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Abstract

This paper is about integrated silicon thermo-
piles and their applications in silicon sensors. Af-
ter a short description of the thermoelectric effect
and its use in silicon thermopiles, some attention
is devoted to the design of micromachined struc-
tures for implementing thermal sensors. The vari-
ous sensing principles based on thermal effects are
discussed next. Finally, an impression is given of
some of the recently developed silicon-thermopile
sensors which implement these sensing principles.

Introduction

The last ten years have seen significant ad-
vances in the development of integrated silicon
thermopiles, devices that measure temperature
differences in a silicon chip. The integrated ther-
mopile is based on the same transduction princi-
ple as the thermocouple: the Seebeck effect [1, 2].
The typical structure consists of p-type silicon
strips in an n-type epilayer or well, interconnected
by aluminum strips. By connecting many strips a
large sensitivity is obtained (see Fig. 1).

Thermopiles have various attractive properties
compared with the other sensors which are fre-
quently used for temperature-difference measure-
ment, such as the transistor pair and the
resistance bridge. First, the thermopile is based on
the self-generating Seebeck effect, in which the
input signal supplies the power for the output
signal. This ensures that:

— the thermopile has an output signal without
offset and offset drift, because there cannot be any
output signal without input power;

— the thermopile does not suffer from interfer-
ence from any physical or chemical signals except
light (which can easily be shielded) because the
Seebeck effect and the photoelectric effect are the
only two self-generating effects in silicon;
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— the thermopile does not need any biasing;

— the read-out is very simple, only a voltmeter
is required;

— there is no interference caused by power
supplies.

Secondly, the Seebeck effect in silicon is rather
large, 0.5-1 mV/K per strip and, in general, many
strips can be connected in parallel. Moreover, the
sensitivity of the thermopile is hardly influenced
by variations in the electrical parameters across
the wafer or by the temperature. With transistors
and resistors, both the sensitivity and the offset
usually depend on the position on the wafer and
on the temperature.

Finally, the thermopile fabrication process is
fully compatible with both standard bipolar and
CMOS processes (allowing on-sensor electron-
ics), and the so-called electrochemically con-
trolled etching techniques used to increase the
sensitivity of thermopile sensors [3]. In contrast,
transistors needing isolation diffusions cannot be
used in etched structures because this etching
technique relies on the substrate—epilayer p—n
junction.

p-type substrate

Fig. 1. An integrated p-type silicon/aluminum thermopile.
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The integrated thermopile also has some dis-
advantages compared to transistor pairs and
resistance bridges. Its nature requires a silicon
connection between the hot and reference parts of
the sensor, in which the thermopile is integrated.
This limits the thermal resistance of the sensor.
Also, the internal electrical resistance of the ther-
mopile can be rather high if many strips are used
to obtain sufficient sensitivity. However, in most
cases the better quality of the output signal of the
thermopile will outweigh this disadvantage.

In this paper we briefly discuss the characteris-
tics of the Seebeck effect. We also shed some light
on the optimum choice of structure for each sen-
sor. To enhance the sensitivity of thermopile sen-
sors, etching techniques are used [3], and basically
three different structures have emerged for various
applications: the closed-membrane structure; the
cantilever-beam structure; and the floating-
membrane structure. For each sensor and each
application, a well-founded choice must be made.
The various thermal sensing principles to which
thermopiles can be applied will also be discussed,
some of which show more potential than others at
the moment. Finally, we describe the various ther-
mopile sensors that have been developed over the
past few years, showing quite some progress, espe-
cially for infrared sensors, flow sensors, vacuum
sensors and thermal converters [4-7].

