CHAPTER

7

Dielectric Materials and Insulation

The familiar parallel plate capacitor equation with free space as an insulator is given by

_ Epd
= d

where £, is the absolute permittivity, A is the plate area, and o is the separation between
the plates. If there is a material medium between the plates, then the capacitance, the
charge storage ability per unit voltage, increases by a factor of ., where £, is called
the dielectric constant of the medium or its relative permittivity. The increase in the
capacitance is due to the polarization of the medium in which positive and negative
charges are displaced with respect to their equilibrium positions. The opposite surfaces
of the dielectric medium acquire opposite surface charge densities that are related to the
amount of polarization in the material. An important concept in dielectric theory is that
of an electric dipole moment p, which is a measure of the electrostatic effects of a pair
of opposite charges + & and — O separated by a finite distance o, and so is defined by

p=(0a

Although the net charge is zero, this entity still gives rise to an electric field in space
and also interacts with an electric field from other sources. The relative permittivity is
a material property that is frequency dependent. Some capacitors are designed to work
at low frequencies, whereas others have a wide frequency range. Furthermore, even
though they are regarded as energy storage devices, all practical capacitors exhibit
some losses when used in an electric circuit. These losses are no different than FR
losses in a resistor carrying a current. The power dissipation in a practical capacitor
depends on the frequency, and for some applications it can be an important factor. A
defining property of a dielectric medium is not only its ability to increase capacitance
but also, and equally important, its insulating behavior or low conductivity so that
the charges are not conducted from one plate of the capacitor to the other through the
dielectric. Dielectric materials often serve to insulate current-carrving conductors or
conductors at different voltages. Why can we not simply use air as insulation between
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high-voltage conductors? When the electric field inside an insulator exceeds a critical
field called the dielectric strength, the medium suffers dielectric breakdown and a
large discharge current flows through the dielectric. Some 40 percent of wtility gener-
ator failures are linked to insulation failures in the generator. Dielectric breakdown is
probably one of the oldest electrical engineering problems and that which has been
most widely studied and never fully explained.

7.1 MATTER POLARIZATION AND RELATIVE
PERMITTIVITY

7.1.1 RELATIVE PERMITTIVITY: DEFINITION

We first consider a parallel plate capacitor with vacuum as the dieleciric medium
between the plates, as shown in Figure 7. 1a. The plates are connected to a constant volt-
age supply V. Let {J, be the charge on the plates. This charge can be easily measured.
The capacitance C, of the parallel plate capacitor in free space, as in Figure 7.1a, is
defined by

i
v

The electric field, directed from high to low potential, is defined by the gradient of
the potential £ = —dV /dx. Thus, the electric field £ between the plates is just V/d
where d is the separation of the plates.

Cp= [7.1]
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Figure 7.1

la} Parallel plate capaciter with free spoce batween the plates.

(b} As a slab of insulating material is inserted batwaen the plates, thers is an external currant
flaw indicnrirrg that mare charge is stored on the p|¢|1e§.,

c] The copacitance has been increased due to the insertion of o medium between the plates,



7.1 MATTER POLARIZATION AND RELATIVE PERMITTIVITY

Consider now what happens when a dielectric slab (a slab of any nonconducting
material) is inserted into this parallel plate capacitor, as shown in Figure 7.1b and ¢
with ¥ kept the same. During the insertion of the dielectric slab, there is an external
current flow that indicates that there is additional charge being stored on the plates.
The charge on the electrodes increases from &, to Q. We can easily measure the
extra charge ¢ — @, flowing from the battery to the plates by integrating the ob-
served current in the circuit during the process of insertion, as shown in Figure 7.1b.
Because there is now a greater amount of charge stored on the plates, the capacitance
of the svstem in Figure 7.1c is larger than that in Figure 7.1a by the ratio Q@ to Q..
The relative permittivity (or the dielectric constant) £, is defined to reflect this in-
crease in the capacitance or the charge storage ability by virtue of having a dielectric
medium, If C s the capacitance with the dielectric medium as in Figure 7.1¢, then by
definition

Q [0y
T G 7

The increase in the stored charge is due to the polanization of the dielectric by the
applied ficld, as explained below. [t is important to remember that when the dielectric
medium is inserted, the electric field remains unchanged, provided that the insulator
fills the whole space between the plates as shown in Fipure 7.1c. The voltage V
remains the same and therefore so does the gradient V/d, which means that £ remains
constant.

7.1.2 DiroLE MOMENT AND ELECTRONIC POLARIZATION

An electrical dipole moment is simply a separation between a negative and positive
charge of equal magnitude (? as shown in Figure 7.2, If a is the vector from the nega-
tive to the positive charge, the electric dipole moment is defined as a vector by

p = (a [7.3]

The region that contains the ++( and - charges has zero net charge. Unless the
two charge centers coincide, this region will nonetheless, by virtue of the definition in
Equation 7.3, contain a dipole moment.

The net charge within a neutral atom is zero. Furthermore, on average, the center
of negative charge of the electrons coincides with the positive nuclear charge, which
means that the atom has no net dipole moment, as indicated in Figure 7.3a. However,
when this atom is placed in an external electric field, it will develop an induced dipole
moment. The electrons, being much lighter than the positive nucleus, become easily
displaced by the field, which results in the separation of the negative charge center

0 =0 Figure 7.2 The definition of electric
L dipole momenl.

Definition
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Definition
of diperle
maoment
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Figura 7.3 The crigin of electranic Pinduced
polarization. [a) A neutral atom inE =0 (b] Induced dipole moment in a field

from the positive charge center, as shown in Figure 7.3b. This separation of negative
and positive charges and the resulting induced dipole moment are termed polarization,
An atom is said (o be polarized if it possesses an effective dipole moment, that is, if
there is a separation between the centers of negative and positive charge distributions.

The induced dipole moment depends on the electric field causing it. We define a
quantity called the polarizability o to relate the induced dipole moment pipauces to the
field £ causing iL,

LXefiniticn

:m{;ri;u&igfn Pinduced = (7.4]
where & is a coefficient called the polarizability of the atom. It depends on the polar-
ization mechanism. Since the polarization of a neutral atom involves the displacement
of electrons, o is called electronic polarization and denoted as .. Inasmuch as the
electrons in an atom are not rigidly fixed, all atoms possess a certain amount of elec-
tronic polarizability.

In the absence of an electric field, the center of mass of the orbital motions of the
electrons coincides with the positively charged nwcleus and the electronic dipole
moment is zero. Suppose that the atom has Z number of electrons orbiting the nuclens
and all the electrons are contained within a certain spherical region. When an electric
field E is applied, the light electrons become displaced in the opposite direction to £,
so their center of mass C is shifted by some distance x with respect to the nucleus O,
which we take to be the origin, as shown in Figure 7.3b. As the electrons are “pushed”
away by the applied field, the Coulombic attraction between the electrons and nuclear
charge “pulls in" the electrons. The force on the electrons, due to E, trying to separate
them away from the nuclear charge is Ze®. The restoring force F,, which is the
Coulombic attractive force between the electrons and the nucleus, can be taken to be
proportional to the displacement x, provided that the latter is small.'! The restoring
force F, is obvioosly zero when € coincides with O{x = 0). We can write

Restoring
force I

| 1 It may ba noticed that even if F, is o complicoted funclion of &, it con still ba expanded in a saries in terms of
pewers of x, that s, %, #2, 22, and 5o on, and far small & only the x term is significant, F, = —fx
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where § is a conslant and the negative sign indicates that F, is always directed toward
the nucleus @ (Figure 7.3b), In equilibrium, the net force on the negative charge is
zZero or

ZelE = fix
from which x is known. Therefore the magnitude of the induced electronic dipole
moment p, is given by

2’1 2
e {Za)n = ( ; )z [7.51

As expected, p. is proportional to the applied field. The electronic dipole moment
in Equation 7.5 is valid under static conditions, that s, when the eleciric field is a de
field. Suppose that we suddenly remove the applied electric field polarizing the atom.
There is then only the restoring force — fx, which always acts to pull the electrons
toward the nucleus 0. The equation of motion of the negative charge center is then

(from force = mass x acceleration)
7 dx
—RE=2m oy

Thus the displacement at any time is

x{t) = x,coslat)

172
w, = ( i ) [7.6]
Lm,

is the oscillation frequency of the center of mass of the electron cloud about the
aucleus and x, is the displacement before the removal of the field. After the removal
of the field, the electronic charge cloud executes simple harmonic motion about the
nucleus with a natural frequency determined by Equation 7.0; w,; is called the elec-
tronic polarization resonance frequency.” It is analogous to a mass on a spring being
pulled and let go. The system then executes simple harmonic motion. The oscillations
of course die out with time. In the atomic case, a sinusoidal displacement implies that
the electronic charge cloud has an acceleration

a2z
di?

It iz well known from classical electromagnetism that an accelerating charge radiates
electromagnetic energy just like a radio antenna. Consequently the oscillating charge

where

= —xﬁ.w:‘; COs (oot )

| ¥ The ferm natural frequency rafers 1o o system's charocteristic fraquency of oscillofion when it is secited. A moss
ohoched fa o spring and then ket go will execute simpla harmonic moticn with a ceroin natral frequency . if wa
then decide to eccitlate this moss with an applied force, the maximum anengy fransfer will oczur whan the opplied
force hos the same frequency os e syssem will be put in resonance, my, is ol o resonant freguency. Strictly,
= Zxf is the angular frequency and [ is the frequency. i s quite comman fo simply refer %o w 01 o fraguancy

| becawsa the [itaroiure is deminated by o the meaning should be obvious within conbast.
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cloud loges energy, and thus its amplitude of oscillation decreases. (Recall that the
average energy 15 proportional to the squate of the amplitude of the displacement.)

From the expression derived for p. in Equation 7.5, we can find the electronic
polarizability e, from Equation 7.4,

o, = [7.7]

EXAMPLE 7.1

ELECTRONIC POLARIZABILTY Consider the electronic polarizability of inert gas atoms. These
atoms have closed shells. Their electronic polarizabilities are listed in Table 7.1. For each type
of atom calculate the clectronic polatzation resonant frequency f, = w,/2m, and plote, and f,
against the number of electrons Z in the atom, What is your conclusion?

SOLUTION

We can use Equation 7.7 to calculate the resonant frequency f; = w, /27 Taking Ar,

R 152
ot (12)(1.6 = 10" ] -
.= e - =546 x 10" rud 47
“ (am) [(1.7 x 1079)(9.1 x 10-3) e S

Table 7.1  Electronic pelarizability ¢, dependence on Z for the inert element atoms

—_ —— =

Atom
He Ne Ar Kr Xe Rn”
Z 2 10 18 3t bl
o, x 1079 (E m?) 018 0145 L7 27 44 59
fn = 1017 (Hz) #2940 12.6 RAY 9T6 .36 102
| *En {rodon| gos is radioostive.
m | 1 1 [ i
o R
10 "‘—-.'“——-f ——————— I e e
fo @
w10V He '.F _" En
- ’.. Xc
Ar @ Kr
i .o Z09Y 7
: & -
g
e 3 a, @ N
L -
1040 F m? ] ¢
% n He __._--"
s . i ¢ 1 ®--
Figure 7.4 Electronic pelarizability and its L
rescmance FTBqIJBI'IC:.I' WarsUs l'l'IE nu I'I'I‘l.'.\ET UE ElBG"I"UI'IE D.-] . T T T T oty T ¥ LI R
in the atom (Z). 1 10 100

The doshed line i3 the bestfit ine, Atomic nimber



7.1 MaATTER POLARIZATION AND RELATIVE PERMITTIVITY

%0 that

fo= =2 = 8.69 x 10 Hz
2
which is listed in Table 7.1, among other f, calculations for the other atoms. Such frequencies
comespond to the field oscillations in UV light. that is, at optical frequencies. For all practical
purposes, electronic polarization occurs very rapidly, that is, on a time scale 1/, or 107 5, and
we can take the static polarizability @, to remain the same up to optical frequencies.?

Figure 7.4 shows the dependence of ¢, and [, on the number of electrons Z. It is apparent
that e, is nearly linearly proportional to Z, whersas £, 15 very roughly constant. ILis left as an ex-
ercise to show that # increases with Z, which is reasonable since the restoring force was defined
as the total force between all the electrons and the nucleus when the electrons are displaced.

589

7.1.3 PorarizatioNn YEcTOR P

When a material is placed in an electric field, the atoms and the molecules of the
material become polarized, so we have a distribution of dipole moments in the mate-
rial. We can visualize this effect with the insertion of the dielectric slab into the par-
alle]l plate capacitor, as depicted in Figure 7.5a. The placement of the dielectric slab
into an electric field polarizes the molecules in the material. The induced dipole mo-
ments all point in the direction of the field. Consider the polarized medium alone, as
shown in Figure 7.5b. In the bulk of the material, the dipoles are aligned head to tail.
Every positive charge has a negative charge next to it and vice versa. There is there-
fore no net charpe within the bulk. But the positive charges of the dipoles appearing
at the right-hand face are not canceled by negative charges of any dipoles at this face.
There is therefore a surface charge +{?p on the right-hand face that results from the
polarization of the medium. Similarly, there is a negative charge —0p with the same
magnitude appearing on the left-hand face due to the negative charges of the dipoles
at this face. We see that charges +0p and —{J, appear on the opposite surfaces of a
material when it becomes polarized in an electric field, as shown in Figure 7.5¢. These
charges are bound and are a direct result of the polarization of the molecules. They
are termed surface polarization charges. Figure 7.5¢c emphasizes this aspect of di-
electric behavior in an electric field by showing the dielectric and its polarization
charges only.

We represent the polarization of a medium by a quantity called polarization P,
which is defined as the total dipole moment per unit volume,

= s ' 7.8al

Volume lpr+p2+ -+ pnl [
where py, p2...., py are the dipole moments induced at & molecules in the volume.
If pav is the averape dipole moment per molecule, then an equivalent definition of P is
P = Jb'illpgr [?.Eh]

I 3 Blecironic polarization at opticel frequencies contrcls the cplical properties such o the refroctive index, o will be
covared in Chopter 9.

Definition of
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Bound polarization

charges on the surfaces
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Figura 7.5

fa| When o dislectric is ploced in an electric field, bound polarization charges oppear on the
opposite surfuces.

l:l:u|l The arigin of these pn|arimlion churge-:. is the paobarization af the malecules of the medium,

lo] WWe can represent the whole dielectric in terms of jts surface po|r;|riz|;|ri:;>n r;hu:rgea +ip
and —GP.

where N is the number of molecules per unit volume, There is an important relation-
ship, given below, between P and the polarization charges (p on the surfaces of the
dielectric. It should be emphasized for future discussions that if polarization anses
from the effect of the applied field, as shown in Figure 7.5a, which is usually the case,
P must be the average dipele moment per atom in the direction of the applied ficld.
In that case we often also denote p,, as the induced average dipole moment per mole-
cule Pimtuceds

To calculate the polarization P for the polarized dielectric in Figure 7.5b, we need
to sum all the dipoles in the medium and divide by the volume Ad, as in Equation
7.8a. However, the polarized medium can be simply represented as in Figure 7.5¢ in
terms of surface charge +Qp and —Qp, which are separated by the thickness dis-
tance d. We can view this arrangement as one big dipole moment pyyy from —Qp to
+p. Thus

Prowt = Qpd

Since the polanzation is debined as the total dipole moment per unit volume, the mag-
nitude of P is

_ _Poa _ Opd . Ce
Volume Ad A

But Qp/A is the surface polarization charge density ap, 50
P — Erp i?19ﬂ]
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External field

Polarization

charges

on the surface of Figure 7.6 Polarization charge densiry on the surface of a
a polarized polorized medium s related 1o the narmal companent of the
medium polarization vector.

Polarization is a vector and Equation 7.9a only gives its magnitude. For the rec-
tanpular slab in Figure 7.5¢, the direction of P is normal to the surface. For 4o,
(right face), it comes oot from the surface and for —ap (lefl face), it is directed into the
surface. Although Equation 7.9a is derived for one specific geometry, the rectangular
slab, it can be generalized as follows. The charge per unii area appearing on the sur-
face of a polarized medium is egual to the component of the polarization vector nor-
mal tor this surface. If Pyogma is the component of P normal to the surface where the
polarization charge density is op, as shown in Figure 7.6, then,

[7.5bl

The polarization P induced in a dielectric mediurn when it is placed in an electric
field depends on the field itself. The induced dipole moment per molecule within the
medivm depends on the electric field by virtee of Equation 7.4. To express the depen-
dence of P on the field T, we define a quantity called the electric susceptibility x. by

(7.10]

Equation 7.10 shows an effect P due to a cawse T and the quantity x. relates the
effect to its cause. Put differently, . acts as a proportionality constant. It may depend
on the field itself, in which case the effect is nonlinearly related to the cause., Further,
electronic polarizability is defined by

Fromma = T

= Xe£,T

Pinduced = ¥, E

P = Npinsuces = Na 'L

where N is the number of molecules per unit volume, Then from Equation 7.10, x. and
t, are related by

1
—MNo,
Ep

Xe = [7.11]

b1 |
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It is important to recopnize the difference between free and pelarization (or bownd)
charges. The charges stored on the metal plates in Figure 7.5a are free because they
result from the motion of free electrons in the metal. For example both O, and ¢, be-
fore and after the dielectric insertion in Figure 7.1, are free charges that arrive on the 1
plates from the battery. The polarization chatges +0  and —Q 5, on the other hand, are
bound to the molecules. They cannot move within the dielectric or on its surface. I

The field E before the dielectric was inserted (Figure 7.1a) is given by

e e = e—— = — = — ['T'Iﬂ

where o, = (,/4 is the free surface charge density without any dielectric medium
between the plates, as in Figure 7.1a.

After the insertion of the dielectric, this field remains the same V/d, but the free
charges on the plates are different. The free surface charge on the plates is now (2. In ad-
dition there are bound polarization charges on the dielectric surfaces next to the plates,
as shown in Figure 7.53a. It is apparent that the flow of current during the insertion of the |
dielectric, Figure 7.1b, is due to the additional free charges @ — @, needed on the ca-
pacitor plates to neutralize the opposite polarity polarization charges Qp appearing on
the dielectric surfaces. The total charge (see Figure 7.5:1) due to that on the plate plus that
appearing on the dielectric surface, ¢ — Qp. must be the same as before, @, so that the
field, as given by Equation 7.12, does not change inside the dielectric, that is,

Q_Qf‘z'gn
0=0.+0r 1

Dividing by A, defining o = {3 /A as the free surface charge density on the plates l
with the dielectric inserted, and using Equation 7.12, we obtain |

S —

or

og=¢,E+op

Since op = P and P = x.£,E, Equations 7.9 and 7.10, we can eliminate op to
obtain

o =&l + x.)E
From the definition of the relative permittivity in Equation 7.2 we have

8] o

Ep= — = —
Qﬁ‘ ﬂﬂ‘

s substituting for e and using Equation 7.12 we obtain
g =1+ . [7.13]
In terms of electronic polarization, from Equation 7_11, this is
Na,

g =1+ [7.14]

Eu
The significance of Equation 7.14 is that it relates the microscopic polarization
mechanism that determines e, to the macroscopic property &,.
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Electric field at Figure 7.7 The aleciric field inside o polonzed

die|ecfric at the atomic 5|:|;.'||e is ngt unifc:rrn,

z 4 i, iohls The local field is the actual field thar acts on o
L M S S o Y vl molecule, it con ba caleulated by remaving thet
E T = Vfd malecule ond evoluafing the field ot that point from
U the charges on the plates and the dipoles
1 surreuneing the point.

7.1.4 LocavL FIELD £y AND CrLAUSIUS-MoO5s50TTI EQUATION

Equation 7.14, which relates ¢, to electronic polarizability «, is only approximate
because it assumes that the field acting on an individual atom or molecule is the field
£, which is assumed to be uniform within the dielectric. In other words, the induced
polarization, pPipauces ™ E. However, the induced polarization depends on the actual
field experienced by the molecule. It is apparent from Figure 7.5a that there are polar-
ized molecules within the dielectric with their negative and positive charges separated
so that the field is not constant on the atomic scale as we move throogh the dielectric.
This is depicted in Figure 7.7. The field experienced by an individual molecule is
actually different than ‘£, which represents the average field in the dielectric. As soon
as the dielectric becomes polarized, the field at some arbitrary point depends not only
on the charges on the plates () but also on the orientations of all the other dipoles
around this point in the dielectric. When averaged over some distance, say a few thou-
sand molecules, this field becomes £, as shown in Figure 7.7,

The actual field experienced by a molecule in a dielectric iz defined as the local
field and denoted by £ .. It depends not only on the free charges on the plates but also
on the arrangement of all the polarized molecules around this point. In evaluating &,
we simply remove the molecule from this point and calculate the field at this point
coming from all sources, including neighboring polarized molecules, as visualized in
Figure 7.7. £),. will depend on the amount of polarization the material has experi-
enced. The greater the polarization, the greater is the local field because there are big-
ger dipoles around this point. £, depends on the arrangement of polarized molecules
around the point of interest and hence depends on the erystal structure. In the simplest
case of a material with a cubic erystal stiructure, or a liquid (no crystal structure), the
local field £y, acting on a molecule increases with polarization ag?

i Lorentz local
Fle =FE+ —F [7.15] ﬁe‘."d IH
3e., dielectrics

A This fiald is callad the Lorentz feld and the proal, though naot difficult, is not necessory for the present inroduciary
trectmant of dislectrics, This local Feld expression doas not opply ta dipoler dislectrics disqussad in Section 7.3,2
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Equation 7.15 is called the Lorentz field. The induced polarization in the mole-
cule now depends on this local field .. rather than the average field £, Thus

Pindueed = e'Eloe
The fundamental definition of electric susceptibility by the equation
F= x:ErJ'E

is unchanged, which means that £, = 1 + x,, Equation 7.13, remains intact. The
polarization is defined by P = Np, juecd» 804 Pinduced c80 be related to ), and hence to
E and P. Then

P =& - lig,E

can be used to eliminate ‘£ and F and obtain a relationship between £, and o, This is
the Clausivs-Mossotti equation,
g—1  Nuo,

= [7.18]
£+ 2 3e,

This equation allows the calculation of the macroscopic property £. from micro-
scopic polarization phenomena, namely, o,

EXAMPLE 7.2

ELECTRONIC POLARIZABILITY OF A VAN DER WAALS SOUD  The electronic polarizability of
the Ar wtom is 1.7 x 107" Fm®, What is the static dielectric constant of solid Ar (below 84 K)
it its density is 1.& g cm—37

SOLUTION

Tor caleulate &, we need the number of Ar atoms per unit volume N from the density 4. If
A, = 39.05 is the relative atomic mass of Ar and N, is Avogadro’s number, then

gl (6.02 % 10 mol~')18gem™ ) _ 271 % 107 e~

My (39,95 gmol~")
with W =2.71 = 10¥ m ¥ and e, = 1.7 = 10-* F m®, we have
N, (271 % 1017 % 10~
L =1 =1 = 1.52
o + £y + (8.85 = 10-11)
If we use the Clansivs-Mossotti equation, we gel
INo,
+
v ¢
i — 1.63
3z,

The two values are different by about 7 percent, The simple relationship in Equation 7,14
underestimates the relative permittivity,
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7.2 ELECTRONIC POLARIZATION:
COVALENT SOLIDS

When a field is applied to a solid substance, the constitvent atoms or molecules
become polarized, as we visualized in Figure 7.5a. The electron clouds within each
atom become shifted by the field, and this gives rise to electronic polarization. This
type of electronic polarization within an atom, however, is quite small compared with
the polarization due to the valence electrons in the covalent bonds within the solid.
For example, in crystalline silicon, there are electrons shared with neighboring Si
atoms in covalent bonds, as shown in Figure 7.8a. These valence electrons form
bonds (i.e., become shared) between the 5i atoms because they are already loosely
bound to their parent atoms. If this were not the case, the solid would be a van der
Waals solid with atoms held together by secondary bonds (e. g., solid Ar below 83.8 K).
In the covalent solid, the valence electrons therefore are not rigidly tied to the ionic
cores left in the 5i atoms. Although intuitively we often view these valence electrons
as living in covalent bonds between the ionic 5i cores, they nonetheless belong to the
whole crystal because they can tunnel from bond to bond and exchange places with
gach other. We refer to their wavefunctions as delocalized, that is, not localized to any
particular Si atom, When an electric field is applied, the negative charge distribution
associated with these valence electrons becomes readily shifted with respect to the
positive charges of the ionic Si cores, as depicted in Figure 7.8b and the crystal ex-
hibits polarization, or develops a polarization vector. One can appreciate the greater
flexibility of electrons in covalent bonds compared with those in individuwal ionic
cores by comparing the energy involved in freeing each. It takes perhaps 1-2 eV to
break a covalent bond to free the valence electron, but it takes more than 10 eV to free
an electron from an individual ionic Si core. Thus, the valence electrons in the bonds
readily respond to an applied field and become displaced. This type of electronic po-
larization, due to the displacement of electrons in covalent bonds, is responsible for
the large dielectric constants of covalent crystals. For example £, = 11.9 for the Si
crystal and &, = 16 for the Ge crystal.

Figure 7.8

the valence elactrons.

Megative charge cloud of valance
electrons
{a) ik}

293

|a] Yalence electrons in covalent bonds in the
absence of on applied field.

[&] When an alectric field is applied to a
covalent solid, the valence electrans in the
cavalen! bonds are shifted very easily with
respect to the positive ionic coras. The whole
solid becomes polarized due to the collactive
shift In the negative charge distribution of
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ELECTRONIC POLARIZABILTY OF COVALENT SOUDS Consider a pure Si crystal that has
g, = 1149

[/

What is the electronic polarizability due o valence electrons per 5i atom (if one could por-
tion the observed crystal polarization to individual atoms)?

Suppose that a Si crystal sample is electroded on opposite faces and has a voltage applied
across it, By how much iy the local field greaier than the applied field?

What is the resonant frequency f, corresponding to w,?

From the density of the 5i crysial, the number of 51 atoms per unit volume, N, is given as
5x 103 m,

SOLUTION

.

Given the number of 5i atoms, we can apply the Clausius—Mossotti equation 1o find «,

3,6, — 1 3(8.85 x 10°'*) 11.9 — 1
Noe 42 0 (5x10% 11942

=417 x 0" Fm?

o, =

This is larger, for example, than the electronic polarizability of an isolated Ar atom, which
has more electrons. If we were to take the inner electrons in each 5i atom as very roughly
representing Me, we would expect their contribution to the overall electronic polarizability
to be roughly the same as the Ne atom, which is 0.45 = 107 F m?,

The local field is

1
Eppe =E + —P
e,

But, by definition,
P = }{..?E.-_-'E = {E.- g ”-.‘.'.-:.'E

Substituting for £,
1
e = E + 36 — )E

so the local field with respect (o the applied field is

Fice 1
— = =g, + 2} = 4.63
By (&r + 2} &
The local field is a factor of 4.63 greater than the applied field.

Since polarization is due to valence ¢lectrons and there are four per Si atom, we can use
Equation 7.7,

ZEZ 3 4“.& - 10_19}1 172 - i
= (m,a,) = [(9_1 % 10-1)(4.17 % m-ﬂj:| = 1.63 = 107 rad 8

The corresponding resonant frequency is w, /2 or 2.6 » 10 Hz, which is typically asso-
ciated with electromagnetic waves of wavelength in the ultraviolet region.
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73 POLARIZATION MECHANISMS

In addition to electronic polarization, we can identify a number of other polarization
mechanisms that may also contribute to the relative permittavity.

