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INSTRUMENT SCIENCE AND TECHNOLOGY

Silicon in mechanical sensors

J C Greenwood
STC Technology Ltd, London Road, Harlow, Essex
CM179NA, UK

Abstract. This paper describes the application of silicon to
sensors in which strain is detected. It discusses the physical
properties that make silicon so useful for these applications
and the technology specific to the fabrication of sensors.

1. Introduction

Silicon is a uniquely versatile material for sensors because of a
combination of four features: it has very respectable mechani-
cal properties, it can be shaped easily with great precision, it
can be made sensitive to many physical properties including
strain and, thanks to the electronics industry, it is readily

Table 1. Reviews and applications.
A: Accelerometers
B: Pressure sensors
C: Diaphragm design
D: Heat
E: Flow
F: Integral electronic circuits

available with a remarkable degree of purity and crystalline
perfection.

The use of silicon in sensors has received considerable
attention recently with a large number of papers and reviews
describing a variety of applications. By far the most important
of these applications is in pressure sensors, mostly with
etched diaphragms and diffused strain gauges. Tables 1 and 2
provide a breakdown of this literature by tabulating the
contents of a selection of papers. The second table concen-
trates specifically on pressure sensors while the first covers
more general applications. It is hoped that this mode of
presentation provides the reader with an immediate compari-
son of the relative importance of the various applications of
this technology and an efficient route to the relevant source
material.

G: Fabrication

H: Biomedical

1. Automotive

J: Robotic

K: Beams and flexures.
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Roylance and Angell (1979)
Allan (1980)

Whittier (1981)

Ai er al (1982)

Barth (1982)

Goodenough (1982)
Petersen et al (1982)

Chen et al (1982)

Petersen (1982)

Engels and Kuypers (1983)
Holmes (1983)

Angell et al (1983)

Rudolf (1983)

Cockshott (1983)

Chen et al (1984)

Allan (1984)

Teschler (1985)
Mastroianni (1985)
Middelhoek and Hoogerwerf (1985)
Everett (1987)

Mallinson and Jerman (1987)
Mallon and Grace (1987)
Faithi and Reimann (1987)
Yao et al (1987)

Stewart (1987)

Seidel (1988)

Shoji et al (1988)
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Table 2. Pressure sensors.
A Piezoresistive
B: Capacitive
C: Temperature effects
D: Linearity
E: Annular diaphragms
F: Circuits

G: Frequency o/p

H: Packaging

I: Non-etched diaphragm
J: Other errors

K: Differential pressure.

A B CDETFGHTIIJK

Reference

* * ® *
* * *
* * % * *
* ® * * ® *
* *
* * x
* ®
* * Ed *
*® E
* * * * *
* *
* *
* *
* * *
*
* * * *
* ® * *
* * * *
* * *
*® *
* *
* *
* E
* * *
#* *® *
* =
*® ®
*® * *
* * #
* *
* * * * # ® E
* * *
* * * * *
* *
*
* %
* * * ®
* *
® *
*® *®

Clark and Wise (1979)
Sander et al (1980)
Nishihara et al (1981)
Matsuoka er al (1981)

Bose (1981)

Lee and Wise (1981)

Singh (1981)

Shimazoe et al (1982)
Maundrel (1982)

Lee and Wise (1982a)

Ko er al (1982)

Lee and Wise (1982b)
Yasukawa ef al (1982)
Esashi er al (1983)

Kanda (1983)

Greenwood (1983)
Gutgesell (1983)

Johnson and Wamstad (1983)
Kim and Wise (1983)
Huang and Bin (1983)
French and Dorey (1983)
Barabash and Cobbold (1983)
Ko et al (1983)

Bryzek (1983)

Keitel (1984)

Voorthuyzen and Bergveld (1984)
Burns et al (1984)

Binder et al (1985)
Neumeister et al (1985)

Liu Rongxun et al (1986)
Ohlckers and Fung (1986)
Ishihara et al (1986)
Hanneborg et al (1986)
Blasquez ez al (1987)
Johnson and Higashi (1987)
Suzuki et al (1987)