The Seebeck Effect

In the case that two semiconductors ‘a’ and ‘b’
are joined together at the hot point and a temper-
ature difference AT is maintained between this
point and the cold point (see Fig. 2), an open
circuit voltage AV is developed between the leads
at the cold point. This effect was called the See-
beck effect in honor of its discoverer, the German
T. J. Seebeck (1770-1831), and can be expressed
by '

AV =a, AT (1)

where o, is the Seebeck coefficient expressed in
V/K (or more commonly in g V/K). The Seebeck
effect is a bulk property which can be expressed as

VEg/q =a,VT (2

where E is the Fermi energy. Notice that eqn. (2)
shows the offsetless character of the Seebeck
effect. There will be no gradient in the Fermi
energy level, and therefore in the electrical poten-
tial, unless a temperature gradient is present.
For non-degenerate silicon the Seebeck co-
efficient may be approximated by using simple
Maxwell-Boltzmann statistics. Three main effects
are present. First, with increasing temperature the

lead a X
. . /"
Yy lead b N
hot point cold point

Fig. 2. The Seebeck effect: an electrical voltage AV due to a
temperature difference AT.

silicon becomes more intrinsic. Secondly, with
increasing temperature the charge carriers have a
higher average velocity, leading to charge build-up
on the cold side of the silicon. Moreover, the
scattering of charge carriers is usually energy (and
thus temperature) dependent, likewise leading to
charge build-up on the cold or hot side of the
silicon, depending on whether the hot carriers can
move more freely than the cold carriers or are
‘trapped’ by increased scattering. Finally, the tem-
perature difference in the silicon causes a net flow
of phonons from hot to cold. In a certain temper-
ature region (10—500 K) and for non-degenerate
silicon, a transfer of momentum from acoustic
phonons to the charge carriers can occur. As there
is a net phonon momentum directed from hot to
cold, this will drag the charge carriers towards the
cold side of the silicon. In sum, the total Seebeck
coefficient in non-degenerate n-type silicon is ap-
proximated by

o= —’5 {In(N_/n) + 2.5+ s, + ¢, } 3)

with ¢ as the elementary charge, k as the Boltz-
mann constant, N, as the conduction-band density
of states and n the electron density (fixed by the
doping concentration). The factor s, is the expo-
nent in the exponential relation between the
mean-free-time between collisions and the energy,
which is typically of the order from —1 to 2. The
phonon-drag effect is represented by ¢,, and it
ranges from 0 for highly-doped silicon to 5 for
low-doped silicon at room temperature. For p-
type silicon a similar expression is found, except
that the coefficient is now positive.

For practical sensor design-purposes it is very
convenient to approximate the Seebeck coefficient
as a function of electrical resistivity

as='”7k In(o/p) (@)

with p,=5x10"°Qm(5x10-*Qcm) and
m=~2.6 as constants [1] (see Fig. 3). Typical
values of the Seebeck coefficient of silicon are
500-700 uV/K for the optimum compromise be-
tween low resistance and high Seebeck coefficient

[1].
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Fig. 3. The Seebeck coefficient of monocrystalline silicon at
300 K versus electrical resistivity (symbols, experimental re-
sults; dashed line, results calculated from eqn. (4)).

The Peltier Effect

Apart from the Seebeck effect, yet another
important thermoelectric offset exists: the Peltier
effect. It is heat absorption from or release to the
ambient, when an electrical current flows through
the junction of two different materials. The
Peltier effect is reversible, since heat is absorbed
or released depending on the direction of the
current. The Peltier coefficient II (in V) which
quantifies the ratio of heat absorption to electri-
cal current, is equal to the Seebeck coefficient
times the absoulte temperature, called the first
Kelvin relation

M=aT (5

Care should be taken when designing thermal
devices using heating resistors, otherwise the
Peltier effect may give rise to considerable asym-
metries. A common value for the Peltier co-
efficient is 100-300 mV, which is significant if
heating voltages of, for instance, 1-3 V are used.
In such cases a Peltier heat flow of 10% of the
generated (irreversible) Joule heat will flow from
one contact to the other.

Thermopiles

Based on the Seebeck effect, integrated silicon
thermopiles have been fabricated, in which many
p-type silicon—aluminum thermocouples are
placed next to each other, experiencing the same
temperature gradient. By connecting the plus-
pole of the first couple to the minus-pole of the
second, and so on, the thermoelectric voltages
are added to give a high sensitivity, see Fig. 1. In
practice, sensitivities of 5—50 mV/K are common,
depending on the sensor structure. A parameter
of importance is the desired electrical resistance
of the thermopile, which is mainly determined by
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the number of strips, the length of the strip in
squares (length—width ratio), and the electrical
sheet resistance [1]. Resistances of the order of
10-100 kQ are in practice high enough to allow
for a high sensitivity, while low enough to avoid
too much interference.

