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Preface

Today’s exciting new products—including cell phones, laptop computers
and personal data assistants—are changing the way we live. These prod-
ucts are known for their portability, ease of use, small size and ever-
increasing performance. Every one of them uses resistors in one form or
another, whether it is a microprocessor with millions of resistors imbedded
per square inch, or single resistors designed to sense when the battery is
running down.

It is important that engineers know and understand the technology and
the science of resistors and resistor materials in order to develop the best
overall product designs. With many different capabilities and unique per-
formance characteristics available, engineers can use resistors to address
many of their design challenges: power handling, current sensing, ultra
high stability, low thermal deviation, thermal sensing, or pulse handling.
By matching the right resistor technology to the design requirements, the
engineer can optimize the overall product.

Resistor Theory and Technology is intended to fill this need. It ad-
dresses the importance of resistive components and other related products.
Its foundation is based on Ohm’s law, one of the most frequently used re-
lationships in developing active and passive components. Readers will
learn about and gain an understanding of why this law and resistors provide
the only possibility of measuring or recording a large number of phenom-
ena and their changes. The book clearly and systematically demonstrates
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that the design and fabrication of resistance components require the appli-
cation of particularly complex physical phenomena. This is an especially
important revelation in light of long-held beliefs that this technology was
based on the traditional empirical methods generally associated with a
“kitchen-recipe” approach.

Divided into two parts, the book goes from theory and philosophy
and progresses to quantification and practical application. Each chapter is
intended to stand alone, so the reader may select individual chapters on
particular topics and gain benefit from this book. “Part I: Theory” begins
with a concise discussion of Ohm’s law and resistor properties (Chap. 1),
laying the groundwork for the remainder of the book. Chapter 2 covers
the effects of reversible phenomena associated with Ohm’s law and ex-
plains how to maximize and/or minimize them for desired resistor perfor-
mance. Chapter 3 explains the irreversible phenomena that permanently
modify the resistivity of solid and thin-film metals and alloys.

In Chap. 4, the three main conductive materials used to manufacture
resistors are covered. The reader will come to understand why these mate-
rials require close collaboration among metallurgical research laboratories,
alloy developers and resistor manufacturers.

Chapter 5 covers the mechanisms and sources of noise phenomena in
resistors and the methods used to measure and minimize them. Chapter 6
then discusses the mechanisms of heat transfer and examines how these
concepts can be used to ensure that resistors operate as designed.

The second part of the book, “Part II: Technology,” focuses on the
practical aspects of these components. Using documentation provided by
Vishay, Inc. as well as other manufacturers, the reader is provided with
comprehensive examination of the criteria for selecting resistive compo-
nents for use in specific applications.

Chapter 7 introduces the terminology commonly used to describe the
characteristics and performance of resistive components. Chapter 8 then
examines and introduces the limitations of resistive circuits that may cause
deviations or changes in the actual behavior of a resistor from Ohm’s law.

Chapter 9 discusses the principal types of wirewound resistors and
their use in power electronics, and further discusses their modified use for
surface-mount technology.

Chapter 10 further examines the development and fabrication of pre-
cision resistors, whose performance is generally two to three orders of
magnitude greater than that of conventional resistors. It covers the strin-
gent requirements that led to these new technologies and discusses their
relative merits.
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Potentiometers and potentiometric position sensors, as well as their
advantages in automated control systems, are the topic of Chap. 11.

Chapter 12 covers the phenomena of anistropic magnetoresistance in
materials and its applications in ferromagnetic alloys. It also discusses the
growing use of this technology for computer hard drives, audio and video
recording, and many other consumer products.

In Chap. 13, nonlinear resistors—now one of the largest growing
members of the passive component family—are described and analyzed,
including each type’s material properties, fabrication technologies, and
applications.

The book concludes with a number of useful appendices containing
information on specific subjects of foil technology, methods for quality as-
surance, models for lifetime testing, and resistive strain gages.

Resistor Theory and Technology is intended for students, engineers,
and technicians who use these components in their work, for research, or
for product development.






Introduction

At a time when microprocessors containing millions of transistors, fiber
optic networks, HDSL (high-bit-rate digital subscriber line) and ADSL
(asymmetrical digital subscriber line)}—two new products in the field of
telecommunication and fast data transfers—and other advanced technolo-
gies of electronic circuits and systems are becoming commonplace, it may
appear somewhat odd and anachronistic to write a book on resistive com-
ponents and related products.

It is worth pointing out, however, that the physical relationship ex-
pressed by Ohm’s law is still one of the most frequently used relationships
in developing active and passive components. Without Ohm’s law, and
without resistors, there would be no possibility of measuring or recording
a large number of phenomena and their changes.

The controls of a Boeing 737 or Airbus 320 are activated by the
pilot by means of resistive movement sensors. Although the digital data
on the tracks of a computer are read and written with inductive devices,
magnetoresistive sensors can be used for the readout of data from the hard
disks. Since two or three years ago, this technology is now widely used by
the market. Old-fashioned wirewound resistors are still used in many
clectronic applications, especially power controls for fast railway trains,
or shunts applications in power sensors.
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At the same time, the constraints of miniaturization imposed by pas-
sive components have led manufacturers of resistive products to adopt
methods of miniaturization and integration currently used in the produc-
tion of printed circuits. A 16-bit R-2R network now requires a silicon area
of only 1 to 2 mm?.

Along with these developments, the performance of resistive compo-
nents, in terms of precision, useful life, and temperature coefficient, has
increased by a factor of between 10 and 100 over the past 20 years. As
a result of the requirements imposed by military standards (MIL-STD),
their reliability is now as good as that of the best components and active
integrated circuits.

All of these so-called “high-tech” technologies are involved in the
production of resistive products: precision metallurgy for resistive alloys,
materials science for thermistors and magnetoresistive products, vacuum
deposition, vacuum implantation, and photolithography for integrated re-
sistive components, etc.

Printed circuit boards are largely populated with integrated circuits,
passive electronic components (resistors, capacitors, inductors) and dis-
crete semiconductors (diodes and transistors). It is interesting to note that
in recent years the growth of passive components has been increasing
faster than that of integrated circuits. In other words, as integrated circuits
become more and more sophisticated, the number of passive components
surrounding them is increasing steadily. For example, between 1991 and
1996, the use of integrated circuits increased from 35 billion per year to
42 billion per year, an average annual increase of 5 percent, while the use
of tantalum and multilayer ceramic capacitors increased from 115 billion
to 210 billion per year, an average annual increase of 17 percent. Chip re-
sistor production also increased in the same period of time from 125 billion
to 230 billion per year, also an annual increase of 17 percent. While it was
a commonly held belief in the 1960s that discrete components would dis-
appear because of the advent of integrated circuits, in fact, the opposite has
occurred, and they have grown faster than ICs. This can be explained by
the fact that the real estate on the semiconductor wafer is expensive and
therefore mostly used for active devices, which are more costly than pas-
sive devices. Furthermore, today, design changes are extremely frequent
(with some companies introducing new computers and cellular telephones
every few months) and such changes can’t be implemented quickly enough
because the redesign of integrated circuits is a time-consuming and costly
process. Also, certain passive components, such as power devices, preci-
sion resistors, and high-CV capacitors, cannot be integrated into a silicon



Introduction 3

IC. Consequently, frequent design changes are accomplished by adding
passive components and changing their configuration in the circuit.

This work attempts to demonstrate that the design and fabrication of
resistive components require the application of particularly complex physi-
cal phenomena and are no longer based on the traditional empirical meth-
ods generally associated with a “kitchen-recipe” approach.

The book is addressed to students, engineers, and technicians who use
these components in their work, for research, or for product development.
The book, however, does not deal with the very important issue of resis-
tance in semiconductor devices and the parasitic resistance in capacitors
and inductors.






PART I: THEORY

Ohm’s Law—
Resistance

1. INTRODUCTION

A material medium generally contains a considerable number of charge car-
riers located at microscopic distances from one another, usually on the order
of a nanometer or less. However, it is not possible to look upon the proper-
ties and trajectories of every carrier. Therefore, using the statistical physical
description of material properties, the average distance used to characterize
the distribution of the carriers is of macroscopic order. Conductors have an
cssential role in electronic technology. They have the properties that some
charge carriers are free to move to macroscopic distances when exposed to
the action of an electric field. The average distances used to characterize the
distribution of these carriers are, therefore, macroscopic.

2. ELECTROKINETICS

We can examine (Fig. 1) the case of a volume A" in which there is a dis-
tribution of n charge carriers in which each carrier g; has mass m; and
velocity v; with respect to the laboratory reference point.

We characterize the transport of matter associated with a carrier by
its momentum my;,. We can also characterize the charge transport by
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ds

Fig.1 Charge carriers in a volume dV.

introducing the quantity g;i;. We can then deﬁne at each point P of the
charge distribution, the volume current vector J by:

J= E/ quvi (11)

J is calculated in several stages. We first separate the different types
of carriers, then calculate the average velocity of all carriers of each type.
As aresult J can be expressed as

J=3j. with J, =N, = pua (12)

in which N, and N,_g, = p,, are, respectively, the density and the volume
charge of carriers of type a.

The volume current vector here appears as the vector sum of the partial
volume currents. It should be pointed out, however, that among the various
types of carriers «, the only ones that participate in the electrical current
are those whose drift velocity ¥, is not zero, whereas all the carriers contribute
to the volume charge.!? The condition v, = Ct represents the isotropy of the
velocity distribution of each carrier & and not necessarily their state of rest.

!In practice we must account for the existence of a velocity distribution law when we
sum V. In a material environment this distribution obeys a statistical law that depends on
the nature of the particles, their density and temperature.

2The reader may wish to consult the following works, which cover the theory of elec-
tric fields and conductivity in considerable depth.

Vassallo, C., Electromagnétique classique dans la matiére. Dunod: 1980.
Quéré, Y., Physique des matériaux. Ecole Polytechnique Ellipses: 1988.
Ziman, Electrons and Phonons. Oxford Clarendon Press: 1962.

R. Kubo and T. Nagamiya, Solid State Physics. McGraw-Hill: 1969,
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2.1. Solids

In solid conducting materials we normally distinguish two categories
of charges. The first consists of “bound” charges whose displacement is
microscopic and does not contribute to the current density in a steady-state
environment.3 In the other, charges are “mobile,” or “free,” and are the only
ones that contribute to the current on a macroscopic level. In silver, for
example, on average, one electron can move through the lattice of fixed
Agt ions. If p, [ and p,, represent the total, fixed, and mobile volume
charges, it is obvious that:

pP=prT Pm (1.3)

whereas if there is only a single type of mobile charge having a drift ve-
locity V,,:

J = Puim (1.4)

When the material is in a uniform field, as implied by the above de-
scription, the velocity v is much lower than the velocities of thermal mo-
tion of the charge carriers in equilibrium with the crystal lattice. For
cxample, the mean square velocity (v?) of a “perfect electron gas” at room
temperature is given by:

m(v?) = 3kT =1020J or v = 105m/s (1.5)

In a metal, in which each atom produces a free electron, there would
he 102 electrons/m?3 and a current of 1 A/mm?, which is typical of currents
in electric wires and resistors. This would correspond to an average veloc-
ity v = 106/1029-19 = 10—* m/s, far below the velocity of thermal motion.
This is not always the case, especially in the majority of high-performance
clectronic circuits, which use very high current densities.

2.2 Magnitude of Electric Current

The magnitude of the electric current crossing a surface with orienta-
tion S is defined by the flux of the vector J across this surface (Fig. 1).

I =//f-ﬁds (1.6)

‘Under certain nonsteady-state conditions, these charges can participate in conductiv-
ity and thus introduce defects in resistors.
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For an element of surface dS about a point P in a material medium,
the corresponding elementary current is written as:

dl = J-ids (1.7)
If the distribution contains only one type of mobile charge, then
dl = p,,v,-ndS (1.8)

The current magnitude is thus an algebraic value. It is positive if the
positive direction arbitrarily chosen for 7 coincides with the direction of
movement of the positive charges.

The SI unit of current being the ampere (A), the current volume is ex-
pressed in A/m? (in practice A/cm? is used). The norm of J represents the
current that crosses the unit of surface perpendicular to J.

J=|J| = dijaz (1.9)
in which d3, = dS cosf and 8 = (7i - J).

2.3 Charge Conservation

We can easily demonstrate* that there is a local conservation of elec-
tric charge according to the relation:

0 >
a—’t’ +divi=0 (1.10)

When there are carriers of several types of a, as in an electrolyte, for
example, these can neutralize one another through recombination. In-
versely, charges of opposite sign can be created during a process of regen-
eration (anion—cation pairs). The conservation of charge for a given type
is, therefore, not respected. In this case we can write:

3 s
—;’;“- = div(—=J) + p. (1.11)

Here p,, is the rate of creation (p, > 0) or elimination (p, <O0) of « carri-
ers. The overall rate for all types of carriers leads naturally to Eq. 1.9.

4Vassallo, op. cit.
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3. STEADY-STATE OHM’S LAW

A material is a conductor if it contains charge carriers capable of moving
on a macroscopic scale. In an insulating medium, however, all the charges
are bound, which reduces the extent of motion to a microscopic value.5

Ohm’s law, which was developed by the physicist G. S. Ohm, is a re-
lation between the electrical currents that appear in a given conductor and
the external factors that produce them. As such, the law does not possess
the universality that characterizes the laws of electromagnetism. We refer
to it as a constituent law or a local relation.

3.1 Conductivity

The appearance of an electric current in a conducting material repre-
sents the disruption of a state of equilibrium. Experimentally, we find that
a current can appear in a conductor if there is a gradient of temperature,
electrical potential, or carrier concentration. In this chapter we will only
examine the case of a current caused by a potential gradient; that is, by a
macroscopic field E, the concentration of carriers and the temperature be-
ing considered as constant.

The relation between the volume vector J and the field E depends on
the environment under consideration and the value of E. Experimental evi-
dence shows that if the deviation with respect to equilibrium is suffi czently
small (the norm of E being less than 1.5-2.4 - 10¢ V/m), the vector J i 18, as
a first approximation, proportional to the field E that caused it. For any
point in the interior of the material, we can write:

->

J=o,E (1.12)

This linear relation is known as the local Ohm'’s law. The coefficient o,
is called the conductivity of the medium. When this relation is verified, the
medium is said to be linear for the phenomenon of conduction. Therefore, o
does not depend on E. lti is also umform if the medium is homogeneous.
In the majority of materials Jis parallel to E, and the medium is isotropic for
this property. Conductivity is then represented by a positive real scalar.

5These microscopic movements can, however, induce polarization and magnetization
currents. For the moment we will simply point out that these do not occur in a steady-state
environment in a nonmagnetic conductor,
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The standard unit for conductivity is siemens per meter (S/m), named
after the engineer W. Siemens. In electronics and electrical engineering we
introduce the concept of inverse conductivity, known as the resistivity of
the medium and generally represented as p, = 1/0, (this should not be con-
fused with the volume charge).

In certain materials J is not parallel to E and the conductivity is then
a tensor that is specified in a given base in a square matrix of nine elements.

oy = [09;](i,j = 1,2,3) (1.13)

In such an anisotropic medium, Ohm’s law is written:

J
=

Anisotropy is directly related to atomic structure. A cubic monocrys-
talline conductor, therefore, possesses isotropic conductivity. A material
such as graphite, however, which consists of a series of layers of material,
is anisotropic. Its conductivity is greater in a direction parallel to the plane
of the layers than perpendicular to them. The materials most frequently
used are polycrystalline or amorphous, and, therefore, are isotropes on the
macroscopic level.

3.2 Electrostatic Equilibrium of a Conductor

The absence of a current vector (.7 =) in a conductor of uniform
temperature and composition defines a state of electrostatic equilibrium.
Such an equilibrium state corresponds to the absence of a macroscopic
electrostatic field at any point within the conductor, EJ = 0. The electro-
static potential is therefore uniform: V, = constant. In a conductor, the
environment relation determines the value of the field without the use of

electrostatics theorems.

3.3 Conductors in a Steady-State Environment
If the conductor through which a steady-state current flows is homo-
geneous, the continuity equation and Ohm’s law imply that:
div(J) = div(ooE) = ay-div(E) = 0 (1.15)

As a result, the field E in such a conductor satisfies the following local
relations:



Chap.1  Ohm’s Law—Resistance 11

div(E,) =0 and E = —grad(V) (1.16)

in which Ein is the component of the field perpendicular to the surface and
V is the potential difference between the two surfaces perpendicular to the
conductor.

It should be noted that the first equation does not necessarily imply
that Em is uniform. For example, in a wire of variable cross- sectlon the
current / is the same throughout any cross-section. As a result J and there-
fore, E, the component of the field perpendicular to Em, vary from one
cross-section to the next according to the following equations:

1= (J,:7#,)8, = (J,+1,)S, (1.17)
oo(E, - 71))S, = oo(E,+11)S, (1.18)

and
(Ey+ i)/ (E, -7iy) = /S, (1.19)

Based on the equation div(I:f ) = p/&,, which is the local represen-
tation of Gauss’s theorem within a conductor, we can deduce, since
div(E ) = 0 inside the conductor, that the average volume charge p is zero
at every point. Consequently, the density of the mobile charges is com-
pensated by that of the bound charges and an excess charge can occur only
at the surface of the conductor.

The volume neutrality imposed by Ohm’s law enables us to state
that in a steady-state environment a nonneutral medium does not satisfy
Ohm’s law. This is the case for resistors subject to high electrical fields,
which induce diffusion phenomena, or that of semiconductors. The rela-
tion J = UOE is, in this case, not confirmed.

4. INTEGRAL FORM OF OHM’S LAW

Consider a segment of an isotropic conductor lying between two sections
S, and S,, between which a steady-state potential difference has been es-
tablished: U =V, — V,. Because the same current / passes through every
cross-section of this conductor, the voltage U and the current / can be cal-
culated from local values of J and E, since:

MI
U =/ E-d¢  and 1=//f-ﬁdS (1.20)
M, Js
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in which M, and M, are the surfaces of the conductor to which the volt-
age is applied, jand E belng connected at every point by the local ex-
pression of Ohm’s law J= (rOE

The relation R = U/I is unchanged if the electric field (and therefore
the current) is multiplied by a constant. Moreover, since [#] and [d;] are ori-
ented in the same direction (o, is positive), R is also positive. We refer to
this as the resistance of that part of the conductor under consideration. It
depends on the type, geometry, and relationship of the conductor to the
electric field. The legal unit of resistance is the Ohm ({}).6

The calculation of the resistance of a homogeneous conductor is based
on the consideration of a tubular current element with an orthogonal cross-
section dS and length dl. Because this tubular element is also a tube of
force, we can write:

dV=—E-df = —E-dl and dI=J-7dS = J,dS = o,E,dS
(1.21)

If the conductor is homogeneous and of constant cross-section S be-
tween the two equipotential surfaces separated by distance L, the electric
field is uniform. Consequently:

U= —/dV=EL and I=//d1= ogoES  (1.22)
L s

Based on this we can express the resistance of a conductor as:

L

R =po

S (1.23)

R dimension in the SI system is L2T-'MQ~2 (p, dimension being
L3T'M(Q~?), which is expressed in ohm.m or in usual units, chm.cm.

5. ELEMENTARY THEORY OF CONDUCTIVITY
(P. K. Drude Model)

In a conductor, the mobile charges are not completely free since they inter-
act among themselves and with the fixed charges in the material, whereas

6The recent discovery of the quantized Hall effect enables us to express a new legal
definition of the Ohm based on the fundamental constants g, = 1.6 X 101 and h = 6.63 X
10734 joule-second. Because the ratio h/q? has the dimensions of resistance, we can use its
value as a standard: h/g2 = 25812.8056 ().
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in an electrolyte the mobile particles are ions that move among neutral
molecules. Interactions are then described as collisions among the different
particles. Interactions in a solid cannot be described as simply, however, and
must be formulated within the framework of quantum mechanics.

However, a phenomenological approach that can be used to calculate
the orders of magnitude of o, was proposed by P. K. Drude’ in 1902. It con-
sists of representing the action of a material medium on mobile charges of
density p,,, contained in an element of volume 4V, through the force of vis-
cous friction. For a given type of charge density p,,,, this force, which acts
against the drift velocity v, can be expressed:

dF, = —avdV  with a>0 (1.24)

Assuming the movement of charges is caused by a macroscopic elec-
tric field E within the medium, the fundamental law of mechanics, applied
(o the element of volume dV, gives:

dF, + dF, = pm‘i—‘; dv (1.25)

where df’: = medV is the electrical force.
If m and g represent the effective mass and charge of the carriers
under consideration, and if < represents their density, then:

=R, and p, =N, (1.26)

This results in the following differential equation:

dv qé a
— =L _ — 1.27
dt m Rm Y (1.27)

which also can be written as:

& v qE
_+_ — —
dt T

= (1.28)
m

where 7= JMim/a. The physical significance of 7, which is uniform for a

given time period, appears clearly if we study the change in velocity ¥ over

time when the electric field is suddenly cut off at a given time taken as the

point of origin. Under these conditions, we have:

) Y=0 for =0 (1.29)
m

dt

"Drude, P. K., Ann. d. Physik, 7 (1902): 687.
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The solution to this first-order differential equation can be expressed
as v = V,-exp(—t/7), in which v, is the velocity at the point of origin. In
this case 7 represents the exponential rate of decrease in the drift velocity3
V. After several 7 this velocity is practically zero and the distribution of ve-
locities becomes isotropic. Since the memory of collective movement is
lost in this situation, we call T the relaxation time. Its value is directly re-
lated to the frequency of collision: As the frequency increases, the energy
that is dissipated increases and 7 decreases.

The solution to the differential equation with the second member can
be obtained by adding to the previous solution a specific solution of the
global differential equation that defines the established environment.

By assuming v = constant, which implies that dv/dt is zero, we ob-
tain, through Eq. 1.28, the relation

The mean drift velocity is, therefore, proportional to the electric field.
The coefficient u, called mobility (in m2/volt-sec), characterizes a specific
type of carrier within the medium. When there are several types of car-
riers simultaneously, the volume current is summed for the different types
of carriers.

The resulting volume current can be expressed as:

J =3 N.g.b, = ooE (1.30)

Ohm’s law such established is based on the limitation of the drift
velocity of the carriers resulting from their interactions with the material
medium.

8The relaxation time is defined by an exponential statistical distribution such that the
probability P(z) that a carrier had not undergone a collision during time ¢ and will undergo
a collision between ¢ and ¢ + dt is:
1
P(t) = —-e"
(0=~
As aresult, the time 7 is simply the average time of flight of the carriers between collisions.
We can also calculate the mean quadratic value:

(#) = /‘mFP(t)dt =272
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In a metal or metallic alloy, an electric current is created by the en-
semble movement of the conduction electrons (carriers which are not
bound to the constituent atoms of the material) with volume density R. As
a result, for w and o, we have:

=2L  ad oy = (1.31)
m m

For the majority of metals and metallic alloys, the order of magnitude
of oyis 0.12 — 6 X 107 ohm™! - m~1.

Based on the measured values of o, and R (R = 8 X 1028 m—3), it is pos-
sible to determine the order of magnitude of 7, which is 3 X 10~!4 s or 0.03 ps.

This small value for 7, due to the low effective mass (on the order of
1.9 times the mass of the electron at rest), shows that the electrons react
very quickly to electrical action. The transition state is thus negligible as
long as the typical durations for the change in electrical fields are consid-
crably higher than 10~14 s (10,000 GHz).

In semiconductors, the value of o is between 105 and 104 S/m. How-
cver, the true distinction between a metal or metallic alloy, a semiconduc-
tor, or an insulator is to be found in the mechanisms by which conduction
occurs, for these enable us to explain the way conductivity varies with
changes in temperature, the applied fields, or the introduction of impurities.

5.1 Conduction in a Sinusoidal Environment

In a sinusoidal environment (time dependence on the variap_les in e~ier)
the equation of motion in Eq. 1.27 becomes (by assuming that E is parallel
lo the x axis):

YA detailed study of conductivity shows that Drude’s relation is only applicable for an
isotropic monovalent metal with a simple conduction band. (In the region of space occupied
hy the solid, the presence of N positive ions creates an attraction potential for the electrons.
But aside from this global action, their local activity is ignored.) However, its application to
melals of more complex electronic structure enables us to provide a semiquantitative de-
seription of conduction phenomena in these metals. In this case, however, the viscous force
must take into account the band structures in the crystal, which implies a quantum approach
10 the theory. Contrary to Drude’s hypothesis, according to which the electrons should obey
i Muxwell-Boltzmann statistical distribution, they obey Fermi-Dirac statistics. Using this
npproach we can apply the Pauli exclusion principle to the electron gas and thus explain the
purticular behavior of conductivity in the transition metals and their alloys, which, as we
shall show, are among the principal materials used to manufacture resistors. Readers who
nre interested in these issues should refer to Y. Quéré, Physique des Matériaux, Ellipse, 1989,
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—miw?, = gE — (1.32)10

or

= Y (1.33)

The current density:

Jj = ———E (1.34)
m 1 — iwt

leads to a complex equation for conductivity:

o=—20 (1.35)

1 —iwT
If wr >> 1, then conductivity can be reduced to the imaginary term:
. ‘SR 2
o= =1 (1.36)

wT mw

The fact that the conduct1v1ty is an imaginary number signifies that Jisin
quadrature with E and consequently that the power dissipated by the Joule
effect is zero.

In a polarizable medium, where there are charges (volume density p)
and currents (current density J), Maxwell’s equations!! can be written:

-> -> -> 2> BE -> a§
divD = p, divB =0, rotB = uyJ + gy o rotkE = o
(1.37)

Applying these equations to a monochromatic plane wave propagatlng
through a conductor and whose spatiotemporal frequency is exp ik 7 — o),
we can write:

ik AB = poJ — ieguowE (1.38)

10]n writing this equation we have ignored the Laplac1an force in the presence of the
electrostatic force. In effect, for an electromagnetic wave (E B) we have |E |/ |B| =c
the speed of light. The relationship between the two previous forces is therefore v/c, which
is negligible.

Jackson, JI. D., Classical Electrodynamics. New York: John Wiley & Sons, 1962,
p. 223.
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in which p, and g, are respectively the magnetic permeability and dielec-
tric constant of a vacuum.

Ohm’s law enables us to rewrite this equation as follows:

itAB = ispomg (1.39)
by introducing the complex dielectric constant:
ioc Rqg* 1
= + — = + . 1.40
E BT, " B w? + iw/T (140)

This expression represents the complex dielectric constant of a con-
ductive medium carrying charges g. In the case of metals and alloys, these
charges are electrons.

5.2 Skin Effect

In the case when wr << 1, the dielectric constant takes the following
form:

T

2
wT
e=¢g ti =eu[1+i—-"—w]

where w, = Mq?/me, is the plasma frequency.!? In this case the dispersion
cquation for a monochromatic plane wave k? = u,ew? leads to an expres-
sion in which k is imaginary:

1+

k= (pooow)'/?- =k' + ik" (1.41)

and the wavelength assumes the form @) = K==K'z The |oss
associated with the imaginary term appearing in k can be characterized
hy the depth of penetration (or skin depth). This is the distance by which

12The plasma frequency or plasmon corresponds to the total oscillation of an electron
gus, resulting in localized charge densities. Given the condition div(f:'. ) =0, a global return
force — qE affecting all the electrons responsible for the charge density is created, such
that if A is the characteristic dimension of the charge density, then we can write
m4 =—Mgq2A, based on which A = Agcos(w, + ¢). These oscillations, called plasma os-
cillations, can be observed by recording the energy losses in a beam of electrons crossing
i thin layer. This measurement reveals a discrete structure, the losses being equal to an in-
leger multiple of the energy associated with the plasmon. For example, the elementary plas-
mon possesses an energy of 14 eV. Depending on whether or not the signals are such that
wt > |, the metals will be opaque to wavelengths greater than A, = c/v,, and transparent
in the opposite case.
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TABLE 1
Skin Depth (mm)

Metal Conductivity (ohm™'m™1) 50 Hz 1 kHz 1 Mhz
Copper 58- 107 9.3 2.1 0.066
Aluminum 35- 107 12.1 2.7 0.065
Gold 4- 107 10.6 2.38 0.075
Silver 6107 9.1 2.03 0.064

the field inside the conductor is reduced by the ratio 1/¢; thatis, 6 = 1/k' =
2/ o w. The electromagnetic wave is thus localized in a layer of thick-
ness d. This is called the skin effect.

In the presence of a pulse w, a cylindrical conductor will present a
resistance of R, to the passage of a current greater than the resistance R,
in a continuous medium, that is R = L/207ré rather than Ry, = L/or? for
a resistance of length, L, and radius, r.

6. JOULE’S LAW

The assumption of friction forces associated with the charge carriers im-
plies that collisions occur with the fixed ions in the lattice. These collisions
must not favor any particular direction. In other words the carrier must
“leave the collision” with a velocity that has a random direction. For this
reason the velocity ¥’ of the carriers as they leave the collisions does not
contribute to the diffusion velocity V.

This implies that the kinetic energy 1/2 mv?2 is lost by the carrier dur-
ing the collision and transferred to the solid. This is known as the Joule
effect. For a given time of flight before collision ¢, this energy is AW =
(qEt)?/2m. The mean value of this energy is obviously given by:

1

(AW) = — (gET)? (1.42)
m

The number of collisions per unit volume is /7 and the total energy

transferred per unit of time and volume is w = R(gE)’mr, from which

we derive:

2

J
w = — (Joule’s law) (1.43)
To
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If the material consists of a cylinder of length, L, and cross-section,
s, subject to a field E, parallel to its length, then it is subject to a current
I=(J - n)s and the energy given off per unit of time is:

W = Lsw or W = RI? (1.44)

7. THE LIMITS OF VALIDITY OF OHM’S LAW

Ohm’s law applied locally assumes, that conductivity is independent of the
value of the applied electric field E. This law is no longer valid when the
relaxation times 7 or carrier densities $i depend on E.

(a) Deviations associated with the relaxation time. Relaxation of the
distribution of the individual velocities of the carriers is only possible if the
perturbation from the electric field E is weak. The constant 7 is the aver-
age duration between two successive collisions; the average distance trav-
eled during this time being the mean free path between collisions A. This
value is related to the mean velocity (v) by the relation A = (v)7. The mean
velocity (v) is independent of E only if the field causes a negligible change
in the mean kinetic energy &,, of the carriers. In the case of a metal, (v) is
very near the velocity of the electrons located near the Fermi surface; that
is, Ve = (v) = 1.6 X 106 m/s, then A =3 X 10~8 m. By assuming that the
field is constant between two collisions, we obtain Ae,, = gEA. The con-
dition of validity for Ohm’s law then becomes:

1
gEN K gy, + Em% (1.45)
Based on which
Em
E K q_A (1.46)

or E<<2.4 X108 V/m. It is possible, however, that the local values of the
ficld near crystal defects or grain boundaries are close to this limit. As we
shall see, this can lead to significant deviations in conductivity compared
with Ohm’s law.

(b) Deviations associated with density. Density can vary, especially if
the kinetic energy gain from the electric field exceeds the creation threshold
of an ionization pair. This can be sufficient to trigger so-called “avalanche”
processes. In such cases current intensity increases very rapidly.
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(c) Nonsteady-state conditions. Charge carriers react to an external
stimulus only after a certain value of 7. If the electric field varies signifi-
cantly during a time 7 that is less than 7, Ohm’s law is no longer respected.
Note that this limit does not impose severe restrictions on the majority of
conducting materials.

8. ELECTRODYNAMICS OF STEADY-STATE
ENVIRONMENTS

The action of an electromagnetic field E, B that is stationary with respect
to a charge g with a velocity v with respect to a fixed reference, is fully
described by Lorentz’s law:

F=g(E+7AB) (1.47)

In a conducting medium all the mobile charges contained in an ele-
ment of volume dV are subject to this force:

dF,, = p,(E + ¥ A B)dV (1.48)

as well as to the interaction of the fixed charges referred to as frictional
forces:

dF,, = —avd¥ (1.49)

Because the force resultant is zero in a steady-state environment, we
can determine the drift velocity as follows:

v = wE + ¥ AB)

and Ohm’s law can then be written:
J= ( + J B) (1.50)
- — A .
Rq A

in which, as above, o, = Rq?r/m.

In the presence of a magnetic field, therefore, the volume current is
no longer colinear with the electric field, even in an isotropic environment.
Eq. 1.50 can be expressed as:

J=[oo(B)IE (1.51)

where [O'O(B)] is the conductivity tensor described by a 3 X 3 matrlx
The electric field thus contains two elements, the first E ,=J /a'0 be-
ing parallel to J and the second E =—j A B/(‘Rq) being perpendicular to
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J. The ratio of these two terms reaches a maximum if Jis orthogonal to B
and is equal to [ulB. We see that it is directly related to the mobility of the
carriers. This effect remains very weak for the majority of conducting ma-
terials, but it can’t be ignored for semiconductor materials and materials of
very low conductivity intended for use in high-ohmic value resistors.

The drift of a resistance that is orthogonal to a field of 1 Tesla in a ma-
terial with a mobility of 4 - 1072 SI (cermet) is on the order of 1,600 ppm.

9. CONCLUSION

Ohm’s law is only a linear approximation that can be applied to conduc-
tive phenomena (resistivity) in crystals. It can be used for all conducting
or semiconducting materials, and enables us to calculate the characteristics
of resistive components produced from these materials. Depending on the
conditions of use or the signals employed, second-order effects will occur
and a practitioner skilled in the art will have to measure these effects
and take them into account when developing components. In the chapters
following we will examine these effects and, on the basis of external con-
straints, calculate their orders of magnitude in such a way as to specify the
conditions under which the validity of Ohm’s law might be called into
question.






2

Reversible
Phenomena
Associated with
Ohm’s Law

1. INTRODUCTION

The value of the conductivity o depends on the physical properties of the
material and can be considered as a characteristic constant for each mate-
rial, when external and internal conditions remain at rest. However, when
not too large external constraints are applied to the materials, reversible
variations result in the ¢’s value. The principal constraints are: tempera-
ture, electric field, magnetic induction, pressure and mechanical deforma-
tion. In examining these effects, we will supply the information needed to
better understand the phenomena under consideration as well as their
orders of magnitude.

According to solid-state quantum mechanics, charges, such as elec-
trons in metals and metallic alloys, moving in a defect-free crystal lattice,
do not collide with the lattice. If the periodicity of the crystal lattice is not
absolutely perfect, however, there is a probability that the carriers will be
diffused by the elements of the lattice. This activity, which Drude, for lack
of a better word, referred to as the force of viscous friction (see Chap. 1),
is responsible for the phenomenon of resistance. To calculate the value of

23
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this resistance we need to obtain the diffusion probability per collision and,
consequently, the time between collisions 27 and the mean free path A.

The phenomena that introduce defects into the perfect periodicity of
the crystal lattice can result from:

1. The movement of atoms around their mean position in the lattice,
caused by an increase of thermal energy

2. The presence of different types of atoms in solid solution in the crys-
tal lattice

3. The complete or partial absence of a lattice (amorphous or liquid
state)

4. The presence of disordered zones at the grain boundaries
5. The presence of holes and interstitial defects in the lattice

2. MATTHIESSEN’S RULE!

One of the most important equations governing the mechanism of conduc-
tion in materials used to manufacture resistors is given by Matthiessen’s rule.
When the mechanisms of carrier diffusion are independent of one another,
the total relaxation time 7 can be expressed by the following equation:
l=l-+-i+... (1.1)
T T1 Ty
in which 7,, 7,, etc., represent the relaxation times associated with the vari-
ous mechanisms of diffusion.
In solid solutions and dilute alloys, the diffusion of carriers by impurities,
holes, interstitial defects, and grain boundaries is independent of temperature.
Equation 1.1 can then be written as follows:

1 1 |
- = +
@ " ) T )
in which (7) is the total mean relaxation time, {7,.) the temperature-
dependent relaxation time (electron-phonon interactions), and the second

term the sum of all relaxation times, independent, or weakly dependent on
temperature.

(1.2)

Ziman, J. M., Electrons and Phonons, p. 285. Oxford University Press: 1962.
Mott, N. F. and Jones, H., The Theory of the Properties of Metals and Alloys, p. 286.
Dover Publications, Inc.: 1958.
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Equation 1.2 can then be written:

Pror = Pre T 2 Pimp (1.3)
n=1

Matthiessen’s rule can only be applied through an approximation, by
assuming that the diffusion resulting from collisions is isotropic. But it
provides “good” orders of magnitude even when we assume that aniso-
tropic collisions occur, and for a concentration of foreign atoms in the crys-
tal sufficiently small to exist in solid solution.

Nevertheless, this equation is extremely useful for developing mate-
rials where 7. 3> X7,., in which the change in conductivity as a func-
tion of temperature will be negligible.

We shall see further on, however, that this condition is sometimes
difficult to bring about because of the activation energies of structures in
which most of the diffusion occurs independently of temperature.

3. REVERSIBILITY ASSOCIATED WITH CHANGES
IN TEMPERATURE

If we assume that each atom in the lattice vibrates with a maximum fre-
quency v, about its equilibrium position, then, following Einstein’s model
for specific heat:
hvp, = kO 1.4
where @ is the Debye? temperature, h is Planck’s constant (6.6 XX 10734 Joule-
sec), and k is Boltzmann’s constant (1.3 X 1023 Joule-deg™).
The binding forces among the atoms introduce a restoring force:
d’e
dr?

M- +be=0 (1.5)

2The Debye temperature is taken from the theory of the specific heat of solids. The
“Debye approximation” assumes that the atomic lattice in a solid vibrates as a continuous
medium, but that the vibration frequency cannot exceed a maximum value, chosen in such
a way that the maximum number of modes is equal to the total number of degrees of free-
dom. We can thus define a “cutoff frequency” v,. To this frequency corresponds a temper-
ature O, called the Debye temperature. Despite its simplicity compared with more complex
theories for specific heat, the Debye approximation has the advantage of supplying a reli-
able order of magnitude for the vibrational energy of the atomic lattice in a solid, and, con-
sequently, for various physical properties associated with it, such as IR absorption,
clectrical conductivity, solid-liquid transitions, etc. Readers interested in these questions
should refer to J. M. Ziman, op. cit.
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in which ¢ is the distance of movement of the atom from its equilibrium
position and —be is the restoring force.

The movement of carriers transmits energy to the atoms, which heats
(electron-phonon interaction) the material (Joule effect) and increases its
resistivity.

The study of interactive phenomena of this type enables us to demon-
strate3 that for high temperatures (T > 200°K) o is proportional to:

p=1/c = {(e=T/MO* T> 0 (1.6)

The resistance is proportional to the absolute temperature. With cer-
tain notable exceptions, for the transition metals especially, this equation
is valid for the majority of the pure metals.

The logarithmic derivative as a function of the temperature of the pre-
vious expression, dp/poT, called the temperature coefficient of resistance
(TCR), has a value of approximately 4,000 - 107¢/°K when the material
(metal or alloy) is pure and free of crystal defects.

The relaxation time varies between 8 - 10715 seconds for Li and
24 - 10715 seconds for Fe, which corresponds to a mean free path on the
order of 200 to 400 nanometers.

The transition metals present exceptions to this rule. For alloys of Ag,
Pd, Ni, and Pt, R decreases when T° increases within certain temperature
intervals. This is due to the electron band’s structure of these metals, in
which s-band electrons can be transferred to empty levels in the d band,
where they contribute to conductivity with increased mobility.*

We will show later on that this phenomenon is used to develop spe-
cially treated Ni-Cr or Cu-Ni alloys in which changes in o with tempera-
ture are as small as possible. In practice, however, conducting materials
possess impurities, crystal defects, and, when in a polycrystalline state,
grain boundaries. Under these conditions the total resistivity of the mate-
rial obeys Matthiessen’s rule (Eq. 1.1).

