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Mechanical Sensor

There is a tremendous variety of direct mechanical sensors that have and could be
micromachined. In order to study this vast area, it makes sense to begin with a discussion of the
basic mechanical sensing mechanisms (e.g., for force, displacement, strain, etc.) and then see how
these mechanisms can be applied to realize a wide range of micromachined sensors.

The following table 1-1 summarizes the commonly used mechanical sensing mechanisms in
micromachined devices. Important considerations when choosing such a mechanism include the
need for local circuitry, whether or not the transduction mechanism is DC-responding, temperature
coefficients, long-term drift, overall system complexity, and others.

Table 1-1 Comparison of some major properties of the mechanical sensing

mechanisms commonly used in micromachined devices

Parameter Local DC Complex
Mechanism ; Linearity Issues
Sensed Circuits | Response | System
Metal Strain * low sensitivity
strain NO YES + +++
Sensor * very simple
* temperature effects can be
Piezoresistive AL ide
strain NO YES + +++ |significant
Strain Sensor
* easy to integrate
* high sensitivity
Piezoelectric force NO NO ++ ++
« fabrication can be complex
* very simple
Capacitive | displacement YES YES ++ poor |+ extremely low temperature
coefficients
* sensitive to surface states
Tunneling displacement YES YES +++ poor
«drift performance not yet proven
: « rarely employed in mechanical
Optical displacement NO YES +++ +++ ]
: microsensors
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1.1 Resistive and Piezoresistive Strain Sensor

Strain sensors are an integral part of many micromachined devices, serving to measure strain
or, indirectly, displacement of structures. A strain gauge is a conductor or semiconductor that is
fabricated on or bonded directly to the surface to be measured. Changes in gauge dimensions result
in proportional changes in resistance in the sensor. This is partly due to stretching (changes in
dimension) and partly due to the piezoresistive effect. As might be expected, the sensitivity of
gauges can be quite different, depending on their design. Strain gauges of all types can be very
linear over considerable ranges of strain, making them attractive in a variety of applications.

In general, the sensitivity is expressed by the gauge factor (dimensionless),

GF = relative resistance change/strain =(AR/.) / (AL7) = AR/&R (1-1)

One can use partial derivatives to derive a general expression for the gauge factor in terms of
the physical parameters of the strain gauge. This begins with the derivation of a relation between
resistance and changes in its underlying parameters, as seen in,

R=pL/A, in Q (1-2)
where,
p = resistivity, in ¢ cm;
L=length, in cm;
A= cross-sectional area, in cm’.
Differentiating the resistance equation, one obtains,

P L pL
dR=~dL+—dp—— 1-3
i 2 Wiy (1-3)
which can be divided by the above equation for resistance to obtain,
R _dL dp_dA ald

R Lipp A
It must be noted that from this point in the derivation it becomes geometry-specific, and a
cylindrical wire is assumed for simplicity. It is useful to use Poisson’s ratio to express the relative
dimensional change in diameter, D, versus length, L,

AD o dD
PR R 2 R 5
1% : AL oL (1-5)
L L
where, for a cylinder, the area and diameter are related through,
2
A=nD and R (1-6)
A D
which in turn allows Poisson’s ratio to be written and rearranged to obtain,
#_ ok (1-7)
A L
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finally allowing the differential form of the resistance to be written,
dL dp

%=(1+2V)T+7 (1-8)

where the first term represents the dimensional effect and the second term represents the
piezoresistive effect (change in resistivity of the material of the strain gauge). From this, the gauge
factor can be expressed in terms of these parameters as,

drR dR . }
GF=R - R _(142)+ L (1-9)

% 81 81

L

Naturally, such a derivation can be carried out for strain gauges with non-cylindrical shapes.

As shown in table 1-2, the gauge factors of different types of strain gauges can be vastly
different, due mainly to whether or not they have a significant piezoresistive effect (as do the
semiconductor types).

Table 1-2 Comparison of the gauge factors of different types of strain gauges.

