
RESISTANCE HEATING

INTRODUCTION

Resistance heating in general is an unwanted side-effect in
electrical engineering. As resistive losses cost energy and
as dissipated energy may result in unacceptably high lev-
els of device temperature, considerable efforts are put into
transforming energy as efficiently as possible. In case ex-
cessive heating cannot be avoided, thermal energy needs
to be withdrawn from the heat generating devices using
heat sinks. Heat sinks are often more expensive and much
larger in size than the overheating devices themselves (e.g.
transistors). Aiming at small-size electronic equipment,
heat dissipation therefore needs to be kept to a minimum.

On the other hand, there are also devices that need to be
heated for proper operation. In this latter context resistive
heating has the advantage of being amenable to electronic
control. Further, as temperature can easily be measured
using temperature sensors, the temperature of a heated
component can be kept constant using closed-loop control.
Compared to combustion, resistive heating is also less dan-
gerous. To maintain combustion, a minimum temperature
is required which in general is well above the temperature
required for optimum device operation. In case of an acci-
dent, high combustion temperatures may also prove to be
harmful. In the case of resistive heating, on the other hand,
the maximum temperature inside a heating resistor need
not be much higher than the desired surface temperature.
In those cases, however, in which large amounts of heat
are to be generated it has to be kept in mind that chemical
energy presently can only be transformed into electrical
energy with an efficiency of about 40%. Combustion heat-
ing, therefore may prove to be overall more advantageous
when large quantities of heat have to be generated.

In this article we focus on resistance heating in minia-
turized electronic devices, i.e. thermal sensors and ther-
mal actuators. Such devices are transducers of energy,
which involve thermal energy conversion on an interme-
diate stage. In such devices heat dissipation is not an un-
wanted byproduct of the energy conversion process but
rather constitutes the central mechanism that underlies
device operation. Some industrially important kinds of
such sensor and actuator devices are explained in more
detail below.

THERMAL SENSORS AND ACTUATORS

Sensors are transducers that convert nonelectrical input
signals into electrical output signals. The interest in elec-
tricity relies on the fact that electrical output signals lend
themselves to effective amplification, processing and com-
munication (1). Sensors can broadly be classified into five
major classes according to the input energy forms of the
signals to be detected:

Signal domain Transduction effect
mechanical piezoresistive effect
thermal pn-diode voltage, thermo-

electric voltage
chemical chemically induced field

effect
magnetic Hall effect
electro-magnetic radiation photo-conductive effect,

pn-photo-effect.

As indicated in the list above, semiconductors - and crys-
talline silicon in general - offer a number of solid-state ef-
fects that allow the above five kinds of non-electrical input
signals to be directly converted into electrical output sig-
nals (2).

In the case of mechanical input signals it is further rel-
evant to note that silicon can be shaped into miniaturized
mechanical structures that can be measurably deformed
under the action of mechanical input signals such as pres-
sures, accelerations, angular rates and so forth. With a
measurable amount of deformation having been obtained,
electrical output signals can then be generated using the
piezoresistive, piezoelectric or capacitive transduction ef-
fects. This latter field of research and technology has be-
come known as MEMS (MEMS: micro-electro-mechanical
systems) (2, 3).

Another important field of application that has bene-
fited from MEMS methods and technologies is the field
of thermal sensors (4). Thermal sensors are sensors that
convert the input signals of interest into an intermedi-
ate thermal signal - usually a temperature change - that
is electrically detected by performing a temperature mea-
surement. The functional principle of such sensors is il-
lustrated in Fig. 1. An indirect, two-step energy conver-
sion process at first sight may seem unnecessarily compli-
cated. However, it needs to be noted that it provides an easy
workaround in all those cases in which semiconductors do
not provide a useful solid-state effect for the special kind
of signal transduction required. Such a situation, for in-
stance, arises when thermal infrared radiation needs to be
detected, i.e. photon energies that are significantly lower
than the fundamental energy gap of most semiconductors.
Thermopile sensors, for instance, are being used in such
situations. At this point, however, it is also relevant to note
that thermal sensors are not exotic workarounds around a
few specific sensor problems, but rather constitute a very
generic class of sensors in their own right. This general-
ity derives from the fact that virtually any form of input
energy can be dissipated into heat and therefore be elec-
trically detected.

With regard to thermal sensors and actuators, gas sen-
sors (5, 6) are a particularly interesting field of application
as such sensors use resistance heating both for the pur-
poses of actuation and sensing. This latter point reveals
from the fact that chemical reactions at a sensor surface
normally require thermal activation to proceed at a mea-
surable rate. Once triggered, such surface reactions are
able to generate or absorb quantities of heat that can be
detected and therefore be used as a sensor signal. This
possibility is used in catalytic gas sensors which are often
called pellistors. Alternatively thermally activated surface
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Fig. 1a Functional principle of thermal sensors. The non-
electrical input quantity to be sensed is converted into an interme-
diate thermal signal. This intermediate signal in turn is converted
into the desired electrical output signal using a temperature mea-
surement. Some application examples are noted in the top row.

