite element modeling (FEM) 

simulations (MEMCAD software from Microcosm Technologies Inc.) [9]. 

The micro-hotplates are made using backside bulk micromachining of silicon. 

The annealing of chemically vapor deposited (CVD) oxide films (to obtain a 

low-stress film), the adding of a localised silicon island underneath the 

membrane and the use of deep reactive ion etching (DRIE) to release the 

membrane have been investigated. Micro-hotplates having an improved 

temperature distribution over the sensing area and a higher density of 

integration are presented. The optimised devices withstand high annealing 

temperatures (700°C) and a pulsed temperature mode of operation. 

Moreover, they allow the annealing “on chip” of the coating material, which 

was not possible before. The annealing “on chip” of the coating is very 

interesting for device packaging, as it will be discussed in the following pages. 

The first results concerning the gas sensitivities (CO, CH4, %RH) of a Pd-

doped tin oxide film annealed “on chip” are also reported. 

2.2 DESIGN 

������ 3RZHU�FRQVXPSWLRQ�DQG�UREXVWQHVV�

In the aim of reducing the gas sensors power consumption, the micro-hotplates 

were made using backside silicon micromachining in KOH to release a thin 

dielectric membrane (Fig. 1.1). The membrane thermally isolated the heated 

sensing area from the silicon chip frame.  
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(b) 

)LJXUH�����  Micro-hotplates schematic without (a) and with (b) Si-island. 

The micro-hotplates were made up of a heater stacked between a membrane 

and an insulator, on which the interdigited electrodes (IDE 5-50 µm) were 

laid. The membrane sizes investigated were 1.0 � 1.0 and 1.5 � 1.5 mm2. 

The heater and electrode areas were respectively 500 � 500 µm2 and 750 � 

750 µm2. These dimensions have been chosen with regard to the results of 

previous works reported in the literature concerning the decrease of micro-

hotplate power consumption [2, 10-12] and were limited by the minimum 

droplets size (400 � 400 µm2) used in the coating procedure of the gas-

sensitive material. 
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Different thin film materials of varying thickness have been investigated to 

improve robustness (Fig. 1.1). The membrane was made up of a low-stress 

LPCVD silicon nitride with a film thickness between 0.25 and 0.5 µm. 

Platinum (250 nm) with an adhesive layer of tantalum (20 nm) was used for 

the heater (≅ 150-190 Ω at RT, TCR = 0.0020/°C) and the electrodes (150 

nm). The insulation layer consisted of a low-stress LPCVD silicon nitride or 

an annealed CVD oxide film (0.5 µm). Annealing of the CVD oxide films was 

performed to stabilise their microstructures at a high temperature with a 

residual tensile stress. The passivation layer consisted of a low-stress LPCVD 

nitride (0.2 µm). PECVD silicon nitride thin films were avoided. From our 

previous experiences, they were not suitable for annealing and operating at a 

temperature higher than 500-550°C [7]. 

������ 7HPSHUDWXUH�GLVWULEXWLRQ�

The temperature distribution was optimised by studying different heater 

geometry such as simple and double meander. On a series of devices, a ≅ 10- 

µm-thick silicon island was added underneath the membrane (Fig. 1.1b) to 

improve the homogeneity of the temperature distribution on the sensing area, 

which was confirmed by using FEM simulation [9]. 

������ 'HQVLW\�RI�LQWHJUDWLRQ�

Holes having vertical walls can be etched by DRIE of silicon. Using this 

technology to release the membranes, the densities of the devices fabricated 

were increased compared to using wet anisotropic etching of silicon. DRIE 

also gives more flexibility in the design of the device in such a way that the 
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crystal planes of the silicon wafer do not restrict the geometry of the 

membrane. Moreover, no protection of the wafer frontside was needed during 

the silicon etching if the gas-sensitive material was deposited prior to the 

silicon micromachining.�

2.3 TECHNOLOGY 

������ 0LFUR�KRWSODWHV�IDEULFDWLRQ�

The standard fabrication process was as follows. The starting material was a 

(100) double-sided polished silicon wafer with a thickness of 400 µm. A 

thermal oxide of 50 nm was grown in the case where the hotplates were made 

by wet chemical etching of silicon. The 0.25–0.5-µm-thick membrane film 

(LPCVD nitride) was then deposited and followed by the lift-off of platinum 

(0.25 µm) to make the heater. The heater was covered up with a 0.5-µm-thick 

insulation layer (LPCVD nitride or annealed CVD oxide). After the opening 

of the contact areas, the Pt electrodes (0.15 µm) were patterned by lift-off and 

the devices were covered by an LPCVD nitride passivation film (0.15 µm). 

The latter protects both sides of the wafer during the silicon etching in KOH 

(40%, 60°C). Once the membrane was released in KOH, the wafer was dipped 

in BHF to totally remove the oxide underneath the membrane. Then, the 

passivation film was completely or partially (on the sensing area and the pads) 

removed by RIE depending on the application. Finally, the wafers were 

covered with resist and then diced. The dicing procedure did not affect either 

the fabrication yield or the performance of the devices. 
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The silicon oxide film used as insulation between the heater and the electrodes 

were deposited at 400°C by APCVD. After deposition, the films were 

densified (15 min : 625°C/N2) and showed a remaining stress of about 215 

MPa (TENCOR instrument). Subsequent annealing of the CVD oxide films at 

625° (up to 1 h) and at 800°C (15 min–1 h) were performed to stabilise them 

before the following processes done at higher temperatures: the LPCVD at 

800°C and the drop coating at 700°C. The annealing temperatures chosen 

were compatible with the standard fabrication processes used at IMT. In this 

way, it was possible to vary the stress in the layer between 250 MPa to 5 MPA 

(625°C : 1h; 800°C : 1h). CVD oxide films with three different stresses of 

about 5, 75 and 165 MPa were used as insulator in the micro-hotplates 

fabrication (see results in Table 1.1.). 

7DEOH�����  Stress in annealed CVD oxide films (500 nm thick) 

CVD silicon dioxide anneals (530 nm) Stress before
annealing

Stress after
annealing

Anneal a : 625°C 15 min 250 MPa 213 MPa
Anneal b : 625°C 1 h 250 MPa 167 MPa
Anneal c : 625°C 1 h + 800°C 15 min 250 MPa 76 MPa
Anneal d : 625°C 1 h + 800°C 1 h 250 MPa    7 MPa
Anneal e : 625°C 1 h + 800°C 4 h 250 MPa -85 MPa  

Variations in the processing were either the DRIE of silicon or the fabrication 

of a silicon island underneath the membrane using two etching steps in KOH. 

With respect to the DRIE of silicon, the passivation nitride film was not 

necessarily on the wafer frontside. A photoresist film (AZ-4562) was used to 
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protect the wafer backside during the silicon etching. The thermal oxide, 300 

nm thick for this process, acts as the membranes’ etch stop. 

In the case where there is a silicon island remaining under the membrane, the 

island is made with two successive KOH etching steps using different 

masking, instead of a heavy boron implantation (etch stop) as presented in 

Ref. [13]. The process is similar to the one used at IMT to thermally isolate 

GasFETs (Gas-sensitive FETs) from the silicon chip frame [14] and is 

presented in Figure 1.2. 

Firstly, 10 µm of silicon was etched in KOH (40%, 60°C) to define the silicon 

island that was protected by the thermal oxide film. The LPCVD Si-nitride 

film served to protectt the surrounding silicon (Fig. 1.2a). Secondly, after 

removing the oxide mask in BHF, the silicon was etched in 52% KOH (60°C) 

all over the window opened in the silicon nitride (Fig. 1.2b). The silicon island 

formed during the first etching step is then vertically and horizontally etched 

respectively along the <100> and <311> cristallographic axes, respectively 

[15]. Therefore, a concentration of 52% of KOH was used to perform the 

second silicon etching to decrease the (311) planes’ etch rate to obtain the 

desired island width (covering the sensing area). Since the lateral planes (311) 

forming the silicon island sides have a higher etch rate than the planes 

appearing at the corners (410), no compensation structures were needed [15] 

(Fig. 1.2a). The process ended when the membrane was reached. Time was 

critical since there was no etch stop to preserve the silicon island thickness. 
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)LJXUH�����  Fabrication process of the silicon island using wet anisotropic 

etching of silicon with two masks: (a) with an oxide mask to 

define the 10 µm thick silicon island in 40% KOH, (b) with the 

oxide remove to release the membrane in 52% KOH. 

������ 'URS�FRDWHG�JDV�VHQVRU�IDEULFDWLRQ�

The annealing of the drop gas-sensitive coating can be performed in a belt 

oven or “on chip” using the integrated heater. In the case where a belt oven 

was used, the hotplates were first cleaned (acetone/isopropanol) and then 

coated. A reproducible drop of coating material with a diameter between 400 

and 700 µm depending on the film preparation and the hotplate diameter was 

added using a drop-coating method. More information about the preparation 

of the sensitive material can be found in Refs [16,17]. The chip was then 

annealed up to 700°C (10–20 min). The typical resistance of the coated device 
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was between 1 kΩ to 10 MΩ. Differences in value depend on the doping (e.g. 

Pt, Pd, undoped) and on the electrodes gaps. 

The chips were mounted in a TO-5 package. The devices were glued using the 

conductive glue (No. CW2200MTP from Chemtronics, USA). All the contacts 

of the device (two sensor and two heater contacts) are connected to the four-

pin TO-5 socket using a glue drop for each connection. The glue fixes the dice 

mechanically and provides the electrical connections. Figure 1.3 shows a 

micro-hotplate mounted in a packaging and coated with tin oxide. 

TO-5 Socket (4-pin) 

Conductive Glue 

Tindioxide Paste 

 

)LJXUH������� Schematic cross-section view of a packaged sensor.��

In the case of the annealing “on chip” of the drop-coated films, the micro-

hotplates were packaged before the annealing. The packaging and the coating 

were performed using the procedures explained before. Micro-hotplates 

having a 1.5 � 1.5-mm2 membrane (0.5 µm) and an insulation (0.5 µm) film 

made up of low-stress LPCVD were used due to their high robustness. Four 

sensors (S1, S2, S3, S4) with interdigited electrodes (50 µm) were coated with 

a spot of 2% Pd-doped nanocrystalline tin dioxide material (diameter of about 

400 µm). The annealing “on chip” was performed with a heater (190 Ω) 

voltage of 6 (S0), 7 (S1, S2) and 8 V (S3, S4). The annealing time was 10 s for 
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S1 and S3 and 10 min for S0, S2 and S4. The shortest time was selected to test 

another annealing condition, which would be compatible with a later 

manufacturing process, and the other to have one sensor processed similar to a 

belt oven-annealing procedure. The power consumption during the annealing 

at 7 V and 8 V were about 115 mW and 160 mW and corresponded to a 

temperature of about 500°C and 600°C, respectively. 

2.4 CHARACTERISATION AND RESULTS 

������ 0LFUR�KRWSODWHV��UREXVWQHVV��SRZHU�FRQVXPSWLRQ�DQG�WHPSHUDWXUH�

GLVWULEXWLRQ�

The micro-hotplates mechanical properties were characterised, from the yield 

and robustness to the pulsed temperature operation and high annealing 

temperatures. The fabrication yield is considered as the percentage of micro-

hotplates with their membranes not broken during the fabrication process. The 

Si-nitride micro-hotplates have higher fabrication yield (98–100 %). 

Concerning the micro-hotplates with a CVD oxide film as insulation layer, the 

passivation layer has to be partially removed on the sensing area after the 

etching in KOH to increase their yield and their robustness. Annealing of the 

oxide film at 625°C: 1h or 600°C: 1h + 800°C: 15 min (stress of ≅ 165 MPa 

and 75 MPa) provides the highest fabrication yield (90–95 %) and mechanical 

robustness. CVD oxide films annealed successively at 625°C: 1h and 800°C: 

1h with no nitride passivation film remaining gave the lowest results with a 

yield of about 40%. 
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Switching (100 cycles) of the heater voltage (0–9.5 V / ≅700°C) has shown 

that nitride micro-hotplates are very robust (none broke of the 16 tested). 

Nitride / oxide micro-hotplates are less robust (at 9.5 V, three broke of the 14 

tested). Both designs were also able to stand the annealing process used in a 

drop-coating process of the gas-sensitive element: 350°C: 4 min; 550°C: 8 

min; 700°C: 10–20 min; 550°C: 8 min; and 350°C: 4 min in a belt oven. 

Micro-hotplates with silicon island are more brittle and, in operation, their 

breakdown occurred at about 500–550°C. 

The evaluation of the thermal properties, such as the power and the 

temperature distribution, were made using the integrated heater and an 

infrared camera AVIO 2100, with a pixel resolution of 12.5 � 20 µ m2. 

Thermal observations were recorded at ambient pressure and at room 

temperature. The resistance dependence on the voltage 5(9) and the maximum 

temperature 5(7 ����� ) under these conditions were monitored. Figure 1.4 

presents the variation of the temperature as a function of power consumption 

for nitride micro-hotplates with membrane area of 1.0 � 1.0 and 1.5 � 1.5 

mm2. 

Micro-hotplates with an area of 1.0 � 1.0 mm2 consume less than the 1.5 � 

1.5 mm2. This could be explained by their smaller heating area, which reduces 

the power lost by convection. At an operating temperature of 300 °C, the 

power consumption for the 1.0 � 1.0- and 1.5 � 1.5-mm2 micro-hotplates are 

55 and 75 mW, respectively. An optimised design should have a 500 � 500 

µm2 heating area on a 1.5 � 1.5-mm2 micro-hotplate to reduce the power  also 

lost by conduction through the membrane. No significant difference has been 

observed concerning the power consumption of micro-hotplates made with 
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CVD oxide as insulator. This could be explained by the similar thermal 

conductivity of the silicon oxide and the rich silicon nitride films (respectively 

1.5 and 3.2 W m-1 K-1), and by the heat loss mechanism, which is mainly due 

to convection [9,18]. 
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)LJXUH�����  Variation of the temperature as a function of the power 

consumption for nitride micro-hotplates. 

As shown by other groups before, the double-meander heater gives a more 

uniform temperature distribution over the sensing area than the simple-

meander heater, as described in Refs [9,12]. It was possible from the IR 

measurements to show the uniformity of the temperature on the micro-

hotplates with a silicon island. The measurements were made on structures 

with the heater alone stacked between nitride films. The temperature 

distribution on a whole micro-hotplate could not be measured with enough 

precision due to the resolution of the camera, which is comparable to the 
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heater and the electrode finger width. More details concerning the 

optimisation of the temperature distribution and power consumption of micro-

hotplates with or without silicon island are given in Ref. [9]. 

������ 'URS� FRDWHG� 6Q2 � � WKLFN� ILOP� JDV� VHQVRUV�� DQQHDOLQJ� DQG� JDV�

VHQVLWLYLWLHV�

To perform the gas sensitivity measurements, a gas-mixing station with eight 

channels was used. The system was completely realised in stainless steel using 

Tylan flow controllers (model 270) and additional electromagnetic valves. The 

first channel of the system was used for synthetic air, the second channel was 

equipped with a humidifier delivering 98–99% relative humidity, channel 2,3 

and 4 were connected to bottled test gases (3 % CH4/50 ppm CO). The 

measurement chamber for eight sensors was realised in brass coated with 

Teflon; the volume of the chamber is about 140 ml. A diffusion barrier was 

realised using sintered glass with a thickness of 3 mm and a porosity of 200 

µm dividing the chamber into a flow-exposed section and a sensor section. 