In general, because of the electric charges associated with the great
majority of crystal defects, impurities, and grain boundaries, the collision
cross-sections between conducting electrons and such defects are much
more effective than electron—phonon’ interactions and, given the electro-

3Mott, N. F. and Jones, H., The Theory of the Properties of Metals and Alloys, p. 224.
Dover Publications, Inc., New York: 1958.

4Ziman, op. cit., chap. 9.
SZiman, op. cit., chap. 6, paragraph 3, p. 226.
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static nature of the disruptive potential, the interaction is practically inde-
pendent of, or only slightly dependent on, temperature.
We then conclude that:
dpror _ dpre

dT°  dT° (4.7

On the other hand, the temperature coefficient given by the equation:

TCR = dpor - = dpr- .
pror * dT pror * dT

will be much smaller than that of a pure, perfect, and monocrystalline
conducting material. This property is also exploited in the manufacture
of resistors (basically thin-film devices) having very low temperature
coefficients.

(1.8)

4. REVERSIBILITY ASSOCIATED WITH CHANGES
IN ELECTRIC FIELD

In Chap 1 we showed that Ohm’s law is based on the assumption that the
vector Jis proportional to the field E. In other words o is independent of
E.In Ge and Si type semlconductors measurements have showed that mo-
bility, u = g7/m, is dependent on E by an equation of the following type:6

m= po(l + BE?) (1.9)

in which S is independent of E.

This equation has been verified numerous times during measurements
of semiconductors.” Its physical origin is based on the rate of increase of
the kinetic energy of the carriers. In effect:

(dW/dt), = force X average velocity = qﬁ '[LE (1.10)

In a steady-state condition this gives:
(dW/dt); + (dW/dt), = 0 (1.11)
in which (dW/dt), is the exchange of energy through electron—phonon

diffusion.

¢Conwell, E., “High Field Transport in Semiconductors,” Solid State Physics Supple-
ment, no. 9, chap. 2, p. 24 (1967), Academic Press.

'Gunn, J. B., J. Physical Soc., Japan (1962); 1813,
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This equation enables us to calculate the effective temperature T’y of
the carriers (this differs from the temperature of the crystal lattice 7°). W.
Schockley’s calculation shows? that:

T: 1
T—g = 5[1 + (1 + Ct(poE/p)?)"? (1.12)

When the drift velocity gE is lower than the velocity of sound v, in the
crystal lattice (v,~5 - 103 meter-sec™!), we can write Eq. 1.12 in an ap-
proximate form as 7,=T - [1 + Ct{(nyE/v)*] and T¢ > T?. But this is a
second-order effect and we can calculate that, for fields smaller than 104
V/M, TS =T°.

This effect, though less significant in materials generally used for
resistors than in semiconductors, is nonetheless sufficiently large to be
mentioned. It leads to the concept of voltage coefficient of resistivity. We
should point out, however, that contrary to the temperature effect, which
depends only on temperature, the voltage coefficient of resistivity is highly
dependent on the geometry of the resistor and especially on its length, since
in the great majority of cases, the electric field is parallel to the major axis
of the resistor. Under these conditions it is easy to show that, based on
Ap/pu= 2BEdE and Ohm’s law J = o - E, the voltage coefficient of re-
sistivity (VCR) is equal to:

AR %

R-AV 283 2 (1.13)
in which V is the voltage applied across the terminals of a resistor of length
L. The dimension of 3 is the inverse of the square of a field L2V2, as pre-
dicted by Eq. 1.9. Its order of magnitude for materials that are frequently
used in resistors is between 10714 and 10~ M2V-2. For a given resistor of
width w and length L, we can see that, for a given voltage, the VCR is smaller
when L/w >> 1 (wound resistors, for example) than when L/w = 1 (thin-
film resistors or cermets). In the majority of applications, this effect can be
considered negligible when the materials involved are not semiconductors.

Measurement of the voltage coefficient is quite difficult because of the
temperature coefficient, which generally masks its effects. Measurement
consists in the application of a series of voltage pulses to the resistor. The cy-
cle and width of the pulses are modified in such a way that, regardless of the
value of the voltage, the power dissipated in the resistor is always the same.

8See for example, R. A. Smith, Semiconductors, chap. 5, p. 160, Cambridge Univer-
sity Press, 1959.
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5. REVERSIBILITY ASSOCIATED WITH
THE MAGNETIC FIELD

The Hall effect and magnetoresistance depend strongly on symmetry in the
crystals of the materials under consideration. In this situation it is highly
efficient to treat the problem from a phenomenological point of view and
use the thermodynamics of irreversible processes. Using this approach,
Ohm’s law can be expressed® by the tensor equation:

E; = py(B)J; + sy R (B) (1.14)
in which the resistivity p; and the Hall constant Ry, are considered to be
functions of the magnetic flux B applied to the material (g is the rotation
tensor such that e, = 0if i =j, i =k, or j =k, and =1 in all other cases).
The Onsager equations!® show that p; is a symmetric tensor dependent
only on even powers of B, whereas R, is an asymmetric tensor dependent
solely on odd powers of B.

p;; and Ry, can be developed through even- and odd-order MacLaurin
series, respectively.!l

In cubically symmetric crystal, whose electrical and mechanical prop-
erties are isotropic, the values of components of p; and Ry, are indepen-
dent of directions and are equal, respectively, to the mean material resistivity
p, and Hall constant R,,. When the electric field is parallel to the x axis and
magnetic induction is parallel to the z axis, Eq. 1.15 is reduced to the fol-
lowing equations:

E. = J(po + £,B? + {,,B}) + J,B(Ry + yuB? + kyB:) (1.15)
E, = J(po + £€,B: + {yB?) — JB,(Ry + yuB: + kB7) (1.16)
E, = J(po + £uB, + {1:B?) (1.17)

IftJ 3 and J, are zero, the first equation determines the transverse effect of
magnetoresistance and the second the Hall effect. The third equation deter-
mines the longitudinal magnetoresistive constants. By neglecting second- and
fourth-order effects in Eq. 1.16 and fourth-order effects in Eq. 1.17 we have:

E,= —J.B,Ry (1.18)
E, = I(p, + ApB? + AAB?) (1.19)

9Casimir, H. B. G., Rev. Mod. Physics. 17 (1945): 343.
100nsager, L., Physical Review. 37 (1931): 405, ibid. 38 (1931): 2265.

"Mason, W. P, Crystal Physics of Interaction Processes, 247. Academic Press, 1966.
Lovett, D. R., Tensor Properties of Crystals, p. 99, Adam Hilger, Bristol & Philadelphia,
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There are numerous applications of the magnetoresistance and Hall
effects. The measurement of the intensity of magnetic induction is one
such application of the Hall effect. The magnetoresistance effect is pri-
marily used in noncontact potentiometer sensors or more recently in
heads for video cassette recorders and hard drives.

New developments in this field are now becoming known and finding
industrial applications. Magnetic super-lattices, stacks of monocrystalline
layers no more than several atoms thick in which magnetic and nonmagnetic
materials alternate, exhibit enormous magnetoresistance. Their change in
resistance when subject to the action of a magnetic field of a few tenths of a
Tesla results in a change in resistance of between 50 and 100% at room tem-
perature. The record magnetoresistances obtained with multiple layers of
Co-Cu make these super-lattices the materials of choice for the construc-
tion of read heads for hard disks and magnetic tape and for high-definition
television!2 VCRs. The phenomenon of magnetoresistance will be covered
in greater detail in Chap. 12, which is devoted to its applications.

6. REVERSIBILITY ASSOCIATED WITH
MECHANICAL FORCES AND DEFORMATIONS

We have seen that temperature is responsible for the amplitude of the vi-
brations of atoms in a crystal around their equilibrium position. This intro-
duced Eq. 1.4, representing the change in resistance as a function of
temperature. However, for a certain number of conductors, the variation of
p as a function of T° is not exactly proportional. The transition metals and
alloys do not obey this law. There are several reasons for this. One of them
is due to the variation of ® (Debye temperature) as a function of the change
in the crystal’s volume. According to Eq. 15 (p/T = ©-2), we can write:
din(p/T) _ _2dln(®).ﬂ (1.20)
dT dv dT
In 1912, Griineisen!3 established a relation between the relative vari-
ation of @ and the relative variation of the unit volume of a crystal:

_ 1 (av _ _din(®)
* = v'(aT) T (.21

12Pour la Science. (French edition of “Scientific American”): 61 (March 1991): 21.
B3Grineisen, E., Ann. Phys. 4,39 (1912): 257.
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in which e, and G are respectively the volume coefficient of expansion and
the Griineisen constant. As a result:

dlog(p/T) _ ,

T aG (1.22)

By combining Eqs. 1.20 and 1.22, we can write an equation between
the change in volume and resistivity:

dlnp _ dlnp 3lnd d av
2P = ZRP ST thatis = 2G- (1.23)
dlnV  93ln6 dinVv p Vv

in which 2G is known as the Bridgman constant e.

Measurements have been made of conducting materials.1# There are
significant differences between the experimental results and theory for the
transition metals. For the most part this is due to the structure of the s and d
bands, which are superimposed on one another. This phenomenon of re-
versible drift due to the action of a pressure (force) is used, as we will show
later on, in resistance strain gauges.

In practice, whenever an isotropic pressure is applied to a resistance
R=p - L/l - e, maintained at constant temperature (L = length, / = width,
and e the thickness of the resistor), we have:
dR dv dL dl de dL

dv
- T =2 (e — 1) — 1.24
A 2 A p te—hy (1-29)

7. CONCLUSION

The effects of reversible phenomena on resistivity, and therefore on resis-
tance, is one of the major factors affecting the performance of resistors.
Depending on the intended use, a skilled practitioner will attempt to either
minimize them, in the case of traditional electronic circuits, or maximize
them. In the latter case, depending on the application, the resistors will be
used primarily as temperature, field, or strain and stress sensors. We will
later show that special materials, known as varistors, in which the phe-
nomenon of the nonlinearity of Ohm’s law as a function of electric field
has been systematically maximized, are very common in circuit protection
applications.

14Mott, N. F,, Proc. Phys. Soc. 46 (1934): 680, England and Griineisen, E. Ann. Phys.
(5) 40 (1941): 543.
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Irreversible
Phenomena
Associated with
Ohm’s Law

1. INTRODUCTION

For the most part irreversible phenomena are mechanisms that perma-
nently modify resistance. There are two reasons for this:

1. achange in the resistivity of the material used

2. achange in resistance caused by phenomena external to the resis-
tive material; for example, insulation loss, mechanical stress, etc.

In this chapter we will only describe those phenomena that permanently mod-
ify the resistivity of solid and thin-film metals and alloys. Cermets will be
treated separately because of their great variety and the number of individual
phenomena that give rise to conductivity (resistivity) in these materials.

Irreversible drifts in resistivity are caused by the effects of tempera-
ture and time on the structure of the resistive materials, and the effects of
the corrosion caused during operation by applied electric fields.

33
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2. TIME-TEMPERATURE EFFECTS
2.1 Kinetics and Diffusion Phenomena

In a solid solution composed of various types of atoms (A and B to
simplify), the concentration ¢ of atoms of a similar nature (A or B) can vary
from one point to another in the solution. The spontaneous tendency of this
system will thus tend toward uniformity. A flux of atoms will leave those
portions of the solution that are rich in A or B for regions that are poor in
A or B atoms. If we take a given direction x within the volume of the solu-
tion, we can define a field of concentration dc/ox in the direction x. This
field is related to the gradient concentration of particles created within the
material by the variation in concentration of the said particles between ad-
jacent volumes. The particles moving in the descending direction of the
gradient and the flux J, are proportional to the gradient such that:

J.=—D- i (1.1)
ox
D is called the diffusion coefficient, or diffusivity. It plays a role similar to
that of electrical or thermal conductivity. The minus sign indicates that the
diffusion tends to homogenize the mixture.

The flux is expressed as the number of particles crossing a unit of
surface per unit time. It follows that the dimensions of D are L%¢~1, gener-
ally expressed in m?2 - sec™!. This law, known as Fick’s law, is formally
identical to Fourier’s law for heat flow. It can be easily generalized to
three dimensions:

J = —D-grad(c) (D is a second-rank tensor) (1.2)

In fact, the flow of particles in a given direction can arise from two
sources: one is naturally the gradient of concentration, but the other is the ac-
tion of an outside force or transport force, under whose influence the particles
move with a given mean velocity (v), creating a flux (v) - ¢. Based on which:

ac
dx

J=—-D

+ (v)-c (1.3)

The first term of the second member is a diffusion flux, whereas the
second term is a transport flux.

In a transient state, when the flux at each point varies with time, Fick’s
law requires the addition of a continuity or conservation cquation, which
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corresponds to a mass balance and connects the change in concentration
per unit of time with the flux gradient:

s

ax ot (1.42)

By combining this with Fick’s law, we obtain the equation for diffu-
sion, which involves the use of second-order partial derivatives:
d _ % dc

ot a2~ oy

This equation cannot be solved analytically as long as D and (v) depend on
the concentration and, therefore, on x and ¢.

(1.4b)

2.2 Nature of the Transport Force

The nature of the transport force can only be determined through the
use of the thermodynamics of irreversible processes. We saw how in the
presence of a charge transport an electric field gives rise to Ohm’s law.
There are other phenomena as well. Table 1 compares five examples of
transport with the corresponding expression of force.

The first item in the table involves the presence of charged particles.
Whereas for electrons or holes we speak of electrical conductivity, for
atoms we speak of electromigration, or electrotransport. The charge g* is
that of the ion or point defect in ionic crystals. In a metal or alloy this
charge can be very different from the charge of the ion.

Thermotransport, or thermomigration, is an important phenomenon
when the materials are not in an isothermal state.

TABLE 1. Transport Forces

Type Expression Comments

Potential gradient q*E g* = effective charge
. Q-dre° .
Temperature gradient T de Q = heat transmitted
aLn(G

Chemical potential gradient —kT*® % G = chemical activation

) dUu . .
Stress gradient o U = elastic potential

Centrifugal force mw?r
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In the case of a nonideal solution, the gradient of the activity coeffi-
cient introduces a transport force.

The effect of the stress gradient is noticeable whenever the elastic
interaction energy of the particle is relatively large. This results in the mi-
gration of atoms in a sample that is subject to elastic deformation and the
diffusion of interstitials, as well as the formation of a Cottrel’s atmos-
pherel, consisting of atoms surrounding a dislocation.

The effect of centrifugal force (for reference) can only be observed
when very high velocities are involved.

2.3 Study and Determination
of the Diffusion Coefficient

We have seen (refer to Chap. 2) that alloys can be described by phase
diagrams correlated to changes in free enthalpy during these changes and
phase transformations. However, velocity parameters required to achieve
these transformations have not been considered or discussed.

This information is, however, basic to our understanding of the struc-
tures involved and consequently of the development of the properties of
conductivity under constraints developed by their practical utilization. The
same is true for other materials, such as thin films and cermets. In the great
majority of cases, phase changes do not affect their thermodynamic equi-
librium without the addition of energy to the system (segregation phe-
nomena, reactions, incomplete oxidation). Yet, these materials often exist
in metastable equilibrium (cermets and thin layers). To understand the phe-
nomenon of irreversible drift, it is necessary therefore to introduce a the-
ory, even a simplified one, of reaction kinetics and diffusion.

The reactions occurring during irreversible changes in conductivity
imply, in the great majority of cases, that there is a movement of atoms or
crystal defects in changing from one configuration to another, involving
energy states with a clearly defined activation energy.

Let us assume that the free enthalpy of the system to which an ion
(or atom) belongs can decrease by AG = G, — G, <0 if the ion moves
from position 1 to position 2. The problem then becomes to calculate the
change G(x). In going from position 1 to position 2, this change generally
involves a maximum that corresponds to the activated state 1’'. We there-
fore define AG* = G,. — G, as the enthalpy of activation or energy of acti-

IPhilibert, J., Diffusion et Transport de Matiére dans les Solides, Chap. X, p. 430. Edi-
tions de Physique, 1985.
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Fig.1 The change G(x) assumes the form of the curve shown above. There
is a peak, or energy barrier, that must be overcome for the system to
move from point 1 to point 2. It is obvious that the threshold veloc-
ity will depend on the “height” of this barrier, and thus of AG*.

vation of the system. The change in G(x) assumes the appearance of
Fig. 1; it shows a peak, or energy barrier, that must be overcome to mini-
mize the free enthalpy.

It is obvious that the probability of crossing the barrier will depend on
the height AG* of the barrier.

The “force” acting on the ion and which enables it to cross this bar-
rier consists of the vibrations of frequency v, which depend on the struc-
ture. We know that the mean energy of thermal agitation is proportional to
kT, but its distribution is not uniform and follows Maxwell-Boltzmann sta-
tistics. At a given moment, some ions will have an energy greater than the
threshold AG*. The number of ions with this energy is proportional to exp
(—AG*/kT®).

The number of jumps will obviously be proportional to:

I = v-exp(—AG*/kT°) in sec™! (1.5)

Those processes that cross the activation barrier are said to be ther-
mally activated. Their velocity depends on T° and increases with it. They
govern all transformations in metallic alloys such as increase in grain size,
tempering, case hardening, creep, etc.

This equation is known as the Arrhenius rate law.
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A large number of failure mechanisms of electronic components are
based on failure mechanisms that depend on Arrhenius-type phenomena:
the diffusion of atoms to privileged sites in a crystal, the ability to overcome
potential barriers, oxidation, etc. It would be useful, therefore, to be able to
predict reliability based on specific tests. We can define a temperature-time
equivalence parameter. Let us assume, to use a simple example, that the ac-
ceptable failure threshold can be determined by the number N of atoms that
have diffused into the grain boundaries. The velocity of diffusion is v=
—dN/dt =T - N,in which N is the number of atoms that have undergone the
transition 1 = 2 at time ¢ (assuming first-order kinetics). We can then write:

= IV _ Nx(—AG*) therefore d—N—vex(—AG*)
Y ar UV e ) O N P\

(1.6)

If at temperature T, and time ¢, the failure threshold S, =1—0.434
Ln(N,/N,) has been reached (N, being the number of atoms that have not
yet diffused at time ¢ = 0), we can easily demonstrate that for a tempera-
ture 70 and a time ¢, these two parameters are related by the equation:

P = Ln(s,) = [ L_ "LL(’)} (1.7)

T° AG*

This is the time-temperature equivalence parameter. If the phenom-
ena satisfy the Arrhenius rate law and if the activation energies do not vary
with temperature or if an increase of temperature does not introduce any
other activation energy term, then knowing the transformation velocity at
a given time ¢, and temperature T} enables us to predict the effects of a tem-
perature T at time ¢,.

In reality, the processes are not always so simple. Very often there is
competition between two or more reactions in parallel, as, for example,
during the thermal repair of crystal defects and grain growth, or the diffu-
sion of oxygen followed by oxidation. Figure 2 represents two reaction
paths for the passage of an atom in position 0, 0, 0 to the vacancy position
1/2, 1/2, 1/2. It is obvious that with the slightest distortion of the lattice,
path 1 will have a greater probability of occurring than path 2, but the two
phenomena are equally present.

The orders of magnitude for AG* and v are respectively measured in
tenths of an eV and from 1012 to 10 5! If we select AG* = 0.6 ¢V and
v =28 - 1012 (representing a vacancy position for pure aluminum), then
I' =800 s~! at 300°K and 3.7 X 10 s~! for 900°K. We see there is consid-
erable acceleration of the diffusions with an increase in temperature.
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Fig. 2 Interstitial diffusion. The distortion of the crystalline structure is

smaller in case 1 than in case 2. Consequently AG} < AG’ and case
1 will have a greater velocity.

In fact, the reactions that occur in resistive materials, regardless of type,
depend on the process of germination, the movement and repair of crystal de-
fects, and grain growth. It is very difficult to treat these very complex situa-
tions analytically and we must often resort to the use of empirical solutions
involving smoothing or statistical regression of the experimental results. We
could, for example, use a velocity equation of the following form:

d 1
7); = Const?- 7! -exp(—z AGl/kT0> (1.8)

in which y can represent various properties of the material, including
resistivity.

For example, take a simple cubic lattice which contains a radioactively
tagged atom and where a represents the interplanar distance. Because this
is not a very realistic example, since there is no known crystalline element
with this lattice structure, we avoid introducing geometric complications
in our model and arrive at a result that can be generalized to the lattices of
metals and alloys (body-centered cubic, face-centered cubic, etc.).

After n jumps with a mean time ¢t = n/T", therefore, the tagged atom
has moved a vector Z(t) from its point of origin. Because we are in an
isotropic medium, the mean value (E(t)) is zero. On the other hand, the
length of the displacement is not zero on the average. The atom follows
a random path whose distance is nA and whose standard deviation is
a + (n)'2, Therefore,

(L(t))* = na®* = l'a’ (1.9)
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Equation 1.9 represents the displacement of an atom based on its random
movement. Consider the movement of this atom in a solid bar such that the
x axis is oriented along the length of the bar’s axis. The concentration will
be uniform in each atomic plane, but it will vary from one plane to another.
Although the atoms move by means of random jumps, the observable re-
sult is diffusion in one dimension; that is, between two atomic planes P,
and P,, which are contiguous with the abscissas x and x + a. An atom will
jump from one plane to another with a frequency I'/6 (one of the six ele-
mentary jumps possible). On surface P, the number of atoms is ca (the
mean number of atoms per unit cell is ca® and there are 1/a2 unit cells per
unit of surface). The number of atoms moving from P, to P, per second
therefore is c(x)al'/6, and the number of atoms making the jump from P,
to P, is ¢ (x + a)al’/6. The two opposite currents do not neutralize one an-
other if there is a difference in concentration between contiguous planes.
The flux will therefore be:

J, = al'/6[c(x) — c(x + a)] = —aTc'(x)/6

Comparing this result to Fick’s law, we obtain an expression of the above
coefficient such that:

D = Ta?/6 = I';a* (1.10)

The coefficient D is on the order of 10725 cm? - s~! at room temperature,
but increases very rapidly with temperature (10712 at 500-600°K).

In the presence of a transport force F,T will obviously have a differ-
ent value depending on the application direction of the force. In other words,

P, =Ty,
We can write a limited expansion:
Fio, = F(1 + &) (1.11)
Fooy =F(1 —¢) (1.12)
based on which
(v)y = a-(F,o, — Fooy) = 2edF, (1.13)

Expressing the net thermal energy kT per jump in the direction of the ap-
plied force corresponding to the work exerted by that force over distance
A, we get:

kT°(F\oy — Fyuy)/F, = Fra (1.14)

e = (1/2)F -a/kT (1.15)
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and

(v) = FD/KT (Nernst—Einstein equation?) (1.16)

2.4 Diffusion Mechanisms

In our discussion so far we have only examined the case of an inter-
stitial diffusion as shown in Fig. 2. This diffusion occurs much more eas-
ily when the diffusing atom is small in comparison to the atoms in the
lattice. Carbon, a small atom, diffuses through steel in this manner. In fact,
C, O, N, B, and H undergo interstitial diffusion in the majority of crystals.

The second mechanism is vacancy diffusion. When zinc diffuses
through brass, for example, the zinc atom, similar to copper in size, is un-
able to find an interstitial site. The zinc must wait for the appearance of a
vacancy, that is, an unoccupied crystalline site, in its neighborhood before
it can diffuse. This is the most frequent mechanism of diffusion in crystals
(Fig. 3).

Interstitial and vacancy diffusion in crystals can sometimes be short-
circuited by diffusion along grain boundaries or dislocations. Grain bound-
aries behave like flat channels, two interatomic distances in width, with a
local diffusion coefficient that can be, all other factors being equal (such
as temperature), 106107 times greater than the interstitials and vacancies,
whose D values are of the order of 10718 cm?2 - sec™! (Figs. 4 and 5). The
center of a dislocation can also behave like a conducting “wire” for dif-
fusing atoms, with a cross-section of the order of (2a)?, where a is the
interatomic distance between the grains or dislocations. If the diameter of
the grains is small and there are many dislocations, their contribution to the
total diffusion flux can be significant.3

The movement of atoms around dislocations and grain boundaries
in crystals is used to measure creep, an important phenomenon in strain
gauges.

These competing mechanisms lead to deviations from the Arrhenius
rate law and it is often difficult to determine their relative effects in a given
crystal. For this reason there are very few situations in which Eq. 1.5, us-
ing a single activation energy, is sufficient to explain and predict irre-
versible changes in resistivity.

2Philibert, J.. op. cit., p. 31.

3Geiger, G. H. and Poirier, D. R., Transport Phenomena in Metallurgy. Chapter 13.
Addison-Wesley, 1973.
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Fig.4 Diffusion at grain boundaries.

Fig. 5 Diffusion of dislocations.
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Aside from irreversible phenomena in resistive materials, there are
many phenomena governed by diffusion. The majority of them are used in
manufacturing processes. These include:

Annealing homogenization
Phase transformation
Precipitation

Creep plastic deformation
Oxidation

2.5 Permanent Changes in Resistivity

In terms of conductivity, if the crystals under investigation are perfect
and monocrystalline, there could be no irreversible phenomena associated
with Ohm’s law since the lattice atoms would be indistinguishable.

This is obviously not the case, however, and conductivity will vary
as a function of time and temperature through Matthiessen’s law (Chap. 2,
Eq. 1.2).

Diffusion caused by vibrations of the crystal lattice at temperatures
below 800—1000°K is responsible for temperature-dependent conductiv-
ity; it is isotropic by definition. On the other hand, diffusion or collisions
with crystal defects such as interstitials, vacancies, and dislocations are not
isotropic.

If o, is the total collision cross-section of the electron-defect interac-
tion, the mean free path A is given by 1/A = Ny:0, in which N, is the
number of defects per unit volume. The relaxation time 7,,, is given by:

1
—— = NytVr0, 1.17)
Timp
in which v is, as was shown in Chap. 1, the electron velocity at the Fermi
level.

From Matthiessen’s rule, each defect will contribute to the resistivity

(conductivity) according to the following formula:

m 1 m 1 | ]
—_— e, = — _— + - 1.18
prot qu TTOT qu [TT" 2 Timp ( )
That is:
m 1 !
Pror = W [‘; + ENdchr‘ﬁ] (1.19)
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to which are added effects “external” X N.,,, to the material, such as oxi-
dation, nitriding, and corrosion phenomena.

We see that the resistivity will depend on the sum X N, of the defects,
the number of atoms in solution, and the number of dislocations per unit
volume in the material. This parameter being a function of temperature and
time as shown by the equations developed previously, the resistivity will
undergo an irreversible drift.

These effects are far from negligible. In fact, the vacancies and inter-
stitials have a Ap,, ;, on the order of 4 - 1071% - N, in a metal such as Cu
or Ni.

It is generally acknowledged that the number of such vacancies and
interstitials in a metal or alloy that has been work-hardened and then an-
nealed is on the order of 10~13 to 10~15 cm?2, which results in a very signif-
icant contribution to the total resistivity.

To this must be added the influence of grain boundaries and disloca-
tions, for which we estimate that Ap is roughly 67 * 10717 * Nyt . boundaries
ohm - cm.

The influence of external parameters is also very significant, since an
atom of oxygen removes one or more conduction electrons from the mate-
rial. This will have an effect on X Ny through distortion of the crystal and
the introduction of interstitials, but also on the number of carriers per unit
volume N.

The variation in time of N will follow Fick’s laws.

Crystal defects will be eliminated through diffusion along grain
boundaries and along the surfaces and boundaries that form “wells” (va-
cancy defects will also be created at temperature equilibrium). On the other
hand, the same surfaces will become “sources” for “external” effects.

Two examples will help illustrate the above concept. We will assume
a resistor composed of a thin-film material of thickness 1. The surfaces of
this film form the defect-suppression wells.

Figure 6 represents the dynamics of eliminating vacancy saturation at
the surface of a resistive film of thickness d. At time #, the vacancy density
N, within a given thickness is represented by curve 0, which changes with
time (and temperature) in the direction of curves 1, 2, and 3. Curves 2 and
3 represent the density N, at times ¢, and ¢,, and temperature T3. This
“healing,” if it is the only factor involved, will introduce a negative drift
in the resistance.

The solution of the diffusion equation in a transient state is obtained
in this case by separating the variables. The solution assumes the form
Ny(x,t) = X(x) - T(t) and Fick’s equation becomes:
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Fig. 6 Change in time of elimination of vacancy saturation.

1dT _ 1 d’X 5
s 1N W Ll (1.20)

The solutions to these equations can be written as:
T=-exp(—¢{2Dr) and X =Asin ({x) + Bcos({x) (1.21)

The initial and limit conditions determine a series of values {,, A,, and
B,. In Fig. 6 we have N(x, 0)=N, and N(x,7) =0 for x=0, x =d, and
t > 0. Under these conditions:

Nd](:,t) _ % i [ (2n j; 21)2172 -Dt] Sin[(zn +d1)7rx)]
’ (1.22)

n:l

The terms where n = 0 decay very quickly. We can approach the solution
to times that are not too short, through:

Nd(x,t) S i |:_1T_2 :| s [E]
—N o exp e Dt | sin 7 (1.23)

(2]
in which D depends on the temperature as shown by the above equa-
tions. The number of vacancies still present at time ¢ per unit of surface
is Ny(t)= war: Ny(x,t) in which N,,=N_d. That is, by neglecting the
transients:

2
ﬁ—a Dr] (1.24)

N,(t) = N,, exp[— e
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A similar approximation leads to the same laws for cylindrical shapes.*

N _ [_5.784Dt]
Nio(0) € T (1.25)

This equation can be applied to wound resistors in which the resistive ele-
ment is a wire.

Dislocations and segregations follow the so-called Cottrell-Bilby
laws.5 That is,

N(t) = Ct- DYt Dy2/n+2) (1.26)

When the size effect is dominant (for example, thin-film media), » = 1 and
the system kinetics vary with £253.

2.6 Oxidation of a Metal or Alloy

Oxidation involves the diffusion of an element from a gaseous atmos-
phere together with a chemical reaction involving the formation of a com-
pound. The same considerations apply when the diffusing element belongs to
column 6 (oxygen, sulfur) or 7 (halogen), or to other elements supplied by a gas
whose molecules contain that element (methane, ammonia, borane, silane, etc.)

Figure 7 represents the growth of an oxide layer on a metal or alloy
M, the diffusion of oxygen occurring through the presence of vacancy de-
fects. The oxide layer displays a composition gradient; that is, a gradient
with deviation d from stoichiometry.

The chemical diffusion coefficient comes into play during chemical
reactivity with a gas (oxidation, sulfidization, etc.) and governs the growth
of the layer of the reaction product (oxide, sulfide, nitride, etc.) of a metal
or alloy in a reactive atmosphere.

The oxidation mechanisms are expressed by four laws of growth. The
depth of oxidation follows a parabolic, linear, logarithmic, or cubic law.

Metals that appear in the materials used to manufacture resistors (Cu,
Fe, Co, Ni, etc.) generally obey a parabolic growth law. The rate of growth
of the oxide layer is inversely proportional to the thickness of the previ-
ously created oxide layer and proportional to a constant K, which is char-
acteristic of each metal:

%z _ K

1.27
dt b4 ( )

“Philibert, J., op. cit., p. 423.
5Cottrell, A. H. and Bilby, B. A., Proc. Phys. Soc. London. A 62, (1949): 49-62.
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Fig.7 Oxidation of a metal.
from which we derive:
7 = (2Kyt)"? (1.28)

in which z is the thickness of the oxide layer at time 7 and K,, is an oxida-
tion constant (in L2 - s71). As a first approximation, the constant K|, is pro-
portional to the difference in composition of the oxide between the outside
surface and the metal/oxide interface, and to the coefficient of diffusion of
the oxide in the metal.6

We saw in Chap. 2 that metallic resistive elements in resistors were
often made of binary alloys of Ni—Cr or Ni—Cu. Because the stoichiome-
try is one of the important parameters governing performance, it will be
worthwhile studying the conditions under which this stoichiometry varies
during oxidation. In an alloy of type A-B, A can oxidize easier than B or
vice versa. In the case of Ni—Cr alloys, chromium oxidizes more rapidly
than Ni and the material will undergo a phase change. We must, therefore,
look for solutions to Fick’s equations that satisfy the specific constraints of
the change of phase. In the case of Ni—Cr, since Cr oxidizes more easily,
the oxidized layer grows rich in Ni. In this case we can demonstrate’ that
the concentration of Ni is expressed by the following equation:

6Jastrebski, Z. D., The Nature and Properties of Engineering Materials. p. 492.
J. Wiley & Sons, 1977.

Philibert, ., op. cit., p. 207.
TPhilibert, J., op. cit. pp. 20-24, 387 391,
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c(z,t) = Bl + Al -erf(z/2VDt) (1.29)

in which D is the coefficient of heterodiffusion of Ni in Cr.
The oxide-metal interface obeys the following law:

& =2CVDt (1.30)

A1, B1, and C depend on the limit conditions at the surface for t =0 and at
the interface £ for 1 > 0 (Fig. 8).

To calculate the effect of these disturbances on the resistance drift as
a function of time-temperature, time-oxidation, and other parameters, the
values in the equations (of c, etc.) are introduced in the equation (of p) and
the change calculated for a given resistor geometry by applying the inte-
gral Ohm’s law as shown in Chap. 1.

However, given the nature of the phenomena described above, we see
that it is very difficult to predict irreversible changes in resistance in con-
ducting materials. These changes are a function of the various and com-
peting mechanisms (healing, diffusion, oxidation, etc.) that occur. The
relative size of these effects will depend strongly on the history of the ma-
terial under consideration as well as its environment. Similarly, an analy-
sis of fundamental causes based on experimental results should make use
of several measurements and correlations between the measured drift and
experimental conditions. This is further complicated by the fact that the
drift is also the result of interface variations and contact resistance, as we
will show in the chapter on the “environment.”

Nevertheless, we can predict a number of different types of behavior:
Resistors made from Ni—Cr or Ni—Cu alloys, whose geometry is such that
surface effects can be neglected compared to volume, will have negative ir-
reversible drift compared to the value of the resistance at time ¢t = 0. This is
basically due to the arrangements of the crystal and defect elimination (at
least if the applied temperature is not high enough to result in phase changes).

These materials will thus behave in accordance with the Arrhenius
and Fick laws. This can be corroborated from the positive drift in TCR,
which will vary in relation to Matthiessen’s rule.

Similarly, resistors manufactured from thick-film cermets, heteroge-
neous materials “packed” with defects, as a first approximation will conform
to the laws of Arrhenius and Fick, and their activation energies can be de-
termined from their behavior in response to changes in temperature and time.

8This function is called an “error function.” It is expressed by the equation
t .
Joe(x)dx = 1/2erf(t/V/2), in which ¢(x) is the normal Gaussian function. It can be found
in standard tables of mathematical formulas.
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The behavior of thin-film materials (thickness =10,000 nm), however,
will be governed primarily by defect healing, giving rise to negative drift.
This drift quickly becomes positive (after several hours at 425°K) however,
since it will then be governed by oxidation phenomena. If the changes in-
troduced from external sources such as contact resistance and mechanical
effects are sufficiently weak, the TCR of the resistor or material will drift
positively and then negatively.
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Fig. 9 Variation in resistivity of an Ag-Pd-Pd0 cermet as a function of tem-
perature and time. Illustration of the Arrhenius rate law.

Figure 9 represents the shift in resistivity of an Ag-Pd-PdO cermet
layer as a function of temperature and time. The shape of the curve shows,
to a good approximation, that the aging of thick-layer cermets follows an
Arrhenius rate law. The curve shows a singularity around 550°K, however,
probably related to a phase transformation in the glass or alloy.
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Resistive Materials

1. INTRODUCTION

Conductive materials used to manufacture resistors can be classified into
three main categories:

(a) Metals and solid alloys in thermodynamic equilibrium. Their elec-
trical properties will depend on the intrinsic crystalline structure of these
materials and the metallurgical methods employed in their production.

(b) Thin-film materials obtained through evaporation, sputter depo-
sition, electrolysis, and chemical vapor deposition of solid materials of the
same nature as those above. Their electrical properties will, for the most
part, be dependent on the impurities introduced during their formation,
conditions of thermodynamic disequilibrium compared to their bulk struc-
ture, and their thickness (from a few nanometers to several micrometers).

(c) Very heterogeneous structures in the form of disordered mixtures
ol conventional conducting materials, dielectrics, precious metals (Ag, Au,
I't, ete.), or oxides. Their electrical properties will no longer depend on the
crystal structure of their components but primarily on the random and topo-
logical nature of the mixtures,

51
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2. METALS AND SOLID ALLOYS
The alloys commonly used in wirewound power, wirewound precision, and
bonded rolled foil resistors are of the Cu-Ni type (constantan), Cu-Mn-Ni

(manganin), and Ni-Cr.

2.1 Copper-Nickel and Copper-Manganese-Nickel
Alloys

Cu-Ni alloys form a single substitutional solid solution in a face-
centered cubic lattice for all compositions (Fig. 1).

1500

1453°C
1400
1300
1200
100~ -~ "~ Sol.
1083°C
1000 1 1 1 Il | It 1 | |

10 20 30 40 50 60 70 80 90 100 %Ni
100% Cu

Fig.1 Cu-Ni phase diagram.

A copper atom contains one electron more (Z=29) than nickel
(Z=128).! Consequently, if a nickel atom is replaced by a copper atom, we
can assume—and this turns out to be the case in practice—that the lattice
will be unchanged and that a disordered solid solution will be obtained.
Figure 1 shows the variation in resistivity as a function of composition.
However, at a concentration of around 50% (atomic composition) nickel,
X-ray diffraction as well as magnetic anomaly studies suggest the exis-
tence of a Ni-Cu super-lattice that exhibits nearest-neighbor ordering. The
alloys used to manufacture resistors are selected from mixtures similar

1Z represents the atomic number of the material, which is equal to the number of elec-
trons orbiting the nucleus of the neutral atom. The atomic weight represents the sum of all
the particles contained in the neutral atom.
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to this. The electrical characteristics of the alloy with around 50% Cu are
the following:2

Resistivity: 6065 ufl - cm
TCR: 150 ppm/°C

This alloy, which has long been used for wirewound power resistors, has
now been replaced in many applications by Ni-Cr alloys.

It is also used to create electro-welded ohmic contacts, using very thin
(a few tens of um) laminated ribbon.

Ternary alloys of Cu-Mn-Ni generally consist of Cu (84% atomic
composition) —Mn (12% atomic composition) —Ni (4% atomic composi-
tion). In this form, their electrical characteristics are as follows:?

Resistivity: 50 p() - cm
TCR: £ 150 ppm/°C

Used for a long time to manufacture wirewound resistors, constantan and
manganin have been supplanted by Ni-Cr alloys. Because of the weakness
of the Seebeck effect in Ni-Cr alloys compared to copper, they have been
used as terminal wires in resistors. Unfortunately, this characteristic is ac-
companied by poor thermal conductivity (40 W - m~! - K~! compared to 400
lor copper). As aresult of the progress that has been made in optimizing heat
transfer, and the weak temperature gradient observed in recently developed
resistive components, they have been replaced by copper wire or ribbon.

2.2 Nickel-Chrome Alloys

At room temperature the phase diagram for nickel-chrome alloys (Fig.
1) consists of only two solid solutions, referred to as « and y by analogy
with ferrite and austenite in the iron-carbon diagram. The first, similar to

‘The temperature coefficient of resistivity, TCR, of a resistor is the relative change in
1w value as a function of temperature. It is determined by the equation TCR = dp/pdT for
the resistivity of the material and TCR = dR/RdT for the resistive component. Chapter 2
describes in detail the mechanisms of conduction on which the TCR is based.