7.1 Ionic POLARIZATION

This type of polanzation occurs in ionic crystals such as NaCl, KCl, and LiBr. The
1onic crystal has distinctly identifiable ions, for example, Na™* and C1™, located at well-
defined lattice sites, so each pair of oppositely charged neighboring ions has a dipole
moment, As an example, we consider the one-dimensional NaCl crystal depicted as a
chain of alternating Na* and Cl~ ions in Figure 7.9a. In the absence of an applied field,
the solid has no net polarization because the dipole moments of equal magnitude are
lined uwp head to head and tail to tail so that the net dipole moment is zero. The dipole
moment p.. in the positive x direction has the same magnitude as p_ in the negative x
direction, so the net dipole moment

P =p+—p-=10

In the presence of a field £ along the x direction, however, the C1™ ions are pushed
in the —x direction and the Na't ions in the +x direction about their equilibrium
positions. Consequently, the dipole moment p4. in the +x direction increases to I
and the dipole moment p_ decreases to p_, as shown in Figure 7.9b. The net di-
pole moment is now no longer zero. The net dipole moment, or the average dipole
moment, per ion pair is now (pf,_ — p_), which depends on the electric field E.
Thus the induced average dipole moment per ion pair gy, depends on the field E.
The ionic polarizability «; is defined in terms of the local field experienced by the
10ns,
lonic
Pav = @ Eie 17171 pofarizebility
The larger the o;, the greater the induced dipole moment. Generally, «; is larger
than the electronic polarizability . by a factor of 10 or more, which leads to onic
solids having large dielectric constants, The polarization P exhibited by the ionic solid

Py P_ Figure 7.9
- - - fa) A MNaCl chain in the NaCl erystal withaut an

fal e a e ° y ° —— Ep;:i;:li field. Average or net dipale momeant par ion

&

C;l_ Mat ! E 1 | : (b} In the presence of an opplied field, the ions
! i : iy e ?.;_ ! become slightly displaced, which leads 10 o net
1 L | ; ! gl J average dipele moment per ion.
| | E I I : 1 :
! P, 0 P 1 ! | i

-t

i 1 I i
(bl - e ae ae
T —-
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is therefore given by
P=Nippw=NeLn
where ¥; is the number of 1on pairs per unit volume, By relating the local field to £ and
usIng
P =g, — )&, T
Clausius— we can again obtain the Clausius—Mossotti equation, but now due to ionic polarization,
Mossoei
5 Er — 1 1
equation for = — N, [7.18]
feHTic & +12 e,
polarization Each ion also has a core of electrons that become displaced in the presence of an
applied field with respect to their positive nuclei and therefore also contribute to the po-
larization of the solid. This electronic polarization simply adds to the ionic polarization.
Its magnitude is invariably much smaller than the ionic contribution in these solids.
7.3.2 ORIENTATIONAL (DIPOLAR) POLARIZATION
Certain molecules possess permanent dipole moments. For example, the HCI molecule
shown in Figure 7.10a has a permanent dipole moment p, from the Cl™ ion to the
H* ion. In the liquid or gas phases, these molecules, in the absence of an electric field,
are randomly oriented as a result of thermal agitation, as shown in Figure 7.10b. When
an electric field £ is applied, £ tries to align the dipoles parallel to itself, as depicted
in Figure 7.10c. The Cl~ and H* charges experience forces in opposite directions. But
the nearly rigid bond between Cl~ and H* holds them topether, which means that the
Figure 7.10 — 4 — . -
{e1) A HCI melecule possssses a permanent dipale H - P /4 l
ik ®—'@ Pa=On ¥ ,/
{b) In the obsence of o field, thermal agitation of the -
NSNS

maolecules results in zero net average dipele moment per

malacule.

|c] A dipale such as HCI ploced in o field experiences a

torque that tries to ratate it fo align g with the field £, fel (b)
{d} In the presence of an opplied field, the dipoles Iry o

rolate ta align with the field against thermal agitation.

There i= now o net average dipole moment per malecule

along the field,

+2

—

r
F \““* -
F=
Pa=ﬂQ;iﬂ ._Q; " g \‘

p“#{]-f'f—h
F“é A \f‘a

-
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molecule experiences a torque T about its center of mass.® This torque acts to rotate the
molecule to align p, with . If all the molecules were to simply rotate and align with
the ficld, the polarization of the solid would be

F=Np,

where N is the number of molecules per unit volume. However, due to their thermal
enerzy, the molecules move around randomly and collide with each other and with the
walls of the container. These collisions destroy the dipole alignments. Thus the thermal
energy tries o randomize the orientations of the dipole moments. A snapshot of the
dipoles in the maicrial in the presence of a field can be pictured as in Figure 7.10d in
which the dipoles have different orientations. There is, nonetheless, a net average
dipole moment per molecule p,, that is finite and directed along the field. Thus the
material exhibits net polarization, which leads to a dielectric consiant that is deter-
mined by this orientational polarization.

To find the induced average dipole moment p,, along €, we need o know the
average polential energy Ey, of a dipole placed in a field £ and how this compares with
the average thermal energy %k T per molecule as in the present case of five degrecs of
freedom. Egp represents the average external work done by the field in aligning the
dipoles with the field. If %H‘ is much greater than Ey,, then the average thermal
encrgy of collisions will prevent any dipole alignment with the field. If, however, Eg,
is much greater than %kT, then the thermal energy 15 insufficient to destroy the dipole
alignments.

A dipole at an angle £ to the field experiences a torque T that tries (o rotate it, as
shown in Figure 7.10c. Work done dW by the field in rotating the dipole by 48 is 7 46
(as in F dx). This work dW represents a small change dE in the potential cnergy of
the dipole. No work 15 done if the dipole is already aligned with T, when f = 0, which
corresponds to the minimum in PE, On the other hand, maximum work is done when
the torque has to rotate the dipole from 8 = 180° to § = 0° (either clockwise or coun-
terclockwise, it doesn't matter), The torque experienced by the dipole, according to
Figure 7.10c, 1s given by

T=(Fsinda or Ep,sind
where
po=ag
If we take PE = O when & = 0, then the maximum PE is when & = 180", or

m
F s =f peEsinBd0 =2p,E
0

The average dipole potential energy is then %Em or p,’E. For orientational polar-
ization to be effective, this energy must be greater than the average thermal energy.
The average dipole moment p,, along E is directly proportional to the magnitude of p,
itself and also proportional to the average dipole energy to average thermal energy

| * The oppasitaly directed forcas akso slighty sirasch tha Cl-—H* band, but we naglect this effect.
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ratio, that is.

P-T
Pav X Pu%k—T
If we were to do the calculation properly using Boltzmann statistics for the distri-
bution of dipole energies among the molecules, that is, the probability that the dipole
has an energy E is proportional to exp(—E/kT), then we would find that when
P-E = kT {generally the case),
| p'g F
Pov = 3
3 AT
It turns out that the intoitively derived expression for p,, is roughly the same as
Equation 7.19. Strictly, of course, we should use the local field acting on cach mole-
cule, in which case £ is simply replaced by E,,,.. From Equation 7.19 we can define a
dipolar orientational polarizability «; per molecule by

[7.19]

_lr

= 7.
IET (7.201

oy
It is apparent that, in contrast to the electronic and ionic polarization, dipolar
orientational polarization is strongly temperature dependent. oy decreases with tem-
perature, which means that the relative permittivity £, also decreases with temperature.
Dipolar orientational polarization is normally exhibited by polar liquids (e.g., water,
alcohol, acetone, and various electrolytes) and polar gases e g., gaseous HCI and
steam). It can also occur in solids if there are permanent dipoles within the solid struc-
ture, even if dipolar rotation involves a discrete jump of an fon from one site to another,
such as in various glasses.

7.3 INTERFACIAL POLARIZATION

Interfacial polarization occurs whenever there is an accumulation of charge al an
interface between two materials or between two regions within a material, The simplest
example is interfacial polarization due to the accumulation of charges in the dielectric
near one of the electrodes, as depicted in Figure 7.11a and b. Invariably materials, how-
ever perfect, contain crysial defects, impurities, and various mobile charge carriers such
as electrons (e.g., from donor-type impurities), holes, or ionized host or impurity ions.
In the particular example in Figure 7.11a, the material has an equal number of positive
ions and negative ions, but the positive ions are assumed (o be far more mobile. For ex-
ample, if present, the HY ion (which is a proton) and the LiT ion in ceramics and glasses
are more mobile than negative ions in the structure because they are relatively smal,
Under the presence of an applied field, these positive ions migrate to the negative elec-
trode. The positive ions, however, cannot leave the diclectric and enter the crystal struc-
ture of the metal electrode. They therefore simply pile up at the interface and give rise
to a positive space charge near the electrode. These positive charges at the interface at-
tract more electrons o the negative electrode. This additional charge on the electrode,
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Electrode Electrods
| Dielectric |
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Figure 7.11

la} A crystal with equal number of mobile positive fons and fixed negative jons. In the absence of a
field, there is no net separation between all the positive cherges and all the negative charges.

|6} In the presence of an applied field, the mobile positive ions migrate toward the negative
electrode and accumulate there, There is now an averall separation between the negative chorges
and positive charges in the dielectric. The dielectric therefore axhibits interlecial polarization.

|c} Grain boundaries and interfoces between different materials frequently give rise to interfacial
polarization.

of course, appears as an increase in the dielectric constant, The term interfacial polar-
ization arises because the positive charges accumulating at the interface and the re-
mainder of negative charges in the bulk together constitute dipole moments that appear
in the polarization vector P (P sums all the dipoles within the material per unit volume).

Another typical interfacial polarization mechanism is the trapping of electrons
or holes at defects at the crystal surface, at the interface between the crystal and the
electrode. In this case we can view the positive charges in Figure 7.11a as holes and
negative charges as immobile ionized acceptors. We assume that the contacts are
blocking and do not allow electrons or holes to be injected, that is, exchanged between
the electrodes and the dielectric. In the presence of a field, the holes drift to the nega-
tive electrode and become trapped in defects at the interface, as in Figure 7.11b.

Grain boundaries frequently lead to interfacial polarization as they can trap charges
migrating under the influence of an applied field, as indicated in Figure 7.11¢. Dipoles
between the trapped charges increase the polarization vector. Interfaces also arise in
heterogeneous dielectric materials, for example, when there is a dispersed phase
within a continuous phase. The principle is then the same as schematically illustrated in
Figure 7.11c,

7.34 Toral POLARIZATION

In the presence of electronic, ionic, and dipolar polarization mechanisms, the average
mduced dipole moment per molecule will be the sum of all the contributions in terms
of the local field,

Pae = WeEje + 0, Epe + @y
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Table 7.2 Typical examples of polarization mechanisms

Example Poluricution Static &, Comment
Ar gas Electronic 1 AHKS Small ¥in gases: £, &= |
At liquid (T = 7.3 K) Electromic 1.53 wan der Waals bonding
5i cryatal Electronic polarization 1.4 Covalent solid; bond

due to valence elacirons polanzation
MaCl crystal Tonic 590 Tomie crystadline solid
CsCl crysial Ionic T.20 Tomiic crystadline zolid
Water Orentational 50 Diipolar Liguad
Mitromethane (27 "C) Oentational 34 Dipolar liguid
PYC (palyvinyl Crventatiodal 7 Dipale orientations partly

chloride) hindered in the solid

Each effect adds linearly to the net dipole moment per molecule, a fact verilied by
experiments. Interfacial polarization cannot be simply added to the above equation as
o, Ey.. becanse it oceurs at interfaces and cannot be put into an averape polarization per
modecule in the bulk. Further, the fields are not well defined at the interfaces. In addition,
we cannot use the simple Loreniz Tocal field approximation for dipolar materials. That is,
the Clausius—Mossotti equation does not work with dipolar dielectrics and the caleula-
tion of the local field is quite complicated, The dielectric constant £, under electronic and
fonic polarizations, however, can be obtained from

L (N Moot 7211
LT olfn FRL S
e+ 2 e,
Table 7.2 summarizes the various polanization mechanisms and the corresponding
static (or very low frequency) dielectric constant. Typical examples where one mecha-
nism dominates over others are also listed.

—

IONIC AMD ELECTROMIC POLARIZABILITY Consider the CsCl crystal which has one Cs™-C1”
pair per unit cell and a lattice parameter @ of 0,412 nm. The clectronic polarizability of Cs™ and
Cl™ jons i5 3.35 % 107" Fm?and 3.40 = 10~ F m?, respectively, and the mean ionic polariz-
ability per ion pairis 6 » 10" F m®. What is the dielectric constant at low frequencics and that
dl optical frequencies?

SOLUTION

The CsC1 structure has one cation (Cs™) and one anion {C17) in the unit cell. Given the lattice pa-
rameter @ = 0,412 » 10~" m, the number of ion pairs N; per unit volume is 1/a® = 1/(0.412x
10 %m)* =143 = 10" m~" N, is also the concentration of cations and anions individually,
From the Clausius—Mossotti equation,

=1
g +2

1
- S_[Nfa'r{cg-'-.] + -'ll"lfur{c'_} + Nlal-]
£y
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That 15,
go= 1 (143 % 108 m~33.35 3 107" 4+ 340 x 107% 4+ 6 x 10-% FmY)
T 3(8.85 x 10-2 Fm™")
Solving for £, we find £, = 7.56.
At high frequencies—that is, near-optical frequencies—ithe jonic polarization is too slug-

gish to allow ionic polarization to contribute to &, . Thus, &, 5, relative permittivity at optical fre-
quencies, is given by

Brgg — 1

Erop + 2

!
= —— [N (Cs*) + Ny (C17)]
Jea,

That is,
Erop =1 (143 3 10™ m*}(3.35 % 107 4 3.40 x 107*' Fm®)
Brop +2 ‘ 3(8.85 x 10" Fm~1)

Solving for ., we find g, = 2.71. Note that experimental values are g, = 7.20 at low fre-
quencies and £,,, = 2.62 at high frequencies, very close to calculated values.

74 FREQUENCY DEPENDENCE: DIELECTRIC
CONSTANT AND DIELECTRIC LOSS

74.1 DIELECTRIC LOSs

The static dielectric constant is an effect of polarization under de conditions. When
the applied field, or the voltage across a parallel plate capacitor, is a sinnsoidal sig-
nal, then the polanization of the medium under these ac conditions leads to an ac di-
electric constant that is generally different than the static case. As an example we will
consider orientational polarization involving dipolar molecules. The sinusoidally
varying field changes magnitude and direction continuously, and it tries to line up the
dipoles one way and then the other way and so on. If the instantaneous induced dipole
moment p per molecule can instantaneously follow the field variations, then at any
nstant

p=ayE [7.22]

and the polarizability o, has its expected maximum value from de conditions, that is,
]
Py

oy = —— [7.23]
T

There are two factors opposing the immediate alignment of the dipoles with the
field. First is that thermal agitation tries to randomize the dipole orientations. Colli-
sions in the gas phase, random jolting from lattice vibrations in the liquid and solid
phases, for example, aid the randomization of the dipole orientations. Second, the mol-
ecules rotate in 4 viscous mediom by virtue of their interactions with neighbors, which
is particularly strong in the liquid and solid states and means that the dipoles cannot
respond instantanecusly to the changes in the applied field. 1f the field changes o
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Figure 7.12 The applied de fisld is suddenly
changed fram £, fo E at fime #= 0.
The induced dipole moment p hos fo decraase
from ao{0)E. to o final value of @ |O}E. The Ep :
dacraase is achieved by randam collisions of 5 R
molecules in the gas. 0

rapidly, then the dipoles cannot lollow the field and, as a consequence, remain ran-
domly oriented. At high frequencies, therefore, oy will be zero as the field cannot
induce a dipole moment. At low frequencies, of course, the dipoles can respond rapidly
to follow the field and e, has its maximumn value. It is clear that &, changes from ils
maximum value in Equation 7,23 to zero as the frequency of the field is increased, We
need to find the behavior of @, as 4 function of frequency w so that we can determine
the dielectric constant &, by the Clausins—Muossotti equation.

Suppose that after a prolonged application, comesponding to de conditions, the
applied field across the dipolar gaseous medium is suddenly decreased from T, 0 €
at a time we define as 7ero, as shown in Figure 7.12. The field E is smaller than T,,
s0 the induced de dipole moment per molecule should be smalter and given by e (N
where a4(0) is ¢4 at @ = 0. dc conditions. Therefore, the induced dipole moment per
molecule has to decrease, or refax, from o (00E,; t0 e (0YE. In a gas medium the mol-
ecules would be moving around randomly and their collisions with each other and the
walls of the container randomize the induced dipole per molecule. Thus the decrease,
or the relaxation process, in the induced dipole moment is achieved by random col-
lisions. Assuming that T is the average time, called the relaxation time, between mol-
ecular collisions, then this is the mean time it takes per molecule to randomize the
induced dipole moment. If p is the instantanecus induced dipole moment, then
p = og()E is the excess dipole moment, which must eventually disappear to zerp
through random collisions as ¢ =+ oo, It would take an average r seconds to eliminale
the excess dipole moment p = oy ((HE, The rate at which the induced dipole moment
15 changing is then = [p — w,(0yE]/7, where the negative sign represents a decrease.
Thus,

dp p— ayg(OyE

dr T
Although we did not derive Equation 7.24 rigorously, it is nonetheless a pood
lirst-order description of the behavior of the induced dipole moment per molecule in

[7.24]
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a dipolar medium, Equation 7.24 can be used to obtain the dipolar polarizability
under ac conditions. For an ac field, we would write
E = E,sin{wi)

and solve Equation 7.24, but in engineering we prefer to use an exponential represen-
tation for the field

T = Eaexpl jo)

as in ac voltages. In this case the impedance of a capacitor C and an inductor L become
1ffjwC and jwL, where j represents a phase shift of 90°. With € = € exp(jan) in
Equation 7.24, we have

ai ¥

d 0
L T L 7.251
T

Solving this we find the induced dipole moment as
P = oy{w)E, exp{ fot)
where () is given by

g ()

- [7.24]
1 + jor

cglen) =
and represents the orientational polarizability under ac field conditions. Polarizabil-
ity oey{ew) is a complex number that indicates that p and T are out of phase.® Put
differently, if & iz the number of molecules per unit volume, P = Np and € are out of
phase, as indicated in Figure 7.13a. Al low frequencies, wr <« |, ay(w) is nearly
a4(0), and p is in phase with T_ The rate of relaxation | /t 15 much faster than the fre-
guency of the field or the rate at which the polarization is being changed; p then closely
follows E. At very high frequencies, wr 3 1, the rate of relaxation 1/t is much slower
than the frequency of the field and p can no longer follow the variations in the field.
We can easily obtain the dielectric constant £, from ey (w) by using Equation 7. 14,
which then leads to a complex number for £, since oy itself 15 a complex numnber. By
convention, we generally write the complex dielectric constant as

£, =&, — jE| [7.27]

where ¢/ is the real part and £ is the imaginary part, both being frequency dependent,
as shown in Figure 7.13b, The real part &, decreases from its maximum value £/{0), cor-
responding to g (03, to | at high frequencies when ay = 0 as w — o0 in Equation 7.26.
The imaginary part £, {w) is zero at low and high frequencies but peaks when wr =1
or when «o = 1/7. The real part =, represents the relative permittivity that we would use
in calculating the capacitance, as for example in C = ¢£,.6,A/d. The imaginary part
&) represents the energy lost in the dielectric medium as the dipoles are criented
against random collisions one way and then the other way and so on by the field. Consider

| # The polarizotion P logs bahind & kv some angle ¢, that is determined by Equation 7,24 as shawn in Figure 7,13,
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F =P sinlaxr—g)

v =V sinar

lal , [b)

Figure 7.13

{o} An ac field is applied Io o dipalor medivm. The polarization P |P= Ng| is cut of phase with
the ac field.

(b} The relative permitiivity is @ complex number with real [ef] and imaginary [=f] parts that exhibit
relawation ataw = 1,T.

P = P, sin(wr-¢)

—— Conductance = G, = IR,
el 49
>N =

N T YHHT

C ¥
Figure 7.14 The dielectric medium behaves @ @ "
like an ideal (lossless) copaciter of copacitance

C, which s in parallel with o conductance Ge, v=V sinaxr

Admittance of
a parallel
plaze
capaciior

the admittance ¥, f.e., the reciprocal of impedance of this capacitor, with =, given in

the capacitor in Figure 7.14, which has this dielectric medium between the plates. Then ]
Equation 7.27 is I

v JewAr.E{m) _ JwAege, (w)  wALE (w)
d d d

which can be written as

Y= jwC + Gp [7.28]
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where
&
s GG [7.29]
d
and
Go = W AELEL 7.30]
== .

is a real number just as if we had a conductive medium with some conductance Gp or
resistance |/ Gp. The admittance of the dielectric medium according to Equation 7.28
is a parallel combination of an ideal, or lossless, capacitor €, with a relative permittiv-
ity £/, and a resistance of Rp = 1/Gp as indicated in Figure 7.14. Thus the dielectric
mediumn behaves as if C, and Rp were in parallel. There is no real electric power dissi-
pated in C, but there is indeed real power dissipated in Rp because

v 2

Input power = [V = YV = jolV?+ —

Rp
and the second term is real. Thus the power dissipated in the dielectric mediom is
related to &) and peaks when @ = 1 /7. The rate of energy storage by the field is de-
termined by w whereas the rate of energy transfer to molecular collisions is
determined by 1/r. When @ = 1/t, the two processes, energy storage by the ficld
and energy transfer to random collisions, are then occurring at the same rate, and
hence energy is being transferred to heat most efficiently. The peak in & versus w
is called a relaxation peak, which 1s at a frequency when the dipole relaxations are
at the right rate for maximum power dissipation, This process is known as dieleetric
resionanmnce.

According to Equation 7,28, the magnitude of Gp and hence the energy loss is
determined by £, In engineering applications of dielectrics in capacitors, we would
like to minimize € for a given £.. We define the relative magnitude of £ with respect
to £/ through a quantity, tan 4, called the loss tangent (or loss factor), as

M

E
tan d = —: [7.31]
E

r

which is frequency dependent and peaks just beyond e = 1/7. The actual value of 1 /7
depends on the material, but typically for liquid and solid media it is in the gigahenz
range, that is, microwave frequencies. We can easily find the energy per unit time—
power—dissipated as dielectric loss in the medium, The resistance R represents the
dielectric loss. so

g Power loss V% 1 y? 1 v -
W= ——— = — X — = ———— X — = — wE,f
Volume R dA d dA a?
wAe,&]

Using Equation 7.31 and £ = V/d, we oblain

Woo = wE’e,e! tan & [7.32]
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Figure 7.15 The frequency dependence of the recl and imaginary ports of the dieleciric consfant
in the presence of interfacial, adentational, ionic, and elecironic polarization mechanisms.

Equation 7.32 represcnts the power dissipated per wnit volume in the polanzation
mechanism: energy lost per unit timne to random molecular collisions as heat. 1t is clear
that dielectric loss is influenced by three factors: @, €, and tan &,

Although we considered only orientational polarization, in general a dielectric
medium will also exhbit other polanzation mechanisms and certainly electronic
polarization since there will always be electron clouds around individual atoms, or
electroms in covalent bonds. IF we were to consider the jonic polanizability in ionic
solids, we would also find @ to be frequency dependent and a complex number. In this
case, lattice vibrations in the crystal, typically at frequencies e in the infrared region
of the electromagnetic spectrum, will dissipate the energy stored in the induced dipole
moments just as energy was dissipated by molecular collisions in the gaseous dipolar
medium, Thus, the energy loss will be greatest when the frequency of the polanizing
field 15 the samne as the lattice vibraton frequency, o = @, which tries to randomize
the polarization.

We cuan represent the general features of the frequency dependence of the real and
imaginary parts of the dielectric constant as in Figure 7.15. Although the figure shows
distinctive peaks in £ and transition features in ¢/, in reality these peaks and various
features are broader. First, there is no single well-defined lattice vibration frequency
but instead an allowed range of frequencies just as in solids where there is an allowed
range of energies for the electron. Moreover, the polarization effects depend on the
crystal orientation. In the case of polycrystalline materials, various peaks in different
directions overlap to exhibit a broadened overall peak. At low frequencies the interfa-
cial or space charge polarization features are even broader because there can be a num-
ber of conduction mechanisms (different species of charge camers and different
carrier mobilities) for the charges to accumulate at interfaces, each having its own ¢
speed. Orientational polanzation, especially in many liquid dielectrics at room tem-
perature, typically takes place at radio to microwave frequencies. In some polymeric |
materials, this type of polarization involves a limited rotation of dipolar side groups |
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Figure 7.16 Real and imaginary parts of the dieleciric constant, £ and e, versus frequency for (o] a

pelymer, PET, at 115 “C and [b] on fenic crystal, KCI, ot raom temperature.
Both axhibit relaxotion pecks but for differant recsons.
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attached to the polymeric chain and can occur at much lower frequencies depending on
the temperature. Figore 7. 16 shows two typical examples of dielectric behavior, £, and
€/ as a function of frequency, for a polymer (PET) and an ionic crystal (KC1). Both ex-
hibit loss peaks, peaks in £ versus frequency, but for different reasons. The particular
polymer, PET (a polyester), exhibits orientational polarization due to dipolar side
groups, whereas KCl exhibits ionic polarization due to the displacement of K* and C1”
ions. The frequency of the loss peak in the case of orientational polarization is highly
temperature dependent. For the PET example in Figure 7.16 at 115 °C, the peak occurs
at around 400 Hz, even below typical radio frequencies.

DIELECTRIC LOS5 PER UNIT CAPACITAMCE AND THE LOSS AMGLE §  Obtain the dielectric loss

per unit capacitance in a capacitor in terms of the loss tangent. Obtain the phase difference
between the current through the capacitor and that through R, What is the significance of £7

SOLUTION

We consider the equivalent circuit in Figure 7,14, The power loss in the capacitor 15 due to Re.
If V is the rms value of the voltage across the capacitor, then the power dissipated per unit
capacitance Wi is

W el
® =T

" A
S e E A d 5 O
r g a~r - - VZ [
d Eqeld 4l

r

W, = Vo tan 3

EXAMPLE 7.5
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Table 7.3 Dielectric properties of three insulators

f=60Hz F=1MHz

Material £l tan & te tAD & £} tan § it tan §
Polycarbonate 317 g g~ .34 296 [ 1072 £2xlf
Silicone rubber 3.7 2.25 % [D72 348 34 4% 1973 25 100
Epoxy with mineri] 5 4.7 = 102 7.7 1.4 T 1072 18 « 1t

filler

Astan é is frequency dependent and peaks at some frequency, su does the power dissipated
pet unit capacitance, A clear design objective would be to keep W, as small as possible, Fur-
ther, for a given voltage, W.,, does not depend on the dielectric geometry. For a given voltage |
and capacitance, we therefore cannot reduce the power dissipation by simply changing the
dirmensions of the dielectric,

Consider the rms currents through Rp and C, A, and /o, respectively, and their ratio,’

1
Fiisa Vo jelC  weel A d
b ol ciden = - — H

= T = —_Ir' tan &
{eop Re V d Juwe.et A

As expected, the two are 90 out of phase (—7) and the loss current (through Rp) is a lactor,
tan 8, of the capacitive current (through ). The ratio of /.., and the total current, /.. =
f.'-m + Bpss i3

Top T : A

-mel II1-l:'JI}"_ ;Inn - 1+ IllﬂS B | = JI tan &

;-u' Ap

The phase angle between £y and fy, is determined by the negative of the phase of the
denominator term (1 — § tan §). Thus the phase angle between T and Jige is 8, where fopp leads
Fee Iy & & is also called the loss angle, When the loss angle is zero, ., and 4o are equal and
there is no loss in the dielectric.

EXAMPLE 7.5

DIELECTRIC LOSS PER UNIT CAPACITAMCE Consider the three dielectne materals listed in
Table 7.3 with their dielectric constant £, {usually simply stated as ¢, ) and loss factors tan &, At
a given voltage, which dielectric will have the lowest power dissipation per unit capacitance at
60 Hz? Is this also true at 1 MHz?

SOLUTION

The power dissipated at a given voltage per unil capacitance depends only on o tan 8, so we do
not need to use &), Calculating e tan 8 or (2= £ tan &, we find the values listed in the table at
60 Hz and | MHz. At 60 Hz, polycarbonate has the lowest power dissipation per unit capaci-
tance, but at | MHz it is silicone rubber.

I 7 Thess currents are phosors, eoch with @ im: mognitede and phase angle.
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Table 7.4  Dielectric loss per unit velume for two insulators [« is the thermal conduetivity)

F=46DHz F=1MHz
Laoss Luss K
Material £ tan & (mW em 7} = tan 4 (W cm ) Wem 'K Y
XLPE P T VI [ 0.230) 23 A=t 512 405
Alumina BS 1= 1072 284 8.5 I = 1072 47.3 0.33

DIELECTRIC LOS5 AMD FREQUENCY Calculate the heat generated per second due to dielectric |31 130T
loss per em? of cross-linked polyethylene, XLPE (typical power cable insulator), and alumina,

AlyO4 (typical substrate in thin- and thick-film electronics), at 60 He and 1 MHz al a field of
100 kY em™!, Their properties are given in Table 7.4, What is vour conclusion?