Thus, influences of the flow on the temperature of the membranes could be 

reduced. The flow was kept constant at 200 ml/min. Each measurement started 

without test gases for 3 –5 h to adjust the humidity and get the sensors to a 

stable baseline. Test gases and synthetic air alternated afterwards every 30 

min. The sensors were heated with a power supply having 10 channels, using 

individually adjustable linear voltage regulators. The voltage was measured 

directly at the sensors to eliminate voltage drop on the power lines. The 

resistance of the sensors was measured using a Keithley 199 DMM. 
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The sensors annealed at 6V showed a long-term baseline drift. Therefore, the 

sensors were annealed at a higher temperature to stabilise their baseline. The 

sensors annealed at 8-V heating voltage showed heavy noise slowly appearing 

during several measurement runs in the gas-mixing set-up (Fig. 1.5). 

550 600 650 700 750 800

3.6x10
5

4.0x10
5

4.4x10
5

4.8x10
5

5.2x10
5

R
es

is
ta

nc
e 

[Ω
]

Time [min]

550 600 650 700 750 800

3.6x10
5

4.0x10
5

4.4x10
5

4.8x10
5

5.2x10
5

R
es

is
ta

nc
e 

[Ω
]

Time [min]  

)LJXUH�����  Gas response under 4000 ppm CH4 (30% r.h.) of a sensor (S4) 

coated with 2% Pd-doped tin oxide, annealed on chip at 8V for 10 

s and operated at 4V. 

This indicates contact problems between the substrate and the sensitive layer. 

This effect is certainly induced by the extreme bending of the membrane 

during the annealing step at a high temperature. The bending was estimated at 

400 µm at 700°C in an optical microscope. The dices heated evenly in an oven 

did not show this effect (membrane and frame expanding together) nor did the 

sensors (S1, S2) annealed at lower temperature (7 V). The following results 

concern only the sensors annealed at 7 V since they do not show any of the 

unwanted effects, i.e. baseline drift and heavy noise, described before. 
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Figure 1.6 presents a typical sensor (S2: annealing 7 V / 10 min) measurement 

curve operating at 4.5 V. The sensor shows a stable baseline and a fast 

response time, W ��� �< 150 s, which is, in fact, limited by the flow set-up and the 

glass diffusion barrier in the measurement chamber.  
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)LJXUH����� Typical sensor measurement curve. The sensor is coated with 2% 

Pd-doped tin oxide, annealed on chip at 7V for 10 min and 

operated at 4.5V. (1) 5ppm CO + 500 ppm CH4, (2) 5ppm CO + 

1000 ppm CH4, (3) 5 ppm CO + 1500 ppm CH4, (4) 5 ppm CO + 

2000 ppm CH4, (5) 5 ppm CO. 

Figure 1.7 shows the gas-flow protocol corresponding to the sensor tests 

presented in Figures 1.8 and 1.9. 
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)LJXUH�����  Gas protocol for the gas sensing measurements showed in Figures 

1.8 and 1.9. 

Figure 1.8 shows the response of the sensors annealed at 7 V during 10 s and 

10 min for different concentrations of CO and CH4 (30% RH). 
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)LJXUH�����  Gas sensing measurements (protocol in Fig. 1.7) on a sensor 

coated with 2% Pd-doped tin oxide, annealed on chip at 7V for 10 

s (S1) and for 10 min (S2) at an operating voltage of 4 V.



PAPER I 

 132

The sensor was measured for the first time after annealing. This caused the 

drift at the beginning of the measurement. For both sensors (S1, S2), *gas/*air 

is 2.2 for 10 ppm CO and 1.4 for 2000 ppm CH4. In the measured mixtures of 

CO and CH4 (Fig. 1.8), the concentration of CH4 could not be fixed out of the 

measurement data. Although with a higher heating voltage (4.5 V), the 

mixtures of CO and CH4 can clearly be determined with the best results 

obtained at 0% RH (Fig. 1.9).  
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)LJXUH�����  Gas sensing measurements (protocol in Fig. 1.7) on a sensor 

coated with 2% Pd-doped tin oxide, annealed on chip at 7V for 10 

s (S1) and for 10 min (S2) at an operating voltage of 4.5 V. 

Humidity has no significant effect on the CO response, and, concerning the 

methane, the signal decreases with the humidity going up to 50% RH (Figs. 

1.10 and 1.11), following the same behaviour described in Ref. [19]. The same 
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figures also show that the annealing time has no influence on the sensors’ gas 

sensitivities. 
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)LJXUH������  Influence of the humidity on the sensors signals in CO.  The 

sensors are coated with 2% Pd-doped tin oxide, annealed on 

chip at 7V for 10 s (S1) and for 10 min (S2) at an operating 

voltage of 4.5 V. 

To summarise, the micro-hotplates made of nitride films were shown to be 

suitable for operation at a high temperature. The annealing “on chip” of the tin 

oxide coating material was performed. The obtained results showed that 

sensors annealed with a heater voltage of 7 V either during 10 s or 10 min and 

operating at a heater voltage of 4.5 V (≈ 300°C) give the best gas responses to 

CO and CH4. More experiments are under progress to optimise the annealing 

“on chip” of the gas-sensing materials. In terms of performance (sensitivity, 
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selectivity and stability), sensors made using this technique are comparable to 

the ones annealed in a belt oven at 700°C. 
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)LJXUH������  Influence of the humidity on the sensors signals in CH4.  The 

sensors are coated with 2% Pd-doped tin oxide, annealed on 

chip at 7V for 10 s (S1) and for 10 min (S2) at an operating 

voltage of 4.5 V. 

2.5 CONCLUSION 

The standing high temperatures of these micro-hotplates are of great interest 

for drop-coated thick film gas sensors. Compared to previous works they 

allow the annealing of the coating material at higher temperatures (up to 

700°C), which improves the performance of these sensors. They also give the 
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opportunity to proceed at the annealing “on chip” of the coating material. The 

chip can be coated and mounted by flip-chip bonding directly on a PCB, a 

very cheap technology for the automotive and similar mass markets, and can 

finally be annealed using the “integrated” electronic.�
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ABSTRACT 

This work reports on thermally isolated electronic components for gas sensing 

applications. The device is composed of an array of 4 MOSFETs, a diode and 

a semiconductor resistor integrated on a micro-hotplate, which is fabricated 

using bulk micromachining of silicon. The thermal efficiency of the device is 

2°C/mW with a thermal constant less than 100 ms. Holes are made in the 

passivation film over the gates of the MOSFET and gas-sensitive films 

deposited on top of the gate insulator. The low thermal mass device realised 

allows new modes of operation for MOSFET gas sensors such as a 

combination of the field and thermal effects and a pulsed temperature mode of 

operation.
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2.1 INTRODUCTION 

During the last decade, sensors based on electronic components thermally 

isolated on dielectric membranes have been reported [1-5]. Most of these 

devices were used as thermal sensors to measure for instance the temperature, 

the pressure and the gas flow [1-3]. Only recently, thermally isolated 

electronic devices were reported for gas sensing applications such as 

capacitors [4], but none have been reported on MOSFET gas sensors. In this 

type of sensors, the gate insulator has to remain uncovered after the processing 

of the electronic components. A gas sensitive film is then deposited on top of 

the insulator to form the gate of the transistor. The replacement of the standard 

MOSFET gate by a gas sensitive material, such as a catalytic metal (e.g. Pd, 

Pt, Ir), a metal-oxide or a polymer, allows the detection of several gases such 

as hydrogen, ammonia, carbon monoxide and organic vapours [6-8]. 

Gas-sensitive FETs (GasFETs) operate normally at temperatures higher than 

100°C and are limited to 175-200°C since they are made on standard silicon. 

The integration of an array of four GasFETs on a micro-hotplate has reduced 

to 20 mW the power consumption of a single MOSFET sensor operating at 

170°C. The developed low-power MOSFET array allows new modes of 

operation for MOSFET gas sensors such as a pulsed temperature mode of 

operation and the monitoring of the heat exchange. These modes of operation 

are of great interest to reduce the power consumption of the sensors or to 

enhance their selectivity to specific gases [9]. 
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2.2 DESIGN AND FABRICATION 

An array of 4 MOSFETs, including a diode and semiconducting resistor, has 

been designed for gas sensing applications (Fig. 2.1). The MOSFETs were 

used as field-effect gas sensors, the diode as temperature sensor and the 

resistor as heater.  

 

)LJXUH����� Top view photograph and cross-section schematic of the low-

power MOSFET array gas sensor: M stands for MOSFET, D for 

Diode, H for Heater and G for Ground. 
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The channel length of the MOSFET was 10 µm with a width/length = 30. 

Since they operate in a constant current mode (100 µA) between the source 

and the drain, the GasFETs had their drain and gate connected together. 

The electronic components: MOSFET, diode, resistor were fabricated in the 5 

µm IMT NMOS process using a p-well technology [10]. The process started 

with the implantation of boron in a 100 mm silicon substrate (25 Ω•cm, n 

type, 400 µm thick, double face polished) to define the MOSFET p-well, the 

p-doped region of the diode and the resistive heater. The transistor 

sources/drains and the diode were made in a single diffusion step of doping 

atoms (phosphorus and boron) from CVD oxide films. The p-well implant 

resulted in a sheet resistance of ~20 kΩ/�, and the sheet resistance of the p+ 

(channel stop) and n+ (source/drain) diffusions was respectively of ~1 kΩ/� 

and of ~20 Ω/�. A gate oxide of 100 nm was grown next to provide a gate 

dielectric. 

The active devices were thermally isolated from the bulk silicon to reduce the 

major conduction paths for the heat. The GasFETs, the heating resistor and the 

diode were located in a silicon island isolated from the chip frame by a 

dielectric membrane (Fig. 2.1). The membrane size was 1.8 × 1.8 mm2. The 

silicon island had an area of about 900 × 900 µm2 and a thickness of about 10 

µm. The membrane was made of LPCVD low-stress silicon nitride film. A 

PECVD silicon oxi-nitride film was used as passivation layer on the 

aluminum metallisation. After the patterning of the passivation film on three 

of the MOSFETs’ gates, thin catalytic metals, 80 nm of Pt, Ir and Pd, were 

deposited and patterned directly on the gate oxide. Three GasFETs having 
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different catalytic metals were fabricated and the fourth one had an aluminium 

gate and could be used as a reference device. 

The thermal isolation was achieved by using two successive backside silicon 

micromachining steps [11]. Firstly, the silicon island was protected by a 

thermal oxide film during the etching of 10 µm of silicon in KOH (40%, 

60°C) to define the silicon island thickness. Secondly, after the removal of the 

protective oxide, the silicon was etched in KOH (52%, 70°C) until the 

dielectric membrane was reached, leaving a 10 µm thick silicon island 

underneath. A concentration of 52% is used to decrease the ratio of the etch 

rate of the island’s sides, formed by (311) planes, with respect to the etch rate 

of its bottom, defined by the (100) plane [11]. In the aim of having a precise 

control on the silicon island thickness, electrochemical etch-stop could be 

used as done by other research groups [3,4]. 

2.3 CHARACTERISATION AND DISCUSSION 

The electrical characterisation of the electronic components was performed 

using the HP4156A Semiconductor Parameter Analyser from Hewlett 

Packard. The power consumption was evaluated by measuring the temperature 

using an infrared camera AVIO 2100. The gas sensing measurements were 

performed using the gas mixing system and electronic nose at the Swedish 

Sensor Center (S-SENCE), Linköping University, Linköping, Sweden. 

The threshold voltage for the MOSFET covered with aluminium was 0.9 V. 

Figure 2.2 presents the I-V curves of the suspended MOSFETs with an 

aluminium gate. The operating voltage for a drain current of 100 µA (gate and 
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drain connected) was of about 1.1 V for the MOSFETs with an Al gate and 

went up to about 1.3, 1.7 and 2.9 V respectively for the MOSFETs having Ir, 

Pt and Pd gates. 

 

)LJXUH����.  Output characteristics of a MOSFET with an aluminium gate 

at room temperature (W/L = 300 µm/10 µm), VG = 0 to 5 V, step 

of 1 V. 

The MOSFETs and the diode have shown to be suitable for gas sensing at 

temperatures up to 200°C for an operating current of 100 µA. An increase of 

this current can even allow an operation at higher temperature (e.g. 225°C at 

200 µA, see Fig. 2.3). 

The temperature sensitivity of the diode measured in an oven was - 2.4 

mV/°C. The value of the heating resistor was 225 ohms at room temperature. 

The resistance increases from room temperature to reach a maximum at about 
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150°C, to then decrease as expected for a semiconductor and as shown in Ref. 

[12]. 
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)LJXUH������ Voltage at the connected gate and drain of a MOSFET with an 

aluminium gate as a function of temperature for different drain 

currents. 

A low power consumption of 80 mW was achieved for an operating 

temperature of 170°C for the array of 4 GasFETs compared to 0.5-1.0 W for 

one standard bulk GasFET (Fig. 2.4). The power consumption could be 

lowered using microelectronics and micromachining processes having a 

higher definition. The thermal time constant to go to room temperature up to 

170°C was in the order of 65 ms for the rising time and of about 100 ms for 

the cooling time, which allowed the operation of the sensor in a cycled or 

pulsed temperature mode. Moreover, the low-thermal mass makes possible to 

use the device as a thermal sensor, monitoring the variation of the thermal 
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conductivity in the presence of the sample gas and the heat exchange 

generated by the chemical reactions occurring on the catalytic films. 
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)LJXUH������ Variation of the device temperature as a function of the power 

dissipated by the heater. 

The value and the behaviour of the gas sensitivities to hydrogen, ammonia and 

ethanol of these low-power devices were comparable with the standard 

MOSFET gas sensors [13]. For instance, at a typical operating temperature of 

140°C, the MOSFET sensors covered with Pt had a response of 182 mV to 20 

ppm of NH3 and 60 mV to 250 ppm of H2. The response for the same two 

gases was respectively of 165 mV and 103 mV for the MOSFET covered with 

Ir. The sensor characteristics: the electrical and the gas sensing properties, 

show promise in using the device in electronic noses and hand-held gas 

monitors for gas mixture analysis. 
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2.4 CONCLUSION 

The combination of microelectronics and MEMS (silicon micromachining) 

processing was used to fabricate thermally isolated MOSFET for gas sensing 

applications. An implanted resistor and a diode, used respectively as heater 

and temperature sensor, and 4 MOSFETs are located in a silicon island 

thermally isolated from the sensor chip frame by a dielectric membrane. The 

thermal efficiency of the device is 2°C/mW with a thermal constant less than 

100 ms. This low-thermal mass device allows the operation of the sensors in a 

pulsed or cycled temperature mode and the monitoring of the field and thermal 

effects in the presence of the sample gas. A CMOS compatible process and the 

silicon-on-insulator (SOI) technology are envisaged in the future 

developments. 
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ABSTRACT 

This paper reports on the design, fabrication and characterisation of the first 

low-power consumption MOSFET gas sensor. The novel MOSFET array gas 

sensor has been fabricated using anisotropic bulk silicon micromachining. A 

heating resistor, a diode used as temperature sensor and four MOSFETs are 

located in a silicon island suspended by a dielectric membrane. The membrane 

has a low thermal conductivity coefficient and, therefore, thermally isolates 

the electronic components from the chip frame. This low thermal mass device 

allows the reduction of the power consumption to a value of 90 mW for an 

array of four MOSFETs at an operating temperature of 170°C. Three of the 

MOSFETs have their gate covered with thin catalytic metals and are used as 

gas sensors. The fourth one has a standard gate covered with nitride and could 
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act as a reference. The sensor was tested under different gaseous atmospheres 

and has shown good gas sensitivities to hydrogen and ammonia. The low-

power MOSFET array gas sensor presented is suitable for applications in 

portable gas sensor instruments, electronic noses, and automobiles. 

3.1 INTRODUCTION 

Gas-sensitive field-effect (GasFETs) devices have been studied for about 25 

years [1]. The replacement of the MOSFET gate by materials having catalytic 

properties (Pd, Pt, Ir…) allows the detection of several gases such as 

hydrogen, ammonia, carbon monoxide and, alcohols [2,3]. Over the years they 

have been shown to be suitable for different applications such as hydrogen 

monitors and leak detectors, and in electronic noses [4]. 