'lurukawa, Reilly, and Saha., Rev. Sei. Instr 35 (1964): 113,
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Fig.2 Nickel-chromium diagram (Hansen). Dashed line: incompletely known
curves.

chrome, has a cubic-centered crystal lattice, whereas the second, similar to
nickel, has a face-centered cubic lattice.

Because of the slope of the boundary between the single-phase y do-
main and the two-phase domain, alloys with approximately 60% Ni, when
cooled slowly, precipitate the a phase in the form of parallel sheets in the
v solution. Unless they are quenched, a similar precipitation of the y solu-
tion in the « solution can be observed in chromium-rich alloys, the bound-
ary between the single-phase o domain and the two-phase domain being
particularly far from the vertical.

The most commonly used nickel-chrome alloys are found in the
single-phase y domain.

The most common alloy is made of 80% (atomic composition) nickel
and 20% (atomic composition) chromium. This alloy maintains its mechani-
cal strength up to high temperatures and is very resistant to heat oxidation.

The alloy is used as a base material for wirewound power resistors
and foil resistors, its high resistivity and sufficiently weak TCR (less than
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+150 ppm/°C) making it a very suitable material. Nevertheless, certain
operating conditions require that complementary metals (Cu, Mn, Al, etc.)
be added.

In general, the alloy will deteriorate through local flaking of the pro-
tective oxide film. It is important to provide this film with good adhesive
properties, which is accomplished through the addition of very small
amounts of calcium, cerium, or zirconium.

The use of this alloy in high-precision® resistors requires that, in order
to reduce the TCR by one of the mechanisms explained earlier, part of the
chromium be replaced by iron or copper, and part of the nickel by alu-
minum, which also provides increased resistance to creep.

The result is a quaternary alloy containing 77% (atomic composition)
nickel, 15% (atomic composition) chromium, 5% (atomic composition)
iron or copper, and 3% (atomic composition) aluminum. Depending on the
manufacturer and the variance in Fe or Cu content from the stated values,
the alloy is sold under the names Karma,> Moleculoy, etc.

Following appropriate thermal treatments to remove any structural
defects introduced during manufacture (rolling, etc.), the electrical prop-
erties of this alloy are as follows:

Resistivity: 130 2 - cm
TCR: 0 ppm/°C at 25°C + 3 ppm/°C between —55° and 125°C
and in some cases as low as 1 ppm/°C (foil resistors)é

2.3 Conduction Mechanism in Magnetic Alloys

We have seen that the Cu-Ni and Ni-Cr alloys with traces of Fe, Cu,
or Al are characterized by high resistivity and very low temperature co-
cfficients, which contradict the electronic theory of conduction in metals

4Manufacturers and users traditionally characterize high-precision resistors as having
tolerances on the order of 0.05% of their rated value, a TCR less than +5 ppm/°C, irre-
versible drift below +500 ppm at 125°C, and 10,000 hours of operation. This usage has
been well established by the profession and is reflected in the official standards.

SFurukawa, G. T. et al., Rev. Sci. Instr. vol. 35 (1964): 113, American Physical Society.

¢A number of measurements by alloy producers and resistor manufacturers have shown
that the representative TCR curve for this family of alloys as a function of temperature has
the form: AR/R,=A(T— T+ B(T'- T,))* + C(T'— T,)} in which T, = 25°C, R, is the re-
sistance at 25°C, and A, B, and € are constants that are characteristic of the material, such as
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and alloys discussed in Chap. 1. It would, therefore, be worthwhile to ex-
amine the specific mechanisms of conduction in the transition metals and
their alloys. The specific properties of the transition metals are associated
with the existence of 3d shells, which are gradually filled before the 4s
shell when atomic number increases. This phenomenon is corroborated
by X-ray scattering and by optical measurements (change in reflectivity),
as well as by measurements of specific heat, magnetic susceptibility, and
finally, resistivity.

The high resistivity of these metals and alloys can be interpreted
as resulting from the high density of d states at the Fermi level,” unlike
ordinary? metals. This density explains the ferromagnetic behavior of
these metals and alloys. More specifically, the model can be summarized
as follows:

1. Conduction is basically provided by s-band electrons. In effect, if
we assume the existence of two independent bands, the total conductivity
o is the sum of the conductivities associated with the d and s bands:

miq 27'i

m;

o = o, + o,in which o; =

(1.1)

in which R, is the number of electrons s or holes d per atom, 7, the relaxa-
tion time at the Fermi energy, and m; the effective mass of the electrons in
the s and d bands, both of which are assumed to be parabolic. Because the
d bands are narrow and nearly filled, it follows that n(Eg) >> n(Ep),
m;>>m_ and 0, << o,

2. The high resistivity and weak dependence of the temperature
coefficient TCR on temperature are governed by s <=> d transitions.
Electron-phonon or electron-impurity diffusions caused by the perturbing
potential in the lattice cause transitions between a conducting s state and
nonconducting d states, with a probability that is dependent on the per-
turbing potential, n,, and the spin state of the electron.?

A=1x1.10%B=4.108+ 1.10"%and C = 1071, The respective values of these constants
vary within specific intervals depending on the heat treatment applied and the impurities pre-
sent in the alloy.
"Mott, N. FE. and Jones, H., The Theory of the Properties of Metals and Alloys. op. cit.
8Janot, C. et al., Propriétés électroniques des métaux et alliuges. Ecole d’Eté de
Royan. Masson & Cie, France, 1971.

Fert, A. and Campbell, . A., J. de Phys. F: Met. Phys. 6 (1970): 849,
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In other words, the d band forms a trap into which the s electrons are
diffused and where they no longer contribute to conduction. This is con-
firmed in detail from conductivity studies on alloys of transition metals
with monovalent metals. The Pd-Ag alloy is typical in this respect. For a
given composition, the conduction electrons no longer exist in sufficient
numbers to fill the d band in the palladium, and the resistance increases
sharply. This is also the case for the Cu-Ni alloy when the Ni content is
40% atomic composition or greater (Fig. 3).

Moreover, because of the spin of the s- and d-band electrons, scatter-
ing is considered inelastic through application of the Pauli exclusion prin-
ciple. As a result the conduction electrons are much more closely bound to
the form of the free-energy states near the Fermi level than in the classical
model, and some electron-phonon scattering is forbidden to them. This phe-
nomenon is the source of the TCR anomalies in transition metals and their
alloys, and in particular of the low value of the TCR around 300°K.

| I
Pd 10 20 30 40 50 60 70 80 90 100%Ni
Ag 80 0% Cu

Fig. 3 Rexsistivity of alloys.
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Solid solutions of Cu-Ni and Ni-Cr alloys help increase this tempera-
ture independence through distortion of the lattice. Moreover, the presence
of Fe increases the probability of inelastic interactions, thus contributing to
increased temperature-independent scattering. This effect is magnified in
Ni-Cr through the presence of a Ni,Cr super-lattice and short-range order
(approximately 900—1100 nm) in the 540°C zone of the phase diagram.
Experiments show that this phase, by a mechanism that is still only poorly
understood, is partly responsible for the 10% greater resistivity at 300°K
than at the y phase, as well as for the low value of the TCR.

3. THIN FILMS

3.1 Thin Films in Use: Description and
Electronic Properties

In the previous section we saw the usefulness of the electronic proper-
ties of the transition metals and their alloys for manufacturing resistors.
These alloys are an obvious choice for the production of thin-film resistors.

Two materials are commonly used in the manufacture of thin-film re-
sistors: Ni-Cr and tantalum nitride.

Ni-Cr is obtained by vacuum evaporation or sputter deposition from
a Ni-Cr alloy target. The composition of this alloy can vary between 60 and
80% (atomic composition) Ni. Experiments show that the deposit also con-
tains oxygen, carbon, and impurities that are introduced by organic vapors
in the vacuum systems and other miscellaneous contaminants from the sur-
rounding enclosure. The electrical properties of these thin films when they
are deposited on 98% pure Al,O;!' ceramics are as follows:

Resistivity: varies between 200 and 400 uf) - cm
Sheet resistance:'2 between 15 (/M and 300 (./H
TCR: between +150 ppm/°C (depending on the conditions of
deposition and any subsequent heat treatment)

10We refer to “thin films” as conductive, resistive, or dielectric materials that are de-
posited on substrates of different shapes and composition in the form of films whose thick-
ness varies between 100 and 10,000 nm.

lIDifferences in the expansion coefficients of thin films and their substrates introduce
variations (see Chap. 9 on precision resistors) in the resistivity and TCR of resistors, de-
pending on the nature of the substrate. These variations can be calculated.

12Sheet resistance is expressed in {}/square or {}/B. This cquation is calculated
by taking a resistor of identical length and width L, and thickness ¢, which yields the
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Fig. 4 Resistivity of deposited Ta-N vs. partial pressure of N,.

Tantalum nitride is deposited by reactive sputtering in the presence of
a plasma containing nitrogen.

In its pure, solid form, Ta is not a very attractive material for resistors.
It has a resistivity of 13 u£) - cm with a TCR of approximately 4,000 ppm/
°C. However, when it is deposited under the conditions indicated above,
we increase the Ta,N phase. This phase has the same crystalline structure
as the B phase of thin-film tantalum, which is tetragonal.!3 But the structure
and chemical composition of the nitrides of Ta are strongly influenced by
the value of the partial pressure of nitrogen and the temperature of the sub-
strate during deposition. The conditions for forming a stable thin film are
obtained using partial pressures of nitrogen greater than 107 torr, as shown
in Fig. 4,14 as well as substrate temperatures above 180°C.

With a greater concentration of nitrogen, TaN can also be deposited.
Under these conditions the resistivity of the material obtained, measured
on the films located among the plateau of Fig. 4, is around 250-300
ui) - cm, with a TCR of approximately —80 to —100 ppm/°C.15

cquation R/M = pL/elL = pfe, where p and e are expressed in similar dimensions (for
cxumple, €} - cm and cm).

"The B phase is thermodynamically stable only in its thin-film form and does not ex-
151 as solid tantalum.

l4Berry et al., Thin-Film Technology. [D. Van Nostrand], Princeton, 1968.
Couts, T. J. Active and Passive Thin-Film Devices. p. 91. Academic Press, 1978,

""The ultimate electronic properties of the films are obtained only after annealing
nt carefully determined temperatures for a predetermined period of time. The anneal-
ing conditions vary depending on the charneteristios of the films, which are measured
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Other materials are also used for thin-film resistors. These include Ni-
P alloys obtained by chemical deposition (Kanigen metal) and the oxides of
tin obtained by pyrolysis of tin chloride. These materials are principally em-
ployed in the manufacture of thin-film resistors on 96%-pure Al,O; ceramic
bars. The electrical performance of these resistors is generally far below
that of resistors made with high-purity alumina substrates. However, they
do have the advantage of operating at higher temperatures without damage.

Hafnium diborate is also used for high temperature applications such
as the printer’s thermal heads.

The new integrated passive electronic components (IPECs) are pro-
duced on silicon substrates such as semiconductor components. Besides
the Ni-Cr and Ta,N, materials like chromium silicon or titanium tungsten
are used to build resistors on these IPECs.

3.2 Conduction Mechanisms in Thin Films
and the Origins of Nonreversible Drift

Using Drude’s approximation, electrical conductivity in a metal also
can be applied to metallic thin films. In this case the film must be contin-
uous; that is, its thickness must be high enough that the metal phases form
a continuous medium without the presence of disconnected metallic clus-
ters. However, when the thickness of the film is of the same order of mag-
nitude as the mean free path of the carriers, the condition of isotropy on
which Drude’s treatment is based is no longer satisfied and the conditions
at the limits of the Boltzmann transport equation (see Chap. 1) must ac-
count for it.

Although we will not discuss the development of their arguments,
Fuchs!6 and Sondheim demonstrated that if oy is the conductivity of the
solid metal, o the conductivity of the thin film, and { the ratio between

immediately after deposition, and are considered an element of the manufacturer’s techni-
cal expertise.

16Fuchs, K., Proc. Cambridge Phil. Soc. 34 (1938): 100.
Sondheim, F. H. Phys. Rev. 80 (1950): 401.
Sondheim, E. H., Advan. Phys. 1 (1952): 1.
See also the summaries in the following references:
Maissel, L. I. and Gland, R., Handbook of Thin-Film Technology. Chap. 13. McGraw-
Hill, 1970.
Chopra, K. L., Thin-Film Phenomena. Chap. 6. Huntington, NY: Robert E. Krieger Pub-
lishing Co., 1979.
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the thickness of the film d and the mean free path [ of the carriers ({ = d/I),
the ratio between o and o varies according to the following equations:

gr_y_3
p 1 8 (>1 (1.2a)
? =%, [111(1/() + 0.423] {1 (1.2b)
B .

If we assume that a fraction p of the carriers (0 = p = 1) is elastically
diffused following a collision with the surface of the film, an impurity, or
a grain boundary, Egs. 1.2a and 1.2b become:

or_,_30=p)

—— 1 57 {>1 (1.2¢)
or _ 381 + 2p) [ln(l/g) + 0.423] (<1 (1.2d)
Op 4

The ratio p can thus vary as a function of temperature and impurities
or defects in the metal. Under these conditions, if a; is the TCR of the thin
film and e the TCR of the metal or solid alloy, the ratio az/ay is governed
by the following equations:

ap _ . _ 31 —p)
= % (> 1 (1.32)
o - ! [ << 1 (1.3b)

ay  In(1/7) + 0.423

Figure 5 represents the change in resistivity at 300°K of gold films de-
posited on mica as a function of the thickness of the film.

In practice, for thin films used to manufacture resistors, { will always
be quite close to 1. This means that by systematically introducing impuri-
ties or crystal defects, changes in p can be used to create resistors that con-
form to the desired performance.

The thickness will also have an effect on the TCR curves and, in the
case of Ni-Cr, these will be negative at low temperatures and positive at
lemperatures greater than 25°C.

The process of manufacturing thin films involves the bombardment
of a substrate with the constituent atoms of the film. These coalesce on the
substrate, creating films whose crystal structure is extremely disorderly
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Fig. 5 Change in resistivity of a gold film deposited on mica as a function
of film thickness. The dashed line represents the limit of resistivity of
gold in its solid state.

and which possess an extremely high defect density (especially vacancies
and interstitials). Through the Timp COMponNent (Matthiessen’s rule), this re-
sults in an increase in resistivity compared to that of the metal and solid al-
loy. The irreversible drift that occurs during operation, which depends on
temperature and time, can be controlled by activation phenomena that fol-
low the Arrhenius law. In this way measurements have been made of the
activation energy of a vacancy in gold deposits (0.54 eV).

In practice, crystal defects are not the only cause of such drift. The
most drastic changes in resistivity over time are due to oxidation and cor-
rosion phenomena caused by chemical reactions arising in the thin film
from ionic components, humidity, and the electromigration of impurities
and metal caused by the electric field.

The following chapters on thin-film resistors will provide a fuller
analysis of these phenomena and demonstrate the various methods used to
prevent them.
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3.3 Substrates

Although the above remarks primarily concern thin-film components,
we need to consider the nature of the substrate used in discussing these phe-
nomena. It is in fact more appropriate to discuss the behavior of a “system”
formed from a thin film and a substrate rather than an ideal thin film with-
out substrate.

From this point of view the influence of the substrate on the elec-
tronic properties and behavior of the film should be as neutral as possible.
But tests performed on films of Ni-Cr have shown that the results of irre-
versible drift as a function of temperature and time were significantly im-
proved when using alumina and silicon substrates rather than glass. There
are a number of factors that we need to take into account when selecting a
substrate, depending on the desired performance of the “system.” Table 1
summarizes the selection criteria of such substrates as a function of the
thin-film criteria selected.

We see, therefore, that the substrate must satisfy a number of criteria
in order to obtain high-performance thin-film devices. It is worth repeat-
ing that, despite the inherent physical qualities of the film and its environ-
ment (contacts, etc.), it is the thin film-substrate unit that is principally
responsible for the final performance of thin-film resistors.

The most commonly used substrates are porcelain, alumina-based ce-
ramics between 96% and 99% pure, sapphire, and surface oxidized silicon.

TABLE 1

(’riteria of Substrate Selection Results with Thin Films
Smooth atomic surface Film of uniform density

Clean surface Good adhesion

Goaod flatness Well defined geometry

Nonporous No outgassing

Cuelficient of expansion oy No limitations if «, is almost equal to the a; of the film
Fhermal conductivity Minimize high T° gradients

I'hermal stability Minimize thermal deformations
Chemical stability No contamination

High insulation resistance No insulation defects

| ow cost Obvious benefit for industrial applications
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The best of them (99% Al,O,, sapphire, and silicon) are used for integrated
networks of precision resistors.

4. THICK- AND THIN-FILM CERMETS
4.1 Conductivity Mechanism

Cermet is the generic name for a group of materials formed from mix-
tures of conducting and insulating materials (cermet = ceramic plus metal).
Physics treats cermets as solid composites formed from mixtures of differ-
ent materials. In this sense the electrical properties of cermets can be ex-
plained and predicted using topological methods based on the theory of
percolation. This theory will also be used to account for the properties of
certain amorphous thin films.

The percolation models for cermets are based on the composite struc-
tures of conducting and insulating grains. The theory consists of determin-
ing how a series of conducting sites (conducting grains) that are randomly
distributed in a two- or three-dimensional space among insulating sites (in-
sulating grains) are interconnected, and in measuring the resistivity of the
material as a function of the relative concentration of conducting and in-
sulating grains.

One of the models illustrating this concept is supplied by a random
mixture of conducting and nonconducting!? balls of the same radius. We
use a container closed on the top and bottom, and filled with a certain ra-
tio p of copper-plated balls and 1-p insulating balls. The change in con-
ductivity (Fig. 6) is represented by a curve of the following type:

o(p) =oo(p — p.)f (1.4)

in which p, is a critical threshold of concentration beyond which there is
no conducting path. The value of the threshold (p, = 0.27) is a universal
constant present in all percolation phenomena, o, is the value of the con-
ductivity of a single path, and 3 is equal to 2 near the threshold p, but varies
with the nature, topology, and concentration of the conducting material.
Onto this model are superimposed the effects of the position disorder of the
balls (which make direct calculation of the conductivity of the recipient
when filled with conducting balls impossible) and of the composition of

17“Applications de la percolation.” Groupe de Physique des syst¢émes désordonnés,
Ann. de Physique, 1982.
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Fig. 6 The curve above represents the variation in conductivity of the mix-

ture as a function of the ratio p, where p = number of conducting
balls/total number of balls.

the material, represented by the random presence of conducting or insulat-
ing objects. This last type of disorder is the only type that is important when
cvaluating the critical behavior of the system, represented by 8.18 Figure 6
represents this phenomenon graphically.

In practice, the model is complicated because of differences in the size
und inherent density of the insulators and conductors in the mixture. This
means that 8 =1.35-1.50 and p_ varies between 0.10 and 0.27.1°

Theoretical and experimental studies of conductivity of such media
in alternating current show that the critical threshold varies with fre-
quency. Interpretation of these phenomena also shows that the simplified

*We can also study the behavior of mixtures of this type by examining their fractal
dimensions, which lie between 2 and 3.

9Clerc, J. P., “Effet de tuille et d'anisotropie en percolation en relation avec la
conductivité,” Thesis. University of Provence, 1980,
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percolation model does not take into account all the effects of conductiv-
ity. This model must be accompanied by a more complex model of a ran-
dom network of conducting threads and inter-grain capacities. This model
can be used to explain both the frequency response and the noise phenom-
ena that are specific to these materials.

Figure 7 represents the conductivity of the glass-Ag cermet as a func-
tion of the silver concentration:

Lg(1/p)
106 —J

105._

10 A

108

, . — Lg(C-CyAg
102 10 10°

Fig. 7 The x axis represents the Napierian log of the difference between the
concentration of Ag and the threshold concentration. The y axis rep-
resents the log of conductivity.

We see that in this case p, = 0.1 and B = 1.45.

A mixture of diallyl-phthalate and carbon black, for example, will
give p.=0.25 and B = 1.38. Despite the considerable differences in the
nature of the materials used in the first example of Fig. 6, the orders of mag-
nitude for p, and 3 are the same, which supports the model.

4.2 Thick-Film Glass-Metal Cermets

The electrical and mechanical properties of these cermets will be de-
scribed in greater detail in the following chapters, which discuss their use
in the field of electronics. Here we will describe some of their individual
properties to illustrate the physical phenomena and mechanisms described
above. Their manufacture requires high temperatures, and they are used in
resistors and conductors. They consist of mixtures of glass beads (whose
diameter is between (.5 and several microns) with a low melting point and
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free of ions (borosilicates), and of fine metal, alloy, or oxide particles (their
size is between several nanometers and a few tens of nanometers). Organic
products (terpenes, resins, etc.) with low evaporation points are added to
the mixture to control its rheology. Inks are deposited on ceramic substrates
(Al,O, or any other ceramic material) by silk screening, using masks to
represent the circuit geometry. The cermet is heat treated at low tempera-
ture (T° < 600°K) to eliminate the organic binder. The temperature is then
raised to the melting point of glass (T° between 1000 and 1400 °K) so that
the material coalesces. The thickness of the film after heat treatment is
approximately 20—25 microns.

4.2.1 Conductive cermets Conductive cermets are made from
mixtures of glass and metal. They are characterized by a resistivity of ap-
proximately 25-40 m{)/M. Their TCRs are generally smaller by several ten
percents than those of the solid metals used in their composition. The fol-
lowing metals are used:

Silver: This mixture is still used for hybrid film applications. Its re-
sistivity is around 25-35 m{}/M. Unfortunately, silver migrates easily un-
der the influence of an electric field and humidity (electromigration).

Gold: This mixture is used when semiconductor chips require the
presence of gold-silicon eutectic connections. The cost of this cermet is
high, however; and its solderability poor.

Gold-Platinum and Palladium-Gold: These mixtures are the most
commonly used in hybrid films and for the conducting elements in resis-
tors. Migration is minimal and solderability very good.

4.2.2 Resistive cermets The “resistive” cermets are character-
ized by aresistivity between 100 and 104 ()/M. One of the difficulties in de-
veloping this type of cermet is caused by the variations in the threshold
value p,. For this reason, and to reduce the scattering of ohmic values, the
metal is replaced with oxides or complex mixtures. The values of the co-
cfficients of resistance as a function of temperature (TCR) and voltage
(VCR) reflect the semiconducting properties specific to these materials, in
which conductivity phenomena are very sensitive to changes in the elec-
tric field, temperature, and the glass-oxide interface. Thus, the TCR and
VCR are generally negative and range between —100-500 ppm/°C for
TCR and —10-30 ppm/volt for resistors in which the length/width ratio
is of the order of two. The following materials are used in their construc-
tion: oxides of thallium, rhenium, ruthenium, etc. The resistivity of these
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materials, which are mixed with lead-borosilicate glasses, when sintered on
ceramic substrates, ranges between 50 ()/H and 10¢ {)/M for thicknesses
of 20-25 pm.

4.3 Thick-Film Organic Cermets

Cermets of this type are used in consumer goods, in which the cost of
ceramic substrates is prohibitive, or in potentiometric movement sensors,
because of their resistance to wear.

In the case of conducting cermets, the glass binder is replaced by
various polymers of the diallyl-phthalate type. The composition and
the dopants used are generally kept confidential by the manufacturers
of these materials.

In resistive cermets the various oxides are replaced with carbon black
embedded in a polymer matrix. Under these conditions, although Ohm’s law
still holds for this material, the conductivity is not linear with the field, even
as a first approximation (it is only linear within small variations of the elec-
tric field). This is caused by the specific mechanisms of electrical conduc-
tion among the particles of carbon black. Conduction is highly dependent on
the interfaces and takes place by tunneling between particles, the probabil-
ity of an electron jump being highly dependent on the field and the compo-
sition of the interface.20 The overall effect of conductivity is also highly
sensitive to contact resistances between the material, and the current and
voltage electrodes. This resistance is generally not ohmic, and a typical space
charge effect at the conductor-cermet interface is produced. Figure 8 shows
the nonlinearity of Eq. 1.4 for cermets of this type. Because of this, it is prac-
tically impossible to predict the resistivity and behavior of these materials
based on their inherent characteristics. The only reliable measurements are
those made on components manufactured from these cermets.

The TCR of these materials is always negative (approximately —
1000-5000 ppm/°C) as is the VCR (on the order of —0.1%/volt).

4.4 Thin-Film Cermets

Thin-film cermets are heterogeneous mixtures of conductive and di-
electric materials of varying types and structures. The difference with
thick-film cermets resides in their thickness and methods of production:

vacuum deposition or sputtering in a reactive plasma. As with thick-film

2Enid Keil Sichel., Carbon Black Polymer Composites. Marcel Dekker Inc., 1982.
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Fig. 8 Nonlinearity in organic cermets.

cermets, the conductivity of thin-film cermets is very sensitive to even mi-
nor changes in relative composition and structure, and the theory of per-
colation is the tool of choice in analyzing their electronic properties. The
important factor in resistors using this type of structure is not the resistiv-
ily of the conducting phase, but the way in which the various crystallites
ure interconnected.

Using this approximation, it has been shown?! that the conductivity is
governed by tunnel-effect phenomena among the crystallites, as well as by
diffusion at the grain boundaries of crystal clusters.

Mayadas and Shatzkes??2 have shown that when the mean free path A, (A,
includes all diffusion mechanisms, impurities, defects, etc.) is smaller than the
uverage diameter of the grains in a polycrystalline thin film, which is the case
with thin-film cermets, diffusion at the grain boundaries and their orientation

HChopra, K. L., Thin Film Phenomena. Robert E. Krieger Publishing, 1979.
2Muayadas, A. F. and Shatzkes, M., Phys. Rev. B1(1970): 1982,
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with respect to the electric field are among the principal factors governing con-
ductivity. The size and orientation of the grains are controlled by the conditions
under which the film has been deposited, such as rate of deposition, the energy
of the atoms reaching the substrate, temperature of the substrate, etc. The size
of the grain and its related effects thus depend on the methods of preparation
and are not inherent properties of the general structure of thin films.

If we apply the assumption that the grain boundaries are defined by
Dirac functions, we can apply the Boltzmann transport equation under
these conditions and calculate an overall relaxation time for all the diffu-
sion mechanisms by using Matthiessen’s? rule. Mayadas and Shatzkes also
obtained a relaxation time 7, as a function of the parameter a,, which
describes the geometry of the grain and its collision cross-section:

_ A D

(r)y 1—D
in which A, is the mean free path of the solid material, {r) the average grain
diameter and D the coefficient of diffusion of the grain boundary. The ratio

of the conductivity of the thin film to conductivity of the solid material is
given by the equation:

a (1.5)

IE = flag) =1 — 22 4 362 — 3adin(1 + 1/a))  (16)
Op 2

in which o is the conductivity of the thin film and o is the conductivity
of the solid material.

In addition, Mayadas and Shatzkes have shown that the grain size,
again by means of Matthiessen’s rule, also controls the material’s TCR. We
can thus estimate that the TCR of an Ni-Cr thin film containing Cr (Cr,05)
oxides is very close to zero for (r) = 50 nm, which has been experimen-
tally verified. The other conduction mechanism is a tunneling effect be-
tween conducting clusters. The conductivity is proportional to

o = ggexp[—(8E/kT)"] an

in which 8F is the electrical field between the conducting clusters and
n (=1/2) varies with the nature of the dielectric?* at the boundary of the

2Matthiessen’s rule states that the scattering mechanisms for the charge carriers re-
sponsible for conductivity act independently of one another. This rule is covered in greater
detail in Chap. 3.

24A detailed discussion of the mechanisms of field effect conduction is beyond the
scope of the present work. Interested readers may wish to consult K. L. Chopra, Thin Film
Phenomena, Robert Krieger Publishing Company, 1979, along with T. J. Coutts, Active and
Passive Thin Film Devices, Academic Press, 1978.
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cluster. The TCR of such a mechanism will vary according to the follow-
ing relation:25

' 1
TCR = 8E - (kT)"? cot[2w8E - (kT)**] — T (1.8)

In the current model, the TCR is inversely proportional to temperature and
the TCR of thin-metal films is positive. Consequently, by means of
Matthiesen’s rule, this effect is often used to obtain very low TCRs, often
below +5 ppm/°C, through controlled oxidation of thin-film metal alloys.

Table 2 lists the principal thin-film cermets with their electronic
characteristics.

The behavior of cermets subject to irreversible drift due to the effects
of temperature and time, or of an electric field, is much more difficult to
determine than in the case of conventional thin films.

Although the antagonistic phenomena discussed in Chap. 2 for the
most part follow the Arrhenius law and thus have activation energies, they
act simultaneously and the final effect results in a semi-empirical model,
as shown by the following equation:

AG®
AR/R = Ct-t"-exp [—2 — (1.9)
kT

TABLE 2

Film Material Resistance in {}/H TCR in ppm/°C
NiCr (50:40 at.) CrO, O, (7:3 at.) 20-200 +5
('r-Si-O, (24:40:36 at.)b 100-4000 +250
C'r-Ti (35:65 at.) 250-650 +150
('r-SiO (70:30 at.)¢ 600 —100 to —1000
('r-CrO, [3] (50:50 at.) 10-1000 —500
$n0,f 3-10 ~1000
‘TaN-TaN £ 100-500 —200 to —25

“Personal communication from Sfernice Research Department.
"Personal communication from Sfernice Research Department.
'E. R. Layer and H. R. Olson, Elec. Mfg. v. 58, p. 104 (1956).
“W. O. Freitag and V. R. Weiss, Res. Dev., p. 44, August 1967.
“Personal communication from Sfernice Research Department.
/l.. Bolland and G. Siddal, Vacuum, v. 3, p. 375 (1955).
*Personal communication from Sfernice Research Department.

T, 1. Coutts, op. cit., pp. 165 204,
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This model includes phenomena involving the diffusion of oxygen
at grain boundaries or on the surface, grain growth, defect healing, and
oxidation. Equation 1.9, in which n ranges between 1/2 and 3/2, has of-
ten been verified during aging measurements of thin films as a function
of temperature.

In general, specialists will use any physico-chemical means available
to obtain energies of activation that are as high as possible so as to minimize
irreversible drift. For example, Figs. 9—11 represent changes in resistivity
as a function of temperature and time for Ni-Cr-Si and Ni-Cr-Cr,0, cermets.

These figures illustrate the phenomena described in Chap. 2. In Fig. 9,
the aging curve at 430°C is typical of the healing of vacancy defects,
interstitials, and dislocations. After an increase in resistivity, likely due
to surface oxidation (Cr = Cr,0,), the oxide layer thus formed acts as a
protective barrier of depth z [oxidation follows an A - erf (z/(Af)'?) law,
refer to Chap. 2]. The resistivity then decreases sharply as a result of the
high crystal defects). This is corroborated by the sudden change in TCR
(Fig. 10), which goes from a negative to a strongly positive value.

R
/Ro
1.2
1.1
0
\,
0 300 °C
—0.97 0 322 °C
® 370 °C
x 390 °C
% 430 °C

T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 (h)
Fig. 9 Variations in the value of a normalized resistance of a sputter-
deposited Ni-Cr-Si film as a function of time and temperature.
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Fig. 10 Variation in TCR of the film shown in Fig. 9 as a function of the
same temperatures and time.
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Fig. 11 Normalized drift curve for a Ni-Cr-Cr,0, film at various tempera-
tures with respect to a reference T, - T, = 573°K, ¢, = 1 hour, the
activation energy of nging has a value of 2.1 eV, and A, = 50 nm.
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The drop in processing temperature gradually reduces the rate of de-
fect healing, as shown by the aging curves at 390°C, 370°C, 322°C, and
300°C, in such a way that the process is progressively governed by oxida-
tion phenomena. This is corroborated by the reduced growth of the TCR.

Figure 11, which illustrates the irreversible long-term drift of a Ni-
Cr-Cr,0; cermet, confirms the fact that, for low temperatures and after
the initial suppression of crystal defects, aging is controlled by oxidation
phenomena, which increase the resistivity of the film.

5. CONCLUSION

The materials used to produce resistors require complex manufacturing
procedures, which are certainly comparable to the techniques used in the
semiconductor industry. In particular, the need to obtain materials with
high resistance to mechanical, electrical, climatic, and thermal wear, to-
gether with TCR near 0 ppm/°C, has required very close collaboration
among metallurgical research laboratories, alloy developers, and resistor
manufacturers.



5

Noise Phenomena

1. INTRODUCTION

In Chap. 1 we showed that current density in a resistive or conductive ma-
terial is proportional to the applied electric field if its value is less than the
ionization threshold of the atoms in the material. Chapters 2 and 3 dis-
cussed the reversible and irreversible drifts occurring in these materials.

There is, however, another phenomenon, which invalidates the pro-
portionality relationship between electric field and current. In fact, experi-
ments show that the current crossing a resistive material or resistance
contains arandom component that modulates the average current. This ran-
dom component, which degrades the performance of the resistor, is noise.
Chapter 5 covers the mechanisms and sources of noise in resistors and the
methods used to measure and minimize them.

2. ORIGINS OF NOISE

Noise in electronic components arises from sources that are part of the com-
ponents or the system itself, or from external sources. An external source
of noise is referred to as interference. The sources of interference, whose
origins are extremely varied, can be identified and eliminated through
shiclding or other methods. This is not true, however, for sources within the

78
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component. We have seen in Chap. 2 that when the temperature in a mate-
rial is different from 0°K, fluctuations occur in the average distance among
atoms in that material. This is also true for the charge carriers (electrons in
the majority of phenomena involving resistors) responsible for current flow
in the material. This movement is the primary cause of noise, which can be
broken down into two main sources: thermal noise and current noise, the
latter being often referred to as excess noise or 1/f noise.

2.1 Thermal Noise

In Chap. 2 we saw that in the case of diffusion phenomena that do not
involve a transport force, the mean displacement of an atom from its point
of origin is zero. The linear displacement, however, is not zero and pos-
sesses a variance equal to:

(L(£)*) = vA2t = 2Dt = 2MkTt (1.1)

in which A is the interplanar spacing, v the jump frequency among crystal
sites, D the coefficient of diffusion, and M the mobility of the components
of the system in the thermal environment with respect to the length L(¢).
This equation is considered to be absolutely universal, as was shown by
Einstein,! and it can be applied to any observable parameter. Then, it can be
applied to charge carriers or electrons in a crystal lattice subject to thermal
fluctuations. In this case:

(8¢%) = 2GkTt (1.2)

in which G is the conductivity and G = 1/R (dependent on the mobility).
In this way, in a 1-ohm resistor (G = 1 ohm™!) at a temperature of 300°K,
measurement of the charge fluctuation at the ends of the resistor is ap-
proximately (8g®)12 = 1010 coulombs per second. In other words the re-
sistor displays a current equivalent to 10710 amperes. Obviously this could
also be applied to the average displacement speed of the carriers subject to
the action of an electric field. Shortly after Einstein’s work, Langevin? ana-
lyzed Brownian movement by considering, as Drude had done for Ohm’s
law, the restoring forces with a relaxation time 7. His work is a model of
its type and a pleasure to read, and culminates with the equation that is
commonly referred to as Nyquist’s or Johnson’s formula, or as white noise,

'Einstein, A., Ann. Phys. 17 (1905): 549 and Ann. Phys. 19 (1906): 289, 371.
2Langevin, M. P, Comptes Rendus Acad. Sci. 140 (1908): 53().
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because the spectral density of the voltage is a function that is independent
of the frequency for all octaves:

<V*> = 4RkTd, (1.3)3
f

in which T is the temperature of the resistor in °K, R the value of the re-
sistance in (), k Boltzmann’s constant (1.38 - 10723 J - K°-1), and df the
range of a frequency band of arbitrary width.

This equation is equivalent to Einstein’s formula above. It shows that
thermal noise increases with temperature, frequency, and resistance. Its
value is not insignificant. For example, a 100 k() resistor at a temperature
of 300°K has a root-mean-square (rms) noise of 4 1V when measured with
un instrument that has a 10 kHz bandwidth. When the resistor is used as an
input impedance for an amplifier system in which the gain is a function
A(f) of frequency, the response due to white noise is equal to:

<V = 4kT/ooR(f)|A(f)|2df (1.4)
0

in which R(f) is also dependent on frequency.

2.2 Excess Noise, Current Fluctuations

If N(¢) represents the random number of charge carriers present in a
volume V of a conductor and if v,(¢) is the velocity along the axis on which
w current of charge g associated with N(#) is measured, then:

N

I(r) = %2 70 (1.5)

lIsing this equation it can be shown that the variance o of the current fol-
lows an equation:

q2

o? = 7 (o3 <v>? + o2<N>) (1.6)

in which o is the variance associated with the fluctuation in the number of

virriers and o is the variance associated with the fluctuation in velocity.

4RKTdf

‘I'he correct form of the Langevin equation is <v}> = 7 in which 7=

1 /R, 1. being the self-inductance of the resistance. I = (2mfr)

Pinet, D., “Le Bruit de fond en I/f comme critere de qualité des résistances en couches
minces.” Thesis. University of Montpellier, 1987,
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We can estimate the size of o} to determine the excess noise.

When the average current is not zero, the velocity vector of carriers is
formed from two components: thermal velocity V7 and Vp, the drift veloc-
ity caused by electric field E. Then v = vy + ¥p.

With each isotropic diffusion, the thermal velocity with absolute
value ||V;| is equally distributed over a sphere of radius k7/m (m being the
mass of the carrier). After each diffusion, the velocity |V, |, which is always
parallel to the field, assumes a value dependent on the acceleration of the
electric field: v, = gE/m + v,, the constant v, depending on the structure
of the material’s conduction bands. As an example, v, = 0 in a covalent
semiconductor and V. = —av, in polar conductors, where a is a constant
depending on the conductor material. We can express this in terms of the
variance, as follows:

ol = 031 + a’ﬁp .7

When the average current is zero, o, = 031, and the white noise de-

scribed in the previous paragraph reappears. That is:
kT kGT
ol =— ad o} =— (1.8)
m T
in which 7 is the relaxation time between each collision of a charge carrier.
When the average current is not zero, a'%,D can easily be calculated
based on the following diagram, in which v, still follows the direction of
the current. Figure 1 represents the shape of v,
Calculation of the mean and mean square of v,—v, yields the
following:5

_ 9E () _ o B ()
(vp — v.) = ﬂ_(T)— and ((vp = v)%) = o 0 (1.9)
consequently,
oy, = ((vp = vo)*) = ((vp —vo))* = qmb; [ét()) - (;t()) )2] (1.10)

5Pinet, D., “Le Bruit de fond en 1/f comme critére de qualité des résistances couches
minces.” Thesis. University of Montpellier, 1987.

Savelli, M. et al. l/f Noise as a Quality Criterion for Electronics Devices and Test Mea-
surements. Association Technique de 1’Electronique, France, 1984.

Pinet, D. er al., “1/f Noise in Thin-Film Resistors.” Ninth International Conference on
Noise in Physical Systems. Montreal, May 1987.
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(which is the classical statistics theorem). Equation 1.5 can then be written:
kT | q°E? [ (£) ( () )2]
2=+ . - 1.11
&= T e 20 (L1D)

Since the mean current density in a resistor of length L is equal to
(I) = (N){v)q/L, then the mean current becomes:

0 =L L8]

L 2m  (t)
from which:
gE _ [ (DL _ ]M
2= (12
liquation 1.11 can now be written:
2 _ KT [ﬂ& _ ]2
oy = + 2N v,| F(t) (1.13)
in which
_ 4300
F(t) = () 1

If N does not fluctuate, the current variance is expressed by the equa-
tion (I?) = g*(N)(v?)/L* In general we can say that:

2 KGT | 1 oy ALE

where I, = g/L(N)v.
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In semiconductor materials and other covalent materials, /. is zero; however,
itis different from zero in non-polar conductors, as quoted above. White noise
is again present, along with a noise component that depends on the mean
value of carrier relaxation and the number N of carriers per unit volume. When
the distribution of ¢ follows Poisson statistics, it can be shown that F(¢) equals
onef and the spectral density of current noise is also independent of frequency.
This would be useful if we assume that carrier diffusions are isotropic. But
we have shown that this is not the case, at least for crystal defects and ions
contained in the material. The distribution cannot, therefore, be Poissonian,
and it has been shown’ that, under constant conditions, F () has the form 1/f.