Ishihara et al (1987)

Frere and Prosser (1987)
Minhang Bao and Yan Wang (1987)
Bertioli (1987)

Tabata et al (1987)

Hirata et al (1987)

2. Mechanical stability
Mechanical stability is of vital importance in sensing appli-
cations where the sensing device is to be free of drift. Silicon
shows an absence of plastic behaviour at normal tempera-
tures. A good example of the exploitation of this plastic
stability is that silicon is being considered for fabricating the
flexures in a new balance for comparisons of the International
Prototype Kilogram with substandards. It is believed that the
accuracy of the present balance is limited by hysteresis in the
present metal flexures (Quinn 1987).

The mechanical losses of single-crystal silicon are extre-
mely low, a fact which is exploited in high-Q resonators

(Kleiman et al 1985) where Q-factors of up to 10° have been
measured. The lowest mechanical losses in silicon are
obtained in material with high crystal perfection and there is
some increase in acoustic loss with increased doping level and
dislocation density (Shanker and Tripathi 1978).

A consequence of a lack of plastic flow is of course a
proneness to brittle fracture, which means that the practically
achievable strength is critically dependent on the state of the
surface. However, as the surfaces in micro-machined silicon
are chemically etched, strengths close to intrinsic can be
obtained. Care must be taken, however, not to introduce
stress raisers into the structure. For example, at STL we have
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found that a potent source of failure by brittle fracture can
arise if a layer of oxide or nitride, used to define a beam
during etching, is left projecting over the edge. We have seen
microscopic cracks in such an overhang which was believed to
have caused failure by propagation into the body of the
silicon.

The brittleness of silicon can be exploited by providing
grooves where a structure needs to be snapped apart, for
example between devices on a wafer, which can be broken
into single chips like a bar of chocolate. An arrangement of
grooves which gives controlled breaking is shown in figure 1.
In contrast to this we have found that cantilevers projecting in
the (100) plane for a (111) face are strong in spite of the sharp
corner at the base.

Figure 1. sem picture of break grooves.

3. Strength and stiffness

The strength of silicon compares favourably with other mat-
erials and the specific strength, which is the ratio of strength
to density, is markedly higher than most common engineering
materials. In figure 2 the strengths and densities of a number
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Figure 2. Strength and density of some common engineering
materials.
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Figure 3. Stiffness and density of some common engineering
materials.

of common materials are compared. The sloping lines are
contours of constant specific strength. Figure 3 compares the
stiffnesses of some common materials in the same way.

The elastic properties of single-crystal silicon are orien-
tation dependent and, because it has cubic symmetry, they
can be expressed as a tensor with three independent coef-
ficients. A number of independent determinations of the
stiffness coefficients are reviewed by Metzger and Kessler
(1970), who give best values, listed in table 3, together
with values for the temperature coefficients of the stiffness
coefficients.

The modulus of elasticity, the shear modulus and the
temperature coefficient of the modulus of elasticity calculated
from the above for the three important crystallographic
directions are listed in table 4.

Table 3.

Temperature coefficient of

Stiffness coefficient stiffness coefficient

(GNm™?) (K™
C,=164.8£0.16 (dC,,\dT)IC, = =122 % 107"
C=63.5£0.3 (dC,./[dTY/Cp= =162 x107°

Cuu=79.0£0.06 (dCou/dT)/Coy=—97 % 10°*

Table 4.

Crystallographic  E G (dEMT)/E
direction (GNm™%)  (GNm™?) (K™
(100) 129.5 79.0 - 63

(110) 168.0 61.7 - 80.3

(111) 186.5 57.5 —45.6

The elasticity is also affected by doping level (Shanker and
Tripathi 1978), dislocation density (Over et al 1982) and
hydrostatic pressure (Goncharova et al 1983). The elastic
properties of amorphous and polycrystalline silicon depend
on the preparation and heat treatment. The modulus of
amorphous silicon, for example, is considerably lower than
that of single-crystal silicon (Zolotukhin er al 1983).
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4, Thermal properties

Silicon is a good conductor of heat, roughly comparable with
aluminium at room temperatures. Like diamond it shows an
increase in conductivity at lower temperatures. Figure 4
compares the thermal conductivity of silicon with a number of

common materials.
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Figure 4. Thermal conductivities of some common materials.