SOLUTION
The power dissipated per unit volume is
W = {'lﬁfjrﬁ-zsnf'; tan &

We can caleulate W, by substituting the properties of individual dielecires at the given
freqquency £ For example, for XLPE at 60 Hz,

W = (260 Hz)(100 = 107 x 108 Vi %885 x W0 Fm~"W2.3)(3 x 107
=20 Wm*
W= can convert this into per cm® by

Woa

Wi, = o = 0230 mW em?

which is shown in Table 7.4,

From similar calculations we can obtain the heat generated per second per cm? as shown in
Table 7.4. The heats at 60 Hz are small. The thermal conductivity of the insulation and its con-
necting electrodes can remove the heat without substantially increasing the temperature of the in-
sulation. At 1 MHz, the heats generated are not trivial. One has to remove 5.12 W of heat from
1 cm® of XLPE and 47.3 W from 1 cm” of alurnina. The thermal conductivity & of XLPE is about
0,005 W oem "K', whereas that of alumina is almost 100 times larger, 0,33 Weom™ K= The
poor thermal conductivity of polyethylene means that 5.12 W of heat cannot be conducted away
2asily and it will raise the temperature of the insulation until dielectric breakdewn ensues. In the
case of alumina, 47.3 W of heat will substantially increase the temperature. Digfectric loss is the
mechdanism by which microwave ovens heat food. Dielectric heating at high frequencies is used
in industrial applications such as heating plastics and drying wood.

74.2 DrevE EQuaTiOns, CoLE—COLE PLOTS,
AND EQUIVALENT SERIES CIRCUIT

Consider a dipolar dielectric in which there are both orientational and electronic
polarizations, ¢y and e, respectively, contributing to the overall polarizability. Electronic
polarization &, will be independent of frequency over the typical frequency range of
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operation of a dipolar dielectric, well below optical frequencies. At high frequencies,
orientational polarization will be too sluggish too respond, ey = 0, and the £, will be
Ere. [ The subscript “infimity™ simply means high frequencies where orentational po-
larization is negligible.) The dielectric constant and polarizabilities are generally re-
lated through®

N N
e =14 —o. + —oglw) = g5 + —aglw)

Ea o Ea
where we have combined 1 and e, terms to represent the high frequency &, as £, Fur-
ther Nwy{0)/e, determines the contribution of orientational polarization to the static
dielectric constant £.4., so that Noy (0)/e, is simply (£.4; — £,0c). Substituting for the
frequency dependence of ay{w) from Equation 7.26, and writing £, in terms of real and

imaginary parts,

N oag(0)

¢ = _N
& — JE, =+ —————=§
o k g1+ jur s

(Erde = Erac)
1 + jwr

[7.33]

We can eliminate the complex denominator by multiplying both the denominator
and numerator of the right-hand side by 1 — fwt and equate real and imaginary parts
to obtain what are known as Debye equations:

[7.34a]

no_ {Erd.l." 2% Srm}l:ﬂ.l"f]

e [7.34b}

and

Equations 7.34a and b reflect the behavior of ] and £ as a function of frequency
shown in Figure 7.13b. The imaginary part £, that represents the dielectric loss ex-
hibits a peak at w = 1/t which is called a Debye loss peak. Many dipolar gases and
some liquids with dipolar molecules exhibit this type of behavior. In the case of solids
the peak is typically much broader becavse we cannot represent the losses in terms of
just one single well-defined relaxation time r; the relaxation in the solid is wsually
represented by a diswribution of relaxation times. Further, the simple relaxation
process that is described in Equation 7.25 assumes that the dipoles do not influence
each other either through their electric fields or through their interactions with the
lattice; that is, they are not coupled. In solids, the dipoles can also couple, which com-
plicates the relaxation process. Nonetheless, there are also many solids whose dielectric
relaxation can be approximated by a nearly Debye relaxation or by slightly modifying
Equation 7.33,

In dielectric studies of materials it is quite commeon to find a plot of the imaginary
part () versus the real part (g;) as a function of frequency w. Such plots are called
Cole—Cole plots after their originators. The Debye equations 7.34a and b obviously

| © This simple refatianship is used becouse the Loreniz local Field equation deas not apply in dipelar dielectrics and
| tha locol fiald problam i paniculardy complicated in thesa dislectrics.

1




7.4 FREQUENCY DEPENDENCE: DIELECTRIC CONSTANT anp DikLECcTRIC LOSs
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Figure 7.17 Cole-Cole plot is o plot of &7 Figure 7.18 A copaciter with o
versus £; as a function of frequency . dipolar dieledric and its equivalent
As tha frequency is changed fram low ta high, the circuit in terms of an ideal Debys
plot troces cut o semicircle. reloxatian,

provide the necessary values for &) and £ 10 be plotted for the present simple dipolar
relaxation mechanism that has only a single relaxation time . In fact, by simply
putting in T = 1 second, we can calculate and plot &7 versus ¢ for w = 0 (dc) o
@ — oo gs shown in Figure 7.17. The result is a semicircle. While for certain sub-
stances, such as gases and some liguids, the Cole-Cole plots do indeed generate a
semicircle, for many dielectrics, the curve is typically flattened and asymmetric, and
not a semicircle.?

The Debye equations lead to a particular RC eircuit representation of a dielectric
material that is guite useful. Suppose thal we have a resistance R, in series with a ca-
pacitor €, both of which are in parallel with the capacitor C.. as in Figure 7.18, 1f we
were to write down the equivalent admittance of this circuit, we would find that it cor-
responds to Equation 7,33, that is, the Debye equation. (The circuit mathematics is
straightforward and is not reproduced here.) The reader may wonder why this circuit is
different than the general model shown in Figure 7.14. Any series R, and C, circuit can
be transformed to be equivalent to a parallel 8, and C, (or G, and C in Figure 7.14)
circuit as is well known in circuit theory; the relationships between the elements de-
pend on the frequency. Many electrolytic capacitors are frequently represented by an
equivalent series K, and C; circuit as in Figure 7.18. If A is the area and  is the thick-
ness of a parallel plate capacitor with a dipolar dielectric, then

E::Eroc-'i E'n{Srl.h: = EM}A

T
Copy = ——— = and Ry =— |7.35]
= q d ! C:

Notice that in this circuit model, B,, C,, and C., do not depend on the fre-
quency, which is only true for an ideal Debye dielectric, that with a single relax-
ation time .

¥ Tha daparture is simphy due to the fact that o simphe relaxation process with o single relaxation ime connot
describe the diulm:lrir, halﬂ:wil:r -ul:n:uru!-eh-'. I,&, sm:-d DR n:||: nwﬂgbw relanalians is givgn b'_f Andraw lonscher
in i Phys 0, 32, RS7, 1999

Eguivalent
circuit of a
Debye
divlectric

412
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SEULISRY NEARLY DEBYE RELAXATION There arc some dielectric solids that exhibit nearly Debye re-

MNon-Debye
redcccalion

laxation. One example is the Lag 7502 Mn0: ceramic whose relaxation peak and Cole-Cole
plots are similar to those shown in Figures 7.13b and 7.17,% especially in the high-frequency
range past the resonance peak. Lag 7Sty :MnOh s low frequency (2,4, ) and hi gh frequency (£, .
dmiec_tric: constants are 3.6 and 2.58, respectively, where fow and high refer, respectively, to fre-
quencies far helow and above the Debye relaxation peak, i.e., &4 and Erog. The Dehye loss
peak occurs at 6 kHz. Caleulate £ und the dielectric loss factor tan & at 20 kHz.

SOLUTION

The loss peak occurs when w, = I/t, sothatt = Ve, = 1/{2x6000) = 26.5 ps. We can now
calculate the real and imaginary parts of &, at 29 kHz,

! Fee — Erm 3.5 =258
e = Eraa —_— =8t o
: L+ (wr)* 1+ [(27)(29 x 10°}(26.5 x 100 — >52
o = ke — g ){@T) (3.6 — 258)[(27)(29 x 10*H26.5 % 10°%)]
© Lty T 1225 x 109265 x 10O~ 202
and hence
£ DI
Eng = L = —— =0.077
2.62

which is close 1o the experimental value of 0.084,

This example was o special case of nearly Debye relaxation. Debye eguations have been
modifted over the years to account for the broad relaxation peaks that have been observed, par-
ticularly in polymeric dielectric, by writing the complex &, as

Erde — Eron
Er = Erem + 0+ GoneP [7.34]
where o and £ are constants, typically less than unity (sefting o« = g = | generales the Debye
equations). Such equations are useful in engineering for predicting £, at any frequency from a
few known valoes al various frequencies, #s highlighted in this simple nearly Debye example.
Farther, if v dependence on the temperature T is known (often © 1s thermally activated), thea
we can predict £, at any e and T,

Crenness 'y faw

7.5 GAUSS’S LAW AND BOUNDARY CONDITIONS

An important fundamental theorem in electrostatics is Gauss™s law, which relates the inte-
gration of the electric field over a surface to the total charge enclosed. It can be derived
from Coulomb’s law, or the latter can be derived from Gauss's law. Suppose £, 1s the elec-
tric field normal to a small surface area d4 on a closed surface, as shown in Figure 7.19;
then summing E, dA products over the whole surface gives total net chfgrgé'g.m inside it,

55 £, da = 2o [7.37]
Surface £y

M7 C Kiaeral, ! Phys. Cond. Mater, 13, 4359, 2001. The arigin of the dipelar acilvity In this ceramic i3 quise
cemplex ond imeehas an electran hopping (jrmping) from a Ma®™ o Mn®* ion; wa da not nesd the physical daails
In e axample.
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Charges inside
the surface

- dA
Figura 7.19 Gauss's low.
The surface integral of the electric field normal to the surfoce is the
total eharge enclosad, The field s positive if it is coming ow,
Surface negafive if it is going into the surface.
Gauss surface
s Area=A _ —E T
o a i
Ay = I 4 3 oo
H H—— | + . = i
[T ! .I:n'l '_+ -l EJ’= 1 : :
1 + 1 = — K 1
e kA + - o]
H——| |F=EEh H
“REL T S .-._d.l_.--_dz—- :.__I
[a] b ]
Figure 7.20

o] The Gauss susfuce is a very thin reclongular surface just surrounding the posilive electrode and enclosing the

pasitive charges G,. The Feld culs anly the face just insids the capocitar.

|b] A salid dislectric cccupies part of the distance bebween the plates. The vacwum (air)-dieleckic boundary is

porallel to the plates and normal to the fields &) ond Es.
[c] A thin rectangular Gouss surface at the boundory encloses the negative polarization charges.

where the circle on the integral sign represents inlcgrating over the whole surface (any
shape) enclosing the charges constituting (hya as shown in Figure 7.19. The total
charge G includes all charges, both free charges and bound polarization charges.
Gaunss's law is one of the most useful laws for calculating electric fields in electrostat-
ics, more so than the Coulomb law with which-thie reader is probably more familiar.
The surface can be of any shape as long as il contains the charges. We generally choose
convenient surfaces to simplify the integral in Equation 7.37, and these convenient sur-
faces are called Gauss surfaces. It should be noted from Figure 7,19 that the field £, is
coming ot from the surface.

As an cxample, we can consider the field in the parallel plate capacitor in Fig-
ure 7.20a with no dielectric mediom. We draw a thin rectangular Gauss surface {a hy-
pothetical surface) just enclosing the positive electrode that contains the free charges
+2. on the plate. The [ield £, is normal Lo the inner face (area A) of the Gauss surface.

615
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Further, we can assume that £, is uniform across the plate surface, which means that
the integral of £, dA in Equation 7.37 over the surface is simply £, 4. There is no field
on the other faces of this rectangular Gauss surface. Then from Equation 7.37,

E,A = %
Ea
which gives
E,= E [7.38]
Ea
where
_id,
Uy = —
A |

is the free surface charpe density. This is the same as the field we calculated using
£,=V/dand @, = CV.

An important application of Gauss's law is determining what happens at boundaries
between dielectric materials, The simplest example is the insertion of a dielectric slab to
only partially fill the distance between the plates, as shown in Figure 7.20b. The applied
voltage remains the same, but the field is no longer uniform between the plates. There
is an air—dielectric boundary. The field is different in the air and dielectric regions.
Suppose that the field 15 £, 10 the air region and ‘E; in the dielectric region. Both these
fields are normal o the boundary by the choice of the dielectric shape (faces parallel to
the plates). As a result of polarization, bound surface charges + Ao and — Agp appear
on the surfaces of the dielectric slab, as shown in Figure 7.20b, where op = F, the po-
larization in the dielectric. We draw a very narrow rectangular Gaoss surface that en-
compasses the air-dielectric interface and henee the surface polarization charges — Aoy
as shown in Figure 7.20c¢. The ficld coming in at the left face in air is €, (taken as neg-
ative) and the field coming our at the right face in the dielectric i8 E4. The surface inte-
gral £, dA and Gauss's law become

—(Ac
Eaxd —E1A = {—F}
Eq

or

P

Eg=E+—

Ea

The polarization P and the field Z; in the dielectric are related by

/?f P = EgXerEq

or

P = 'E-:P{EJ‘I e ])'EZ

where x.; is the electrical susceptibility and &,; is the relative permittivity of the
inserted dielectric. Then, substituting for P, we can relate £ and Eq,

=%+ (g — 1VE;



7.5 Gauss’s Law anp Bounpary CoNmmions

a “’i £y
fn—""
i -
E,.-g i
d Figura 7.21
v [al Boundary conditions
I I between diekectrics.
(b] The case for En = Egq.
ar
Er=¢eEs

The field in the air part is £, and the relative permittivity is 1. The example in Fip-
ure 7.20b involved a boundary between air (vacuum) and a dielectric solid, and the
boundary was parallel to the plates and hence normal to the fields £, and 2. A more
general expression can be shown to relate the normal components of the electric field,
shown as £,) and £z in Figure 7.21a, on either side of a boundary by

'E.r]frll = E:2Fn2 [7.39]

There is a second boundary condition that relates the tangential components of the
glectric field, shown as ¥, and ,3 in Figure 7.21a, on either side of a boundary. These
tangential ficlds must be equal.

En=En2 [7.40]

We can readily appreciate this boundary condition by examining the fields in a
parallel plate capacitor, which has two dielectrics longitudinally filling the space
between the plaies but with a boundary parallel 1o the field, as shown in Figure 7.21b.
The field in each, £,y and E,s, is parallel to the boundary. The voltage across cach lon-
gitudinal dielectric slab is the same, and since £ = 4V /dx, the field in each is the
game, £y = E- = V/d,

The above boundary conditions are widely used in explaining dielectric behavior
when boundaries are involved. For example, consider a small disk-shaped cavity within
a solid dielectric between two electrodes, as depicted in Figure 7.22. The disk-shaped
cavity has its fake perpendicular to the electric field. Suppose that the dielectric length &
is 1 cm and the cavity size is on the scale of micrometers. The average field within the
dielectric will still be close to V /d because in integrating the field T(x) to find the volt-
age across the dielectric, the contribution from a tiny distance of a few microns will be
negligible compared with contributions coming over the rest of the 1 cm. But the field
within the cavity will not be the same as the average field £ in the dielectric. If g,y = 5
for the dielectric medium and the cavity has air, then al the cavity face we have

erEr = &0k

General
bosndary
condifion

GFeneral
bowndary
codition

&17
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Small cavity has £,

U | g [ %
Er

|_ 'I £

' 5

L

Figure 7.22 Fiald in the cavity is V.
higher thon the field in the solid. 1"

which gives

o)

Adr insulation in a 100 micron (.1 mm) thick cavity breaks down when Z; is typically
100 kY em™', From £; = 5(V/d), a voltage of 20 kV will result in the breakdown of air
in the cavity and hence a discharge current. This is called a partial discharge as only a
partial breakdown of the insulation, that in the cavity, has occurred between the electrodes,
Under an ac voltage, the discharge in the cavity can often be sustained by the capacitive
current through the surrounding dielectric. Without this cavity, the diclectric would accept
a greater voltage across it, which in this case is typically greater than 100 kY,

EXAMPLE 7.9

FIELD INSIDE A THIN DAELECTRIC WITHIN A SECOND DIELECTRIC  When the dielectric fills the
whole space between the plates of a capacitor, the net field within the dielectric is the same as
before, £ = ¥/ d, Explain what bappens when a diclectric slab of thickness ¢ < d 15 inseried in
the middle of the space between the plates, as shown in Figure 7.23. What is the field inside the
dielectric?

SOLUTION

The problem is illustrated in Figure 7.23 and has symmetry in that the field in air on either side
of the dielectric is the same and E;, The boundary conditions give

£ L = 5E;

Figwra 7,23 A thin slob of dielectric is ploced in the middle of o i
porallel plate copacitor, g1 Ea &y _
The field insicle the thin slab is T2, i
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Further, the integral of the field from one plate to the other must be Vhecause dV/dx = E,
Examining Figure 7.23, we see that the integration is

Eifd —t) 4+ Ear = V

We now have to eliminate F; between the previous two equations and obtain *F;, which can
be done by algebraic manipulation,

} £r] v
Ty = : ( F) [7.41]

£z — Elﬂrz — &)

If t < d, then this approgimales to

£ E"(V] d = (V) (¢ % d [7.42]
= — — af = = ! 0
1 e L y; ¥

Clearly £, in the air space remains the same as the applied field v /4. Since £,; = 1 (ain)
and £,; = 1,Es in the thin dielectric slab is smaller than the applied field V/d. On the other
hand, if we have air space between two dielectric slabs, then the field in this air space will be
preater than the field inside the two dielectric slabs, Indeed, if the applied voltage is sufficiently
large, the ficld in the air gap can cause dielectric breakdown of this region,

o619

GALSS'S LAW WITHIM A DIELECTRIC AND FREE CHARGES (auss's law in Eguaton 7.37
contains the total charge .. enclosed within the surface. Generally, these enclosed
charges are free charges Qg due Lo the free camiers on the electrode, and bound charges Qp,
due o polatization charges on the dielectric surface. Apply Gauss's law using o Gaussian rec-
tangular surface enclosing the left electrode and the dielectric surface in Figure 7.24. Show
that the electric field € in the diclectric can be expressed in terms of free charges only, Q.
through

f T dA = Dtre [7.43]
Surface Egky

where e, is the relative permittivity of the dielectric medinm.

—p Figure 7.24 A convenient Gouss surfoce for coleulating the
e (Ganss surface field inside the dielectric is o very thin rectangular surface

WEE ¢ enclaesing the surfuce of the dielecric,

T
s — The total charges enclosed are the free chorges on the
: + = + . elacirodes and the |:|D|c||'izc|!inn chnrgas on the suface of the
Ly ' = dielecrric,
o =
o+ -
14 : et
' A \L
jie

N
Dieleciric

i
v

EXAMPLE 7.10

Free churges
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SOLUTION

We apply Gauss’s law to a hypothetical rectangular surface enclosing the left electrode and the
dielectric surface. The field T in the dielectric is normal and outwards at the Gawss surface in
Figure 7.24, Thus £, = F in the lefi-hand side of Equation 7.37,

2 AL = Q) = Qe — @p = Qi — AP = Qe — Arue — DE
where we have used P = g,{s, = 1)E. Rearranging, ]
Eabs AE = Qs

Since AT is effectively the surface integral of £, the above corresponds to writing Gauss's i
Iaw in & diclectric in terms of free charges as

% E, 04 =
Surface Enky

The above equation assumes that polarization P and £ are linearly related,
P =g, —1VE

We note that if we only use free charges in Gauss's law, then we simply multiply &, by the -
dielectric constant of the medium. The above proof is by no means a rigorous dervation,

7.6 DIELECTRIC STRENGTH AND
INSULATION BREAKDOWN

7.6.1 DIELECTRIC STRENGTH: DEFINITION

A defining property of a dielectric medium is nol only its ability to increase capacitance
but also, and equally important, its insulating behavior or low conductivity so that the
charges are not simply conducted from one plate of the capacitor to the other through
the dielectric. Dielectric materials ate widely used as insulating media between conduc-
tors at different voltages to prevent the ionization of air and hence current flashovers be-
tween conductors. The voltage across a dielectric material and hence the field within it
cannot, however, be increased without limit. Eventually a voltage is reached that
causes a substantial current to flow between the electrodes, which appears as a short be-
tween the electrodes and leads to what is called dielectric breakdown. In gaseous and
many liguid dielectrics, the breakdown does not generally permanently damage the ma-
terizl. This means that if the voltage causing breakdown is removed, then the dielectric
can again sustain voltages until the voltage is sufficiently high to cause breakdown
apain. In solid dielectrics the breakdown process invariably leads to the formation of
a permanent conducting channel and hence to permanent damage. The dielectric
strength £, is the maximum field that can be applied to an insulating medivm without
causing dielectric breakdown. Bevond £y, dielectric breakdown takes place. The di-
electric strengih of solids depends on a number of factors besides simply the molecular
structure, such as the impurities in the material, microstructural defects (e.g., microvoids),
sample geometry, nature of the elecirodes, temperature, and ambient conditions (e.g.,
humidity), as well as the duration and frequency of the applied field. Dielectric strength §
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Table 7.5 Dialectric strangth; typical values o reom lemperature and 1 aim

Dielectric Medium

Mielectric Strength

Comments

Armasphere atl | aom pressure

5F; gas

Palybutenc

Transtormer oil

Amaorphouws silicon dioxide
(S0} in MOS techinology

Borosilicate glass

Polypropylens

LT EY e el He
793 kY cm ! at 60 He

= |38 KV em~! at 60 Hrz

128 k% em™ ! at 60 Hx
DMV em ! de

10 MY em~! duration of 10 s
6 BV cm~! duration of 30 s
295304 kY em~!

| em gap, Breakdown by elecieon
avulunche by impuet ionization.

Used in hirh-voltuge circuit
beeakers to avoid discharges.

Ligquid dielectric used us oil filler
and HY pipe cables.

Yery thin oxide films without
defects, Intrinsic breakdown limic

Intrinzic hreakdown,

Thermal breakdown.

Likely to be thermal breakdown

or electrical treeing.

is different under de and ac conditions, There are also aging effects that slowly degrade
the properties of the insulator and reduce the dielectric strength. For engineers involved
in insulation, the dielectric strength of solids is therefore one of the most difficult para-
meters to interpret and use. For example, the breakdown field also depends on the
thickness of the insulation because thicker insulators have more volume and hence
greater probability of containing a microstructural defect (e.g., a microcavity) that can
initiate a dielectric breakdown. Table 7.5 shows some typical dielectric strengths for
various dielectrics used in electrical insulation. Unpressurized gases have lower break-
down strengths than liquids and solids.

7.6.2 IDIELECTRIC BREAKDOWN AND PARTIAL DISCHARGES: GASES

Due to cosmic radiation, there are always a few free electrons in a gas. If the field is
sutficiently large, then one of these electrons can be accelerated to sufficiently large
kinetic energies to impact ionize a neutral gas molecule and produce an additional free
electron and a positively charged gas ion. Both the first and liberated electrons are now
available w accelerate in the field again and further impact ionize more neutral gas
molecules, and so on. Thus, an avalanche of impact ionization processes creates many
[ree electrons and posilive gas ions in the gas, which give rise to a discharge current be-
tween the electrodes. The process is similar to avalanche breakdown in a reverse-
biased pn junction. The breakdown in gases depends on the pressure. The concentration
of gas molecules is greater at higher pressures. This means that the mean separation be-
tween molecules, and, hence, the mean free path of a free electron, is shorter. Shorter
mean free paths inhibit the free electrons from accelerating to reach impaci ionization en-
ergics unless the ficld is increased. Thus, generally, E,, increases with the gas pressure,
The 60 Hz breakdown field for an air gap of 1 cm at room temperature and at atmospheric
pressure is about 317 kV em™!. On the other hand, the gas sulfurhexafluoride, SF;, has

421
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o _ Crack (or defect) at dielectric=
High voltage conductor Void in dielectric electrode inmn;lfaoe

FJ L

U

Ground

fa) ik ]

Figure 7.25
la) The field is greatest on the surfoce of the cylindrical conductor facing the ground. IF the volioge

is sufficiently large, this field gives rise to o corcna discharge.
{h] The field in o void within o solid con E-c:sih.r couse par'lic|| dischnrge.
{c) The field in the crack ot the solid-metal interfoce can olse lead 1o o portial discharge.

a dielectric strength of 79.3 kV cm™! and an even higher strength when pressurized.
SFg is therefore used instead of air in high-voltage circuit breakers.

A pariial discharge occurs when only a local region of the dielectric is exhibiting
discharge, so the discharge does not directly connect the two electrodes. For example,
for the cylindrical conductor carrying a high voltage above a grounded plate, as in Fig-
ure 7.25a, the electric field iz greatest on the surface of the conductor facing the ground.
This field initiates discharge locally in this region becanse the field is sufficiently high
to give rise to an electron avalanche effect. Away from the conductor, however, the
field is not sufficiently strong to continue the electron avalanche discharge. This type
of local discharge in high field regions is termed corona discharge. Voids and cracks
oceurring within solid dielectrics and discontinuities at the dielectric—electrode inter-
face can also lead to partial discharpes as the field in these voids is higher than the
average field in the dielectric, and, further, the dielectric strength in the gas (e.p., atmo-
sphere) in the void is less than that of the continuous solid insulation. Figure 7.25b and
¢ depict two examples of partial discharges occurring in voids, one inside the solid
{perhaps an air or gas bubble introduced during the processing of the dielectric) and the
other (perhaps in the form of a crack) at the solid—electrode interface. In practice, a
variety of factors can lead to microvoids and microcavities inside solids as well as at
interfaces. Partial discharges in these voids physically and chemically erode the sur-
rounding dielectric region and lead to an overall deterioration of the dielectric strength.
If uncontrolled, they can eventually give rise to 2 major breakdown,

7.6.3 DiELECTRIC BREAKDOWN: LIQUIDS

The processes that lead to the breakdown of insulation in liguids are not as clear as
the electron avalanche effect in gases, In impure liquids with small conductive parti-
cles in suspension, it is believed that these impurities coalesce end to end to form a
conducting bridge between the electrodes and thereby give rise to discharge. In some
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liquds, the discharge initiates as partial discharges in gas bubbles entrapped in the lig-
uid. These partial discharges can locally raise the temperature and vaporize more of the
liguid and hence increase the size of the bubble. The eventual discharge can be a series
of partial discharges in entrapped gas bubbles. Moisture absorption and absorption of
gases from the ambient generally deteriorate the dielectric strength. Oxidation of cer-
tain liguids, such as oils, with time produces more acidic and hence higher conductiv-
ity inclusions or regions that eventually give discharge. In some liquids, the discharge
involves the emission of a large number of electrons from the electrode into the liquid
due to field emission at high fields. This is a discharge process by electrode injection.

764 IMELECTRIC BREAKDOWN: SOLIDS

There are various major mechanisms that can lead to dielectric breakdown in solids.
The most likely mechanizm depends on the dielectric material’s condition and some-
times on extrinsic factors such as the ambient conditions, moisture absorption being a
typical example.

Intrinsic Breakdown or Electronic Breakdown The most common type of
electronic breakdown is an electron avalanche breakdown. A free electron in the
conduction band (CB) of a dielectric in the presence of a large field can be accelerated
to sufficiently larpe enerpies to collide with and ionize a host atom of the solid. The
electron gains an energy ey £ when it moves a distance £ under an applied field Ey,.
If this energy is greater than the bandgap energy E,, then the electron, as a result of a
collision with the lamtice vibrations, can excite an electron from the valence band to the
conduction band, that 1s, break a bond. Both the primary and the released electron can
further impact ionize other host atoms and thereby generate an electron avalanche
effect that leads to a substantial current. The initial conduction electrons for the
avalanche are either present in the CB or are injected trom the metal into the CB as a
result of field-assisted thermal emission from the Fermi energy in the metal to the CB
in the dielectric. Taking typical values, E, = 5 eV and £ to be of the order of the mean
free path for lattice scattening, say ~50 nm, one finds Ey = | MV em™!. Obviously,
Ty, depends on the choice of £, but its order of magnitude indicates voltages that are
quite large, This type of breakdown represents an upper theoretical limit that is proba-
bly approached by only certain dielectrics—those that have practically no defects.
Usually, microstructural defects lead to a lower dielectric strength than the limit indi-
cated by imtrinsic breakdown, Silicon dioxide (Si0) films with practically no struc-
tural defects in present MOS (metal-oxide-semiconductor) capacitors (as in the gates
of MOSFETs) probably exhibit an intrinsic breakdown.