2.3 Noise Measurements

Figure 2 is an equivalent circuit diagram of noise in a test resistor R and its
load resistor R;, both with and without polarization [resistors R, are wire-
wound resistors with little (or no) excess noise compared to R]. S, repre-
sents the spectral density at the terminals of the two nonpolarized resistors
and I, and I, the two equivalent thermal noise generators. S, then equals:

. R L* R
So = 4kTR.q, with Reg = R TR
L

When there is polarization the diagram is the same and an excess noise gen-
erator is added to the terminals of R. S, represents the total noise spectral
voltage density.

S; = 4kTR.q, + SRy

{. Se { Sy
Ip I'RLIL érn Ieé Iné ;L\,_ Tp,
T T
V2 7

Fig.2 Equivalent circuit diagram of noise—with and without polarization.

SIf a series of collisions is Poissonian with adensity p = 7 — 1, the interval between two
collisions has a probability density of p(r) = (1/7)e~V" and (1) = 7, {3) = 272 and () = 67",
from which F(r) = 1.

"Macdonald, D. K. C., Noise and Fluctuations. Wiley, 1962,
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in which S,, is the excess noise spectral current density. As a result:
Si — So = Sp.* Rip (1.15)

We use a dimensionless coefficient K to represent the excess noise
spectral current density of a resistor Rn in which:
kI?
Si(f) = N (A’/Hz)  or  S/(f) = Su(/)R* (V7/Hz) (1.16)
Measurements are expressed in the form of an excess noise index in the
frequency band f, — f,, such that:

: d
1% =/ KﬂRz—f = KIsz-ln[éJ (1.17)
h f fi
When the band extends across a decade of frequencies, we have:
8V%, = KI’R* In(10) (1.18)

The ratio 8V2,, expressed as rms uvolt by the dc voltage in volts, gives the
noise index NI:

8V? 2
NI = —fﬂv = (2-3K) (1.19)

which is often expressed in decibels:
(NI)gg = 20In (8V2,/V) (1.20)

ligure 3a represents the excess noise spectral density of a Ni-Cr thin-layer
resistor of 10 k() as a function of the current /. Equation 1.16 is well con-
tirmed for higher currents. For weaker currents, the spectral density is not
proportional to 2 but is nonlinear with respect to 2. Figure 3b, however,
shows that the 1/f1aw is obeyed fairly well.

A cut-off frequency exists beyond which white noise merges with 1/f
noise. This frequency is given by the equation:

I _ I’R

7 4kRT, thatisf. = K KT (1.21)
lixperiments show that the value of K varies as a function of the material,
the quality of the contacts, and any defects in the resistor, as well as its
geometry. There is excellent correlation® between the value of (§V?) at
very low frequencies (less than 9 hertz) and irreversible drift.

K-

*See Pinet, op. cit.
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Table 1 lists the orders of magnitude of K as a function of the tech-
nologies used to manufacture the resistors. We see that in all cases, except
for thick-layer cermets, noise levels are extremely low and very close to
one another.

Here, E, represents the noise voltage of the two parallel resistors un-
polarized in nanoV/Hz!2, and E, represents the noise voltage at the termi-
nals of the two resistors crossed by a current expressed in mA. The index
NI is given in decibels.

For the four technologies shown below, £, is between 10 and 20 Hz for
currents on the order of 2-5 mA. We see that it is practically impossible,
given the requirements of MIL standards (measured at 1000 hertz), to es-
tablish a correlation between irreversible drift and excess noise.

A correlation coefficient r(¢) has been calculated,® in which ¢ is the du-
ration of the life tests in hours, between the drift AR/R in a group of thin-layer
resistors held at 200°C for 40 hours and 1,500 hours, and the excess noise
level at a few hertz. Measurements were taken in a population of resistors con-
sisting of approximately 150 to 200 samples. It was estimated that a noise
level exceeding three standard deviations from the population of noise
recordings indicated abnormal behavior. The resistors were then subjected to
life tests for temperature and load. Following these measurements, the corre-
lation between AR/R after 1,500 hours of operation and K measured at t =0
hours, 40 hours, and 200 hours, was established. The results are as follows:

r(0) =0.956 r(40) = 0.959 r(1500) = 0.985

We see, therefore, that it is indeed possible to estimate the aging of are-
sistor based on a noise measurement after 40 hours. It is also useful to note
that for defective components there is an abnormal noise intensity compared
to the population of resistors even at ¢ = 0 hours. The value of X is nearly

TABLE 1

Technology ~ R(kQ) R(kQ) E, ImA)  E, NIdB)  (K)10-18

Wirewound 10 10 25.75 2 27.30 —50 4.1
Thin-film 10 10 25.75 2 27.80 —49 5.3
loil 10 10 25.75 2 28.70 —47 7.8
(‘ermet 10 10 25.75 2 150.0 —33 230

“Pinet, D., op. cit.
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3 orders of magnitude greater than the average for the batch, whereas AR/R
after 1,500 hours of operation is only 10 times greater than the average.

We point out that excess noise measurements performed in accor-
dance with the MIL standard at 1000 Hz showed no significant correlation
between the values of AR/R and (6V?).

Within a given type of technology, there is also a correlation between
the values of K and other physical or geometric parameters. Thick-layer
studies have shown that X is inversely proportional to the volume and
proportional to the resistivity p'0. The excess noise is also proportional to
the volume and, more generally, to the geometric parameters such as the
length and width of the resistive element.

To account for these factors, we can express the excess noise spectral
density of a resistor T polarized by a current I with the formula:

Ru IR
Vol f

S(f) = keen* (V¥/Hz). (1.22)
Here, k. (€2 - L73) is a parameter that depends on the technology used to
manufacture the resistor R, Vol (L73) is the volume occupied by the resistive
element of the resistor, and Rg ({)/M) is the value of the sheet resistance.

3. CONCLUSION

The excess noise in resistive materials reflects the crystal structure of the
material and enables us to detect, at least qualitatively, the presence of de-
fects!! that are responsible for abnormal aging of the component as a func-
tion of temperature and time. These measurements are, however, extremely
difficult to carry out and quite time-consuming, since they require the use
of very low frequencies (a few Hz). At present they cannot be used on pro-
duction lines but only during quality control operations, using statistical
sampling methods.

10Whatley, R., “A Model for Low Frequency Noise in Thin Film Resistors.” Proc. Int.
Hybrid Micro. Symp. U.S.A. Vancouver, (1976): 123-127.

Kuo, C. Y. and Blank, H. G. “The Effects of a Resistor’s Geometry on Current Noise
in Thick Film Resistors.” Proc. 1968 Hybrid Micro. Symp. Rosmont, P. (1968): 153—160.

NThese methods are also used in many laboratories to determine aging phenomena by
means of the electromigration in conductors. The results are significant enough to enable
us to make a correlation between a given mode of aging and a given category of crystal de-
fect. See, for example, Verdier, F. “Caractérisation de I’électromigration: méthodes résis-
tométriques et analyse du bruit en exces.” Thesis. University of Bordeaux, France, I, 1993,
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Heat Transfer

1. INTRODUCTION

In Chap. 1 we saw that a resistance generates heat energy through the
Joule effect. In principle this is not “useful”! energy in a resistor in which
the transfer function consists of supplying an output signal in the form of
a potential difference when the input signal is a current and vice versa.
There is no internal energy source that can be used to amplify the signal,
which is why components of this type are called “passive components.” If
the resistor constitutes a thermodynamically isolated system, this caloric
energy would result in an increase in temperature that would adversely af-
fect its operation.

This energy must, therefore, be evacuated to a heat sink to maintain
the resistor’s desired characteristics over time.

In this chapter we will study the mechanisms of heat transfer and ex-
amine how these concepts can be used to ensure that resistors operate as
designed.

|Except in the case when the resistive element is used as a source of heat.

R8s
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2. DESCRIPTION OF HEAT TRANSFER
MECHANISMS

There are three different mechanisms by which heat can be transferred
from one medium to another: conduction, convection, and radiation. This
transfer can only take place from a hot (source) to a cold (sink) medium,
as imposed by the first law of thermodynamics. We also know from ex-
periment that the “rate” of heat transfer dQ/dt is proportional to the surface
S through which the transfer takes place.

2.1 Conduction

This method of heat exchange tends toward uniform distribution
within the medium of the average kinetic energy of the various particles. It
occurs through diffusion and the exchange of kinetic energy arising from
collisions among particles composing the medium and flows from regions
in which the average value of this energy—that is, its temperature—is high,
toward regions in which it is lower.

The law corresponding to this process of heat diffusion states that the
density ¢ of the heat “current” at a given point, also referred to as the den-
sity of flow, is a linear function of the temperature gradient at this point:

J

¢ = 2 ky- grad(T) (1.1)
The operator k;, which defines the thermal conductivity of the
medium at the point under consideration, is a symmetric second-order ten-
sor. For an isotropic medium the thermal conductivity (local density of heat
flow at a point in the medium) can be simply characterized by a single
scalar value k. The vector ¢, represents the local density of heat flow at a
given point in the material medium under consideration. At each point it
characterizes the direction and intensity of the density of heat flow.

The sum of all the vectors ¢ constitutes a vector field analogous to
those encountered in other areas of physics (electric fields, force fields, ve-
locity fields, etc.).

The preceding equation, referred to as Fourier’s law, can be demon-
strated from the laws of statistical mechanics when applied to atoms, mole-
cules, or free electrons in the material under consideration. Conduction is
the only method of heat transfer occurring in opaque media.

The coefficient k is expressed as W+m ™' - °K ™! in international units
when the heat is expressed in joules. Orders of magnitude are between 15
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and 420 W/m - K° for metals and metallic alloys, 0.03 and 0.170 W/m - K°
for insulators, and 0.007 and 0.170 W/m-K° for gases at atmospheric
pressure.

The coefficient k varies with temperature, decreasing for the metals
and increasing for gases and insulators. The density of flow ¢ represents a
power per unit of surface and is thus expressed in W/m>.

The structure of Fourier’s law is similar to that of Ohm’s law, poten-
tial sources and sinks being replaced by heat sources and sinks. By analogy
we use the concepts of tubes and lines of current, isotherms perpendicular
to the current lines, and thermal resistances such that T, — T, = Ry¢ in
which ¢ is equal to ¢ - 7iS, and T and T, are isothermal surfaces. R, there-
fore, is expressed in °K/W. Application of the laws of electricity, using
series-parallel combinations for resistance, provides a convenient means
for solving many heat problems.

2.2 Convection

Heat transfer obviously occurs regardless of the state of the medium
under consideration—solid, liquid, or gas. In the last two cases, however,
the significant possibility of deformation in fluids means that different re-
gions of these media have significant freedom of movement at the macro-
scopic level and can, therefore, transfer an amount of heat directly related
to their heat capacity.

We distinguish forced conduction, in which the movement of the fluid
is produced by an external action (pump, blower, etc.), from free, or natu-
ral, convection, in which movement results from the difference in density
between the hot and cold regions of the fluid.

Exact representation of the process of convection transfer presents ex-
tremely difficult problems in fluid mechanics, which are not possible to
resolve analytically in the majority of cases. However, since we are pri-
marily interested in the quantity of heat exchanged between the fluid and
the solid wall around it, we can introduce, by analogy with conduction, a
surface coefficient of heat transfer, h,, such that the density of heat flow ¢
through a surface element of the wall is proportional to the difference be-
tween the temperature 7, of that surface element and the average temper-
ature of the fluid 7}:

¢ = h.+ (T, — T)-idS (1.2)

in which 71 is a unit vector perpendicular to the surface.
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The coefficient h_ is expressed in W+ m~>°K*. It varies between 5 and
2,0002 for the natural convection of air and 280 and 17,000 for the forced
convection of water.

2.3 Radiation

Whether spontaneously or through the process of interaction, the
atoms, molecules, and free electrons in a body can lose part of their ki-
netic energy through the emission of electromagnetic radiation (photons).
Conversely, when such radiation strikes the surface of a body, a portion
is absorbed by the body and is converted to kinetic energy within the
medium, in the form of heat.

The fundamental relation is the Stefan—Boltzmann equation, accord-
ing to which the power P of the thermal radiation emitted per unit surface
of a black body3 is directly proportional to the fourth power of the ab-
solute temperature: P = oT*. o is the Stefan—Boltzmann constant. Its
value is 5.6697 X 10 W-m™2-K~*

This expression is derived by integrating over all wavelengths of the
fundamental equation obtained by Planck in his quantum theory.

Thermal radiation, like all electromagnetic radiation that does not re-
quire any material medium for propagation, represents the only possibility
of heat exchange between distant bodies in a vacuum.

When radiating and absorbing surfaces cannot be considered as per-
fect black bodies, the equation must be modified by a factor F, which is
smaller than one, such that:

Q (watt) = Fo(T{ — T§) (1.3)

When the difference between T, and T, is small compared with T, or T,
the equation can be linearized:

Q= (4F-a-T{)(T, — Tv) (1.4)
in such a way that we can define a transfer coefficient:
h, = 4FoT;} and 0 =h(T, — Ty) (1.5)¢

2h_ depends on the temperature and flow conditions of the transfer fluid. Turbulence,
for example, strongly increases 4. compared to a laminar flow environment.

3We refer to a black body as one that emits the maximum amount of energy through
thermal radiation at a given temperature. It is also a body that can absorb all the heat en-
ergy it receives.

4This equation can only be used if (T, — T,)/T, << 1.
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Table 13 lists the calculation errors caused by use of the linearized ex-
pressions given above in calculating heat transfer by radiation and natural
convection (the air temperature is 300°K):

TABLE 1 (T,=300°K)

Natural Convection

Air at Error Heat Total
T Source Standard Pressure Radiation inh, Transfer Error
in °K W/°C - m? W/°C-m2 W/°C-m? W/°C - m? in %
400 1000 1000 20 2000 1
375 960 660 68 1620 42
350 900 390 86 1290 6.6
325 700 170 68 870 8
300 0 0 0 0 0

These results show that, contrary to popular belief, the relative error
in heat transfer introduced through the use of the linear approximation of
radiative heat transfer is certainly lower than the other causes of measure-
ment error or heat transfer calculation errors introduced by the combina-
tion of the materials involved, poorly known contact resistances, and the
complex geometric shapes of components.

2.4 Heat Exchange Through Phase Changes

Since any exchange of heat results in a change in the temperature of
the bodies involved, it often happens that a phase change (vaporization,
condensation, fusion, freezing, etc.) occurs representing a source (or sink)
of additional heat. In the ordinary situation where we boil water in a con-
tainer over a flame, the energy freed by combustion is transferred to the
water in the container through:

* Convection of the hot gases of the flame and radiation

* Conduction through the walls of the recipient and fluid layers near
the walls

* Convection and conduction within the body of water

When there is sufficient heat, boiling and vaporization occur, these being
the essential factors in heat exchange.

SDean, D. J., Thermal Design of Electronic Circuit Boards and Packages. Electro-
chemical Publications Ltd., England, 198S.
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Fortunately, we rarely have to determine the contributions from all of
the transfer phenomena at the same time, especially in electronic compo-
nents, where we can generally neglect heat transfer resulting from phase
changes. Still, it is important to understand the operating conditions result-
ing from these various mechanisms.5

3. GENERAL EQUATIONS FOR CONDUCTION

Consider a solid medium of volume V. The mechanical and physico-chemical
state of this medium is assumed to be invariable. We will assume pC, to be its
volumetric heat (p is the density and C, the specific heat at constant pressure),
k to be its thermal conductivity, and p the power generated per unit volume by
internal sources.

3.1 Energy Balance

‘We apply the first law of thermodynamics to a finite volume v, of sur-
face s contained in a medium V (Fig. 1). Following convention, we con-
sider any energy received by this system as positive.

The quantity of heat exchanged with the exterior per unit of time
includes the power exchanged on the boundary surface s and the power

~
Sources P

Fig.1 Finite volume v with surface s contained in a medium V.

6Heat pipes are often used to determine transfer rate resulting from phase changes (va-
porization, condensation, etc.) in systems electronics.
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supplied by the sources. The power crossing s at each point in the direction
of the exterior normal 7 is given by ¢ - fids. Since 7 is the exterior normal
at the surface s, the algebraic power received by the volume v crosses .S
in the direction opposite 7, based on which the power exchanged at the
boundary surface s can be expressed as:

/— (¢-7)dS (1.6)

The power generated by internal sources is given by the integral:

/p-dV (1.7)
v

in which p is, as indicated above, the power generated per unit of volume
(W/m?).

Since we assume as a first approximation that the solid cannot be de-
formed, only local changes of temperature are used in the expression of the
instantaneous change in internal energy:

aT
C,-—dv 1.8
[p ) . (1.8)

The equation representing the first law of thermodynamics can therefore

be written:
o - oT
/—- (¢-n)ds +/pdV=/pCp°—dV (1.9)
s v v at

Using the Gauss—Ostrogradsky formula, we can transform the surface in-
tegral into a volume integral:

/— (p-n)ds = —/ div (@) dV (1.10)
s Vv
The equation representing the first law can now be written:
P oT
/[—dlv(¢) +p—p-C, ;] av (1.11)
vV

which is valid for any point in V.

In a homogeneous and isotropic medium, the thermal characteristics
k and pC, depend only on temperature. Taking into account Fourier’s hy-
pothesis (Eq. 1.1), Eq. 1.11 can be written as:

div (k(T) - grad T) + ;;(T)C,,(T)-% —p(M,t) =0 (1.12)
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in which M is any point within the medium. If we introduce the thermal
diffusivity, a = k/pC,, and the Lapacian A, then:

AT — %‘;—T+ - grad (kT) - ET+ (1.13)

To linearize the equation, we have to assume that:

* k and a are independent of T

* pis independent, or a linear function of 7, of the form

p(M,T,t) = A(M,t) + B(M,1)T
For media that are characteristic of resistors, in which p is independent of
temperature, we obtain the classic heat equation:
1 oT M,t
19T, p(M1)
ot k

AT — =0 (1.14)

We can then easily deduce the particular cases that are frequently encoun-
tered in practice.

Steady-state environment with internal sources:
AT + % =0 Poisson’s equation (1.15)

Steady-state environment without internal sources:

AT = 0  Laplace’s equation (1.16)
Nonsteady-state environment without internal sources:
19T . .
AT = — o Fourier’s equation (1.17)
a

3.2 Analytical Expressions for the Heat Equation

By introducing the Laplacian expressions in Cartesian, cylindrical,
and spherical coordinates, we obtain, respectively:
In Cartesian coordinates:
62T 62T p(x y,z.t)

+

— 0 .
8x2 Hy k (1.18)
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In cylindrical coordinates, there is the problem of symmetry of revolution
with respect to the z axis:

#¥T | 1 9T azT_l.ﬂ"_{_ p(r,z,1)

—t+t-——+ = =0 1.19
arr r ar 9 a ot k (1.19)
In spherical coordinates:
*T 2 8T 1 p(nt)
St - — =0 1.20
or r or a k (1.20)

4. HEATING IN RESISTORS

In this section we make use of the heat equation to successively examine:

* The manner in which heat is distributed in a cylindrical resistor of
radius A and length 2L in a steady state and nonsteady state

* The distribution of heat in a flat resistor, referred to as a “chip” re-
sistor, attached by solder or epoxy to an equipotential substrate
brought to a temperature 7,

4.1 Heating in a Cylindrical Resistor

A cylindrical resistor is composed of a rod of radius R and total length
2L (Fig. 2). If we assume that, in a steady-state condition, the power in a
unit of volume dissipated by the resistor is p (in watt/m?3), then dissipation
ol this power will take place by convection at the surface and by conduc-
tion at the terminals.

The terminals generally have a smaller cross-section than the body of
the resistor. Under these conditions dissipation occurs primarily by means
of surface convection.

Assume we have a cylinder of radius R (Fig. 2), with thermal conduc-
livity k, placed in a fluid in which surface heat transfer is &, the sum of the
convection and the linearized radiation (Newton’s law), and whose linear
timensions are large compared to its radius. An electric current circulating
in this cylinder produces a flow p. Since length L>> R, we can state that, be-
vuuse of symmetry, the temperature in the cylinder will vary as a function
ol r alone. Consequently, 3T%/8°z = 0. The equation we need to solve will

have the form:
1 a oT _ (7T P
(’ m-) Ttk (1.21)
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50+

10-

R/2L%=cm™
01 02 03 04 05

Fig.2 Thermal resistivity of axial resistors.

in which, to simplify our notation, 7 = kt/pC, (in m?).

We assume the initial conditions to be T|,—, = 0. Boundary condi-
tions at the surface will be determined by the amount of energy supplied
by the resistor to the fluid in such a way that heat transfer per unit of sur-
face of the resistor to the fluid can be expressed by:

aT
—k+"—|,og = h.T|,—
aZ |r R | R

(kﬂ + hc'T) = k(g + h-T) =0 (1.22)
ar r=R or r=R

Here, h = h_/k, where h, is the coefficient of dissipation by convection (#,
therefore, has the dimension of L~!). By convention we assume that the tem-
perature of the dissipative fluid medium is zero.
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Given these boundary conditions, we find the following’ analytical
solution:

00 T’n
.
"_1/r~Rﬁ(r)dr

0

in which T, = Jo TR,(r) « rdr and R (r) is an eigenfunction of the equation
that satisfies the following differential equation:

R,(r) (1.23)

%(rR’)' +AR=0 (124)

with the boundary conditions being:
R'(R) + h-R(R) =0
and where R(0) is finite. A solution for these conditions exists if and only if:

2
/\=)\n=% n=12,...

in which the values vy, are the consecutive positive roots of the equation

vJ1(y) = AhJ(y).
The solutions satisfying Eq. 1.24 are:

R=Ry(r) = Jo(%)

These functions are orthogonal in the interval (0,R) and:

/OR,Ri(r) dr = %Z[Jﬁ(vn) + I2(y,)] = g Jﬁ(v,,){l + (;;_Rﬂ

n

(1.25)

The function T, is obtained by multiplying Eq. 1.21 by R and integrating
from O to R. We then integrate by parts twice and, by taking into account
the boundary conditions, we obtain:

Yn _ PR Ji(v,)

2
T, + (2] .1, = =12 1.2
n (R) n PR— (1.26)

"Lebedev, N. N. et al., Problems of Mathematical Physics. p. 121, ex. 247. Englewood
Cliffs, N.J.: Prentice-Hall, 1965.

Martinet, J., Thermocinétique Approfondie. Paris: Tec.Doc. Lavoisier, 1990.
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The solution of Eq. 1.26 that satisfies the condition T, = 0 is:

PR Jl(vn)

T, = p {1 — /Ry (1.27)

By introducing Eqgs. 1.25 and 1.27 in Eq. 1.23, we obtain the following
solution:

2R & N1(¥) *Jo(¥ar/R)
I(r,7) =

(nr) = 7% Zl Yar [J5(va) + Ji(ya)]
This solution can be applied for low values of 7; that is, when the current

in the resistor is first established. For high values of 7 it is preferable to
eliminate the terms that are independent of time, by using the formula:

1 _"_2 o o _J1(¥n) * Jo(yar/R)
8 (1 Rz) 4Rh =2 YalJo(vn) + Ji(va)]

n=1

1= 7R (1.28a)

in which the first term is the solution of the differential Eq. 1.21, inde-
pendent of time (# => 0o ). Under these conditions, 7(r, 7) assumes the form
of Eq. 1.28b.

2R [1( 2) 1 S e R do(yur/R)
=" 5" %) T arn 21 Yall + (hR/¥4)*1+ Jo(¥n)

(1.28b)

As noted above, Eq. 1.28b gives the temperature of a cylinder of infinite
length. It would, therefore, be useful to calculate the conditions for estab-
lishing temperature as a function of time at the hottest point, thatis, forz = 0.
When the cylinder has a length of —L < 7 =< L, the additional boundary
conditions at the ends provide the solution for a steady-state environment:8

T(r,z) =

| — (hR/v,)cosh(ynz/R)
2phR® i [tanh(vy,L/R) + (hR/vy,)]cosh(y,L/R) . (ﬂ)
k= [1+ (hR/Yn)2]7:JO(‘Yn) \ R
(1.29)

in which the values of vy, are the positive roots of the equation:

v/i(y) = RhJo(y)

8Lebedev et al. op. cit., p. 129, ex. 268.
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Given the limited dimensions of actual components, we can neglect
the terms of the series in Eq. 1.29 for values of n > 2 or 3, depending on
the circumstance.

For example, consider a ceramic power resistor with R =0.1 cm and
half-length L =0.3 cm.

The resistor dissipates through natural convection and radiation in
such a way that i, = 50 W-m ™2+ K™! (air at rest at 25°C). Then  is equal
to 50 m™". Thermal conductivity of the ceramicisk = 1 W-m '+ K™\

Under these conditions, y, =048, y,=4,vy, =7, and vy, = 10, and
the temperature at the surface is represented by:

T(r,z) =
- R cosh(0.47 z/R)
tanh(0.47 L/R + R cosh(0.47 L/R)
(1+ R,)-0.048J,(0.47)

100pR?-

- J5(0.48 r/R)
(1.30)

Calculations show that?® the maximum temperature atz = 0is 100°C, the tem-
perature at z = 0.3 cm being approximately 24°C. We then can expect from
thisresistorap = 63W - cm™> and anominal powerPw = p «27R?L=1.25
w. The dimensions of this resistor are approximately those of the mode] DALE
RWRS81 (nominal power 1W). For model RWRS80, Eq. 1.30 leads also to a
power of 2.3W (nominal power 2W),

Through Eqgs. 1.28 and 1.29, we can calculate a thermal resistivity
curve based on that shown in Fig. 2. The experimental points are results
of dissipation measurements performed by DALE Corp. on resistors
type RWR. We see that correlations with mathematical model is quite
reasonable.

The conductivity of the terminal wires can be neglected in this ex-
ample. Assume that the wires are copper, with a length1 = 3 cm and a

cross-section s = 3.14 mm?, For the two wires, Fourier’s equation gives
(AT = 24°C):

Q(W) = SKAT/L =3.14-107° X 392 X 24/3-1072
= 1W for each wire.

Energy dissipation in cylindrical resistors with output terminal wires
occurs primarily through convection and radiation.

“Cherbuy, J., Personal communication,
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4.2 Heating in Flat Resistors

Resistors in the form of rectangular chips are mainly used in elec-
tronic systems because of their similarity in shape to active components
and the frequent use of surface-mount component technology.

Two technologies are used to mount resistors on printed circuits:

1. A flat component covered with a protective material and supplied
with two (or more) output wires, mounted as shown in Fig. 3

2. A flat resistive component, supplied with two or more terminal
pads, to which gold or aluminum wires are attached by means of
thermal bonding, as shown in Figure 410

4.3 Components as Shown in Fig. 3

A significant part of the energy will be lost by convection (and radia-
tion) on the surfaces of the resistor. Calculation of excess temperature is
relatively straightforward. Assume a thermal wall (Fig. 5) of thickness!! 2e
and width L >> e, in which a source supplies p (W/m3). The problem can

—

Fig.3 Single in-line resistor array mounted on a PCB.

10There are several other methods of connecting components in addition to that shown
in Fig. 4. These include the use of contact pads located on the lower surface of the substrate
(flip chip) or on the perimeter of the component (chip carrier).

WThis condition can be used to reduce the complex three-dimensional problem to a
problem in one dimension by assuming that the component behaves like a semi-infinite wall.
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Fig. 4 Chip resistor interconnected by wire bonding.

be reduced to integrating the equation 9°T/dx> = 9T/t in which, as in the
previous case, 7 = kt/pC,.
Given the initial condition of T|,—, = 0 and the boundary conditions

=0 (1.31)

x=—e¢ and x=+e¢

oT
k— + hT
ox

along with the integral formula for the half-thickness, we obtain:

d [¢ aT
EA pC, - T(x,t)dx ka(e,t) = pe (1.32)

Since in a nonsteady-state environment the distribution of tempera-
ture assumes the shape of the distribution in a steady-state d7/0t = 0Q it is

Fig. 5 Schematic of a thermal wall,
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easy to show,!2 by assigning h=h_/k as we did above, that the equation sat-
isfies a solution of the type:

T(x,7) = %ek—(l — x*/e* + 1/2he) - u(r)

in which the expression in parentheses is the steady-state solution and u(t)
is a function to be determined, given that #(0) = 0. By placing the above
expression in the integral formula, we obtain:

du(t) k 3he
dt ezpCp he + 3

and, after solving for u(s):

2
pe x 2 3eh 7
e =5 (1= 54 2) (- el 25 (39

In a steady-state environment the maximum temperature 7,,,, will be, as
anticipated, at the abscissax =0 and 7 =0:

2
_ pe 2
T = 7 (1 + eh) (1.34)

“(u() —1) =0

These equations enable us to determine the thermal resistance from con-
vection and radiation R, (in °K - W™1) when the active volume V of the

component is known:
2kV 2\
1/Rye = — |1 + — 1.35
/ the ez ( eh) ( )

In this component, having n leads of cross-section S, length /, and thermal
conductivity k, the heat resistance R, of the leads will be equal to:

1
nekg;S
Equations 1.33—1.36 enable us to calculate the overall thermal behavior of a
flat resistor mounted perpendicularly to the printed circuit or substrate plane.

In effect the total heat resistance R, of the component can be ex-
pressed by:

Rys = (1.36)

Ry R
R(hT_ th thS

= (1.37)
Ripe + Rins

12] ebedev, N. N., et al. op. cit.
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Let us assume that we have a Vishay type foil S102 resistor of dimensions13
e = 1 mm and sides 5 mm, standing in air such that A, + h, = 45
Wem2.K',andk=0.8 W-m ' - K. The active part is connected to the
leads (copper, of cross-section 1 mm?2 and length 5 mm) by two Cupron
or manganin ribbons (k = 200 W-m™'K™!) of thickness 25 um, width
0.3 mm, and length 5 mm. Under these conditions the total heat resistance
Ry is 385 °C/W with R, .= 500 °C/W and R, = 1672 °C/W.

If the maximum allowable operational temperature at nominal power
is 125°C, then the resistor can dissipate approximately 0.3 watts of power,
which is the value indicated by the manufacturer.

During the fabrication cycle for the resistor, it is necessary to over-
load it with 5 times the nominal power, or 1.5W, for a period of 5 seconds.
Under such dynamic conditions, the coefficient & varies rapidly, reaching
a value of 150 after a few milliseconds. The maximum temperature rises
to approximately 170°C above room temperature.

Using the above equations we can calculate, as a first approximation, the
order of magnitude of the maximum temperatures in flat components when-
ever the thickness e is considered small compared to the other dimensions.

4.4 Components as Shown in Fig. 4 (see pagé 99)

These chip resistors are used in hybrid microelectronic circuits, in
which active chips and passive, resistive, capacitive, or inductive compo-
nents are glued with epoxy resins to ceramic substrates or printed circuits,
and then connected to provide complex and highly specialized electronic
functions.

Given the economic and technological interest in this technology, nu-
merous books and articles have been published!4 as part of the technical lit-
erature for calculating the heat dissipation from sources on a thin substrate
containing a heat sink on its rear surface.

BThe dimensions of the component are such that the equilibrium temperature is
reached immediately and we can neglect the terms in the sum of Eq. 1.33.

14The following are among the “basic” documents in the specialized literature on the
subject:

Kennedy, D. P. J., Applied Physics. 31, 8 (1960): 1490.

Linstead, R. D., et al., IEEE Trans. on Elect. Dev. 19(1) (1973): 51.

Dean, D., Handbook of Thick Film Technology. Chapter 11. Electrochemical Publishers.
Dean, D., Thermal Design of Electronic Packages. (op. cit.).

David, R. E, Proc. 27th Electiron. Conf. (1977): 324,



102 Theory Part I

77777727 .
| \ ©
/ \ -~
1 N ~
/ \| .~
Rthr Rthc Rths
Pwm
F‘thconv

AN —F

Fig. 6 Thermal resistance of a chip glued to a substrate.

Figure 6 shows a flat resistor glued to a substrate by means of an
epoxy. The thickness of the resistive chip is e and its thermal conductivity
is k,. The thickness of the epoxy is ¢’ and its thermal conductivity is k..
The thickness of the substrate is e” and its thermal conductivity is k. The
heat sink is maintained at a temperature T,, = 0. The constant h_,, is
50 W-m™2- K. The length and width of the chip are L and 1. Using this
information, we can calculate the heat resistances:

* Ry, of the chipise/(k,L-1)
* R, of the epoxy ise'/(k.L-1)
» Thermal R, of the substrate is ¢”/K (L + €")(1 + &")

The optimum conditions of heat resistance were determined by D. J.
Dean.!> When the thickness of the substrate is the same magnitude as the

15Dean, D. J. op. cit. p. 242, supplement S.5.
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chip dimensions, as in the case of chips bonded to a printed circuit board,
the lateral diffusion of heat in the chip must be taken into account. Dean
calculated that:

_ 1 o (l2e" + L))
Ros = = 1) L”(L(ze" ) (1.38)

and, for a square chip, | = L, Ry, = e"/[k,(L + 2e")L]

* Thermal resistance by convection:

Riconv = 1/(B+h.L+1) (1.39)

in which 8=1.06 to take into account convection across the surface of the
component. Let us call Ry o, the sum:

Rthcomp = Rthr + Rthc + Rths (140)
The total heat resistance Ryyror Of the chip unit plus substrate will be:
1 1 1
= + (1.41)

RTHTOT Rthconv Rt.hcomp

Application

L=4mm,!=3mm,e=03mm,k =25W-m™"-°K™" (ceramic)
e’ =25 um, k,=0.2 W-m™" . °K™! (pure epoxy adhesive)
e’=25mm, k=2 W-m . °K~! (printed circuit)
h.=30W-m2.°K"!

Under these conditions, Ryypor = 50 °C/W. If we assume a maximum tem-
perature of 100°C above room temperature, the chip will dissipate 2W.

4.5 Transfer at the Interfaces
and Contact Resistances

The examples above indicate the methods of mathematical analysis
that enable us to calculate dissipation in components (active or passive).
However, experiments show that the results obtained are realistic only in
the simplest cases, such as those involving cylindrical resistors, and that as
soon as the component consists of an assembly of various materials (ce-
ramic, metal, epoxy, etc.) separated by interfaces, it is the nature and qual-
ity of the interfaces that determine heat transfer.
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In practice the heterogeneous nature of the materials used introduces
structural defects (voids, oxidation, etc.) that constrict heat flow and some-
times strongly increase heat resistance. Figure 7 (a and b) illustrates this
phenomenon. 16

Let us assume a cylindrical tube of cross-section S, whose walls are
insulated except for a surface s, to which we apply power W. We can show
that, if the base is at temperature T, the average temperature (7;) along s
is given by the equation:

1L

1
(To) =Ty + {ZE + ;g}W (1.42)

in which ry, = (1/k)g represents the increase of resistance in the medium
due to the constriction of the lines of flux. g is the constriction and depends
only on the geometry (shape of the tube, 5, and S).

K >a
— UL LU,

Isol.

ANNRNRNRNNNN

-
ANKARRRRRRRNNNRAN

(b)

Fig.7 Constriction of the heat flow.

16Bardon, J. P. and Scudeller, Y., “Champs thermiques et phénomenes de couplage au
sein des circuits hybrides de puissance.” Journées I.S.H.M. Bordeaux, October 28, 1992.
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If s and S are circular and have radii of a and b, we then have:

_ 8
J 37%a

a a
{1 — 1'305E + 0.246;"'} (1.43)

When the medium is semi-infinite (Fig. 7b), then b => o0, Tz =T,
g=>f= 8/3n% and T, = T,, + (1/k)-fW; f=>g is the constriction
function in an infinite medium. It can be shown that, for constriction in a
semi-infinite medium, 96% of T, — T, is confined within a hemisphere
of radius 10a.

Calculations and experimental!” results show that we can define criti-
cal values for thermal resistance at an interface. The orders of magnitude
are given in Table 2.

To illustrate this, we will consider a resistive component as shown in
Fig. 6, and assume that its construction conforms to that shown in Fig. 8.
When we take into account the heat resistance of the interfaces by using
the average values given in Table 2, the resistance Ry, ., increases from
100 K/W to approximately 160 K/W. This means the total heat resistance
Ryyror 1S approximately equal to 57°C/W, a difference of 14% for a com-
ponent with only three interfaces. The heat resistance is thus highly depen-
dent on the number of interfaces, but also depends on their characteristics and,
consequently, on the growing complexity of the component. We will see in
the chapter on power resistors (Chap. 9) that dissipation in a surface-mounted
power component can double depending on the interface characteristics.

In reality, since the total heat sink supplied by the printed circuit is not
infinite, we find that we are soon limited by other sources of heat from

TABLE 2
Type and Condition of Contact Contact Resistance (K+ W™ - m?)
1 — Pressed media
Roughness and rippling 10~ to 1073
Ripple-free surfaces 105t02 - 105
2 — Glued or brazed media
Impurity deposits 106t05- 1075
Adhesion defects 106to5- 103
3 - Close contact media
Metal deposits ~ 1077
Solder ~5-1077

"Scudeller, Y., LS.LT.EM. Personal communication.
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Fig. 8 Construction of a resistive component per Fig. 6.

neighboring chips. Under these conditions the resistance R, is much
greater. If chips with an average dimension of 4 x 3 mm? are separated by
approximately 3 mm, then we can estimate that the heat resistance of the
printed circuit, without other means than natural convection, will be ap-
proximately 1500 °C/W(!) and the power dissipated per mounted chip
must be limited to 0.1W.

5. CONCLUSION

In this chapter we have shown that a first-order estimate of heat transfer in
a resistor is relatively simple in all cases. More accurate calculations re-
quire the use of finite element numerical methods. Nevertheless, we have
seen that estimates of the heat dissipation of a component during operation
depend on several external factors. Among the most important are the co-
efficient of exchange by convection. These factors depend on the nature of
the fluid involved, the type of convection (natural or forced), etc. The ma-
terials used for heat sinks will also have a considerable effect on the results.

The user must therefore always pay careful attention to the environ-
ment in which these components operate. Otherwise, considerable prob-
lems may arise if components are used, even at their rated power, in an
unsuitable environment. Calculations must also be checked by measure-
ments of heat dissipation during operation. We will describe such calcula-
tions in Chapter 9, which covers power resistors.



PART 11

Technology

INTRODUCTION

In Part I we described in detail the physical principles relating the depen-
dence of performance and the electrical and mechanical characteristics of
resistive components to the materials and fabrication processes used in
their production. Part II concerns the purely technological and practical
aspects of these components. Using documentation provided by Vishay
Intertechnology, Inc. and other manufacturers, we will provide an exhaus-
tive examination of the criteria for selecting resistive components for use
in specific applications.

While the information found in Part II is based on the theoretical
foundation provided in Part I, this section of the book can be used inde-
pendently. Those readers who would like a fuller understanding of the
theoretical principles governing the design of a given component may
wish to consult the corresponding chapter in Part 1.

Chapter 7 introduces the terminology commonly used to describe the
characteristics and performance of resistive components, fixed and vari-
able (such as potentiometers and trimmers).