Silicon has a low coefficient of expansion, close to that of
Pyrex glass. Again, like diamond it is anomalous (Daniels
1962), which makes it difficult to make structures that are
strain-free over a wide temperature range. Figure 5 compares
the expansion coefficient of silicon with a number of other
materials and figure 6 shows the difference in expansion
between silicon and some low-expansion materials, which
determines the amount of strain that is incorporated into a
structure as a result of heat treatment during fabrication. See
Al et al (1982).

X107
8

Thermal expansion

200

Figure 5. Thermal expansion coefficient of some common low-
expansion materials.

5. Fabrication techniques

Silicon is readily shaped by abrasive techniques such as
lapping, grinding and sawing. Industry standard wafers,
which are the usual starting material for sensors, have been
shaped by these means and have a high content of initial
precision. This precision is available at low cost provided the
requirements are not too far from normal specifications. Thus
100 mm diameter wafers 300-700 um thick with a thickness
tolerance of £10 um and an orientation within 1° of a crystal
plane are easily available; beyond such limits the material is
increasingly difficult to obtain.

Integrated circuit technology provides many highly deve-
loped processes. Photolithography allows the definition of
very complex (but planar) structures with submicrometre
accuracy, usually as a batch process. Layers can be built up by
a variety of deposition and diffusion techniques. The mecha-
nical specification of these layers, such as the intrinsic strains
and thicknesses, may not be as well defined as the electronic
properties. For example, heavily boron-doped layers tend to
be in a state of tension because of lattice shrinkage (Stone-
ham 1979) but we have found that the amount of strain
actually obtained depends on the heat treatment. There is no
body of knowledge about how to control this strain, which
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Figure 6. Expansion match to silicon of several materials.
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Table 5.

Acid etch Alkali etch Plasma

Typical composition HNO;-HF KOH-1ra CF, gas

Temperature of use (°C) 20 60 20
Etch rate (um h™?) 60 16 10
Control of etch rate poor excellent  fair

Orientation dependence isotropic  anisotropic directional
Plant cost low low high
Typical shape

can have a major effect on the mechanical characteristics of
diaphragms for example.

Etching is the most important technique for shaping
silicon in sensors. There are three main classes of silicon
etches: acid (Meek 1971, Bharti et al 1984), alkaline and
plasma (Hirobe et al 1987). The principal differences between
them are given in table 5. The alkaline etches are the most
versatile and precise and find greatest use in sensor fabrica-
tion. Three formulations have been widely used. The choice
depends on what materials are available for masking and any
other materials that may be needed in the structure, for
example metal contacts. These factors are summarised in
table 6.

The shape of the etched part can be determined by the
anisotropic etching characteristics and by the use of etch
stops. There is an extensive literature for which table 7 gives a
breakdown of the contents of the more important papers.

6. Anisotropic etching

When using anisotropic etching there are two parameters of
importance to the designer, which are illustrated in figure 7.
These are the ratio of {100}/{111} etch rates, typically 40:1,
and the ratio of {100} etch rate to corner undercut, typically
2:1, although there is considerable dependence on the etch
composition and temperature. The smoothness of finish of
the etched surface is also important and the factors that
determine this are not at all well understood, although there
is some correlation between conditions which give high
{100}/{111} ratios and the incidence of micro-pyramids on
the surface.

The following examples show how various shapes may be
obtained. Figure 7 shows how an external corner develops
bevels with a (221) orientation. The typical etch rates are
shown. The undercutting of such an external corner can be
controlled by extending the mask at the corner. A variety of
geometries have been proposed. The author prefers a trian-
gular shape as shown in figure 8. The shape of the end of a
rectangular mask can be worked out by treating it as two

Corner
undercut

“Undereat
masking
layer

J
Fast apprex (221)

(100} Fast and uniform

Figure 7. Anisotropic etching of an external corner.

adjacent corners and seeing where all the (221) faces propa-
gate to, as shown in figure 9. Grooves aligned along the (100)
direction develop faces at 45° which undercut the mask.
Figure 10 shows the cross sections of a variety of grooves in
both (100) and (110) directions.

