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12.1 Introduction

A sensor is used to transform a nonelectrical stimulation to an electrical response that is suitable to
be processed by electrical circuits [91W]. Sensors are related with everyday life, such as automobiles,
airplanes, radios, and countless other applications [90BR,01RPSW]. Several transformation steps are
required before the electric output signal can be generated. These steps involve changes of types of
energy where the final step must produce an electrical signal of a desirable format. There are several
physical effects that cause generation of electric signals in response to nonelectrical influences. In this
chapter, the physical effects behind various sensor applications that can be used for conversion of stim-
uli into electric signals are introduced, including piezoresistive effect, thermoelectric effect, piezoelectric
effect, pyroelectric effect, temperature effect in p-n junction, and Hall effect.

12.2 Piezoresistive Effect

Piezoresistive effect describes the changes of electrical resistance when the material is mechanically
deformed. It occurs in crystals that have no polar axes and is well represented in semiconductors.
Physically, piezoresistance comes from the anisotropic distribution of energy levels in the k-space of the
angular wave vector. This phenomenon is successfully employed in sensors that are sensitive to stress.

The relationship between relative changes in resistance AR/R (where R is specific resistivity) and the
mechanical stress applied is given by

AR _mo (12.1)
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12-2 Fundamentals of Industrial Electronics

where 7 is the so-called piezoresistive coefficient, which is dependent on the crystal orientation and the
conditions of measurement, for example volume constancy.
The relationship between the stress 6 and deformation of the material can be presented as
AL

o=E— 12.2
i (12.2)

where E is Young’s modulus of the material.
It is known that the resistance of a conductor can be calculated by
L

R=_""R, 12.3
W (12.3)

where
R, is the unit surface resistance of the material
L and W are the length and the width of the area, respectively

Considering the volume of the material as a constant, Equation 12.3 can be rewritten as

2
R:LXRS (12.4)

where A is the area of the material.
Differentiating Equation 12.4, the following is obtained:

AR _

——=2R 12.5
AL (12.5)

L
TA
By combining Equations 12.2, 12.4, and 12.5, the normalized resistance change of the wire can be
rewritten as a linear function of the stress c:

AR _,AL_,O (12.6)

In reality, the piezoresistive coefficients T contain 21 components. In the cubic system, only three of the
components, T,;, T;,, and m,, are independent of each other. The same is true of monocrystalline silicon.
The values of these coefficients depend on the type of conductor and the dosing level.

Let us derive the equations for (100) and (111) surface in a silicon wafer. For (100) surface of silicon,
the changes of resistance can be measured by

AR
? =0.5[(TE11 + T, +TC44)611 +(TC11 + T, —TC44)622]C032 ¢

+O.5[(TC11 + Ty — Ty )011 + (TCH + T, + Tyy )022 ]sinz ¢
+71,033 +(TC11 —nlz)clz Sln(2¢)+(X.T (127)
where
,;, T}, and T, are geometry-dependent constants (see Table 12.1)

o. is the temperature coeflicient
Oy1» Oxy, O35, and 0y, are geometry-dependent stresses
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TABLE 12.1 Parameters for Silicon Wafer

n-Type [1/TPa] p-Type [1/TPa]

T, -1022 66
T, 534 -11
Ty -136 1381
T+ T, -488 55
T, — Ty, —-1556 77
B, -312 718
B, 297 -228
B, 61 —446
C, -7 245
C, -305 473
C, 670 615

It can be simplified to

% =0.5(1, + 701, ) (011 + Gy ) + 11,055 + O

+0.5744 (611 — 63 )c0s(20) + (1), — 71, ) 4, 5in (20) (12.8)

For n-type resistors, using the data in Table 12.1,

% =-244(0,, + 65, ) + 53405, + T — 68(0,, — 65, )cos(20)

— 15566, sin (2¢) (12.9)
For p-type resistors, using the data in Table 12.1,

AR
?=27(611 +622)—11633 +(XT+690((511 —622)C08(2¢)

+776G1, sin(20) (12.10)

A sum of two perpendicular resistors is not a function of angular location and

AR, + AR,

=05(7‘511+TC12)(611+622)+T512(533 +(XT (1211)
Rl RZ

A difference is a function of angular location:

AR, AR,

R] R2

=Tlyy (611 — Oy )COS(2¢)+2(TCH + T, )612 sm(2¢) (1212)

To measure G;; — G,,, ® = 0° and 90° should be used (preferably p-type); while to measure G,,, ® = —45°
and 45° should be used (preferably n-type).
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For (111) surface of silicon,