Portable instruments and automobiles are products in which low-cost and low-

power consuming devices are needed. During the last decade, a lot of work 

has been done in the gas sensor field on reducing the power consumption of 

metal-oxide sensors [5-9]. Silicon micromachining combined with thin-film 

technology was used to fabricate micro-hotplates having a good thermal 

insulation and a low-thermal mass. These devices have allowed new modes of 

operation for metal-oxide gas sensors such as a modulated and pulsed-

temperature mode. These modes of operation can be of great interest to reduce 

the power consumption of the sensors or to enhance their selectivity to 

specific gases [10-13]. 

Some research groups have recently worked on thermally isolating electronic 

components on membranes using silicon micromachining and CMOS 
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technologies [14-16], but none has been reported on MOSFET-type gas 

sensors. In this type of sensors, the gate insulator has to remain uncovered 

after the processing of the electronic components. A gas-sensitive film, such 

as a catalytic metal, a metal-oxide or a polymer, is then deposited on top of the 

insulator to form the gate of the transistor.  

MOSFET gas sensors operate usually at a temperature over 100 °C and are 

limited to 175-200°C due to the use of standard silicon technology [17]. The 

power consumption of a bulk sensor realised using a standard silicon 

processing is of about 0.5–1.0 W. A silicon island containing the electronic 

devices was, therefore, added to the micro-hotplate concept to reduce the 

MOSFET sensor power consumption [18]. The developed low-power GasFET 

arrays allows new modes of operation for this type of gas-sensing devices and 

makes this technology more competitive with the others on the market. 

3.2 DESIGN 

������ 6HQVRU�FKLS�

The MOSFET sensor realised has been designed in the aim of reducing the 

source/drain leakage currents and the power consumption of this type of gas 

sensors. Each device consists of 4 GasFETs, a temperature sensor (diode), and 

a heater as shown in Figure 3.1. The chip size is 4.0 � 4.0 mm2 and has not 

been optimised in this paper since the throughput was not an important issue. 
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Heater

Diode

MOSFET

 

)LJXUH�����   Photograph of the “bulk” MOSFET array gas sensor, on which 

are the four MOSFETs (W/L = 30, L = 5 µm) surrounded by the 

heater (U-shape) and with the diode in the middle.  

������ (OHFWURQLF�FRPSRQHQWV�

The electronic components are realised using the Institute of Microtechnology 

(IMT), University of Neuchâtel, Neuchâtel, Switzerland, NMOS processing 

technology [19].  NMOS transistors and diodes are realised in an implanted p-

well technology. The transistor sources/drains and the diode are made in a 

single diffusion step of doping atoms (Phosphorus and Boron) from CVD 

oxide films. Therefore, the minimum channel length for the transistors is 5.0 

µm due to the diffusion process used. The heater is a semiconducting resistor, 

which is made during the p-well implantation. The target value of the heater’s 

resistance at room temperature was 120 Ω. 

Two arrays with 4 medium or small MOSFETs have been designed with a 

channel length of 10.0 and 5.0 µm, respectively, both with :�/ = 30. Their 
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source/drain leakage currents have been limited by minimising the p-n 

junction surface at the source and the drain regions. Therefore the 

metal/semiconductor contacts are directly taken on the source and the drain 

just beside the gate. The GasFETs have their drain and gate connected 

together. They operate with a constant current between the source and the 

drain. On the test chips used for evaluating the MOSFET electrical properties, 

the drain and gate were not connected together to allow more flexibility during 

the characterisation. 

������ 3RZHU�FRQVXPSWLRQ�

The thermal mass and, therefore, the power consumption of the sensor, are 

minimised by the design. The GasFETs heater and diode are located in a 

silicon island thermally isolated from the chip frame by a dielectric membrane 

(Figs. 3.2 and 3.3). 

�

)LJXUH�����   Schematic cross-section view of the low-power MOSFET array 

gas sensor. The electronic components are located in a silicon 

island thermally isolated from the silicon chip. 
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The membrane is made of LPCVD low-stress (nonstoichiometric) silicon-

nitride film. A PECVD silicon nitride or oxi-nitride film is used as passivation 

layer on the aluminum metallisation. The membrane size is 1.8 � 1.8 mm2. 

The silicon island has an area and a thickness respectively of about 900 � 900 

µm2 and 10 µm. 

Heater

Heater

Ground

Diode

MOSFET

MOSFET

MOSFET

 

)LJXUH�����   Photograph of the low-power micromachined MOSFET gas 

sensor showing the electronic devices in the silicon island 

suspended by a dielectric membrane. 

3.3 FABRICATION 

The processing consists of the following three main parts: 

• fabrication of the doped regions in the silicon to make the electronic 

components; 
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• gate oxide growth and deposition of the membrane, metallisation, and 

passivation films; 

• releasing of the membrane and the formation of the silicon island by wet 

anisotropic etching of silicon. 

������ (OHFWURQLF�FRPSRQHQWV�

The process starts with the implantation of boron in a 100-mm silicon 

substrate (25 Ω • cm, n type 400-µm-thick double-face polished) to form the 

MOSFET p-well, p-doped region of the diode, and resistive heater. The 

deposition and patterning of boron and phosphorus doped CVD oxide films 

followed by the diffusion of the doping atoms to define the n+ (diode, 

source/drain) and p+ (channel stop) regions of the electronic devices are also 

included in this first part. 

������ 0HPEUDQH��PHWDOOLVDWLRQ�DQG�SDVVLYDWLRQ�

The second part starts with the growth of a thermally gate oxide (100 nm) 

followed by the deposition of a low-stress LCPVD silicon-nitride film. Then, 

the gate and contacts are defined in the nitride. The metallisation is deposited 

by e-beam evaporation of aluminium, which is annealed later on to obtain 

ohmic contacts on silicon. A PECVD reactor is used to deposit a silicon 

nitride/oxi-nitride passivation layer (low stress/tensile). After the patterning of 

the passivation film, thin catalytic metals (CM: Pt, Ir, Pd) are deposited, 

patterned, and annealed. Therefore, GasFETs having three different catalytic 

metals were fabricated and the fourth one had an aluminium gate and could be 

used as a reference.  
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������ 6LOLFRQ�EXON�PLFURPDFKLQLQJ�

Since the deposition of the CM layers is done prior to the silicon bulk 

micromachining, the frontside of the wafer is protected during the backside 

etching of silicon in KOH. Firstly, the thermally grown oxide film on the 

wafer backside is patterned to define the silicon island area. The oxide film 

acts as a mask in the standard KOH solution (40% at 60°C) during the etching 

of 10-µm depth of silicon, corresponding to the silicon island thickness. 

Secondly, after removing the protective oxide, the silicon is entirely etched 

using 52% KOH (solubility limit of KOH in water at room temperature) at 

60°C. Figure 3.4 shows the backside view of the final silicon island formed by 

anisotropic etching of silicon. A KOH solution with a concentration of 52% is 

used to decrease the etch rate of the (311) planes, forming the side of the 

silicon island, compared to the etching rate of the (100) plane, forming the 

bottom of the silicon island. The ratio between the etching rates in the 

direction parallel (the <311> direction projected on the (100) surface) and 

perpendicular <100> to the wafer surface (100) is about 1.4 for this specific 

KOH solution [20, 21]. 

Despite the fact that the nitride and oxide layers used as membrane are slowly 

etched in KOH compared to silicon, the release of membrane has to be done 

with a precise time control of the silicon etch rate to obtain the desired silicon 

island thickness of 10 µm. In the aim of having a precise control on the silicon 

island thickness, electrochemical etch stop could be used, as done by other 

research groups [15, 16]. 

The whole fabrication process is done using 11 masks, which are used in 14 

photolithography steps (4 of them for the CM films). The fabrication process 
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is compatible with the use of different gate insulators such as silicon nitride 

(Si3N4), aluminum oxide (Al2O3) and tantalum oxide (Ta2O5). The last two 

need one more mask. 

 

 

)LJXUH�����   Photograph of the backside of the sensor chip showing the silicon 

island. 

3.4 PACKAGING 

The bulk MOSFET devices (not on membranes) were mounted on a whole 

metal dual in line (DIL) 16-p-i-n package with an external heating resistor and 

SiC diode temperature sensor. Concerning the low-power MOSFET sensors 

suspended on membranes, they were mounted on a TO-8 16-p-i-n package. 

The components in both cases were fixed using glue (epo-tek 3081). The pads 
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on the devices were connected to the package p-i-n’s by using ultrasonic 

bonding of gold or aluminium wires. 

3.5 CHARACTERISATION 

The electrical characterisation of the electronic components was performed 

using the Hewlett-Packard HP4156A Semiconductor Parameter Analyser. The 

thermal time constant was determined by applying a square-wave voltage 

(Philips PM 5705 pulse generator, 0.1 Hz–10 MHz) on the heater and 

monitoring both the pulse signal and the diode voltage at 100 µA on an 

oscilloscope (Tektronix TPS 380, 400 MHz). The power consumption versus 

temperature was evaluated by measuring the temperature using an infrared 

camera AVIO 2100, with a pixel resolution of 12.5 � 20 µm2. Thermal 

observations were recorded at ambient pressure and room temperature. The 

dependence of the resistance on the voltage 5(9) and on the maximum 

temperature 5(7 ����� ) were monitored. 

The gas sensing measurements were performed using the gas mixing system 

and electronic nose at the Swedish Sensor Center (S-SENCE), Linköping 

University, Linköping, Sweden. The gas mixing system allows the mixing of 

up to 4 sample gases with a carrier gas. Hydrogen (250, 125, 62.5 ppm) and 

ammonia (40, 20, 10 ppm) were used as sample gas and the carrier gas was 

dry synthetic air, with a total flow of 100 ml/min. The length of the sample 

pulse was set to 30 s and the recovery time in carrier gas only to 300 s. These 

are typical values used for applications in an electronic nose. The sensors are 

connected to a printed circuit board (PCB), which enables the operation of the 
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sensors and the data acquisition. A current of about 100 µA was used to drive 

both the temperature sensor (the diode) and MOSFET sensors. The 

temperature was set successively at about 140 and 170°C, which are typical 

operating temperatures for this type of sensors. The whole setup is managed 

by using a PC and the date acquisition was carried out in Senstool Software 

(Nordic Sensor Technologies, Linköping, Sweden). 

3.6 RESULTS AND DISCUSSION 

������ (OHFWULFDO�SURSHUWLHV�

The electrical characterisation of the MOSFETs and the diode has shown that 

they are suitable for operation at temperatures up to 200°C at a current of 100 

µA. An increase of this current can even allow an operation at higher 

temperature (225°C at 200 µA). Another option is to use a retrograded p-well 

to minimise the leakage current at high temperature [22]. The temperature 

sensitivity of the diode measured in an oven is –2.4 mV/°C. The membrane 

bends during the internal heating of the sensor and, therefore, the diode signal 

is also influenced by the deformation of the silicon island due to its 

piezoresistive properties. Therefore, the diode is calibrated before operation to 

define the voltage vs. temperature law and the working points corresponding 

to 140 and 170°C. The value of the heating resistor was higher than expected 

at 225 ohms at room temperature. The resistance could be adjusted at 120 

ohms by proceeding at minor modifications to the design and the processing 

since the technology was characterised. The heating resistor value as a 
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function of temperature has the behaviour expected for a semiconductor. It 

increases from room temperature to reach a maximum at about 150°C, to then 

decrease as shown in Ref. [17]. 

������ 7KHUPDO�SURSHUWLHV�

A low power consumption of 90 mW is achieved for an operating temperature 

of 170°C for the array of four GasFETs compared to 0.5–1.0 W for one 

standard GasFET. Figure 3.5 shows the variation of the sensor temperature as 

a function of the power dissipated by the heater. 
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)LJXUH����.   Variation of the temperature as a function of the power 

consumption for the micromachined MOSFET sensor. 

The power consumption could be lowered using microelectronic processes 

having a higher definition. A silicon micromachining process that gives a 

better control on the dimensions of the silicon island could be used as well, 
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such as electrochemical etch stop. A thinner and narrower silicon island could 

be achieved reducing the heat loss by conduction and convection, which are, 

respectively, related to the distance between the silicon island and the chip 

frame and to the area of the silicon island [23]. 

The thermal time constant when the heater is pulsed (square wave) at 6 V (70 

mW) is in the order of 65 ms for the rising time and of about 100 ms for the 

cooling time. Figure 3.6 shows the variation of the heater and the diode 

voltages (at a constant current of 100 µA) as a function of time. 
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)LJXUH�����   Square wave voltage applied on the heater and voltage on the 

temperature sensor (diode) as a function of time. 

The low thermal mass allows the operation of the sensor in a pulsed or cycled 

temperature mode, which lowers the power consumption and could influence 

the selectivity, as in metal-oxide gas sensors [10-13]. The silicon island 

ensures a uniform temperature distribution all over the active area [24], which 

was confirmed using FEM simulations [23]. 
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������ *DV�VHQVLWLYLWLHV�

The low-power MOSFET sensors have slightly smaller gas response levels 

than the standard bulk MOSFET sensors used at the S-SENCE, but in a useful 

range for gas-sensing applications. The different processing steps used to 

make the membrane and the quality of the catalytic metals deposited at IMT 

might be the cause of the differences observed. Figure 3.7 presents the gas 

sensitivities to hydrogen and ammonia for two low-power MOSFETs coated 

with Ir and Pt thin films, 8-nm thick, at a temperature of about 140°C. Good 

gas sensitivities were also obtained at 170°C. 

0

50

100

150

200

250

1 30 59 88 11
7

14
6

17
5

20
4

23
3

26
2

29
1

32
0

34
9

Time (s)

S
ig

n
al

 (
m

V
)

250 ppm H2 /  Ir 

250 ppm H2 / Pt 

20 ppm NH3 / Ir

20 ppm NH3 / Pt

 

)LJXUH�����   Gas response of two of the low-power micromachined MOSFET 

sensors to hydrogen (250 ppm) and ammonia (20 ppm) at a 

temperature of about 140°C. 

In regard to the results obtained, the low-power MOSFET sensor is suitable 

for applications in electronic noses. Further investigations are needed to 

evaluate the effect of different temperature profiles during the gas 
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measurements in the aim of improving the gas sensitivity and selectivity. 

More measurements have to be performed before a conclusion can be drawn 

about the way the signal from the reference sensor can be used. 

3.7 CONCLUSION 

The design, fabrication and characterisation of a low-power consumption 

MOSFET array gas sensor has been presented. The sensor consists of a 

heating resistor, diode temperature sensor, and four GasFETs located in a 

silicon island thermally isolated from the chip frame by a dielectric 

membrane. The combination of microelectronics and MEMS (silicon 

micromachining) processing technologies was used to fabricate the sensor. 

The array of four GasFETs shows a low-power consumption of 90 mW at an 

operating temperature of 170°C. The low thermal mass of the device allows 

the operation of the sensors in a temperature cycling mode. Gas sensitivity of 

the micromachined device in this mode of operation is under evaluation. 