Fig. 1b Functional principle of thermal actuators. The non-
electrical output energy form is generated by dissipating electrical
energy. The thermal energy in turn is converted into the output
energy form. Application examples are noted in the figure.

reactions may produce conductance changes in special gas
sensing layers. This latter sensing effect is used in metal
oxide gas sensors.

THERMAL MICROSTRUCTURES

In order to operate thermal sensors and actuators effi-
ciently, it is necessary to produce maximum temperature
changes from a minimum amount of input energy. Temper-
ature changes can be maximized by minimizing the mass
to be heated. In this way its thermal capacitance is min-
imized. The other item to be considered is the thermal
insulation of this mass. Insufficient insulation causes the
generated heat to flow away and thus counteracts the re-
quirement of minimizing the input power. As a key require-
ment we therefore recognize the importance of miniatur-
ized structures that combine small heat capacitance with a
high degree of thermal insulation. Such requirements can
be fulfilled using thermal microstructures.

A specific example of a thermal microstructure is shown
in Fig. 2. This microstructure consists of a thin dielectric
membrane which is freely suspended within a massive sil-
icon chip frame (7–11). Standard materials for forming
such membranes are silicon oxide (SiO2) and silicon ni-
tride (Si3N4). Usually both materials are used in combina-
tion to arrive at a small level of tensile mechanical stress
inside the suspended membrane. On top of this membrane
a platinum (Pt) meander is formed for the heating of the
membrane center. In order to avoid catalytic interactions
with the heated Pt meander, the meander is covered by
a thin, chemically inert layer of SiO2. With Pt exhibiting

Fig. 2 Dielectric membrane-type heater elements. Top row: de-
vice cross-section, bottom row: top view onto membrane device;
micro-heater chip as integrated into a TO-8 package.

a positive temperature coefficient of resistivity (TCR), the
Pt meander can serve the double purpose of a heater and
a temperature sensing element.

For thermal sensors, the usefulness of heated mem-
brane devices builds on the following facts:

� The membrane center is thermally extremely well in-
sulated from the surrounding chip frame. The high
degree of thermal insulation results from the low
thermal conductivity of the membrane materials and
from the extreme aspect ratio of such dielectric mem-
branes (lateral extension ∼ 500 µm; thickness ∼ 0.2
µm). Large temperature elevations can therefore be
achieved with a minimum amount of input energy.
This property is used in the following types of thermal
sensors:bolometers (IR detection), thermopiles (IR de-
tection), heat conductivity sensors (vacuum pressure
sensors, gas sensors), catalytic gas sensors (detection
of combustible gases), micro heaters for metal oxide
gas sensors (detection of air contaminants, electronic
noses);

� The inefficient heat transport through the dielectric
membrane makes the device cooling very dependent
on the properties of the surrounding gaseous ambient.
This property is used in the following kinds of sensors:
vacuum sensors, heat conductivity sensors (detection
of H2, CH4 . . . ), mass flow sensors (gas mixing, motor
manage ment);

� Because of their very small volumes, the heat capac-
ity of such membranes is extremely small. Heating
and cooling rates on the order of 105 grad/s can be
achieved. This latter property is of particular inter-
est for the following kinds of sensors: fast mass flow
sensors (motor management in automobiles, micro-
dosing of gases and fluids. . . ).

The membrane-type devices of Fig. 2 do not represent
the only choice in designing thermal microstructures. In-
stead of using SiO2 und Si3N4 as membrane materials,
the silicon itself can be used to produce membrane-type
devices out of massive silicon chips. Due to the roughly
100 times higher thermal conductivity of silicon relative
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Fig. 3 Micro-heaters exhibiting a spider-like geometry. The
heated membrane and its suspensions can be made out of bulk
silicon either using anisotropic etching or porous silicon sacrifi-
cial layer technologies.

to SiO2 and Si3N4, any heat conduction paths bridging the
heated membrane centre with the cold silicon rim need
to be geometrically constrained. Such geometrical con-
straints naturally lead to the spider-like geometries shown
in Fig. 3 (11–18).

The disadvantage of high thermal conductivity of sili-
con membranes is offset by a number of advantages. With
regard to sensors, one significant advantage is that elec-
tronic devices such as bipolar and field-effect transistors
can be integrated into the thermally insulated membranes.
This possibility significantly enhances the capabilities of
producing higher-functionality sensor devices (13, 16–18).
Considering thermal actuators, the following advantages
are relevant: firstly, bulk silicon microstructures exhibit
considerable mechanical stability; secondly, heavily doped
bulk silicon can be used as an active heater material with
excellent high-temperature stability (operation tempera-
tures up to 800◦C) and thirdly, when heated beyond its in-
trinsic temperature, heavily doped bulk silicon can exhibit
the phenomenon of “explosive evaporation”. Whereas the
first two properties are relevant for gas sensors and ther-
mal IR emitters, the latter property is particularly useful
for realizing one-shot thermal actuators such as airbag ig-
niters.