The chapters following describe in greater detail the manufacturing
methods, materials used, and the expected performance of the above-
mentioned and other (nonlinear and magnetoresistive) components. Using
the theoretical developments of Part | as a base, the technological choices
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(materials, geometrical forms, processes, etc.) are examined in detail for
optimization of performance and reliability.

A number of appendices were added dealing with special subjects
such as film resistors with bulk properties (paper that fathered the foil tech-
nology), methods for quality assurance, models for accelerated lifetime
testing, and resistive strain gages.
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Overview of Fixed
and Variable
Resistors

1. FUNDAMENTAL PARAMETERS
1.1 Ohmic Value

Resistors are passive components (unlike transistors, integrated cir-
cuits, etc.), characterized by the deposition of a resistive element on an
appropriate substrate. This resistive element can be a wire, metallic layer,
metal foil, etc. Its ohmic value is determined by means of the following
formula:

R=pL/S

where L(m) = length of deposit
R(Q)) = resistance
p(Qm) = resistivity of the material forming the deposit
S(m?) = cross-section of the deposit

R is inversely proportional to the thickness of the resistive material, which,
for obvious technical reasons, must be greater than zero (the diameter of
wound wire is close to 10 wm; the thickness of a metallic deposition layer
is roughly a micrometer). This relationship becomes more significant as the
desired power increases, limiting the range of ohmic values possible with
these devices.

109
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1.2 Nominal Ohmic Value of a Resistor

Nominal value is the desired ohmic value of the resistor. Standard pre-
ferred numbers of nominal values R, are obtained by rounding the theoreti-
cal value obtained:

R =V10"
where n is a positive or negative integer number
m can take the values 3, 6, 12, 24, 48, 96, or 192

The series obtained (E3 to E192) include between 3 and 192 values per
decade. They are associated with increasingly closer tolerances (greater
than +20% for the E3 series, 20.5% for the E192 series).

Table 1 lists, for n =1, the nominal values and tolerances for the se-
ries E6, E12, and E24.

TABLE 1 Nominal Current Values and Related Tolerances

Series E24 Series E12 Series E6
Tolerance +5% Tolerance +10% Tolerance +20%
1.0 1.0 1.0

11

12 1.2

1.3

1.5 1.5 1.5
1.6

1.8 1.8

20

2.2 22 22
24

2.7 2.7

3.0

33 33 33
3.6

39 39

4.3

4.7 4.7 4.7
5.1

5.6 5.6

6.2

6.8 6.8 6.8
7.5

8.2 8.2

9.1
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TABLE 2 Marking Codes and
Resistance Values

Resistance Code
010 R10
03320 R332
0.590 O R59
1Q 1RO
3320 3R32

10Q 10R
3320 33R2

100 O 100R
1kQ 1KO

10kQ 10K

100 kQ) 100K
1 MQ IMO

When the required tolerance is small (0.005% for foil resistors, for
example), it is important to follow the terms of the E192 series as closely
as possible. There are times, however, when the selection of nominal re-
sistance R, is, by necessity, completely random.

R, is the value indicated on the body of the resistor or potentiometer;
the value can be represented directly or by means of a numerical (Table 2)
or color (Table 3, see next page) code.

1.3 Dissipation and Nominal Temperature

The maximum power that can be continuously applied to a resistor de-
pends on the ambient operating temperature (it is important to consider the
temperature change in the component during operation, which increases
the ambient temperature).

Each resistor model is associated with a curve, known as a derating
curve, which indicates the maximum allowable dissipation as the ambient
temperature changes.

To simplify their use, these curves are generally shown as two
straight-line segments, temperature and nominal dissipation correspondmg
1o point A on the curve shown in Fig. 1.

The International Electrotechnical Commission (IEC) recommends
that the nominal temperature be determined for all models at 70°C, and that



112 Technology Part I1
TABLE 3 Color Coding
Temperature
Significant Temperature Coefficient
Color Figures Coefficient Tolerance (107%/°C)

Silver — 102 +10% —
Gold — 101 +5% —
Black 0 1 — +250
Brown 1 10 +1% +100
Red 2 102 +2% +50
Orange 3 103 — +15
Yellow 4 104 — +25
Green 5 105 +0.5% 420
Blue 6 108 +0.25% +10
Violet 7 107 10.1% +5
Gray 8 108 — +1
White 9 10° — —
None — — +20% —

nominal power dissipation be defined as the maximum power that can be
continuously applied at an ambient temperature of 70°C.

With rare exception the stated nominal temperature is either 25, 70,
or 125°C. It should be pointed out that the minimum temperature for this
category of component is the minimum ambient temperature at which the

p allowable (W)

o
3

6, nominal temperature

9 ambient (*C)
pa Nominal power

Fig. 1 Allowable dissipation as a function of ambient temperature 0.
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resistor is designed to operate continuously at a fraction of its nominal dis-
sipation, which can be zero.

1.4 Critical Resistance

A given resistor with nominal power Pn and maximum allowable
voltage Umax has a single resistance value at which it dissipates nominal
power at the maximum voltage. This value is generally referred to as the
critical resistance.

For resistance values lower than the critical resistance, the maximum
voltage is never reached, while for values greater than the critical resis-
tance, the applied power diminishes with nominal power. Figure 2 illus-
trates this relationship.

1.5 Temperature Coefficient

The ohmic value of a resistor R, is determined at a reference tempera-
ture 8, of 20° &= 5°C. The ohmic value of the resistor varies with the tem-
perature of the resistive element. Figure 3 illustrates this -variation. The
slope p of the straight line I (chord slope) represents the value of the tem-
perature coefficient TCR, of this resistor at temperature T.

Ry — R 1
TCR@ = 0 0 *
RO T - To
)\ c P

P onstant power (Pp) Constant voltage {(Umay)

OU fecacaccrcccccccecccecncccccncaneae
- U
£
28 N
€3
=2 P =1(1/R)
§ S
(&) U ={(VR) ~

~
~
Critical ResistanceR
resistance

Fig. 2  Critical resistance,
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Fig. 3 Temperature coefficient.

where R, = ohmic value of the resistor at temperature 0
R, = ohmic value of the resistor at temperature 6,

The temperature coefficient TCR, is generally expressed in parts per
million per degree Celsius. For a given resistance the maximum value of
the temperature coefficient represents the maximum value of the slope of
the line I when the temperature T varies between the two temperature
limits defined for this resistor model. For each resistor model there are
two guaranteed temperature limits. If we draw two straight lines, II and
III, on Fig. 3, whose slopes are equal at these limits, all curves T associ-
ated with resistors of the same model will fall within the region deter-
mined by II and III.

For some resistor models, however, the limits of the guaranteed tem-
perature coefficient depend on the resistor’s nominal ohmic value.

1.6 Voltage Coefficient

The voltage coefficient of a resistor is defined as the variation in ohmic
value as a function of the applied voltage. Its influence is generally negli-
gible for the majority of technologies because of its low value (< 107¢/V)
and the limitation that it be maintained to within a few hundred volts of the
applicable voltages. Its effect is really significant only in resistors designed
for use in situations where voltages can reach several thousand volts or in
very high precision resistors.
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2. RESISTORS
2.1 General

Depending on the technology, we can classify resistors according to
several parameters, which depend on the specific needs of users. The most
common are ohmic value, tolerance, stability during storage or operation
(at a desired precision), and dissipation.

Table 4 provides an overview of several resistor technologies as a
function of the required precision.

2.2 Wirewound Resistors

2.2.1 Technology

Resistors are most frequently made by winding a metal wire around a
ceramic, plastic, or fiberglass core. The ends of the wire are soldered to two
caps, which are inserted onto the ends of the core. The assembly is protected

TABLE 4 Breakdown of Resistor Types as a Function of Precision

Maximum
Temperature
Resistive Tolerance Stability Coefficient
Class Element % % (10-¢°C)
High Wirewound
precision Metal foils 0.005, 0.01, 0.05,0.1 15, +£10
Thin film 0.025, 0.05,
0.1
Precision Wirewound
0.1, 0.25, 025,05  +10,+£25
Metal film 0.5
Semiprecision Wirewound +200
Metal film +50, £100, £100(
Metal oxide film —500
Pyrolytic carbon 1,2,5 1,2,5
film
Cermet
Standard Wirewound +200, £1000
Pyrolytic carbon 5.10,20 5, 10, 20 {

film —500
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T = response

Fig.4 Time response to a voltage pulse.

with a layer of paint or molded plastic, or an enamel coating that is baked
at a very high temperature (900°C).

The leads are usually wire, between 0.6 and 0.8 mm in diameter, that
has been tinned for improved solderability.

For high-frequency applications noninductive resistors are used,
since their coefficient of induction is only 1/10 that of standard resistors.
The low coefficient is obtained by using two identical parallel windings
running in opposite directions, with an ohmic value twice that of the nomi-
nal value. Influence of the parasitic inductance is represented by a response
curve (see Fig. 4).

2.2.2 Standard Wirewound Resistors

These resistors differ from semiprecision resistors in the following ways:

* nature of the substrate, which is often a fiberglass core
» nature of the coating (cement or plastic)

* technology used for the winding and for adjusting ohmic values,
and the method of joining the leads to the resistive element

Maximum allowable temperatures depend on the nature of the coating and
can vary between 155 and 275°C.
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TABLE 5 Standard Performance of Wirewound Power Resistors

Dimensions of Housing

Dissipated Range of Specific
Power at 25°C Diameter Length Resistance Values Characteristics
w mm mm Q
10 9 16 0.01 to 10# heat sink
15 10 35 1to15- 103 wire
50 15 50 0.01 to 10° heat sink
100 25 125 2t082-10° wire
300 30 350 4.710220- 103 wire
300 40 250 0.2to0 33 ribbon
1000 50 375 10to 47 - 103 wire
1000 50 375 0.39 to 68 ribbon

Power film resistors are also made, whose performance is very different from that of
wirewound resistors. They dissipate a few watts of power in a substrate that is often 20 mm
long and 5 mm in diameter.

2.2.3 Power Wirewound Resistors

Wirewound resistors were classified above on the basis of their pre-
cision and operating stability. We can also use dissipation (see section 1.3
above) as a criterion for resistor selection, sometimes independently of
precision.

In this case power is dissipated through a substrate of the appropriate
material and size. The wire itself will have a larger cross-section, and in
high-power applications flat wound ribbons are often used. In many cases
the resistive element is enclosed in a metal box that functions as a heat sink
(See Chap. 9, Power Resistors, Fig. 1d). Table S lists the performance char-
acteristics of some typical resistors.

3. POTENTIOMETER CHARACTERISTICS

3.1 Taper and Conformity

Taper is the relation between the mechanical position of the wiper and
the resistance between the leads a and b (Fig. 5 and Chap. 11, Fig. 1). Itis

expressed by the ratio V,,/V, . In most cases the curve is linear. Log nor-
mal and inverse, or antilogarithmic, tapers also exist, however. Tapers that
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Fig. 5 Tapers in a potentiometer. Percent of voltage vs. percent of travel.

are expressed by more complex relationships (sine, cosine, etc.) can also

be designed, especially for precision potentiometers.
Potentiometers are also characterized by conformity—the deviation

from the theoretical response. Its full description and physical significance
is treated in Chap. 11, Potentiometers.
3.2 Total Mechanical and Electrical Travel

The total mechanical travel is generally limited by two mechanical
stops or two positions corresponding to the release of the wiper when it is
no longer driven by the control shaft (Fig. 6).

Useful electrical travel )
-E Resistive zone adjusted for linearity | g
o)

| A

Total electrical travel
Total resistive zone

@ dOIS

w Stop

)

CM

Fig. 6 Mechanical and clectrical travel,
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Total electrical travel corresponds to the region in which electrical
continuity between the wiper and the resistive element is ensured. The use-
ful electrical travel is the region in which the taper is guaranteed.

Some potentiometers do not include stops or clutching mechanisms
and are characterized by their total electrical travel and neutral region
(where no electrical continuity is ensured).

3.3 Contact Resistance

Contact resistance, denoted as R_, refers to the region at the point
where the wiper hits the resistive element. The value of this contact resis-
tance depends on the type of resistive element and wiper used, the resis-
tivity of the element at the points in contact with the wiper, the contact
pressure of the wiper on the resistive element, the size of the contact sur-
faces, and their condition (Fig. 7).

This contact resistance fluctuates as the wiper is moved across the
element.

This variation AR, (and not the average value of R_) can be the source
of disturbance when the potentiometer is used as a rheostat. It has no ef-
fect, however, when the potentiometer is used as a voltage divider (pro-
viding that the output impedance of the wiper is sufficiently high).

The method of measuring the contact resistance is treated in Chap. 11,
Potentiometers.

Wiper
Re
Vab=IrR
s b
aRe
Re

b

Flg. 7 Contoet resistance (uctuntion,
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3.4 Setting Stability

This test can be applied only to nonwirewound precision potentiome-
ters. It consists of submitting parts to an environmental test and measuring
the largest voltage change across a given section of the useful electrical
travel. The consistency of the output voltage, expressed as a percentage of
the voltage E, is defined as the largest voltage change recorded on the os-
cilloscope between two points of the useful electrical travel that are no
more than 1% from this travel.

4. PRECISION RESISTORS

In general, high-precision resistors exhibit the following performance
characteristics:

* Tolerances of 1% to +0.001%

* TCR <5-10 ppm/°C

* TCV<O0.1 uV/V

» Stability AR/R <500 ppm @ 155°C and 2000 h

Other parameters, such as induction or the relationship to a volt-
age scale or excess noise, are also used. Noise should be less than —35dB.
Table 6 lists the advantages and disadvantages of the various resistor

types.
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TABLE 6 Characteristics of Various Precision Resistors
10Q2 to
vQ <19 <10Q 100,000Q2 >100,000€2
Stability wirewound
AR/R < 500 ppm foil
thin film
500 < AR/R < Dale Dale film wirewound wirewound
1000 ppm metal strip wirewound foil cermet
thin film
cermet
AR/R > 1000 ppm Dale Dale film wirewound wirewound
metal strip wirewound foil thin film
thin film
cermet
TCR
<5 ppm/°C wirewound
foil
thin film
<20 ppm/°C Dale Dale film wirewound wirewound
metal strip wirewound foil thin film
thin film -
>20 ppm/°C Dale Dale film wirewound thin film
metal strip wirewound foil cermet
thin film
cermet
Integration cermet
thin film
foil (various)
Response time Dale Dale film cermet cermet
=10? metal strip thin film
=10 Dale Dale film cermet cermet
metal strip thin film
foil
Noise Dale film Dale film foil foil
<-—35dB wirewound thin film thin film
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Resistive Circuits?

1. INTRODUCTION

In the preceding chapters we saw that there is no such thing as a “pure re-
sistor” and that secondary effects arising from the specific mechanisms of
conduction or the geometry of resistive components are responsible for de-
viations or changes in the actual behavior of a resistor from Ohm’s law. In the
current chapter we will examine and determine the limits of this behavior.

2. PARASITIC RESISTANCE, INSULATION,
AND CONNECTIONS

2.1 Influence on Ohmic Values

For a resistor to be used or even measured, it must be connected to the
remainder of the circuit or measuring device by means of conductors,
which, like the resistor itself, introduce a non-zero ohmic value and self-

1Significant portions of this chapter have been taken in their entirety from internal pa-
pers prepared by Mr. Cherbuy, a research engineer with the Vishay—SFER Corporation, as
well as from application notes on the characteristics of type S-102 resistors, prepared by the
Vishay-Foil division.
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inductance that must be taken into account if the current varies with time.
In the same manner the dielectric medium that protects and insulates the
resistor from external effects is characterized by very high, but not infi-
nite, resistance and capacitance that influence the signal.

A resistor placed between the nodes of a network (Fig. 1) can be
represented (in DC) by three local resistances: R, the nominal resistance;
P, the insulating resistance between the input and output of the nominal re-
sistance, and S, the resistance of the conductors (Fig. 2).

Because of the conservation of current, I = I, + I, and the equiva-
lence of the potential differences at the terminals of R and P (with all the
resistances being included in P, R, and S, the conductors are considered
perfect), we can write:

U—Us , U— U (1 1)
PR P R v USP R
R+ P
=U — Us- 1.1
' PR (1.1)

The same current / also crosses the series resistor S, and the potential be-
tween the two nodes is:

RP
U= + S 1.2
&rs+9) a2
The equivalent resistance of the circuit diagram shown in Fig. 2 is:
R? 1
=R——e——— + 1.3
R P 1+ R/P S (13)

We see that, when expressed in this form, the influence of the insulating
resistance P must be such that P >> R? to avoid influencing the nominal
value of the resistance.

— Insulators

N
o I
> — // Conductors/

—_—

o

Fig.1 Conductors and insulators in a resistor.
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I

Ir R S

| U |

Fig. 2 Electrical schematic of a resistor per Fig. 1.

In practice, the resistance P does not function as a discrete resistor con-
nected between R and S but as one that is distributed over the length of R.

If, however, the condition § << R << P is satisfied, the actual mea-
sured resistance is:

R? S R-
R,,,=R+S——=R(1+———> (1.4)
P R P

The orders of magnitude of the resistances P and S are:

Insulating resistance P =~ 10° ()

Conductor resistance S: 1072 Q to 3 - 107'Q), depending on the type of
conductor or technology used (copper wire, Au or Pd—Ag terminal pads).

We see that measurement errors are minimized when S/R — R/P =0
(Eq. 1.4), that is, when R = V/SP = 3k(Q).

Mid-range ohmic values (between roughly 10 and 106 ohms) are the
least sensitive to measurement error. Accurate measurement of very high
ohmic values (S/R is negligible, R/P is not) still remains difficult. Four-wire
assemblies, however, generally result in correct measurements for low val-
ues (R/P is negligible, S/R is not).

Changes in S and P as a function of their temperature coefficients and
the external constraints imposed by the environment will, of course, influ-
ence the resistive behavior, whose ohmic value, as seen by the rest of the
circuit, is R,. For the general case, this variation can be written:

R R aR
dR. = g + e gp 4 Le 15
- ‘ P as %S .5

JdR (;’
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based on which,

dR, (RoR)\ dR = (P3R)\ dP R\ dS
ar. _ (_e> 4R + <—e) — + (L) -~ (l1.6a)

R, \ROR) R ROP) P R3S) S
and
N (dS/S _ 1> LR (dP/P _ 1)
dR, _dR | . R\dR/R P\dR/R (1.6b)
R, R 1+ S/R + P/R '

The terms between parentheses represent the respective values of R, P, and
S, for the relative changes measured across R,. By neglecting the terms S/R
and R/P opposite 1 in Eq. 1.6b, we can write:

dR, _ r[l n §<§ _ 1\) + 5(2 — 1)} (1.7)
R, R\r P\r
or
dR, S R
R =r+E(s—r)+F(P_’) (1.8)

in which r = dR/R, s = dS/S, and p = dP/P.

Equation 1.8 can be used to estimate the influence of the changes in
P and S on the stability of resistive components. In precision resistors these
effects may not be insignificant.

When we analyze the influence of the coefficients of temperature for
S and P, it is not uncommon to find insulating materials P with TCR on the
order of —105 ppm/°C, which, for a AT® of 100°C, results in p ~—10.
Equation 1.8 is not applicable for large values of p, but the relative varia-
tion of resistance can be deduced from Eq. 1.4 by replacing R/ P by R/ Pyiemp
and neglecting R/Py,yiemp and S/R. The variation is then equivalent to in-
sertion of insulation’s shunting at high temperature, dR,/R, = —R/Pyiemp-
Conductive materials S (Cu or Au) have TCR of +4000 ppm/°C (or
4.1073/°C), that is, for the same values of AT®, s~ 4 - 107L

Under these conditions, if the resistive material has been selected so
that r~0, then dR,/R,~4+107"+S/R— R/Pyjem,- Depending on the
ohmic values chosen, the relative variation in measured resistance can eas-
ily reach 1072 (or 1%, for R = 10 MQ and Pyjerp = 10°Q) and 4 - 107 (or
0.4%, for R =102 and S = 0.1(}), which is far from negligible in the ma-
jority of applications. (The contribution from § will have a greater influ-
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ence on low ohmic values under 100 (); the contribution from P will affect
high ohmic values.)

The skill of the manufacturer of resistive components consists, there-
fore, of choosing materials for R, S, and P, such that, depending on the val-
ues of R, the effects of S and/or P will be minimized.

3. RESISTOR ASSEMBLIES (RATIO, DIVIDERS,
BRIDGES, ETC.)

In the previous section we examined the influence on resistor behavior of
the undesired, but real, series and parallel parasitic resistances caused by
individual elements in the component. In this section we will consider the
behavior of a group of interconnected resistors.

3.1 Ratio

In the majority of cases, when modeling an analog circuit, we do not
specify individual resistors but the ratio between two resistors. This is par-
ticularly true when developing differential amplifiers, for which overall
performance is narrowly tied to the performance of resistor ratios at the
input and output.

Assume that { = R, /R, is a given ratio. The “observed” variation 8¢
of this ratio as a function of changes in R, and R, is such that:

+ &8¢ = =
( ( R2 + 6R2 R2(1 + r2)
based on which
of _ 1
4 = (n ra) 1+n, (1.9)

The deviation in the “observed” ratio is, therefore, not linear, contrary to
what a simple logarithmic differentiation might imply. When making very
precise measurements, the term r, may not be negligible to the second order.
The deviation r generally assumes the formr = ae + Be? + ...,in
which a, B, etc., are the sensitivities of the system to the constraints &, €2, etc.
When considering a thermal constraint, o represents the TCR of the compo-
nent and € = AT?, the temperature rise. By neglecting the nonlinear term:

8{/{ NN T E] T (E,) (llO)
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we can write
a1 + 052 al - a2 _ 8
% 2 2 *7Ta
(23] + (¢ %) a, — _ 6
= [ = a — —
% 2 2 2
ande, =& + A/2;e, =& — A/2, so that
é
?g = oA + 6¢ (1.11)

This equation is important in applications and shows that the stability of
the ratio depends not only on the product & - €, which is the differential sen-
sitivity multiplied by the average constraint, but on the product a- A as
well (average sensitivity multiplied by the differential constraint). This
second factor is generally ignored. It is very important, however, whenever
the dissipation between members of the ratio differs. A simple example will
demonstrate this:

Assume a ratio consisting of two discrete resistors, R, = 1 k() and
R, =100 k(). The temperature increase for the resistors is approximately
100°C/W, for a current, I, of 1 mA, circulating between them. Then
g, = AT, =1071°C and &, = AT, = 10°C.

If @, =+ 5 ppm/°C and a, ==+ 7 ppm/°C (the resistors are high-
precision resistors), then A{/{ can vary, depending on the respective signs
of a; and a,, from —70 to +70 ppm, which may be too high for certain mea-
surement systems. When discrete resistors are involved (film or wire-
wound), we see the obvious advantage in choosing components not only
with a TCR differential that is as close to zero as possible (“matching”) but
also with absolute TCR values that are very small.

When assembly and dissipation conditions for circuits (integrated thin-
film resistors on a single substrate, for example) are such that values of &
are closely matched (g, = ¢,), then A = 0 and only the difference between
TCR values or the differences among the mechanical and thermomechani-
cal constraints are significant.

3.2 Voltage Divider (Potentiometer,
Half-bridge, etc.)

Here we consider the variation of the output signal S = V,/V, (Fig. 3):

R, !

S = =
R, + R, 1 +¢

(1.12)
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R] Ra '
I Vs
|
!/ )
VTV >|l
Fig.3 Schematic of a voltage divider.
and
[ — 8¢/¢ — n—n (1.13)
S 1+ 1/¢ (1+r)1+ l/{)

This enables us to determine the deviation of the signal S as a function of
the deviation of the ratio of the two resistances.

The previous example, which gave an error of 70 ppm for the ratio,
can thus be used to determine that the half-bridge used as a voltage divider
will have an error of approximately 8 ppm caused by the absolute and rela-
tive TCR values.

3.3 Wheatstone Bridge

In the case of a Wheatstone bridge (Fig. 4), there are two dividers fed
by the same voltage V;. We can measure the signal:
Sw = Vs/Vr — V/Vr = Vg/ Vg
or
1 1

WETHL T+¢

1

Ry Ra

Ra R

J

Fig. 4 Schematic of a1 Wheatstone bridge.
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The error 85 “observed” when the resistances R, vary, equals:

_ {(ri—r) £(rs — )
W T+ A+t MY

The Wheatstone bridge is traditionally used to compare a resistance (R|,
for example) to a standard R, (either constant or a decade box). In this case
we do not take the deviation into account, AS = 0, and when the bridge is
balanced (Sy, = 0), we get:

R, = &R,y (1.15)
£ is called the “arm ratio” of the bridge.

3.3.1 Measurement of the Deviation of a Resistor

When r,, r;, and r, are negligible, we measure the variation in r, of the
resistance R, by means of the deviation of the signal:

{n
(1+¢)

3.3.2 Use of a Bridge in a Resistance Strain Gage

8Sy = — (1.16)

Allresistors used as strain gages have the same initial value ({ = £ = 1)
and vary by no more than a few 103 ohm (negligible when compared to
1+ ¢ or 1+ £). In this case the variation of the signal can be written:

8 =—[(rn+nrn)—(nht+r)+[rk+r—rn—rn] 117

-

4. FREQUENCY RESPONSE OF RESISTORS

Because of their shape, resistors have both capacitance and self-inductance
associated with purely resistive functions. A wirewound resistor will have
a coefficient of self-induction that is sometimes considerable. The proxim-
ity of wires or ribbons can also create parasitic capacitance.

At very high frequencies (above 100 MHz), the losses in dielectric
materials, together with the “skin effect” described in Chap. 1, are no
longer negligible. All these factors contribute to modify the response of
the “resistive component” when it is subject to voltages or currents that
change over time.



Chap. 8 Resistive Circuits 131

By neglecting UHF effects (losses in the dielectric) and for frequen-
cies between a few Hz and 100 MHz, the resistor can be represented by the
equivalent circuit diagram? shown in Fig. 5.

The impedance of this circuit is given by the following equation:

_ p+ R/L
Zp) = C(p* + p+R/L + 1/LC)

If p = jw (for example, an AC voltage of frequency w = 27f), it is easy to
show that:

(1.18)

Z(w) = R; + jw-L, (1.19)

in which
R, = R (1.20a)

(1 — @’LC)* + (wRC)?
L(1 — 0’LC) — R?
=1 . W’LC)? ZL (ng)z (1.20)
The admittance, Y, of the circuit is:

Y =1/Z = 1/R, + joCy : (1.21)

in which
Ry = R[1 + &’L*/R?] (1.22)
! (1.23)

= O LA T o AR/LT]

The voltage response to a range of current pulses at t =0 (1/p) is given by
the transform in the time domain of equation E(p) = Z(p)/(p). The shape

L R

cl !

Fig.5 Schematic of a resistor with its inductance and capacitance.

2Vishay. Personal communication and technical papers.
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of the output voltage E(t), calculated from the Laplacian transformation,
depends on the relative values of R, L, and C.3 If R2/L? >> 4/LC, then:

E(t) = R[1 — &7Y/RC] (1.24)
If R?/L? <4/LC, then:
1
E(t) = R|1 — e ®2LY cos(wet + a)} (1.25)
RCuw,
in which
[R2/2L2 — 1/LC] 1 2/7271
= d = —[4/LC — R*/L*]'?
1g(a) woR/L and - wo = ~ [4/LC /L]

(1.26)
If 4/LC > R?/L2, then:

1
E(t) = R[l 2 VL/C- e ®2 cos(wyt + a)] (1.27)
in which
1
rga = — VL/C and w, = 1/VLC. (1.28)

For example, the frequency response of type S-102 high-precision re-
sistors is approximately:*

Cy = 0.5pF (R=130 k(1) and L, = 80.1073 uH (R =400 () at 100 MHz.

Of course, these values depend on the geometry of the resistors (num-
ber of strands, size of the strands, etc.) and consequently on the ohmic value.
This is illustrated in Table 1, showing the transition time of Vishay S-102
resistors as a function of their ohmic value, when subject to a current step.

Figure 6 shows the shape of the response curve of resistance as a func-
tion of ohmic value.

Obviously the analysis discussed in this section is valid for resistive net-
works during operation when subject to voltages or currents that vary with

3Vishay. Personal communication and technical papers.
4Vishay. Technical documentation.
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TABLE 1 Transition Time of Vishay Resistors

Resistance Response Transition Time
10 Q Oscillating 16.0 ns
100 Q Oscillating 1.60 ns
800 Q) Dampened 0.20 ns
1 kQ Exponential 0.16 ns
5 kQ Exponential 5.00 ns
10 kQ Exponential 15.0 ns
100 k) Exponential 40.0 ns

1
rfl = f(1)

1 N~
N

E¢EO/RI R=100Q

0
1
E(tY/RI R=8000
0
1
ECH/RI R=10KQ sec.
0 1 1 1
S 10 15

Fig. 6 Response curves of resistors.
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time. In this case the values of r; are the relative responses of each resistive
element as a function of the frequency and other constraints. As soon as sev-
eral elements, j, representing different sources of constraint, are applied
simultaneously to the resistances, then, applying standard procedures for
dealing with multiple sources of error, we define r, by statistical equation:

j 1/2
r= (Ej ré) (1.29)
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Power
and Wirewound
Resistors

1. INTRODUCTION

There are four principal types of wirewound resistors:

* Axial or radial lead resistors (Fig. 1a)

* Surface-mounted resistors (Figs. 1b, 1c)

* Power resistors, still referred to as housed resistors (HR) (Fig. 1d)
* High-power tubular resistors (Fig. le)

Axial lead resistors consist of a winding of resistive wire on a cylin-
drical ceramic substrate. The current or voltage leads are made of metal
wire (generally copper plated with a tin-lead alloy) welded at the ends of
the cylinder to metal caps to which the ends of the resistive wire are also
welded. Depending on the application, the leads are welded either axially
(parallel to the axis of the cylinder) or radially (perpendicular to the axis of
the cylinder). The body of the resistor is covered with a protective enamel
or mineral-filled silicone coating.

Power resistors are made in the same way as radial lead resistors.
However, they are then placed in a metal container that functions like a heat
sink, and through which they dissipate a considerable amount of power.

Their range extends from a few ohms to approximately 10¢ ohms,
with a TCR between 20 to 500 ppm/°C, depending primarily on ohmic

138
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(a) axial, low-power resistors

’O

(b) surface-mounted molded resistors

(c) chip resistors, low value

Fig. 1 Families of wirewound resistors

value. Figure 1 presents some of the standard configurations and shapes for
these types of resistors.

Nonwirewound high power surface-mounted resistors, specially de-
signed in order to dissipate 2 to 5 times more electrical power than the HR
type housed ones, are described in Section 5.

2. LOW-POWER RESISTORS

The expression “low-power resistor” is somewhat arbitrary. In reality wire-
wound resistors dissipate much more power than other types of resistors.
In this case the dissipated power is between 0.125 W and 10 W.
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(d) housed power resistor

(e) high-power tubular resistor

Fig. 1 (continued)

Figure 2 shows the configuration of some typical low-power resistors.
These components are manufactured as follows:

1. The ceramic is washed in the appropriate solvents, followed by
treatment in deionized water to eliminate any organic impurities.
It is then heated to approximately 450°C to eliminate any traces of
water.

2. Automated machinery is used to attach the caps.

3. Winding. This operation is generally carried out on automated
machinery capable of high output rates, roughly 2,000 to 4,000
parts per hour. Figure 3 is an illustration of one such machine.



138

MODEL Q
APPLICABLE MIL-SPECIFICATIONS
MIL-R-26E: Tlmlsammryapoqﬁemunm-mllyfor

and nor power
Gmoﬁmmoﬂlhemmmuf“ﬁlpmﬂﬂﬂmumlu
the oider MIL-R-26C and MIL-R-23379 specifications,
SPECIAL MODIFICATIONS
1.7 can be supplied in any
with several type finishes.

2. Terminal lengths and diameters can be varied.
3. Various elements available for special TC.

4. Special configuration avallable on request.

5. Tolerances avallable to + .01% on most types.

cial material

Technology  PartII
GN - NON-INDUCTIVE
Maodels of hysical and are
available with non-inductive ) winding. They are

(Aryton-Pery|
Identitied by adding the letter N to the letter G in the part number
(GN-5, for example). Three conditions apply:

1. For GN Typaes, divide maximum resistance values by two.
2. For GN Types, multiply maximum warking voltage by .707.

3. For GN Types, maximum weighls may slightly exceed
hose shown on low values.

GN-1-80 GN-5
GN-2 GN-5C*
GN-3-80 GN-10

‘CHARACTERISTIC V: Resistors are available in £ 3% and + 5%

6. Special U] (TC and * Body O.D. may sxosed that of the G-5C by .010" [.254mm].
TEST REQUIREMENT DALE MAXIMUM
Molsture Resistance +(2%+ 050) AR +(2% + 086) AR
Losd Lite £(5%+.050) AR (5% + .050Q) AR
Temperature Costficlent 30 - BOPPM/C Max. See Elactrical Speciications
Thermad Shock +(2% + .050) AR £(2%+ 050) AR
Short Time Overioed +(2%+.080) AR +(:2%+ .050) AR
Dislectric +(.1% + .050) &R 4(.1%+ .050) AR
Low Temperature Storage £(.2% + .05Q) AR (2% +.05Q) AR
High Temperaturs Exposurs (5% + 050) AR 1 (5% + 060) AR
Bhock +(.1% +.050) AR 4 (.1% + 0601) AR
Vibration +(.1% +.050) AR +(.1%+ .050) AR
Terminal Strength £(,1% + .050) AR (1% + 050) AR
* All AR figures shown are maximurm, based on units with an initial tolerance of + 1% and maximum operating tempernature of + 275°C.
POWER RATING
. mdwam-aumdmmmn
Dale® G style have an range of those of of squivalent size. At the
!r_.':rcmzrs“m&mmmor Eﬁ'cmm higher ratings, Dale® G resistors will mest the same environmantal
table. They must |  and iife of the lower rated tional
budaru-dnthlw " ey stability requirements ‘conven
CHARACTERISTIC U:
120 1. +275*C maximum ‘temperature.
g. A 8 1| 2. .5% meximum AR In 2000 hour load lfe.
00 ] chan.v | CHARACTERISTIC V:

£ o 1. +350°C maximum hotspot temperature.

3wl onany 1 [ 2. 3% maximum AR In 2000 hour load iife.

5 =

* o i

2% 7 125 175 225 278 350
AMBIENT TEMP. DEG. CENTIGRADE

CHARACTERISTIC U: i are in any

G380 100 1%
MODEL RESISTANCE TOLERANCE
Fig. 2 Axial resistors, 1/8 to 10W (Dale, type RS).
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FEATURES
* Complete welded construction
+ High-temperature silicone coating
* Meets applicable requirements of MiL-R-26
’_/-—’/ * Available in non-inductive styles (Type NS) with Aryton-Perry winding for iowest
reactive components
» Over 44 million unit-hours of testing with no catastrophic failures have proven

failure rate of less than 0.0066% per 1000 hours (at 60% confidence) with
full rated power at + 25°C. Aftailure is defined as + 1% resistance change.

Fig.2 (continued)

Fig. 3 High volume wire winding machine (Dale).

Some custom resistors are wound on manual machines. The tol-
erance is controlled by the length of wirewound around the
substrate.

4. The lead wires are welded to the caps by means of automatic elec-
tric welding machines. Wires are generally made of tinned copper.

5. The resistor is then protected with several layers of silicone-based
resin or, depending on the application, with low-temperature
enamel. Protective coatings are applied by painting, molding, or
dipping the resistor in a fluidized bed.

6. The resistor undergoes a final measurement, and is marked with
its value in ohms and its tolerance; samples are taken for quality
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control testing or, for more demanding applications,! each part is
individually tested.

7. Depending on the intended application, the component, in addition
to ordinary quality-control operations, may be subject to acceler-
ated aging and repeated power overload tests for several hours
while in operation. These tests are designed to eliminate compo-
nents with a high probability of failure during the first few hours
of operation.

2.1 Electrical and Mechanical Characteristics

The electrical and mechanical characteristics of wirewound resistors
are shown in Tables 1 and 2 (courtesy of Dale). Dissipated power depends
on the dimensions or volume of the component. Through the use of statis-
tical regression, we can determine a (very) approximate relation between
dissipated power (in watts) and the weight in grams for axial lead resistors:

W =03 + 1.5p — 0.10p? (1.1)

in which W is the power dissipated at an external temperature of 25°C and
p is the weight of the component (in grams). Table 1 shows the character-
istics of some axial resistors. Table 2 shows the mechanical characteristics
for these same resistors.

The limit of dissipated power depends on the temperature reached by
the resistive wire, whose average temperature should not exceed
350-360°C. The wires used (constantan or Ni-Cr) in wirewound resistors
are drawn, and during preparation the crystal grains of the polycrystalline
ingot are deformed and stretched in the direction of drawing. Metallurgists
refer to this process as strain hardening. If the wire is heated to rather high
temperatures, the mechanisms of diffusion enable the alloy to mature to-
ward more favorable energy states, reducing the grain boundary surface
area per unit volume. No phase change occurs during this process, and the
face-centered cubic structure of constantan and Ni-Cr remains after re-
crystallization. On the other hand, the temperature of recrystallization is

1Samples are usually taken for quality control procedures. A certain number of com-
ponents are removed from the fabrication line or prior to shipment and tested, following the
standardized procedures, to determine the maximum number of defective parts. For more
rigorous applications, however, in which a breakdown from a defective component is un-
acceptable (military or space applications, for example) each manufactured component in-
tended for shipment is tested. Readers interested in these issues can refer to Appendices 2
and 3.
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TABLE 1 Electrical Characteristics of WW Resistors, Dale Type RS

MAXIMUM
WORKING

e VOLTAGE |
MODEL TYPE u v | (Grams)
RS-1/8 - 8s | — 18
RS-14 — 20 - 2
RS-172 — 28 — 23
RS-1A - 52 - 34
AS-1A-300 | AWTD — — —
RAS-1M -— J J 41 - 30
RS2 - 40W 55W 490-12.7k | 490-127k | 1-47.1k A-474k | 210 [ 250 2.10
RS-2M — 3.0W — AD0-4.40k | 490-4.40k | .1-18.74k A-18.74k 95 — 85
RS-28 = 30W 376W | 499-6.5k | 4BA-BEK | 1n846k | 1-245k | 140 | 157 70
AS-28-300 | AWTS 0w — — AS0-6.40Kk | .1-B.49k | .1-6.40K — — —
RS-2C — 25W 328W 499-8.0k | 499-80% | 1-320k | A-32% | 188 | 187 18
RS-2C-17 — 25W 32BW 499-60k | 400-86k | 1323k | h-seak | a8 | sy [ 16
AS-2C-23" | AWSY 25W 32BW — — - A1-2.0k 130 | 150 18
RS-§ — 50W B5W 499-25.7k | 489-257k | .1-B52 | .1-962k |is80 | 40 42
RS-5-69 AWT4 5.0W — — A499-243k | 1-243k | 1-24.3 — — —
RS-5-70" AWE? SO0W B5W - - - A-85k | 320 | ses 42
RS-7 — TOW 2.0W 499 - 41.4k AD0 - 41 4k A - 154k .1 - 154k 504 578 a7
RS-10 - 10.0W 13.0W 499734k | 490-734k | 1-273k | A-gTak | 858 | @78 9.0
RS-10-38 RWTS 10.0W — - AB9-715k | J-T1Sk | A-TI5k — — - |
RS-10-29" | RAWes 10.0W 13.0W - — — 1-20k 765 | 675 %0

*Maximum working voltage determined at .0008” [.20mm)] diameter wire resistance values.
**Standard tolerance is = 5% .1 ohm and above, * 10% below 1 ohm. * 3% available.
Note: Shaded area indicates most popular models.

not constant (as is the Curie point of steel, for example) but depends on the
metallurgical history of the alloy and can vary from one spool of wire to
another. A temperature that has no apparent effect on one spool of wire will
produce very rapid expansion in another spool. Modification of the aver-
age grain size can have two significant consequences:

1. Mechanically, the wire will become weaker. This is particularly
dangerous for very fine wires (diameters of 10-20 wm) in which the in-
creased grain size means that the grains will occupy a significant portion
of the wire cross-section.