A—If =[ Biow, + B,62, + BsG33 +24/2 (B, — B3 ) 05 |cos” ¢
+[ B.G11 + Bi62 + BsG33 — 242 (B, — By ) 05 [sin’ ¢
+[2\/§(B2 —B;)oy; +(B,—B,)on, ]sin(2¢)+ oT (12.13)
where
B, = T+ T, + Ty B = T + 5T, — Ty B = T + 2T, — Ty (12.14)
2 6 3
It can be simplified to
AR
o Ci (01, + 63 )+ Bioss + 0T + [CZ (01 —05)+ C3623]cos(2¢)
+[2C,01, + G0, ]sin(20) (12.15)
where
C = 2Ty + 4T, + Ty G = T — Ty + 2Ty C=22 —Thy + Top + Ty (12.16)
6 6 6
For n-type resistors, using the data in Table 12.1,
AR
o = 7(0u+02)+610, +aT + [-305(01, - 62) + 67065, |cos(20)
+[-6100,, +6700,; ]sin(29) (12.17)
For p-type resistors, using the data in Table 12.1,
AR
o =245(01+ 0 ) — 4460, + T + [473(01, - 62,) + 75005, | cos(20)
+[940,, +7500,; Jsin(20) (12.18)
The sum of two perpendicular resistors is
Al:l +ARI:2 =C (6, +6y )+ Bs0s; + 0T (12.19)
For n-type resistor on (111) surface
ARITI + AISZ =-7(01, +0x ) +6103; +2000AT (12.20)
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where G is in MPa and AT is in °C.

For p-type resistor on (111) surface is less preferable AQl
ARRI + Aszz = 245(611 +0y )_ 446633 + 2000AT (1221)
1 2

As shown above, the piezoresistive effect in silicon can be several orders of magnitudes larger than in
metals, making it a good member for piezoresistive sensors. However, the silicon is very sensitive to
temperature. Additional methods should be adopted to counteract the temperature effect to make the
sensor more accurate.

12.3 Thermoelectric Effect

Thermoelectric effect is also called Seebeck effect in honor of East Prussian scientist Thomas Johann
Seebeck (1770-1831) [92AE]. He observed that an electrical current was present in a series circuit of two
different metals that were contacted and at different temperatures.

When different conductors A and B are connected together, free electrons behave like an ideal gas. For
different materials, the energies and densities of free electrons are different. Kinetic energy of electrons
is a function of the temperature. At the same temperature, when two different materials contact, free
electrons diffuse through the junction (contacting point). The electric potential of the material accept-
ing electrons becomes more negative at the interface, while the material emitting electrons becomes
more positive. Different electronic concentrations across the junction set up an electric field that bal-
ances the diffusion process until equilibrium is established. When the two materials are at different
temperatures, the voltage at the junction can be presented as (Figure 12.1)

AV

=S,-S$ 12.22
T =S4 Ss (12.22)

where S, and Sy are the absolute Seebeck coeflicients of the conductors A and B, respectively.

Conversely, when a voltage is applied to the conductors A and B in Figure 12.1, it creates a temperature
difference between side A and side B.

The differential Seebeck coefficient S,; = S, — S is called the sensitivity of a thermocouple junction.
The Seebeck coefficient is independent on the characteristic of the junction, but only related with the
materials. Therefore, to achieve the best sensitivity, the differential Seebeck
coefficient of those junction materials should be as large as possible.

Ty

12.4 Piezoelectric Effect N

Piezoelectric effect is the property of certain crystals that can generate a Vag
voltage subjected to a pressure and conversely generate a pressure due to an
applied voltage [92DN]. The effect exists in crystals that do not have a sym-
metrical center.

Each molecule in piezoelectric crystal is polarized: one side is negatively

charged while the other side is positively charged, which is also named as a T,

dipole. This is due to the different atoms that make up the molecule, and the

way in which the molecules are shaped. The polar axis runs through the cen-  p1quRE 12.1 Voltage of
ter of both charges in the molecule and the molecule is electrically neutral o conductors with dif-
under non-stress conditions. When external force is applied, the lattice is  ferent temperatures con-

deformed and the electric field is built up; conversely, when the piezoelectric  nected in series.
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crystal is under a strong electric field, most of the dipoles in the crystal are forced to line up in nearly the
same direction, which results in mechanical stress.
Piezoelectricity is the combined effect of the electrical behavior of the crystal:

D=¢E (12.23)

where
D is the electric charge density displacement (electric displacement)
€ is the permittivity
E is the electric field strength

Using Hooke’s law,

L=s0 (12.24)

where
L is strain
s is compliance
o is the stress

By combining Equations 12.7 and 12.8, the piezoelectric effect can be described as

{L}=(s"}o} +(a"){E]
{D}=1d){o} +[e°]{E}

(12.25)

where
{} and [] standard for vector and matrix separately
d is the piezoelectric coefficient
[d] is the matrix for the direct piezoelectric effect
transposed [d 7] is the matrix for the converse piezoelectric effect
the superscript E indicates under a zero or constant electric field
the superscript 6 indicates under a zero or constant stress field.