In the examples below we show how these individual
characteristics of micro heaters can be used to arrive at
a range of industrially important sensor and actuator de-
vices.

SPECIFIC SENSOR APPLICATIONS

Heat Conductivity Sensors

Heat conductivity sensors use the fact that the electrical
power consumption of a dielectric membrane sensitively
depends on the heat conductivity of the ambient air. The
physical properties that become amenable to measurement
in this way can be read off from the formula for the heat
conductivity of an ideal gas. In general terms the heat con-
ductivity is given by (19):

λair = 1
3

· CV · vav · �av (1)

CV : specific heat at constant volume
vav : average molecular velocity
� av : average mean free path

.

In general the average mean free path �free is solely de-
termined by the gas-kinetic parameters pressure P, tem-
perature T and the collision cross section σs:

�free = kB · T
σs · P

(2)

kB : Boltzmann’s constant
T : absolute temperature
P : ambient temperature
σs : molecular cross section.

In those situations in which the molecular motion is
geometrically constrained to a characteristic length Lc, as
for instance by the distance of the heated membrane from
the device package, the average mean free path �av may
be reduced below �free:

1
�av

= 1
�free

+ 1
Lc

. (3)

Introducing a pressure parameter characterizing geo-
metrically constrained situations,

Pc = kB · T
σS · Lc

, (4)

the thermal conductivity λair of the ambient air can be ex-
pressed as:

λair(P, Pc, Mrel, T) = 5
3

·
(

2 · k3
B · T

π · Mrel · M0 · σ2
s

) 1
2

·
(

P
P + Pc

)
(5)

M0 : atomic mass unit(AMU)
Mrel : relative molecular mass

From this latter equation it is evident that in the ab-
sence of geometrical constraints (Lc → ∞), the heat con-
ductivity does not depend on the pressure P. In the case
of constraints, the heat conductivity decreases as the pres-
sure is decreased.

Fig. 4 presents results for the geometrically constrained
heat conductivity of air as a function of the ambient air
pressure. In this example it has been assumed that the mo-
tion of the air molecules is confined to the depth of a typical
etch trough inside a thermal microstructure, i.e. Lc = Lwall

∼ 300 µm. As revealed from Fig. 4 this constraint becomes
relevant when the air pressure is reduced to about 100 Pa,
i.e. to about one thousandth of the normal air pressure.
Above this pressure the heat conductivity is independent
of P but dependent on the average molecular mass (Fig. 4a)
and on the gas temperature (Fig. 4b). Below about 10 Pa
the heat conductivity additionally becomes linearly depen-
dent on P.

The above results can be used in two ways: in the range
of normal ambient pressures the dependence of the average
molecular mass can be used to detect gases in air whose
molecular mass differs from the average molecular mass
of air (20). In the low pressure range heated membrane
devices can be used to measure the pressure inside vacuum
vessels. A principle device architecture that is useful in
both cases is shown in Fig. 5.

Turning to the gas sensing application first we note that
clean air consists of about 80% N2 (Mrel = 28) and 20% O2
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Fig. 4a Geometrically constrained heat conductivity of clean air
as a function of pressure. Data for H2, He, CH4, H2O and CO2 are
shown for comparison.

Fig. 4b Geometrically constrained heat conductivity of clean air
(Mrel = 28.8) as a function of pressure. Parameter: ambient air
temperature.

Fig. 5 Principle architecture of a heat conductivity sensor. At
normal ambient pressure it can be used to detect the presence of
combustible gases (H2, CH4) in air. At low pressures, in which the
mean free path is constrained by Lwall, it can be used to measure
the vacuum pressure.

(Mrel = 32); the average molecular mass of clean air there-
fore turns out to be Mrel ∼ 28.8. Reference to the data of Fig.
4a shows that those gases with molecular masses lighter
than this should easily be detectable. In this class of gases
we find combustible gases such as H2 and CH4, i.e. com-
bustible gases that represent safety hazards when their
concentration exceeds their lower explosive limits (LEL)
of about 4% in air.

For detection, a heated membrane device is used as in
Fig. 5 but with the gas inlet and outlet ports being closed by
porous membranes. This porous sealing allows for a diffu-
sive gas exchange but it does not allow an ignition process
to initiate should the LEL concentration be exceeded. For
detection the membrane device is heated above the ambi-

Fig. 6 Output signal of a heated membrane-type sensor in re-
sponse to increasing concentrations of H2 (red). Because of the
lower average molecular mass, additional heat needs to be sup-
plied to the heated membrane during each H2 exposure pulse.

ent temperature and kept constant by an electronic control
circuit.