Moreover, we suggest that silicon-on-insulator (SOI) technology should be a 

good candidate to increase the working temperature of these sensors and to 

simplify the silicon micromachining process by having a precise control of the 

silicon thickness forming the island. 
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ABSTRACT 

This communication presents new modes of operation for MOSFET gas 

sensors. A low-power micromachined device allows pulsing the temperature 

of MOSFET gas sensors with a time constant less than 100 ms. Cycling the 

temperature during the gas exposure modifies the kinetics of the gas reactions 

with the sensing film. The way the sensor response is modified by the 

temperature modulation depends on the nature of the analyte gas and of the 

catalytic sensing film. Pulsing the temperature up just after the gas exposure 

can reduce the recovery time for specific applications. Cycling the 

temperature can allow the discrimination between different gas mixtures. The 

small thermal mass of the device also enables to monitor the heat exchange in 

the presence of the sample increasing the amount of information obtained 

from MOSFET gas sensors. 
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4.1 INTRODUCTION 

Miniaturisation and reduction of the power consumption were of primary 

interest in the field of gas sensors during the 90’s. The micro-hotplate concept 

allows battery operation and the use of arrays, opening a route to the concept 

of portable electronic noses [1]. New modes of operation, such as pulsed or 

modulated temperature modes, were investigated for these small thermal 

devices. Using these modes, desorption of water, discrimination of gases in a 

mixture and lower power consumption were achieved [2-4]. These findings 

yield some information about how temperature changes affect to chemical 

reactions on a sensor surface. However, these modes of operation were mainly 

applied to metal oxide gas sensors [5]. 

In this paper, we report on the gas sensing properties of low-power, 

micromachined MOSFET gas sensors operated in a modulated temperature 

mode. The design and fabrication of a low-power micromachined MOSFET 

gas sensor was reported recently [6]. The thermal isolation of electronic 

devices on a micro-hotplate has reduced the sensor power consumption to 90 

mW for an array of four Gas-sensitive Field-Effect Transistors (GasFET) 

working at 170°C. The small thermal mass of these devices allowed the 

modulation of sensor temperature and the monitoring of the variation of the 

heat exchange in the presence of sample gases [7,8]. The modulated 

temperature mode of operation was used to reduce the sensor recovery time, 

and to discriminate between gases in a gas mixture using a single sensor. The 

low-power devices also bring new modes of operation for MOSFET sensors, 

the potential of which is discussed. The next section presents the basic sensing 

mechanisms of MOSFET sensors, an understanding of which is necessary to 
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explain the behaviour of these sensors in a modulated temperature mode of 

operation. 

4.2 MOSFET SENSORS 

������ *DV�VHQVRU�FKDUDFWHULVWLFV�

The gas sensor is in most cases not specific to a certain molecule. Many 

gaseous species can induce a sensor response. It is therefore not possible to 

determine the identity of a gas only by observing if the sensor gives a signal in 

its presence or not. Another important property of gas sensors is that they 

usually exhibit a non-linear response; the change in the response is not 

proportional to the change in the gas concentration. This non-linear effect is 

due to saturation. The number of available adsorption sites on the sensor 

surface is limited and the higher the concentration is, the smaller the fraction 

of total number of molecules will be able to adsorb on the surface. The 

temperature of the sensor surface also influences the response. The sensor 

sensitivity to a certain gas and sensor selectivity for the same gas can be 

modified by changes in its operating temperature. Chemical reaction rates, and 

therefore the sensor response and recovery time, also depend on temperature. 

Therefore, modulating sensor temperature may lead to variations in the 

chemical reaction kinetics. The results of this mode of operation applied to 

MOSFET sensors are presented in this paper. 
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������ 026)(7�VHQVRU�FKDUDFWHULVWLFV�

The GasFET sensor is a traditional MOS field effect transistor with a gas 

sensitive film, such as a catalytic metal, a polymer, or a metal oxide, as the 

gate material [9-12]. Only the case where a catalytic metal constitutes the gas-

sensitive film will be discussed here. The hydrogen sensitivity of the sensor 

when using palladium as the gate material has been known for more than 25 

years [13]. Extensive research has been performed since the introduction of 

the GasFET to understand the chemical reactions taking place on its surface 

and how to improve its performance. It has been shown that the sensitivity of 

the sensor depends on the nature of the catalytic metal, the structure of the 

metal film and the operating temperature [14]. By changing these parameters, 

the sensor has proven to be highly sensitive not only to hydrogen, but to a 

number of other gas species like ammonia and ethanol. 

The typical structure of the sensor is schematically shown in Figure 4.1. The 

bulk material is made of p-doped silicon, in which there are two n-doped 

silicon regions, the source and the drain. An insulating layer of silicon dioxide 

forms a bridge between the source and the drain, on top of which the catalytic 

metal, the gate, is deposited. Due to the physical properties of silicon, the 

sensor can only be operated at rather low temperatures. The upper limit 

depends on the design and is usually of about 200°C. 
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)LJXUH�����  Schematic cross-section view of a MOSFET sensor structure. 

The MOSFET sensor is operated with a constant current between the source 

and the drain, with the latter connected to the gate. During gas detection, the 

voltage between the source and the drain is measured, and the change in this 

voltage is recorded as the sensor signal. Molecules in a gas may interact with 

the catalytic surface and give rise to a shift in the current-voltage (IV) curve so 

that the voltage at a certain current decreases (Fig. 4.2.). The theory behind 

this is described in the next section. 

������ 026)(7�VHQVRU�UHVSRQVH�

Certain molecules have the ability to interact with the surface of the MOSFET 

sensor, causing a shift in the sensor operating voltage (at constant current) 

(Fig. 4.2). In the following, an explanation of this shift will be given, for the 

case where hydrogen is the gas being detected. 
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)LJXUH������ Shift in the IV curve of the MOSFET sensor due to its interaction 

with hydrogen. 

When a flow of hydrogen molecules passes over the catalytic metal surface, a 

fraction of the molecules that contact the metal stick to it and dissociate on the 

outer surface. The hydrogen atoms then diffuse through the metal and enter 

the metal-insulator interface, the inner surface, where they become polarised. 

The hydrogen atoms preferably adsorb on the SiO2 side of the surface rather 

than on the metal [11]. The polarisation gives rise to an increase in the electric 

field across the insulator and increases the concentration of electrons at the 

semiconductor surface. Since the sensor is operated at a constant current, this 

causes a decrease in the sensor voltage between the drain/gate and the source. 

When a molecule contains a few hydrogen atoms, the voltage shift appears to 

be due to the ability of the catalytic surface to dehydrogenate the molecules. 

When dehydrogenation has occurred, the hydrogen atoms diffuse through the 

metal as in the case of pure hydrogen. The detection of this kind of molecule 
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is highly dependent on the temperature, though, since the dehydrogenation 

reaction will not occur unless sufficient energy is added. 

A typical gas sensor response when exposed to a rectangular sample gas pulse 

is shown in Figure 4.3. The required time for the sensor response to reach a 

plateau may be of the order of several minutes. This time strongly depends on 

the type and the concentration of the gas, together with the type of catalytic 

metal and the operating temperature of the sensor. The plateau is commonly 

regarded as a steady state in the different chemical reactions taking place on 

the sensor surface. 

�

)LJXUH����� A typical transient sensor response when exposed to a rectangular 

gas pulse of test gas with height cs. The sensor baseline value is 

y0, the sensor output at sample gas off is ys, and the sensor rise 

time and decay time are τr and τd, respectively. 
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The long rise time is believed to be due to the slow rates at which trapping of 

the molecules and chemical reactions on the surface occur, rather than the 

diffusion across the metal layer. The time it takes for the molecules to leave 

the surface, the recovery time, is even longer than the rise time. This time may 

be due to the same phenomena as for the rise time, but is also dependent on 

the large activation energy that is needed for the molecules to leave the metal-

insulator interface [15,16]. The energy diagram with the heat of adsorption at 

the outer and the inner surface for hydrogen in a Pd-MOS device is presented 

in Figure 4.4 [17]. 

 

)LJXUH����� Energy diagram for hydrogen in Pd-MOS device. The heat of 

adsorption for hydrogen on the outer Pd surface is� ∆+ �  and the 

absorption potential for hydrogen into the Pd bulk is ∆+ � . The 

heat of adsorption for hydrogen at the Pd-insulator interface is�

∆+ �  [17]. 
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������ 7HPSHUDWXUH�GHSHQGHQFH�RI�WKH�UHDFWLRQ�NLQHWLFV�

If air is present between or during the hydrogen gas pulses, this means that 

when hydrogen molecules reach the sensor surface, it is covered with oxygen 

atoms. The hydrogen atoms that stick to the surface and dissociate may then 

either react with the oxygen atoms on the surface to form water, or diffuse 

through the metal. The rate of all the reactions taking place on the sensor 

surface or at the interface between the metal and the insulator may be 

described as 

+22+ 1U θαθ=      (1) 

where r is the reaction rate, N the number of available adsorption sites, α is 

the rate constant, and θO and θH are the fractions of all the available adsorption 

sites that are occupied by two types of molecules, oxygen and hydrogen [16]. 

θO and θH are also called the coverage of oxygen and hydrogen, respectively. 

When the coverage of both molecular oxygen and hydrogen, as in (1), is kept 

constant, the reaction rate depends on the temperature of the sensor surface 

through the rate constant: 





 ∆−=

N7
( ���expυα     (2) 

where υ is a frequency factor, ∆EOH the required activation energy for a 

reaction between oxygen and hydrogen, T the temperature and k the 

Boltzmann constant� [16]. This expression tells us that the rate constant will 

increase with increase of temperature, which means that the reaction will 
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become faster as the temperature rises. The reaction rates on the sensor 

surface are related to the number of molecules present at the metal-insulator 

interface. The expressions above can thus be related to the sensor signal. 

However, from this mathematical model, it is not easy to determine exactly 

how the sensor signal will behave when the temperature is changed. All 

reactions have different rate constants at a certain temperature. This is due in 

part to the different heat of adsorption for the different chemical species and 

adsorption sites. It should be also noted that adsorption sites at the interface 

are assumed to follow a Temkin isotherm [15]. In this isotherm, the heat of 

adsorption depends linearly on the coverage. This indicates that the influence 

of the change in temperature is also dependent on the degree of coverage on 

the surface at a certain instant. 

It was mentioned above that the reaction rate depends on the temperature of 

the sensor surface through the rate constant, provided that the coverage of 

both molecule x and y are kept constant. This restriction was given to simplify 

the relation between the reaction rate and the temperature. However, the 

coverage of a molecule is also dependent on the temperature. This dependence 

is related to changes in the adsorption rate, the desorption rate and the reaction 

rate that occur when the temperature is altered. At a constant gas 

concentration and when the reactions on the sensor surface have reached 

equilibrium, the coverage of a molecule on a surface increases when the 

temperature is decreased [18]. 
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������ 7HPSHUDWXUH�PRGXODWLRQ�

�������� *HQHUDO�DVSHFWV�

The effects of cycling or pulsing the temperature of MOSFET sensors have 

not been studied before, due to large thermal mass. However, the influence of 

the temperature on their sensitivity is well known. 

An obvious advantage of using the new low-power MOSFET devices is that 

they offer the possibility to reduce the number of sensors used in a sensor 

array. A single sensor could be switched between different operating 

temperatures during the course of a measurement. This may give even more 

information about the species in the sample gas than in the case of different 

bulk sensors working at fixed, individual temperatures. 

Also, when changing the temperature rapidly over time, the conditions for 

reaction of chemical species with each other and the surface are changed. Both 

low-temperature and high-temperature reactions will be favoured. Species that 

normally only exist at a low temperature may react with species that occur 

frequently at higher temperatures. The products from these reactions, or the 

high-temperature species themselves, may give rise to a change in the voltage 

shift. This will give impart new features to the sensor response. 

However, it must be recalled that the electronic properties of MOS field-effect 

transistors are also a function of temperature. The main temperature-

dependent parameters are the threshold voltage, the channel mobility, and the 

junction leakage currents [19]. Therefore, modulating the temperature changes 

the sensor signal even if no sample gas is present. 
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�������� 5HGXFWLRQ�RI�WKH�UHFRYHU\�WLPH�

A possible advantage of improving the performance of the MOSFET sensor 

through temperature modulation is to shorten both the sensor rise and recovery 

time. This is important e.g. for on-line monitoring. In typical operating 

conditions, the rise and recovery times for the bulk MOSFET sensor are both 

long, on the order of 30 and 320 s, respectively, so that a single measurement 

lasts more than five minutes. Faster measurements can be achieved by 

choosing the right temperature conditions for the reactions occurring on the 

sensor surface. As previously discussed in section 4.2.4, the rates of the 

reactions on the surface depend on the temperature, and are expected to 

increase with increasing temperature. The optimum conditions would 

probably be to operate the sensor at a high temperature, such as 300°C, 

throughout the measurement. This would make the molecules on the surface 

reach equilibrium faster. However, because of the degradation of the 

electronic devices, the sensor cannot be operated at such high temperatures for 

long periods of time. A solution to this problem would be to apply a short 

heating pulse at the beginning of the gas pulse and the recovery period (Fig. 

4.5). 

�������� 'LVFULPLQDWLRQ�RI�JDV�PL[WXUHV�

In this work, a study of the information content in a sensor response operated 

in a cycled temperature mode is also presented. The aim was, firstly, to see if 

it was possible to discriminate between four gas mixtures by using only one 

sensor. Secondly, it was of interest whether rapid temperature cycling gave a 

signal with higher information content than slow temperature modulation. 
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Certainly, the effects of temperature cycling on the MOSFET sensor is of 

interest since it has not been studied before, but it is also important from 

another more practical aspect. When using the device in an electronic nose, 

purified air is applied between samples. This requirement leads to a test 

system which is technically more complex. However, if the device is operated 

in a cycled temperature mode at a constant sample gas flow, with at least the 

same amount of information being collected as when the sample gas is pulsed, 

the use of purified air would lose its importance. 

�

)LJXUH����� One possible way to shorten the rise and recovery time for the 

MOSFET sensor would be to apply temperature pulses shortly 

after the sample gas pulse has been either turned on or off. 
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4.3 EXPERIMENTAL 

������ /RZ�SRZHU�026)(7�DUUD\�VHQVRU�

An array of 4 MOSFETs coated with different catalytic metals (GasFETs) was 

designed and fabricated (Fig. 4.6) [6]. The transistors have a channel length of 

5 µm with W/L (width/length) = 30. They are suitable for gas sensing 

applications at temperatures up to 225°C.  

�

)LJXUH�����  Schematic cross-sectopm of a thermally isolated micromachined 

MOSFET array gas sensor. 

The GasFETs composing the array have their gate insulator covered with 

catalytic metals: Ir/8nm, Pt/8nm and Pd/6.5nm. The fourth one has a gate 

made of Al and could act as a reference sensor. The low-power GasFET 

sensor is heated using an integrated silicon or platinum resistor with a thermal 

time constant of less than 100 ms. Platinum has the advantage that it allows 

operating higher than temperatures than 200°C. The temperature of the array 

is monitored using an integrated diode. 
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������ *DV�PL[LQJ�V\VWHP�DQG�DFTXLVLWLRQ�VHW�XS�

The gas measurements were performed using the gas mixing system and 

electronic nose at the Swedish Sensor Centre (S-SENCE, Linköping, Sweden). 

Each sensor chip was mounted on a 16-pin socket and placed in a metal 

chamber with a gas inlet and outlet. The device was connected by an adapter 

to a printed circuit board, and the gas inlet and outlet were connected to the 

tubes of a gas mixing system. 

The gas mixing system had a maximum flow capacity of 100 ml/min. The 

system made it possible to mix several different gases with a carrier gas.  The 

printed circuit board contained the necessary electronics to measure the 

voltage from the diode and the sensors, and to apply well-defined currents and 

voltages to the components of the chip. The whole set-up was controlled using 

a PC, and the data acquisition was carried out using the software LabVIEW 

5.1. The sensor chip temperature was controlled via a PID regulator and the 

maximum sample rate was 16 Hz. SensLab 10 (AppliedSensor AB, Sweden) 

and MatLab 5.3 (The MathWorks Inc., USA) were used for data evaluation. 