Piezoelectric crystals perform direct conversion between mechanical and electrical energy. Efficiency
of the conversion is defined by the coupling coefficients k:

k=Jdxh (12.26)
where h is the gradient of electric field E multiplied by Young’s modulus.

The k-coefficient is an important characteristic for applications where energy efficiency is of prime
importance, like in acoustics and ultrasonics.

12.5 Pyroelectric Effect

Pyroelectric effect is the phenomenon of generating a temporary electrical potential when materials are
heated or cooled [78ZL]. Different from thermoelectric devices that produce steady voltages, pyroelec-
tric devices generate dynamical charges corresponding to the change of temperatures. So a pyroelectric
device is usually used as a heat flow detector rather than a heat detector.
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Pyroelectric effect is very tightly connected to the piezoelectric effect. There are several mechanisms
that will result in pyroelectricity. Temperature changes cause shortening or elongation of individual
dipoles. It may also affect the randomness of the dipole orientations due to thermal agitation. This is
the primary pyroelectricity. The second pyroelectricity is induced by the strain in material caused by
thermal expansion, which may be described as a result of the piezoelectric effect. Of the classic 32 crystal
structures, 10 of these exhibit pyroelectric properties.

The pyroelectric charge coefficient, P, is defined as

_ 9B

b= 12.27
Q== (12.27)
and the pyroelectric voltage coeflicient, Py, as
oE
Py =— 12.28
V= or (12.28)
where
Pg is the spontaneous polarization
E is the electric field strength
T is the absolute temperature
AQ2 C is the parasitic capacitance of the device
By combining Equations 12.27 and 12.28,
P P.
Po _0Bs _ ol (12.29)
P, OF

where
€, is the electric permittivity of vacuum
€, is the electric permittivity of the materials

If a pyroelectric material is exposed to a heat source, its temperature rises by AT and the corresponding
charge and voltage changes can be calculated by

AQ=P,AAT
: (12.30)
AV =P, LAT
where A and L is the area and thickness of the material separately.
Since the capacitance is defined as
C:A—Q:as,soé (12.31)
AV L

Integrating Equations 12.13, 12.14, and 12.15, the relationship between AV and AT can be described as

P,L
AV =AT - (12.32)
€0€,
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One may notice that the output voltage is proportional to the sensor’s
temperature change, pyroelectric charge coefficient, and its thickness. i C R
The equivalent electrical circuit of the pyroelectric sensor is shown in —

Figure 12.2. It consists of three components: the current source generat-

ing a heat induced current ; the parasitic capacitance C, and the leakage
resistance R. FIGURE 12.2 Equivalent cir-
cuit of pyroelectric sensor.

12.6 Photoelectric Effect in Semiconductors

A photoelectric effect is any effect in which light energy is converted to electricity. When light strikes
certain light-sensitive materials, it may cause them to give electrons, or change their ability to conduct
electricity, or may cause them to develop an electrical potential or voltage across two surfaces.

When a surface is exposed to electromagnetic radiation above a certain threshold frequency, the radia-
tion is absorbed and electrons are emitted. This is called photoelectric effect, which was discovered by A.
Einstein. The required photon energy must equal or exceed the energy of a single photon, which is given by

E=hv (12.33)

where
v is the frequency of light
h is Planck’s constant equal to 6.63 x 1073]-s

Considering the relationship between frequency and the wavelength, the energy in Equation 12.33
can be written as the function of wavelength

he  1.24 x107
E=—=——"[eV-s 12.34
X X [eV-s] (12.34)
where
c is the light speed in materials
A is the wavelength of light

For Si, the value of E at room temperature is 1.12eV. However, in a real semiconductor crystal other
excitation mechanisms are possible. These include absorption through transitions between the allowed
bands and absorption through high levels of distortion in the forbidden band. However, the greatest
excitation effect is still provoked by band-to-band absorption.

The electromagnetic radiation can be classified from low frequency to high frequency as infrared,
visible, and ultraviolet, respectively. The electromagnetic frequency spectrum is shown in Figure 12.3.

Infrared ‘ Visible ‘ Ultraviolet

GaAs GaP
InSb Ge Si CdSe CdS SiC 7ZnS

I O O O I
> E, (V)
0 1 2 3 4

< } } } A (um)

——+
75 32 1 0.5 0.35

FIGURE 12.3  Electromagnetic frequency spectrum.
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FIGURE 12.4 Photoconductive effect in semiconductor.