With this kind of control being established and gases of
low molecular weight entering the sensor package, more
electrical power needs to be fed into the membrane heater
to maintain a constant surface temperature. This excess
power consequently can be used as a sensor output signal.
The data in Fig. 6 show that in this way H2 can be de-
tected in concentrations far below the LEL of H2 of 4% or
40,000ppm respectively. A likely application scenario in the
near future will be H2 driven cars, where safety requires
all components of the power train to be monitored for H2

leakages.
The data of Fig. 7 point out a problem that is commonly

encountered in the field of chemical sensors, i.e. cross sen-
sitivity. It shows that heat-conductivity sensors not only
detect H2 but also a range of other gases provided two con-
ditions are met: (i) the gas concentration needs to exceed
the minimum detectable concentration of about 1000 ppm
and the gases need to have a molecular mass that is differ-
ent from the average mass of clean air, i.e. Mrel ∼ 28.8. Such
conditions are particularly true in the case of H2O vapor. As
the heat conductivity is further dependent on temperature
(see Fig. 4b), it is evident that heat conductivity sensors
require both temperature and humidity compensation in
order to be useful. Discrimination of several gases becomes
possible employing sensor array concepts (26).

Turning to the second application, namely vacuum pres-
sure sensors, Fig. 4 shows that this is possible at pressures
at which the mean free path becomes constrained by the
dimensions of the micro-heater device. In the example con-
sidered in Fig. 4 we assumed that the distance between
the heated membrane and the package is on the order
of a typical silicon wafer thickness (Lwall ∼ 300µm). Such
macroscopic air gaps can also be realized without invoking
MEMS technologies. Macroscopic versions of heat conduc-
tivity sensors are currently in wide-spread use in the field
of vacuum technology and they are well known under the
name of Pirani gauges. Making use of MEMS technologies
and realizing very small gaps in the order of 1 µm or less
between the heated membrane and a neighboring cold wall,
the condition of geometrically constrained mean free paths
can already be met in the range of normal ambient pres-
sures. MEMS thermal conductivity sensors therefore can
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Fig. 7 Response of a heat conductivity sensor towards a range
of gases which might interfere with H2 detection. Such cross sen-
sitivities arise from the fact that heat conductivity detects the
physical property “average molecular mass" rather than molecu-
lar identity.

also be used for measurements in the meteorologically rele-
vant range of air pressures. For such sensors all the above
considerations concerning cross sensitivity are relevant.
As in a meteorological measurement the ambient temper-
ature and the humidity are being measured alongside with
the air pressure, temperature and humidity compensation
are of no concern in this particular application.

Mass Flow Sensors

Another important field of application of heated-membrane
devices are mass flow sensors in automobiles (21–27).

There mass flow sensors help regulating the flow of
air into internal combustion engines. Such a control is
needed to inject stoichiometric mixtures of air and fuel
into the cylinders. This in turn allows for an optimum
after-treatment of the exhaust gases in the commonly ap-
plied three-way catalysts. Whereas the fuel injection is per-
formed directly into the cylinders, the stoichiometrically
equivalent amount of air is taken into the engine via a
so-called throttle valve. The position of this valve globally
regulates the air-intake into all the cylinders (Fig. 8) and
thus controls the average demand of air to be injected into
the cylinders. In order for such a control to be exerted, the
amount of air passing the throttle valve is measured by
a hot-wire anemometer. Such an anemometer in principle
consists of a piece of heated Pt wire that is cooled by the
flowing air. This cooling effect in turn is a measure of the
air flow that can be detected via a change in the Pt heater
resistance.

Fig. 8 Control of air mass flow into an internal combustion en-
gine using a micro-machined hot-film anemometer.

Fig. 9a Electronic circuit to detect air mass flow using a two-wire
anemometer.

Fig. 9b Uni-directional and bi-directional response to a vibrat-
ing air column upon heating one (top panel) or two wires (bottom
panel).

The interest in micromechanical versions of hot-film
anemometers stems from the fact that these can exhibit
very short thermal response times. Thermal response
times can be as small as 5 msec when operated in the
vicinity of 400◦C. Such a high speed of air flow monitoring
is required by the fact that - in certain revolution ranges
- the pumping action of the internal combustion engine
can lead to oscillations in the air inlet system. In such a
situation the vibrating air column performs periodic for-
ward/backward movements above the sensor surface. In
such an event the injected air flow can be seriously overes-
timated once an unidirectional flow measurement is made.
An exact monitoring, however, can be realized by perform-
ing a bi-directional monitoring of the air flow. To this end,
a heated membrane device with two parallel Pt wires run-
ning across a dielectric membrane is required. A sensor de-
vice with a two-wire architecture is shown in Fig. 9. This
figure also presents sensor output data that were gener-
ated in response to a vibrating air column generated by a
loudspeaker. Fig. 9b shows that the amount of air flow can
be monitored using a single hot wire; heating both wires,
the direction of the air flow can additionally be determined.
It is under these latter conditions that a correct injection of
the air into an internal combustion engine can be realized.