Type of Strain Gauge Gauge Factor
Metal Foil 1to5
Thin-Film Metal ~2
Bar Semiconductor 80 to 150
Diffused Semiconductor 80 to 200

1.1.1 Metallic Strain Gauges

For metals, p does no vary significantly with strain (as long as the cross-sectional dimensions
are much larger than the grain size), and v is typically in the range of 0.3 to 0.5, for gauge factors
on the order of two. However, in practice, macroscopic metal strain gauges often have gauge factors
higher than this, so it appears that some piezoresistive effect and/or change in total wire volume
comes into play. Whether or not this would be helpful in micromachined strain gauges is most
likely a moot point since the much larger gauge factors of piezoresistive strain gauges make them
nearly ubiquitous in this domain. (Figure 1-1)

Figure 1-1 Tllustration of typical metal strain designs
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Metal strain gauges may be made from thin wires or metal films (thin-film strain gauges) that
may be directly fabricated on top of microstructures. Thin-film metal strain gauges are easier to
fabricate (photolithographically) and allow for more complex shapes. They are generally built on

flexible plastic substrates (sometimes self-adhesive) and can be glued onto a surface.

1.1.2 Semiconductor Strain Gauges

In semiconductor strain gauges, the piezoresistive effect is very large, leading to much higher
gauge factors. P-type silicon has gauge factor up to 200 and n-type has a negative gauge factor,
down to~—140. Stain gauges can be locally fabricated in bulk silicon through ion implantation or
diffusion, or the entire substrate can be used as the sensor. Unfortunately, these semiconductor
strain gauges also have much higher-temperature coefficients of resistivity, making temperature
compensation more important. (For example, one can use a Wheatstone bridge with a reference
strain gauge that is not deformed to compensate, as long as all bridge elements are isothermal.)

The detailed theory of piezoresistivity is not covered herein. In short, the effective mobilities
of majority carriers in a piezoresistive material are affected by stress (this effect is highly
orientation dependent). For p-type materials, the effective mobility of holes decreases so the
resistivity increases. For n-type materials, the effective mobility of electrons increases so the
resistivity decreases. The observed change in mobility results from the strain-induced distortions of
the energy band structure, and this can be calculated quite accurately if necessary.

While the strong temperature dependence of the gauge factor for single-crystal semiconductor
strain gauges makes their use sometimes more difficult, polycrystalline and amorphous silicon are
useful alternatives (which are not anisotropic). The total resistance of polycrystalline silicon is
determined by the resistance of the silicon grains and that of the grain boundaries, the latter being
the most important aspect. Within the grains, the resistivety behaves essentially like that of the
single-crystal material, and so as the temperature increases, the mobility decreases and the
resistivety increases. At grain boundaries, depletion regions develop due to charge trapping, and
here as the temperature increases, more carriers can overcome these boundaries, decreasing the
resistivety. By balancing these effects, the net temperature coefficient can be adjusted to nearly zero.
It is worth pointing out that silicon (and polysilicon and amorphous silicon) are centrosymmetric
and not piezoelectric (unless stressed). Piezoresistive behavior is completely different from
piezoelectric properties.

1.2 Piezojunction Effect

A related effect to piezoresistance is the piezojunction effect, which is a marked shift in the I-V
characteristic of p-n junction when mechanical stresses are applied to it. One can also fabricate
pressure sensitive tunnel diodes, MOSFETs, MESFETSs, etc. While this effect has been discussed in

4
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the micromachining literature, little use has been made of it in micromachined transducers.
Friedrich, et al. (1997) presented a piezojunction-based strain sensor where reverse I-V
characteristics, dominated by band-to-band tunneling, were modulated by applied strain.

1.3 Piezoelectric Effect

Piezoelectricity is a phenomenon in which a mechanical stress on a material produces an electrical
polarization and, reciprocally, an applied electric field produces a mechanical strain (Figure 1-2).
The Curies discovered the effect in 1800, and the first useful applications were made by Cady in
1921 with his work on quartz resonators. The effect can certainly be used to sense mechanical stress
and as an actuation mechanism. However, a key potential limitation of this transduction mechanism
is that the piezoelectric effect produces a DC charge (polarization), but not a DC current. Thus such
transducers are inherently incapable of providing a DC response. The limited low-frequency
response of piezoelectric devices is primarily due to parasitic charge leakage paths, and can be
significantly improved through micromachining and directly coupling piezoelectric outputs to
MOSFET gates.