When light is absorbed by a semiconductor, a current can be induced and thus cause the change of
resistance of the material. As shown in Figure 12.4, the semiconductor in thermal equilibrium contains
free electrons and holes. The optical field to be detected is incident on and absorbed in the crystal,
thereby exciting electrons into the conduction band or, in p-type semiconductors, holes into the valence
band. The electronic deficiency thus created is acted upon by the electric field, and its drift along the field
direction gives rise to the signal current.

12.7 Photoelectric Effect in p-n Junctions

When light strikes a semiconductor p-n junction, its energy is absorbed by electrons. Electrons and
holes generated by light in the p-n junction are swept by junction electrical field. As a result, the cur-
rent flows though the junction. Figure 12.5 shows the process of generating current in photo diode.

Figure 12.5a is the p-n junction with a depletion layer without light. When the p-n junction is exposed
to light, the impinging photons create electron-hole pairs everywhere in n-type area, p-type area, and
depletion layer. In the depletion layer, the electric field accelerates electrons toward the n-layer and the
holes toward the p-layer (Figure 12.5b).

For the electron-hole pairs generated in the n-layer, the electrons, along with electrons that have
arrived from the p-layer, are left in the n-layer conduction band. The holes at this time are being dif-
fused through the n-layer up to the depletion layer while being accelerated, and collected in the p-layer
valence band. In this manner, electron-hole pairs that are generated in proportion to the amount of
incident light are collected in the n- and p-layers. This results in a positive charge in the p-layer and a
negative charge in the n-layer. If an external circuit is connected between the p- and n-layers, electrons
will flow away from the n-layer, and holes will flow away from the p-layer toward the opposite respective
electrodes (Figure 12.5¢). The current is thus generated.

12.8 Temperature Effect in p-n Junctions

The temperature effect of p-n junction can be utilized as a temperature sensor. The principal sensor is
straightforward. The I-V characteristic of the diode is as follows:

Ip= Is(exp(quTL’) - 1) (12.35)

where
V), is the applied voltage
q is electronic charge equal to 1.60 x 107°C
k is Boltzman’s constant equal to 1.38 x 10723 J/K
T is absolute temperature
I is the reverse saturation current of diode
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FIGURE 12.5 Photo diode: (a) p-n junction; (b) carrier generation in depletion layer associated with carrier sweep
in electric field of depletion layer (fast process); (c) carrier generation in bulk material associated with minority carrier
diffusion toward junction (slow process).

I = Agn? ! + ! (12.36)
S q i X

on"(N/Dp)dx IOP(N/Dn)dx

where , is calculated by

E
n? =N,N.T? exp| —£ 12.37
p( kT) ( )

By combining Equations 12.12 through 12.14, the voltage of the diode can be calculated by

le( ) le( ) (12.38)
q I q Is

Since I is proportional to n; (Equation 12.13), taking the derivative with respect to temperature
yields
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dVp/dT (mV/K)
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FIGURE 12.6 Relationship between dV,/dT and V, for a silicon diode.

Vo _ky (Io) KT 10y _Vp—(kT/q)~(Es/q) (12.39)
oT q I q Is or T

where E, is the semiconductor bandgap energy. The relationship between dV,/dT and V/, for a silicon
diode is shown in Figure 12.6. dV,/dT decreases with temperature increasing.

With a constant current applied, the voltage across a diode or p-n junction will decrease by approxi-
mately 1-2mV/°C. The diode voltage vs. temperature can be characterized by placing the amplifier in a
temperature chamber with a constant current applied to the diode junction.

12.9 Hall Effect

The Hall effect was discovered in 1879 in Johns Hopkins University
by E.H. Hall. The effect is based on the interaction between moving
electric carriers and an external magnetic field. When an electron
moves through a magnetic field, it acts a sideways force

F=qvB (12.40)

where
q is an electronic charge

v is the speed of an electron
B is the magnetic field

When the electric current source I is perpendicular to the mag- 0 0
netic field B, as shown in Figure 12.7, the so called Hall voltage, V, "
is produced in the direction perpendicular to both B and I. V};is  FIGURE 12.7 Principle of Hall
given by effect.
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Vy = B (12.41)
qnd

where
d is the thickness of the hall plate
n is the carrier density

One very important feature of the Hall effect is that it differentiates between positive charges moving in
one direction and negative charges moving in the opposite.

Hall effect devices produce a very low signal level and thus require amplification. The Hall sensors
can be used to detect magnetic fields, position, and displacement of objects.

12.10 Conclusion

The physical phenomena described above are frequently used in various sensors. For example, piezoresis-
tive effect and piezoelectric effect can be used to measure both pressure and acceleration. Thermoelectric
effect, pyroelectric effect, and temperature effect in p-n junction are usually applied in temperature sen-
sors, bolometers, and so on. Photoelectric effect is used in light detectors such as photodiodes and ther-
mal detectors. Hall effect is always used in measuring magnetic fields and sensing position and motion.
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