2. Electrically, this increase will result in a decrease in the density of
grain boundaries, which will lead to an irreversible negative deviation in re-
sistivity (as high as 10~-15%) and, through the application of Matthiessen’s
rule, a corresponding positive deviation in the TCR (see Chap. 3). Figure 4
shows the temperature of the resistor’s surface compared to the dissipated
power for Dale type LVR resistors.

The values for dissipated power are given in the manufacturers’ cata-
logs at an ambient temperature of 25°C. When the ambient temperature is
higher, the nominal power dissipated obeys a relation known as a “derat-
ing curve,” shown in Fig. 5 for Dalc RS type resistors. This curve takes into
account the fact that the temperature of the resistive wire cannot exceed
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TABLE 2 Mechanical Characteristics of WW Resistors, Dale
Type RS
MODEL RS
<« A -—h--d-;— Min. —»
w *
= *
<« B —> D
Max. c
MODEL A B (Max.) Cc D +.002 [.051]
RS-1/8 .155+.015 170 .065+.015 .020
[3.94%.381] | [4.32] [1.65+.381) [.508]"
RS-1/4 250+ .031 .281 .085 +.020 .020
(6.35+.787] | [7.14] [2.16 £ .508) [.508)
RS-1/2 312+ .016 .328 .078 +.016-.031 .020
[7.92 + .406] [8.33] [1.98 + .406 - .787] [.508]
RS-1A 406+ .031 437 094 £ .031 .020
RS-1A-300 | [10.31+.787] | (11.10] [2.39+.787] [.508]
RS-1M .2851+ .025 311 110+.015 020
[7.24+ .835] | [.790] [2.79+.381) [.508]
RS-2 625 + .062 .765 250+ .031 .040
[15.88+1.57] | [19.43] [6.35%.787)] [1.02]
RS-2M 500t .062 562 185+ .015 032
[12.7041.57] | [14.27) [4.70+.381] [.813]
RS-2B 560t .062 .622 .187 £ .031 .032
RS-2B-300 | [14.22+1.57] | [15.80] [4.75+.787] [.813]
RS-2C 500+ .062 593 .218+ .031 .040
[12.70+1.57] | [15.06] [5.54 £ .787] [1.02]
RS-2C-17 | .500%.062 593 218+ .031 032
[12.70+1.57) | [15.06) [5.54 £ .787] [.813]
RS-2C-23 .500 t .062 593 218+ .031 .032
[12.70+1.57] | [15.06] [5.54 + .787] [.813]
RS-5 .875+.062 1.0 312+ .031 .040
[22.23 1 1.57] [25.4] [7.92 £ .787] [1.02]
RS-5-69 875+ .062 837 .312+.031 .040
[22.2311.57] | [23.80] [7.92+.787] [1.02]
RS-5-70 .8751.062 1.0 312+ .03 040
[22.23 1 1.57] [25.4] [7.92+.787] [1.02]
RS-7 1.22+.062 1.28 .312+.031 .040
[30.99+1.57] | (32.51] [7.92+.787) [1.02)
RS-10 1.78+.062 1.87 3751 .031 .040
[45.21£1.57] | [47.50] [9.53 +.787] 1.02)
AS-10-38 1.78+.062 1.84 3751 .031 .040
[45.21£1.57] | [46.74] [9.53.787) [1.02)
RS-10-39 1.78 £ .062 1.87 375+ .031 040
[45.2111.57) | (47.50) (9.53+.787) (1.02)

Note: RS- 1/8 terminal length will be 1.0™ [25.4mm| minimum.

Part II
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LVR3 |
g 20 VR ]
SRV 4"
150 4 //,'r {LvR$
¢ w0 LAAL
3 %

1 2 3 4 5 6
POWER WATTS

Fig.4 Surface temperature vs. power on LVR resistors (Dale).

Dale® RS style resistors have an operating temperature range of

- 55°C to + 275°C (Characteristic U) or - 55°C to + 350°C
(Characteristic V). See Electrical Specifications table. They must be
derated at high ambient temperatures according to the curves below.

| | [

— CHAR.V

N

1

-

o 8388888

—'| CHAR. u_'l[

[ 1]

25 75 125 175 225 275 350
AMBIENT TEMP. DEG. CENTIGRADE

% OF RATED POWER

CHARACTERISTIC U: Resistors are available in any tolerance.

CHARACTERISTIC V: Resistors are available in+ 3% and + 5%
tolerance.

Fig. 5 Derating of applied power in model RS WW resistors (Dale).
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360°C. If the ambient temperature reaches this value, the dissipated power
in watts will be equal to or near zero.

The method of manufacturing wirewound resistors introduces high
self-inductances, with values of approximately 10~2 uH, depending on
their ohmic value. These resistors cannot be used in high-frequency appli-
cations involving frequencies greater than 1-2 MHz.
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3. HIGH-POWER RESISTORS

High-power resistors are used, as the name indicates, for applications in-
volving strong currents, where considerable power is involved. Their basic
structure does not differ appreciably from that of low-power resistors—a
resistive wire is wound around a ceramic substrate. This element is then en-
cased in a metal heat sink that increases the overall mass and diffusion sur-
face for heat dissipation.

Figure 6 illustrates the method of constructing such resistors. The fabri-
cation method is nearly identical to that used for low-power resistors. But in-
stead of using polymer resins for protection, the resistor is coated with a
silicone-based lacquer and placed in the cylindrical opening at the center of the
heat sink. The source of the greatest thermal resistance in the component is ob-
viously the resistor-heat sink bond, for which lacquer is used. Its coefficient of
heat transfer is an order of magnitude lower than the other materials used to
manufacture the resistor. This is compensated for by the surface of the heat sink
and by the greater diameter of the lead wire, which also acts as a heat sink.

Nevertheless, the power rating is approximately an order of magni-
tude higher than that of low-power resistors, as shown in Tables 3 and 4,
which are supplied by Dale.

Naturally, the derating curves mentioned above also apply to high-
power resistive components. At 360°C the dissipated power should be zero
to prevent damage to the resistor wire.

Fig. 6 Housed power resistor.
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TABLE 3 Specifications of Housed Resistors (Dale)

HRHETI AL il i
MIL-R-39009
POWER RATING MUTARY STANDARD TEMPERATURE COEFFICIENT
[Watts) RESISTANCE MAX. MAX. VALUE RANGES (Ohms)
DALE MIL-R-39009 RANGE (Onhms) WEIGHT
MODEL TYPE MOUNTED  FREE AIR 1% VOLTAGE (Grams) £100PPW'C | +S50PPW°C | +30PPWC
ENH-5 RER40 5 3 1-1.65k 1289 33 - 1-18.9 20 1.65K
ENH-10 RER4S 10 6 128K 1900 88 - 1199 20- 2.8k
ENH-25 RERS0 20 8 1. 604 3000 185 - 1-18.8 20- 6.04k
ENH-50 RERSS %0 10 1-10.6k £890.0 8.0 - 1-188 20- 186k
ERH-5 RERS0 5 3 0.10 - 3.32k 160.0 30 A-99 1-18.8 20-3.32k
ERH-10 RERSS 10 ] 010+ 5.62¢ 2650 80 1.9 1-188 20+ 5,62k
ERH-25 RERTO 20 8 0.10-12.1k 5500 130 A-99 1-18.8 20-12.0k
ERH-50 RERTS 2 10 010392k 1250.0 280 -89 1-199 20-39.2k

Note: All resistance ranges shown conform to military specifications unless otherwise
indicated.

TABLE 4 Dimensions of Housed Resistors

MODEL A ] c ] E F G H 4 K (5 L] N e
ERH-5 444 480 800 1.125 334 648 320 085 133 78 083 ore 050 266
ENH-§ £.005 | +.005 | +.031 +.062 015 | £.015 | £.015 +.010 | £.010 | 010 £.006 | £.015 +.005 +.062
[11.28 | [1245 | [15.24 | [28.58 [8.48 [16.41 [8.13 [1.65 [(3.38 [1.98 (2.36 [1.98 [1.27 [6.78
£.127) | £.127) | £.787] | £157) | +.381) | +.381) | +.381) | £.254) | +.254) | £.284] | 2.127) | £.381) | +.127) | £1.57)
ERH-10 562 625 750 1375 420 BOO 380 075 185 083 094 102 .085 a2
ENH-10 | £.006 | £005 | +.031 | $.082 | 015 | +.015 | +.0156 | +.010 | =010 [ £010 | £+.006 | +.015 | +.005 | + 062
(4.27 | (1588 | [18.05 | (3493 | (1067 | [20.92 91 | (150 | 18 | (236 | (230 | s | 26 | [7
£427) | +.927) | £787) | £1.57) | £.381) | 2.381) | +.381) | £.254) | +.254] | +264] | £.927) | +.381) | 2.927) | £157)
ERH-25 e 781 1.082 1.838 550 1.080 546 075 231 172 125 115 085 438
ENH-25 | +005 | +005 | +.031 | +.062 | £,015 | £.015 B | 010 | £+.010 | £.010 | £+.005 | +.015 | +.005 | +.062
[18.26 [lﬁ!’l [26.87 [46.23 [13.97 | [27.43 | [13.87 [1.80 7 [4.37 [3.18 292 [2.16 113
£.127) [ £.127) | £.787) | +157) | +.381) | £.381) | +.381) | +.254) | £ 284 | 2.084) | £.127) | +.381) | +.92m) | 2157
ERH-50 | 1562 844 1.968 a7 [ 1.140 810 088 260 A 125 107 085 438
ENH-50 | £.005 | £.005 | +.031 + 062 +015 | £015 | +015 [ £.010 | £.010 | £.010 | £.005 | £.015 +.008 *.062
[39.67 | [21.44 | (4998 | [7084 | [16.00 | [28.96 | [15.49 | (224 | (660 | [4 @Bie | g7z | 216 | 113
+127) | £.127) | £.787) | £157) | +.387] | £.381) | +.381) | +.254] | £.254) | +.254] | +.127) | £.381) | + 427 | £1.57

Note: All resistance ranges shown conform to military specifications unless otherwise
indicated.

Very large resistors are manufactured from resistive ribbon, made
from Ni-Cr or constantan, which is wound on tubular ceramic or steatite
cylinders, as shown in Fig. 7. These resistors, which are capable of dissi-
pating several hundred watts, are primarily used as rheostats or ballasts in
motors and electrical traction systems for high-speed trains.
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dmb

(a) HL, 12 to 225W

Model HLW

e

(b) HLM, 10 to 20W (flat)

(c) HLW

(d) HLA, 12 to 225W (adjustable)

Fig.7 High-power WW resistors.
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Model HLT

(e) HLT (tapped)

Model HLM

(f) HLM, 10 to 20W (flat)

Fig. 7 * (continued)

4. LOW-OHMIC VALUE POWER RESISTORS

Measurement of high currents requires the use of shunts having low-ohmic
values and high-performance electrical characteristics in terms of TCR and
charge stability. Given the difficulty of manufacturing low-ohmic value
wirewound resistors, manufacturers have resorted to the use of Ni-Cr or
Cu-Ni resistive foil materials in place of resistive wire.

A 0.2 to 1 mm thick strip of Ni-Cr alloy foil is cut into a rectangle. Af-
ter welding the copper terminal—wire or strip—a laser is used to cut a “Y”
in the foil to help adjust the resistance (this includes the lead wire, whose
resistance cannot be neglected) to the required value. Using this technol-
ogy, manufacturers can produce resistors with ohmic values between 0.001
and 1€} with tolerances between 1% and 10% of nominal value,? depend-
ing on the application. The other electrical characteristics, such as the TCR
and charge deviation, are those of the foil, which, after suitable heat treat-
ment, can reach values of 10 ppm/°C and 1000 ppm AR/R drift at 125°C

2Dale LVR series resistors, for example.
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and 10,000 hours of rated load.? An additional advantage of this technol-
ogy is the ease with which surface-mount components can be produced.
Figure 8 illustrates the method of constructing a component with such elec-
trical characteristics.

(a) Resistive element style LVR (axial).

(b) Chip resistor, style WSL (surface-mounted).

Fig. 8 Low-value Dale resistors made with a strip of metal.

3t is not possible to fully compensate for the influence of the lead wire on the TCR
and resistance. The lead wires, having highly positive TCR values (4000 ppm/°C and
higher), cannot be used to obtain an overall TCR close to 0 ppm/°C for very low ohmic val-
ues. These values can only be obtained through the use of specialized mounting technolo-
gies, which we will examine in the chapter on high-precision resistors.
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(¢) Molded surface-mounted low-value resistor, Dale model WSR.

Fig. 8 (continued)

5. HIGH POWER SURFACE-MOUNT RESISTORS

As discussed in the preceding sections, conventional power resistors con-
structed from wirewound around a ceramic tube are bulky and expensive.
Cooling them also requires bulky materials and users want smaller compo-
nents with the same dissipation. This is especially true for applications in
portable small devices as well as in trains powered by electrical engines,
where weight reduction (several tons) and size are important considerations.

To overcome these difficulties the industry has recently developed
surface-mount power resistors, which provide improved dissipation along
with lighter weight and smaller size. In addition to improved response
times compared with wound technology, this new family of resistors en-
joys the advantage of better reliability in steady-state and pulsed applica-
tions. These components are sold in the form of chips a few centimeters on
a side and one or two centimeters thick. Screwed or soldered terminal con-
nectors are located on the upper face of the component. The resistive ele-
ment consists of a cermet paste that is silk-screened onto an alumina or
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aluminum nitride substrate to improve heat dissipation. However, this
technology, when noise, load-life stability and TCR are considered, is not
as good as foil technology.

We saw earlier that the critical variable controlling resistor reliability is
the maximum temperature attained by the resistive element (junction temper-
ature). This temperature is responsible not only for the mechanisms that lead
to component degradation but for the thermomechanical constraints that affect
its reliability. Simulation (see Tables 5 and 6) shows that, for a given geome-
try, the adhesive interfaces between ceramic, metal, and polymer play a con-
siderable role in this. Figure 9 is a cut-away drawing of the simulated device.

The dissipation temperature is a function, not only of the constituent
elements in the component (like the copper element 5 on Fig. 9) but of the
quality of the interfaces (adhesives, contacts, etc.) between these different
elements. Tables 5 and 6 illustrate these features for a 50 X 60 X 10 mm
resistor in which AT, ,, represents the maximum temperature difference
during operation between the resistive film and aluminum base (marked 1
and 4 on Fig. 9). For a modified design, the copper element 5 shaped to
contact also the aluminum base 4, the simulation showed reduced tempera-
ture rise (see Table 6). The good and poor thermal interfaces were simu-
lated by thermal resistances of 10 and 5 K - Cm2/W, respectively.

‘We know that the limiting temperature of a cermet paste shouldn’t ex-
ceed approximately 150°C. If we make use of the best possible geometry
(with a heat sink), the component with poor interfaces will only be able to
provide an overall dissipation of 250W at 100°C ambient temperature as
opposed to 500W using a component with “good” interfaces.

As we have shown, performance is more a function of the high quality
of the interface than the overall shape of the resistor. Figure 10 represents the

TABLE 5 Thermal Simulation Results

Power (W) 250 500 750 1000
AT,,,, good thermal interfaces 36 72 108 144
T nax POOT interfaces 87 174 261 348

TABLE 6 Modified Heat Conducting Element

AT, optimal 21 42 63 84
T ,..x POoT interfaces 57 114 171 228
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. " : -. < O s _' . . /
SR AN .
\ N 1
5 4
1. Resistive film 5. Conductive element (copper) -

2. Alumina substrate 6. Protective cover
3. Alumina insulator 7. Housing (resin)
4. Aluminum base

Fig. 9 High-power resistor, surface-mounted (Sfernice).

results of three-dimensional heat simulations on these components. It refers
to 1/4 of the device—a simplification made possible by symmetry.

6. MEASUREMENT OF HEAT DISSIPATION
DURING OPERATION

When a cylindrical axial-lead resistor, as shown in Fig. 1a, is used, it is pos-
sible to measure transient and continuous heat dissipation phenomena, pro-
viding the following assumptions are made:

* We assume that the length of the cylinder is greater than its radius
and that heat conduction by the wire lead is negligible compared to
the heat conduction from convection,
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T-Ta (°C)

!

Fig. 10 Surface temperature simulation for a quarter of resistor shown in
Fig. 9.

* The ceramic mass is at least one or two orders of magnitude greater
than the mass of the resistive material.

Under these conditions, if AT is the temperature difference between the
resistive layer and the outside temperature, and if we assume that the value of
AT is ata good approximation the same in the entire volume of the component,
a mathematical formula can be derived for the estimation of AT, such that:

I’R,

AT = ————
K; — ayerl "Ry

(1 = exp(—1/7))
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where K is the total heat transfer coefficient with the exterior, in W/°C.
This coefficient will take into account all transfer mechanisms described
in Chap. 5 (plus transfer through the connections); I is the current, R, the
value of resistance at AT = 0, g the thermal coefficient of temperature,
and T = pC,V/(K; — arcgl ’R,), and p, C,, V being, respectively, the av-
erage density, the average specific heat coefficient of the component (in SI
units), and its total volume.

For +<107'—1073, this equation can be approximated by:
AT = (I’Ry/pC,V) - .

When ¢ tends to infinity, the component is in thermal equilibrium with
the environment and:

I’R,

AT, = N
Kr — arcrl "Ry

We see that when the denominator is equal to zero, AT — o0 and the
resistor acts as a fuse. This relation will be used for measuring K.

The product pC,V can also be estimated by means of a pulse genera-
tor, which feeds the resistor with current pulses of intensity I and various
durations (1072 to 107! sec). Because the TCR is known, measurements of
R provide the value of junction temperature, and the linear approximation
can be used to estimate pC,V. In practice, and in order to measure these
constants with any degree of accuracy, it is necessary to replace the resis-
tive elements, wire, film, thin film or cermets with a resistive element hav-
ing a TCR as high as possible. Nickel wires, oxides, etc. are well suited for
this purpose.

Again, these relations are suitable for geometrically simple compo-
nents. For complex form components, or great heterogeneity, other means,
such as finite elements, should be used, as was the case for components de-
scribed in the preceding section.

7. CONCLUSION

Despite the relative age of this technology (the first power resistors manu-
factured were wirewound resistors), this type of resistive component is
still used for applications involving power electronics. However, to satisfy
more stringent mounting requirements, the majority of them have been
modified for surface-mount technology.
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Precision
Resistors and
Resistor Networks

1. INTRODUCTION

The introduction of ever more sophisticated electronic measurement and
data transmission systems in the 1960s for use in industrial, military, com-
munications, and scientific applications has resulted in the increasing use
of precision resistors. The performance of these components is generally
two or three orders of magnitude greater than that of conventional resistors.
For example, proper operation of a 20-bit analog-digital converter requires
the use of resistors with ohmic values between 1,000 and 100,000¢2, toler-
ances of approximately 0.005% between resistors, TCR of &2 ppm/°C, and
operating drift of less than 150 ppm at 125°C and 10,000 hours of operation.

It is easy to see how the development and fabrication of such compo-
nents introduced requirements that were quite different from those for re-
sistors used in less critical applications. More stringent requirements led to
the development of new resistor technologies for wirewound resistors, re-
sistive film, foil materials deposited or glued on rigid substrates, and thin
films deposited on substrates and etched to create discrete resistances or
resistor networks. In the current chapter we will examine these various
technologies and discuss their relative merits.

155
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2. PRECISION WIREWOUND RESISTORS

The technology of precision wirewound resistors is not fundamentally dif-
ferent from that of power resistors. The only difference lies in the nature
(the use of Karma alloys, for example. See Chap. 2) and heat treatment of
the resistive wire prior to use—designed to improve the TCR of the alloy
to about +5 ppm/°C—and the care exerted in the construction of the re-
sistor and its winding to minimize mechanical strain. Ohmic values are
between 100 ohms and several megohms, with TCR of £5 ppm°C. Irre-
versible ohmic drift at 125°C is approximately 500-700 ppm at 10,000
hours of operation. Unfortunately the winding introduces a self-induction
that prevents the use of these resistors in high-frequency electronic sys-
tems, limiting them to measuring phenomena that vary slowly (frequencies
below 1-2 MHz). One method of fabrication with double! strands of wire
is currently in use and reduces self-inductance in these devices. Unfortu-
nately this results in an improvement of no more than roughly an order of
magnitude. In addition, the technology required to integrate several dis-
crete resistors in resistive networks is extremely difficult and expensive.
Figure 1 illustrates the method of fabrication and principal characteristics
of some typical commercial wirewound precision resistors.

3. FOIL RESISTORS

In 1962 a small American company called Vishay Intertechnology was
assigned a series of patents? for a new technology for manufacturing state-
of-the-art precision resistors. These resistors based on strain gage technol-
ogy are made as follows (see Fig. 2).

A foil of resistive Ni-Cr, or similar alloy, with a thickness of 2-8 um
is glued to a solid ceramic or glass substrate after being heat treated to
adjust its temperature coefficient of resistance (TCR) to an appropriate
value. A photosensitive resin is then deposited on the foil using micro-
electronic processes, similar to integrated circuit process technology. The
photosensitive resin is exposed (photolithography) through a photographic
mask representing the design of resistance circuit, which resembles a se-
ries of looping filaments. The nonexposed areas are washed off, leaving the
exposed areas intact, forming a meander pattern (photoresist mask) on top
of the foil. The foil areas not protected by the photoresist mask are then

Vishay (Ultronix) and RCL are the principal manufacturers of these resistors.
Filed by Felix Zandman e al.
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‘arminations

Leads ‘Weided Tarminations— No Ribbona
mm_mmmhum»«-np:mﬁldm. : :m
mwm maximum reliabillty. Excellant moisture rrangement for maximum reliability.
resislance, temparaiure and load-ite capabilibes, low tharmal EMF. high temparaturs and load-ife capabiities. low thermal EMF,

Fig. 2 Construction of a foil resistor.

etched by means of electrolytic or chemical processes, reproducing the de-
sign of the mask. This step creates hundreds of resistive filaments in series
or parallel such that the resistance of the circuit reaches the desired value.
Such resistance elements are usually produced in an array of several hundred
on a wafer. The next process step is to singulate resistor chips from the wafer.

It is important that the chip—resistive alloy/cement/substrate—be free from
outside mechanical stress. The TCR principle is as follows: The resistance
of the foil in its free state (before cementing to the ceramic substrate) in-
creases with temperature. Since the foil is cemented to the ceramic substrate
and since the coefficient of thermal expansion of ceramic is smaller than the
coefficient of thermal expansion of the foil, as the temperature of the foil
rises, the foil undergoes compressive stress and therefore the resistance de-
creases. If both phenomena are equal and of opposite sign the resulting
change is close to zero. This is the essence of the low TCR of foil resistors.
Section 3.1 below describes in detail the mechanism of TCR compensation.

To complete the resistor, leads are soldered or welded to each end of
the resistive circuit on the chip. The foil resistors are then usually calibrated
(see Fig. 3) in discrete increments (unlike thick-film and thin-film resistors
whose values are adjusted by continuous laser abrasion). The foil method
consists of opening designed-in numeric value shorting bars resulting in
known incremental adjustment to final value and tolerance. Their adjust-
ment to a given final value of resistance R is made according to the fol-
lowing procedure. Trimming points { = 1,...p, where p is the total
number of trimming points, are designed according to a method based on
geometrical series. In order to illustrate the method, we may use a geo-
metrical series with a ratio 1/2. Then a cut in the trimming point i increases
the resistance by R,/2', where R, is the value of resistor at the start of the
trimming operation. If we assume that p — e (in that case, the sum value
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Current Path
/Before Trimming

Current Path
After Trimming

S - N Trimming Process
et ' Removes this Material
e ——— .~ from Shorting Strip Area,
' Changing Current Path
and Increasing
Resistance

,,,,,,,,,,,

Note: Foil shown in black, etched spaces in white.

Fig.3 Grid of a foil resistor.

of the series is 2, to be compared with the multiplier coefficient of Vishay’s
S102C, which is equal to 1.35-1.5) then: -

R— Ry
NS H e [0,1]

Since in a real chip p is finite, the adjusted resistance R closest in value to
R, the target nominal value which has to be obtained, is given by:

P .
&=0+2;-&
i=1

Obviously, @; = 1 if the trimming point is cut; O if it is not. The choice of
trimming points is then determined by the following algorithm:

R, =R,
Fori = 1toi = p start
. R—R _ «a
if —_— =
Ry 2!
then o = |

w, I (the line must be trimmed)
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otherwise

a; = 0 (the line is not trimmed)
Stop

To obtain the requested value, lines are cut successively and the re-
sistance is measured after each cut. The algorithm determines the next
trimming point accordingly, until the requested values of resistance and
tolerance are obtained.

In the foil technology, this choice of trimming method is necessary. In
effect, the smallest thickness that can be achieved in the rolling of Ni-Cr
foils is about 2.5 micrometers. As a result, the resistance is about 0.6Q2/[],
a value very small by comparison with other technologies such as thin or
thick films. When tight tolerances (0.01% typical; 0.001% achievable) on
the nominal values must be obtained, the classic methods of trimming used
in thin or thick films cannot be used. However, the management of real es-
tate occupation and homogeneity of power density all over the chip be-
comes more difficult than with these alternative technologies.

The smaller trimming weights for these tight tolerances are obtained
by the implementation of several series-parallel elements of resistance and
necessitates a larger real estate than the others. Under these conditions,
finding the optimal compromise between these somewhat contradictory
factors (surface vs. precision) necessitates the use of rather powerful com-
putational tools to design these components and define the best trimming
algorithm.

The calibrated resistor is next coated with various protective layers to
reduce effects of humidity and mechanical stress (from molding or user
handling). The resistors are then encapsulated or molded, marked, and are
now complete.

3.1 Physical Principles of TCR Control
and Adjustment

It is worthwhile to develop a detailed mechanism for controlling the
TCR. We saw in Chap. 4 that the TCR of an alloy depends not only on the
physical properties of conductivity associated with the structure of the ma-
terial, but also through Griineisen’s equation and the Bridgman constant,
the mechanical stress on the crystal lattice itself (see Chap. 2).
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R _ d dL dv
SE=L Ar+2.Z 4 (c-1). =
R pdl L v

1.1
Here, as in Chap. 2, p is the resistivity of the material, C the Bridgman con-
stant, AT the difference in temperature between the ambient and the effec-
tive temperature of the material, and V the volume of the material. The term
dp/pdT is the coefficient of temperature of the material at constant volume,
which we designate by 7C,,.

We assume that the resistive material in its free state (a foil before be-
ing cemented to the substrate, or a free wire) can expand freely. Under these
conditions, if ay is its coefficient of expansion, L its length, / its width, and
t its thickness, the resistance is equal to R = p L/It. When the temperature
difference is given by AT, we have dV/V=dL/L + di/l + dt/t = 3axAT
and dL/L = axAT. By introducing these values into Eq. 1.1, we have:

dR
= = TC,*AT + (2 + 3(C = 1))aAT (1.2)

from which we derive

dR
TCR = 7= = TC, + (24 3(C — 1))ag (1.3)

(For materials in which C = 1, the TCR is independent of changes in volume.)

The coefficient of expansion of metals and metallic alloys is approxi-
mately 10 - 1076/°K. If the foil is made of a pure metal (TC, = 4000 ppm/
°K), the term in oy, has little effect on the outcome.

In Ni-Cr metal alloys, however, in which TC,, is only a few ppm/°K,
changes in dimension as a function of temperature or other parameters play
a significant role in the variation in resistivity. Precision wirewound re-
sistors, for example, are constructed in such a way that the wire can expand
freely, and Eq. 1.3 then applies.

In the case of foil resistors, however, we have to account for the effect
of mechanical stress introduced by the substrate. In Fig. 2 the resistive al-
loy foil is glued to the substrate. To calculate the effect of adhesion on the
TCR of the resistor, we have to make the following two assumptions:

* The foil is thin compared to the thickness of the substrate, which
is assumed to be isotropic and causes the deformations, dL/L and
dl/1 (in practice, the substrate material is glass or polycrystalline
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alumina ceramic, between 0.3 and 0.8 mm thick. The foil is between
2 and 10 pm thick.)

* The upper surface of the foil is free from stress (o, = 0). We can
therefore neglect the stress from a thin protective layer.3

Under these conditions we can apply Hooke’s law,* which expresses
the relationship between stress (o, ;) and strain in continuous media
through the use of a constant of elasticity associated with the materials.
Here, we can write Hooke’s law as follows:

AL _

1
[ = g0 meoy) t opAT = aAT (14)
Al 1
T = E (O-L — I'LRO-I) + aRAT = aSAT (15)
Ar 1
T = E [—ur(oy + 0))] + agAT (1.6)

E is Young’s modulus and i, Poisson’s ratio for the foil, oy, its coefficient of
expansion, and ag the coefficient of expansion of the substrate. AT is the
temperature change of the unit as a whole.5 The sum of Eq. 1.4 and 1.5 yields:

_E
1 — pg
By inserting this in Eq. 1.6, we can calculate At/z.

o, t o = 2(ag — ag) * AT .7

Ar_ __#

—— R (a5 — ag)+ AT + azAT (1.8)
t 1 — pg
Because we assume that AL/L = Al/l = ag+ AT, we can write:
I A 1—2 1+
ﬂ=éé+ﬁ+—t=<—l‘*2as+7w-aR)-AT 1.9

3Additional detail can be found in papers about effects of protective coatings by F.
Zandman and Post and about TCR in foil resistors by F. Zandman and Stein, see App. L.

4For additional information interested readers may refer to the literature on the me-
chanical theory of continuous media, such as Dugdale, D. S. and Ruiz, C. Elasticity for En-
gineers. London: McGraw-Hill, 1971.

SThese equations are valid only for reversible elastic phenomena, in which strain ef-
fects have not yet become permanent.
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We can now write AR/R and TCR as follows:

AR
== = TC,- AT + 2a5- AT
R
1 -2 1+
+(C - 1)(—“"-2as+—"*-ak>~AT
1 — pg 1 — pg
(1.10)
1-2 1+
TCR=TC,,+<1+(C—1)-—ﬂ>-2as+( C—1)- 4. g
1 — pg 1 — pg
(1.11)

By subtracting the TCR of the unstressed foil, given in Eq. 1.3, from this
equation, we can express the effect of the substrate-foil bond of the TCR:

ATCR = 2 (a5 — ag) + (C — 1)-11__2:-2(as ~ @)
(1.12)
which can be written as
ATCR=2-(a5—aR)[1 + (C — 1)-%:5 (1.13)

Equation 1.13 shows that if the substrate expands along with the foil
(g = arp), there is no stress and the above equation reduces to Eq. 1.3¢ for
the value of TCR given in Eq. 1.11.

If C = 1, changes in volume do not affect TCR. This is true for Ni-Cr,
which is used in strain gages, where the gage factor is equal to 2. As a result,
changes in TCR in precision foil resistors can be expressed as ATCR = 2Aa,
which can be shown through experiment (ATCR = —13ppm/°C when the

SWhen the stress is mechanical, we can use the same method to determine the gage
factor. Under these circumstances, we can show that when a strain field, &,, €,, and v (the
strain of the right angle associated with shear), acts on the resistor, the resistance change
can be expressed by the following equation:

AR Z#R

& = 260+ 2%(6) + (C - 1) “(ex + &)

g(0) =

sy + 8y
X ) L (eon(20) — 1) + %-sin(20)
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Ni-Cr alloy is glued to an alumina substrate). Obviously, this value will dif-
fer for other metals and alloys, and different substrates, since it depends on
the difference between the various coefficients of expansion.

The equation for ATCR is valid if we assume that the bonding of
the foil to the substrate is such that any strain in the substrate is completely
transmitted to the foil. In practice, given the experimental conditions under
which bonding takes place, our assumption is not entirely correct. The mea-
sured temperature coefficient is basically a combination of nonlinear ele-
ments, which can be calculated and are generally known by the resistor
manufacturer. For the most part, they are the sum of the applied first- and
second-order mechanical or thermomechanical stresses. Nevertheless, the
equation is helpful in understanding the physical phenomena involved and
can be used to determine their orders of magnitude.

Of course the nature of the resistive foil affects all the resistor’s char-
acteristics, but other elements involved in its construction come into play.
Load-induced drifts, for example, are very sensitive to the quality of the
bonding materials used to attach the foil to the substrate. The resins used,
which are epoxy-based, are specially prepared so that their Martens” point
is as high as possible. This helps avoid the introduction of deviations in the
mechanical stresses arising from the action of the substrate on the foil. The
effect of the other materials on the foil must also be carefully estimated.
These include the protective resins, leads, solder, etc.

When the resistor is operating in a pulsed mode, as is true of an A/D
or D/A converter, the adiabatic heating of the resistive elements during the
few microseconds following the establishment of the voltage step results
in a brief negative drift of the resistance, which can adversely affect the op-
eration of the circuit to which it is connected. Appendix I covers this prob-
lem in greater detail, and lists orders of magnitude of the change and some
of the methods used to prevent it.

The longitudinal gage factor K, which is measured when ¢ acts in the longitudinal direction
of the resistance, § = 0, is then equal to K =2 + B(1 + u). The constant B depends on the
physical characteristics of the material and is equalto B=(C — 1) - (1 — 2u,)/(1 — p,). For
materials commonly used in strain gages, C = 1 and K = 2. The drift of the gage, regard-
less of the bonding orientation 6 on a substrate deformed by €, = €, &, = —ue and y is given
by: AR/R=[K+ (1 + u)(cos(26) —1]e + v - sin(20), where u is Poisson’s ratio for the
substrate. Readers interested in the theory and practice of strain gages should consult the
Encyclopédie Vishay d’ analyse des contraintes, distributed by Vishay Inc., Malvern, PA or
the literature of Measurements Group, a division of Vishay, P.O. Box 27777, Raleigh, NC
27611, internet address: www.measurementsgroup.com.

"The softening point of the material, generally a polymer, used for bonding.
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FEATURES

* VH102K Series
Maximum Temperature Coefficient of Resistance:
+2.5 ppm/°C (0°C to +25°C and +25°C to +60°C)
+2.5 ppm/°C (-55°C to +25°C and +25°C to +125°C)

* VH102 Series
Nominal Temperature Coefficient of Resistance:
+0.6 ppm/°C (0°C to +25°C); 0.6 ppm/°C (+25°C to +60°C);
+2.2 ppm/°C (-55°C to +25°C); -1.8 ppm/°C (+25°C to +125°C)

* VHS555 Temperature Coefficient of Resistance
15 ppm/°C (-55°C to +125°C);

® Selected TCR Tracking: to 0.5 ppm/°C (matched sets)

* |oad-Life Stability: £0.0025% maximum AR at 0.1 watt,
+60°C, 2,000 hours (VHS555)

¢ Power Rating: 0.6 Watts at +70°C; 0.3 Watts at +125°C

* Resistance Tolerance (Initial Resistance Accuracy):
+0.005% tightest to £1.0% loosest

¢ Resistance Range: 1 Q to 150K Q

Fig. 4 Features of a hermetically sealed foil resistor.

When all the conditions necessary for the correct performance of the
component are fulfilled, however, its characteristics are remarkable, as
shown in Fig. 4. The base resistive material consists of a special Ni-Cr al-
loy, which was described in Chap. 3. This same alloy is also used in preci-
sion wirewound resistors.

The geometry of the resistive circuit and the cross-sectional area of
neighboring conductors (see Fig. 2) result in a high frequency response of
approximately 100 MHz. Current manufacturing technology is now used
to fabricate chip resistors, which can be assembled in a single package (sil-
icon, for example) to create high-performance resistor networks. Figure 5
illustrates a typical resistor.

4. THICK-FILM PRECISION RESISTORS

The thick-film materials described in Chap. 4 are used to produce excel-
lent precision resistors. Although these can be made to resemble wire-
wound or foil resistors, thick-film resistors are primarily sold in the form
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o

Fig. 5 Precision resistor network.

of surface-mount chip resistors. Figure 6 illustrates some possible config-
urations of thick-film resistors and Fig. 7 shows their typical production
flow.

Screen printing machines and automatic ovens are used to fabricate
these resistors, resulting in high rates of production and excellent repro-
ducibility.

7B

(a) Thick-Film
Chip Resistors

-

(b) Dual-In-Line, Molded

—

(c) Dual-in-Line, Small (d) Single-In-Line, Coated
Outline Molded Dip 4 thru 10 Pins

Fig. 6 Thick-film resistors and nctworks,
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1) Fab. mask
2) Ink
Conductor
Dielectric => 3) Screen printing => Drying and Baking
Resistor
=> Networks
4) Adjustment 5) | =>6) Inspection => Packaging

=> Discrete components

Fig.7 Production flow of thick-film resistors.

The substrate is generally a ceramic material whose physical proper-
ties are given in Table 1.

The ink (prior to firing, the thick-film, or cermet, is mixed with volatile
solvents and polymers in order to get rheology values suitable for the
screening process. The color of the said mixed materials is from gray to
black. The name “ink” was coined for this reason) is screen printed through
a silkscreen mask onto the ceramic substrate. After drying in an infrared
oven, designed to evaporate the volatile solvents, the component is baked
at temperatures up to 800—-900°C. During the first phases of fabrication, Ag-
Pd, Pt-Pd, or Au-Pd conductors are deposited. After baking, the dielectric
inks (if the circuit is made in several layers or contains bridges between con-
ductors) and resistive elements are deposited using the same process. The
conductive particles are bound with a type of borosilicate glass contain-
ing Al,O;, PbO, Bi,0,, or related compounds, designed to improve its

TABLE 1 Physical Properties of Substrates

ALO, (96.0%) ALO, (99.5%) AIN SiC

Coef. Expansion 6.4 6.6 42 37
ppm/°C 25-300°C

Thermal Conductivity 25 34 180 150
W-m!-K!

Dielectric constant at 10 10 8 40
1 MHz and 25°C

Breakdown voltage 18 18 22 1
kV/mm 25°C

Resistivity {2 - cm 25°C >10M >10" >10!4 >10!4

T® max. operational °C 1 5(4) 1600 1800 1900
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mechanical and thermal properties. The most commonly used glass, which
has a coefficient of expansion comparable to alumina, is made of 63% PbO,
25% B,0,, and 12% Si0O,. The nominal resistance value is adjusted by
abrading the screened ink by means of a YAG or other laser. To complete
the fabrication cycle, the substrates are broken up into individual chips and
sorted. Figures 8 and 9 illustrate some of the equipment used by Dale, the
principal manufacturer of thick-film network resistors. Custom resistor net-
works can also be manufactured using the same technology.

For the most part, the electrical performance of these devices depends
on the resistive materials used and the baking operation. Starting from iden-
tical paste compositions, as described in Chap. 4, different bake parameters
can be used to modify the TCR or stability to a significant extent. The pri-
mary factor affecting the electrical characteristics of the resistors appears
to be the nature of the residual gas in the baking ovens.