Force

Metallization Y /_\

AQ, AV

Piezoelectric
Material

Figure 1-2  Generation of incremental charge on metallized electrodes

Centrosymmetric crystals such as silicon and germanium are not piezoelectric. If such
materials are strained, the effective centers of the positive and negative charges do not move with
respect to each other, preventing the formation of dipoles as required for piezoelectricity. Thus,
materials whose crystal structures lack centers of symmetry are required for the piezoelectric effect
to be possible. Thus, to fabricate silicon-based piezoelectric transducers, a suitable material must to
be deposited on the devices. The III-V and II-VI compounds (e.g., GaAs, CdS, ZnO, etc.) are not
centrosymmetric and have bonds that are partly covalent and partly ionic in nature, and thus are
piezoelectric. Materials such as CdS and ZnO can be deposited by co-evaporation or sputtering,
with the sputtered ZnO being more common approach.

Piezoelectricity, pyroelectricity, and ferroelectricity all derive from one single physical cause:
the existence of an electric polarization vector, P. As a rule of thumb, if a crystal is piezoelectric,
almost always it will be pyroelectric and ferroelectric too. This points out another factor which

5
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limiting the use of piezoelectric sensing for low frequencies and DC, since most suitable materials

i

exhibit considerable temperature errors due to their pyroelectric behavior. This effect can, however,
be mitigated through the use of compensation capacitors made from the same piezoelectric material
but left strained.

In terms of sensitivity to stress, piezoelectric materials are commonly characterized by the
charge sensitivity coefficients, dj;, (in units of C/N), which relates the amount of charge generated at
the surfaces of the material (of area A) on the i axis the applied force, F, on the j axis,

AQ, =d,AF,=d,AcA (1-10)

From this, the voltage change across the conductive plates (at a spacing x) can be written as,
i @ _4,AFx

e K i

(1-11)

£, A

The piezoelectric effect is reversible, such that the application of a voltage AV gives rise to a
corresponding force, AF , and resulting dimensional change AL . This is commonly used in
piezoelectric actuators. Typical values for AL vary between 10'° and 107’ cm/V. Thus, to obtain
displacements on the order of micrometers (um), voltages exceeding 1 000 V are often necessary,
unless stacked actuators or mechanical motion amplification methods are used.

Common piezoelectric materials with applications in micromachining include quartz;
polyvinylidene fluoride (PVDF); lead zirconate titanate (PZT); perovskite crystals such as barium
titanate, lithium niobate, etc.; III-V compounds such as GaAs, GaP; and II-VI compounds such
as ZnO, ZnS, ZnSe, etc. Relevant properties of several piezoele. :ic materials are given in table
1-3.

Table 1-3  Relevant properties of piezoelectric materials

Material Type Piezoelectric Constant pC/N| Relative Permittivity (€, )
Quartz single crystal d33=2.33[2, 3] 4.5[2], 4.0[3]
d=20, d3=2, d3;=—30[2]
Polyvinylidene foride (PVDF) polymer dy1=23[1], 12[1, 2]
d33=1.59[3]
ceramic (Perovskite | d;;=78[1, 2] 1 700[1, 2]
Barium titanat (BaTiO 5 )
crystal) d33=190[3] 4 100[3]
d;1=110[1, 2] 1 200[1]
Lead zirconate titanate (PZT) ceramic
d33=370[3] 300 to 3 000[3]
Zinc oxide (ZnO) metal oxide d33=246[4] 1 406[4]

PZT is a ceramic with a high value for the piezoelectric strain constant. However, it is
somewhat difficult to deposit as a thin film. Polyvinylidene fluoride (PVDF) and ZnO are most
often used in the microfabrication of piezoelectric transducers.

PVDF, which is a carbon-based polymer, is usually deposited as a spin cast film from a dilute
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solution in which PVDF powder has been dissolved. As for most piezoelectric materials, processing
after deposition greatly affects the behavior of the PVDF film. For example, heating and stretching
can increase or decrease the piezoelectric effect. PVDF and most other piezoelectric films require a
polarization after deposition. This is done by the application of a large electric field for a few hours
using electrodes deposited on both sides of the film. The net polarization at the end of this process
depends on the time integral of the applied field up to a saturation level.