A detailed mathematical analysis of the sensor behavior
can be obtained using the convection equation. This equa-
tion is a generalization of the normal heat conduction equa-
tion to the situation of a moving air flow. The analysis is
lengthy but straight-forward and ultimately leads to the
well-known King’s law of anemometers (22):

Pel(v, T, P) = α(T, P) · √
v + β(T, P) (6)
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This law states that the electrical power Pel that needs
to be fed into a constant-temperature operated heated-wire
anemometer should scale with the square root of the air
velocity. As the constants α and β in equation 6 depend both
on the temperature T and the pressure P of the ambient air,
bothT and P need to be measured independently along with
the air velocity to obtain the desired information about the
air mass flow. In the car industry such flow monitoring
systems have found wide-spread application and are being
produced nowadays in quantities of several millions/per
year (26, 27).

SPECIFIC ACTUATOR APPLICATIONS

Micro heaters for metal oxide gas sensors

Metal oxide gas sensors are widely used in air quality and
safety monitoring applications. Metal oxides are a class of
semiconductor materials that respond to the presence of
adsorbed molecules via conductivity changes (5, 6). Most
of these materials are n-type, i.e. gas-induced conductiv-
ity changes are due to changes in the sub-surface electron
density. Adsorbed molecular species can induce both in-
creases as well as decreases in the surface conductance.
A few molecules, which are more strongly oxidizing than
molecular oxygen (O3,NO2,SO2,. . . ), tend to withdraw elec-
trons from the sub-surface region. Most other molecules,
however, reduce the sensor surface and thus cause the sur-
face conductivity to increase. In such detection events the
adsorbed analyte molecules undergo surface combustion
events in which pre-adsorbed negative oxygen ions are con-
sumed and in which the trapped electrons are returned to
the metal oxide conduction band. A common property of
all these detection reactions is that they require signifi-
cant levels of thermal activation to proceed at a measur-
able rate. It is at this point that micro-heating comes in. In
the case of metal oxide gas sensors micro-heaters perform
an actuator function in that they enable the very detec-
tion reactions to proceed at the surface of a gas-sensitive
semiconductor layer.

To date most commercial metal oxide gas sensors are
prepared by means of screen printing onto bulk ceramic
substrates (28, 29). Due to their bulky nature, ceramic
heater substrates consume heating powers on the order
of 0.5 - 1W per sensor element for attaining the required
operation temperatures of about 400◦C. This high level of
power consumption represents a severe draw-back when
metal oxide gas sensors are to be used in bus-connected
sensor networks or when sensor arrays with higher levels
of gas distinction are to be realized.

Sensor arrays like the one shown in Figs. 10a–d can-
not detect the molecular identity of gases as such. The two
sensor output signals simply characterize the oxidizing or
reducing power of the reactive gases that abound in the am-

Fig. 10a Device cross section of SOI micro-heaters. The heater
current is passed through a heavily doped silicon bridge, which
carries the gas-sensitive sensor layers.

Fig. 10b SOI-based gas sensor array featuring two metal oxide
gas sensors and a thermally insulated Pt thermometer.

Fig. 10c Close-up view onto the heater bridges of the sensor ar-
ray chip in Fig. 10b. The outer bridges carry different kinds of gas
sensing layers and the center one a fast Pt thermometer.

Fig. 10d Nano-granular SnO2 as deposited onto one of the
heater bridges of the sensor array in Fig. 10b.

bient atmosphere. In this sense the two-dimensional sen-
sor output signals simply represent “smell patterns” that
are characteristic of the individual gases and gas mixtures.
This capability of distinguishing smell patterns can, for in-
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Fig. 11 Response of the above two-sensor array towards differ-
ent fire and non-fire situations. TF and NF stand for well-defined
fire and non-fire situations as generated in a standardized test
procedure.

stance, be used to detect fires (39). The data presented in
Fig. 11 show that in this way different “fire” and “non-fire”
scenarios can be distinguished. In the future such metal
oxide gas sensor arrays are likely to be combined with the
currently used types of smoke detectors to arrive at lower
levels of false-alarm rates.