The above examples are in (100) orientation wafers,
which are the most commonly used, partly because people are
happier with square symmetry. (110} orientation wafers have
less symmetry but they have the interesting features that,
because there are {111} directions in the (110) plane, there
are slow etching planes at right angles to the surface and also
the highest values of gauge factor can be obtained. The
symmetry and the shapes of recesses in these two orientations
are shown in figure 11.

7. Boron-doped etch stop

Silicon doped with more than 4 x 10* atoms of boron (i.e.
about 0.01%) is almost completely insoluble in the alkaline
etches. This level of doping is quite easily obtained with 1c
processing techniques. Figure 12 shows how a bridge or
cantilever can be defined by the boron doping and undercut.
Great dimensional accuracy can be readily obtained but the
high doping level precludes the fabrication of diffused strain
gauges or any other electronic component in the etched
stopped region. The doping can also introduce strain, which
can be exploited in some devices, for example where pre-
tensioned struts are required.

8. Electrochemical etch stop

If the silicon is used as the cathode in a cell in which the etch
is the electrolyte, etching will only take place over a narrow
range of potentials. Figure 13 shows how the etch rate varies

Table 6.
Ingredients (mol%) 10KOH
1 isopropanol
90 H,O
Temperature (°C) 60
Mask materials SiN,

Compatible metals transition metals
Incompatible metals Al
Toxicity low

35 NH,CH,CH,NH, 50NH,NH,

4 catachol 50 H,O
61 H,O
110 100
SiO, Si0,
transition metals Alx

transition metals

medium high

t An excess of isopropanol is used so that the solution is saturated.
1 There is some controversy about the resistance of aluminium to hydrazine etch.
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Table 7. Anisotropic etching.

A: KOH F: Wafer orientation
B: Epp G: Micropyramids

C: Hydrazine

H: Undercutting

D: Other constituents  I: Boron etch stop

E: Etch ratio

J: Electrochemistry

A B CDETFGHI

J

Reference

* *
*
W #
* * *
*

* *

Finne and Klien (1967)
Greenwood (1969)

Lee (1969)

Bohg (1971)

Rhee and Salitch (1973)
Declercq et al (1975)
Kendall (1975)

Bean (1978)

Bassous (1978)

Jolly and Muller (1980)
Jackson er al (1981)

Palik et al (1982)

Allen and Routledge (1983)
Seidel and Csepregi (1983)
Berry and Caviglia (1983)
Palik er al (1983)

Faust and Palik (1983)
Raley et al (1984)
Abu-Zeid (1984)

Ogita et al (1984)
Kaminsky (1985)

Palik er al (1985)

Petit and Pelletier (1985)

Glembocki and Stahlbush (1985)

Kishi et al (1986)

Sarro and van Herwaarden (1986)

Wu er al (1986)
Falconer (1987)
Palik er al (1987)
Hirata er al (1987)
Ciarlo (1987)

Mehregany and Senturia (1988)

Hirata et al (1988)

technique where the epitaxial layer has a different doping
type to the substrate on which it is grown. In the latter case
both hydrofiuoric acid and alkaline etches have been used.
with potential. Different parts of the silicon can be doped p-
type and n-type and effectively insulated from one another by
a p-n junction. By holding one part at a potential at which
etching is inhibited and the rest at a potential at which it is
not, a shape can be made which is defined by the doping. The
doping levels used can be low enough to be compatible with
the fabrication of diffused electronic components in the etch-
stopped region.