It dielectnic breakdown does not occur by an electron avalanche effect {perhaps
due to short mean free paths in the insulator), then another insulation breakdown
mechanism is the enormous increase in the injection of electrons from the metal elec-
trode into the insulator at very high fields as a result of field-assisted emission.'! It has

" The emission of slecirons by waneling fram an eleckiade in the presence of o large fleld wos realed in Chepter 4
as Fowler—Mordhaim field amission.
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been proposed that insulation breakdown under short durations in some thin polymer
films is due to wnneling injection.

Thermal Breakdown Finite conductivity of the insulation means that there is Joule
heat o Z* being released within the solid, Further, at high frequencies, the dielectric loss,
V2w tan 4, becomes especially significant. For example, the work done by the external
field in rotating the dipoles is transferred more frequently to random molecular colli-
sions as heat as the frequency of the field increases. Both conduction and dielectric
losses therefore generate heat within the dielectric, If this heat cannot be removed from
the solid sufficiently quickly by thermal conduction (or by other means), then the tem-
perature of the dielectric will increase, The increase in the temperature invariably in-
creases the conductivity of an insulator. The increase in the conductivity then leads o
more Joule heating and hence further rises in the temperature and so on. If the heat can-
not be conducted away to hmit the temperature, then the result is a thermal runaway
condition in which the temperature and the current increase vntil a discharge occurs
through vanous sections of the solid, As a consequence of sample inhomogeneities, fre-
guently thermal runaway is severe in certain parts of the solid that become hot spots and
suffer local melting and physical and chemical erosion. Hot spots are those local regions
orinhomogeneities where o or 7 is larger or where the thermal conductivity is too poor
Lo remove the heat generated, Local breakdown at various hot spots eventoally leads to
a conducting channel connecting the opposite electrodes and hence to a dielectric
breakdown. Since it takes time to raise the temperature of the dielectric, due to the heat
capacity, this breakdown process has a marked thermal lag. The time to achieve thermal
breakdown depends on the heat generated, and hence on ‘£, Conversely, this means that
the dielectric strength ‘Ey; depends on the duration of application of the field. For exam-
ple, at 70 °C, pyrex has an Ey, of typically 9 MV cm ! if the applied field duration is kept
short, not more than | ms or so. I the field is kept for 30 s, then the breakdown field is
only 2.5 MV cm™'. Dielectric breakdown in various ceramics and glasses at high fre-
quencies has been atiributed directly to thermal breakdown. A characteristic feamure of
thermal breakdown is not only the thermal lag, the time dependence, but also the tem-
perature dependence, Thermal breakdown is facilitated by increasing the temperature of
the dielectric, which means that ‘Ey, decreases with temperatore,

Electromechanical Breakdown and Electrofracture A dielectric medium
between oppositely charged electrodes experiences compressional forces because
the opposite charges + ¢ and — ¢ on the plates attract each other, as depicted in Fig-
ure 7.26. As the voltage increases, so does the compressive load, and the dielectric
becomes squeezed, or the thickness 4 gets smaller. At each stage, the increase in the
compressive load is normally balanced by the elastic deformation of the insulation to
a new smaller thickness. However, if the elastic modulos is sufficiently small, then
compressive loads cannot be simply balanced by the elasticity of the solid, and there is
a mechanical runaway for the following reasons. The decrease in d, due to the com-
pressive load, leads to a higher field (£ = V/d) and also to more charges on the
elecirodes (= CV, C = ge.A/d). This in turn leads to a greater compressive
load, which further decreases 4, and so on, until the shear stresses within the insula-
tion cause the insvlation to flow plastically (for example, by viscous deformation). |
Eventually, the insolation breaks down. In addition, the increase in ‘£ as o geis |
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Figure 7.26 An exaggerated schamatic illustration of o solt dielactric
medium experiencing shrong compressive forces due i the applied
voltage,

smaller results in more Joule (o £%) and dielectric-loss heating {wE*tan §) in the di-
glectric, which increases the temperature and hence lowers the elastic modulus and
viscosity, thereby further deteriorating the mechanical stability. It is also possible for
the field during the mechanical deformation of the dielectric to reach the thermal
breakdown field, in which case the dielectric failure is not truly a mechanical break-
down mechanism though initiated by mechanical deformations. Another possibility
is the initiation and growth of internal cracks (perhaps filamentary cracks) by inter-
nal stresses around inhomogeneous regions inside the dielectric. For example, an
imperfection or a tiny cavity experiences shear stresses and also large local electric
fields. Combined effects of both large shear stresses and large electric fields eventu-
ally lead to crack propagation and mechanical and, hence, dielectric failure. This
type of process is sometimes called electrofracture. Itis generally believed that cer-
tain thermoplastic polymers suffer from electromechanical dielectric breakdown,
especially close to their softening temperatures. Polyethylene and polyisobutylene
have been cited as examples.

Infernal Discharges These are partial discharges that take place in microstructural
voids, cracks, or pores within the dielectric where the gas atmosphere (usually air) has
lower dielectric strenpth. A porous ceramic, for example, would experience partial
discharges if the applied field is sufficiently large. The discharpe current in a void,

Elecirical breakdewn by tresing
[formation of discharge channals| in a
|n:rw-dgnsil-‘>«' pulrgil'.r’hng insulation
when o 50 Hz, 20 kY {rma| valbage is
appliad for 200 minutes to an
ﬂ|=|.'.|r|;sdn -ernhndn:la:l in the frsulalion,

[ 3OURCE: | W, Billing and (1. ).
Grovas, Procepdings of the Instinfian
aof Elecirical Enginesrs, 212, 1451,
1674,
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. Duter elecirods
L 3

"~ Dielectric insulator —___
) (e g., polyethylene)

4" Inner electrode -———_
— Tiny pore or crack

|- Electrical treeing )
Semiconducting =1
polymer sheaths

Cable jacket

fal

(b

Figure 7.27

la) A schematic llustration of electrical freeing breokdown in o highvoltage cooxial cable that was
initiated by a partial discharge in the waid ot the inner conductor—disleciric interfaca.

ib) A schematic dicgrom of a typical high-wollage coaxial cable with semiconducting palymer layers
around the inner eonductar and around the auter surface of the dieleciric.

such as those in Figure 7.25b and ¢, can be easily sustained under ac conditions, which
accounts for the severity of this type of breakdown mechanism under ac conditions,
Initially, the pore size (or the number of pores) may be small and the partial discharge
insignificant, but with time the partal discharge erodes the internal surfaces of the void.
Partial discharges can locally melt the insulator and can easily cause chemical transfor-
mations. Eventually, and usually, an electrical tree type of discharge develops from a
partial discharge that has been eroding the dielecinic, as depicted in Figure 7.27a for a
high-voltage cable in which there is a tiny void at the interface between the diglecinc
and the inner conductor (generated perhaps by the differential thermal expansion of the
electrode and polymeric insulation). The erosion of the dielectric by the partial dis-
charge propagates like a branching tree. The “treg branches” are erosion channels—
hollow filaments of various sizes—in which gaseous discharge takes place and forms
a conducting channel during operation,

In the case of a coaxial high-voltage cable in Figure 7.274, the dielectnic is usually
a polymer, polyethylene (PE) being one of the most popular. The electric field is max-
mum at the surface of the inner conductor, which is the reason for the initiation of most
electrical trees near this surface. Electrical treeing is substantially controlled by having
semiconductive polymer layers or sheaths surrounding the inmer conductor and the
outer surface of the insulator, as shown in Figure 7.27b. For flexibility, the inmer con-
ductor is frequently multicored, or stranded, rather than solid. Due to the extrusion
process used to draw the insulation, the semiconductive polymer sheaths are bonded to
the insulation. There are therefore practically no microvoids at the interfaces betwesn
the insulator and the semiconducting sheath, Further, these semiconducting polymer
sheaths are sufficiently conductive to become “part of the electrodes,” Both the con-
ductor and the adjacent semiconductor are roughly at the same voltage, which means
that there is no breakdown in the semiconductor—conductor interfaces, There is nor-
mally an ovter jacket {e.g.. P¥C) to protect the cable.

i
|




7.8 INELECTRIC STRENGTH AND INSULATION BREAKDOWN 627

Some fypical water mees found in fisld aged caoblas.

Laft: Trass in o cabde with tope and graphite insulalion,

Righl: Trees in o cabée with s1rippui:?= insulatien.
SOLURCE: P Waralliug, P T|'||;|rn'|n-g|. E. Erikswn.
B. Halmgren. |. Gofvert, *Dielectic Spectrascopy for
Diagnosis of Watar Trea Deterioration in ¥LPE
Cables,” JEEE Transactions on Dinlecirics and
Efeciriced Insulchan, vel. B, Fabruasy 2001, p- 34,
ﬁ-gura 10 |2 IEEE, 2001].

Insulation Aging 1t is well recognized that during service, the properties of an
insulating material become degraded and eventually dielectric breakdown occurs at a
field below that predicted by experiments on fresh forms of the insulation. Aging isa
term used to describe, in a general sense, the deterioration in the properties of the in-
sulation. Aging therefore determines the useful life of the insulation. There are many
factors that either directly or indirectly affect the properties and performance of an in-
sulator in service. Even in the absence of an electric figld, the insulation will experi-
ence physical and chemical aging whereby its physical and chemical properties change
considerably. An insulation that is subjected to temperature and mechanical stress vari-
ations can develop structural defects, such as microcracks, which are quite damaging
to the dielectric strength, as mentioned above. Irradiation by ionizing radiation such as
X-rays, exposure to severe ambient conditions such as excessive humidity, ozone, and
many other external conditions, through various chemical processes, deteriorate the
chemical structure and properties of an insulator. This is generally much more severe
for polymers than ceramics, but it is not practical to use a solid ceramic insulation in a
coaxial power cable. Oxidation of a polymeric insulation with time is another form of
chemical aging and is well-known to degrade the insulation performance. This is the rea-
son for adding various antioxidants into semicrystalline polymers for use in insulation.
The chemical aging processes are generally accelerated with temperature. In service,
the insulation also experiences electrical aging as a result of the effects of the field on
the properties of the insulation. For example, dec fields can disassociate and transport
various ions in the structure and thereby slowly change the structure and properties of
the insulation. Electrical trees develop as a result of electrical aging becauvse, in ser-
vice, the ac field gives rise to continual partial discharges in an internal or surface mi-
crocavity, which then erodes the region around it and slowly grows like a branching
tree. In well-manufactured insulation systems, electrical ireeing has been substantially
reduced or eliminated from microvoids. A form of electrical aging that is currently in
vogue is water treeing, which eventually leads to electrical treeing. The definition of
a water tree, as viewed under an optical microscope, is a diffused bushy (or broccoli)
type growth that consists of millions of microscopic voids (per mm®) containing water
or aqueous electrolyte. They invariably occur in moist environments and are relatively
nonconducting, which means that they do not themselves lead to a direct discharge.

External Discharges There are many examples where the surface of the insulation
becomes contaminated by ambient conditions such as excessive moisture, deposition
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Figura 7.28 Timsio and electrical trees

beeakdown and the field o 100 — Thermal
breakdown ‘Ey, are interrelated 1
and depand on the mechanism Water trees
that causes the insulation

breakdown.

External discharges have bean

excluded.

SOURCE; Bosed on L &, Dissada 1kV cm™! | T I I T | e
and |, €. Fathargill, Electical
Degradotion and Breakdown in | ns 1 s 1 ms 15 1min | hrlday Imolyr 10vs
Folymers, United Kingdom: Pater

Peregrirs Ud, bor IEE, 1992, p. 43, Time to breakdown

CHAPTER 7 r INELECTRIC MATERIALS AND ENSELATION

EE:lr

[ 3

Illlm;;:. |Electro- I
Y MV i) eCIOnIC] e chanical J
o — [

of pollutants, dirt, dust, and salt spraying. Eventually the contaminated surface de- -
velops sufficient conductance to allow discharge betwesn the electrodes at a field
below the normal breakdown strength of the insulator. This tvpe of dielectric break-
down over the surface of the insulation is termed surface tracking.

It is apparent that there are a number of dielectric breakdown mechanisms and the
one that causes eventual breakdown depends not only on the properties and quality of the
material but also on the operating conditions, environmental factors being no less im-
portant. Figure 7.28 provides an illustrative diagram showing the relationship berween
the breakdown field and the time to breakdown. An insulation that can withstand large
fields for a very short duration will break down at a lower field if the duration of the ficld
increases. The breakdown mechanism is also likely to change from being intrinsic to
being, pechaps, thermal. When insulation breakdown occurs in times beyond a few days, |
it is generally attributed to the degradation of the insulation, which eventually leads toa
breakdown through, most probably, electrical treeing. It is also apparent that it is not pos-
sible to clearly identify a specific dielectric breakdown mechanism for a given material

EXAMPLE 7.11

DIELECTRIC BREAKDOWN IN A COAXIAL CABLE Consider the coaxial cable in Figure 7.29
with o and & defining the radii of the inner and outer conductors,

a.  Using Gauss's law, find the capacitance of the coaxial cable, |

B What is the electric field at r from the center of the cable (r = a)? Where is the field
maximum?

c.  Consider two candidate materials for the dielectric insulation: cross-linked polyethylene,
{XLPE) and silicone rubber. Suppose that the inner conductor diameter is 5 mm and the
insulation thickness is also 5 mm. What is the voltage that will cause dielectric breakdown
in ezch insulator?
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Gaus§ surface

Figure 7.29 A schematic diogram for the colculation of the
capacitance of o coaxial coble and the field at peint r from
tha asis.

Consider an infinitesimally thin cylindrical shell of radivs r and
thickness drin the diglectric ond concenirically around the
inner conductar, This surface is chosen os the Gauss surface,
The veltage acrass the dieleciric thickness dr is dV. Tha feld
E= —d"p":."dr.

What typical voltage will initiate a partial discharge in a small air pore (perhaps formed
during mechanical and thermal stressing) at the inner conductor—insulator interface?
Assume that the breakdown field for air at 1 atm and gap spacing around 0.1 mm is about

100KV em!.

SOLUTION

Consider a cylindrical shell of thickness dr of the diclectric as shown in Figure 7.29, Suppose
that the voltage across the shell thickness is 4V, Then the field E at ris —d V/dr (this is the de-
finition of ). Suppose that (g, is the free charge on the inner conductor. We take a Gauss
surface that is a cylinder of radius r and concentric with the inner conductor as depicted in Fig-
ute 7,29, The surface area A of this cylindet is 27 r L where L is the length of the cable. The feld
gt the surface, at distance r, iz £, which iz normal to A and coming out of A. Then from Equa-

tion 7.43
E(lwrl) = Qe
Egdr
Thus
dV Qg

Cdr EaE.2mrL

This can be infegrated from r = a, where the voliage is V, to b, where ¥V = 0. Then

y — Qe ]n(!i)
E k2w L o

W can obtain the capacitance of the coaxial cable from C., = (e / V. which iz

el

5

The capacitance per unit length can be calculated using @ = 2.5 mm and

C._wy; -

b = + Thickness = 7.5 mun

[7.44]

[7.45]

17.45)

and the appropriate dielectric constants, £, = 2.3 for XLPE and 3.7 for silicone rubber, The val-

pes are arpund 100200 pF per meter, as listed in the fourth column in Table 7.6.

629

Capacitonce
af e coreiel
cirbrle



630

Field in a
cepxial cable

Maximum
freld i a
cooxial cable

Breckelown
verlienge

CHAPTER ¥ + IMELECTRIC MATERIALS AND INSULATION

Toble 7.6 Dislactric insulation candidates for o coaxial cable

Strength
Er (60 Hz) C {60 He)  Breakdown Voliage for Partlal
IMelectric G0Hz) (kVem™  (pFmY)  Voltape(kV)  Discharpge in o Microveid (kV)
XLPE 2.3 217 1146 396 1.4
Silicone rubber 33 158 |87 434 7.4

The electric field € follows directly when we substitute for Oy from Equation 7.45 into
Equation 7.44,

¥
f= ———— i7.47

b
rin (—)
[y
Equation 7.47 is valid for r from a to & (there is no field within the conductors), The field
is maximum where r = a,
L4
L
a J.u(i)
a
The hreakdown voltage Vi, is reached when this maximum field £, reaches the dielectric
strength or the breakdown field &£

[7.48]

T =

1:Hi'\: = 'Ehr'l'-'I In (E) [?'49]
£

The breakdown voltages calculated from Equation 7.49 are listed in the fifth column in
Table 7.6. Although the values are high, it must be remembered that, due to a4 number of
other factors such as insulation aging, one cannot cxpect the cable to withstand these voll-
ages forever,

If thera is an air cavity or bubble at the inner conductor to diclectric surface, then the ficld
in this paseous space will be E,. = £ E,,.. where .., 15 the feld at v = 2. Alr breakdown
occurs when

Fuir = Egirelr = 100 kY li:l'l'l_.I
al | atm and 25 °C for a 0.1 mm gap. Then Ene = Eyen /£, The corresponding voltage from

Equation 7.48 is
Euir- &
Vair-nr = 'ﬂlﬂ I“(_)
] a

The voltages for partial discharges for the two coaxial cables are shown in the sixth
column of Table 7.6. [t should be noted that these voltages will only give partial discharges coo-
tained within microvoids and will not normally lead to the immediate breakdown of (he insu-
lation. The partial discharges erode the cavities and also release vapor from the polymer that
accumulates in the cavities, Thus, gaseous content and pressure in a cavity will change as the
partial discharge continues. For cxample, the pressure buildup will increase the breakdown
field and elevate the voltage for partial breakdown. Eventual degradation is likely o lead to
electrical treging,
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We should also note that the actual field in the air cavity depends on the shape of the cavity,
and the above treatment is only valid for a thin disk-like cavity lying perpendicular to the field
{sce Seetion 7.9, Additional Topies).

7.7 CAPACITOR DIELECTRIC MATERIALS

7.7.1 TyPIicAL CAPACITOR CONSTRUCTIONS

The selection criteria of dielectric materials for capacitors depend on the capacitance
value, frequency of application, maximum tolerable loss, and maximoum working volt-
age, with size and cost being additional external constraints. Requirements for high-
voltage power capacitors are distinetly different than those used in small integrated
cireuits. Large capacitance values are more easily obtained at low frequencies becanse
low-frequency polarization mechanisms such as interfacial and dipolar polarization
make a substantial contrbution to the dielectric constant. At high frequencies, it becomes
more difficult 1o achieve large capacitances and at the same time maintain acceptable
low dielectric loss, inasmuch as the dielectric loss per unit volume is eﬂsiﬁuﬁl tan 8.
The bar-chart diagrams in Figures 7.30 and 7.31 provide some typical examples of
dielectrics for a range of capacitance values and for a range of usable frequencies. For
example, electrolytic dielectrics characteristically provide capacitances between one
to thousands of microfarads, but their frequency response is typically limited w0 below

| Figure 7,30 Examples of dielecirics

_ that can be used for various copacitancs
N [Solid electrolytic Al, Ta | tt values.
| T

[ Electrolytic A1, Ta

[ Multilayer caramic
Single-luyer ceramic ]

| Micu film |
Paper and plastic film ]
I =T T T T T T T |
I pF b i | WF 10° uF 10° uF

Caparitance

| Figure 7.31 Eromples of diglectics that can

| High permittivity ceramic ba used in vatious frequancy ranges. )

| Low-loss ceramic and glass

| Mica film

Polymer film

[ Alelectrolytic |

Ta electrolytic
I I I I I T T I

1 Hz I kHz 1 MHz 1 GHz
Frequency
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Meral termination

Ceramic Ep?.x}'
Metaj electrode

Figure 7.32 Single ond mullilayer dielectric {al Single-layer ceramic capacitor b Multilayer ceromic copacitor

capaitors.

le.g.. disk capocibors) [stacked ceramic layers|

10 kHz. On the other hand, polymeric film capacitors typically have values less than
10 wF but a frequency response that is flat well into the pipaherte range,
We can understand the principles utilized in capacitor design from the capacitance
of a parallel plate capacitor,
E A

= [7.501
d

where &, infers #). Large capacitances can be achieved by using high &, dielectrics,
thin dielectrics, and larpe areas. There are various commercial ceramics, usually a mix-
ture of various oxides or ferroelectric ceramics, that have high dieleciric constants,
ranging up to several thousands. These are typically called high-K {or high-x ), where
K (or &) stands for the relative permittivity. A ceramic dieleciric with ¢, = 10, d of
perhaps 10 gem, and an area of 1 cm® has a capacitance of 885 pE. Figure 7.32a shows
a typical single-layer ceramic capacitor, The thin ceramic disk or plate has suiiable
metal electrodes, and the whole structure has been encapsulated in an epoxy by dip-
ping it in a thermosetting resin. The epoxy coating prevents moisture from degrading
the dielectric properties of the ceramic (increasing &) and the loss, tan §). One way o
increase the capacitance is to connect N number of these in parallel, and this is done in
a space-efficient way by using the multilayer ceramic structure shown in Figure 7.32h.
In this case there are N electroded dielectric layers, Each ceramic has offset metal elec-
trodes that align with the opposite sides of the plate and make contact with the metal
terminations on these sides. The result is N number of parallel plate capacitors. Thern
is therefore an effective use of volume as the surface area of the component stays the
same but the height increases to at least Nd. By using multilayer ceramic structures,
capacitances up 0 2 few hundred microfarads have been recently obtained,

Muany wide-frequency-range capacitors utilize polymeric thin films for two reasons,
Although £, i5 typically 2 to 3 (less than those for many ceramics), it is conslant over
wide frequency range. The dielectric loss £,&,.a0E2 tan & becomes significant at high fre-
guencies and polymers have low tan § values, Low g, values mean that one has o find g
space-etticient way of constructing polymer film capacitors, One method is shown in
Figure 7.33a and b for constructing a metallized film polymer capacitor. Two polymeric
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L. Polymer film
Al metallization
Ii\-\.

Figure 7.33 Two polymer topes in (o), each with a metallized film elecirode on the
surface (offsat Fom each other), can be relled together (like o Swiss rell) to obtain o
pelymer film capaciter as in [b|-

As tha bwo separate metal films are lined ot opposite edges, a|ech|:|:|ing is done over the
whole side surface,

Figure 7.38 Aluminum
alactralytic capacitar.

tapes have metallized electrodes (typically vacuum deposited Al) on one surface, leaving
amargin on one side. These metal film electrodes have been offset in opposite directions
50 that they line up with the opposite sides of the tapes. The two tapes wogether are rolled
up (like a Swiss-roll cake) and the opposite sides are electroded using suitable conducting
glues or other means. The concepl is therefore similar to the multilayer ceramic capacitor
except that the layers are rolled up to form a circular cross section. It is also possible o
cut and siack the layers as in the muliilayer ceramic construction.

Electrolytic capacitors provide laree values of capacitance while maintaining a tol-
erable size. There are various types of electrolytic capacitors. In aluminum electrolyiic
capacitors, the metal electrodes are two Al foils, typically S0-100 gem thick, that are sep-
araied by a porous paper medium soaked with a liguid electrolyie. The iwo foils together
are wound into a cylindrical form and held within a cylindrical case, as shown in Fig-
ure 7.34a. Contrary 1o intuition, the paper-soaked elecrrolyte is not the dielectric, The
dielectric medium is the thin alumina AloOs layer grown on the roughened surface of one
of the foils, as shown in Figure 7.34b. This foil is then called the anode (+ terminal).
Both Al foils are etched to obtain rough surfaces, which increases the surface arca
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[a] A cross section without fine dedeil, Leads
[b] An enlorged secfion through the Ta copocitor, (o) {

Capacitance
per unit
volume

compared with smooth surfaces. The capacitor is called electrolytic because the AlzOy
layer is grown electrolytically on one of the foils and is typically 0.1 pm in thickness.
This small thickness and the large surface area are responsible for the large capaci-
tance. The electrolyte is conducting and serves to heal local minor breakdowns in the
AlO; by an electrolytic reaction, provided that the anode has been positively biased.
The capacitive behavior is due to the AV{AlLO;s)electrolyte structure. Furthermore,
AlALO, contact is like a metal to p-type semiconductor contact and has rectifying
properties. It must be reverse-biased to prevent charge injection into the AlyO, and
hence conduction through the capacitor. Thus the Al must be connected to the positive
terminal, which makes it the anode. When the electrolytic Al capaeitor in Figure 7.34b
is oppositely biased, it becomes conducting,

Electrolytic capacitors using liquid electrolytes tend to dry up over a long period,
which is a disadvantage. Solid electrolyte tantalum capacitors overcome the drying-
up problem by using a solid electrolyte. The structure of a typical solid Ta capacitor is
shown in Figure 7.35a and b. The anode (+ electrode) is a porous (sintered) Ta pellet
that has the surface anodized to obtain a thin surface layer of tantalum pentoxide, TayOs,
which is the dielectric medium (with £) = 28). The Ta pellet with TasOs is then coated
with a thick solid electrolyte, in this case MnOs. Subsequently, graphite and silver paste
layers are applied. Leads are then altached and the whole construction is molded into a
resin chip. Solid tantalum capacitors are widely wsed in oumerous electronics applica-
tions due to their small size, temperature and time stability, and high reliability.

7.7.2 DIELECTRICS: COMPARISON |

i
The capacitanee per unit volume C,,, which characterizes the volume efficiency of
a dielectric, can be obtained by dividing C by Ad,

Eofr

Con= 13

(7.51]

It is clear that large capacitances require high dielectric constants and thin dielectrics. |

We should note that & appears as d”, so the importance of d cannot be understated. |
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Toble 7.7 Comporisan of dielectrics bor copacitor applicotions

&35

Caputitor Name

Tantalum,
Alvminum,  Electrolytic,
Polypropylene Puolyesier Mica Eleetrolytic Solid High-K Ceramic
Dielectric Prlymer film Prlymer film Mich Anodized Anodized XTR
A0 film TaaOn film BTk buse
£ 2223 3233 Gt KBS 7 20MHF
tum 4 4% 107 45 1073 2x 100t 00500 0 0.
T (k¥ mm ™'} de 10350 L0030 S0-300 40011000 301500 14
d {typical minimum) (pm) 34 1 -3 L1 0.l 10
Cout (WF em~} 2 n 5 7500° 24,000" | 8}
Rp = 1/Gplk) 400 40 L 1.5-3 6 16
[or © = 1 pP.
F=1kHz
Fyea (mI con ! 11 ] 5 100 1204k 100
Polurization Elecironic Electronic and — lonic Ionic Ionic Large ionic
dipolar dizplacemant

* Preper valumelrie calevations must olse consider he volumes of slectrodes ond the electralyte necessary for these dialactrics to work;

henca the number would have 1o be dacreased.
TE‘.d dep-end: vEry senzitively on £y, and the chaice af n; hanee i can vory substantially,

MNOTES: Yalues ara tvpical. Assume /1 = 3. The table is for comparison purposes only. Breokdown fiekds are rvpical dic volues and can
vary subskentiolly, by ot least on crder of mognitede; ;. depends an the thicknaess, matarinl quality, and the deration of the applied voltoge
Palyester i PET, or polyatylane erephthalate. Mico is podassiom oluminosilicate, o muscovite ergtal. 7R 1s he nome of o parkiealar

Baliid:-basad ceramic solid solution.

Although mica has a higher &, than polymer films, the latter can be made quite thin, a
few microns, which leads to a greater capacitance per unit volume. The reason that
electrolylic aluminum capacitors can achieve large capacitance per unit volume is that
d can be made very thin over a large surface area by using the liguid electrolyte to heal
minor local dielectric breakdowns. Table 7.7 shows a selection of dielectric matenials
for capacitor applications and compares the “volume efficiency™ C.., based on a typi-
cal minimum thickness that a convenient process can handle. It is apparent that, com-
pared with polymeric films, ceramics have substantial volume efficiency as a result of
large dielectnc constants (high-K ceramics) in some cases and as a consequence of a
thin dielectric thickness in other cases (Al;04).