Thermal infrared emitters

A high-selectivity method of gas detection is non-dispersive
infrared (NDIR) absorption. This method detects charac-
teristic molecular vibrations of polar molecules and thus
represents a spectroscopic method of gas detection. NDIR
systems require as key components bright thermal IR
sources that can be modulated at reasonably high speed
to allow high-sensitivity lock-in detection to be applied.
In addition such sources should also provide a stable IR
emission - unaffected both by short-term environmental
changes as well as by long-term drift (40, 41). As minia-
turized light bulbs, widely used in commercial NDIR gas
sensing systems, cannot fulfill such requirements, thermal
micro-heaters have been developed that can live up to such
requirements. Examples of such emitters are shown in Fig.
12 (42).

The emitters in Fig. 12 use the same kind of SOI base
technology as in the metal oxide gas sensors above. Due to
the different actuator requirements, however, these latter
devices exhibit a much different geometry. Whereas tiny

Fig. 12a Device cross section of SOI-based thermal IR emitters.
The heater current can either be passed through the heavily doped
silicon hotplate or through specific heater metallizations deposited
on top of the hotplate.

Fig. 12b Different versions of SOI-based thermal emitter de-
vices: (a) Pt heater meander, (b) Pt emitter operated at around
800◦C, (c) device with an area heater of bulk silicon (Si:B) (d) de-
vice with an area heater consisting of deposited SnO2:Sb.

Fig. 13a Response of the surface temperature of the hotplate IR
emitters to rectangular drive voltage pulses with 1Hz repetition
frequency. Maximum modulation frequencies are on the order of
10 Hz.

hot spots are sufficient to heat metal oxide gas sensing lay-
ers to their appropriate operation temperature, the heated
area in IR emitting devices needs to be made much larger to
generate a sufficiently large radiation output. The heated
area, on the other hand, cannot be increased beyond lim-
its as larger heated areas increase the thermal response
time of the emitters and thus reduce their maximum mod-
ulation speed. Requirements for a sufficiently high modu-
lation speed arise from the request of obviating bulky and
expensive mechanical choppers in the NDIR systems. Both
conflicting requirements lead to relatively large hotplates
with heated areas of 1.5 × 1.5 mm2.

Fig. 13 presents some device characteristics of the emit-
ters shown in Fig. 12. Fig. 13a shows how the surface tem-
perature of the hotplates responds to rectangular changes
in the heater driver voltage. These data reveal that ther-
mal response times are on the order of 100ms, i.e. possible
modulation speeds go up to 10 Hz, which is enough for op-
erating conventional and photoacoustic NDIR systems in
an efficient manner (43).

Fig. 13b, on the other hand shows that the emitted ra-
diation peaks at around 4-5 µm, thus allowing for efficient
NDIR detection in the 3-5 µm atmospheric window. A fi-
nal, but important point to note is that SOI-based IR emit-
ters exhibit a vastly improved long-term stability with re-
gard to earlier dielectric membrane-type devices: acceler-
ated degradation tests have indicated that SOI emitters
can exhibit lifetimes up to 10 years when operated at tem-
peratures approaching 1000◦C (44).
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Fig. 13b IR power as a function of the wave number for the emit-
ted radiation. The interference fringes arise from reflections at the
upper and lower silicon / air boundaries of the Si:B emitter mem-
branes.

Airbag igniters

An actuator application of micro-heaters that promises a
large market potential are airbag igniters. Airbags are an
important safety feature in modern cars (45, 46). Whereas
a single airbag was installed in early cars, up to two dozens
of airbags are installed nowadays. Depending on the inten-
sity and direction of the impact, the individual airbags need
to be triggered in a way that promises to minimize the ef-
fect of the impact. Building such complex safety systems
requires electronic airbag igniters that exhibit highly re-
producible properties and that lend themselves towards in-
tegration into safety bus systems. Semiconductor technolo-
gies are best suited towards solving this problem: firstly be-
cause silicon technology offers the required precision and
secondly because batch processing promises low cost. With
regard to the thermal IR emitter presented above, airbag
igniters are one-shot devices that become irreversibly de-
stroyed when used. During use such igniter devices have
to generate within a very short time temperatures much
larger than the thermal IR emitters and they also need
to generate an intense mechanical shock wave during the
ignition event. These latter requirements can also be satis-
fied using silicon microstructures as these can exhibit the
phenomenon of “explosive evaporation”.

Fig. 14a Schematic layout of the silicon bridge igniter.

Fig. 14b N-type silicon bridge thermally insulated from the p-
type substrate by porous silicon formation.