Electrochemical etching can be done with either one of
the alkaline etches described above or with a hydrofluoric
acid solution. In the latter case the current provides the
oxidising action. Under certain conditions electrochemical
etching with dilute aqueous hydrofluoric acid can produce
‘porous’ silicon in which a network of fine holes, typically a
few micrometres in diameter, is formed, giving the material
the appearance of worm-eaten wood (Beale et al 1985, Tabata
1986).

Epitaxial layers have been used to define the thickness of
diaphragms either by the boron etch-stop using a buried layer
of high boron doping or by the electrochemical etch-stop

Figure 8. Compensation for corner undercut.
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Figure 9. Shape formed by a rectangular mask. Arrows show the
advance of the top of a (221) face.

(100} face

|

{110 zrass sectior

Mask '\(

<——— [rregular
.surface ——)

{100) cross sectisn

Figure 10. Cross section of grooves in (100) wafer. The grooves are
perpendicular to the cross section.
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Figure 11. Anisotropic etching of (110) wafers.
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Figure 12. Undercut boron-doped bridge.
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Figure 13. Etch rate as a function of electrochemical potential.

The acid etch gives a smoothly rounded profile to the edge of
diaphragms which may have strength advantages.

9. Surface microstructures

As well as structures that use the thickness of the wafer,
three-dimensional devices can be built up on the surface of a
wafer by a variety of deposition and etching techniques, for
example as shown in figure 14. This approach has two advan-
tages: firstly the structures can be smaller because their scale
is not related to the thickness of the wafer; secondly the
techniques can be more compatible with conventional 1c
technology, for example the structures are usually flat enough
for resist to be spun on. It is more difficult to apply resist to
wafers that have deep recesses or holes right through. A
disadvantage of this approach is that properties of the layers
are less well defined than those of bulk silicon (Onuma et al
1988, Guckel er al 1988).

Examples of this type of structure are given by Marcus
and Sheng (1982), Binder et al (1983), Nishida et al (1984,
1986), French and Evans (1986), Koike and Kodato (1987)
and Naumaan and Boyd (1980).

10. Bonding to silicon

A silicon sensing element, such as a diaphragm, has to be
bonded onto a support in order to make a complete sensor,
and the stability of this bond and the design of the support can
have a large influence on the performance of the resulting
sensor. In particular, a bond that yields by plastic flow or
cracking can result in irreversible changes in the sensor
calibration. To avoid this the bond should use materials that

Define shape of rasonator

Etch silicon oxide

Figure 14. Steps to fabricate a diaphragm or resonator in
amorphous silicon.
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have a minimum thermal mismatch and should be strong
enough to resist what strains there are. Strong bonds can be
obtained at temperatures in excess of 700 °C which involve a
thin layer of glass, in the form of a thermally grown oxide
layer, a screen-printed frit or chemical vapour deposition.
These high-temperature bonds are incompatible with
standard ohmic contacts, such as aluminium, which is limited
to about 450 °C.

Frequently the structure onto which the sensing element is
to be bonded has to isolate it from external strains; for
example the better pressure sensors are usually mounted on a
borosilicate glass tube. An alternative method is to use an
elastomer.

Examples of bonds are given in table 8.

11. Measuring strain

In this review I am confining my attention to those sensors in
which the quantity being measured causes a mechanical
strain, which in turn is transformed into a data signal. Thus
chemical, optical, thermal and magnetic sensors are not
reviewed although the versatility of silicon is such that these
are important applications.

There are three main ways of sensing strain with silicon -
piezoresistive, capacitive and resonant — and their features
are compared in table 9. Note that the upper temperature
limit for the capacitive sensor is set by the detection electro-
nics, which have to be in close proximity in order to avoid
errors due to stray capacitances.

The resonant sensor also needs a circuit to maintain it in
oscillation but it does not have to be in such close proximity.
If optical coupling is used the amplifier can be remote so that
the sensor could be used in harsher environments.

Piezoelectric layers can also be used to detect strain.
Typically this is an ac effect and has found use in miniature
microphones. Almost zero frequency sensing is obtained in
piezo-rETs in which a layer of piezoelectric is included in the
gate of a metal-oxide field effect transistor (Jolly and Muller
1980, Royer et al 1983, Chen et al 1984, Kim and Muller 1987,
Puers er al 1988).