Thermal-sensor Structures

There are two ways to employ the integrated
thermopiles. One can simply integrate a silicon
thermopile and use the sensor chip to detect tem-
perature differences inside or outside the sensor
chip. Unfortunately, silicon is a very good heat
conductor, and the 500 um silicon substrate
underneath the 5 um thick thermopile spoils the
sensitivity with a thermal short-circuit. It turns
out to be very rewarding to remove this silicon
by means of micromachining of silicon [3]. By
creating a membrane of only 5—-10 um thickness,
the thermal resistance of the sensor is increased
by two orders of magnitude, without degradation
of electrical properties (Fig. 4). The sensitivity of
the sensor, which is directly proportional to its
thermal resistance is, therefore, also increased by
two orders of magnitude.

Several structures can be made in which a
‘cold’ and a ‘hot’ region are separated by means
of micromachining of silicon. The link between
the hot and cold region is formed by a silicon
membrane or cantilever beam, which contains the
thermopile. The heat generated or absorbed in
some manner in the hot region flows through the
silicon membrane or cantilever beam to the cold
region, usually at ambient temperature, causing a
temperature difference across the thermal resis-
tance of the membrane or cantilever beam. The
following drawings and explanations will clarify
the various possibilities.

h-;piluyer ’ — SN
pSi substrate
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Fig. 4. (a) Wafer-thick sensor with 500 gm substrate thermally
short-circuiting the thermopile (TP); (b) micromachined sen-
sor with a 5-um-thick membrane, giving 100 times higher
thermal resistance and sensitivity.
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THERMOPILE
o

Closed Membrane .

The structure with the lowest thermal resis-
tance between the hot and cold regions is the
closed membrane, see Fig. 5. The cold region,
containing the cold junctions of the thermopile, is
formed by a wafer-thick rim around the etched
membrane. This rim serves not only as heat sink,
but also as suspension of the etched structure,
mechanical protection, and a convenient means of
handling the sensor. The hot region is in fact the
membrane area within the radius of the hot junc-
tions of the thermopile. Because the thermal resis-
tance is given by the logarithm of the inner and
outer radius of the thermopile junctions, thermal
resistances are practically limited to 0.5 x Ry,
where R, is the thermal sheet resistance of the
membrane. For a monocrystalline silicon mem-
brane of 7 um thickness, R, = 1000 K/W. This
structure is characterized by a low thermal resis-
tance, a small time constant and a thermopile with
the highest sensitivity.

Cantilever Beam

The thermal resistance of the cantilever beam is
given by the thermal sheet resistance times the
length—width ratio L/W of the cantilever beam.
The resistance can be made substantially larger
than that of a closed membrane, because the
length—width ratio can be made much larger than

INTERACTION AREA
.

0.5; values of 5 are not uncommon, see Fig. 6.
There is yet another (thermal) advantage to this
structure over the closed membrane: the hot re-
gion beyond the thermopile can be made rather
large. In the case of the closed membrane, only a
small circle at the center is available as a hot
region, where a piece of cantilever beam with
width W and, in theory, unlimited length can be
used. Mechanically, the cantilever beam is more
fragile than the closed membrane, which can be a
disadvantage during both production and use.
This structure is characterized by a medium ther-
mal resistance, medium time constant and
medium thermopile sensitivity.

A special case of cantilever beam is the bridge
in which two cantilever beams are joined at the
tips. If the bridge has a length L and a width W,
then its thermal resistance is 0.25 x R, x L/W.
This is exactly one quarter of the thermal resis-
tance of a cantilever beam of the same dimensions
because, in this case, two cantilever beams of half
the length are put in parallel. This structure has a
slightly lower thermal resistance and time con-
stant than the cantilever beam, at a higher ther-
mopile sensitivity.