Another engineering consideration in selecting a dielectric is the working voltage.
Although o can be decreased to obtain large capacitances per vnit volume, this also
decreases the working voltage. The maximum voltage that can be applied to a capaci-
tor depends on the breakdown field of the dielectric medium ‘Ey,, which itself is a
highly variable quantity, A safe working voltage must be some safety factor  less than
the breakdown voltage Epd. Thus, if Vi, is the maximuom safe working voltage, then
the maximum energy that can be stored per unit volume is given by

|. ¥

1 EaE
Ep=—-CV? x — = ZLg? [7.52]
W 2 I J‘-d 21?2 e

Mitcirmurm
EREFEY per
ureit volirmne
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Tt is clear that both £ and Ey, of the dielectric are significant in determining the
energy storage ability of the capacitor. Moreover, at the maximum working voltage,
the rate of dielectric loss per unit volume in the capacitor becomes

.EE
Wi = H—Tmt:psi tan & [7.53]

Those materials that have relatively higher tan & exhibit greater dielectric losses.
Although dielectric losses may be small at low frequencies, at high frequencies they
become quite significant. Table 7.7 compares the energy storage efficiency £,y and
tan 4 for various dielectrics, It seems that ceramics have a betler energy storage eth-
ciency than polvmers. High-X ceramics tend to have large tan § values and suffer from
greater dielectric loss. Polystyrene and polypropylene have particularly low tan & as
the polarization mechanism is due to electronic polarization and the dielectric losses
are the least. Indeed, polystyrene and polypropylene capacitors have found applica-
tions in high-guality audio electronics. Equations 7.32 and 7.53 should be used with
care, because the breakdown field Ey; can depend on the thickness o, among many
other factors, including the quality of the dielectric matenial. For example, for
polypropylene insulation, Fy, is typically quoted as roughly 50 KV mm~' (500 kV
cm~'), whereas for thin films (e.g., 25 pm), over short durations, Ep, can be as high as
200 kY mm~'. Further, in some cases, y, is more suitably defined in terms of the max-
imum allowable leakage current, that is, a field at which the dielectric is sufficiently
conducting.

The temperature stability of a capacitor is determined by the temperature depen-
dences of ¢ and tan 4, which are controlled by the dominant polarization mechanism,
For example, polar polymers have permanent dipole groups attached to the polymer
chains as in polyethyleneterephthalate (PET). In the absence of an applied field, thess
dipoles are randomly oriented and also restricted in their rotations by neighboring
chains, as depicted in Figure 7.36a. In the presence of an applied dc field, as in Fig-
ure: 7.36b, some very limited rotation enables partial dipolar (orientational) polariza-
tion to take place. Typically, at room temperature, dipolar contribution to &, under ac
conditions, however, is small because restricted and hindered rotation prevents the
dipoles to closely follow the ac field. Close to the softening temperature of the poly-
mer, the molecular motions become easier and, further, there is more volume between
chains for the dipoles to rotate, The dipolar side groups and polarized chains become
capable of responding to the field. They can align with the field and also follow the
field variations, as shown in Figure 7.36¢. Dipolar contribution to &, is substantial even
at high frequencies. Both £] and tan & therefore increase with temperature. Thus, polar
polymers exhibit temperature dependent &, and tan 8, which reflect in the properties of
the capacitor.

On the other hand, in nonpolar polymers such as polystyrene and polypropylene,

the polarization is due to electronic polarization and &, and tan § remain relatively §

constant, Thus polystyrene and polypropylene capacitors are more stable compared
with PET (polyester) capacitors. The change in the capacitance with temperature is
measured by the temperature coefficient of capacitance (TCC), which is defined as
the fractional (or percentage) change in the capacitance per unit temperature change.
The temperature controls not only &, but also the linear expansion of the dielectric,
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Dipolar side growp  polymer chain
L 4

Polymer dielectric

- I

(al (bl el

Figure 7.36
[a) A polymer dielectric that has dipolar side groups ofteched 1o the polymer chains, With ne
applied feld, the dipales are randomly ofiented.

[&] In the presence of on applied field, some very limiled rofation enables dipolar pelarizotion ko
ioke place.

|e) Mear the saftening temperature of the polymer, the maleculor motions are rapid and there is
also sufficient valume between chains for the dipoles 1o align with the field. The dipslar
contribufien to £, is substantial, even at high frequencies.

which changes the dimensions 4 and 4. For example, polystyrene, polycarbonate, and
mica capacitors are particularly stable with small TCC values. Plastic capacitors are typ-
ically limited w0 operations well below their melting temperatures, which is one of their
main drawbacks, The specified operating temperature, for example, tfrom —55 °C to
125 °C, for many of the ceramic capacitors is often a limitation of the epoxy coating of
the capacitor rather than the aclual limitation of the ceramic matenial, In many capaci-
tors, the working voltage has to be derated for operation at high temperatures and high
frequencies because Ey, decreases with ambient lemperature and the frequency of the
applied field. For example, a 1000V de polypropylene capacitor will have a substan-
tially lower ac working voltage, e.g., 100V at 10 kHz.
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DIELECTRIC LOSS AMD EGQUIVALENT CIRCUIT OF A POLYESTER CAPACITOR AT 1 kHz Fig-
ure 7,37 shows the wmperalure dependence of £ and tan & for a polyester film, Calculate the
equivalent circuit at 25 °C at | kHz for a 560 pF PET capacitor that uses a 0.5 micron thick poly-
egter film. What happens to these values at 100 *C?

SCLUTION

From Figure 7.37 at 25 °C, &) = 2.60 and tan & = 0.002. The capacitance Cat 25 °C is given as
560 pF. The equivalemt parallel conductance Grp, representing the dielectric loss, is given by
wAELEL tan &

Gp=—2 = wCtand
d

EXAMPLE 7.12
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Figure 7.37 Real port of the dielechic " g L
consiont £ and loss langent, fan &, at i DEA
1 kHz versus temparature for PET. 13 T T T T 00001
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Substituting
m=2nf = 2=
and tan & = 0,002, we get

|
G e = (20001560 = 107" H0.002) = 7.04 = m"i‘a

This is equivalent to a resistance of 142 MQ_The equivalent circnit is an ideal {lossless) capaci-
tor of 560 pF in parallel with a 142 MO resistance (this resistance value decreases with the
frequency).
Ar 100 °C, &f = 2,69 and tan & #= (L.01, 50 the new capacitance is
£(100=C})

L 260
Cim=c = fezsﬁcm = {560 pl-,'lm = 579 pF

The equivalent parallel conductance at 100 °C is

|
G o= (200073579 % 1072 )0.001) = 3.64 ml‘*'E

This is equivalent to a resistance of 27.5 M52, The equivalent circuit is an ideal (lossless)
capacitor of 579 pF in parallel with a 27.5 M2 resistance.

7.8 PIEZOELECTRICITY, FERROELECTRICITY,
AND PYROELECTRICITY

7.8.1 PIEZOELECTRICITY

Certain crystals, for example, quartz (crystalline 8i0;) and BaTiOs, become polarized

when they are mechanically stressed, Charges appear on the surfaces of the crystal, as
depicted in Figure 7.38a and b. Appearance of surface charges leads (o a voltage differ-
ence berween the two surfaces of the crystal. The same crystals algso exhibit mechanical
strain or distortion when they experience an electric field, as shown in Figure 738c and |
d. The direction of mechanical deformation {e.g., extension or compression) depends on
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Figure 7.38 The piezoslechic effect.
la} A prezoeleckic crystal with no applied siress or fisld.

(b} The crysial is siroined by on applied force that induces polarization in the crystal and generates surfoce
charges.

lch &n opplied field causes the crystal to become sirained. In this case the field compresses the crystal,
{d) The strain changes direction with the opplied field and now the crysial is extended.

L% o3 e
Qo® DOroQ & ©Ore
@ “\GH’ @ @ ‘.\@:' @ :Era:enr;::mgﬁfgm;rpe cubic unit cell has a

1 |a} In the obsance of an applied force, the centars of
mass for positive and negative ions coincide,

[&] This sitvation does net change when the crystal is
[a] (bl strained by an applied force.

the direction of the applied field, or the polarity of the applied voltage. The two effects
are complementary and define piezoelectricity.

Only certain crystals can exhibil piezoelectricity because the phenomenon requires
aspecial crystal structure—thal which has no center of symmetry. Consider a NaCl-type
cubic unit cell in Figure 7.3%a. We can describe the whole crystal behavior by examin-
ing the properties of the unit cell. This unit cell has a center of symmeiry at O because
if we draw a vector from O to any charge and then draw the reverse vector, we will find
the same ype of charge. Indeed, any point on any charge 15 a center of symmetry.
Many similar cubic crystals (not all) possess a center of symmetry. When unstressed,
the center of mass of the nezative charges al the comers of the unit cell coincides with
the positive charge at the center, as shown in Figure 7.3%a. There is therefore no net po-
larization in the unit cell and P = 0. Under stress, the unil cell becomes strained, as
shown in Figure 7.39b, but the center of mass of the negative charges siill coincides
with the positive charge and the net polarization is still zero. Thus, the strained crystal
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(al
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Figure 7.40 A hexogonal unil cell has no center of symmery,
[a] In the absence of an applied force, the centers of mass for positive and negative ions caincide,

[b} Under an applied force in the y direction, the centers of mass for positive ond negative ions are shified, which
resulls in a net dipale moment, P, along ¥.

[€] When the foree is olong a diffsrent direction, along =, there may not be a resulting net dipole meoment in that
direction thawgh there may be a net P alang a different direction (3],

Pieznelectric

effect

still has P = 0. This result is generally true for all crystals that have a center of sym-
metry, The centers of mass of negative and positive charges in the umnit cell remain
coincident when the crystal is strained.

Piezoelectric crystals have no center of symmetry. For example, the hexagonal
unit cell shown in Figure 7.4 exhibits no center of symmetry. If we draw a vector
from point O to any charge and then reverse the vector, we will find an opposite charge,
The unit cell is said to be noncentrosymmetric. When unstressed, as shown in Fig-
ure 7.40a, the center of mass of the negative charges coincides with the center of mass
of the positive charges, both at O. However, when the unit cell 15 stressed, as shown in
Figure 7.40b, the positive charge at A and the negative charge at B both become dis-
placed inwards to A’ and B’, respectively. The two centers of mass therefore become
shifted and there is now a net polarization P, Thus, an applied stress produces a net po-
larization I* in the vnit cell, and in this case P appears to be in the same direction as the
applied stress, along v.

The direction of the induced polarization depends on the direction of the applied
stress, When the same unit cell in Figure 7.40a is stressed along x, as illustrated in
Figure 7.40c, there is no induced dipole moment along this direction because there
is no net displacement of the centers of mass in the x direction. However, the stress
causes the atoms A and B to be displaced outwards to A" and B”, respectively, and
this results in the shift of the centers of mass away from each other along y. In this
case, an applied siress along x results in an induced polarization along y, Generally,
an applied stress in one direction can give rise to indoced polarization in other crys-
tal directions. Suppose that T; is the applied mechanical stress along some j direction
and £; is the induced polarization along some { direction; then the two are linearly re-
lated by

P =dyT; (7.54)
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Figura 7.41 Piezoeleciric transducers are widely used to generote
ulirassnie waves in solids and alse o deteel such meehenical weoves,

|

Elastic waves
in the solid

The wansducer on the left is exciled from an oe ssurce and vibrates
mechanically. These vibrations cre caupled to the solid and generate
elastic waves, When the waves reach the other end, they mechanically
wibrate the fransducer on the right, which canverts fhe vibrations ke an
Oscilloscope electical signal.

Orcillator

where d;; are called the piezoelectric coefficients. Reversing the stress reverses the
polarization. Although we did not specifically consider shear stresses in Figure 7.40,
they, as well as tensile stresses, can also induce a net polarization, which means that T
in Equation 7.54 can also represent shear stresses. The converse piezoelectric effect is

that between an induced strain & along / and an applied electric field £; along §, o

8 = diE [7.55] plervelectric

The coefficients d;; in Equations 7.54 and 7.55 are the same. 2 s
As apparent from the foregoing discussions and Figure 7.38, piezoelectric crys-
tals are essentially electromechanical transducers because they convert an electrical
signal, an electric field, to a mechanical signal, strain, and vice versa. They are used
in many engineering applications that involve electromechanical conversions, as In
ultrasonic transducers, microphones, accelerometers, and so forth, Piezoelectric trans-
ducers are widely used to generate ultrasonic waves in solids and also to detect such
mechanical waves, as illustrated in Figure 7.41. The transducer is simply a piezoelec-
tric crystal, for example, quartz, that is appropriately cut and electroded to generate
the desired types of mechanical vibrations (¢.g., longitudinal or transverse vibrations).
The transducer on the left is attached to the surface A of the solid under examination,
as shown in Figure 7.41. It is excited from an ac source, which means that it mechan-
ically vibrates. These vibrations are coupled to the solid by a proper coupling medium
(typically grease) and generate mechanical waves or elastic waves that propagate
away from A. They are called ulirasonic waves as their frequencies are typically
above the audible range. When the waves reach the other end, B, they mechanically
vibrate the transducer attached to B, which converts the vibrations to an electrical
signal that can readily be displayed on an oscilloscope. In this trivial example, one
can eagily measure the time it takes for elastic waves to travel in the solid from A w
B and hence determine the ultrasonic velocity of the waves since the distance AB is

1 The equivalence of the caefficients in Equations 7,54 and 7.55 can ba shown by using thermodynamics and is
not considerad in this textbook. Fer rigorous piezaelectric definitions see IEEE Stondord 174.1987 [IFEE Trans. an
Ultrasanics, Farroelectrics and Frequency Cantral, Seplember 1904].
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known, From the ultrasonic velocity one can determine the elastic constants {Young's
modulus} of the sohid. Furthermore, if there are internal imperfections such as cracks
in the solid, then they reflect or scatter the ultrasonic waves, These reflections can
lead to echoes that can be detected by suitably located transducers. Such ultrasonic
testing methods are widely used for nondestructive evaluations of solids in mechani-
cal engineering.

It is clear that an important engineenng factor in the use of piezoelectric transduc-
ers 18 the electromechanical coupling between electrical and mechanical energies. The
electromechanical coupling factor £ is defined in terms of & by

@ Electrical energy converted to mechanical energy B
- Input of clectrical cnergy '
ot equivalently by
Mechanical energy converted to electrical ensrgy
K= 2 L [7.56b]

[nput of mechanical energy

Table 7.8 summanzes some Lypical piezoelectric materials with some applica-
tions. The so-called PZT ceramics are widely used in many pieroclectric applications.
PZT stands for lead zirconate titanale and the ceramic 18 a solid solution of lead zir-
conate, PhZr();, and lead ttanate, PhTiOs, so its compositon is PbTy _Zr, 05 where x
is determined by the extent of the solid solution but typically is around (.5, PZT piezo-
electric components are manutactured by sintering, which is a characteristic ceramic
manufactunng process in which PZT powders are placed in a mold and subjected o a
pressure at high temperatures, Duning sintering the ceramic powders are fused through
interdiffusion. The final properties depend not only on the composition of the solid
solution but also on the manufacturing process, which controls the average grain size
or polyerystallinity. Electrodes are deposited onto the final ceramic component, which
is then poled by the application of a temporary electric field to induce it to become

Table 7.8 Piezoelectric materials ond some 1}rpi<:{:| values for dand &

Crystal dimy-l k Coimment

Chuarte (erystul $10;) 23 % 10°12 0.1 Cryvstal vecallators, ullmasonm:
transducers, delay lines, tfilters
Rochells salt (NaKCHaOy, - 4H200 350 % 012 0,78

Barium ttanate {BaTi0;) 190 = 10712 0.49 Acvelerometers
PZT, lead zirconate titanate 4800 5 1012 0.72 Wide range of applications
(FtT_, Zr.0s) including earplones, microphones,

spark peneralors (pus lrhters,
car ignition}, displacement
transducers, accelerometers
Palvvinylidene flusride (PVDE) 18 = 1012 — Must be poled: heated. put o an
clectric field and then cooled.
Large area and inexpensive
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piezoelectric. Poling refers to the application of a temporary electric field, generally at
an elevated temperature, to align the polarizations of various graing and thereby de-
velop piezoelectric behavior.

PIEZOELECTRIC SPARK GEMERATOR The picroelectric spark generator, as used in various
applications such as lighters and car ignitions, operates by stressing a piezoelectric crystal to

generate a high voltage which is discharged through a spark gap in air as schematically shown

in Figure 7.42a. Consider & piezoelectric sample in the form of a cylinder as in Figure 7.42a.

Suppose that the piezoelectric coefficient d = 250 = 107" m v~ and &, = 10K}, The piezo-

electric cylinder has a length of 10 mm and a diameter of 3 mm. The spark gap is in air and has

a breakdown voltage of about 3.5 kY. What is the force required to spark the gap? Is this a real-

1stic force?

SOLlUTON

We need to express the induced voltage in terms of the applied force. If the applied stress is T,
then the induced polarization P is

F
P=dT =d—
A

Induced polarization P leads to induced surface polarization charges givenby 0 = AP If
C is the capacitance, then the induced voltage is

rF
L e
,_Q_ AP _LP_ (A)_JLF
=] (E.at,ﬂ) £ak, £4E, 2.8 A
L

Therefore, the required force is

o g6, AV (885 x 107" x 1000} (1.5 x 10 Iy203500)
- 4L (250 % 10711310 % 107%)

This force can be applied by squeezing by hand an appropriate lever arrangement; it is the
weight of 9 kg. The force must be applied guickly because the piezoelectric charge generated

F Figure 7.42 The piezoeleciric spark
generator,
+ o+

=B816N

Pieznelectric
+ o+
5
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Fiezoelectric
veltage
coefficient

— — AL

CHAPTER ¥ » DNELECTRIC MATERIALS AND INSULATION

will leak away {or become neutralized) if the charge is generated too slowly; many spark ignit-
ers use mechanical impact, The energy in the spark depends on the amount of charge generated.
This can increase by using two piezoelectric crystals back to back as in Figure 7,42h, which is
a more practical arrangement for a spark generator. The induced voltage per unit force V/F is
proporiional 1o d/(g.e. ) which is called the plezoelectric voltage coellicient. In general, if an
applied stress T = F/A induces a field £ = V/L in a piezoelectric crystal, then the effect is
related to the cause by the piezoelectric voltage coefficient g,

E=gT [7.57]

It 1s left as an exercise o show that g = d/(g,8.).

Mechanical
standing
Welves

7.8.2 PIEZOELECTRICITY: QUARTZ OSCILLATORS AND FILTERS

One of the most important applications of the piezoelectric quartz crystal in elec-
tronics is in the frequency control of oscillators and filters. Consider a suitably cut
thin plate of a quartz crystal that has thin gold electrodes on the opposite faces. Sup-
pose that we set up mechanical vibrations in the crystal by connecting the electrodes
to an ac source, as in Figure 7.43a. It is possible to set up a mechanical resonance, ot
mechanical standing waves, in the crystal if the wavelength A of the waves and the
length ¢ along which the waves are traveling satisfy the condition for standing

waves:
( l J..) = [7.58]
n 3 = .

where n is an integer.

z
F
A
L
= Q:artz ¢, =—=2 c g
=]
R g gt
=
= ) -
3o
(o] b B =2 —
£
[

Figura 7,43 ‘When o suitably cur quartz crystol with electrodes is excited by an oc vohage o3 in [a), it
behaves os if it hos the equivalent cireult in (k).

{e) and [d} The magnitude of the impedance £ and reactance (both between A and B) versus frequency,
nagieding losses.
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The frequency of these mechanical vibrations f, 15 given by f, = v/i, where v is
the velocity of the waves in the medium and & is the wavelength. These mechanical
vibrations in quartz experience very small losses and therefore have a high-guality
factor (3, which means that resonance can only be set up if the frequency of the exci-
tation, the electrical frequency, is close to f;. Because of the coupling of energy between
the electrical excitation and mechanical vibrations through the piezoelectric effect, me-
chanical vibrations appear like a series LCR circuit to the ac source, as shown in Fig-
ure 7.43b. This LCR series circuit has an impedance that is minimum at the mechanical
resonant frequency [, given by

1
" 2x/LC

In this senes LOCR circuit, L represents the mass of the transducer, C the stiffness,
and R the losses or mechanical damping. Since the quartz crystal has electrodes at
opposite faces, there is, in addition, the parallel plate capacitance C, between the
electrodes. Thus, the whole equivalent circuit is C, in parallel with LCR, as in Fig-
ure 7,430, As far as L is concerned, C; and C are in series. There is a second higher res-
onant frequency f;, called the antiresonant frequency, that is due to L resonating with
€ and C, in senes,

s [7.59]

1

fa= T (7.60]
where
1 1 1
eoGTE

The impedance between the terminals of the quartz crystal has the frequency de-
pendence shown in Figure 7.43c. The two frequencies f; and f;, are called the series and

eryslol ouillakar.
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1o right: Raktron 40 MMz, o natural
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446 CHAPTER 7 + [MELECTRIC MATERIALS AND INSULATION

parallel resonant frequencies, respectively. It is apparent that around f;, the crystal
behaves like a filter with a high @ value. If we wete to examine the reactance of the
crystal, whether it is behaving capacitively or inductively, we would find the behavior
in Figure 7.43d, where positive reactance refers to an inductive and negative reactance
to a capacitive behavior. Berween f; and f; the crystal behaves inductively, and capac-
itively outside this range. Indeed, between f; and f; the response of the transducer is
controlled by the mass of the crystal. This property has been utilized by electrical
engineers in designing quartz oscillators.

[n guartz oscillators, the crystal is invariably used in one of two modes. First, it
can be used at f; where it behaves as a resistance of R without any reactance. The cir-
cuit is designed so that oscillations can take place only when the crystal in the circuit
exhibits no reactance or phase change—in other words, at f;, Outside this frequency,
the crystal introduces reactance or phase changes that do not lead to sustained oscilla-
tions. In a different mode of operation, the oscillator circuit is designed to make use of
the inductance of the crystal just above fi. Oscillations are maintained close to f;
because even very large changes in the inductance result in small changes in the fre-
quency between £, and f.

AU NREY THE GUARTZ CRYSTAL AND ITS EQUIVALENT CIRCUIT  From the following equivalent defini-
tion of the coupling enefficient,

- Mechanical energy stored

Total energy stored

show that

"

2 -f;
Rl

H

Given that typically for an X-cut quartz crystal, ¥ = 0.1, what 1s f; for f; = | MHz7 Wha
is wour conelusion?

SOLUTION

C represents the mechanical mass where the mechanical energy is stored, whereas C, 15 where
the electrical energy is stored. I Vis the applied voltage, then

(2 _ Mechanical energy stored _ Cv? C f?

= =1-=
Total energy stored Woviyiovr O+ G, i

Rearmanging this equation, we find

A 1 MH=
fi= = === 1.005 MHz
W= k! W1 =01
Thus, f; = f; is only 5 kHz. The two frequencies [, and f; in Figure 7.43d are very close,
An oscillator designed to oscillate at §, that is, ai | MHz, therefore, cannot drift far {for exam-
ple, a few kHz) because that would change the reactance enormously, which would upset the
oscillation conditions.
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QUARTZ CRYSTAL AMD ITS INDUCTANCE A typical | MHz quartz crystal has the following XIS
properties:
fi=1MHz f,=10025MHz C,=5pF R=20Q
What are C and L in the equivalent circuit of the crystal? What is the qualicy factor { of the
crystal, given that

l
@

= W
SOLUTION
The expression for f; is
1
fi= 2 LC
From the expression for f,, we have
1 1
o wvIe T, et
Y Cc+c,

Dividing £; by f; eliminates L, and we get
fa I.' C4C,

[ S
so that C is
C=c, [(?) - 1:| = (3 pF)(1.0025% — 1) = (0.025 pF

Thus

1 I
L= —— - =101 H
Ci2x f2 0.025 = 10-135{2x 1052

This i1s a substantial inductance, and the énormous nerease in the inductive readlance
above f; is intuitively apparent. The quality factor

Q= = 3,18 » 10°

inf,RC
i% very large.

7.8.3 FERROELECTRIC AND PYROELECTRIC CRYSTALS

Certain crystals are permanently polarized even in the absence of an applied field. The
crystal already possesses a finite polarization vector due to the separation of positive
and negative charges in the crystal. These crystals are called ferroelectric.'? Barium

| '? In analegy with the farromognetic crystals that alreody possess mognetizatian,
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{ab BaTiOg <ubic crystal structure [b) BaTiCry cubic structure i) BaTiQ; tetraganal structure

ahove 130 “C

above 130 °C below 130 °C

Figure 7.44 BaTiO; has different crystal structures above and below 130 °C that lead to diffarent dialactic

praperties.

ttanate (BaTiOs) is probably the best cited example. Above approximately 130 °C, the

crystal structure of BaTiO4 has a cubic unit cell, as shown in Figure 7.44a. The centers

of mass of the negative charges {0°7) and the positive charges, Ba®* and Ti**,
coincide at the Ti** ion, as shown in Figure 7.44b. There is therefore no net polariza-
tion and P = 0. Ahove 130 "C, therefore, the barium titanate crystal exhibits no per-
manent polarization and is not ferroelectric. However, below 130 °C, the structure of
barium titanate is tetragonal, as shown in Figure 7.44c, in which the Ti** atorm is not
located at the center of mass of the negative charpes. The crystal is therefore polarized
by the separation of the centers of mass of the negative and positive charges. The crys-
tal possesses a finite polarization vector P and is ferroelectric. The critical temperature
ahove which ferroelectric property is losy in this case 130 °C, is called the Curie
temperature (7). Below the Curie temperature, the whole crystal becomes sponta-
neously polarized. The onset of spontaneous polarization is accompanied by the distor-
tion of the erystal structure, as shown by the change from Figure 7.44b to Figure 7.44¢.
The spontaneous displacement of the Ti*" ion below the Curie temperature elongates
the cubic structure, which becomes tetragonal. It is important o emphasize that we
have only described an observation and not the reasons for the spontaneous polar-
ization of the whole erystal. The development of the permanent dipole moment below
the Curie temperature involves long-range interactions between the ions outside the
simple unit cell pictured in Figure 7.44, The energy of the crystal is lower when the Ti™
ion in each unit cell is slightly displaced along the ¢ direction, as in Figure 7.44c,
which generates a dipole moment in each unit cell. The interaction energy of these
dipoles when all are aligned in the same direction lowers the cnergy of the whole
crystal. It should be mentioned that the distortion of the erystal that takes place when
spontaneous polarization occurs just below T is very small relative to the dimensions
of the unit cell, For BaTiOs, for example, ¢/a is 1.0 and the displacement of the Ti't
ion from the center is only 0.012 nm, compared with 2 = 0.4 nm.

An important and technologically useful characteristic of a ferroelectric crystal is
its ability to be poled. Above 130 °C there is no permanent polarization in the crystal.
If we apply a temporary field £ and let the crystal cool to below 130 °C, we can induce
the spontaneous polarization P o develop along the field direction. In other words,
we would define the ¢ axis by imposing a temporary external field. This process is
called poling. The ¢ axis is the polar axis along which P develops. It is also called the

. .
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fal BaTiD tetragenal [k BaTiDy crystal under stress |e] BaTiDy crystal under stress along x

structure below 130 =C along ¥

Figure 7.45 Piezoelectric proparties of BaTiD3 below its Curie temparature.

ferroelectric axis. Since below the Curie temperature the ferroelectric erystal already
has 4 permanent polarization, it is not possible o use the expression

P=c e, = 1)E

to define a relative permittivity. Suppose that we use a ferroelectric crystal as a dielec-
tric medium between two parallel plates. S8ince any change A P normal to the plates
changes the stored charge, what is of significance to the observer is the change in the
polarization. We can appreciate this by noting that € = @/ V is not a good definition
of capacitance if there are already charges on the plates, even in the absence of volt-
ape.'! We then prefer a definition of C based on A G/AV where AQ is the change in
stored charge due to a change AV in the voltage. Similarly, we define the relative per-
mittivity £, in this case in terms of the change A P in F induced by AE in the feld £,

AP =g, (e, = 1) AT

An applied field along the & axis can displace the Ti** jon more easily than that
along the ¢ axis, and experiments show that £, = 4100 along a is much greater than
£, = 160 along c. Because of their large dielectric constants, ferroelectric ceramics are
used as high-K dielectrics in capacitors.