The thermal and mechanical stresses on the resistive foil arising from
the substrate and the environment, which was described above, also affect
cermets, resulting in drift of their ohmic value and variations in the TCR.
These effects are amplified by the fact that the gage factor of cermets is be-
tween 6 and 12. Table 2 shows that a given strain £, can cause significant

Fig.8 Screen printing machine—high volume, rotary.
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TABLE 2 Resistance Change Due to Mechanical Strain

Resistivity AR/R(L)ppm K(L) AR/R(1)ppm K(1) K(L)—K(1)

Dupont 4800

100 /W 515 5.6 1036 3.7 1.9
1 KQ/® 713 7.7 1464 52 2.5
10 KQ/m 880 9.5 1835 6.5 3.0
100 KQ/m 1066 11.6 2683 9.6 2.0
1 MQ/E 1055 11.5 2467 8.8 2.7

drift, depending on whether it acts longitudinally or transversely to the re-
sistors in a given network.

K(L) and K(1) represent the longitudinal and transverse gage factor.
Experiments have been conducted with an alumina substrate that was sub-
jected to a given range of values. Under these conditions €, is 280 ppm
when the resistor is in a transverse position and 92 ppm when it is longitu-
dinal. Under the same experimental conditions, the relative deviation be-
tween resistors made from a metallic alloy would have been smaller by an
order of magnitude.

Figures 10 and 11 represent the geometry and performance that can
be expected from these devices. Thick-film devices probably provide the
best performance that can be obtained in resistive materials and networks
in terms of reliability and price. These components are used in any elec-
tronic application requiring the use of resistors, although they are most fre-
quently found in computer and telecommunications devices.

The performance of these components, although not as good as foil or
thin-film resistors, is still remarkable. The average TCR falls between 50
and 200 ppm/°C for practically all ohmic values, which range between
100€) and a few dozen M(), up to a maximum of 2 M{}/mm?. Operating

Fig. 10 Geometry of thick-film resis- ’ !

tors and arrays (Dale Model
CRCW).
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FEATURES

” * Choice of 4 or 8 terminal package with 2 or 4 isolated resistors
’ ~ * Automatic placement capability
* ‘ « Flow solderable
“ * Inner electrode protection

” * Thick-film resistance element

~ a * Wrap around termination

e Standard E-24 (+ 2% and + 5%) and E-96 (t 1%)

* Operating temperature range of - 55°C to + 150°C

ELECTRICAL SPECIFICATIONS

Resistance Range: 10 ohm to 1 Megohm. Insulation Reslstance: 1000 Megohm.

Tolerance: + 1%, + 2%, + 5%. Operating Temperature: - 55°C to + 150°C.

Temperature Coefficlent: (- 55°C to + 125°C) Maximum Working Voltage: 50 volts. Rated continuous
+ 200PPM/°C standard. working voltage (RCWYV) shall be determined from

Power Rating: 1/16 watt @ + 70°C per element. RCWV =Vof Rated Power x Resistance Value or 50 volts

Dlelectric Strength: 100 VAC. whichever is less.

Fig. 11 Geometry and performance of thick-film resistors and arrays (Dale
Model CRA065).

stability is approximately 1% or less at 125°C and 10,000 hours of opera-
tion, substantially higher than for wire, foil, or thin film. To achieve these
performances, resistive inks must undergo additional thermal treatment
with a mixture of appropriate gases. It should be pointed out, however, that
the I/f noise for thick-film components is greater by two or three orders of
magnitude than in wirewound foil or thin-film resistors.

5. THIN-FILM PRECISION RESISTORS

Thin-film resistors and networks are made as shown in Fig. 12.

This production flow is common to all precision chip resistors or net-
works. The substrates, between 3 and 6 inches, are generally 99.5% alumina
with a 1-5 pm grain size. For some applications, silicon substrates are used.
Under these conditions a 1-2 um dielectric layer of SiO, or Si,N; is de-
posited on the surface and functions as an insulator. Several types of resis-
tive materials or alloys, similar to those described in Chap. 4, are deposited
using different technologies such as vacuum, plasma, or ion deposition sys-
tems. Ni-Cr alloy (50:50) is very often used by the manufacturers. When a
low TRC (= 2 ppm/°C) for the network is a must, it is doped during depo-
sition by O,, N, molecules or other compounds. Resistive deposits of Ta,N
are also used. This material has the advantage of being self-passivating
when the resistors are used in humid environments. In the opposite case
(Ni-Cr), a Si;N, passivation layer is deposited on the resistive material.
Conductors are generally made of gold or aluminum and vacuum deposited.
Figures 13 to 15 illustratc some typical equipment used to fabricate resis-
tors and networks. The components are mass produced and 4,000-5,000
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1. Deposition
1.1. Cleaning of substrate
chemical, or
plasma ashing, or
ion beam cleaning
1.2. Deposition of the resistive layer
sputtering, or
ion beam deposition
1.3. Deposition of conductive layer
electron gun evaporation, or
Joule’s evaporation
2. Patterning (twice—for resistive and for conductive layers)
2.1. Photoresist spinning and drying
2.2. Exposure with UV light through mask
2.3. Development and curing of photoresist
2.4. Pattern etching
plasma, or
ion mill, or
chemical
2.5. Photoresist stripping

Part II

3. Heat treatment: To give the resistors the right structure which governs stability, sheet re-

sistivity and TCR—an iterative process controlled by measuring the last two.

4. Glassivation

4.1. Deposition
Plasma (PECVD) of Silicon Nitride (Si;N,)

4.2. Plasma etching of Si;N, over resistor’s terminations
5. Laser trimming and secondary process
5.1. Laser trimming to precise ohmic values
5.2 Saw dicing
5.3. Conditioning on waffle packs (or assembly on packages)
5.4. Visual inspection
5.5. Interconnection by wire bonding
5.6. Sealing of package (or molding)
5.7. Screening, testing, and inspection

Fig. 12 Production flow of thin-film resistors.

resistors at a time can be made on a 4 X 4 inch wafer. Production must be
carried out, however, under the same environmental conditions (clean
room, deionized water, etc.) used to fabricate active semiconductor cir-
cuits. Under these conditions it is possible to produce resistive networks
containing as many as 15-40 elements on a 5 X 5 mm? chip (Fig. 16). This
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Fig. 14 Laser trimmer.
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Fig. 15 Probe ring.

requires the use of plasma or ion-beam technologies to create etched com-
ponents with dimensions of approximately 5 to 10um, which justifies the
use of the best microelectronics technology available. Figure 17 lists the
characteristics ol some precision thin-film resistors.
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Ui

R B

Fig. 16 Thin-film two resistor chips, center tap, 075mm square.

I R E C I S I O N T H | N F 1 L ™M T £E C H N O L O G VY

Silicon, Standard Resistor Arrays

RMK 408N, 508N, 48N, 816N THIN FiLM
and 914N Series

FEATURES
* High precision tolerances

* Very low temperature coefficient
¢ Excellent stability

TvyricaL PERFORMANCE

. . N ] ABS TRACKING
Manufactured in ULTRAFILM® technology, these resistor network chips have
ahigh level of integration, wide ohmic value range, very low temperature coef- n—
ficient which are unequailed on the market today. Laser trimming can provide ABS RATIO
oxcellent precision. 0.1

Fig. 17  Specifications for thin film arrays (manufactured by Sfernice, a
division of Vishiy)
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6. HIGH PRECISION LOW-OHMIC
VALUE RESISTORS

Low-ohmic value resistors include those with ohmic values between
3 and 0.001 ohms. These resistors must also display the same characteris-
tics as other high-precision resistors.

Figure 18 is a schematic of a low-ohmic value resistor. Since the leads
have significant resistance, the incoming current is independent of the ac-
tual signal that causes the potential drop V, — V, across the terminals of the
active part of the resistor.

Four wires are used: two for the current and two for the signal. In
practice the resistances, r,, include not only the resistance of the leads
but the resistance of the solder between the leads and the active part of
the circuit. The electrical properties of the leads and solder (TCR, sta-
bility) are generally compatible with the desired performance of the
component.

It is up to the manufacturer to reduce the resistivity of the solder and
any related dispersion so that the tolerance, TCR, and stability of the com-
ponent are well within the limits of the customer’s specifications or the per-
formance claimed by the manufacturer.

The primary resistance element is created by arranging several resis-
tors in parallel. Of the various technologies described in this chapter, only
foil technology can be used to manufacture such components. Wirewound
resistors cannot be used for this purpose, even though they can be made
from wires arranged in parallel. The problem is that the tolerances associ-

RCI RA RCE

RVI RVE

C D

Fig. 18 Four wire (Kelvin) connection of a low-ohmic value resistor.
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ated with wire length adjustment or the process of chemical or mechanical
erosion are very difficult to maintain. Additional problems arise in trying
to control resistance dispersion in the solder.

Thick-film (cermets) or thin-film materials are not necessarily well
suited to the production of low-ohmic value high-precision resistors. Low-
ohmic value pastes, with values below 10}/, are unstable. The same is
true of Ni-Cr or Ta thin-film materials.

Foil technology, however, is well suited to the production of such de-
vices. It is relatively easy to manufacture foils only a few micrometers in
thickness, with a resistivity between 0.5 and 0.15 (/M. These foils are
ctched by chemical or electrochemical means to obtain parallel resistor cir-
cuits containing adjustment points as described earlier. The contacts be-
tween the input current and the actual signal are built up from electrolytic
copper deposited on the foil.

Specific techniques can be used to minimize the resistance of the
interfaces as well as any associated dispersion.

Figure 19 represents the schematic for a low-ohmic value foil resistor.
The input current and measurement pads, along with the adjustment points,
are clearly visible in the illustration.

SYEpse o 2 T T a9
w1 T
* —0— | —0— | 80— |0~ | |-G 30 B
‘ ; i o . . 1
[T |17
B —ei 1
T l 2 |=—18
L s
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=]

|

o
' i
A C s D B

Fig. 19  Pattern of low-ohmic value foil resistor,
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By using three foil thicknesses (2.5, 5, and 10im), the resistor can be
adjusted to any value between 0.1 and 1£}, with an accuracy of a few ppm
and TCR of £5ppm/°C. Very thick foils can also be used. In this case there
is no need for a ceramic substrate as the foil is rigid enough. The adjust-
ment of value is done with a laser, and the terminals consist of welded cop-
per wires or strips (Chap. 9, Fig. 8b). In this case values down to 1 milliohm
have been achieved.

7. THERMOELECTRIC EFFECT

The thermoelectric effect, which is negligible in ordinary resistors, may be-
come a significant source of drift or instability in high-precision resistors.

Known as the Seeback effect, it occurs when the following two con-
ditions are present at the same time:

1. An electrical circuit is made from two different conducting mate-
rials (metals M1 and M2), which are soldered at their ends, A and
B (Fig. 20).

2. A temperature difference T, — T exists between A and B.
Solution of the Boltzmann transport equation for solids shows that the

electrical and thermal currents depend on the electric field and tempera-
ture gradients:

J = LgE + Lgygrad(T°) (1.14)

M. 0 M

F_Tl TE_]

M

Fig. 20 Seeback effect.
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0 = LzE + Ly grad(T°) (1.15)

Here, J and E are the current density and electrical field in the con-
ductor, and Q and ﬁﬁ( T°) are the thermal current density and tempera-
ture gradient between the ends of the conductor. The coefficients L depend
on the nature of the conductor.

In practice we cannot observe these coefficients directly. If the speci-
men is at constant temperature, however, then J = oF and then o = Lgg.
If the specimen is electrically insulated in such a way that no current cir-
culates and temperature _gradienL is maintained between the ends, then
G = K- grad(T°) since J = 0, E = Ly;/Lgg- grad(T°) and:

K = —[Lr — LgrLyg/Leg) (1.16)

The ratio S = —L;/L; is called the thermoelectric power of the conduct-
ing material.

In Fig. 21 the measurement voltmeter is at an intermediate temperature
T, <T,<T,. The Seeback voltage between two conductors M1 and M2 is then
given by the contour integral 8 TH. EMF = — f E dr, which can be written:

aT n " ("
TH.EMF = —/S-—dr =/ SgdT +/ S,dT +/ SzdT
ar T, T, T,

T
=/ (S, — S,)dT (1.17)
T,

Here, r is the contour of the circuits A and B.

Since the output connectors are generally different from the material
used for the resistor, an EMF may occur either from external sources of
heat or from heat gradients generated when electrical power is applied to
the resistor, or both simultaneously. The equation above shows that two
conditions are required to minimize TH.EMF:

A. Select connector materials in which §; — S, = 0.
B. Design the circuit so that T, — T, = 0.

In discrete wirewound or foil resistors, whose volume is usually around
20-100 mm3, condition B is difficult to realize in all cases and manufactur-
crs generally limit themselves to selecting materials that fulfill condition A.

¥Ziman, J. M. Electrons and Phonons, p. 271. Oxford University Press, 1963.



180 Technology  PartII

The dimensions and assembly methods (surface-mount technology)
used to produce thin-film resistors and resistor networks, however, lend
themselves well to satisfying condition B. The choice of interconnection
materials is not a critical factor and other criteria (mechanical and electri-
cal) are used in their selection. Manufacturers always indicate in their cata-
logsthe TH.EMF values of their products. Some typical orders of magnitude
are: 3 to 10, V/°C for wirewound resistors, 0.002 to 1, V/°C for foil resis-
tors, and 0.002 to 0.005uV/°C for thin-film and network resistors.

Since the TH.EMF is particularly to be avoided in very low-value re-
sistors, and foil resistors are best for low values, they must be very care-
fully designed to avoid this effect.

8. COMPARISON OF THE DIFFERENT
TECHNOLOGIES

Table 3 compares the different technologies used to manufacture preci-
sion resistors.

9. CONCLUSION

The electronics industry has developed extremely sophisticated methods
for fabricating high-precision resistors designed for use in measurement
devices, computers and communications systems. These components dis-
play remarkable electrical characteristics and, with the exception of wire-
wounds, which become bulky, are well suited to surface-mount technology.
At present, there is no comparable technology in resistor manufacturing
that appears likely to provide similar performance.
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TABLE 3 Comparison of Different Technologies used for Production of Precision
Resistors

Wirewound Foil Cermet Thin Film

Resistance in ) 0.10-55MQ 0.1Q-150KQ 0.1Q-15MQ 10Q2-3MQ

TCR ppm/°C 1-25 0.5-10 15-300 5-25

ATCR (network)
ppm/°c 0.5-5 0.1-3.0 15-20 2.0

Integration yes, but excellent yes excellent
(network) difficult

Stability at 125°C 150 typical 150 typical 2%—.5% 500-1000
and 10,000 hr. (2000 hrs (2000 hrs
ppm @ 70°C) @ 70°C)

Relative stability 100ppm/yr 200 .05%—.4% <300
ppm (network) 75 typical

1/f noise low low high low

Frequency mediocre excellent good, but excellent
response noise present

Reliability excellent excellent excellent excellent

Cost very high high low medium

Surface-mount yes yes yes - yes

The specifications for high-precision resistors list a number of factors
that must be taken into consideration during production:

Resistance value and adjustment accuracy
Temperature coefficient

Dissipated power

Dimensions

Contacts (wire, ball-bonding, ultrasonic bonding, etc.)
Stresses caused by the surrounding circuit

Operating frequency

Moist heat capacity

Integration density for networks

On the basis of these specifications, the manufacturer will suggest a
specific technology, wirewound, thick film, foil, or thin film, for the in-
tended application.
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Potentiometers
and
Potentiometric
Position Sensors

1. INTRODUCTION

Electronic circuits contain amplifying devices used to adjust the signal level
depending on the characteristics required by the user. This is particu-
larly true for analog and measurement electronics. A person listening to a
stereo system can adjust the sound volume by modifying the amplitude of
the source signals fed to the amplifiers. The measurement of a physical phe-
nomenon by means of an electronic device takes place in such a way that
the amplitude of the input signal representing the phenomenon is modu-
lated as a function of the characteristics of the measurement circuits. This
modulation can take place through the use of a potentiometer. We can rep-
resent a component of this type schematically by a voltage bridge in which
V is the input signal and v the output signal:
v R

V R +R
Here, R, + R, = R is constant while R, and R, vary continuously.

Under other circumstances the change in R; can be linked to the
movement of an object, such as u piston; the position of an air intake valve

183
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on a carburetor; the expansion of a mechanical part with temperature, or
any other limiting factor. In this case we speak of a potentiometric position
sensor. Below, we discuss the design of such components, their perfor-
mance, and their operating conditions.

2. POTENTIOMETERS AND TRIMMERS

There are two main types of variable resistors: potentiometers and trim-
mers. Whereas potentiometers are generally devices that respond to varia-
tions in an input signal in a circuit or electronic amplifier (an audio
amplifier, for example), trimmers are used to tune electronic circuits dur-
ing their development by adjusting voltage level needed to power a circuit
or the output voltage of an operational amplifier. Once the circuit has been
tuned, the position of the trimmer generally remains unchanged. This leads
to notable differences in their characteristics. The potentiometer, which is
often adjusted as a function of signal amplitude, must have a lifespan that
can sustain thousands (and, with plastic tracks, millions) of operations with-
out noticeable loss in performance. Trimmers, on the other hand, can have
lifespans of hundreds of operations. Since trimmers are often used as vari-
able resistors (rheostats), their TCR should be lower than that for poten-
tiometers. As a result we find commercial trimmers, that for special
applications, are manufactured from Ni-Cr foils possessing a TCR on the
order of £5ppm/°C! (see Chap. 10 for a full description of the use of this
material). In general commercial trimmers have a TCR of 50ppm/°C or
more. In the remainder of this chapter, we will refer to both types of de-
vices as potentiometers.

Potentiometer construction is very straightforward. It consists of a re-
sistor R (called the track) fed by a voltage V, and a voltage tap that slides
along this resistor, receiving a voltage v proportional to its position along
the resistor (Fig. 1). If the cross-section and resistivity of the resistance
R are constant, the ratio v/V is thus equal to:

v=1V: (1.1)

e~

Potentiometers can be rotary or linear. Figure 2 shows the structure of a ro-
tary and a linear potentiometer.

1See the Vishay catalog, for example.
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l O)

>,/ Q
Fig. 1 Schematic of a potentiometer. 7 ST

© L

2.1 Track Materials and Characteristics

Potentiometer tracks in general consist of two types of material:

¢ Cermet films
* Plastic films

Some are also made of wire winding on a mandrel or of foil bonded to a sub-
strate. Cermet films do not differ in their physical properties from similar
materials used in fixed resistors. They use the same pastes with the same
characteristics in terms of TCR, stability, and longevity. Their surface fin-
ish is such that they are not (overly) abrasive for the wiper contacts. Ohmic
contacts are also made of conductive silver or silver-palladium conductive
cermets. These potentiometers are used in industrial, professional, and mili-
tary applications, in which severe operating conditions and the need for re-
liability require the use of specialized materials.

For consumer applications (household appliances, radios, stereo sys-
tems, etc.), the tracks consist of a mixture of graphite and prepolymer that
is premolded and shaped on a phenolic substrate. The ohmic contacts are
made from silver paste. Figure 3 represents some typical potentiometers.

2.2 Wipers: Characteristics and Materials

The wiper is designed to provide an electrical connection with the re-
sistance track in such a way that the electrical response of the system is a
function of the wiper position. The contact moves, therefore, and exerts a
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el & Bulletin TR-600
+% _ Vishay precision trimming potentlometers _

202 Series—1% rectilinear RJR12 Style » .. e Tl i
1240 Series—Y%" square, RIR26 Style’: * -~/ L .
3 Desfgned to meet or exceed the requlrements ui
-R 39035 Characteristic H _

2] N
(
* TCR 10ppm/*C—tull Mil range
* Equivalent Noise
Resistance (zero-based CRV) 109max
® Settability 0.05%
® Hop-off Unmeasurable
*® Stability (load-life) 1.0% AR max @ full
i rated power for 2,000 hours (1202),
= for 10,000 hours (1240)
® Resistance range 24 to 20k
Etched Bulk Metal* elemen
Redundant current paths sliminate
catastrophic failure
Sealed housi
For moisture protection and solvant resistance
All-welded construction:
Maintains connection integrity under soldering
Multi-fing wiper. - ~ -
Compression-fitted *'0"" ring ! Ul
U Seals adjustment screw opening
3
TABLE |-Standard ordering information
1202 ¥ 1k 5%
STANDARD RESISTANCE VALUE
MODEL TERMINATION STYLE’ (ohems) i TOLERANCE
1202 ¥i _Staggered PC pins 5%, 10%
RIRLZ style P —in line PC pins 2.5.10. 20, 50. 100, 200, 250,
L ~Flexible wire lesds 500, Lk. 2k, 2.5k. Sk. 10k, 20k
LB —Flemble wire leads
with bushing
1240 P —Horizontak-mount 510 10%
RIR26 style side-adjust 20, 50, 100, 200, 5%
W —Edge-mount, lop adjust 500. 1k, 2k, 5k
X —Edge mount side adjust %
1 506 20BS0NALE LHmintion styie drammg for ELACH GImEnNIORS BIRDUTS. Snd mechaneal 3 Standard loderances for the 2:0 55 and 105 warts are 10% 4 20% A 5% tolerance o
deraily INese values 1 avaiable on special order
2. Pretecred termnalean siyle lor cument s rctibnear rwgns (S1aggered PC pans presenl
& slurdier arrangement for shock whratan and =mpaet siualigns |
s

Fig.2 Construction of linear and rotary trimmers.



Chap. 11 Potentiometers and Potentiometric Position Sensors 187

Types of Potentiometers
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Fig.3 Typical trimmers and potentiometers.
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certain pressure (as small as possible so that the track and wiper do not
wear out too quickly). In doing so it creates a contact resistance, which is
described briefly below.

2.2.1 Contact resistance?

If we have a conductor of resistance R, we can make a cut parallel to
its cross-section and press the two surfaces created against one another.
The resistance is now R’ > R. The additional resistance is the contact re-
sistance R = R’ — R. A fuller analysis shows that this resistance is formed
of two independent components R = R + R;.

Ry is the resistance created by the film of foreign matter found in the
ambient and absorbed at the surface of the contacts, or from a chemical re-
action that occurs with the material forming the contacts (oxidation, for ex-
ample). This resistance is located between the contact elements.

R is the so-called “constriction” resistance (see Chap. 6, section 4.5),
which arises from the fact that the contact is effective on only a very small
fraction of the apparent surface, and the lines of current must converge to-
ward the points of flow. The resistance associated with this convergence is
located within the elements that are in contact.

By considering a single point of contact, the resistance R, can be bro-
ken down as shown in Fig. 4.

Assume we have a disk of radius a whose thickness is negligible and
whose resistance is, therefore, zero. It represents the point of contact be-
tween materials 1 and 2 of identical resistivity p (Fig. 5). The equipoten-
tial points are flattened ellipses that become circles when the distance is

@ Re >

Fig. 4 Resistance in a single point of a contact.

2Cherbuy, J., Personal correspondence. Vishay—Sfernice Research Department.
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Fig. 5 Equipotential lines in a point of contact.

great. The solution to Laplace’s? equation (this is similar to the example
given in Chap. 4) gives:

p

R =
¢ 2-.a

1.2)

In practice there is not just a single point of contact, but many, dis-
tributed randomly over the exposed contact surface. If these contact points
are not too close together, so there is no interference from current lines, the
total resistance per unit surface will be equal to:

—== 2 (1.3)

L‘t

in which n is the average number of contacts per unit surface.

This resistance, R, will vary with the applied pressure P. The elastic
deformation caused by the pressure of the contacts on one another will
cause a to vary. Without going into the details, for a given group of contact
materials:*

Rgox p-P° 03<c<05 (1.4)

The passage of a current will heat the contact. This temperature T,
can be estimated by measuring or calculating the potential difference U
along the constriction. Taking the tube of current shown in Fig. 5, we see

3Holmes, R., Electric Contacts, Theory and Applications. Springer-Verlag, 1950.
“Holmes, R., op. cit.
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that the spatial distribution of the electric and heat potentials obeys the same
Laplacian equation. The same amount of heat is produced everywhere on
both sides of the contact, which thus experiences no heat flow. The energy
I-v (I being the current crossing the tube) produced between the equipo-
tentials 0 and —v flows only through —v. The flow (electrical and thermal)
produces a potential difference when it crosses an electrical or thermal re-
sistance held between two neighboring equipotential values. Consequently,

—dT = I-v-dRy, (Fourier’s law)
dv = I-dR (Ohm’s law)

_dr _ ARy
& " dR

Since the temperature and potential fields are solutions of the same
Laplacian equation, the geometry of the resistors is the same. As a result,

dRy, _ o electric conductivity

dR  k thermal conductivity

and
k
——dT = v-dv
T

There is an equation known as the Wiedemann-Franz law that states
for reasonably high temperatures (300°K to 700°K) the ratio of thermal and
electric conductivity is directly proportional to the temperature, so that
k/o = L-T, where L is the Lorenz number (2.45 - 10~8 W - ohm/deg?).

If we assume that this equation can be applied to the materials used in
sliding contacts, then:

—L:T-dT = v-adv
By integrating over the current half-tube, we get:
T° Vo 2 2 2
T, — T
—L-/ T-dT =/ v-dv and, therefore, —L-—2——D2 — %
Toan 0 2 2

v, is half the value of the potential difference we can measure between two
points along the constriction. Consequently, v, = U/2 and
U2

T2, — Ti= m (1.5)
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Fig. 6 Constriction resistance.

The value of U can be estimated by calculating the equipotentials at the
constriction.

This effect, which is ordinarily negligible for potentiometers, can be
a source of problems and instability in the trimmers used in rheostats. For
example, if U = 0.1V, T, can reach 300°C locally.

Compared to the effects above, the contact of a wiper against a track
displays some specific characteristics. The resistivity of the track is always
one or two orders of magnitude greater than that of the wiper. As a result,
the constriction resistance is primarily found in the track. We can represent
this schematically by lines of current along the track, viewed from above
and from the side, as shown in Fig. 6.

The above drawing, in which the current passes through the wiper, can
be represented by the circuit shown in Fig. 7.

The very high-impedance voltmeter measures the potential drop /- R,
by which we can measure R, regardless of the wiper position.

Cur. Generator [ I (V Re:

Flg. 7  Measurement ol contact resistance.,



192 Technology Part IT

2.2.2 Potentiometer noise

When we activate the wiper in the preceding device, we obtain a mea-
surement of R, that varies as a Gaussian noise (Fig. 8). The amplitude of
this noise can reach values on the order of 10~3—1072 ohm.

Both the distribution of the effective points of contact between the
wiper and the track, and the size of radius a, the latter related to the micro-
scopic condition of the surface, vary from one position to the next.

Track resistivity also changes randomly due to the heterogeneity of the
materials used (cermet and graphite). These two factors cause fluctuations
in the constriction resistance. Finally, foreign materials (dust grains, waste
produced by wiper and track wear) and surface irregularities constitute ran-
dom R resistances between the wiper and the track. This last phenomenon
is the most often cited, mistakenly, as the cause of the noise. Wes have been
able to show, in fact, that the contact noise of tracks with low-ohmic val-
ues—that are thus highly charged with conductive grains and consequently
very rough—had a lower RMS than that caused by tracks with elevated
ohmic values and highly variable local resistivity but smoother surfaces.

2.2.3 Wear

As indicated above, a potentiometer must accomplish more than a few
operations: Lifespan specifications demand several thousand operations
for small potentiometers and several million for displacement transducers
or precision potentiometers.

Under these conditions, we need to use contact blades that are suffi-
ciently stiff and pressures that are sufficiently weak to avoid premature
wear of the track and/or the wipers. The materials used for this purpose are

Re
~,

Displacement

Fig. 8 Noise resistance.

5Vishay-Sfernice, Direction Recherches. Private communications.
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Table 1 Types of Wipers Used in Practice

Potentiometers Trimmers Precision Potentiometer
Carbon grain Paliney 6* Paliney 6
Copper-Beryllium Alloy Paliney 7
Gold-plated Palladium (for high performance)

aPaliney alloys get their name from the company that manufactures them.

Paliney 6: % of atomic mass, Pd (44%), Ag (38%), Cu (16%), Pt (1%), Ni (1%); average
lifespan 2030 X 106 cycles

Paliney 7: Pd (35%), Ag (30%), Cu (14%), Au (10%), Pt (10%), Zn (1%); average life-
span >100 X 106 cycles

copper-aluminum alloys (in variable proportions) or copper-beryllium al-
loys for traditional potentiometers, and ternary alloys of the copper-palla-
dium-silver or gold-palladium-platinum type for precision potentiometers
and displacement transducers (see Table 1).

As can be seen from the above, the conditions required for a good
wiper/track contact are the opposite of those needed for low wear.

This problem is solved by using multiple blades (Fig. 9). For a total
given pressure, each contact finger, weakly charged individually, has a

Fig. 9 Typieal multi- finger wiper.



194 Technology Part II

FEATURES ELECTRICAL SPECIFICATIONS

¢ Designed for efficient, accurate Resistance Values: 100 ohm to 1 Megohm.
miniaturization Resistance Tolerance: +30%.

* Can be wave or dip soldered Rated Power: 0.2 watt at 70°C.

without rotor problems

Coded marking for easy
identification of resistance value

¢ Models for standard, automatic or
reverse adjustment

* 12mm tape and reel packaging

Rated Voltage: 100 VDC.

Rotation Life: 20 rotations.

Operating Temperature Range: —40°C to +100°C.
TCR: +250PPM/°C.

CRV: 5% maximum.

Fig. 10 Characteristics of potentiometers.

high contact resistance but produces very little wear of the track. Total
contact resistance comes from setting all the fingers in parallel, reducing
the noise variance.

Besides the traditional components, miniaturized surface-mounted
potentiometers and trimmers are now available. Figure 10 summarizes the
technical characteristics of all the component families of this type on the
market.

3. DISPLACEMENT TRANSDUCERS AND
PRECISION POTENTIOMETERS

Precision potentiometers and displacement transducers are used quite dif-
ferently from potentiometers and trimmers. These components are en-
slaved to the displacement or to the position of a mechanical system (axle,
piston, vane, level, etc.) in such a way that the v/V ratio provides the posi-
tion of the mechanical element.

Furthermore, since these components are elements of a control se-
quence, the displacement of the wiper over the track by a distance x (in the
case of a linear potentiometer) or € (in a rotary potentiometer) follows a
mathematical law defined by the user in such a way that:

Y = f(xor6) (1.6)

1%
Consequently, the characteristics and the performance of precision poten-
tiometers are very different from those of ordinary potentiometers.
Consider a potentiometer where the response v/V follows a mathe-
matical law f(x) or f(8). The characteristic function is given by Eq. 1.6.
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Conformity, £C, is the error between the effective characteristics func-

tion given by the potentiometer and the theoretical characteristic function:
v
— = f(xorf) £ C

1%

Absolute conformity (Fig. 11) is defined by the maximum error be-
tween the practical characteristic function and the theoretical characteris-
tic function. It is expressed as a percentage of the applied potential V and
is measured over all the useful intervals of the curve f(x or 6):

%=f(x/xror0/07-) +C 0=x=x;0r0=6=6;

If f(x or ) is a linear function, this will be referred to as absolute linearity.

Resolution is the measurement of the sensitivity with which a given
value of the ratio v/V can be established.

Noise is given by the ratio of the variations in v due to contact resis-
tance and the reference voltage V. This parameter integrates all the effects
of contact resistance variations, resolution and other nonlinearities for a
given wiper position. All these definitions and the testing methods used to
measure these effects are well standardized by the manufacturers.6

Output
v/V

Output of
potentiometer

Fig. 11 Absolute conformity.

%For more details refer to Industry Standards Wirewound and Nonwirewound Preci-
sion Potentiometers, Varinble Resistive Components Institute, P.O. Box 1070, Vista, CA
92085-1070.
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Besides these characteristics, precision potentiometers and motion
transducers have a lifespan of many million operations (about 107—108 op-
erations) coupled with a rotational speed or a linear wiper speed over the
tracks which is one or two orders of magnitude superior to those accepted
for conventional potentiometers.

4. PRACTICAL RESULTS

These working conditions impose a certain number of constraints on the
structure of precision potentiometers. The fast rotational or displacement
speeds call for the use of precision ball bearings.

Commonly accepted standards demand absolute conformity to within
0.01%. This translates in practice into the need to adjust the component’s
response as much as possible to the computer-defined f(x or 6) standards.

A lifespan of several million operations requires very advanced tech-
nologies in the production of tracks and wipers. This is all the more so be-
cause the level of noise must not exceed 0.01% of the full-scale response.

Figure 12 shows assemblies made up of a rotary precision poten-
tiometer and a linear potentiometer.

4.1 Nature and Structure of the Tracks

Wirewound precision potentiometer tracks are still in use today. Never-
theless, the current tendency is to use so-called “plastic” tracks. For good
reason: Their manufacturing cost is lower, the wear is less, and this tech-
nology is better suited to “adjustments” that fit the component’s outgoing
signal within the required absolute conformity. Plastic tracks are made up
of a polymer and carbon black mixture deposited on a plastic surface.

The polymer is chosen for its mechanical properties and to support
the numerous wiper movements without notable wear. Two technologies
are used:

B Using appropriate masks, the polymer-carbon mixture is deposited
on a diallyl phtalate surface and the resulting component is “molded to-
gether” into the final shape and dimensions chosen for the potentiometer.
This technology is generally used for standard potentiometers of small di-
mensions and relatively low cost.

B The polymer-carbon mixture is deposited on a plastic teflon sheet
or any other type of sheet likely to provide the stability conditions required
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Fig. 12 Linear and rotary motion transducers.

by the mechanical, electrical, and thermal constraints. The ink is then poly-
merized under conditions imposed by the nature of the materials used.
Large sheets are thus obtained where tracks will be cut mechanically and
pasted in the required places within the potentiometer structure. The silver
or gold polymer paste electrical contacts are then attached at the points de-
termined by the potentiometer’s structure. This technology will be used pri-
marily to manufacture potentiometers with very specific f(x or 8) responses
(for example, f(x or §) will be power series functions in x, exponential func-
tions, etc.), and for very large potentiometers (some displacement transduc-
ers for controlling molding injection rams are one to two meters long).

Manufacturers will use their know-how to obtain tracks that display
homogeneous resistivity and carbon particle dispersion.
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MOTION TRANSDUCERS
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Fig. 12 (continued)

4.2 Wipers

The wipers will be made of precious metal alloys of the copper-
palladium-silver or gold-palladium-platinum types (sce their characteristics
in Table 1), which provide both hardness and perfectly smooth surfaces in
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order to obtain minimal track wear. Precious metals are chosen because the
surfaces will then be free of oxidation. Figure 13 shows the typical wiper
structure.

4.3 Adjustment

Potentiometers whose conformity is of the order of +1% to +0.5%
generally do not need adjustment (trimming). All other potentiometers are
adjusted.

The operation is performed with a device that includes a computer
that acquires voltage-response and wiper-position data. For one given po-
sition of the wiper, in x or in 8, the computer calculates the theoretical value
of f(x) or f(#) and compares it, by means of a voltage meter and an A/D
converter, to the actual value provided by the potentiometer. A plotter pro-
vides the value of the error e, while the system controls a laser source to
abrade the appropriate regions of the track edges to make the response
comply with the specifications (Fig. 14).

4.4 Nonlinear Laws

The procedure used to manufacture the tracks whose response is a
nonlinear function f(x) is based on the solution of Laplace’s equation for
complex variables.

In fact, assume a complex function W(z). Since z = x + iy, the ex-
pression can be written as W(z) = U(x,y) + iV(x,y).

Fig. 13 Typical wiper in o motion transducer.
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\Y laser
error €
Abrasion
ﬂ Computer
A/D FOO or F(O) Table xy
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|_{Position
x or O

Fig. 14 Trimming of a track to a close tolerance.

If the derivatives of W in relation to z are unique in the x,y plane, func-
tions U and V satisfy the Cauchy-Riemann conditions: U/ax = dV/dy and
0U/dy = —aV/ox. Taking derivativesinrelation to.x and yand adding the results

FU U _ 8V PV _

ox? ay2 - oxdy 0xady B

)

Consequently U (x, y), as well as V (x, y), is one solution of the Laplace
equation.

The method of manufacturing a track then becomes relatively simple:
Assume there is a track of length L, height /, whose wiper slides over the
ordinate line p (Fig. 15).

We propose to use this track to build a potentiometer whose response
will be f(x). Let us develop f(x) into an ascending power series of x, stop-
ping at a term such that the error committed is less than a value € for x =L,

f(x) = Ay + Ax + Ax® + AP + ... (1.8)
Let us consider the analytical function:
f(2) = ag + ai(x + iy) + ay(x + iy)> + ay(x + iy)® + ... (1.9)
This function can be broken down into:

U(x,y) = R[f(z)] = ay + ax + a,(x* — ¥*) + a;3(x* — 3x0y?) + ...
(1.10)
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-

Fig. 15 Track with a rider traveling along an ordinate p.

V(x,y) = I[f(z)] = ayy + 2axy + ay(—y’ + 3yp?) + ... (L.1D)

U(x, y) will be the equipotential equation and V(x,y) the equation of the lines
of current. The boundary conditions will be set in such a way that U = 0 for
x=0and y=p,and U =1 for x = L and y = p. Consequently, since

U(x,p) = ay + aix + a,(:* — p*) + ay( — 3xp?) + ... (1.12)

by inspection of one by one of the terms between f(x) and U(x, p), it will
be possible to determine the parameters a; as a function of parameters A,.

Let a, — a,p*t+ ... = A, (constant term)
a, — 3a;p* + ... = A, (term in x)
etc.

Once these parameters are determined, it will be easy to calculate the
equipotentials U(x, y) and the lines of current V(x, y), and to determine the
points where they will intersect y = I.

For example, we are going to calculate a track whose very simple re-
sponse is f(x) =Ax2? and whose total resistance is Ry = 50K(). The di-
mensions of the track are L = 20mm, / = Smm and p = 2mm. We have;

U(x,y) = ay + ajx + az(x2 - )’2)

V(x.y) = ay + 2axy
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By inspection, fory=p
ay — a,p* = 0 (constant term)
a, = 0 (term in x)
a, = A (term in x*)

the results are, after several calculations and as a function of the boundary
conditions, U(0,p) =0 and U(L,p) = 1.

2 + x2 2
U(x,y) = p—Lz——y— and V(xy) = % (1.13)

Now the main equipotentials and the lines of current can be calculated.
Fory =land Uy = 0 —>x = VI — p*> = 4.58mm (point A)

This equipotential intersects the line of current having a value of:
21
V= I VI — p* = 0.11456

Now we are going to calculate a line of current V, intersecting x =L
such that y =p.

2
v,=2 =02
L
This line of current will intersect the boundary y = Smm at point B such that
2p _ 2x _pL

L = F —X T = 8mm
At this point, the value of the equipotential is equal to U, = 0.1075.
We are now able to establish the track’s geometry point by point.
The total value of the resistance Ry is such that U; = R;V,; that is, tak-
ing U, =1V and V,=0,2 A, R; = 5(). The specifications indicate a total
resistance of R, = S0K(). The track must then be manufactured using an
ink of sheet resistance pM (ohms/square) such that:

50KQ=50-pM or pH=10KQ/M

Finally the equipotential U, = 0 intersects the line of current V, at point C
of coordinates (x = 6.48mm, y = 6.16mm).

To reproduce the derived expression exactly, the potentiometer must
maintain the shape of the equipotential field and the lines of current, de-
fined by the solution of the Laplace equation and represented by Fig. 16,
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Fig. 16 Computed form of the field.

Unfortunately, the height is limited to the value of Smm. This makes it nec-
essary to remove part 2 of the track and replace it with a resistance of the
same value. With this procedure, the lines of current and the equipotentials
of the track will not be modified and will correctly represent the expres-
sion in A.x2 on the wiper line.