Floating Membrane

In this structure a large piece of the membrane
is etched free from the rim, hanging only by a few
suspension beams, see Fig. 7. In the suspension
beams thermopiles measure the temperature
difference between the ‘floating’ membrane and
the rim at ambient temperature. In this stucture a
very large hot area is achieved, with also a very
high thermal resistance, because the suspension
beams are usually made very narrow and long.
Consequently, not many strips can be accommo-
dated by the suspension beams, which leads to a
low thermopile sensitivity. Nevertheless, because
of the very high thermal resistance, a high overall
sensitivity is obtained. Large time constants result
from this set-up. This structure is much more

THERMOPILE
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Fig. 6. Cantilever-beam structure with thermopile length X and width W, and hot region beyond the thermopile of length E.
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Fig. 7. Floating-membrane structure with a large floating membrane, suspended from the wafer-thick rim by four narrow, long

cantilever beams.

fragile than the other structures, not only in use,
but also in production. Special care should be
taken to avoid critical designs from a mechanical
point of view. The floating membrane has the
highest thermal resistance and time constant, and
the lowest thermopile sensitivity.

Thermal Sensing Principles

There are various ways in which integrated
thermopiles can be put to work. A short list of the
various sensing principles relying on temperature-
difference measurement will be given [8§-12]. In
some principles we measure thermal signals origi-
nating from outside the sensor chip. This leads to
various practical problems. Attention has there-
fore been focused on sensing principles, in which
the thermal signal is generated within the sensor
by another physical signal. This results in the
so-called tandem transducers where an output of
the electrical type is obtained via the thermal
signal domain. Moreover, these tandem transduc-
ers also allow micromachining, given them extra
sensitivity.

Direct Measurement Principles

Temperature-difference measurement

One obvious application of the integrated ther-
mopile would be the measurement of temperature
differences existing in the ambient with a silicon
chip containing a thermopile. However, silicon is
a very good heat conductor, and the thermal
contact resistances will in many cases be of signifi-
cant size, compared with the thermal resistance of
the sensor. This will then lead to inaccurate mea-
surements.

Heat-flux measurement

Another application is using the thermopile
chip for the measurement of heat flux in the
ambient, placing the chip in the circuit in which
the heat flows. If the source has a good output

(thermal) resistance, an accurate measurement
should be feasible. However, the problem of con-
necting the sensor thermally to the heat source
and sink, and electrically to the outside, remains.
In addition, the signal which is eventually mea-
sured is the temperature difference, so that a
conversion is made with the thermal resistance of
the sensor as parameter.

Other thermal signals

The thermopile can also be used to determine
other thermal signals in the ambient, such as
thermal conductivity. Again some way of convert-
ing the thermal signal into a temperature differ-
ence needs to be found, and signals existing
outside of the sensor chip are difficult to measure,
for practical purposes.

Tandem-transduction Principles

Sensors in which an on-chip temperature differ-
ence is created avoid this problem and, moreover,
allow for micromachined structures, which are
two orders of magnitude more sensitive than
wafer-thick sensors. The various thermal-sensing
principles satisfying the on-chip temperature-
difference requirement are given below.

True r.m.s. measurement

In this measurement method, the true r.m.s.
(root-mean-square) value of an electrical a.c.
voltage (or current) is determined by measuring
the power in the signal. First the signal is put
across (or led through) a heating resistor located
in the hot region of a micromachined structure.
The resulting temperature difference is measured
by a thermopile. Then a d.c. signal is put across
(or led through) the same resistor, and adjusted to
give the same output in the thermopile. The true
r.m.s. value of the a.c. signal equals that of the
d.c. signal (which is simply the d.c. voltage or
current) when equal amounts of heat are dissi-
pated. Because no area for interaction with the
ambient is required, all three structures mentioned
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above can be used for the true r.m.s. converter,
depending on the circumstances. Excellent results
have been accomplished with closed membranes

[7].

Infrared detection

One of the most elegant thermal sensing meth-
ods is the thermal infrared-radiation detection. It
is a fully offsetless method, because both trans-
duction steps, from infrared to heat and the ther-
mopile transduction, are self-generating. The
principle can very easily be implemented in a
thermopile infrared sensor. In the hot region of
the sensor a black infrared-radiation absorbing
coating is applied. This will absorb the radiation
and transduce it into heat. The heat will cause
temperature differences across the thermopile,
which thus gives an output proportional to the
incident infrared radiation. Because in the in-
frared sensor the largest possible interaction area
with the ambient is desired, cantilever beams or
floating membranes are the best choice. Using
floating membranes, one should take care not to
make the thermal resistance to the ambient too
high.