������ *DV�PHDVXUHPHQWV�

The background gas in all the measurements was synthetic air (Airliquide, 

Sweden), with a composition of 20% oxygen and 80% nitrogen (purity of 

99,99%). The sample gases hydrogen (200, 100 and 25 ppm) and ammonia 

(40, 20, 10 and 5 ppm) were mixed with the synthetic air to achieve the 

desired concentrations. The work was limited to the study of hydrogen and 

ammonia since their effects on the sensor surface have been extensively 

studied [11,13-18], and they are known to produce the highest response in Pt 
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and Ir MOSFET sensors. A total flow of 100 ml/min was used. The length of 

the sample pulse was set to 30−60 s and the recovery time in the carrier gas to 

320−420 s. These are typical values used for applications in an electronic 

nose. A current of 120 µA and 100 µA was used to drive the temperature 

sensor (diode) and the MOSFET sensors, respectively. The voltage on the 

heater could be changed with a maximum frequency of 16 Hz. 

������ 6WDQGDUG�JDV�UHVSRQVH�

The micromachined devices were first tested under the various gas 

atmospheres at constant operating temperatures, varying from 50 to 190°C. 

The upper limit was regarded to be low enough not to damage the device. The 

upper limits of the concentrations were chosen because higher concentrations 

yielded only small or virtually no changes in the final response, due to 

saturation of the sensor surface. The concentrations and temperatures that 

were found to maximise the final response were later used as basic settings in 

all other measurements. 

������ 7HPSHUDWXUH�PRGXODWLRQ�

The reduction of recovery time and the discrimination of gases in a mixture 

using MOSFET sensors in a modulated temperature mode were the two goals 

of the experiments described below. Square and sinusoidal temperature pulses 

were applied in the experiments. The response patterns under these modes of 

operation were recorded for different gaseous atmospheres (single sample gas 

or mixtures) for the sensors coated with Ir and Pt catalytic metals. 
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�������� 0LQLPLVLQJ�WKH�UHFRYHU\�WLPH�

Square-shaped temperature pulses of different duration (in the range of 0.5 to 

30 s) and height (in the range of 200 to 300°C) were applied 10 to 210 s after 

the end of the sample gas pulse. The duration of the sample gas pulse was 30 

s. The time between two different sample gas pulses was 320 s. The gas 

mixing system caused a delay in the gas pulse of approximately 5 s. The gas 

was assumed to be completely finished from the tubes 10 s after it was shut 

off. This was the reason why the temperature pulse was applied at least 10 s 

after the gas pulse. These temperature pulses were also applied when no 

sample gas was present in order to study the effects of the temperature change 

on the sensor baseline. 

�������� &\FOLQJ�WKH�WHPSHUDWXUH�WR�GLVFULPLQDWH�EHWZHHQ�JDV�PL[WXUHV�

The aim in the second part of the work was to study the possibility of 

discriminating between four gas mixtures using one sensor. Only the sensor 

coated with Ir as catalytic metal was used in these experiments due to its 

higher level of response. 

The sensor was operated in a constant flow of carrier gas (100 ml/min) with 

either one of the four gas mixtures presented in Table 4.1. The constant gas 

flow was chosen primarily for practical reasons. That is, it facilitated both the 

interpretation of the results and the handling of the gas mixing system. The 

temperature was kept constant at 180°C for 500 s in order to allow the 

reactions on the surface to reach equilibrium. After this period of time, the 

temperature was cycled for 2000 s with a sinusoidal waveform. Three sets of 

experiments with similar settings for this waveform were chosen. The 
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temperature range and frequency for these experiments are presented in Table 

4.2. The limits of the temperature were chosen to be low enough to not 

damage the device. 

7DEOH������ Types of gas mixtures used in the experiments with cycled 

temperatures. 

*DV�FRQFHQWUDWLRQV�LQ�DLU��SSP��

�

�

7\SH�RI�JDV�

0L[WXUH���

�

0L[WXUH��� 0L[WXUH��� 0L[WXUH���

+\GURJHQ� 0 100 0 100 

$PPRQLD� 0 0 10 10 

 

7DEOH������ Properties of the sinus waves used in the experiments with cycled 

temperatures. 

6LQXV�ZDYH�SURSHUWLHV�

�

([SHULPHQWV�

� 6HW���

�

6HW��� 6HW���

)UHTXHQF\��+]�� 0.01 0.25 0.01 

7HPSHUDWXUH�UDQJH���&�� 150-200 150-200 100-200 

 

Every gas mixture was measured three times in each set of experiments. This 

is the minimum number of measurements that is needed to make meaningful 

data evaluation possible. The experiments were made randomly in order to 

make memory effects less significant. 
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�������� 'DWD�SURFHVVLQJ�

The purpose of the first experiments was to minimise the recovery time by 

varying the values of the duration and magnitude of the temperature pulse. 

The sensor response was used for data evaluation. The voltage over the sensor 

with no gas sample present constituted the zero level. The voltage shift caused 

by the presence of a test gas was treated as a positive signal (Fig. 4.3.). A 

change in sensor response is thus comparable to a change in the absolute 

voltage over the sensor. The sensor response increases when the voltage over 

the sensor decreases and vice-versa. 

In the case of discrimination between gases, one measurement used for data 

evaluation consisted of the last 1000 s of each of the experiments (16000 

variables). This was chosen mainly for two reasons: 1) the same number of 

variables was always available for data processing, 2) generally the signal 

required 1500 s to return to baseline. The data from each measurement was 

stored in a file, and Fourier transformed and visualised using the program 

SensLab. The software utilises Mathlab for performing calculations and has 

functions for computing fast-Fourier transform (FFT) and principal 

component analysis (PCA) plots [20,21]. The number of frequencies obtained 

from the Fourier transform was only half the number of points from the time 

domain, since half of the amplitude spectrum in the frequency domain is a 

mirror image of the other half. The absolute values of the complex-valued 

Fourier transform were used for PCA calculations. Both the data from the FFT 

calculation and the original samples from the time domain were visualised in 

PCA plots, and the most highly differentiating mode of operation for the 

sensor was determined. 
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4.4 RESULTS AND DISCUSSION 

������ 6WDQGDUG�JDV�UHVSRQVH�

On one hand, it was observed that scaling down the GasFETs and lowering 

their power consumption have had an effect on their gas sensitivity. This was 

slightly lower than for standard devices, but still in a useful range for gas 

detection. An explanation could lie in the processing steps used to fabricate 

the micromachined MOSFET gas sensors, which are different those used for 

standard bulk sensors. The study of the influence of device fabrication on 

MOSFET gas sensitivity is in progress. The dependence of the final response 

on temperature and concentration of the two sample gases on the final 

response for the Ir sensor is shown in Figure 4.7. 

 

         (a)              (b) 

)LJXUH����� Final response for the Ir sensor in (a) hydrogen and (b) ammonia 

(60 s gas pulse) as a function of temperature. 
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In the temperature range and gas concentration tested, no saturation of the 

response to hydrogen and ammonium occurred. The optimum gas response 

was obtained for a high working temperature. It was observed that the change 

in the shape of the response curve when the temperature was increased was 

slightly different from hydrogen to ammonia. The rise and recovery times 

generally became shorter at higher temperatures. However, it was not possible 

to draw similar conclusions for the sensors coated with Pt, due to their lack of 

reproducibility and stability. 

������ 7HPSHUDWXUH�PRGXODWLRQ�IRU�PLQLPLVLQJ�WKH�UHFRYHU\�WLPH�

The working point of the MOSFET sensor, the voltage at constant current, 

depends on the nature of the catalytic metal and the operating temperature 

(section 4.2.5.1). Therefore, the sensor baseline (signal without sample gas) is 

expected to change during modulation of the sensor operating temperature. 

Another possible cause for this modification could be the piezoresistive 

properties of silicon, since the device membrane bends a few µm during its 

operation. 

Modification of the response of a MOSFET sensor using a temperature pulse 

was recently reported [7]. Figure 4.8 shows the response of a MOSFET device 

when a square-shaped temperature pulse was applied randomly, overlapping 

the sample gas exposure (ammonia) and the recovery periods.  
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)LJXUH�����  Modified response curve for a micromachined MOSFET sensor 

when a temperature pulse (45 s) was applied during the sample 

gas exposure (30 s) and recovery periods. 

The curve obtained is clearly different than the usual response, schematically 

represented in Figure 4.3. It was observed that pulsing the temperature after 

gas exposure could accelerate the recovery time. However, some questions 

were raised regarding the effects that led to these first results. What were the 

contributions of the electrical and chemical effects produced by the 

temperature pulse to the modification of the sensor signal? What pulse length 

and height would be optimum to shorten the sensor recovery time? In the 

following sections, some mechanisms to explain sensor behaviour are 

discussed, and the results of recovery time minimisation presented for 

hydrogen and ammonia. 
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�������� 3XOVLQJ�RI�WKH�WHPSHUDWXUH�ZLWKRXW�VDPSOH�JDV�

Square-shaped temperature pulses were applied to the sensors during the 

baseline (without sample gas) period, with the aim of determining the 

electrical contribution of the temperature pulse to the sensor response. 

The Al sensor was first tested to determine the electrical contribution to the 

sensor signal when the temperature is pulsed. The Al sensor response 

increases with an increase of the temperature pulse (in fact, the voltage on the 

sensor goes down). At temperatures higher than 235°C, the shift in the sensor 

response can reach a few hundred milliVolts (Fig. 4.9), due to the leakage 

current increasing drastically in these devices [28].  
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)LJXUH����� Application of temperature pulses (one second long, from 200 to 

240, 250, 260 and 270°C, respectively) to on Ir and Al sensors in 

the absence of sample gas. 
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However, after the application of the temperature pulse, the Al sensor signal 

exhibits an unexpectedly large relaxation time. Some investigation is still 

required to identify the mechanisms related to this phenomenon. 

The desired behaviour of the Al sensor was that it would give the same signal 

as the Ir sensor in pure synthetic air. This would have made it possible to erase 

the electrical effect of the temperature pulse on the Ir sensor response by using 

the Al sensor as a reference. However, the responses of the two sensors were 

not comparable. The long relaxation time constant was not observed for the Ir 

sensor. Moreover, the Ir sensor response sometimes dipped below the baseline 

after the pulse was applied, something that was not observed for the Al sensor 

(Fig. 4.9). Different Ir and Pt sensors were also used for studying the influence 

of the temperature pulse (Fig. 4.10).  
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)LJXUH������ Application of temperature pulses (one second long, from 190 to 

240ºC) to Ir and Pt sensors in the absence of sample gas. 
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It was observed that the perturbation of the baseline caused by the temperature 

change was specific to each device, depending on its chemical ‘state’ (history) 

when the pulse was applied, and on the pulse shape. It was also noted that the 

temperature could cause positive or negative deviations in the baseline, as 

illustrated in Figure 4.11.  

   

           (a)           (b) 

)LJXUH������ Application of  a temperature pulse (one second long, from 190 to 

240ºC) in the absence of sample gas caused either a (a) positive or 

(b) negative change in the baseline for an Ir sensor. 

It was mentioned above (section 4.2.4) that the adsorption  sites at the 

interface are assumed to follow a Temkin isotherm [15]. This indicates that 

the influence of the temperature change is also dependent on surface coverage 

at the time of application. This could explain the different behaviour of the Ir 

sensor noticed in Figures 4.9 and 4.11. Depending on the coverage of the outer 

surface (metal), transfer of chemical species to the inner surface (interface 

metal/insulator) (high coverage), or desorption of species to the outer surface 

(low coverage), could dictate response for a given shape of the temperature 

pulse (see Fig. 4.4.). 
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At the beginning of the temperature pulse, the energy transferred to the system 

would activate the adsorption of atoms in the background on the outer surface 

(see Fig 4.4). However, if the temperature pulse is long or large enough, the 

desorption of chemical species from the inner surface would become 

predominant. 

On one hand, since the temperature pulse is applied in air, the outer surface 

should be relatively clean, and the desorption of molecules from the inner 

surface should rapidly dominate. In this case, the inner surface, where the 

polarisation giving rise to the sensor signal occurred (section 4.2.3), is empty 

of hydrogen during the temperature pulse. When the temperature pulse is 

turned off, the sensor signal is lower and goes back to the initial value with a 

certain time constant due to reactions with molecules in the background (Fig 

4.11b). 

On the other hand, when the outer surface is covered by chemical species, the 

transfer of these species to the inner surface will first dominate, and the sensor 

signal should slightly increase. If the temperature pulse is too short or small, 

the desorption will not occur more rapidly than adsorption at the inner surface. 

Therefore, the sensor voltage after application of the gas pulse would be 

slightly higher than before, as shown in Figure 4.11a. 

When studying this effect on the Pt sensor, it was found that the dip in 

response was not present (Fig. 4.10). Unfortunately, it was not possible to 

speculate any further on the effect of the temperature modulation on Pt sensor 

response due to their lack of stability. 

Applying a temperature pulse in the presence of carrier gas after a pulse of 

ammonia showed that the temperature pulse in itself caused a tailing of the 

sensor baseline (Fig. 4.14). The tailing lasted for more than 5 minutes, as the 
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baseline had to drop by about 250 mV to return to its original level. In this 

case, it was believed that some impurities remained in the tubing/sensing cell, 

so that the transfer of chemical species to the inner surface was predominant. 

It can be clearly seen from Figure 4.14 that the electrical effect of the 

temperature pulse was to cause a quick shift in sensor response of about 

200mV, and that the response continued to increase until the temperature 

pulse was switched off. Therefore, the sensor response dropped 200 mV due 

to the electrical effect upon termination of the pulse, but remained at a higher 

level than before, due to the increased coverage of chemical species at the 

inner interface. 

This effect had made impossible to reproduce the results suggested in Figure 

4.8, that the recovery time of the sensor after an ammonia gas pulse could be 

reduced by a temperature pulse. It is known that it is harder to interpret the 

chemical sensing mechanisms related to ammonia since the molecules tend to 

exhibit a “sticking” effect. The  measurement set-up design would have to be 

reconsidered to improve the cleanliness of the system. However, the results 

obtained gave some indications about the nature of interactions between the 

chemical species and the gas sensor itself. 

�������� 0LQLPLVLQJ�WKH�UHFRYHU\�WLPH�LQ�WKH�SUHVHQFH�RI�K\GURJHQ�

Hydrogen was chosen for the first set of experiments because hydrogen atoms 

are generally easier to remove from a sensor surface than ammonia (faster 

chemistry). An attempt was made to find a magnitude and duration of the 

temperature pulse that minimised the recovery time without taking 

perturbation profile into account. This kind of temperature pulse was tested 

only in the carrier gas for temperatures in the range of 200 to 300ºC. In order 
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to decrease the induced Ir sensor baseline perturbation, the duration of the 

temperature pulse was lowered drastically to last for 0.5 to 4 s. 

The resulting baseline shift was not as pronounced as for a pulse lasting 30 s, 

and was considered acceptable below temperatures of 240°C, where the 

amount of leakage current is significantly reduced. However�� though a 

temperature pulse of 200ºC did not induce any baseline shift, it was not 

powerful enough to increase reaction rates on the surface, since the sensor was 

operated at 190°C. 

The outcome from all the tests was that a longer heat pulse (4 s) induced a 

disturbance that had a negative effect on the recovery time and a shorter pulse 

(0.5 s) did not seem to be long enough to decrease the recovery time. It was 

also clear that the minimum recovery time should be determined when the 

temperature pulse was higher than or equal to 240ºC. A question that remained 

was to determine when this temperature pulse should be applied in the 

recovery time period. 

A temperature pulse of 240°C that lasted for 1 s was then applied 60 s after a 

pulse of 200 ppm hydrogen. It was found to cause a non-significant change in 

the sensor recovery time. In order to study more closely its effect on the 

response curve, the temperature pulse was applied as close to the gas pulse as 

possible in all further experiments. The reason for this was that the maximum 

final response was often between 50 and 100 mV, and the response decreased 

quickly after the gas had been shut off. The possible effect of a temperature 

pulse was more clearly visible if it was applied before many of the molecules 

had desorbed from the sensor. Finally, it was found that the minimum 

recovery time  was observed when the duration of the pulse was 1 s, its height 
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50ºC (from 190 to 240°C), and when it was applied 10 s after the sample gas 

has been shut off (Fig. 4.12). 
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)LJXUH������  Ir sensor response at 190°C to 4 gas pulses of 200 ppm H2 (30 s), 

first cycle with no temperature pulse after the gas pulse, following 

cycles with a temperature pulse of 240ºC that lasted for 1 s 

applied 10 s after a. 