12. Silicon strain gauges

Strain gauges can be fabricated in the form of diffused
resistors which, because they are an integral part of the
structure, do not have any of the drift caused by creep or
aging of bonds which can occur in bonded strain gauges. The
gauge factor is defined by (L/R)dR/dL. In silicon it is about
100 times larger than in metals and varies with doping type,
doping level and orientation as shown in figure 15 (Smith
1954, Mason and Thurston 1957, Pfann 1961, Sanchez and
Wright 1962, Gross 1967, Bullis et al 1968, Rybinski 1970,
Norton and Brandt 1978, Yamada ef a/ 1982, 1983, Jenschke
1985, Kanda 1987).

The resistance and gauge factor are highly temperature
dependent. For the favourite combination, which is with
resistors in the (110) direction on a (100) surface, the temper-
ature coefficients vary with doping level as shown in figure 16.

Table 8.
Bond
temperature
Bond °C) Stability =~ Comment References
Epoxy 180 poor
Elastomer low good provides good isolation Bose (1981)
but limited temperature and
strength
Au/Ge eutectic 400 fair difficult to obtain uniform
bond; need flux or ultrasonic
Anodic 400 good polished surfaces, one of Barth (1982),
which must be glass Lee and Wise (1982b)
Low wmp frit 500 good e.g. Schott GO17-339
Glass frit 950 excellent e.g. Corning 7723
Oxide 900 good whole wafers; must be flat Ohura ef al (1987),
Tenerz and Hok (1986)
Table 9.
Piezoresistive Capacitive ~ Resonant
Normal 10 000 10 000 1000
accuracy {ppMm)
Maximum 500 100 1
accuracy (ppPMm)
Temperature 120 100 200

limit (°C)

Typical power  a few mW
consumption

Optical drive no

Output 0-100 mV
Availability well established

<1mW nw

no yes

voltage or  10-50% change
frequency  of 100 kHz
recent prototype only
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Figure 15. Gauge factor against resistivity for single-crystal silicon.
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Figure 16. Temperature coefficients of silicon strain gauges: A,
resistance; B, sensitivity at constant I; C, sensitivity at constant V.

Note that, if the bridge is supplied by a constant current
rather than the more usual constant voltage, there are two
doping levels at which the temperature coefficient of the
bridge is zero. At the higher doping level the gauge factor is
lower but the sensitivity is nearly linear with temperature. At
the lower doping level there tends to be a sharp rise in
sensitivity at lower temperatures.

The variation of these effects over a wider temperature
range is illustrated with some measurements from diffused
strain-gauge pressure diaphragms obtained in the author’s
laboratory. The strain-gauge resistors were doped by ion
implantation at four different doses. Figure 17 shows the
variation of the whole bridge with temperature and figure 18
shows the variation of bridge output for a constant pressure
change input, with the bridge supplied with a constant cur-
rent. In both cases the variations are shown as a percentage of
the value at 20 °C.

The highest temperature at which diffused strain-gauges
can be used is limited by junction leakage in the p—n junction
which insulates the strain-gauge resistors. The leakage cur-
rent in a reverse-biased junction increases exponentially with
temperature and begins to cause significant errors above
about 150 °C. Higher operating temperatures can be obtained
by using layers of non-conductor to provide insulation; an
example of this is given by Singh (1981).
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Figure 17. Change of a strain-gauge resistance with temperature
for four different doping levels: ©, 1.8 x10%; [0, 3x 10%; A,
1.5%10%; ©, 2x10%,
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Figure 18. Change of strain-gauge output with temperature.
Doping levels as in figure 17.