Flow measurement

The fluid-flow sensors (fluid is either gas or
liquid) rely on the principle that thermal conduc-
tance from the hot to the cold regions, as deter-
mined by silicon cantilever beams or membranes,
is lowered by a thermal conductance to the ambi-
ent ( =the cold region) parallel to the thermal
conductance through the silicon. This thermal
conductance is heat transfer to a fluid flow. Be-
cause the size of the heat transfer is related to the
fluid flow velocity, the effective thermal resistance
between hot and cold regions of flow sensors is
dependent on the flow velocity. This thermal resis-
tance is measured by dissipating power in a heat-
ing resistor in the hot region. The resulting
temperature difference is proportional to the effec-
tive thermal resistance. Thus, also the sensor out-
put is dependent upon fluid flow velocity.

When measuring gas flows, cantilever beams or
floating membranes are preferable, because of
their higher thermal resistance. In the case of
liquid flows, there is no need for a high thermal
resistance and a closed membrane may be pre-
ferred because it allows separation between the
liquid flow and the electrical parts of the sensor.

Vacuum gauging

The thermal vacuum sensing principle is used
in the integrated vacuum sensor, which is closely
related to the traditional thermocouple gauge and
the Pirani gauge. The vacuum sensor measures
absolute gas pressures up to approximately 1 atm.

It relies on the decrease in effective thermal resis-
tance between the hot and cold regions of the
sensor, caused by thermal conductance by gas
molecules. Up to a certain pressure, this conduc-
tance is proportional to pressure, causing the pres-
sure dependence of the effective thermal resistance
in the sensor. By heating the hot region and
measuring the resulting temperature increase, this
thermal resistance and the pressure is determined.
For the vacuum sensor, a floating membrane
structure gives the best sensitivity and resolution.

Fluid level detection

Thermal fluid-level detection is a third principle
in which the effective thermal resistance between
hot and cold regions is influenced by an unknown
parameter. Just as with the flow and vacuum
sensing principles, the presence of a fluid provides
alternative thermal conduction paths for the heat,
decreasing the temperature when heating with a
constant power. So, fluid-level detectors will sense
whether or not they are immersed in a fluid with
a thermal conductivity different from that of their
usual environment. Actually, it does not matter
whether that usual environment is air, another
gas, or even a liquid with a higher thermal con-
ductivity, the only factor of importance is the
difference in thermal conductivities of the two
media. For this sensor the same reasoning for
choosing the structure applies as for the flow
sensor.

Fluid type [mixture sensing

The principle of the vacuum sensor or fluid-
level detector can also be used to detect the type
of gas or liquid, if two fluids with different ther-
mal conductivities have to be distinguished. The
different thermal conductivities parallel to the
thermal resistance of the silicon cantilever beams
or membranes will cause distinctly different out-
put signals in heated sensors, depending on the
fluid type surrounding the sensor. It is also possi-
ble to determine the relative proportions of a
mixture of two fluids, by first calibrating the
output signal of a sensor as a function of the
relative proportions. Also for this sensor the same
reasoning for choosing the structure applies as for
the flow sensor.

Microcalorimetry

This sensing principle resembles that of the
infrared sensor, in that it is an offsetless, self-
generating sensing principle. Here the hot region
of the calorimeter is coated with a chemical-reac-
tion catalyst instead of a black layer. In the
presence of the particular substances which react
under the influence of the catalyst, the heat of the
catalytic reaction will now cause a temperature



difference across the thermopile, and result in an
output signal proportional to the rate of reaction.
Of course, instead of a chemical catalyst, other
coatings can be applied to the hot region of the
sensor, making it sensitive to other physical sig-
nals. Middelhoek suggested the application of a
coating which converts microwaves into heat, thus
making a very simple and easy to use microwave
sensor [13]. Another example would be a ferro-
magnetic coating with high hysteresis, in which
a.c. magnetic fields would cause much heat gener-
ation. Again, also for this sensor, the same rea-
soning for choosing the structure applies as for
the flow sensor.