All ferroelectric crystals are also piezoelectric, but the reverse is not true; not all
piezoelectric crysials are ferroelectric. When a stress along y is applied to the BaTiO-
crystal in Figure 7.45a, the crystal is stretched along v, as a result of which the Ti**
atom becomes displaced, as shown in Fipure 7.45b, There is, however, no shift in
the center of mass of the negative charges, which means that there is a change AP
in the polarization vector along y. Thus, the applied stress induces a change in the
polarization, which is a piezoelectric effect. If the stress is along x, as illustrated in
Figure 7.45¢, then the change in the polarization is along y. In both cases, AP is pro-
portional to the stress, which is a characteristic of the pieroelectric effect

W 4 Finite G on the plotas of o capacitor when Ve 0 implies an infinlte capacitonce, C = oo, Howevear, C= d@fd¥
dul:inilipn mold: |'|'|i|. -II'IFiI‘Iil-'F.
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Temperature change = 87

+
Heat =
Figure 7.46 The heat abserbed by the erystal increases ' T
the temperature by 8T, which induces a change éF in the Sp pog
polarization, q l
This is the pyroelectric effect. The r:hung.a &P gives rise to o

change & ¥ in the voltage that ean be measured, i)

The barium titanate crystal in Figure 7.44 is also said to be pyroelectric because
when the temperature increases, the crystal expands and the relative distances of ions
change. The Ti** ion becomes shifted, which results in a change in the polanzation.
Thus, a temperature change § I' induces a change 4 F in the polanzation of the crystal,
This is called pyroelectricity, which is illustrated in Figure 7.46. The magnitude of
this effect is quantized by the pyroelectric coefficient p, which is defined by

ok [7.41]
R=ar :

A few typical pyroelectric crystals and their pyroelectric coefficients are listed in
Table 7.%. Very small temperature changes, even in thousandths of degrees, in the
material can develop voltages that can be readily measured. Forexample, for a PZT-type
pytoelectric ceramic in Table 7.9, taking 47 = 1077 K and p =~ 380 x 107%, we find
3P =38 x 107" Cm2 From

8P =g,e, — 1) §E
with £, = 290, we find
SE =148 Vm~!

If the distance between the faces of the ceramic where the charges are developed is
0.1 mm, then

SV =0.0148 ¥ or 15 m¥

Toble 7.9 Some pyresleciric (ond olso ferroelectric| crystals and typical properties

Pyroelectric Curie
Coeflicient Temperaiure
Material £l tam & (=10 "Cm Ky {"C)
BaTiCy 4100 L polar 7= 107 0 130
wxis; 160 Mpolar axis
LiTaCh 47 5w 1077 230 §l0
P21 madified for 200 27 % 1073 380 230

pyroclectric
PV DF, polymer 12 111 a7 B}
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Figure 7.47 The pyroslectric detector.

Rediation is absorbed in the detecting element, A, which generates a pyroelectric voltage that is measured
by the omplifier. The sacond element, B, has o reflecting elachrode and doss not absark the radiafion. It is
o dummy element that compensates for the piezoelectric effects. Fiszoslectric effects generote equal
voltages in both A and B, which cancel aach other across o and b, the input of the amplifier.

which can be readily measured. Pyroelectric crystals are widely used as infrared
detectors. Any infrared radiation that can raise the temperature of the crystal even by a
thousandth of a degree can be detected. For example, many intruder alarms use pyro-
electric detectors because as the human or animal introder passes by the view of
detector, the infrared radiation from the warm body raises the temperature of the pyro-
electric detector, which generates a voltage that actuates an alarm.

Figure 7.47 shows a simplified schematic circuit for a pyroelectric radiation de-
tector. The detecting element, labeled A, is actually a thin crystal or ceramic (or even a
polymer) of a pyroelectric material that has electrodes on opposite faces. Pyroelectric
materials are algo piczoelectric and therefore also sensitive to stresses. Thus, pressure
fluctuanons, for example, vibrations from the detector mount or sound waves, interfere
with the response of the detector to radiation alone. These can be compensated for by
having a second dummy detector B that has a reflecting coating and is subjected to the
same vibrations (air and mount), as depicted in Figure 7.47. Thus, there are two ele-
ments in the detector, one with an absorbing surface, detecting element A, and the
other with a reflecting surface, compensating element B. Stress fluctuations give rise
to the same piezoelectric voltage in both, which then cancel each other between a and
fr at the input of the amplifier, When radiation is incident, then only the detecting ele-
ment absorbs the radiation, becomes warmer, and hence generates a pyroelecinc volt-
age. This voltage appears directly across @ and b, As the incident radiation warms the
detecting element and increases its temperature, the pyroelectric voltage increases
with time. Eventually the temperature reaches a steady-state value determined by heat
losses from the element. We therefore expect the pyroelectric voltage to reach a con-
stant value as well. However, the problem is that a constant pyroelectric voltage can-
not be sustained because the surface charges slowly become neutralized or leak away.
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The constant radiation is therefore normally chopped (o subject the detector o periodic
bursts of radiation, as shown in Figure 7,47, The pyroelectric voltage is then a chang-
ing function of time, which 1s readily measured and related to the power in the incident
radiation.

Many pyroelectric applications refer to a pyroelectric current that is generated by
the termperature rise, There is another way 0 look at the pyroelectric phenomenon in-
stead ol considering the induced pyroelectric voliage that is created across the crystal
{Figure 7.46). The induced polarization § P in a small gme interval 47, due o the change
dT in the emperature, generates an induced polarization charge density 8P on the
crystal’s surfaces. This charge density 8 P flows in a ime interval 87, and hence gener-
ates an induced polarization current density J, to flow, Le.,

S e L [7.62]
B T o '
J, in Equation 7.62 is called the pyreelectric current density and depends on the rate
of change of the temperature &'/ brought about by the absorption of radiation.

Most pyroelectric detectors are characterized by their current responsivity % de-

fined as the pyroelectric current generated per unit input radiation power,

_ Pyroelectric current generated  J,

e [7.83]
Input radiation power I

R

where T is the radiation intensity (W m™2); %, is quoted in A W', If the pyroelectric
current generated by the erystal flows into the self-capacitance of the crystal itself (no
external resistors or capacitors connected, and the voltmeter is an ideal meter), it
charges the self-capacitance w peneraie the observed voltage 3V in Figure 7.46. The
pyroeleciric voltage responsivity % - is defined similarly to Equation 7.63 but con-
siders the voltage that is developed upon receiving the input radiation:

Pyroelectric output voltage generated

= T [7.44]
Rv Input radiation power

The output voltage that is generated depends not only on the pyroelectmc erystal's
dielectric properties, but also on the input impedance of the amplifier, and can be quite
complicated, A typical commercial LiTaQ; pyroelectric detector has a current respon-
sivity of 0.1-1 pA /W, |

EXAMPLE 7.16

A PYROELECTRIC RADIATION DETECTOR Consider the radiation detector in Figure 7.47 but
with a single element A. Suppose that the radiation is chopped so that the radiation is passed
to the detector for a time Ay seconds every r seconds, where Ar < r. If Ar is sufficiently
smill, then the temperature rise AT 1s small and hence the heat losses are negligible during Ar,
Lising the heat capacity o find the temperature change during A, relate the magnitude of the
voltage AV to the incident radiation intensity I. What is your conclusion?

Consider a PZT-type pyroelectric material with a density of about 7 g em™ and a specific
heat capacity of abour 380 ) K=' kg~'. If Ar = 0.2 5 and the minimum voltage that can he
detected above the background noise is | m¥, what is the minimum radiation intensity that can
be measured?
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SOLUTION

Suppose that the radiation of intensity T is received during a time interval At and delivers an
amount of energy A M to the pyroelectric detector. This energy A H, in the absence of any heat
losses, increases the temperature by AT, If ¢ is the specific heat capacity (heat capacity per unit
mass) and o is the density,

A = (ALpc AT

where A is the surface area and L the thickness of the detector. The change in the polarization
AP is

A
AP = p AT = E'-""Ef-
AlLpc
The change in the surface charge A is
AQ = AAP = AL
Loe

This change in the surface charge gives a voltage change AV actoss the electrodes of the
detectar. If C = g.£. A /L is the capacitance of the pyroelectric crystal,
_AQ pAH L _ paH

AV =
C Lpc £, A Apcege,

The absorbed energy (heat) AH during Ar depends on the intensity of incident radiation.
Incident intensity I is the energy armiving per unit area per unit time. In time A+, I delivers an
energy AH = I'A At Substituting forAH in the expression for AV, we find

I My
ay =1 :( P }zm [7.45]
PCEE, N QCEE,

The parameters in the parentheses are material properties and reflect the “goodness™ of the
pyroelectric material for the application. We should emphasize that in deriving Equation 7.65
we did not consider any heat losses that will prevent the risc of the temperature indefinitely. If
At is short, then the temperature change will be small and heat losses negligible,

For a PZT-type pyroelectric, we can take p =380 x 10" * Cm2 K~', ¢, = 290, ¢ =
30 JK-"kg ', and p = 7 x 10* kg m~*, and then from Equation 7.65 with &% = 0.001 V
and Ar = 0.2 5, we have

p ( P )“Mf ( 380 x 10~* )"u_u-ul
= N\ pes, s, Ar N\ (7000)(3801{290)(8.85 x 10-11) 0.2

= 0.080 W m* or GuW emi’

We have assumed that all the incident radiation T is absorbed by the pyreelectnic erystal. In prac-
tice, only a fraction » (called the emissivity of the surface), that is, 5 T, will be absorbed instead of
I. We alzo assumed that the output voltage AV is developed totally across the pyroelectric element
capacitance; that is, the amplifier’s input impedance (parallel combination of its input capacitance
and resistance) is negligible compared with that of the pyroelectnc crystal. As stated, we also ne-
glected all heat Insses from the pyroelectric crystal so that the absorbed radiation simply increases
the crystal's temperature. These simplifying assumptions lead to the maximum signal AV that can
be generated from a given input radiation signal T as stated in Equation 7.65. It is left as an exer-
cise to show that Equation 7,65 can also be easily derived by starting from Equation 7.62 for the py-
roelectric cumment density J,, and have J, charge up the capacitance C = g,& A/ L of the crystal,
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veltage V.. There is no babery fo maintain +] E
the waltage constant caross the cagacitor, s
The elecrometer maosures tha wallage +
difference acrass the plates and, in Vo4l f
prireciple, dees nat affect the measurement,
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ADDITIONAL TOPICS

7.9 ELECTRIC DISPLACEMENT
AND DEPOLARIZATION FIELD

Electric Displacement (D)) and Free Charges Consider a parallel plate cap-
acitor with free space between the plates, as shown in Figure 7.48a, which has been
charged to a voltage V,, by connecting it to a battery of voltage V,. The battery has been
suddenly removed, which has left the free positive and negative charges (.. on the
plates. These charges are free in the sense that they can be conducted away. An ideal
electrometer (with no leakage current) measures the total charge on the positive plate
{or voltage of the positive plate with respect to the negative plate). The voltage across
the plates is 1, and the capacitance is C;. The field in the tree space between the plates is
_ Crree _ Vo

= ? {7.86]

£o

where d is the separation of the plates.

When we insert a dielectric to fit between the plates, the field polarizes the dielec-
tric and polarization charges —Qp and +Qp appear on the left and nght surfaces of the
dielectric, as shown in Figure 7.48b. As there is no battery to supply more free charges,
the net charge on the left plate (positive plate) becomes Qp. — @p. Similarly the net
negative charge on the right plate becomes — (%, + (?p. The field inside the dielectric
is no longer ‘£, but less because induced polarization charges have the opposite polar-
ity to the original free charges and the net charge on each plate has been reduced. The
new field can be found by applying Gauss's law. Consider a Gauss surface just enclos-
ing the left plate and the surface region of the dielectric with its negative polarization
charges, as shown in Figure 7.49. Then Gauss's law gives

ﬁ g8 EdA = Qo = Opee — Up [7.67]
Surfice

where A is the plate area (same as dielectric surface area) and we take the field £ to be
normal to the surface area g4, as indicated in Figure 7.49. If the polarization charge is

Hrroe g - e % ﬂf)f e

4"

v

Yacuum

Electrometer — Electrometer =

[ &)
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Dielectrc Figure 7.49 A Gouss surfoce just araund the |eft plate and within
..... the dielectric, encompassing bath +Qe, and G,

d (3 p over a small surface area oA of the dielectric, then the polarization charge den-
sity op at this point is defined as

ETP:“%'

For uniform polarization, the charge distribution is Qp/ A, as we have used previ-
ously, Since op = P, where P 1s the polarization vector, we can wrile

el )
p e
dA

and therefore express {0y as
Op= f; PdA [7.68]
Surface

We can now substitute for Op in Equation 7.67 and take this term to the left-hand
side to add the two surface integrals, The right-hand side is left with only Qfe.. Thus,

§ (E.E 4+ P1ddA = Opee [7.69]
Surface

What is important here is that the surface integration of the quantity ,E + F is
always equal to the total free charges on the surface. Whatever the dielectric material,
this integral is always (... It becomes convenient to define e, + P as a usable quan-
tity, called the electric displacement and denoted as DD, that is,

D=:sE+ F [7.70]
Then, Gauss's law in terms of free charges alone in Equation 7.69 becomes

?g DdA = Qpe [7.71]
Surface

In Equation 7.71 we take D to be normal to the surface area 44 as in the case of

| £ in Gauss’s law. Equation 7.71 provides a convenient way to calculate the electric

displacement D, from which one should be able to determine the field. We should
note that, in ggneralf ‘£ is a vector and so is P, so the definition in Equation 7.70 is

455
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strictly in terms of vectors. Inasmuch as the electric displacement depends only on
free charges, as a vector it starts at negative free charges and finishes on positive free
charges.

Equation 7.71 for D) defines it in terms of £ and P, but we can express I in terms
of the field £ in the dielectric alone. The pelarization P and £ are related by the defin-
ition of the relative permittivity £,.

F=sle, — 1NE

Substituting for P in Equation 7.70 and rearranging, we find that D is simply
given by

D =g, E [7.72]

We should note that this simple equation applies in an isotropic medium where the
field along one direction, for example, x, does not generate polarization along a differ-
ent direction, for example, ¥, In those cases, Equation 7,72 takes 4 tensor form whose
mathematics 1s beyond the scope of this book.

We can now apply Equation 7.71 for a Gauss surface surrounding the left plate,

B % o (7.73]

where we used Equation 7.66 to replace (.. Thus I} does not change when we insert
the dielectnc because the same free charges are still on the plates (they cannot be con-
ducted away anywhere), The new field ‘E between the plates after the insertion of the
dielectric is

1

) bD=—%, [7.74]
Ealy Sy

The original field is reduced by the polarization of the dielectric. We should recall
that the tield does not change in the case where the parallel plate capacitor is con-
nected to 3 battery that keeps the voltage constant across the plates and supplies addi-
tional free charges (A Qe to make up for the induced opposite-polarity polarization
charges,

Gauss's law in Equation 7.7] in terms of I and the enclosed free charges (. can
also be written in terms of the field £, but including the relative permittivity, because
D and E are related by Equation 7.72. Using Equation 7.72, Equation 7.71 becomes

f *’3:'4'."51'£|'-.'|!"ql = e
Surface

For an isotropic medium where £, 15 the same everywhere,

j\g TdA = Ot - [7.78]
Surfnce Enr

As before, £ in the surface integral is taken as normal to 44 everywhere. Equa-
tion 7.75 is a convenient way of evaluating the field from the free charges alone, given
the dielectric constant of the medium,
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£ — N Figure 7.50 The lield inside the dieleciric can be
considered e ba the sum of the field due to the free

— charges () and a field dus to the polarization of the

L | dielectric, called the depalorization feld,

CF + & + 4]

The Depolarizing Field We can view the field £ as arising from two electric
fields: that due to the free charges £, and that due to the polarization charges, denoted
as Eyep. These two fields are indicated in Figure 7.50. £, is called the applied field
as it is due to the free charges that have been put on the plates. It starts and ends at free
charges on the plates. The field due to polarization charges starts and ends at
these bound charges and is in the opposite direction to the £,. Although £, polarizes
the molecules of the medium, ‘E4., being in the opposite direction, tries to depolarize the
medium. It is called the depolarizing field {and hence the subscript). Thus the field
inside the medium is

E = E, — Egep [7.74]

The depolarizing field depends on the amount of polarization since it is deter-
mined by +{ p and — (. For the dielectric plate in Figure 7.50, we know the field £
is Eq/e,, 50 we can eliminate £, in Equation 7.76 and relate ‘Eg, directly to £,

Egep = Elg, — 1)
However, the polarization P is related to the field & by
P =z¢,(e, — 1¥E
which means that the depolarization field is

]
Egep = — P [7.77]

Asg we expecied, the depolanizing field is proportional to the polarization P. We
should emphasize thal T, is in the apposite direction (o E and P and Equation 7.77 is
for magnitudes only. If we write it a%a vector equation, then we must introduce a neg-
ative $ign to give Ta., a direction opposite (o that of £, Moreover, the relationship in
Equation 7.77 is special to the dielectric plate geometry in Figure 7.50. In general, the
depolarizing ficld is still proportional o the polarization, as in BEquation 7.77, but it is
mven by

N
&7 p [7.78]

(1

In:IEpl =

where Ny is a numerical factor called the depolarization factor. [Ltakes into account
the shape of the dielectric and the variation in the polarization within the medium. For
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a dielectric plate placed perpendicularly to an external field, Ng.p = 1. as we found in
Equation 7.77. For the spherical dielectric medium as in Figure 7.51a, Ny, = % Fora
long thin dielectric rod placed with its axis along the applied field, as in Figure 7.51b,
Maep = 0 and becomes exactly zero as the diameter shrinks to zero. Nu, is always
between 0 and 1. If we know Ny, we can determine the field inside the dielectric, for
example, in a small spherical cavity within an insulation given the external field.

7.10 LOCAL FIELD AND THE LORENTZ EQUATION

When a dielectric medium is placed in an electric field, it becomes polarized and there
is & macroscopic, or an average, field £ in the medium. The actual field at an atom,
called the local field ., however, is not the same as the averape field as illustrated in
Figure 7.7.

Consider a dielectric plate polarized by placing it between the plates of a capaci-
tor as shown in Figure 7.52a. The macroscopic field E in the dielectric is given by the
applied field £, due to the free charges Q. on the plaies, and the depolanization field
due to P or polarization charges on the dielectric plate surfaces A. Since we have a plate

éree = Fima

determined by the applied field
Ey and the depclarization feld
due fo P

ib) Calculation of the lacal field
invaoives making @ hypothetical
spherical cavity S inside the
diebactric. This produces
polarization surfoce charges on
fre inside surface 5 of the cavity.
The effacts of the dipales inside
fhe cavity are treated individualby,

+4T, _ Sphers in which we
oy Tp  conseder sdividusl clipeeles + T

T+ +
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dielectric, the depolarization field is P /e,, so

E=E,~ Eagepg = Fy — 1p
&g
Consider the field at some atomic site, point &, but with the atom itself removed.
We evalvate the field at @ coming from all the charges except the atom at O itself
since we are looking at the field experienced by this atom (the atom cannot become po-
larized by its own field). We then cut a (hypothetical) sphencal cavity 5 centered at O
and consider the atomic polarizations individually within the spherical cavity. In other
words, the effects of the dipoles in the cavity are treated separately from the remaining
dielectric medium which is now left with a spherical cavity. This remaining dielectric
is considered as a continuous medivm but with a spherical cavity, Its dielectric prop-
erty is represented by its polarization vector P. Because of the cavity, we must now put
polarization charges on the inner surface 5 of this cavity as illustrated in Figure 7.52b,
This may seem surprising, but we should remember that we are treating the effects of
the atomic dipoles withio the cavity individually and separately by cutting out a spher-
ical cavity from the medium and thereby introducing a surface §.
The field at O comes from four sources:

1. Free charges 'y, on the electrodes, represented by .

2. Polarization charges on the plate surfaces A, represented by Egqp.

3. Polarization charges on the inner surface of the spherical cavity 5, represented

h}’ Es.

4. Individual dipoles within the cavity, represented by Egipoices-

Thus,
Eroe = Es + Ed{:p +Es+ Edipolrs
Since the first two terms make up the macroscopic field, we can write this as
'I:h;;; =L+ '-ES + I-En:lirr.\u:lltzsﬁ

The field from the individual dipoles surrounding € depends on the positions of
these atomic dipoles which depend on the crystal structure. For cubic crystals, amor-
phous solids (e.g., glasses), or liquids, effects of these dipoles around @ cancel each
other and Egipoies = 0. Thus,

Fpe = E+ Eg [7.79]

We are then left with evaluating the field due to polarization charges on the inner
surface § of the cavity. This field comes from polarization charges on the surface 5.
Consider a thin spherical shell on surface S as shown in Figure 7.53 which makes an
angle # with . The radius of this shell is & sin #, whereas its width (or thickness) is
a df. The surface area 48 15 then (2ra sin8){a 48). The polarization charge d(0r on
this spherical shell surface is P, 45 where P, is the polarization vector normal to the
surface 45, Thus,

d@p = Py dS = (P eos @Y 2ma sin & ){a dd)
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a5 = Zmy sin 0 (g d0)

Figure 7.53 Calculation of the field due
to pelarization charges on the inner

surface 5 of the spherical cavity. o e
Consider a spherical shell of radius a. The ) .
surface crea is d5 = 2xo sin & (o d9), Dielectric
But the field at O from dQp is given from electrosiatics as
d0p (Peosd)(2ma sin #) (ad0) i

dEg = =
dmre,ul dre,al

To find the total field coming from the whole surface § we have to integrate d'Z; |
fromf =0t0d =7,

£ = f’r (P cosd) (sind} 6
0 25,_..

which integrates to
Ex=—F [7.80]

The local field by Equation 7.79 is

I
Ty =T+ —P [7.81]
En
Equation 7.81 is the Lorentz relation for the local field in terms of the poluriza- |
tion P of the medium and is vahd for cubic crystals and nonerystalline matenals, such .
as glasses-IL does not apply to dipolar dielectrics in which the local field can be quite I
complicated.

7.11 DIPOLAR POLARIZATION

Consider a medium with molecules that have permanent dipole moments. Each per-
manent dipole moment is p,. In the presence of an electric field the dipoles try to align
perfectly with the field, but random thermal collisions, ie.. thermal agitation,
against this perfect alignment. A molecule that manages to totate and align with the
field finds itself later colliding with another molecule and losing its alignment. We are
interested in the mean dipole moment in the presence of an applied field taking into
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account the thermal energies of the molecules and their random collisions. We will as-
sume that the probability that a molecule has an energy E is given by the Boltemann
factor, exp{—E / £T).

Consider an arbitrary dipolar molecule in an electric field as in Figure 7.54 with its
dipole moment p,, at an angle # with the field T_ The torque experienced by the dipole
is given by r = (F sin #)a or Ep, sin § where p, = a . The potential energy E at
an angle 8 is given by integrating 44,

i
£ = f poE sin 6df = —p,Ecosf + p,E
0

Inasmuch as the PE depends on the orientation, there is a certain probability of
finding a dipole oriented at this angle as determined by the Boltzmann distribution.
The fraction f of molecules oriented at @ is proportional to exp(— E/&T),
p.Ecosd )

[7.82]

fmexp( T

The initial orientation of the dipole should be considered in three dimensions and
not as in the bwo-dimensional illustration in Figure 7.54. In three dimensions we use
solid angles, and the fraction f then represents the fraction of molecules pointing in
a direction defined by a small solid angle 492 as shown in Figure 7.55. The whele
sphere around the dipole corresponds to a solid angle of 4; . Furthermore, we need to
find the average dipole moment along E as this will be the induced net dipole moment
by the field. The dipole moment along ‘£ is p, cos 8. Then from the definition of the
average

_ J (pocosd) fdR2
B A

where f is the Boltzmann factor given in Equation 7.82 and depends on £ and &, The
final result of this integration is a special function called the Langevin function which

[7.83]

&A1

Potential
energy af a
dipale at an
angle &

Boltzmann
distribution



662

Average
dipale
mewnent and
the Langevin
Sunction

Average
tnduced
dipole in
orentotiondal
polarization

Dipalar or
orientational
polarizakility

CHAPTER 7 + DELECTRIC YMATERIALS AND INSULATION

Lix)
1

0.5 - i
4 1
06{ ¢
044

0.2 1

':} T T T T T T T T T
] 2 4 ] t 10
x=p,ENT

Figure 7.56 The Langevin function

is denoted as £{x) where x is the argument of the function (not the x coordinate), The
integration of Equation 7.83 then gives

Pov = Pallx) and x = % [7.84]

The behavior of the Langevin function is shown in Figure 7.56, At the highest
fields L£{x)} tends toward saturation at unity. Then, p,, = p,, which corresponds to
nearly all the dipoles aligning with the field, so increasing the field cannot increase p,,
anymore. In the low field region, p,, increases linearly with the field. In practice, the
applied fields are such that all dipolar Folarizatium fall into this linear behavior region

where the Langevin function L({x) 2 zx. Then Bquation 7.84 becomes

1 plE
W 7.85
P = 30T Iras
The dipolar or orientational polarizability is then simply
1 p}
=i I7.86
‘7 BT :

7.12 TONIC POLARIZATION AND

DIELECTRIC RESONANCE

In ionic polanzation, as shown in Figure 7.9, the applied ficld displaces the positive
and negative ions in opposite directions, which results in a net dipole moment per ion,
called the induced dipole momenr p; per ion, We can calculate the ionic polarizability
e; and the jonic contribution to the relative permiitivity as a function of frequency by
applying an ac ficld of the form € = £, exp{ jor).