13. Capacitive sensing

In a typical capacitive sensor the deflection of a flexible part
of the sensing device is measured by means of the change of
capacitance between it and a counter-electrode in close proxi-
mity. For example, in a pressure sensor a sensing chip with an
etched diaphragm is bonded onto a substrate with a small
clearance between it and the counter-electrode formed on the
substrate. The values of capacitance are small and, in order to
minimise errors, the capacitance measuring circuit has to be
in close proximity. The usual arrangement is to have this
circuit integrated into a silicon chip that forms the substrate
or into the chip in which the diaphragm has been formed. The
latter arrangement is shown in figure 19. The relative merits
of capacitive and piezoresistive sensing are discussed by Chau
and Wise (1987).

14. Resonant sensors

The principle of the resonant sensor is very old. A strip of
flexible material in tension is excited at its resonant fre-
quency. The input force changes this tension, thus providing
an output signal frequency which can be easily interfaced with
digital electronics. A number of sensors have been around for
some time which use this principle but so far they have been
confined to applications of high cost requiring high accuracy
and low volume. Resonators can be fabricated easily in silicon
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Figure 19. Plan and cross section of a typical capacitive sensor.

and promise a range of sensors with high accuracy at low cost;
see table 10.

The simplest way of making a resonator is to etch a hole
underneath a strip of etch-resistant material, such as silicon
dioxide, silicon nitride or boron etch-stopped silicon. The
STL pressure sensor (see figure 20) uses the latter system.
Very miniature resonators have been fabricated on the sur-
face of a wafer by depositing amorphous silicon over oxide
and, after defining the shape of the resonator by etching, the
underlying oxide is etched away. An example is shown in
figure 21.

15, Integral electronics

In principle it is possible to incorporate all sorts of complex
integrated circuitry with the sensor (Shimazoe et a/ 1982,
French and Dorey 1983, Neumeister et a/ 1985, Ishihara et al
1986). In practice this is not as advantageous as it might seem
(Middelhoek and Hoogerwerf 1985) and tends to be done
only where necessary, for example in capacitive sensors

Table 10. Resonators.
A: Review
B: Optical
C: Si
D: Oxide or nitride

Figure 21. Amorphous silicon resonator. (Photography courtesy of
R Howe, MIT.)

where high-impedance detector circuits need to be physically

in close proximity or where the sensor is extremely small. The

reasons why it is usually not advantageous are as follows.
(a) The total number of process steps is greater than is

E: Thermal drive

F: Pressure sensing
G: Piezoelectric drive
H: Electrostatic drive.

A B C D E F G H

Reference

* L]
* * *
*
* *
* * *
* * "
& L
* *
*® *
* *
* *
* * *

Hribsek and Newcomb (1978)
Greenwood (1984)

Langdon (1985)

Culshaw er al (1986)

Neat and Hale (1987)

Culshaw (1987)

Othman and Brunnschweiler (1987)
Uttamchandani and Thornton (1987)
Ikeda er al (1987)

Wolfelschneider er al (1987)
Wenzel and White (1988)
Greenwood and Satchell (1988)
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needed to make either just the electronics or just the sensor.
This will result in lower yields.

(b) The processes needed to make the sensor may not be
compatible with those needed to make the electronics.

(c) The electronic circuits will generate heat which will
cause temperature gradients across the sensor unless extreme
care is taken in the layout (Steger and Reichl 1983, Crary
1987). These temperature differences would compromise the
performance of a strain-gauge bridge for example.

16. Conclusion

In recent years there has been an increasing number of
sensors in which the critical sensing element is made from
silicon. There is an extraordinary variety of sensor types
which includes magnetic, chemical, optical, temperature,
pressure and acceleration. This versatility stems from the
properties and fabrication techniques for silicon. While those
that relate to its use in electronics are well known, those that
determine its use in sensors are less well known. In particular
the mechanical properties of silicon are outstanding and
techniques for shaping it accurately into complex three-
dimensional structures are currently being developed.

This paper surveys the properties of silicon that are
relevant to its use in mechanical sensors and the fabrication
techniques that allow mechanical structures to be made. In
particular it describes the elastic, strength and thermal
properties of the material, the strain and thermal characteris-
tics of diffused strain-gauges, together with the anisotropic
etching and other techniques used to fabricate these sensors.
An extensive bibliography is included, in which can be found
many examples of silicon sensors.
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