Psychrometry

The last example of a thermal sensing principle
is given by the psychrometer, which measures the
relative humidity of air (or another gas). It con-
sists of two parts, neither of which is heated. The
air is blown with high velocity past the parts. The
first part measures the temperature of the air. The
second part is kept wet with water. This water will
evaporate into the air stream, and the rate of
evaporation increases when the relative humidity
of the air is lower. The evaporation process will
cool the second part, making its ‘hot’ area colder
than ambient. With increasing evaporation, the
cooling is stronger, therefore the temperature
difference between the dry and the wet part is a
measure of the relative humidity. The need for
keeping one part wet and to blow the air with
great velocity past the sensor (10 m/s), in combi-
nation with the very nonlinear, temperature de-
pendent response of the sensor, makes this sensor
rather impractical.

Examples of Successful Thermopile-sensor
Implementations

True r.m.s. Converters

The true r.m.s. converter is a device which
measures the root-mean-square value of alternat-
ing electrical signals, such as currents and
voltages. The idea is that the device first squares
the a.c. signal, then takes the average, and deter-
mines the root of this average. This is the only
way to determine the power content of a signal
independent of the signal shape, i.e., be it a sinu-
soidal shape, a block wave, or any other shape.

There are various ways in which true r.m.s.
converters can be implemented. Electronic ver-
sions have been made in which, for instance,
translinear circuits provide the quadratic conver-
sion. The most accurate versions, however, are of
the thermal type, in which heat is dissipated by
putting an a.c. voltage across a heat resistor. The

Fig. 8. True r.m.s. converter based on an integrated-silicon
thermopile incorporated in a closed membrane.

dissipation action is quadratic by nature and aver-
ages because of the large thermal time constants.
This makes the thermal conversion very accurate
up to high frequencies. The primary standards are
usually vacuum tubes with a single resistance wire,
and a thermocouple attached to it. Transfer accu-
racies better than 1 ppm over a frequency range of
hundreds of MHz can be obtained.

Kerkhoff and Meijer have fabricated thermal
converters in silicon using wafer-thick samples
and integrated silicon thermopiles to measure the
amplitude of a.c. signals {14]. Hochstenbach, in
cooperation with NV, Philips Gloeilampenfab-
ricken, The Netherlands, has made a first proto-
type true r.m.s. converter using integrated silicon
thermopiles in a closed-membrane structure (see
Fig. 8). This device obtained a bandwidth of
0.5 GHz, and a certified low-frequency a.c./d.c.
transfer better than 100 ppm [7, 15].

Infrared Sensors

Considerable effort has been devoted to the
development of integrated thermopile infrared
sensors. Sensors with various shapes have been
implanted and tested, including cantilever-beam
sensors and arrays (see Fig. 9), and floating-mem-
brane sensors and arrays [16—18]. It turns out
that, especially with floating-membrane structures,
quite sensitive infrared detectors can be made.
Sensitivities of tens of volts per watt are attain-
able, at time constants of the order of tens to
hundreds of milliseconds. The encapsulation gas
in the infrared sensor will diminish the sensitiv-
ity strongly in the case of a floating-membrane



Fig. 9. SEM of a 10-element cantilever-beam infrared sensor
array, with 2.6 x 1.8 mm? overall dimensions.

structure, for the same reason that makes this
structure such a very good vacuum sensor. This
sets a limit to the sensitivity that can be attained
in practice, even when using low-conductive en-
capsulation gases such as argon.

An interesting feature of integrated-thermopile
infrared sensors is that it is very easy to make
arrays with these devices within one rim, so that
no silicon area is wasted on separation between
the array elements. By combining a sensor like the
one shown in Fig. 9 with a circular Fresnel Zone
Plate [18), Sarro et al. have made a monochro-
matic detector. Radiation in the (visible) wave-
length range of 497 and 488 nm was detected by
beams separated by three intermediate beams,
giving a resolution of 0.4%. One of the applica-
tions of such monochromatic infrared sensors can
be found in infrared-radiation absorption mea-
surements where, for instance, gas concentration
can be measured by tuning the sensor to a wave-
length with maximum absorption by the gas. Be-
cause the Fresnel Zone Plate has an inherent
amplification, the sensitivity of such sensors could
be quite high.