Consider two oppositely charged neighboring ions, e g., Nat and CI~, which ex-
perience forces QF in opposite directions where @ is the magnitude of the ionic
charge of each ion as shown in Figure 7.57. The bond between the ions becomes
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Clm MNa™

W\/\, Equilibrium
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Figure 7.57 Consider a pair of oppaositely charged ions. In the presence of an applied field © along x, the
Mat and CI- ions are displaced from each ather by a distance x. The net average [or induced| dipele moment

is py.

stretched, and the two ions become displaced from the equilibrinm separation r, toa
new separation r, 4+ x as depicted in Figure 7.57. The force £ = Q'F of the applied
field is the polarizing force, which causes the relative displacement. We take £ to be
along the x direction. The applied force is resisted by a restoring force £, that is due
to the stretching of the bond (Hoole's law) and is proportional to the amount of bond
stretching, i.e., F, = —fix where 8 is the spring constant associated with the ionic
bond {casily calculated from the potential energy curve of the bond), and the nega-
tive sign ensures that F, is directed in the opposite direction to the applied force.
Thus, the net force acting on the ions is @ — Sx. As the ions are oscillated by the
applied force, they couple some of the energy in the applied field to lattice vibrations
and this energy is then lost as heat (lattice vibrations) in the crystal. As in classical
mechanics, this type of energy loss through a coupling mechanism can be repre-
senied as a frictional force (force associated with losses) F,. that acts against the
effect of the applied force. This frictional foree is proportional to the velocity of the
ions or dx/dr, so it is wrilten a8 F.., = —y(dx/dt) where p is a proportionality
constant that depends on the exact mechanism for the energy loss from the field, and
the negative sign ensures that it is opposing the applied field. The total (net) force on
the ions i3

dx
Flﬂtul=F+Fr+F:lmx=Q'E_lﬁ-r_?rE

Normally we would examine the equations of motion (Newton’s second law)
under forced vscillation for each ion separately, and then we would use the results to
find the overall extension x. An equivalent procedure (as well known in mechanics) is
to keep one ion stationary and allow the other one to oscillate with a reduced mass
M., whichis M, = (M, M_)/ (M, + M_) where M, and M_ are the masses of Mat
and C1™ ions, respectively. For example, we can simply examine the oscillations of
the Na* -ion within the reference frame of the C1™ -ion (kept “stationary™) and attach

Toiel force

LT
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a reduced mass M, to Na®™ as depicted in Figure 7.57. Then Newton's second law
gives

]
VA Py L.

r [7.87]
dr? dr

It is convenient to put M, and 8 together into a new constant w; which represents
the resonant or natural angular frequency of the ionic bond, or the natural oscilla-
tions when the applied force is removed. Defining w; = {ﬁ;M,]’-’z and y; as y per
unit reduced mass, i.e., yr = ¥/ M, we have

44 + a3 + @t ¢ FqeXpljwt)
—_ — + wix = —Faexpljw
T ¥r E7 I M, a GXPLT

[7.88]

Eguation 7.88 1s a second-order differential equation for the induced displacement
x of a pair of neighboring tons about the equilibrium separation as a result of an ap-
plied force QF. It is called the forced oscillator equation and is well known in me-
chanics. (The same equation would describe the damped motion of a ball attached to a
spring in a viscous medium and oscillated by an applied force.) The solution to Equa-
tion 7.88 will give the displacement x = x, exp( jeot), which will have the same time
dependence as £ but phase shifted, that is, x, will be a complex number. The relaiive
displacement of the ions from the equilibrium gives rise (o a net or induced polariza-
tion p; = Qx. Thus Equation 7.88 can be multiplied by @ to represent the forced
oscillations of the induced dipole. Equation 7.88 is also called the Lorventz dipole
oscillator model,

The induced dipole p; will also be phase shifted with respect Lo the applied force
QE. When we divide p; by the applied field £, we get the lonic polarizability o;,
given by

P o

T M, (0} — 0l + jyre)

= - 17851
E E

g

Tt can be seen that the polanzability is also 4 complex number as we expect; there
is a phase shift between € and induced p;. It therefore has real ) and imaginary o
parts and can be written as ; = o] — je;. We note that, by convention, the imaginary
part is written with a minus sign to keep o’ as a positive quantity. Further, when w = 0,
under dc conditions, the ionic polanizability «;(0) from Equation 7.89 is

QI

o (D) = ——s
M a}

(750l

The d¢ polarizability is a real quantity as there can be no phase shift under de con-
ditions. We can then write the ionic polarizability in Equation 7.82 in terms of the nor-
malized frequency (w/wr) as

] o (0

=@ ()]

—rrrea—

[7.91) ’
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The dependences of the real and imaginary parts of @; on the frequency of the field
are shown in Figure 7.58 in terms of the normalized frequency (w/w;) for one
particular value of the loss factor, y; = 0.1a;. Note that o] peaks at a frequency very
close to the ionic bond resonant frequency w, (it is exactly @, when y, = ). The sharp-
ness and magnitude of the o peak depends on the loss factor ;. The peak is sharper and
higher for smaller y;. Notice that o] is nearly constant at frequencies lower than a;, In-
deed, in a dc field, a; = o;{0). But, through o, , ] shows a rapid change from positive
to negative values and then it tends toward zero for frequencies greater than w,.

Zero or negative o; should not be disconcerting since the actual magnitude of the
polarizability is la;| = (& + a[?)'2, which is always positive through e, and maxi-
mum at wy. The phase of o; however changes through ;. The phase of o;, and hence
the phase of the polarization with respect to the field, are zero at low frequencies
(o < ewy). As the frequency increases, the polarization lags behind the field and the
phase of o; becomes more negative. At w = ey, the polarization lags behind the field
by 90°. However, the rate of chanpe of polarization is in phase with the field oscilla-
tions, which leads to a maximum energy transfer. At high frequencies, well above wy,
the ions cannot respond to the rapidly changing field and the coupling between the
field and the ions is negligible. The peak in the & versus @ behavior around o = w;,
is what is called the dielectric resonance peak, and in this particular case it is called
the ionic polarization relaxation peak and is due to the strong coupling of the applied
field with the natoral vibrations of the ionic bond at o = .

The resulting relative permittivity £, can be found from the Clausius-Mossotti
equation. But we also have to consider the electronic polarizability e, of the two types
of ions since this type of polarization operates up to optical frequencies (@ & wy),

which means that Diciectric
Efew) — 1 N; consterd of an
e () + 2 B [o; + ooy + o] 7921 jonie solid
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where N; is the concentrations of negative and positive ion pairs (assuming an equal
number of positive and negative ions), and &, and o, are the electronic polarizabilitics
of the negative and positive jon species, respectively. Inasmuch as o; iz a complex
guantity, so is the relative permittivity e, (). We can express Equation 7.92 differently
by nuting that at very high frequencies, @ 3 ay, o; = 0, and the relative permitcivity
is then denoted as £.,p. Equation 7.92 then becomes

- - [7.93]
El@)+2  Bp+2 38, 3g,M, (0f — w?+ jyw)

This is called the dielectric dispersion relation between the relative permittivity,
due to ionic polarization, and the frequency of the electric field. Figure 7.16b shows the
behavior of e, (w) with frequency for KCl where &)’ peaks atw = wy = 27(4.5 x 1013
rad s~! and & exhibits sharp changes around this frequency. It is clear that as w gets
close to wy, there are rapid changes in £, (w). The resonant frequencies {(w;} for ionic
polarization relaxations are typically in the infrared frequency range, and the “applied”
field in the crystal is then due to a propagating electromagnetic (EM) wave rather than
an ac applied field between two external electrodes placed on the crystal.”

It should be mentioned that electronic polarization can also be described by the
Lorentz oscillator model, and can also be represented by Equation 7.91 if we appro-
priately replace o; by o, and interpret w, and p; as the resonant frequency and loss
factor involved in electronic polarization.

EXAMPLE 7.17

IOMIC POLARIZATION RESOMANMCE IN K€l Consider a KCl crystal which has the FCC erystal
structure and the following properties, The optical dielectric constant is 2,19, the dc dielectric
constant is 4.84, and the lattice parameter 2 is 0.629 nm. Calculate the de ionic polarizability
e; (0. Estimate the ionic resonance absorption frequency and compare the value with the ex-
perimentally observed resonance a1 4.5 x 10" Hz in Figure 7.16b. The atomic masses of K and
Clare 36,09 and 35.45 g mol =", respectively.

SOLUTION

At optical frequencies the dielectric constant &,,, is determined by electronic polarization. At
low frequencies and under de conditions, the dielectric constant £, is determined by both elee-
tronic and jonic polanzation. IT &; is the concentration of negative and positive ioh pairs, then
equation 7,93 becomes

Erge — | Elnp'—]

I
= + — M (1)
Ee +2 g+ 2 0 3g, ezt ()
There are four negative and positive ion pairs per unit cell, and the cell dimension is a. The
concentration of negative and positive ion pairs N is
4 4

N=—= = l.61 0% p-?
LS T 0629 %10 m) e

1% More rigorous thearies of ionic polarization would considar tha iMeractions of o propagoting alaciromognstic
wava with various phonon modes within the crystol, which is bevond the scope of this book,
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Substituting e,y = 4.84 and £, = 2.1% and &, in Equation 7.93
3y [r_,t T E] 38835 x 107 [4.34 -1 219- |]

Era: + 2 B 42

1) = ——— T o
o () N, L6 s 1028 48442 21942
we [ind

o (01 = 4.58 = 0™ Fm?

The relationship between o, (0} and the resonance absorption frequency involves the re-
duced mass M, of the K*-Cl~ ion pair,
M_M_ (39.09)(35.45)(10°%)

M, = = = 3.09 % 107
M. = M_  (30.00 + 35.45)(6.022 x 109} i ke

At g = (1, the polarizability is given by Eguation 7.9, so the resonance absompiion fre-
qQuency g is

3 L T 12
: 1.6 x 1071
mf=[ 2 ] =[ Useil ) } = 4.26 % 10" rad 57!

M e (0) (3.09 = 10-2)(4.58 x 10-%)
or fi=2L 68 x10%Hy
an

This is about a factor of 1.5 greater than the observed resonance absorption frequency of
4.5 % 10" Hz. Typically one accounts for the difference by noting that the actual ionic charges
may not be exactly +e on K™ and —e on C17, but @ is effectively 0.76e, Taking 0 = 0.76e
makes f; = 5.15 x 10" Hz, only 14 percent greater than the observed value. A closer agree-
ment can be obtained by refining the simple theory and considering how many effective dipoles
there are in the unit cell along the direction of the applied f[ield.

o647

7.13 DIELECTRIC MIXTURES AND
HETEROGENEOUS MEDIA

Many dielectrics are composite materials; that is, they are mixtures of two or more dif-
ferent types of dielectric materials with different relative permittivities and loss fac-
tors. The simplest example is a porous dielectric which has small air pores randomly
dispersed within the bulk of the material as shown in Figure 7.5%9a (analogous to a ran-
dom raisin pudding). Another example would be a dieleciric material composed of two
distinctly different phases that are randomly mixed, as shown in Figure 7.59b, some-
what like a Swiss cheese that has air bubbles. We often need to find the overall or the
cifective diclectric constant =, .5 of the mixture, which is not a trivial problem. 16 This
overall £..4 can then be used to treat the mixtore as if it were one dielectric substance
with this particular dielectric constant; for example, the capacitance can be calculated

" The thearies that iy 1o represent a heterogeneous medium in terms of effective quantities are colled affactive
medium thacries jor opproximalions|. The theory of finding an affedlive dielaciric constant of o mixere has inkigued
many famcus scieniishs in the past. Owver the years, many quite camplicated mixlure rules have been dzvehpcd, and
thete is no shorage of farmulos in this fisld. Many engineers however still lend to use simpla empirical rules to modal
a compatita dielectric. The primary reasen is that mary thecretical mixhre rules depend on the exoct knowlsdge of
the gecenedricol shopes, sizes, ond disgtribitions of the mived plﬂp;:s.
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Dispersed
diclectoc

(al (b fe) )

Figura 7.59 Haterogeneous dielechic media exomples.
|a) Dispersed dislechic spheres in o dislectric matrix.

[b] A& heteragenacus medium with bavo distinct phases | and 1.
[£] Series mixtura rule,

[d] Parallel mixture rule.

from C = g,8,.54 /d by simply vsing £,cq. [t should be emphasized that if mixing occurs
at the atomic level so that the matenal is essentially a solid sefution, then, in principle,
the Clavsivs—Mossotti equation can be vsed in which we simply add the polarizabili-
ties of each species of atoms or ions weighted by their concentration. (We did this for
CsCl in Example 7.4.} The present problem examines heterogeneous materials, and
hence excludes such solid solutions.

The theoretical treatment of mixtures can be quite complicated since one has to
consider not only individual dielectric properties but also the geometrical shapes, sizes,
and distributions of the two (or more) phases present in the composite material. In many
cases, empirical rules that have been shown to work have been used to predict £,.4.
Consider a heterogeneous dielectric that has two mixed phases I and II with dielec-
tric constants &, and £,2, and volume fractions vy and v, respectively, (v + vz = 1) as
in Figure 7.59b. One simple and vseful mixture rule is

Epeg = U187 + V2Ep2 [7.94]

where n is an index (a constant), usually determined empirically, that depends on the
type of mixwre. If we have a parallel stack of plates of I and Il in alternating {or in ran-
dom) sequence between the two electrodes, this would be like many series-connected
dielectrics and » would be —1. If the phases are in paralle] as plates of I and I stacked
on top of cach other, as shown in Figure 7.59d, then » is 1. As n approaches 0, Equa-
tion 7.94 can be shown to be equivalent to a logarithmic mixture rle:

In g = valng,y + valnges [7.95]

which is known as the Lichtenecker formula (1926). Although its scientific basis is
not strong, it has shown remarkable applicability to various heterogeneous media; per-
haps due to the fact that it is a kind of compromise between the two extreme limits of
series and parallel mixtores.
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There is one particular mixture rule for dispersed dielectric spheres (with £,),
such as air pores, in a continuous dielectric matrix (with £,;), that works quite well for
volume fractions up to about 20 percent, called the Maxwell-Garnett formula

Ereff — Er2 u Er1 — Er2
=1t
Erotf + 28,2 Eqp + 282

[7.98]

The Maxwell-Garnett equation can predict the effective dieleciric constant of
many different types of dielectrics that have dispersed pores. There are other mixture
rules, but the above are some of the common types.

Meavwell-
Crarnett
Jorvemueda

LOW-x POROUS DIELECTRICS FOR MICROELECTROMICS It was mentioned in Chapter 2 thal
today’s high transistor density ICs have muliilayers of metal interconnect lines that are separated
by an intertayer dielectric (ILD). The speed of the chip (as limited by the RC time constant)
depends on the overall interconnect capacitance, which depends on the relative permittivity
aqrp of the ILDY, The traditional ILD material has been S0k with £, = 3.9, There 15 much
rescarch interest in [inding suitable low-x (also called low-k} materials for such ILD applica-
tions, especially in ultralarpe-seale integration (ULST). What is the required porosity in 510; il
its effective relative permittivity is to be 2,57

SOLUTION

The Maxwell-Garnell cguation s particularly useful for such porous media calculations. Sub-
stituting €, = 3.9, £, = | {air pores), and setting &, = 2.5 in Equation 7.96 we¢ have
25-39 1—-35
=¥
25+203.9)  1+2(39)

and solving gives
vy = 0.412, or 41% porosity

Such porosily is achigvable but it may have side effects such as poorer mechanical propertics and
lower breakdown voliage. Note that the Lichtenecker formula gives 32.6 percent porosity, As ap-
parent from this example, there is a distinct advanlage in starting with a dielectric that has a low
initial g, , and then wsing porosity to lower g, further. For example, if we start with &, = 3, then
the same 41 percent porosity will yield &, = 2.05. Many polymeric materials have g, values
~2.5 and have been candidate materials for low-x ILD applications in microelectronics.

EXAMPLE 7.18

“ CD Selected Topics and Solved Problems

Selectod Tophey: il PR Solved Problems | [ - :;.,H.

Static Dielectric Constant of Materials Static Electronic Polarizability '

Piezoelectric Materials and Devices:; Relative Permittivity of an lonic Crystal at Low and
Elementary Concepts Optical Frequencies

Real and Imaginary Dielectric Constant Piezoeleciric Coefficients

Conduction in Solid Insulating Materials Piezoelectric Spark Generator

Elecrric Field in Coaxial Cables: Double Layer
T T o Hpan g =it Insulation for Controlling the Maximum Field

|

m!
P




470 CHAPTER T » [MELECTRIC MATERIALS AND INSULATION

DEFINING TERMS

Boundary conditions relate the normal and tangen-
tial components of the electric field next o the bound-
ary., The tangential component must be continuous
through the boundary. Suppose that £, is the normal
component of the field in medium 1 at the boundary
and g,, is the relative permittivity in mediam 1, Using
a similar notation for medium 2, then the houndary
condition 1s £, E, = £.2Faz.

Claunsius—Moszsotti equation relates the dielectric
constant (g, ), 2 macroscopic property, to the polariz-
ability (), a microscopic property.

Complex relative permittivity (¢, + je) has a real
part (g, ) that determines the charge storage ability and
an imaginary part (z) thal determunes the cnergy
logses in the material as a resull of the polanzation
mechanism, The real part delermines the capacitance
through € = g8, A/d and the imaginary part deter-
mines the electne power dissipation per unit volume as
heat by 'E:maﬂa:.

Corona discharge is o local discharge in a gaseous
atmosphere where the field is sufficiently high to cause
dielectric breakdown, for example, by avalanche
ionization,

Curie temperature 7 is the temperature above
which ferroelectricity disappears, that is, the sponta-
neous polarzation of the crystal is lost,

Debye equations attempt (0 describe the frequency
response of the complex relative permittivity &) 4+ je!
of a dipolar medium through the use of a single relax-
ation time 1 Lo describe the sluggishness of the dipoles
driven by the external ac field,

Dielectric is a material in which energy can be stored
by the polarization of the molecules. It is a material
that increases the capacitance or charge storage ability
of a capacitor. Ideally, it is a nonconductor of electri-
cal charge so that an applied field does not cause a flow
of charge but instead relative displacement of opposite
charges and hence polarization of the medium.

IMelectric loss is the electrical energy lost as heat in
the polarization process in the presence of an applied
ac field. The energy is absorbed from the ac voltage
and converted to heat duting the polarzation of the

molecules, It should not be confused with conduction
loss o EX or V3R,

Dieleciric strength is the maximum field (E,) that
can be sustained in a diglectric bevond which dielectric
breakdown ensues; that is, there is a large conduction
cutrent through the dielectric shorting the plates.

Dipolar (orientational) polarization arises when ran-
domly oriented polar molecules in a digleciric are ro-
fated and aligned by the application of a field 5o a5 to
give rise (o a net average dipole moment per molecule,
In the absence of the field. the dipoles (polar mole-
cules) are randomly orented and there is no average
dipole moment per molecule. In (he presence of the
field, the dipoles are rotaled, some partially and some
fully, o align with the field and hence give rise (0 @ nel
dipole moment per molecule,

Dipolar relaxation cquation describes the time re-
sponse of the induced dipole moment per maolecule in a
dipolar material in the presence of a tme-dependent
applied ficld, The response of the dipoles depends on
their relaxation time, which is the mean fime reguired
to dissipate the stored electrostatic energy in the dipole
alignment 10 heat through lattice vibrations or molegu-
lar collisions.

Dipole relaxation (dielectric resohance) occurs
when the frequency of the applied ac field is such that
there is maximum énergy transfer from the ac voltage
source 1o heat in the dielectric through the alternating
polanization and depolanization of the molecules by the
ac field. The stored electrostatic energy is dissipated
through molecular collisions and lattice vibrations {in
solids). The peak occurs when the angular frequency of -
the ac field is the reciprocal of the relaxation time.

Electric dipole moment cxists when a positive charge
+{ is separated from a negative charge —(. Even
though the net charge is zero, there is nonetheless an
clectric dipole moment p given by p = 0x where x is
the distance vector from —O to +. Just as two
charges exert a Coulombic force on each other, two
dipoles also exert a force on each other that depends on
the magnitudes of the dipoles, their separation, and
orientation.



Electric susceptibility (.} is a material quantity thai
measures the extent of polarizarion in the material per
unit field, It relates the amount of polatization P at a
point in the dielectric to the field & at that point via
P = y.e.E If g is the relative permittivity, then
¥e = & — 1_Vacuum has no electric susceptibility.

Electromechanical breakdown and electrofracture
arc breakdown processes that directly or indirectly in-
volve electric ficld-induced mechanical weakening,
for example, crack propagation, or mechanical defor-
mation that eventually lead to dielectric breakdown,

Electronic bond polarization is the displacement of
valence electrons in the bonds in covalent solids (e.g.,
Gie, Si). It is a collective displacement of the electrons
in the bonds with respect o the positive nucle.
Electronic polarization iz the displacement of the
electron cloud of an atom with respect to the positive
nucleus. Its contribution to the relative permittivity of
a solid iz usually small.

External dizscharges are discharges or shorting cur-
rents over the surface of the insulator when the con-
ductance of the surface increases as a result of surface
contamination, for example, excessive moisiure, depo-
sition of pollutants, dirt, dost, and salt spraying, Even-
tually the contaminated surface develops sufficient
conductance tor allow discharge between the electrodes
at a field helow the normal breakdown strength of the
insulator. Dielectric breakdown over the surface of an
insulation is termed surface tracking,
Ferrvoelectricity is the occcummence of spontancous
polarization in certain crystals such as bariuwm titanate
{BaTiOs). Femoclectric crystals have a permanent
polarization P as a result of spontaneous polarization.
The direction of P can be defined by the application of
an cxternal field.

Ganss’s law i3 a fundamental law of physics that
relates the surface integral of the electric field over a
closed (hypothetical) surface to the sum of all (he
charges enclosed within the surface, [f €, is the field
normal to a small surface area d4 and . 15 the
enclosed total charge, then over the whole closed sur-
face e, § B, dA = Oyt

Induged polarization i3 the polarization of a mole-
cule as a resull of its placement in an electnic field. The
induced polanzation is along the direction of the field.
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If the molecule is already polar, then indoced polariza-
tion is the additional polarization that arises due 1o the
applied field alone and it is directed along the field.

Insulation aging is a term used to describe the physi-
cal and chemical deterioration in the properties of the
insulation s that its dielectric breakdown characteris-
tics worsen with time. Apging therefore determines the
useful life of the insulation,

Interfacial polarization occurs whenever there is an
accumulation of charge at an interface between wo
materials or hefween two regions within a malerial,
Grain boundaries and elecirodes are regions where
charges generally accumulate and give rise (0 this fype
of polarization,

Internal discharges are partial discharges that take
place in microstructural voids, cracks, or pores within
the dielectric whete the gas atmosphers (usually air)
has lower dielectric strength. A porous ceramic, for
example, would experience partial discharges if the
field is sufficiently large. Initially, the pore size (or the
number of pores) may be small and the partial dis-
charee insignificant, but with time the partial discharge
erodes the internal suefaces of the voud, Eventually
(and usually) an elecirice! tree type of discharge devel-
ops from a partial discharge that has been eroding the
diglectric. The erosion of the diclecric by the partial
discharge propagates hike a branching tree. The “ree
branches” aré erosion channels, filaments of varows
sizes, in which gaseous discharge takes place and
formis a conducting channel during operation.
Intrinsic breakdown or electronic breakdown com-
monly involves the avalanche multiplication of elec-
trons (and holes in solids) by impact ionization in the
presence of high clectric ficlds. The large number of
{ree carniers generated by the avalanche of impact ion-
izations leads to 4 runaway current between the elec-
trodes and hence o insulation breakdown,

[onic polarization is the relative displacement of
oppositely charged ions in an jonic crystal thal resulis
in the polarization of the whole materal, Typically,
ionic polarization is important in ionic crystals below
the infrared wavelengths.

Local field (£,.) is the true fizld experienced by a
molecule in a dielectric that arizes from the free
charges on the plates and all the induced dipoles
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surmounding the molecule, The true field at & molecule
is not simply the applied ficld (V/d) becavse of the
ficld of the neighboring induced dipoles.

Loss tangent or tan & s the rato of the dielectric con-
stant's imaginary part to the real pan, &) /=), The angle
a4 is the phase angle between the capacitive current and
the total current. [f there 18 no dielectiie loss, then the
rwo currents are the same and § = 0,

Partial discharge occurs when only a local region of
the dielectric is exhibiting discharge, 50 the discharge
does not directly connect the two electrodes.

Piezoelectric material has a noncentrosymmetric
crystal structura that leads to the peneration of a polar-
ization vector P, or charpes on the crystal surfaces,
upon the application of a mechanical stress. When
strained, a piezoelectric crystal develops an internal
field and therefore exhibits a woltage difference
between two of its faces.

PLZT, lead lanthanum eirconate titanate, is a PZT-
type material with lanthanum vecupying the Pb site,

Polarizability (o) is the ability of an atom or mole-
cule to become polarized in the presence of an electric
field, It is induced polarization in the molecule per unil
field along the [eld direction,

Polarization is the separation of positive and negative
charges in a system so that there is a net electric dipole
moment per unit volume,

Polarization vector (P) measures the extent of polar-
ization in a unit volume of dielectric matter. It is the
vector sum of dielectric dipoles per unit volume. If p is
the average dipole moment per molecule and n is the
number of molecules per unit volume, then P = ap. In
a polarized dielectric matter {¢.g., in an electric field),
the bound surface charge density o, due to polarization
is equal to the normal component of P at that point,
Tp = Prormal -

Poling is the application of a temporary electric field
to a piczoelectmic (or ferroelectric) material, generally
at an elevaled temperature, to align the polatzations of
varnous grains and thereby develop piezoelectnic
behavior.

Pyroelectric material is a polar dielectric (such as
barium titanate) in which a temperature change AT

DIELECTRIC MATERIALS AND INSULATION

induces a proportional change A # in the polarization,
that is, AP = p AT, where p is the pyroelectric coef-
ficient of the crystal.

PZT iz a general acronym for the lead zirconate
titanate {PbZr0a-PbTiO; or PbThy 45 52040 Famualy of
crysials,

(-factor or quality factor for an impedance is the
ratio of its reactance to its resistance, The Q-factor of
a capacitor is X, /R, where X, = 1/wC and K is the
equivalent parallel resistance that represents the di-
electric and conduction losses, The Q-factor of a reso-
nant circuit measures the circuit’s peak response at the
resonant [requency and also its bandwidth. The
greater the ¢, the higher the peak response and the
narrower the bandwidth, For a series RLC resonant
circuit,

ok 1

=7 = oCR

where o, is the resomant anpular frequency, o, =
1/+/ LC. The width of the resonant response curve be-
tween half-power points is Aw = w,/ Q.

Relative permitiivity (g.) or dielectric constant of
a dielectric is the fractiopal increase in the stored
charge per unit voltage on the capacitor plates due to
the presence of the dielectric between the plates (the
whole space between the plates is assumed to be
filled). Alternatively, we can define it 4s the fractional
increase in the capacitance of a capacitor when the
insulation between the plates is changed from a vac-
uum to g dielectric material, keeping the geometty the
same.

Relaxation time (r) is a characteristic tme that
determines the sluggishness of the dipole response to
an applied field. It is the mean time for the dipole w
lose its alipnment with the field due (o its random
interactions with the other molecules through molecu-
lar collisions, lattice vibrations, and so forth,

Surface tracking is an external diglectric breakdown
that oceurs over the surface of the insulation,

Temperature coefficient of capacitance (TCC) is the
fractional change in the capacitance per unit tempera-
ture change.



Thermal hreakdown is a breakdown process that
involves thermal runaway, which leads to & runaway
current of discharge between the electrodes. [f the heat
generated by dielectric loss, due to &, or Joule heat-
ing, due to finite =, cannot be removed sufficiently
rapidly, then the temperature of the dielectric rises,
which increases the conductivity and the dielecrric
loss. The increases in e and o lead to more heat
generation and a further rise in the temperature, so
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thermal runawsay ensues, followed by either a large
shorting current or local thermal decomposition of the
insulation accompanied by a partial discharge in this
region.

Transducer is a device that converts electrical energy
into another form of usable cnergy or vice versa. For
example, piczoelecinc transducers convert ¢lecirical
energy to mechanical energy and vice versa,

QUESTIONS AND PROBLEMS
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A

Relative permittivity and polarkzability
. Show that the local field is given by

2
wene{i)

b, Amorphous selesdum (a-5¢) is w high-resistivity sermoonductor thut has o density of approximately
4.3 g em~* and an atnmic number and mass of 34 and 74,96, respectively. [ts relative permittivicy
at | kHz has been measured o be 6.7, Calculate the relative magnitude of the local field in a-Se.
Calculate the polarizability per Se atom in the structune, What type of polurizstion is this? How will
gr depend om the frequency?

c.  If the clectromic polarizability of an isolated atom is given hy
L B drrz:.;.r:
where r, is the radius of the stom, then calculute the electronic polarizability of an isolated Se atom,

which has r, = (.12 nm, and compare your result with that for an atam in a-5e. Why is there a dif-
ference?

Electronic polarization and 5F;  Becavse of s high dielecteic strength, SFq (sulfur hexafluoride) gas
is widely used us an insulutor und a diclectnic in HY applicatons such as HY trapsformers, switches, cir-
cuit breakers, transmission lines, and even HY capacitors. The SFg gas at 1 atm and at room temperaturs
g a dielectric constant of LOOLS, The oumber of SFs molecules per unit volume N can be found by
the rux law, P = (N/NIRT . Calcolate the electronic polarizability o, of the SFy molecule. How does
o, cnmpare with the &, versus Z line in Figure 7.47 (Note: The 5F; molecule has no net dipole. Assume
that the overall polamzabality of SFy, 15 dve (o electiome polatization,)

Electronic polarization in liquid xenon  Liquid xenon has been wsed in radiation detectoes. The den-
sity of the lguid is 3.0 g ™, What is the relative perrmittivity of liquid xenon given its elestronic po-
lurszubility in Tuble 7.17 {The expenmentul & 1= 1.96.)