�������� 0LQLPLVLQJ�WKH�UHFRYHU\�WLPH�LQ�WKH�SUHVHQFH�RI�DPPRQLD�

The first attempt to decrease the recovery time of the sensor when exposed to 

ammonia was made using the same parameters tested for hydrogen. The 

influence of temperature pulses on ammonia was found to be negligible in all 

these experiments, which we explained, as previously mentioned, by the 

presence of the impurities remaining in the chemical background. In fact, a 

temperature pulse of 240ºC that lasted for 4 s made the recovery time even 
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longer (Fig. 4.13). Shorter pulses at lower temperatures did not seem to have 

any effect on the response.  

 

)LJXUH������ (a) No temperature pulse applied, sensor at 190°C (b) a 

temperature pulse of 240ºC that lasted for 4 s was applied 10 s 

after a pulse of 20 ppm ammonia. 

A longer temperature pulse than for hydrogen was therefore believed to be 

required to show the feasibility to decrease the recovery time. A temperature 

pulse of 230°C that lasted for 30 s was applied 210 s after the sample gas had 

been shut off (Fig. 4.14). 

(a) 

 

 

 

 

 

(b) 
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)LJXUH������ A temperature pulse (B) of 230ºC that lasted for 30 s was applied 

210 s after a pulse of ammonia (A) that lasted for 30 s. This 

caused an increase in the recovery time rather than a decrease. 

When looking at Figure 4.14, it is apparent that the desorption of molecules 

occurred more rapidly after the temperature pulse was applied, but the 

significant shift of the sensor signal (250 mV) increases the recovery time. 

When the temperature pulse was applied, sensor response increased (chemical 

background effect, see section 4.4.2.1). However, during the last part of the 

temperature pulse, the sensor signal started to decrease, corresponding to a 

desorption of species from the inner surface dictating sensor response. This 

result confirms that a temperature pulse could reduce the recovery time of a 

sensor exposed to ammonia. In these experiment conditions, a longer 

temperature pulse could finally result in the desorption of species from the 

inner surface at a faster rate than their adsorption. Another solution could be to 

increase the temperature of the sensor pulse. 
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�������� 'LVFXVVLRQ�DERXW�WHPSHUDWXUH�PRGXODWLRQ�IRU�PLQLPLVLQJ�WKH�

UHFRYHU\�WLPH�

Different effects were suggested to explain the behaviour of the sensor signal 

when the temperature pulse was applied either during the baseline or recovery 

period. They include electrical effects due to the intrinsic properties of 

MOSFET transistors, as well as chemical effects. A device with an aluminium 

gate was used to determine the electrical effects. The chemical effects were 

studied by applying a temperature pulse to a device coated with a sensing film 

in synthetic air. Different processes such as adsorption and desorption of 

chemical species seem to occur at the outer and inner sensor surfaces. By an 

adjustment of the temperature pulse length and height, the recovery time for 

hydrogen could be improved under specific conditions. 

The recovery time for ammonia could not be improved in any of the 

experiments performed in this work. This is partly due to the fact that 

ammonia is difficult to remove from the tubes of the gas mixing system. This 

means that the long recovery time observed may be an effect of ammonia 

molecules slowly leaching from the tubes of the gas mixing system. This also 

explains why the recovery time was seemingly not improved by temperature 

changes on the sensor surface, since the adsorption of chemical species at the 

inner surface was greater than the desorption. The long rise and recovery 

times observed for ammonia may also be influenced by slow reaction rates. 

However, temperature variations are expected to affect these reactions more 

than what was seen in the experiments described here. Pulses that last for 

longer times or having higher temperatures might activate species desorption 

from the inner surface to a greater extent as shown in Figure 4.8. 
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These experiments were performed at a typical operating temperature for these 

sensors, 190°C. To avoid long term damage to the device and especially the 

strong baseline shift when the temperature pulse is applied, further tests 

should be performed at lower operating temperatures. The aim would be to 

reduce the temperature of the gas pulse to values where leakage currents are 

less apparent.  

In summary, the figures presented in this section show that different kinetics 

can be obtained by varying the temperature during gas exposure, due to the 

dependence of the reaction constants on temperature. The way the sensor 

response is modified by a given temperature profile differs, depending on the 

nature of the sample pulse (analyte gas) and the sensing catalytic metal. 

Depending on the application, a temperature pulse applied after gas exposure 

could be used to shorten the sensor recovery time. Moreover, a modulated 

temperature mode of operation could be of interest for discrimination between 

gases in a mixture, as presented in the next section. 

������ 7HPSHUDWXUH�PRGXODWLRQ�IRU�GLVFULPLQDWLQJ�JDV�PL[WXUHV�

As mentioned in section 4.3.5.2, only sensors coated with Ir as catalytic metals 

were investigated in these experiments to discriminate gaseous in mixture. 

�������� 5HVXOWV�IURP�WKH�ILUVW�VHW�RI�H[SHULPHQWV�

Typical shapes of sensor voltage for each gas mixture from the first set of 

measurements (Table 4.2) can be found in Figure 4.15. Three similar 

measurements have been averaged and two complete temperature cycles have 
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been chosen. All the figures in this section present the absolute value of the  

sensor voltage.  

 

)LJXUH������ Ir sensor voltage (continuous line) at a temperature variation 

between 150 and 200°C at 0.01 Hz (dotted line) in the presence of 

(a) pure synthetic air, (b) 100 ppm H2, (c) 10 ppm NH3, (d) 10 

ppm NH3 and 100 ppm H2. 

As Figure 4.15a shows, the sensor voltage in the presence of synthetic air 

showed the same characteristics as expected when only electrical effects are 

influencing the voltage. That is, the sensor voltage reached its lowest value 

when the temperature was high and became high at a low temperature. The 

sensor voltage when 100 ppm of hydrogen was present was similar to the case 

with only synthetic air. A difference in its fluctuation appeared when the 

temperature was raised  (Fig. 4.15b.). The samples with NH3 were very similar 

to each other in that they both caused the same type of sensor voltage shift 
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compared to the temperature variation (Figs. 4.15c and 4.15d). The voltage 

increased when the temperature was high. The amplitude in these samples was 

slightly higher than when hydrogen alone was present. The voltage difference 

between the samples with NH3 and those without NH3 was in the range of 300 

mV. This was larger than the difference in voltage between, for example, the 

samples with 100 ppm hydrogen and those with only synthetic air. 

The waveforms were further investigated by using the measurements made 

only in synthetic air as a reference for all the other measurements (Fig. 4.16). 

The absolute value of the sensor voltage in the presence of pure synthetic air 

was subtracted from the absolute values of all the other measurements. The 

three runs for each mixture were averaged before the calculation was done. 

The negative voltages in Figure 4.16 are due to the sensor voltage in the 

reference signal being higher than in all other measurements. 

 

)LJXUH�������Normalised Ir sensor voltage for an operating temperature cycled 

between 150 and 200°C at 0.01 Hz using synthetic air as a 

reference for (a) 100 ppm H2, (b) 10 ppm NH3, and (c) 100 ppm 

H2 and 10 ppm NH3. 
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These results showed that even the sensor voltage in the presence of hydrogen 

reached its highest value when the temperature was high. It should also be 

noted that all the normalised voltage curves have a shape that resembled to a 

sinusoidal waveform. The differences between the normalised sensor outputs 

suggest that it could be possible to discriminate between samples with a 

pattern recognition method. To investigate this further, the data was Fourier 

transformed and visualized in PCA plots. The PCA plots obtained, with the 

variables plotted as distinct times and as frequencies, can be found in Figure 

4.17. 

 

)LJXUH������ PCA plots from the data in the first set of the experiments using 

(a) distinct times and( b) frequencies from the Fourier transform 

as variables. : Pure synthetic air. : 100 ppm H2. : 10 ppm 

NH3. : 100 ppm H2 and 10 ppm NH3. 

A rule of thumb for determining if it is possible to build a valid Partial Least 

Squares (PLS) or Artificial Neural Networks (ANN) model from the data is 

that it should be possible to draw straight lines between the groups in the PCA 

plots. As it can be seen in the plots, the discrimination between different gas 

mixtures was poor for both choices of variables and no straight lines could be 
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drawn between the groups. There was a clear distinction between the samples 

with ammonia and the samples without ammonia. However, there was no 

separation between the groups within these two categories. 

�������� 5HVXOWV�IURP�WKH�VHFRQG�VHW�RI�H[SHULPHQWV�

In order to improve the discrimination, a second set of experiments was 

performed. In these experiments, the frequency of the sinusoidal temperature 

modulation was increased to 0.25 Hz. It turned out that the shorter period of 

the waveform changed the behaviour of the recorded signals. Firstly, the 

amplitude of all the voltages decreased. Secondly, the NH3 curves no longer 

exhibit their apparent phase shift. However, when using the synthetic air 

measurement as a reference, it turned out that most of the phase shift still 

remained in all the samples (Fig 4.18). 

 

)LJXUH������ Normalised Ir sensor voltage for an operating temperature cycled 

between 150 and 200ºC at 0.25 Hz using synthetic air as a 

reference for (a) 100 ppm H2, (b) 10 ppm NH3, and (c) 100 ppm 

H2 and 10 ppm NH3. 
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The data from these measurements were processed and visualised in PCA 

plots as for the first measurements. The changed frequency of the temperature 

modulation did not improve the separation between the groups. 

�������� 5HVXOWV�IURP�WKH�WKLUG�VHW�RI�H[SHULPHQWV�

In the third set of experiments, the temperature range was 100 to 200ºC and 

the frequency 0.01 Hz. The extended temperature range was expected to 

increase the amount of information obtained from the reactions at the sensor 

surface. They would therefore yield better discrimination between the gas 

mixtures. However, the voltage curves from these experiments looked almost 

identically as in Figure 4.15. Most of the features from the first set of 

experiments seemed to be preserved. Normalised sensor voltages when using 

synthetic air as a reference signal can be seen in Figure 4.19. 

 

)LJXUH������ Normalised sensor voltages for an operating temperature cycled 

between 100 and 200ºC at 0.01 Hz using synthetic air as a 

reference for a) 100 ppm H2 b) 10 ppm NH3 and c) 100 ppm H2 

and 10 ppm NH3. 

The data from these experiments were visualised in PCA plots in a manner 

similar to the two earlier data sets. The PCA plot that was based on discrete 
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samples from the time domain did not show any improvements with regard to 

the ability to discriminate between the gas mixtures (Fig. 4.20a). However, a 

separation was obtained between the groups of measurements that had been 

Fourier transformed. The separation was good enough to make it possible to 

draw straight lines between the gas mixtures, as can be seen in Figure 4.20b. 

The differences between these groups of measurements were not large, but the 

possibility of drawing lines between the groups implies that the four types of 

gases may be separated. However, the number of measurements for each gas 

sample was small.  

 

)LJXUH������ PCA plots from the data in the third set of experiments using (a) 

distinct times, and (b) frequencies from the Fourier transform as 

variables. : pure synthetic air. : 100 ppm H2. : 10 ppm NH3. 

: 100 ppm H2 and 10 ppm NH3. 

�������� 'LVFXVVLRQ� DERXW� WHPSHUDWXUH� PRGXODWLRQ� IRU� JDV� PL[WXUH�

GLVFULPLQDWLRQ�

It should be emphasised that the sensor voltage patterns obtained in the cycled 

operating mode were different from those from the experiments described in 
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section 4.4.2, as they were obtained at constant gas concentrations (no sample 

gas pulse). This means that the sensor voltage pattern from each experiment 

was not dependent on the gas concentration but only on the change in 

temperature. It should also be noted that the absolute value of the sensor 

voltage, instead of the voltage shift, was used in all these experiments for both 

data visualisation and evaluation. 

An increase in the temperature decreases the voltage over a sensor operated in 

synthetic air. This is due to the electrical effect of the temperature on the 

sensor. However, operating the device in a cycled temperature mode in the 

presence of a sample gas adds a chemical effect to the sensor voltage. This 

effect can be studied separately if the sensor voltage is normalised by 

subtracting the sensor voltage in synthetic air is subtracted from the sensor 

voltage in the presence of a sample gas (Figs. 4.16, 4.18 and 4.19). In these 

experiments, the effect of the sample gas was larger at a low temperature than 

at a high temperature. This means that the total coverage of test gas molecules 

reached its lowest value at a high temperature. This is in accordance with 

previous theoretical findings [18]. 

The normalised voltage from the sensor decreases when the frequency of the 

sinusoidal waveform is increased. This implies that the reactions on the sensor 

surface are too slow for this frequency. They do not get enough time to reach 

their original value after every period. It was originally thought that this mode 

of operation would yield better discrimination between the gas mixtures than a 

slower modulation of the temperature, but that result was not achieved.  

When studying the samples in the time domain, it is clear that the samples 

with 10 ppm NH3 (with or without hydrogen) lie very close to each other. The 

same is true for samples without ammonia. The same behaviour is observed in 
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the PCA plot. The separation between samples with and without NH3 is very 

good, but not within these groups. The small difference between samples of 

just synthetic air and both synthetic air and hydrogen implies that not many 

hydrogen atoms interfere with the sensor surface. This also explains why the 

difference between the NH3 samples is very small. The separation between the 

four groups of measurements would probably have been better if the sensors 

have been more sensitive to hydrogen. 

As could be seen in the PCA plot from the third set of experiments, when 

using frequencies as variables, it was possible to draw straight lines between 

the four groups of measurements. The separation between the four gas 

mixtures was better when frequencies from the Fourier transform were used 

instead of distinct times. This may be due to the ability of the FFT to extract 

useful information from the signals linked to the shape of the voltage curve. 

The time domain yields mostly information about the difference in voltage 

between the four curves. However, the distance between the groups in the 

corresponding PCA plot was rather small, and more measurements are 

required in order to determine the validity of this result. This small distance 

and measurements over a long period would probably be sufficient for 

differentiating between the four gas mixtures using a pattern recognition 

method like PLS or ANN. 

4.5 OULOOK FOR OTHER MODES OF OPERATION 

Further experiments are underway to evaluate the potential of this new 

information, with the aim of applying these modes of operation for specific 

gas-sensing applications. With the low-power micromachined MOSFET gas, 
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new ways of combining different gas sensing principles using different modes 

of operation emerge. The results obtained indicate that an “intelligent” 

combination of sample and temperature pulses could be used to expand the 

information content in sensor response considerably. In the following 

paragraphs, a few possibilities will be described. 

������ 7KHUPDO�FDORULPHWULF�VHQVRU�

The small thermal mass MOSFET sensor opens up the opportunity to monitor 

the heat exchange during exposure to a gas. This parameter could contain 

relevant information for applications such as electronic noses [22]. The heat 

exchange during gas exposure is produced by chemical reactions between the 

analyte gases and the catalytic metals, and/or by the heat transfer by 

convection between the sensor surface and the gaseous atmosphere. The latter 

is due to the change in thermal conductivity of the ambient atmosphere when 

impurities are introduced. It was previously shown that traces of certain gases 

could be identified using thermal sensors [23,24]. 

In our case, it could be useful to combine the heat exchange effect due to 

chemical reactions and the field-effect to improve the selectivity of MOSFET 

gas sensors. From a practical point-of-view, this means that the power needed 

to keep the MOSFET sensor at a constant temperature has to be monitored. 