Vacuum Sensors

A sensor to which much research has been
devoted over the last few years is the integrated-
thermopile vacuum sensor [19-22]. The impor-
tance of the thermal vacuum sensor is increased
by the insight it gives into the thermal characteris-
tics of micromachined thermal sensors, which are
always immersed in a thermally conductive ambi-
ent. Therefore, measurements have been per-
formed at sensors of all three structures, such as
6—9 mm long cantilever beams (see Fig. 10). Typ-
ical results are shown in Fig. 11 for a floating
membrane of 3.4 x 3.4 mm?, having a sensitivity

Fig. 10. Double-beam integrated thermopile vacuum sensor
with beams 6.3 and 9 mm long, 10 um thick and 1.7 mm wide.

of approximately 5%/Pa (100 000 Pa = 1 atm). It
has been found that these results agree very well
both qualitatively and quantitatively with the pre-
dictions of theoretical models of vacuum sensors.
As a consequence, the behavior of integrated-
thermopile vacuum sensors can be described by a
three-parameter model with an inaccuracy of less
than 1% over an extensive pressure range, which
makes (computer-calculated) corrections for tem-
perature and gas type possible. State-of-the-art for
floating-membrane integrated-thermopile vacuum
sensors is presently a sensitivity of 12-15%/Pa
( ~2000%/Torr), a resolution of 1-10 uPa and a
power consumption of approximately 1 mW at
100 mV zero-pressure output (offset) signal; all
this for a sensor of 5—6 mm?2.

Figure 11 also reveals the characteristics of
some other integrated thermal sensors, namely
that of the fluid type/mixture sensor and the
fluid-level sensor. This sensor has a distinctly
different output for different gas types such as
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Fig. 11. Experimental results for a floating-membrane vacuum
sensor of 3.4 x 3.4 mm, dissipated power in the membrane
versus gas pressure.



helium, nitrogen and argon (in fact, it is the
thermal conductivity of the gas which is deci-
sive). This indicates the possibility of detecting
gas type, by observing a threshold output voltage
which lies in between the output voltages of the
different gases, or even the composition of a bi-
nary mixture by calibrating the sensor. Also the
level detection becomes clear, because detection
whether the sensor is immersed in one or the
other type of fluid is the same as a gas-type
detection.

Flow Sensors

The last example of integrated-thermopile sen-
sors to be discussed here is the flow sensor. This
sensor has been the object of research in Delft
since 1976. At first, wafer-thick sensors were stud-
ied, which have the advantage of ruggedness, and
of allowing measurement through the wall of a
pipe [23]. Recently, van Oudheusden has studied
the implementation of two-dimensional flow sen-
sors in order to make wind meters. Both wafer-
thick and floating-membrane sensors have been
tested in this application [24, 25]. The floating-
membrane wind-meter set-up is shown in Fig. 12.
This sensor has the advantage that the tempera-
ture increase of the sensor with respect to the
wind flow can be measured in the same chip. This
is done by integrating the thermopile in the sus-
pension beam of the floating membrane, which
then measures the temperature elevation of the
membrane (see Fig. 13). In sensors which are not
etched, the good thermal conductivity of the sili-
con assures an even temperature across the entire
chip, preventing the chip from measuring both the
temperature elevation of the hot areas and the
ambient temperature. The first measurements on
etched wind meters indicate a measurement inac-
curacy of less than 3° in wind angle and less than
5% in wind velocity [25].

Fig. 12. Set-up of the floating-membrane wind meter for wind
velocity and wind angle measurements.
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Fig. 13. SEM of one suspension beam of the floating-mem-
brane wind meter, showing the aluminum thermopile intercon-
nections on the beam.

Conclusions

Many of the thermal sensing principles dis-
cussed in this paper have been implemented in
integrated-thermopile sensors by now. The unique
characteristics of silicon, especially the excellent
micromachining possibilities and the option of
on-chip electronics, make these sensors very com-
petitive. Various structures are available to tailor
the thermal characteristics of the sensor to the
application, and the compatibility of the ther-
mopile and etching processes with standard inte-
grated-circuit production processes allows on-
sensor electronics to obtain an optimum electrical
connection to the outside. Except for psychrome-
ters, each of the above-mentioned sensors is pre-
dicted a glamorous future.
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