ZnO is the most common piezoelectric material used in micro fabrication. Unlike PVDF, it can
be sputter-deposited as a polycrystalline thin film with its c-axis (along which piezoelectricity is
strongest) perpendicular to the surface of the substrate. Pure Zn is usually sputtered in an O,/Ar
plasma to form ZnO. ZnO has also found broad application as a pyroelectric material.

Piezoelectric actuation is ideal, however, for scanning tunneling and scanning force
microscopes, where small, precise displacements are required. Piezoelectric materials are also very
useful in micromachined transducers such as surface acoustic wave (SAW) devices, accelerometers,
microphones, etc.

1.4 Capacitive Sensing

Perhaps ‘one of the ‘most important, and oldest, precision sensing mechanisms is capacitive.
The physical structures of capacitive displacement sensors are extremely simple (one or more fixed
plates, with one or more moving plates). The inherent nonlinearity of most capacitive sensors is
often overshadowed by their simplicity and very small temperature coefficients. With the
monolithic integration of signal conditioning circuitry, the additional problem of measuring often
miniscule capacitance changes in the face of large parasitics is mitigated. Several potential
capacitive sensing modes are illustrated in Figure 1-3.
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Figure 1-3  Five different possible capactive sensing modes

The basic parallel-plate capacitor equation is,
C=¢g¢eAld,inF (1-12)
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where,
&= dielectric constant of free space = 8.854 188x107* F/cm;
& = relative dielectric constant of material between the plates;

A = overlapping plate area, in cm;
d = plate separation, in cm.
Similarly, as is often the case in miromachined structures, for n dielectric layers of a relative

dielectric constant, £, , the overall capacitance is,
EA

_(dl d, dnJ
L +2 +=
grl €r2 €

m

,inF (1-13)

Capacitive sensor structures are relatively simple to fabricate. As illustrated above, one can
vary d, ¢ or A, providing very nonlinear (in the former two cases) or quite linear
position-to-capacitance transfer functions (in the latter case). While macroscopic capacitive
transducers of nearly any imaginable shape can be implemented, this is not the case for micro-
machined devices. Membrane-type capacitive devices (e.g., microphones or pressure sensors) are
straightforward to fabricate, but they are extremely nonlinear, since d varies. Comb type capacitors
are commonly used in surface micromachined devices, and are theoretically based on varying the
overlapping area for greater linearity. However, at such scales (particularly for surface micro-
machined devices), fringing fields can become very significant or even dominant. Thus, the
parallel-plate capacitor equation is only useful for first-order estimates at best. Varying the
dielectric constant between the plates appears not to have been employed in micromachined devices
often, and there seems to be little incentive to do so given the relative ease of using the other two
modes. One noteworthy exception is the class of humidity and chemical sensors in which the
dielectric constant of a sensitive layer is varied in relation to the concentration of analyte.

Despite these potentially difficult issues, a key redeeming feature of capacitive transducers is
their near lack of a temperature coefficient. According to Baxter (1997), the temperature coefficient
of the dielectric constant of air at 1 atm and 20°C is =2 ppm/°C for dry air and 7 ppm/°C for
moist air. However, the change in dielectric coefficient of air versus pressure is more sizable at
100 ppm/atm. If the dielectric between the plates is a gas at a stable pressure (or vacuum), the
dominant (and often minor) thermal effect on capacitance is due to differential thermal expansion of
the structures themselves. An additional advantagé of capacitive sensing is the fact that it is
non-contact.

While capacitive transduction is inherently less noisy than resistive, the noise performance of
capacitive versus piezoresistive approaches is not always better, particularly since surface
micromachining approaches often result in extremely small capacitances. In such cases, the
necessary electronics often supplies enough noise to eliminate any potential signal-to-noise ratio
(SNR) advantage of capacitive sensing.

Changing capacitance can be measured using a number of well-known circuit techniques, such as
(1) charge-sensitive amplifiers, (2) charge-redistribution techniques, (3) impedance measurements,
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(4) RC oscillators, and (5) direct charge coupling.
In general, these circuits can be integrated with the capacitive sensors themselves, or at least
positioned nearby to minimize the effects of parasitic capacitances. ‘
Such electrostatic devices are also capable of being used as actuators, but are very nonlinear in

this mode.