Moreover, an array of hotplates could be designed to combine the low-power 

MOSFET with thermal sensors and microcalorimeters. In this way, 

information could be obtained about the thermal conductivity of the gases and 

the enthalpy changes during the chemical reactions. Depending on the location 

of the microcalorimeters and MOSFET sensors, a distributed chemical sensor 
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system could be made, in which the gas mixture would be modified along the 

flow direction as described in ref. [25]. 

������ &RPELQDWLRQ� RI� WKHUPDO�FDORULPHWULF�� UHVLVWLYH� DQG� ILHOG�HIIHFW�

VHQVLQJ�PHFKDQLVPV�

Moreover, a gas-sensitive polymer or a metal-oxide film could replace the 

gate material [9,10,12]. In order to obtain more information, the resistance of 

the film could be monitored under various gaseous atmospheres to obtain a 

resistive, calorimetric, and field-effect gas-sensing device. 

������ 2SHUDWLQJ�DW�KLJK�WHPSHUDWXUH��VHQVLQJ�DW�ORZ�WHPSHUDWXUH�

Since the more stable gaseous compounds (e.g. NO2, hydrocarbons) require 

higher temperatures to be decomposed by the catalytic metals, another mode 

of operation to investigate would be pulsing of the device temperature at 

temperatures higher than the working temperature of the transistors (>200°C). 

As an example, at higher temperatures hydrocarbons would in general be 

decomposed to release hydrogen, which diffuses through the catalyst layer to 

reach the metal/insulator interface, where they absorb to form electric dipoles 

[11]. By cooling the temperature rapidly to a normal operating temperature 

(140-170°C), the signal given by the MOSFET gas sensor could contain 

information about these compounds. The desorption of the adsorbed hydrogen 

is in most cases slow enough to allow a sufficient amount of hydrogen to 

remain after the cooling period [15]. Typical recovery time constants of the 

devices at 140-170°C are of the order of 1-10 s (see Fig. 4.12). 
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������ 6HOI�KHDWLQJ�PRGH�RI�RSHUDWLRQ�

The low-thermal mass of these devices means that they could be used as self-

heating MOSFET gas sensors. The MOSFET could be used as heater and as 

field-effect gas sensor at the same time. However, it would be harder to 

separate the thermal and field effects in this operational mode, since both have 

a direct influence on MOSFET electrical parameters. Considering the actual 

design, high voltages would also be needed to meet the power requirement (90 

mW / 4 = 22.5 mW per MOSFET) and to keep the MOSFET drain current as 

low as possible. Some additional drift problems might appear. To lower the 

power consumption, more precise microelectronics and micromachining 

processes could be used to scale down the MOSFET and the silicon island [6]. 

Another way to accomplish this would be to use the silicon-on-insulator (SOI) 

technology as proposed in the next paragraph. 

������ 6LOLFRQ�RQ�LQVXODWRU�WHFKQRORJ\�

The use of SOI technology allows the fabrication of micro-hotplates with a 

reduced silicon island thickness. We have shown that the power consumption 

and the thermal time constant could be reduced by at least a factor 2 and 5, 

respectively, for the same array on micromachined SOI substrates [26]. 

Moreover, MOSFETs made on SOI could operate at higher temperatures, up 

to 300-350°C [27]. Concerning the self-heating mode, the MOSFETs on SOI 

could be thermally isolated by the local oxidation of silicon (LOCOS). They 

could therefore be locally self-heated, in contrast to devices made on standard 

silicon, in which the whole silicon island is heated. 
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4.6 CONCLUSION 

A low-power micromachined device allows new modes of operation for 

MOSFET gas sensors. The working temperature of the sensor can be 

modulated with a time constant smaller than 100 ms. Modulation of the 

temperature during gas exposure modifies the kinetics associated with gas 

response mechanisms. The different response patterns obtained in these modes 

of operation depend on the analyte sensed and on the catalytic sensing film.  

A pulse of the sensor temperature after gas exposure can reduce its recovery 

time under specific operating conditions. A competition between the 

adsorption of chemical species from the outer to the inner surface, and their 

desorption from this inner surface, was suggested as an explanation of the 

sensor response behaviour. Cycling the temperature can allow discrimination 

between different gas mixtures, with effective resolution at a temperature 

modulation of ‘low’ frequency and large amplitude. The data were Fourier 

transformed before the evaluation was done. Further experiments are 

underway to evaluate further the potential use of these effects, with the aim of 

applying these modes of operation for specific gas sensing applications. 

Other possible modes of operation were discussed. The small thermal mass 

could allow monitoring of the heat exchange during gas exposure, increasing 

the amount of information obtained from MOSFET gas sensors. SOI 

technology was also suggested as a good candidate to improve the 

performance of MOSFET gas sensors, by allowing higher temperatures of 

operation, lower power consumption, and thermal time constants. 
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ABSTRACT 

Thermal measurements and electrothermal simulations (FEM) were performed 

in the aim of optimising the power consumption and the temperature 

distribution of micro-hotplates for gas-sensing applications. A silicon island 

was added underneath the micro-hotplate’s membrane to improve the 

temperature distribution of drop-coated metal oxide gas sensors and to 

thermally isolate MOSFET gas sensors. The temperature distribution over the 

sensing area and the power consumption depend on the silicon island 

thickness, which was optimised for both applications using the software 

MEMCAD from Microcosm Technologies. The thermal conductivity of 

silicon and dielectric membrane, the operating temperature, the geometry and 

the area of the heater, and the processing of the silicon island were considered
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 in the optimisation process. The thickness of the silicon island was optimised 

to ensure a good temperature distribution over the gas-sensing area for metal-

oxide and MOSFET gas sensors with specific geometry. 

5.1 INTRODUCTION 

Micro-hotplates are of great interest in the gas sensor field since they allow 

reduction of the power consumption and new modes of operation [1-3]. The 

main device characteristics which require optimisation are the power 

consumption, the temperature distribution over the sensing area, and the 

device robustness. They operate generally at high temperatures (i.e. 200-

450°C) and heat losses are generated by conduction through the membrane, by 

radiation and by convection in the surrounding atmosphere. Different authors 

have reported on the modelling of the thermal behaviour of micro-hotplates 

[4-7]. In this paper, the focus is on the optimisation, based on finite element 

modelling (FEM), of the power consumption of micro-hotplates having a 

silicon island with the aim of achieving a uniform temperature distribution 

over the sensing area. 

We have recently reported on fabrication and characterisation of micro-

hotplates for gas-sensing applications [8,9]. A 10-µm thick silicon island was 

added underneath the micro-hotplate’s membrane, using a two-step bulk 

micromachining process, to improve the temperature distribution of drop-

coated metal-oxide gas sensor. The design also allowed the integration of 

electronic devices and was used to lower the power consumption of MOSFET 

gas sensors. Here, we report on thermal measurements and electrothermal 

FEM simulations to optimise the thickness of the silicon island, with the aim 
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of reducing the power consumption of these micro-hotplates and still have a 

homogeneous temperature distribution over the gas sensing area. A uniform 

temperature over the sensing area would improve the gas sensitivity and 

selectivity of the sensor. A decrease of the silicon island thickness would 

facilitate the use of standard etch stop techniques for its fabrication. 

A FEM simulator is a useful tool to determine the thermal behaviour of these 

devices. So far, the main CAD packages used for this purpose were ANSYS 

[10,11], SESES [12], COSMOS [13], and SOLIDIS-ISE [14]. In this work, 

the silicon island thickness was optimised using the MEMCAD (4.8) FEM 

simulator from Microcosm Technologies, Inc [15]. The Mechanical-Electro-

Thermal module, MemETherm, was used to simulate the thermal behaviour of 

the devices. This Joule heating module computes the thermal and electrical 

potential field distributions resulting from an applied voltage or current 

through a resistive element. The mechanical coupling was not included in the 

simulations, though this could be of interest when designing thermal actuators 

[16]. The simulation manager, SimMan, was used to investigate the influence 

of silicon island thickness and thermal conductivity on the thermal properties 

of the micro-hotplates. Infrared (IR) thermal measurements were performed, 

and the results combined with those from the simulator to determine the 

physical parameters necessary for the simulations. 
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5.2 DESIGN AND FABRICATION 

������ 0LFUR�KRWSODWHV�IRU�PHWDO�R[LGH�VHQVRUV�

The micro-hotplates for the metal-oxide gas sensors consisted of a heater 

sandwiched in between a membrane and an insulator, on top of which sensing 

electrodes were integrated. A low-stress LPCVD silicon nitride film was used 

as membrane and insulator, which thermally isolates the heated sensing area 

from the silicon chip frame as illustrated in Figure 5.1. 
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)LJXUH�����  Micro-hotplate with a silicon island for metal-oxide gas sensors. 

A two-step silicon bulk micromachining process was used to release the 

dielectric membrane and to define the 10-µm thick silicon island. The 

thickness was limited at 10 µm since the fabrication process does not provide 

precise control over the remaining thickness of the silicon island remaining 

after the second etching step. The heater (100 Ω at 0°C) and the electrodes 

(sensing area) were made of platinum (TCR=0.00185/°C). More details 

concerning the design and fabrication of these micro-hotplates with and 

without silicon island are presented in Ref. [8]. 
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The gas sensitivity of a metal-oxide sensor to a specific reducing or oxidising 

gas is spread over a certain temperature range. Since the electrodes are 

completely covered with the metal-oxide, a temperature gradient as small as 

possible is needed over the whole sensing area to improve their selectivity. In 

the case investigated here, a temperature gradient of less than 10°C is 

considered as ideal. Moreover, these micro-hotplates can withstand operation 

at high temperatures (up to 700°C), and allow the annealing “on chip” of the 

gas-sensitive material used in the drop-coating process [8]. Therefore, the 

temperature distribution over the gas-sensing area is an important parameter to 

optimize, so that the gas-sensitive material can be annealed in the same way as 

in a belt oven, where temperature gradients are minimised. With an optimized 

temperature gradient for the hotplate, it should be possible to achieve the same 

gas-sensing characteristics using both annealing techniques.� 

������ 0LFUR�KRWSODWHV�IRU�026)(7�VHQVRUV�

The micro-hotplates with thermally isolated Gas-sensitive Field-Effect 

Transistors (GasFETs) also have a membrane made of low-stress LPCVD 

nitride, which was released using a two-step silicon micromachining process 

as described above [8]. An array of 4 MOSFET gas sensors was located in the 

silicon island, thermally isolated from the chip frame (Fig. 5.2) [9].  

The array was surrounded by a heater laid out in a U-shape. The heater 

resistor was made either of doped silicon or evaporated platinum. A diode was 

used as temperature sensor. The metallisation was made of aluminium and 

covered with a PECVD silicon oxynitride film. Windows were opened over 

the MOSFET gate oxides and gas-sensitive catalytic metals, such as Ir, Pt and 
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Pd, were deposited to form the GasFETs. Since many sensor arrays can be 

used at different temperatures, as in electronic noses, the temperature gradient 

between the 4 sensing areas covered by the catalytic metals (size of 60 � 70 

µm2) has to be minimized. A temperature gradient less than 10°C has to be 

reached, 5°C is considered as an ideal value. 

 

)LJXUH����� Schematic cross-sectional view of a micro-hotplate for MOSFET 

gas sensors. The electronic components are located in a silicon 

island thermally isolated from the silicon chip. 

5.3 EXPERIMENTAL 

������ &KDUDFWHULVDWLRQ�

The device temperature was measured using an infrared (IR) camera AVIO 

2100, with a pixel resolution of 12.5 � 20 µm2. IR thermal measurements of 

the micro-hotplates were performed in both an ambient atmosphere and in 

vacuum. The dependence of the resistance on the applied voltage and on the 
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maximum temperature at the center of the heater under these conditions was 

monitored. Then, from these results, the temperature coefficient of the 

resistance (TCR) was calculated. Finally, using the value of the resistance at 

room temperature, and the TCR, the relation between the power consumption 

and the temperature was obtained. This way, the problem of the determination 

of material emissivity was avoided. 

Because of the camera pixel size being similar to heater width and this 

difficulty of determining a value of emissivity for the materials in the different 

regions, precise mapping of the temperature over the whole heated area was 

rather difficult. It was concluded that simulations could yield more reliable 

results about the temperature distribution if the thermal properties of the 

materials were defined.�

������ 2SWLPLVDWLRQ�DQG�VLPXODWLRQ�

For the metal-oxide gas sensors, the temperature distribution over the sensing 

area of micro-hotplates without silicon islands was first investigated. Different 

heater geometries such as simple and double meander were studied (Fig 5.3). 

It was found that the power consumption was lowered by adjusting the 

membrane and heater size, but this was not the main goal of the work 

presented here. As mentioned before, the focus was on the optimisation of the 

hotplates having a silicon island. Membranes having two sizes were 

considered: 1.0 �1.0 mm2 and 1.5 �1.5 mm2, with a heater/sensing area of 

450 �450 µm2 and 750 �750 µm2, respectively. In the case of the MOSFET 

gas sensors, the geometry was fixed, with 1.5 �1.5 mm2 for the membrane 
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and 750 �750 µm2 for the active area, since the technology used in house for 

the processing did not allow for a higher density of integration [8]. 

The thickness of the silicon island was optimised for both types of micro-

hotplates staking hotplate geometry and fabrication into account. Simulations 

were performed to determine the minimum thickness of silicon necessary to 

have a uniform temperature distribution over the sensing area. The boundary 

conditions and the parameters were set as follows: 

 
• The chip frame temperature was set at 30°C in accordance with the IR 

observations; 

• The heat was dissipated by convection in the gaseous atmosphere on the 

front (h = 250 W•m-2K-1)  and backside (h = 125 W•m-2K-1) surfaces of the 

membrane [12]; 

• The thermal conductivity (k) of the silicon rich LPCVD nitride film was set 

in the range of 3.2–22 W•m-1K-1, of platinum at 71 W•m-1K-1, and of 

silicon between 50 and 150 W•m-1K-1, depending on its level of doping 

[11,12,18-20]; 

• An operating temperature in the range of 200-400°C was considered for the 

metal-oxide sensors; 

• A maximum operating temperature of 200°C was considered for the 

MOSFET sensors; 

• To simplify the simulation, the heater was made of platinum sandwiched in 

between nitride films for both types of devices. 

• The temperature gradient in the z direction and the radiation were 

considered negligible [3,12]; 
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• The forced gas flow, used for instance in electronic noses, was assume to 

have no influence on the temperature distribution [17]; 

• The dependence of the thermal conductivity on temperature was not 

considered; 

 
The different designs on which the simulations were performed are described 

in Table 5.1. S1 and S2Si correspond to two types of metal-oxide micro-

hotplate, without and with a silicon island, respectively. S2Si without silicon 

island is named S2. S3Si is the only design investigated for the MOSFET 

micro-hotplate. 

7DEOH����� The different designs simulated for metal-oxide and MOSFET 

micro-hotplates with and without silicon island. 

 S1 S2Si* S3Si 

Sensor type Metal-oxide MOSFET 

Membrane area       (mm2) 1.0 �1.0 1.5 �1.5  1.5 �1.5 

Sensing area            (µm2) 450 �450 750 �750  750 �750  

Si-island area           (µm2) –––––––– 800 �800 800 �800 

Membrane thickness (µm) 0.25 + 0.75 0.25 + 0.25 

Pt-heater geometry Simple and double meander 
 

U-shape 

Pt-heater thickness    (µm) 0.25  

 
*S2Si without silicon island is named S2 
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5.4 RESULTS AND DISCUSSION 

������� 7KHUPDO�PHDVXUHPHQWV�

The thermal measurements were performed on micro-hotplates for metal-

oxide and MOSFET sensors [8, 9]. Here, the results are presented only for the 

micro-hotplates for metal-oxide sensors since there was no variation of the 

dimensions for the MOSFET sensors (design S3Si only, see Table 5.1). 