Whereas in principle the phenomenon of explosive evap-
oration can also be observed in SOI-based devices, igniter
devices have to comply with the additional technical con-
straint of very low cost. Such boundary conditions can be
met using porous silicon technology for forming the ther-
mally insulated structures inside silicon chips. The semi-
conductor device used in this latter case is shown in Fig.
14. Fig. 14a schematically indicates that the igniter device
basically consists of a heavily doped n-type silicon bridge
formed at the surface of a moderately doped p-type silicon
wafer. Such bridges can be formed by ion implantation and
a subsequent drive-in diffusion. In a second step the doped
silicon bridge is thermally insulated by forming porous sil-
icon in all those surface areas that were not converted to n-
type conductivity. Fig. 14b shows that in this way the doped
silicon bridge becomes successively under-etched and ther-
mally insulated by porous silicon as the etching proceeds
from the unmasked surface areas.

The thermal insulation provided by the porous silicon
layer causes Joule heat to pile up inside the silicon bridge
when current is passed through it. Fig. 15a shows that the
porous silicon layer provides enough thermal insulation
to allow heating the silicon bridge well beyond its melt-
ing point (Tm ∼ 1412◦C). Melting and re-condensation of
evaporated silicon is evidenced by the small silicon spheres
deposited on the damaged substrate.

The phenomenon of explosive evaporation is further
demonstrated by the data of Figs. 15b–d. Figs. 15b and c
show the current and light transients that occur during
bridge heating. Fig. 15c, in particular, shows in greater
detail that a sharp current increase is observed after a
short constant-current period (∼200µs). This time delay
corresponds to the time required for heating the bridge to
its intrinsic temperature. After this temperature has been

Fig. 15a View onto an ignited bride showing re-condensed silicon
particles.

Fig. 15b Current and light transients during ignition of the sil-
icon bridge.
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Fig. 15c Detail view onto the current and light transients of Fig.
15b showing more clearly the ignition delay.

Fig. 15d Variation of the bridge resistance during the ignition
process.

reached, the exponentially increasing conductivity of the
silicon bridge causes large amounts of current (>> 1A) to
be passed through the tiny silicon bridge and huge amounts
of heat to be generated there. As due to the thermal insula-
tion this heat cannot be conducted away from the bridge, a
rapid thermal runaway occurs, leading to the phenomenon
of explosive evaporation. This latter interpretation is cor-
roborated by Fig. 15d which displays the resistance vari-
ation as derived from the current and voltage transients
that can be observed during the ignition process. From the
electrical and geometrical data of the device it can further
be figured out that peak power densities on the order of
Pmax ∼ 108W/cm3 are generated. In this way peak temper-
atures up to 3000◦C may be attained and a mechanical
shock wave is initiated as the evaporated silicon suddenly
requires roughly 1000 times more space than the initial
silicon bridge. Such conditions are favorable for triggering
explosive charges as in airbag safety devices.

MATHEMATICAL MODELING OF THERMAL
MICROSTRUCTURES

Designing and optimizing thermal microstructures re-
quires state of the art finite element modeling tools. The
principle behavior of sensor and actuator devices, however,
can be rationalized in an efficient way by using thermal
equivalent circuits (4–40). The idea of thermal equivalent
circuits can be derived in a straight-forward way from the
heat conduction equation. Such considerations lead to the
result that there are direct analogies between electrical
and thermal properties:

Electrical domain Thermal domain
Voltage (V) ↔ Temperature (K)
Current (A) ↔ Heat flow (W)
Resistance ↔ Thermal resistance
(� = V/A) (K/W)
Capacitance ↔ Thermal capacitance
(F) (Ws/K)

Following this idea a heated membrane device like the
one shown in Fig. 2 can be modeled as indicated in Fig. 16.

In this picture we assume that the membrane center is
homogenously heated to a temperature Tm > Ta and that
no heat is generated in the periphery of the membrane
that bridges the heated membrane center with the cold sil-
icon rim, maintained at the ambient temperature Ta. Heat
conduction from this membrane center can then occur via
three independent processes: (i) solid-state heat conduction
through the membrane, (ii) heat conduction (convection)
through the ambient air and (iii) heat radiation. Each of
these processes can be associated with equivalent thermal
resistors whose magnitude depends on the temperature
difference (Tm − Ta), as well as on the thermal and geo-
metrical properties of the heat transporting medium that
bridges the gap between the heated membrane center and
its cold surroundings. In this picture the resulting overall
thermal resistance arises from the parallel combination of

Fig. 16a Thermal resistor modeling of the heat flow from a ho-
mogeneously heated membrane towards the cold silicon rim.

Fig. 16b Thermal resistor modeling of the heat flow from a homo-
geneously heated membrane towards its neighboring heat sinks.
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the individual thermal resistances:(
1

Rth

(
Tm − Ta

)
)

=
(

1

Rsolid

(
Tm − Ta

)
)

+

+
(

1

Rair

(
Tm − Ta

)
)

+
(

1

Rrad

(
Tm − Ta

)
) (7)

With this result the temperature difference Tm −Ta derives
as:

Tm − Ta = Rth(Tm − Ta) · P in (8)

This latter result shows that a high thermal resistance
minimizes the input power Pin for attaining a certain mem-
brane temperature Tm. Furthermore this result shows that
the actual value of Tm depends on Ta, i.e. on the ambient
temperature in which the micro-heater is being operated
in. In the analogy introduced above, the temperature base-
line value of Ta corresponds to the zero-potential baseline
in the equivalent electrical circuit.