1.5 Tunneling Sensing

Tunneling transduction is extremely sensitive due to the exponential relationship of tunneling

current, /, to the tip/surface separation,
L3, ~A (1-14)
where,
Iy = scaling factor, dependent on materials, tip shape, etc.;
B = conversion factor, typical value = 10.25 eV~ */nm;
¢ = tunnel barrier height in electron-volts (eV), typical value=0.5 eV;
Z =tip/surface separation in nanometers (nm), typical value = 1 nm.

While extremely nonlinear, the sensitivity of this displacement sensing approach can be
harnessed by using closed-loop feedback to linearize the system. Also, while imaging microscopy
applications call for extremely (atomically) sharp tunneling tips, this is not necessary displacement
sensing applications since one atom or another will be closest to the tunneling current sink and will
thus dominate. To date, there have been limited applications of tunneling transduction in
micromachined systems.

Question

What is the simplest sensor?

EXpressions

1. amorphous adj. TEH, TTLHLH 7. ceramic adj. FEE [JR] I

2. analyte n. () Y 8. compound n. BAEY, [tk] thEY

3. anisotropic adj. &[S 9. covalent adj. LMY

4. barium titanate £KER4N 10. cross-section n. HEER (W) &

5. bulk adj. K#kl, KER (FEHER. 11. cylindrical adj. [i+] BEAEH
HERAFR KK 12. deformed adj. ZEFH), TR b #

6. centrosymmetric adj. HLATFRE K, B



13.
14.

15.

16.

17.

18.

19.
20.
21.
22,

23.

24.
25

26.
27.

28.
29.
30.

31.

32.
33.

34.

35.
36.

depletion n. HiFE
derivative adj.  FItHH, R
n. JREREY), JRER
derive vt. 8H
vi. &R
dielectric n. HEAMR, %k
adj. AEtEFHR
differentiating vz. [ ] Ke---oo HIT%
5y, WWEFHE (F
D W
dilute vz. K, BB
adj. FHEEH)
dimensionless adj. JCEHNKI, TTEIKK
MRF, B
i, &, g, KE
BHREWH), HMH
K, ZECHY
ferroelectricity n. ZkHEIZR
Rxt#E, BN, GEY
W, «REH, (8] HEH,
e, HHE
vt. #t¥6, BHIE, $5FF, B,
BT
UGN %, BHIR
gauge n. FRHER, Hitg, BEM, BFR
v, W
germanium n. %
herein adv. Tk, EXE
humidity ». ®S, W&, ®F (&),
VB ) REYR S
impedance n. [H]1FE$L, 28, [#]
FET
implantation n. 3%iE, ¥
incentive n. Bl
adj. B
M, R, I, 518,
R
inherently adyv.
BT

dipoles n.
distortion n.
dominant adj.

foe n.
foil n.

fringing n.

induce vt

R, &

ion n.
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37.

45.
46.
47.

48.
49.

50.
51.
52,
53.
54.
55.
56.
57.

58.
59.
60.
61.

62.
63.
64.
65.

. linearize vt.
39.
40.
. macroscopic adj.
42.
43.

isothermal  adj. SFRK, FELH
n. HRL

fEgtEAL
lithium n [fb] &
longitudinal adj. AR, NMEK
PIER AT JLE), ELAY
PUBEEE, P, Bl
membrane n. J&, FEiE
MESFET abbr. Metal Semiconductor
Field Effect Transistor K485, &R¥S
B R

microscopy n.

mechanism 7.

BHEETE

/N, AT
B, BRI
B#

moot adj. RFHK, TEHFEXK
MOSFET abbr. Metal Oxide Semico-
ductor Field Effect Transistor 485, &
REMNF TN E

PERR £k

EREEK, BFEN
ZER
HFE/AEE, ER
FHEH

I EH

e
photolithographic adj.

miniscule adj.
monolithic n.

niobate n.
noteworthy adj.
ominated adj.
overshadow vi.
parasitic adj.
permittivity n.
perovskite n.
FEUAE - hig ER Rl
() B
[(¥] ErE
piezojunction JEHL 45
FETH, FETX
Pk (%D, Rk (E
D
polycrystalline adj.
polymer n. &4k
polyvinylidene fluoride ZE# 2% (PVDF)
potential adj. ¥ETEMI, FIRER], FHHI,
(VA: ]
n. ¥WRE, WH, B

piezoelectric adj.

plasma n.
polarization n.

[(¥] Z&E