At an operating temperature of 300 °C, the power consumption of the micro-

hotplates without silicon islands was of about 50 mW for the 1.0 �1.0 mm2 

design (S1) and of about 75 mW for the 1.5 �1.5 mm2 (S2). The lower power 

consumption of the micro-hotplates with a membrane area of 1.0 �1.0 mm2 

could be explained by their smaller heating area, which reduces the absolute 

heat lost by convection. A way to optimise the power consumption would be 

to minimise the heating area in relation to the membrane size as shown in refs. 

[3, 10-12]. In the review published by Simon et al. [3], ratios of 2.6 and 3.0, 

corresponding to the radius of the heated area to the radius of the membrane, 

are given for minimum power consumption. In our case, this would mean 

combining a heating area of 500 � 500 µm2 with a membrane size of 1.5 

�1.5 mm2. However, in a commercial production, a compromise between the 

power and the density of integration has to be reached. 

The power consumption for micro-hotplates having a 10-µm thick silicon 

island (S1Si and S2Si) was about 45 % higher at an operating temperature of 

300°C. At a given operating temperature, the heat dissipated while 

maintaining a uniform temperature over the sensing area would be lowered by 

optimising the thickness of the silicon island to be less than 10 µm. 
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In the case of the metal-oxide micro-hotplates without silicon islands (S1, S2), 

the thermal observations indicated that the temperature distribution over the 

sensing area was more homogeneous for the double meander heater than for 

the simple meander (Fig. 5.3).  
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)LJXUH����� Cross-section of the temperature distribution for a metal-oxide 

micro-hotplate with (a) simple and (b) double meander heaters 

(S1), from IR thermal measurements. 
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The hollows in the Figure 5.3 are due to the difference of emissivity value 

between the arms of the platinum heater and the silicon nitride membrane. The 

value of emissivity could not be adjusted locally on the system used for the 

measurements and therefore the graphs in  Figure 4.3 are representative of the 

two different heater designs. 

The thermal measurements also suggested that the silicon plug added 

underneath the membrane improves the temperature distribution over the 

sensing area as shown in Figure 5.4. The curve obtained presented a smoother 

shape than those in Figure 5.3, taken on devices without silicon island, since 

the radiation intensity measured by the IR-camera is mainly coming from the 

silicon island. 
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)LJXUH����� Cross-section of the temperature distribution over the sensing area 

for a metal-oxide micro-hotplate with a simple meander heater 

and a silicon island (S2Si), obtained by IR thermal measurements. 
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������ )(0�VLPXODWLRQV�

5.4.2.1 Micro-hotplates without silicon island 

The FEM simulations confirmed the indications obtained from the thermal 

measurements about the temperature distribution for the different heater 

designs. The temperature distribution over the sensing area was more 

homogeneous for the double meander heater than for the simple meander as 

shown in Figure 5.5 and in Table 5.2 for the 1.0 � 1.0 mm2 design (S1).  
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)LJXUH����� Temperature distribution at 400°C for the simple (SM) and double 

meander (DM) heaters on a membrane of 1.0 � 1.0 mm2         

(S1, knitride =22 W•m-1K-1). 
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At an operating temperature of 400°C (knitride =22 W•m-1K-1), the temperature 

gradient between the center and the edge of the sensing area is 100°C and 23 

°C for the simple and double meander, respectively (Fig. 5.5 and Table 5.2). 

Therefore, for a metal-oxide micro-hotplate without silicon island, the double 

meander heater definitely provides the best performance. The double meander 

structure gives more flexibility in the design of the heater It can be adapted to 

different thermal conductivity of the membrane material (silicon nitride in this 

case) by changing the width of its elements and/or the distance between them. 

7DEOH�����  Influence of the operating temperature (200, 300 and 400°C) on 

the temperature gradients of simple and double meander heaters 

on a 1.0 × 1.0 mm2 membrane (S1). 

6LPSOH�PHDQGHU�KHDWHU�

knitride=22 W•m-1K-1
�

� 6LPSOH�PHDQGHU�KHDWHU�

knitride=3.2 W•m-1K-1
�

V [V] Tmax [°C] ∆Tmax [°C]  V [V] Tmax [°C] ∆Tmax [°C] 

2.25 207 45  1.70 204 47 

2.75 297 75  2.10 299 67 

3.25 405 100  2.45 398 91 

'RXEOH�PHDQGHU�KHDWHU�

knitride=22 W•m-1K-1 
� 'RXEOH�PHDQGHU�KHDWHU�

knitride=3.2 W•m-1K-1
�

V [V] Tmax [°C] ∆Tmax [°C]  V [V] Tmax [°C] ∆Tmax [°C] 

2.50 200 10  1.70 198 8 

3.15 302 15  2.20 315 15 

3.70 406 23  2.50 398 20 

 

Figures 5.6, as well as the results given in Table 5.2, show that the 

temperature gradient on the sensing area depends also on the temperature of 

operation. The temperature gradient is larger for a higher operating 
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temperature. Moreover, in the case of the designs considered here, 

maintaining the ratio of heater area radius to membrane radius constant, the 

size of the heater area influenced the temperature gradient over the sensing 

area for the metal-oxide hotplate, as presented in Figure 5.7. The gradient was 

larger for the larger design, S2, than for S1. 

400

450

500

550

600

650

700

-400 -200 0 200 400

Distance (um)

T
em

p
er

at
u

re
 (

K
)

200°C

300°C

400°C

  (a) 

400

450

500

550

600

650

700

-400 -200 0 200 400

Distance (um)

T
em

p
er

at
u

re
 (

K
)

200°C

300°C

400°C

  (b) 

)LJXUH�����  Influence of the operating temperature on the temperature 

gradient between the centre and the edge of the sensing area for 

the metal-oxide micro-hotplate (S1, knitride = 22 W•m-1K-1) with 

(a) simple meander and (b) double meander heater 
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)LJXUH�����  Influence of the heater area (S1 and S2) on the temperature 

gradient between the centre and the edge of the sensing area for 

the metal-oxide micro-hotplate with a simple meander heater  

(knitride=22 W•m-1K-1). 

Depending on the technology and applications, different types of heater 

geometry have been proposed during the last years [10,12,21-23]. However, to 

our knowledge, a temperature gradient lower than 10°C has not been reported 

so far for closed-membranes. Since the temperature gradient between the 

center and the edge of the sensing area can reach a value 112°C for a simple 

meander heater operating at 400°C on a 1.5 � 1.5 mm2 membrane (S2) (see 

Figure 5.7), this was considered as our worse case to optimise. A 10-µm thick 

silicon island (k=100 W•m-1K-1) was added underneath the membrane of this 

design (S2Si, simple meander heater) to improve the temperature homogeneity 

over the sensing area. 
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5.4.2.2 Micro-hotplates with silicon island 

A 10-µm thick silicon island was added to the metal-oxide micro-hotplate 

with a simple meander heater (S2Si) with the hope of reaching a temperature 

gradient less than 10°C over the heating/sensing area. The FEM simulations 

confirmed the experimental results presented in Figure 5.4. Using this design, 

a uniform temperature distribution (< 5°C) over the sensing area was obtained 

all over the silicon island surface as shown in Figure 5.8a. Another interesting 

point is that temperature distribution was found to be almost independent of 

the heater geometry. This is evident in Figure 5.8b which shows the 

homogeneous temperature distribution over the sensing area for a U-shaped 

heater on a silicon nitride membrane with the silicon island underneath.  

 

    (a)          (b) 

)LJXUH�����  FEM simulations of a micro-hotplate with a silicon island (S2, 

S3) for (a) simple meander, and (b) U-shape heaters (z-axis x 50, 

temperature = 300°C, kSi= 100 W•m-1K-1, knitride= 3.2 W•m-1K-1). 

Therefore, a semiconducting heater having a U-shape was adopted for the 

MOSFET sensor (S3Si). This heater geometry gives more flexibility in the 
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layout, which is an important issue due to the high number of electrical 

connections for this device. Moreover, the heater and the electrodes (Pt) could 

be defined in one fabrication step using the same mask level [23]. 

������ 2SWLPLVDWLRQ�RI�WKH�VLOLFRQ�LVODQG�WKLFNQHVV�

The optimum silicon island thickness to minimise the power consumption and 

maintain a uniform temperature distribution over the sensing area was 

determined by simulation. The metal-oxide sensor with a simple meander 

heater (S1Si and S2Si) and a MOSFET sensor with a U-shaped heater (S3Si) 

were considered. Different parameters, such as the heater area, operation 

temperature, thermal conductivity of the materials used, and silicon island 

fabrication, were taken into account. 

5.4.3.1 Heating area and operating temperature 

As presented in Figure 5.7 for metal-oxide micro-hotplates, the heater area can 

have an influence on the temperature gradient depending on the design. The 

gradient was larger for the larger design, S2, than for S1. Therefore, the 

silicon island thickness was optimised for the design S2Si, with assumption 

that the results could be transferred to S1 with slight improvement. The 

thickness of the silicon island for the MOSFET micro-hotplates was 

minimised for the only design considered here, S3Si. 

Figures 5.6, as well as the results given in Table 5.2, show that the 

temperature gradient on the sensing area depends also on the temperature of 

operation. The temperature gradient is larger for a higher operating 

temperatures. Indeed, the temperature of operation of metal-oxide gas sensors 
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depends on the nature of the gas to be detected and typically varies from 

200°C (e.g. NO2) to 400°C (e.g. CH4). This effect is less important for 

MOSFET sensors since their temperature of operation is limited to 225°C, due 

to the appearance of leakage currents at higher temperatures. The simulations 

to optimise the silicon island thickness were performed at a specific operating 

temperature of 300°C and 200°C for the metal-oxide and MOSFET sensors, 

respectively. 

5.4.3.2 Materials thermal conductivity 

The temperature distribution over the sensing area depends also on the thermal 

conductivity of the silicon forming the island, which is related to the 

fabrication process. Simulations were performed considering different levels 

of doping of the silicon. The thermal conductivity (k) was set at 150 W•m-1K-1 

for pure silicon, and at 100 W•m-1K-1 and 50 W•m-1K-1 for doped silicon used 

in electrochemical (n-type) and boron (p++) etch stop processes, respectively 

[11,20]. The influence of the thermal conductivity of the silicon on the 

temperature gradient is shown for the metal-oxide micro-hotplate in Figure 

5.9. 

Since the thermal conductivity of a thin film is not easy to determine, a low 

value of 3.2 W•m-1K-1 (low-stress) and a high value of 22 W•m-1K-1 (standard)�

were taken from the literature for the silicon nitride film used as membrane 

[11,18]. Its influence on the temperature distribution over the sensing area is 

also presented in Figure 5.9. The high value gives a higher temperature 

gradient over the sensing area as expected. The micro-hotplates optimised 

here have a low-stress silicon nitride as membrane. A thermal conductivity of                 
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3.2 W•m-1K-1 was therefore chosen to perform the simulations with the aim of 

minimising the silicon island thickness. However, one should be aware that 

the value of this parameter should be experimentally determined to confirm 

the following results. 
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)LJXUH�����  Influence of the silicon thermal conductivity on the temperature 

gradient for metal-oxide micro-hotplates having a silicon island (5 

µm thick) and operating at 300ºC (S2Si with simple meander 

heater, knitride = 3.2 W•m-1K-1 and 22 W•m-1K-1). 

5.4.3.3 Optimised silicon island thickness for metal-oxide micro-
hotplates 

In the case of metal-oxide sensors, the temperature gradient has to be 

optimised to improve the sensitivity and selectivity of the gas sensitive coating 

over the electrodes. This means that the temperature gradient has to be 

minimised over the entire sensing area. Figure 5.10 shows the influence of the 
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silicon island thickness on the temperature gradient over the sensing area for a 

simple meander heater. A 2.0−2.5 µm-thick silicon island (k = 50 W•m-1K-1) 

is enough to reduce the temperature gradient over the sensing area (750 � 750 

µm2) to a value of about 10°C. Therefore, the two-step silicon bulk 

micromachining process used to fabricate the 10 µm-thick silicon island could 

be replaced by a high concentration boron etch stop (p++) made by 

implantation. 
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)LJXUH������ Temperature distribution over the sensing area (section in the 

middle) of a metal-oxide micro-hotplate as a function of the 

silicon island thickness (k = 50 W•m-1K-1) for an operating 

temperature of 300°C (S2Si with simple meander heater, knitride = 

3.2 W•m-1K-1). 
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5.4.3.4 Optimised silicon island thickness for metal-oxide micro-
hotplates 

The MOSFET array sensor contains four different sensitive areas (60 � 70 

µm2) that should operate at the same temperature (Fig 5.11). Therefore, the 

silicon island thickness has to be minimised with the aim of obtaining a 

temperature gradient on individual devices (on 60 � 70 µm2) and between the 

devices that does not exceed 5°C��The array of devices has a symmetric 2�� 2 

configuration and is placed in between the U-shaped heater���

Heater

Diode

MOSFET

 

)LJXUH������ Photograph of the MOSFET array gas sensor, on which are the 

four MOSFETs  surrounded by the heater (U-shape) and with the 

diode in the middle (temperature sensor).�

For a minimum silicon island thickness of 1.5 µm, Figures 5.12 and 5.13 show 

that the gradient is less than 5°C on an individual sensor and also between two 

sensors in a symmetric position with respect to the heater (the two on the left 
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or on the right in Fig. 5.11). However, for a given silicon island thickness, a 

comparison of Figures 5.12 and 5.13 is necessary to determine the�temperature 

gradient between the two sensors on the left and the two on the right on Figure 

5.11. It was found that a silicon island (k = 100 W•m-1K-1) with a minimum 

thickness of 2.0 µm provides a homogenous temperature for the sensor array. 

The temperature gradient is less than 5°C. 
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)LJXUH������ Temperature distribution (cross-section on the two sensors on the 

left in Fig. 5.11) over a MOSFET micro-hotplate as a function of 

the silicon island thickness (k = 100 W•m-1K-1) for an operating 

temperature of 200°C (S3Si with U-shaped heater, knitride = 3.2 

W•m-1K-1).
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An electrochemical etch stop process could be used to fabricate the silicon 

island. In this case, a boron etch stop is not suitable since it is not compatible 

with the integration of electronic components in the silicon island. 
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)LJXUH������ Temperature distribution (cross-section on the two sensors on the 

right in Fig. 5.11) over a MOSFET micro-hotplate as a function of 

the silicon island thickness (k = 100 W•m-1K-1) for an operating 

temperature of 200°C (S3Si with U-shaped heater, knitride = 3.2 

W•m-1K-1). 

5.5 CONCLUSION 

The power consumption and the temperature distribution of micro-hotplates 

having a silicon island were optimised by using MEMCAD to simulate their 

thermal behaviour. Optimised silicon island thicknesses were determined by 
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simulation, to improve the temperature distribution over the sensing areas of 

low power metal-oxide and MOSFET gas sensors. The specific operating 

temperatures, heater geometry and thermal conductivity were considered in 

the simulations. 

A 10-µm thick silicon island was found to be suitable for the design of micro-

hotplates with no restrictions introduced by heater geometry. Therefore, the 

platinum heater and electrodes for the metal-oxide micro-hotplates could be 

defined in one photolithographic step. Optimisation by simulation of the 

silicon island thickness to decrease power consumption and facilitate its 

fabrication was performed for specific applications. Two-steps silicon bulk 

micromachining in KOH to make the silicon island could be replaced by a 

boron or an electrochemical etch stop process for metal-oxide and MOSFET 

micro-hotplates, respectively. 

We are looking at the influence of a thin layer of silicon on the temperature 

distribution over the gas sensing area to evaluate the use of silicon-on-

insulator (SOI) substrates. SOI technology provides an integrated etch-stop for 

the silicon island in the form of a buried oxide layer. Increased operating 

temperatures for of the MOSFET sensors should also be made possible using 

this technology. 
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