Quantitatively the individual resistances can be ex-
pressed as follows:

� Thermal resistance due to solid-state heat con-
duction inside the membrane:

Rsolid =
(

1
4

)
·
(

1
λsolid

)
·
(

Lbridge

tm · Wbridge

)
(9)

λsolid: thermal conductivity of membrane material
Lbridge: length of non − heated bridging rim of membrane
Wbridge: effective width of non − heated bridging rim of membrane
tm : thickness of membrane

The factor of
1
4

derives from the fact that heat is dis-

sipated into four bridging resistors at all four sides of
the heated membrane center.

� Thermal resistance due to heat conduction in
air:
The heat conductivity of an ideal gas is given by:

λair = 5
3

·
(

2 · k B3 · T
π · Mrel · M0 · σ2

s

) 1
2

(10)

kB : Boltzmann′s constant
M0 : atomic mass unit (AMU)
Mrel : relative molecular mass
T : absolute temperature
σs : cellison cross section of molecules.

The total thermal resistance due to heat conduction
derives from the parallel combination of the ther-
mal resistances representing the heat conduction pro-
cesses at the top and bottom surfaces of the heated
membrane:

Rth air top =
(

1
λair

)
· Ltop

L2
m

(11a)

Rth air bottom =
(

1
λair

)
· Lbottom

L2
m

(11b)

Fig. 17a Calculated heating power consumption for a
membrane-type heater as shown in Fig. 2. The individual
contributions due to dissipation into solid-state heat conduction,
heat transport in air and thermal radiation are indicated.

Ltop, Lbottom : distance between the heated membrane
and heat sinks at the top and bottom sides
opposite to the heated membrane area

Lm : lateral extent of heated membrane area

� Thermal resistance caused by emission of ther-
mal black-body radiation:
With the center of the membrane being heated to a
temperature Tm and the surrounding heat sinks being
maintained at a temperature Ta, the net energy flow
between the heated membrane and the surrounding
heat sinks is

Jrad(Tm − Ta) = σSB · (T4
m − T4

a)
σSB : Stephan−Boltzmann radiation constant

(12)

With this result, the thermal resistance caused by the
emission of black-body radiation becomes

Rth rad(Tm − Ta) = 1
2

·
[

Tm − Ta

L2
m · σSB · (T4

m − T4
a

)
]

(13)

The factor ½ derives from the fact that the same
amount of radiation is emitted from both the top and
bottom surfaces toward the respective heat sinks.

In thermal equilibrium these individual cooling pro-
cesses need to be compensated for by the electrical power
input into the membrane center. Fig. 17a shows how these
individual cooling processes contribute to the total power
consumption of the device. Fig. 17b shows how the thermal
response time τth of the device varies as Tm is increased.
This decrease in τth is due to the rapidly increasing cooling
effects due to heat conduction and heat radiation.

So far our considerations have been confined to the ther-
mal insulation provided by a thermal microstructure. A
high thermal resistance minimizes the input power for at-
taining a certain temperature difference (Tm − Ta) and
thus optimizes the sensitivity of a thermal sensor device.
Another sensor property that is important is the thermal
response time, which limits its capability to follow time-
varying signals. In analogy to the equivalent electrical cir-
cuit, this response time is given by:

τth = Rth · Cth (14)
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Fig. 17b Thermal time constant as a function of the membrane
temperature. The time constant drops with increasing membrane
temperature due to the increasing thermal losses due to heat con-
duction in air and due to thermal radiation.

In this equation, Cth stands for the thermal capacitance.
This capacitance in turn depends on the solid-state prop-
erties and on the geometry of the membrane material:

Cth = ρsolid · Cp solid · L2
m · tm (15)

ρsolid : mass density of membrane material
Cp solid : heat capacity at constant pressure of membrane material

In case Rth is limited by Rsolid, τth becomes

τth =
(

ρsolid · Cp solid

λsolid

)
·
(

Lbridge

Wbridge

)
· (L2

m

)
(16)

Looking at this latter result, we note that τth depends
on three items:

(i) The solid-state properties of the membrane material
(ii) The geometry of the suspensions that provide thermal

insulation
(iii) The magnitude of the heated area.

Whereas small heated areas clearly minimize τth (iii),
optimizing items (i) and (ii) to the end of obtaining small
values of τth is clearly in conflict with good thermal in-
sulation. This conflict is the thermal analog of the gain-
bandwidth limitation in conventional electrical engineer-
ing.
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