Relative permittivity, bood strength, bandgap, and refeactive index  Diamond, silicon, and permaninm
are covalent solids with the sumes crvstul structure. Their telative pecmitdvities ure shown in Table 7.100
a.  Explain why £, increases from dismond to germanium.

b, Caleolate the polarzubility per atom in each crystul and then plot poladzability apainst the elastic
madulus ¥ (Young's modulus). Should there be a comrelation'

¢ Plotthe polarizahilicy from part (%) against the handgap encrgy E;. Is there a relationship!
4, Bhow that the refractive index r is /5. When does this relationship hold and when doss it fail?

e Woold your conclusinns apply o jonic crystals soch as Nall

Local field
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Table 7.10  Properties of diomond, 5i, and Ga

Density ¥ E;
Er My {gem™ e (GPa) (e¥) "
D¥iamaond SH 12 3.52 "7 55 242
S 112 2R.09 233 191 1.12 345
e 16 T2.61 532 758 0.67 408

7.5 Dipolar liquids  Given the static dielectric constant of water as 80, its high-frequency diclectric con-
stunt (due to elecromic polurization) us 4, and its density us 1 g em™, caleulate fhe permanent dipole
TOMENE fr, per water molecule assuming that it is the orientationul and electronic polarization of indi-
vidwal molecules that gives rise o the diclectric constant. Use both the simple relatinnship in Equation
T.14 whers the local feld 15 the same as the macroscopic field amnd also the Clausins-Mosson equation
and compare your resoles with the permancne dipole moment of the water molecule which 15
6.1 = 1070 C m, Whar is your eonclusion? What is 2 caleulated trom the Clavsins—Meossodti equation
tiking the true p, (6.1 = 107 C m) of » water molecole? (Note: Static dielectric covstant is due o hoth
orientatinnal and elecironic polarization. The Clausios—Mogsotti cquation does not wpply to dipolar ma-
teirals hecause the local field is pot deseribed by the Loreatz field,)

b Lrielectric constant of water vapor or steam  The isoluted water molecule hus a permanent dipole 7,
of 6,1« 107 C m, The electronic polanzability @, of the water molecule under de conditions s abour
42 1071 O o, Wht is the dielectelc constant of steam ata pressure of 10 atm (10 = 107 Pa) and at a
temperature of W0 “CY [Mate: The number of water molecules per unit volume & can be found from
the sinple gos lvw, P = (N/N4IRT, The Clavsins—Mossotti equaton does oot apply 1o oricntational
pelarization. Since N 15 small, use Equation 7.14.]

77 Dipale mamenl In & noauniform electele field  Figuee 7.00 shows an electiie dipole moment g in a
nonuniform electric feld. Supposs the prudient of the field is FE/dr at the dipole p, and the dipole s
orizated 1w be along the direction of increasing & as in Figure 7.64). Show that the ser force actng on this
dipwle 15 given by

Net force on o . dE
dipole P

Figure 7.50

Left: A digsle mament in o nonuniferm field
experiencas a net force Fthat dapends on the
dipole moment p and the field grodient dF/dx,
Right: When a chorged comb [by combing hair]
is brctughf cluse b a water jet, the fiald from the
comb polarizes the liquid by orientational
polarization, The induced polorizafion vector P
cll._nd henca the |iqU|l:| is ofiracted to the comb
where the field is higher.

.

(Ebar wated et | E

IWator jet shadow
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7.10

UESTIONS AND PROBLEMS

Which direction is the force? What happens to this net force when the dipole moment 1= facing the di-
rection of decreasing field? Criven that a dipole normally also expericnees a torgue as described in Sec-
ticn 7.3.2, explan qualitatively what happens o a randomly placed dipole in a nonuofoern electric field,
Explain the experimental observaoon of bending a flow of water by u nonuniform field [com a charged
comhb as shown in the phowgraph in Figare 7.607 (Remember that a dielectric mediom placed in a field
develops polarizanon P directed along the field.)

Tonic and electronic polarization  Consider o CsBr crystal that hus the CsCl unit cell erystul structure
(nne Cs™—Rr~ pair per unit cell) with a lattice parameter (@) of (h430) nom. The electronic polarizabilicy
of Cs* and Br~ joos are 3.35 = 107 Fm®and 4.5 = 107 F m?, respectively, and the mean ionic po-
larizability per inn pair 15 5.8 x 107" F m?, What is the low-frequency dielsctric constant und that ot
optical frequencies?

Elecironic and lonic polarfzatlon in KC1l  KCl has the same crystal strvctore as NaCl, KCI's larice
parameter is 0.62% nm. The ionic polarizability per ion pair (per K'Y -Cl™ fon) is 4.58 = 107% F m®.
The electronic pilarizability of K¥ is 1.26 = 107* Fm® and that of €1 i8 3.41 = 107% Fm?, Calcu-
lare the dielectric constant under de operation and at optical frequencies, Experimental values are 484
and .19

Dehve relaxation  We will tess the Debye equations for approximately calculating the real and imagi-
iy parts of the dielecine constant of water just above the freezing poant of 0.2 "C. Assume the following
values inthe Debye equations for water: £.5 = 37460 (de), £ra = 4.87 (at ¥ = M0 GHz well bevond the
relaxation peak), and r = 1o, = (279,18 GHz)~1 = 0LN7T ns, Caleulate the real and imaginary, =,
and &, parts of £, Tor water o frequencies i Table 7,11, and plor both the experimental values and yoor
calculations on a linear-lng plot (frequency on the Iog axis). What is your conclusion? {Note: It is pos-
sible v obtain a better agreement by using teen relaxation times or using more sophisticated models. )

Table 7.11  Dielectric properiies of water at 0.2 °C

f{GHz)

03 L5 1 1.5 3 5 9218 L] 20 4 ] 100 300

B7.46 E7.25 8661 8534 To.20 of09 4603 42135 1969 1006 720 604 48T
26 4350 EES 1308 2428 3453 4055 4024 3023 1768 1015 8531 368

| SOURCE: Data extracied from B. Buchner et al., Cham. Phys. Lens, 308, 57, 199%,

.0
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Debve and non-Debye relaxation and Cole=Cole plots  Consider the Debye equafion

Erde — Ersg

£ = +
r Cre 1+ jor

and also the generalized dielectric relaxation cquation, which “stretches™ (hroadens) the Debye
funetion,

Frde — Erpg
1+ ()

Take r =1, 6ac =5, Lo = 2, and ¢ = 0.8, und £ = |. Pl the real and imaginary patts of £,
versus frequency (on a log scale) for both functions from e =0, 0.1/, 1 /37, 177, 3/1 and 107, For the
same w values, plot e versus &) (Cole~Cnle plog) for both functions using a graph in which the xand v
axes hove the same divisions, What 15 vour conclosion?

Ep = Epgg +

Equivalent circuit of & polyester capacitor Consider s | nF polyester capacitor that has a polymer
{PET) film thickness of 1 pm. Caleulate the equivalent circuit of this capacitor at 5 "C and at 120 a
[or operution at 1 kHz, What is vour conclusion?

.,

Lrebye
relpation

Creneralized
diclectric
relaxation

675
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Equiverient
Seriexs resistance
and capacitance

Egerivalent
keriar pesiitance
e SRR
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Student microwaves mushed polaloss A microwave oven uses electromaznetic waves ul 2,48 GHz
tv heat food by diclectric loss, that is, making wie of £ of the food material, which normally has sub-
stantial water content, An undergeaduate stedeat rmiceowaves [0 e of mashed potatoes in 60 seconds,
The micrwave penerates an rmy fietd of £,y of 200 % cm™! in mashed potatoss. At 2,48 GHz, mushed
patatnes have £) = 21. Calculate the average power dissipated per em?, and also the tocal energy dissi-
pated heating the food. (Noe: You can use T, instead of E in Bguatlon 7.32.)

Dielectric loss per unit capacitance Consider the three dielectric materials listed in Table 7.12 with
the real and imaginary dielectric constants £, and &, At a given voltage, which dielectric will have the
lovwest power dissipation per unit cupecitunce ut 1 kHz and ut an operoting temperature of 50 °CT Is this
also true at 1200 °CF

Table 7.12  Dislsctric properties of thres insulators at 1 kHz

T=50" T=1M"C

Material € & £

r r

247
258
2.24

Polycarbnnate
PET
PEEK

(L3
0,003
0.003

2.535
275
2.25

(.03
0.027
0.003

PR

Figure 7.561
and C, circuit is equivalent to a series £,
and C, circuit, The elements Ry and Cain
the parallel circuit are related ko the
elements R, ond C, in the series circuit.

FAL

SOURCE: Dedla kaken using a DEA by Kasap ond Momura [1995).

Purallel and series equivalenl circwits  Fipore 7.61 shows simplified purallel snd senes equivalent
circuirs fowr a capacitor. The clements By and 5 in the parallel circuit and the elements £, and C, inthe
series circuil are reloled, We can write down the impedance Z4 4 betweeo the terminals A and B foe both
the circuits, and then equate Z 4 piparullel) = Z, g{secies). Show thut

R

b= {wRpCp)

1
I T
i [ {wRpCp)
and similarly by considering the sdmittance {1/impedance),

|
T R, O R

C;

and Oy = ———
] P+ (@R Ce P

R, =R, [1

A 10 nF capacitor operating at 1 MHz has a parallel equivulent resistance of 100 k&2 Whot are C
and A, 7

An equivalent parallel Ry A

1

=

i

= CP [

e ———® =
&

=

Tantalum capaciiors Electrolyiic capacitors tend 1o be modeled by a series &; + jowC; equivalent
circoit. A nominal 22 pF Ta capacieor {22 pF st low frequencies) has the following properties wt 10 kHz:
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QUESTIONS AND PROBLEMS

&t = 20 (at this frequency), tan & 2= (L05, dielectric thickness o = 0,16 pm, effective area 4 = 150 em?.
Caleulute Cy, Ky, Cs, und K,

Tantalum versus nlobiom oxide capacitors Niobiom oxide (MbaCh) is a competing dielectric 1o
Tag O (the dielecine in the wotalum capacitor). The dielecine constunts are 41 for NbeOs und 27 fue
Taz 0. Far aperation at the same voltage, the TagOs thickness is (0017 pm, and chat of Mb2O5 35 0.25 pm.
Explain why the niobiwm oxide capacitor is superior (or inferior) to the Ta capacitor, (Use a quantitative
arpument, such us the capacitunce per unit volume. ) What other lactors would you consader i you were
chnnsing between the tan?

TCC of a polyester capacitor  Consider the purallel plute copucitor eguation

_ EafeX}
z

c

where &, is the relative pecmitlivity {(or 7], & and v are the side lengths of the diglectric so that ¥ is the

area A, and 7 is the thickness of the dielectric. The quantities £-, x. ¥, and 7 change with temperature, By

differentiating this equation with respect to temperature, show that the temperature coefficient of

capacilance (TCC) 15

Tamperalure
coefficient af
capacitance

1 ac 1 de,
TCCEC‘&TIEFJT I

where A is the linear expansion coefficient defined by
holdl
CLdT
where L stunds for any length of the material {5, ¥, vr 2) Assume that the dielectric is isotropic and A is

the sume in all dicections. Using €' versus T behavior in Figure 7.62 and taking A = 50 x 107K ! as
g typical value for polymers, predice the TCC at room temperature and at 14 kHz.

2.60 Figure 7.62 Temperature
959 PET.f =10kHz dependence of & at 10 kHz,
L SOURCE: Data taken by Kosop
g, 2.38 and Maada (1995),
2.57
2-56 I T _r T I T I T 'I_ i l T
20 30 40 s0 80 7 RO 90
Temperature (°C)

Diclectrie breakdown of gases and Paschien corves DHelectide breakdown in gases (vpdcally in-

volves the avalanche ionization nt the gas molecales by cnergetic electrons accelerated by the applied

field, The mean free path between collisions must be sufficiently loog ro allow the electrans e gain sof-

ficient energy froum the Deld to tmpact ionize the e molecules. The breakdown voltage ¥y, between two

electrodes depends on the distance d between the clectrodes as well ag the gas pressure P, as shown in

Figure 763, ¥y, versus Pd plois are calied Paschen corves. We consider gaseous insulation, air and 5F;,

inan HY swatch.

a.  What is the breakdown voltage between two electrodes of u switch sepurated by a 5 mm pap with
airat 1 atm when the gasenus insulation is air and when it is $Fg7

& What arc the breakdown voltages in the two cases when the pressure is 10 times preater? What is

your conclusion?

At what pressore is the breakdown voltage o minimum?

. Whar air gap spacing  ai 1 aum gives the minimam breakdown voltage?

e, What would be the reasons for preferring paseous insulation aver liguid or solid insulation?

&7
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Figure 7.63 Breckdown voltage versus 107
[prassure =« elecirade spocing) (Paschen 1! 1 i 102 107
curves]. Pressure x Spacing {Fa m)

Capacitor design  Consider u penpolarized 100 nF capacitor design at &0 Hz operation, Notg that there

are three candidate dielectrics, as listed in Table 7.73.

. Calculate the volume of the 100 nF capacitor tor each dielectmc, given that they are to be used
under low voltages and each dieleciric has itg mioimuam fabrication thickness, Which one has the
simadlest volume?

b, How is the volume aifected if the capacitor is 1o be used at w 500V application and the maximum
fizld in the dielectric must be o factor of 2 less than the dielectric strength? Which one hay the
smallest volume?

¢ Ata M0V application, whar is the power dissipated in each capacitor at &) Hz operation? Which
ont: has the lowest dissipation?

Takble 7.13 Comporison of dielectric properfies at 40 Hz [typical valves]

Polvmer Film Ceramibc High-K Ceramic
PET Tilk (B TV based)
Mame Palvester Polyerystalline XIR
titania

£ iz o0 1800
ran & 5. 1073 4 x 1071 5x 1072
i (kY em™) 150 S0 100
Typical minimum thickness 1-2 pm 10 pm 10 pr

Dielectric breakdown in a coaxial cable Consider a coaxial voderwater high-voliage cable as in
Figure 7.64a. The current flowing through the inner conductor generates heat, which has to Jow through
the dielectric insulation to the outer conductor where it will be carried away by eanduction and onves-
tion., We will wssume (hat stesdy stute s been repched and the inmer condwctor is carrying a de cusrent I
Heat generated per unit second @ = 0 /dr by Joule heaang of the inner condwctor is

2
, oLt

=gt [7.97]

¢ mat

where p 15 the resistivity, o the cuding of the conductor, and L the cable length,

This heat flows radially out from the inner conductar throngh the diclectric insulator to the outer
compdictor, thed to the ambient. Thiz heat fow 13 by therinal conduction through the dielectric, The rate
of heat flow (' depends on the wemperwture difference T; = ¥, between the inoer and ouler conductors;
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Dielectac

Figure 7.54

a0 ] (o} The Joule heat generoted in the
core conducior flows cutward
rcn1:|ic||h-' 1|'|n:|u-g|'| the disfectric
e T materiol.

50 i} a0 !III L3 k] Typical temparaiure dependence
e = Temperature (“C) of the dielectric siength of o

patyethylene-bosad polymeric
ol ] insulation,

Dielectric strength (MY m)
i
=
I 1

o the sample geometry {a, b, and £); and on the thermal conductivity « of the diglectric, From slemen-
tary thermal conducnon theory, this is given hy

o k tH
¢=m-n L Rt g
]JI(—)
a
The inner core temperature T rises wotil, in the steady state, the rate of Joule heat generation by the
electric current in Equation 7.97 is just removed by the rate of thecmal conduction through the diclectric
insulation, given by Equation 7,98,
2. Show that the inner conductor leimperatiee 1%
ol? " Sready-siare
=T+ T]IJ(—) [7.99] imer comducor
- mtatn " . remperaiire
b The breakdown ocours at the maximom field point, which 35 at r = @, just owrside the inner con-
diictor und 15 given by (see Example 7,110
v Muaximum feld
Ernan = —5 [700] i cocamiont
a in(;) cable

The dicleetric breakdown accurs when Ey,, reaches the diclectric strength (Ey . However the di-
electric strength Epe for many polymeric insulation materiaks depends on the temperature, and gen-
erally it decreuses with lemperature, as shown for a typical example in Figure 7.64b, If the load
current [ increases, then more heat 0 is generated per second and this leads to a higher inner core
temperutuce T by virue of Equation 7,99, The increase in T: with  eventually lowers Tpe 30 much
that it becomes equal to Egy, and the insulation breaks down (thermal breakdown). Suppose that o
certain ¢oaxial cable has an aluminum innes conductor nf diameter 10 mm and resistvity 27 nf m.
The izulation s 3 mm thick and is o polyethylene-based polymer whose long-term de dielectric
strengeh is shown in Figure 7.64b. Suppose that the cable is carrying o voltage of 40 kY and the
outer shield temperatore is the ambicor temperature, 23 °C, Given that the thermal conductivity of
the polymer is about 0,3 W E™L m~!, an what de cucrent will the cable fail?

¢, Rededwe I in Bquanen 7.99 by consideriog thut ¢ depeads on the tempecature s ¢ = poll +
at (T — T,)) (Chapter 2). Recalcolate the maximom current in b given that o, = 3.9 103 o=t
at 25 °C.

7.22  Piesoclectricity Comsider a quartz crystul and o PET cerumic filter both desipned for operution
fr = 1 MHz. What i the bandwidth of cach? Given Young s madulos {¥), density (g} far cach, and that
o~ the filter 3= w disk with electrodes aod ¢ oscillatiing mdially, what s the diameter of the disk for each
material? For quartz, ¥ = 80 GPa and p =265 gem . For FET. ¥ = 70 GPamnd p =77 g m ™.
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Assume that the velocity of mechanica] oscillutions in the crvstal 35 v = JF/a and the wavelength
& = v/ f;. Consider only the fundamental mode (2 = 1).

7.21  Plezoeleciric vollage coefficient The applicution of o siress T io u piezoelectric crysial leads o a
polurizution £ and hence to an electric field ‘£ in the crystal such that
Piezowlectric
voltage o= gr

coeificient where g s the prezoeleciric voltage coefficient. Il £,2, is the permmitviiy of the crystal, show that

d
B El{lEI"

& BaTiCy sample, uloog o certaio direction {ealled 3), has o = 190 pC N1, and its £, = 1900 wlong this
direction. What do you expect for its § coefficient for this direction and how does this compare with the
measured value of approximately 0013 m® C=19

7.24 Piczoelectrivity and the piczovlectric bender

a. Comsider using a piczoclectric material in an application as o mechenical positioner where the
displacements are expected o be small {as in a scanning moneling microscope). For the piezo-
electnc plute shown in Figure 7.650, we will take L = 20 mm, W = 10 mun, and 2 (thickness) =
0.25 mm. Under an applicd voltage of V¥, the plate changes lengeh, width, and thickness accond-
ing to the plezoelectric coefficients i), relating the applied field along & ta the resulting strain
along f.
Suppuose we define direction 3 along the thickness D and dicection 1 aloog the leogth L, a5 shown
in Figure 7.65a. Show that the changes in the thickness and length are

R =dp V
Piezoelarivic ( L )
fl=[—=ldu V¥
effects 0 !
Given dyy == 500 = 100 m V=" and 5 = —250 2 10072 m V-, calowlate the changes in the
ledigth and thackess for an applied voltage of 100V Whit Ls your conclugion?

b Consider two oppostlely poled and joined ceraomc plates, A and B, formang a bimorphi, as shown
in Figure 7.65b. This piezoclectric bimorph is mounted as a cantilever; one end is fixed and the
ather end is free (o move. Oppositely poled means that the electric field elongares A and contracts
B, und the two celutive molions bend the plute. The displacement h of the dp of the cantilever 15
Eiven by

Pigzoeleciric 3 Ly
; h=—d — ¥
hending 2 3l ( o
What iz the deflectinn of the cantilever for an applied voltage of 100 V? What is your conelusion?
Figure 7.65 o~
{a} A mechanical positioner using o piezoelecikic plote _L
under an applied volloge of V. D | Piezoslectric
(b} A cantilovertype piezoelaciric bander. &n applied 7
volloge bends the contfilever.
| N T e
y frily
— el b—
-~ 2 T
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QUESTIONS AND PROBLEMS

Piczocleetricity  The wavelenpgth A of mechanical oscillations in o piezoelecitic slub sutisfies

e

where i 1s an integer, L is the length of the slab along which mechanical oscillvions are set wp, and the
wavelength & is determined by the frequency §and velocity © of the waves. The ultrasonic wave veloc-
ity 1 depends on Young's modulug ¥ as
( ¥ ) 12
v=|—
o

where g is the density. For quaniz, ¥ = 801 GPa and p = 2.65 g cm™. Considering the fundamenta)
made (n = 1), what ure practicul dimensions for crystal oscillators operating at 1 kHe and | MY

Pyroelectric detectors  Consider (wo different radiation detectors using PZT and PYDF as pyio-

electric materials whose properties are summurized in Table 7.14. The recedving arew is 4 mm®, The

thicknesses of the PLT ceramic and the PYDF polymer tilm are 0.1 mm and 0,005 mm, respectively.

In both cases the incident cadiation is chopped periodically o allow the radiation to pass for a dura-

ton of 0.05 s,

a.  Caleculate the magnitude of the output voltage [or each detector if both receive o radiotion of inten-
sity 10 u'W cm~*, What is the comresponding current in the circnit? Tn practice, what would limit
the magnitude of the ouput voltags?

B What is the cunictin detectable radiation intensity af the minimom detectable signal voltage is 10 0V

Table 7.14  Properties of PZT and PYDF

Pyroelectric
Coefficlent Density Heat Capaclty
el = o
g, (=10 *Cm 2K Y (2 em %) K ‘g
PET 2H] R0 1.7 03
PYDF 12 27 1.76 1.3

LiTa(y pyroclectric deteetor  LiTaOs {lithium tunteluts) detsctors are aveiluble commercially.
LiTalk has the following propertics: pyroclectric coefficient p = 20K » 10 Sptm TR density
p =15 gom™?, specific heat capacity o; = 0.43TK™? gL A particular detector has a eylindrical crys

tal with a diameter of 10 mm snd thickness of 0.2 mm. Suppose we chop the input rudiation and allow
fhe eadiation o fall an the detector for short periods of time. Bach inpu radiaton pulse has a duration of
A = 10 ms. [The time between the radiation pulses 15 long, so consider anly the response of the detec-
tor to & single pulse of radiatinn.) Suppose that all the incident radiation 15 absorbed. If the input radis-
tian Bias an intensity of 1 pW em™2, calenlate the pyroclectric current, and the maximum passible ourput
voltage that cun be peoerated assuming that the input inpedunce of the amplifier is sufficiently lacge o
he negligible. What is the curreat responsivity of this detector? ¥hae are the major assumptions in your
caleulation of the voltage signal?

Pyroelectric detectors Consider a typical pyroelectrie radiation detector circuit a8 shown in Fig-
wre 7660, The FET circuit acts as a voltage follower (sonsee follower). The resistance 8y represents the
imput resistunce of e FET in parulle] with a biws resistonce that 15 usoally inserted betwesn the pute ol
source, ) is the overall input capacitance of the FET including any stray capacitance but excluding the
capacitance of the pyeoelectric detector, Suppose that the incident radiation intensity is constant and
equal o I Emissivity 1 of a surfuce churacterizes what fraction of the incident cadiation that is ab-
sorhed? nT is the energy ahsorbed per unit area per wnit time. Saome of the absorbed cnesgy will increase

&81
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Radiation

the temperature of the detector and some of it will be lost to sarroundings by thermal condoction and
cosvection, Let the detector receiving afea be A, thickness be L, density be g, wid specific heat capasity
(heat capacity per unit muss) be o, The heat Insses will be proportiona to the temperature difference be-
tween the detector iemperature T and the ambient temperatare T, as well ag the surface arca A (much
grenter than L), Energy balance reguires that

Rate of increase in the internal energy (hewt content) of the detector
= Rate of enecgy absorption — Rate of heat losses

that is,
d7r
{AI.;}]:E =Anl —KAT-T)

where K is a constant of propactionality that eepresents the heat Losses and hence depends on the thermal
conductivity k. 1 the beat loss involves pure thermiul conduction from the detector surfuce to the detec-
tor base (detector mounc), then K = /L. In practice, this is generally not the case and K = «¢L isan
oversimplification.

a Show that the temperatuce of e detecior nses eaponentally as

o BE | e it
T—T,,+K[I exp( Tm)]

where Ty is a thermal dme constant defined by ¢, = Lpe/ K, Further show that for very small £,
this equution simplifies o

i I
7 =T.,+%r

b, Bhow that temperatoee change d T io time dr leads 1oa pyroelecteic current ip given by

., dr  ApnT ( H
"u_ripdt T Lpc R T

where pr 15 the pyroelectric coefficient, What is the initial corrent?
¢, The vodtage across the FET and hence the autpur voltage s ir) is given by

wit) = Vo [ﬂp(—#) ‘“P(_i)]

where ¥, is a constant and t. is the electrical time constant given by /C,, where O, total capsc-
itunce, 18 {0 + Cash, where Cye s the copecitance of the detector, Consider a particular PET py-
roclectric detector with an area of 1 mm? and a thickness of (.05 mm. Suppose that this FZT hus
g =230, p=7Tgem, e =03IK " g~V andx = 1.5W K~! m~". The detector is connected
to un FET circuit that has &) = [0 MO and ©, = 3 pF, Taking the (thermal conduction 1oss con-
stant & 85 ¢ /L and i = 1, caleulate oy, und 1y. Sketeh schematically the output voltage. Wha is
your cobcluzion?
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7.29  Spark generator design  Design a PLET piezoelectric spark generator using two hack-to-hack PLZT
crystals that provide a &0 pl spack in an air gap of 0.5 mm from a foree of 50 N, Al | aum in an aic gap
of (1.5 mm, e breakdown voltage is wbowt 3000 V. The design will need to specify the dimensions of
the cryaral and the dieleatric constant. Assume that the piepoelectric voltage coefficient is 0,023 ¥ m N,

7.30  lvnic polarization resonance in CsCl  Consider 3 CsCl crystal which has the following properties.
The optical diclectric constant is .02, the de dielectric constant is 7,20, and the Tartice parameter @ is
(1412 nm. There is only one ion pair (Cs* <177 in the cubic-type unil cell. Caloulate (estimute) the ot
resonance absorption frequency and compare the value with the experimentally observed resonance at
3.1 = 10" Hz. What cffective ¥alue of @ would bring the calculated value to within 10 percent of the
experimental value?

731 Low-y porous dielectrics for microelectronics  Tnierconnect technologies need lower £ inlerlayer di-
elecides (ILDs) o minimize the interconnect capacitunces, These mulerials are colled low=x dielectrics.
o Coosider luoonated silicon dioaide, also known as fluorosilicate glass (FSG). Its g 5 3.2, What
would be the effective dielectric constant if the LD is 40 PETCEnE porous?
#. What should be the starting £, if we need an effective £, less than 2 and the porosity cannot excesd
) percent’?

Trae ond bush fype electrical discharge structures. (a] Yaltoge V=

150 kY, gop spacing d = 008 m ab variaws times. |b) Dense buth

discharge siructura, ¥ = 300 kv, d = 0.0& m ar various fimes.
SOURCE: V. Lapatin, M. D. Moskew, B, Baden, K. Kist, A. | Swab,
“Puosifive Discharge Develepment in Insulating Sil: Optical
Ohservotion and Simuloticn,” 1EEE Trans, on Dielec. and Elec,
Insilabian, val. 5, e, 2, 1998, p. 251, Aigue 2 (3 IEEE, 1998|

Coazial coble connectar with traces of corena discharge; electrical
traaing
SOURCE: M. Mayer and G. H. Schrisder, "Coaxial 30 kY
Connechors for the RG220/ Coble: 20 Years of fional
Eu.p:riunm_," IEEE Efpch’imr inswlatian Mn‘gﬂzmc. wal ]I',t, Mnr\ch.u'r
Aprll 2000, p. 11, figure &. [ [EEE, 2000
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In 1984 ). Gearge Bednarz (right] and K, Alex Miller, of 1B

Ressarch Loboroiories in Zurich, discovered shat g copper cuide

besad ceramictype compound {LeBo-Cu-O)| which nermally has

high resiativity becomes :udpercnnducllng whan cooled bebow 35 1
i

This Mobel prize winning discovery openad & naw ara of high-
refiperature-supercanductivity research; now there gre variaps
caramic compeunds that ore superconducting abeove the fiquid
nitrogan (an inexpensive cryogen] temperatra (77 K.

| SOURCE: IBM Zirich Research Laberararias,