The value of the resistance corresponding to part 2 is equal to:

U, =R(V,~V)), or R, = 1.258 - 10k = 12.58k(}

The final appearance of the track will then be given by Fig. 17; it indi-
cates the placement of the silvering required to realize the equipotentials
U, and U,. The abrasions on the edges represent the lines of current. The
resistance R,,, can be achieved in-situ with the track material or placed on
the outside.

We can give another simple example, the fabrication of a sin (x) or
cos (x) track. Assume that S(x) = A sin (ax). Under these conditions W, =
A sinfa(x + iy)] = U + iV with:

U(x,y) = A sin(ax) * cosh(ay) and V(x,y) = —A cos(ax) - sinh(ay)

A central point represents x = 0, in order to establish the sine curve over
the interval —L/2 < x < L/2

Forx=L/4, ax = w/2and > a = 2mw/L

Forx=L/2,ax = m,y = pand — V, = —Asinh2mp/L, then:

Vy, = Asinh(2mp/l.) - A cos(2mx/L) - sinh(2my/L)
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Fig. 17 Actual form of the field.

The last equation determines the entire line of current V= V,,. Considering
function V at point y = 1, where U and V intersect, we can determine a
point on the abscissa:

L - sinh(27rp)/L]
=—" i 1.14
D [ sinh(2ml)/L (1.19)
Substituting now x, into U, forx=x,and y =1
U, = A sinh(27x;)/L - cosh(2ml)/L, thus, if Uy = 1,
1
A= (1.15)

sin(2wx,)/L - cosh(2m7l)/L

As in the preceding case, we now have all parameters to build a sine track
(Fig.18).

|
I
|
| |
S L/4 St L/4 >

Fig. 18 Sinusoidal track of a rotary potentiometer.
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Fig. 19 Geometry of a track per Fig. 18.

The tracks of the potentiometer in f(6) are calculated in the same man-
ner. In this case, a system of cylindrical coordinates will be used to repre-
sent U(r, 8) and V(r, 8). Figure 18 represents the track of a sinusoidal rotary
potentiometer.

While the rotary laws will be very complicated, we will have the ad-
vantage of making the calculations using conformal transformations meth-
ods, after calculating U(x,y) and V(x,y) in the plane, to transform the
horizontal and vertical lines into concentric circles and radii. Figure 19
shows the geometry of a sine track for a rotational potentiometer.

5. CONCLUSION

The arrival of digital techniques has curtailed the use of potentiometers,
nnd they are being progressively replaced by automatic digital systems that
ndapt the signal’s entry or exit levels. On the other hand, precision poten-
tiometers and potentiometric transducers are used more and more in auto-
matic control systems, challenging the position of mechanical assemblies.
IFor example, airplane controls currently use such components.

However, for a certain number of applications, they have the dis-
ndvantage of producing analog signals that can only be treated by the digi-
tul control systems by adding an A/D converter. However, they have the
great advantage of not being limited in size, which is not true of their main
competitors, the displacement and rotation optical sensors.
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Magnetoresistance
and Its
Applications

Anisotropic Magnetoresistance
in Ferromagnetic Alloys

1. INTRODUCTION

The phenomenon of anisotropic magnetoresistance in materials and ferro-
magnetic metals was discovered by Lord Kelvin in 1857, and is an example
of a galvanomagnetic effect in conductors. We saw in Chap. 2 that when a
conductor is subjected to a magnetic field, its conductive properties are al-
tered and depend on the relative orientation between the electric field (re-
sulting in Ohm’s law) and magnetic field. These effects were defined by
J. P. Jan! for homogeneous isotropic conductors. The author classified them
into three types:

1. The magnetic field is parallel to the electric field, and the galvano-
magnetic effect is measured in the direction of the current (longi-
tudinal magnetoresistance py).

2. The magnetic field is perpendicular to the electric field or current,
and its effect is measured in the longitudinal direction parallel to
the current (transverse magnetoresistance p ).

3. The magnetic field is perpendicular to the electric field or current,
and its effect is measured in the direction perpendicular to the plane

Jan, J. P, “Galvanomagnetic and Thermomagnetic Effects in Metals.” Solid State
I'hysics. NY: Academic Press, 5 (1957): 1 96,

nm



208 Technology Part II

determined by the electric and magnetic fields. This is referred to
as the Hall effect. In metals and alloys this also results in a galvanic
effect but it has no practical application because the value of p, is
too small.

Longitudinal and transverse magnetoresistance provides a useful
means for designing integrated magnetic field sensors.

The magnetoresistance effect is very weak for the metals and alloys
currently used in manufacturing conventional resistors. It becomes more
significant in nickel monocrystals, as well as in nickel-base polycrystalline
alloys and 3d transition metals and alloys (the relative difference between
py and p, is approximately a few percent). Physical models are used to ex-
plain anisotropic magnetoresistance.z We saw in Chap. 2 that the specific
methods of conduction in the transition metals and alloys could be ex-
plained by the existence of free energy levels in the d band, allowing tran-
sitions between the s and d bands. The high magnetoresistive effect of these
metals and alloys can be explained when the spin-orbital interaction in the
3d band of these materials is taken into account.

2. DEFINITIONS

In a ferromagnetic metal through which a uniform current flows, p, and p,
are the measured resistivities when the current is, respectively, parallel and
perpendicular to the magnetization, whose orientation is assumed to be
governed by the application of a magnetic field.

For the majority of ferromagnetic metals, we can show that py > p,.
The anisotropy of the resistivity is defined by:

Ap =p)— ps (1.1)
and the magnetoresistance ratio is defined by the following equation:

AR _p—p,

1.
R . (1.2)

where p is the resistivity of a fully demagnetized sample defined by:

1

P=3 (p1 t 2p.) (1.3)

2Mott, N. H., Proc. Roy. Soc. A 153 (1936): 699.
McGuirre, T. R. and Potter, R. L., IEEFE Trans. Magn. Mag-11 (1975): 1975.
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Under isothermal conditions, if we define the magnetic inductance vector
B, then the electric field, due to the extraordinary magnetoresistance, which
depends on the direction of the spontaneous magnetic moment in the
sample, is given by the following expression:

E=pJ+ *(j-ﬁ)(p" — py) + pu(n Af) (1.4)3

in which 7 is a unit vector parallel to B.

We can express the components of the electric field E for a ferro-
magnetic thin-film traversed by a current in an orthonormal coordinate sys-
tem of unit vectors x, y, and z, where x is the direction of current density J,
and y the angle formed in the plane of the film (x, y) between the mag-
netization and the current (Fig. 1). The points (1), (2), (3), and (4) are the
locations of the measurement points, separated by a distance d. We can then
measure a voltage V,, parallel to the current and a voltage V;, perpendicu-
lar to the current.

E, = [p. + Ap-cos’(x)]-J; (1.5)
E, = Ap-sin(x)-cos(x)-J, (1.6)
E, = py+sin(x)-J; : (1.7)

Based on Eq. 1.5, which is another way of representing Ohm’s law, we
can write:

p(x) = p, + Ap - cos’(x) (1.8)

This is the anisotropic magnetoresistance equation (see Chap. 2).
Y M
_%

X 3

Fig. 1 Different vectors used for the phenomological equations of magneto-
resistance in a layer of magnetoresistive material.

\|/
Position of
Measurement Points

3an., op. cit.
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Equation 1.6 shows that it is possible to measure a voltage perpendicu-
lar to the measured current and in the plane of the layer. This effect is some-
times referred to as the planar Hall effect, or pseudo-Hall effect. Its origin
is identical to that of the magnetoresistance.*

Equation 1.7 represents the extraordinary, or spontaneous, Hall ef-
fect, which is negligible in the materials used in magnetoresistive sensors.

Based on these equations, we can define the following voltages:

Vi, = de[l + ip + cos¥( x)] (1.9)5
This represents the magnetoresistive signal, which is independent of the po-
larity of the angle [V(x) = V(—x)]. This equation also shows the weak
dependence of the signal on the angle y when the magnetization is aligned
with the x or y axis. The optimum sensitivity is obtained for ¥ = 45°. The
voltage V,, along the y axis is equal to:

Vig = J’pd(%- sin(x) - cos()()) (1.10)8

3. STRUCTURE AND OPERATING PRINCIPLES
3.1 Hysteresis Cycles

Ferromagnetic thin films are applied using vacuum deposition or sputter
techniques. During deposition, a magnetic field is applied in the direction
of the film. The presence of this field generally induces a uniaxial magnetic
anisotropy along the plane of the deposited layer.

Magnetization in these layers is spontaneously oriented along an axis
referred to as the easy axis (EA). The term refers to the fact that when no
magnetic field is applied to the film, the magnetic moments present in the
material tend to align themselves along this axis. Mathematically this situ-
ation can be represented by introducing an anisotropic energy density E, in
the general equation for free energy, so that E, = K, sin? ¢ in which ¢ is the
angle between the saturation magnetization moment and the applied mag-
netic field (Fig. 2).

4Fluitman, J. H. J. and Groenland, J. P. J., IEEE Trans. Magn. Mag 17,6 (1981): 2893,
5In current magnetoresistive materials, Ap is on the order of several percent. Conse-
quently, p, can be replaced by p in many practical applications.

6See previous footnote, where p, = p.
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Fig.2 [Illustration of angles.

The magnetic behavior of a film displaying uniaxial anisotropy can be
approached through the use of a model based on the coherent rotation of
magnetization, or Stoner-Wohlfarth? model.

In a material displaying a constant uniaxial anisotropy X, and a satu-
ration magnetization M, in the presence of a magnetic field H, the magnetic
energy density is given by:

E = K,-sin’(¢ — ¢) — M,H-cos ¢ (1.11)

in which ¢ is the angle between the easy axis and the field.
The direction of the magnetization equilibrium, or the angle ¢, is ob-
tained by solving the system of equations:

oE O’E
— =0 and —5=0 (1.12)
i [0 dp

which determine the minimum energy for the system.
From this solution we can determine the shape of the hysteresis

cycles for the film by calculating ¢ for the entire field H, and treating

"Chopra, K. L., Thin Film Phenomena. Chap. 10, 614, R. E. Krieger Publishing, 1979.
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cos ¢ as a function of H. In particular, when = /2 (transverse cycle),
Eq. 1.11 becomes:

E=K,-cos ¢ — M.H-cos ¢ (1.13)
and the system of equations in Eq. 1.12 becomes:
sing+(M;H — 2K,-cos¢p) = 0 (1.14a)

cos ¢+ (M;H — 2K, -cos ¢) + 2K,-sin ¢ > 0 (1.14b)

The solution for cos ¢ is then:

2K,
cosp = —1 for H< —

M,
cos MSHf 2K“<H<2K"
oS p = . or — —
(P 2Ku ) s

and
2K,

coseg =1 for H>
The term 2K, /M, has the dimensions of a field (L™'#"'Q) in A - turn/meter.
We can then define H, = 2K, /M,, which is the anisotropy field of the mate-
rial. This field is needed for magnetization to switch reversibly between the
easy and hard axes. Figure 3 represents the respective hysteresis cycles for
Y = m/2 and Yy = 0. When ¢ = /2, the cycle obtained shows neither
hysteresis nor discontinuity, only a reversible rotation of the magnetization.

/N’ N

Hi
~ Mg Lo, _ ——_Mg
S
| i
| |
.
~ Mk o N
-He |o Hi ~H : He Hs ~H
|
|
|
7
/
14

Fig.3 Hysteresis cycles fory = m/2 and ¢ = 0, respectively.
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The magnetoresistive response of a thin layer is, therefore, deter-
mined by the relative dependence of the magnetic moment and its direc-
tion with respect to the applied field. When a current passes through a thin
layer, we can calculate its resistivity as a function of the angle ¢ and «,
where a is the angle between the current and the applied field. We then
have the equation ¥y = ¢ — a and Eq. 1.8 becomes:

p(e) = p + Ap-cos’(¢ — a) (1.15)
The most useful case for practical applications occurs when ¢ = /2.
Equation 1.15 can then be written:

p(e) = p + Ap-(1 — cos’ ) (1.16)

Assume we have a flat film with a high L/h ratio (L being the length,

h the width), through which a constant current flows (Fig. 4). The easy axis

is parallel to L and the current density. The film is thus divided into anti-

parallel magnetic domains aligned along the easy axis. The moments turn

by an angle ¢ when a magnetic induction By, = uyHy is applied to the film
plane. By ignoring demagnetization effects, we can write:

M ) H
ﬁ: = sin(¢) = F: for —Hy=Hy=Hy (1.17)

in which My and Hy are, respectively, the component of magnetic moment
in the direction of the y axis and the component of the field H in the same
direction.

By introducing this in Eq. 1.16, we obtain:

p(®) = po + Ap[1 — (Hy/Hg)?] (1.18)
p(e)-mg
e R
_n M
: T
]
h! LM | (
] x
.
i L — LN
Y -Hg Hic Hy  Hy Hi HsH’y
Hy Response
X

Fig. 4 Response of u sensor when edge effects are not negligible.
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The magnetoresistive response of a sensor constructed in accordance with
these principles can therefore be written as:
_P—po_ Ap
R = = —=[1 — (Hy/Hy)"] (1.19)
Po Po
The resistance of the sensor is at a maximum when Hy, is zero and decreases
as H, increases, so that:

AR/R,, = cos*(¢) (1.20)

in which R, is the value of the resistance when the magnetization M is
parallel to the current density. The direction of Hy does not affect the value
of AR[V(¢) = V(—¢)]. Figure 4 shows the response of a sensor as a
function of Hy. The dotted line corresponds to the ideal quadratic response
(Eq. 1.15), in which the demagnetizing field has been ignored. Edge effects
resulting from this field produce the solid curve shown in the illustration.
Signal saturation occurs when the value of the applied field exceeds the
value of the demagnetizing field H, (Hy = Hx + Hp), which is an
anisotropic field that can be expressed as H, = (e/h) « M.

Another cause of response deterioration compared to what we would
expect from the equation in cos?(¢p) is the angular dispersion of the easy
axis. In this case the angle ¢ must be replaced with ¢ + « and we see that
the same applied field can have two resistance values. This dispersion can
result from mechanical or thermal strain within the thin film. Figure 5 il-
lustrates the effect of such strain on the magnetoresistive response.

If we consider the magnetoresistive element shown in Fig. 4, for
Hy =0, we have V(H =0) = py-1-L/(h-e), (¢ = 0) and for H, = H,
wehave V(H=H,) — (py— p.) I -L/h - e, (¢ = 7/2).

! bo/p

Fig. 5 Effects of dispersion on magnetoresistive response. Two signals are
superimposed, introducing mechanical or thermal strains.
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The difference between these voltages results in the maximum
magnetoresistive signal supplied by the device. This signal is proportional
to the anisotropy of resistivity, Ap, which is obviously one of the criteria
used in material selection. For this reason, the ratio Ap/p must be as high
as possible.

We also see that, according to Eq. 1.19, the signal is proportional to the
field crossing the magnetoresistive element and not the derivative of the flux
with respect to time, as itis in an inductive sensor. This characteristic is very
useful when working with encoders or position sensors. The rotational
speed of a rotary or position sensor does not affect the magnitude of the sig-
nal, which is only affected by the value of the magnetic field H.

4. MATERIAL SELECTION

Binary alloys. Of the nickel-based ferromagnetic alloys, the most
magnetoresistive is Ni,(Co,,, witha Ap/p = 3.8% fore = 300A. The re-
sistivity of the alloy is low since Ni and Co possess a shared d band. Its
magnetostriction and high coercive force (H, = 119 AT/m) make it some-
what unreliable in actual use, however. The Nig, Fe, 4 alloy, for example, has
a magnetostriction coefficient of zero.

Ternary alloys. There is a number of NeFeCo alloys that are non-
magnetostrictive. These alloys also display greater magnetoresistance
than NiFe alloys and better response. Table 1 lists some of the properties
of these alloys.

TABLE 18 Properties of NiFeCo Alloys

Composition Po Ap/py H, H, a
Ni:Fe:Co p&)-cm % ATm™! ATm™! deg
82:18:00 40.00 1.30 120 265 0.30
74:16:10 33.50 1.65 150 1025 0.15
65:15:20 25.00 2.20 135 1665 0.10
60:10:30 20.00 2.60 150 1930 0.05
55:05:40 41.50 1.13 230 2180 0.20

8Collins, A. J. and Sanders, 1. L., Thin Solid Films. 48 (1978): 247.
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Fig. 6 Experimental variations of Ap/p and p, vs. deposition rate of NiFeCo
(innm-s™h.

The 65:15:20 alloy in the table above combines high magneto-
resistance with a magnetostriction that is nearly zero (Ag = 4:1077).9

Deposition conditions also have a certain influence on the magnetic prop-
erties of the alloy. Figure 6 shows the variation in Ap/p, and p, as a function
of deposition rate. Imperfections in the crystal lattice, which are inherent in
thin films, contribute to the difference in resistivities and magnetostriction co-
efficients between thin films and solids. To reduce the value of ¢, it is always
necessary to vacuum-anneal these films in the presence of a magnetic field.

In practice, ternary alloys are preferred to NiCo alloys because of their
low coercive force and magnetoresistive response. The first choice among
the ternary alloys is NigsFe,sCo,.

5. SENSOR DESIGN

In practice, sensors are made of a magnetoresistive thin film deposited on
an insulating substrate, either glass or oxidized silicon. After annealing in
a vacuum and applying a magnetic field to reduce the angle a, the thin
film is etched using standard methods (chemical, plasma, etc.). Gold con-
ductors are then deposited and etched to direct current through the sensor

9Agis estimated by measuring the hysteresis cycles by means of the Kerr effect under con-
trolled conditions and in the presence of a magnetic field perpendicular to the easy axis. When
polarized light passes through a magnetic film, the plane of polarization turns by an angle of
1/3°, which is proportional to the component of the field parallel to the direction of the beam.
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and measure the voltage drop at the resistor terminals. Through the use of
microelectronics technology, integrated sensors designed for specific ap-
plications!? have been developed.

Typical sensor lengths, which correspond to track widths in magnetic
recording media, are given below:

* 2X610 um standard analog cassette

* 250 pum floppy disk (96 tracks per inch)
* 100 pum hard disk (254 tracks per inch)

* 50 Am hard disk (508 tracks per inch)

* 26 pum hard disk (1,000 tracks per inch)

The width varies with the application between 20um and 10um. The stan-
dard thickness of the films is roughly 5000nm. In the case of angular and
longitudinal encoders, L will be approximately 50um. Figure 7 is an illus-
tration of a typical sensor head with its active thin film in NiFeCo sputtered
on a silicon dioxide layer and its gold conductors. Table 2 lists some of the
characteristics of these sensors.

EA
150 |

//I/II/I/

7
) )

Sil,

Fig.7 Schematic representation of a sensor head on a silicon substrate.

10Methods exist to linearize the signal (magnetic bias, barber poles, etc.) used in sensors
for audio or video recording. For lack of space we will not discuss these methods here. Read-
ers interested in the topic should consult P. Ciureanu and H. Gavrila, “Magnetic Heads for
Digital Recording.” Studies in Electrical and Electronic Engineering. Elsevier, 39 (1990).
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TABLE 2 Characteristics of Magnetoresistive Sensors

NiFe NiFe NiFeCo NiFeCo
L (um) 610 610 610 610
h (um) 12 6 14 8
e (angstrom) 380 380 310 310
H, (ATm_l) 557 557 1114 1114
Mg (Wm?) 10 10 12 12
Hg (ATm™") 3103 5570 3382 4974
AV, (mV) 30 30 32 33
J (A/em?) 8.8-10° 9.6-10° 8.5-10° 89-10°
Ap (u€ - cm) 0.56 0.51 0.62 0.61

6. APPLICATIONS™
6.1 Incremental Magnetic Encoders

Magnetoresistive sensors can be used as sensing devices in incre-
mental encoders and tachometers. The principle of operation is illustrated
in Fig. 8. Depending on the application, we can measure an angle or angu-
lar velocity. These devices have the following advantages compared to op-
tical technologies:

Good stability at high rotational speeds (3,000 to 8,000 rpm)
Good resistance to humidity and vibration (automotive use)

Very little dissipation

Operation and reliability are only slightly dependent on temperature
Fast response

A

The surface of a drum or disk is covered with a thin- or thick-film mag-
netic material (particles of yFe,0, or CrO, having a coercive force of
24,000-31,000 ATm™).

IMiyashita, K., et al., “Absolute Magnetic Rotary Encoder.” IEEE IECON, 1985.

Campbell, P., “A Low-Cost Positioning Magnetic Encoder.” Proceedings Motor-Con.
1987. INSPEC Conference Paper, September 1987.

Sei, M., et al., “Durable and Multifunctional Magnetic Rotation Sensor for Rotary En-
coder.” IEEE Trans. Mag. Mag.-23. 5 (1987): 2185.

Yamashita, S., et al., “Development of the Absolute Magnetic Encoder Suitable for
Thinner Structure.” IEEE Trans. Mag. Japan. 5, n.8, (August 1990): 711.
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MR TRANSDUCER

Maghets

O Rotation

Signal

Fig. 8 Mechanical principle of a simple magnetoresistive absolute encoder.

This medium is then magnetized until saturation, using an AC signal
having a pitch P lying between two magnetic transition domains. The MR
sensor consists of several resistive bands separated by a distance P/2. The
horizontal flux between domains penetrates the sensing elements in a di-
rection perpendicular to the easy axis. An AC signal is then obtained at the
output of a measuring bridge, the periodicity of this signal corresponding
to the pitch P and the number of transitions N corresponding to the angle
N-P/(27R). The number of cycles in a 360° rotation of the disk represents
the resolution of the system. To maximize the signal the distance between
the sensor and the magnetic medium should be 0.7P. For example, a sen-
sor having a 50mm disk with a pitch of 60um has a resolution of 2,500.

6.2 Absolute Magnetic Encoders
Absolute encoders work in exactly the same manner as incremental

encoders. The difference lies in the use of several tracks, which generate
signals in response to a specific code (Gray code, for example). Figure 9

K ————————————— )‘ Fig. 9 Ideal response of a 4-bit absolute
en encoder.
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illustrates the ideal output for an absolute 4-bit encoder. However, because
of the response of the magnetoresistive material to the magnetic field (see
Fig. 4), in practice the output signals will have the shape represented in
Fig. 10.

TN
T N R

\_/ \ Re
Fig. 10 Real response of the same encoder. The degradation is due to edge
effects.

Specialized literature describes several methods for improving the
response of the device. One example, developed by Hitachi, is shown in
Fig. 11.

Fig. 11 Electronic circuit used to improve the response. Schematic of mea-
suring bridge and physical implementation of NiFeCo resistive ele-
ments with their connections.

The magnetic track, consisting of four elements, contains parallel
magnetic poles of identical width but different pitch, corresponding to the
different bits. The sensor consists of four resistive elements, parallel to the
tracks. Because the slope of the change in resistance depends on the length
h of each sensor, the response is improved. To increase the number of bits,
however, the pitch of each pole must decrease, for a given sensor diameter,
in proportion to the number of bits. The intensity of the field will then de-
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crease; hence, maintaining a noise-free signal will be difficult. This type of
configuration can be used in low-resolution encoders such as pole detectors
in electric motors. Figure 12 shows the improved response of the sensor.

e
W N ' WVaveform of
WMMMJ .z

Fig. 12 Actual response of the encoder using Fig. 11 circuit.

Resolution can be improved, however, through the use of new record-
ing materials that can take advantage of magnetic moments perpendicular
to the track. Under these conditions the pitch can be reduced in size with-
out any field loss. An improved detection method based on this princi-
ple has been developed in Japan by Hitachi. Readers interested in these
methods will benefit from reading the references quoted in footnote 11, in
particular the reference to Hitachi which explains the des1gn of a 12-bit
encoder. Its characteristics are shown below.

Resolution (bits) 4096
Frequency (kHz) 200
Output voltage (V) 5
Operating temperature (°C) —10to 80
Diameter (mm) 50

Even greater resolution could be obtained if the magnetic moments are
recorded perpendicular to the track. This method could provide 16 bits
without signal loss.

7. CONCLUSION

Magnetoresistance, which was a laboratory curiosity thirty years ago, is
now used to develop hard drives for computers and high-resolution po-
sition sensors. The materials currently in use have the disadvantage of
their low magnetoresistance coefficient, on the order of a few percent of
the principal resistance. This currently limits their use in professional
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applications, which contain additional circuits that are free from noise.
New materials with “giant” magnetoresistance coefficients (see Chap. 2)
are now being studied in laboratories around the world.!2 Their use in
consumer products, audio and video recording in particular, is only a few
years away.

12Sensors based on giant magnetoresistance (called GMR) permit storage up to 0,2 to
2 Gbytes/cm?. However, these sensors, which are constituted by about 60 thin-film layers
of alternatively ferromagnetic and nonmagnetic materials, are difficult to manufacture. Re-
cently, MIT laboratories announced a new type of sensor called junction magnetoresistive
resistance (JMR). Two thin films of magnetoresistive material are separated by an ultra-thin
film of magnesium or aluminum oxides (between 1nm and 2nm thick). When a voltage is
applied between the two magnetoresistive layers, an electric current circulates through the
oxide layer by quantum tunnel effect. Since the oxide layer is an insulator, its ohmic resis-
tance is very large, and relatively large voltage signals are produced. When the JMR sensor
detects a very weak change in magnetic field, it transmits a potential of the order of tens of
mV. These sensors are therefore more sensitive than the GMR, and it is estimated that they
will contribute to increasing by several times the present Gbytes density.

Magnetic storage is however not the only application. Development laboratories
are presently working on sensors such as sensitive detectors for shaft speed, automotive
antilock brakes, magnetic switches, magnetic accelerometers—and more generally, on ap-
plications requiring fast response, low power and low cost. Interested readers should con-
sult http://www.ornl.gov/ORNLReview.
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Nonlinear
Resistors

1. INTRODUCTION

In the previous chapters we examined resistive components whose me-
chanical and electrical properties must remain stable during operation. To
avoid degrading the performance of the electronic circuits in which they
are used, it is important that changes in nominal resistance due to thermal,
electrical, mechanical, and chemical factors, as well as humidity, be kept
to a minimum. The techniques and materials used to satisfy this condition
have already been discussed.

The introduction of signal measurement and processing technologies
resulted in a demand for new components designed to measure and inter-
act with physical parameters such as temperature and pressure, the con-
centration and composition of gas mixtures, and changes in voltage. A large
number of these components are based on measurements of changes in re-
sistance as a function of these parameters. To achieve the highest possible
sensitivity, researchers have continued to develop materials in which con-
ductivity variation as a function of the magnitude of the physical phe-
nomena being measured is maximized. This approach is therefore
antithetical to that used in the development of conventional resistors. In ad-
dition, the materials used must also satisfy certain criteria of selectivity. A
component intended to measure the concentration of carbon dioxide gas
should not be sensitive to any phenomena other than those being measured.

22)
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This chapter describes such components, which are referred to as non-
linear resistive sensors. For each type of sensor, the following elements
will be described and analyzed: properties of the materials used, fabrica-
tion technologies, and applications. Among the many kinds of resistive
sensors on the market, we will concentrate on negative temperature coef-
ficient (NTC) and positive temperature coefficient (PTC) thermistors,
varistors, and oxygen gas sensors.

2. CONDUCTIVITY MECHANISMS IN CERAMICS
AND OXIDES

Nonlinear resistors are based exclusively on the use of metal oxide ceram-
ics.! Their characteristics must be suitable for the manufacture of sensors.
Such ceramics have semiconductor properties, which we will examine
briefly. However, while the transport of free charges (electrons and holes)
within the grains determines the characteristics of NTC sensors, interface
phenomena at the grain boundaries determine the overall electrical prop-
erties of PTC resistors and varistors. The properties of gas resistance sen-
sors are governed by the exchange of chemical species between the solid
and its environment, resulting in nonstoichiometric states within the crys-
tal, which lead to conductivity variations in certain ceramics.

2.1 Electrical Conductivity of Ceramics

As shown in Chap. 1, the electrical conductivity in a solid is equal to
the sum of the conductivity of the different carriers

f’=2"j
J

Each partial conductivity, whose origins may be electronic or ionic, is
in turn defined by o, = N,Z,qu;, where N, is the carrier density (cm™) of the

IThere are a number of excellent references on the insulating, semiconductor, and con-
ductor ceramics used in electronic components. These include:

J. B. Goodenough, Oxydes des métaux de transition. Paris: Gauthier-Villars, 1973.

R.C.Buchanan, ed., Ceramic Materials for Electronics. NY: Marcel Dekker, Inc. 1991.

M. E. Yan and A. H. Heuer, Additives and Interfaces in Electronic Ceramics. Ameri-
can Chemical Society, 1982.

K. L. Frober, Ceramic Technology for Electronics. ISHM scerics 6984-004, 1984,



Chap. 13 Nonlinear Resistors 225

species j, z;q the effective charge in coulombs (Cb), and u; the mobility
(cm?/V-sec) of the species. In the ceramics used in NTC thermistors, the mo-
bility u will be the principal factor, together with N, governing the change
in conductivity with temperature. The ceramics used in nonlinear resistors
will of course have semiconductor properties. Depending on the tempera-
ture, various mechanisms will affect this conductivity: intrinsic conductiv-
ity through the creation of electron-hole pairs in the conducting and valence
bands and also through the creation of Schottky and Frenkel defects, extrin-
sic conductivity resulting from impurities in the crystal, polaron conductiv-
ity, and tunnel effects at grain boundaries. We will briefly describe these
mechanisms below. It should be pointed out that among these conduction
phenomena, polarons and grain boundary effects are most responsible for
high absolute values of TCR and VCR (voltage coefficient of resistivity).

Intrinsic conductivity. The number of electron-hole pairs created on
each side of the band gap of a semiconductor through thermal effects is
given by the well-known formula:

E,
= AT? 1.1
p = AT exp| 22 Ly
Since each electron is compensated for by a hole:

n, = p; = AV2T%? exp[ (1.2)

2kT]
A is a constant that depends on the effective mass of the carriers, and E is the
value of the band gap. A gap of 1eV (Si) yields an n and p carrier density on the
order of 102cm=3 at 500°K (compared to 5 - 1022cm3 in metals). The gap
varies between 1eV and 10-15eV (Si0O,), with intrinsic conductivity alone pro-
ducing a sufficiently wide range of resistances and sensitivity to temperature.
The creation of defects in ionic solids also serves as a mechanism for conduc-
tivity. It has been demonstrated that if N, is the number of vacancy-interstitial
pairs in the crystal lattice (see Chap. 3 for an explanation of defect creation phe-
nomena), and AH, and AH, are, respectively, the enthalpy of the anion-cation
vacancy (Schottky defect) and the interstitial ion vacancy (Frenkel defect) then:

_ . _AHS
Vol = [Vu] = N exp[ M] 13)

for Schottky defects and

(Vi = 1971 = (W) exp| ~224] (14
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for Frenkel defects.2 Here [V, ] represents the cation vacancy density, [V]
the anion vacancy density, and [M] the interstitial anion density. Since
AH, and AH; are approximately 5-12 eV, NTC thermistors constructed
with these materials will have an extremely high negative TCR.

Extrinsic conductivity. A certain number of impurities can lead to the
formation of holes or electrons, depending on whether the levels are ac-
ceptors or donors. The number of donors and acceptors is given by the fol-
lowing equations:

= BT _Ei_] — o [_ﬁ]

n = BT exp[ T and p = CT”" exp AT (1.5)
in which E, and E are the energies of ionization of the donor and acceptor
levels, respectively, and B and C are constants proportional to the square
root of the donor and acceptor concentration. Since the values of £, and E,
are lower than the energy E, or the enthalpies AH, and AH,, changes in
temperature have almost no effect on the contribution to the total extrinsic
conductivity of the component, at least within the range of operating tem-
peratures of nonlinear resistors. One well-known example is the replace-
ment of a Li* ion by a Ni** ion in NiO, which can be treated as a hole in the
valence band.

Phase transformations. Sudden changes in conductivity occur in the
neighborhood of temperatures that cause phase changes in the oxide. The
change can be the result of a change in transport properties within the crys-
tal or of phenomena occurring at the grain boundaries. These phenomena
can be exploited in the nonlinear components used for circuit protection,
such as BaTiO;-based PTC devices.

Variation in mobility as a function of temperature. In nonpolar semi-
conductors the variation in mobility with temperature is limited by carrier-
phonon interactions (see Chap. 3) and assumes the form:

= g (m") T (1.6)
The orders of magnitude of w in these semiconductors is approximately
600 (ZnTe) to 70,000 cm?/V-sec (InSb) at 300°K.

In ionic oxide compounds, on the other hand, carrier mobility is
largely determined by the interaction with polarized ions within the crys-
tal. The carrier (electron) causes a deformation of the lattice, and through
polarization, produces a potential well that restricts its movement to the

2E. A. Krogel, The Chemistry of Imperfect Crystals. North-Holland Amsterdam, 1974.
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vicinity of the ion. The electron-polarizing field pair is known as a polaron.
When the radius of the potential well reaches several interionic distances,
the electron continues to move in the conduction band but with a greater
effective mass. In this case it is shown that:

w=p, T2 (1.7

The value of w is between 1 and 150 cm?/V-sec in these materials. How-
ever, if the dimension of the well is approximately one interionic distance,
the electron will remain at the site (small polaron) and will only be able to
move to an adjacent site by hopping to it. Under these conditions:

n = Eo exp[—ﬂ] (1.8)

in which E, is the hopping energy. Since the majority of ceramics used in
nonlinear resistors consist of transition metal oxides, the very narrow 3d
band contributes to the creation of a large number of small polarons that
contribute to conductivity phenomena. For most oxides the value of E,, is
approximately 0.1-0.4eV.3

Influence of grain boundaries on conductivity. Because of their na-
ture, grain boundaries represent inhomogeneities in the structure and com-
position of the material. Such inhomogeneities of composition are
produced whenever impurities migrate throughout the crystal and attach
themselves to the grain boundaries. In doing so they also introduce crystal
structure inhomogeneities. These defects and impurities, generally polar-
ized, give rise to potential barriers ¢, and space charges. We can use Pois-
son’s equation to calculate the value of this potential. The equation takes
the form:*

gN}
bpo = e

= 1.
8ee, N, (19

in which N, is the charge density at the interface of width d, N, is the donor
density within the body of the crystal, and ¢ is the relative dielectric con-
stant. This potential barrier plays a fundamental role in conductivity
since the probability of electrons or holes crossing it is proportional to
exp(—dpo/kT). Figure 1 provides energy and spatial representations of the
potential barrier.

3. B. Goodenough, Les oxydes des métaux de transition. Paris: Gauthier-Villars, 1973.
4W. G. Morris and I. W. Cahn, Grain Boundaries. Baton Rouge: Claitors, 1975.
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Potentlal barrier

Fig.1 Spatial and energy representation of the potential barrier.
2.2 lonic Conductivity in Ceramics

Variations in conductivity in ionic ceramics are due to changes in the
stoichiometry caused by redox reactions. These in turn are caused by the gas
or liquid species E,, whose concentration we wish to measure and which dif-
fuses to the interior of the crystal from its surface. This results in the creation
or annihilation of donors or acceptors in the crystal. Under these conditions
it has been shown that the variation in conductivity follows a law of the type
o = p~, in which p is the partial pressure of the gas being analyzed (or the
concentration in case of a liquid) and n a coefficient between 0 and 1.

For example, titanium dioxide, TiO,, is typically used as an oxygen de-
tector. The increased conductivity in a reducing atmosphere results from a loss
of oxygen by the oxide, which passes from an oxidized (TiO,) to areduced state
(TiO,_,). The coefficient x characterizes the deviation from stoichiometry.

From a chemical point of view—and in order for a state of equilib-
rium to exist for each value of x—this results in the creation of atomic de-
fects represented by oxygen vacancies [V,] and the presence of interstitial
titanium [Ti]. When the oxygen vacancies are present, the equilibrium be-
tween the oxygen of the crystal and the gas can be expressed as:

1
i e - 0y + [V2] (1.10)

The vacancy created is subject to ionization according to the following:
[Vi]=[V.] + e and [VI]=[V!]+ 2 (1.1

Consequently, o = [e]u, shows that the conductivity is directly related to
the extent of reduction of the crystal, and thus to the partial pressure of oxy-
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gen. Figure 2 represents the conductivity curve of TiO, as a function of the
partial pressure of oxygen.
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Fig.2 Conductivity of TiO, as a function of the O, partial pressure.

Table 1 lists the different ceramics used to manufacture nonlinear resistors.

TABLE 1 Ceramics for Nonlinear Resistors

Component Ceramic material
NTC thermistors Transition metal spinels
PTC thermistors Barium titanate (BaTiO,)
Varistors ZnO
Chemical sensors

* gas TiO,, ZrO,, SnO,, etc.
* liquid Al,0,, MgCr,0,

The choice of ceramic is dictated by its physical properties as well as
the following parameters:

* Ease of manufacturing

* Constant chemical composition from batch to batch

* Constant electrical response over time

» Thermophysical properties

* Good mechanical properties

* Performance (stability, reliability as a function of time ¢ and tem-
perature T °K)

¢ Environmental constraints
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3. NEGATIVE TEMPERATURE COEFFICIENT
THERMISTORS

NTC thermistors are manufactured from semiconducting ceramics con-
sisting of a blend of metal oxides sintered at high temperatures and gener-
ally crystallizing as a spinel structure.

Spinel structure oxides follow the chemical formula AB,O,. The
structure consists of a compact cubic stack of anions (FCC) in which 16
octahedral B sites and 8 tetrahedral A sites are occupied per unit cell. Each
B ion has 6 identical neighbors at a distance of R = a,(2)"/2/4. The spinel
structure results in the formation of d bands extended throughout the B
cation sublattice, allowing the formation of polarons. Figure 3 represents
the unit cell of the spinel structure.

As indicated previously, these ceramics are characterized by a signifi-
cant variation in conductivity with temperature.

E,
= Nug = - 1.12
Equation 1.12 is identical to Eq. 1.8.
The ratio E,/kT corresponds to the sensitivity index B for a given ther-
mistor. Its value is between 2000 and 6000°K and is related to the temper-
ature coefficient, or TCR, by:

TCR = — (1.13)
The values of ¢ and B can be modified by changing the ceramic’s

chemical formulation; that is, by modifying the concentration and nature
of the metallic oxides. Figure 4 represents such a variation.
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Fig. 3 Unit cell of the spinel crystal structure.
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Fig.4 Mn-Ni-O compound: resistance vs. temperature-average and dispersion.

For example, using the Mn-Ni-O diagram leads to the values shown
in Fig. §.

The decrease in resistivity with the concentration of Ni?* can be ex-
plained by the mechanism of valence induction. To balance the system’s
electrical charges, each Ni* ion induces a 4+ valence in the manganese ion.
An exchange of electrons then takes place between the Mn3*+ and Mn** ions
located at the octahedral sites of the spinel structure. The greater the con-
centration of Ni2*, the greater the concentration of Mn#t, thus promoting
electrical conductivity. The minimum theoretical resistivity (x = 0.66) is in
good agreement with the observed experimental value shown in Fig. 5 and
corresponds to equal concentrations of Mn3* and Mn**.

Other chemical diagrams are used to accommodate the different
values of resistivity and TCR needed for specific applications. The most
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L 4400
104 P
L 4200
103
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Fig. 5 Variation of B index and of resistivity vs. concentration of metallic
oxides.
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commonly used diagrams are: Mn-Co-O, Mn-Ni-Co-O, Mn-Ni-Ti-O,
Mn-Ni-Cu-0O, etc.

Figure 6 represents the variation in resistivity as a function of tem-
perature for several NTC thermistors used in industrial and consumer
applications.

The curves can be represented by a polynomial of the following type:

RT=[3+ B

st ot Yot (1.14)

7

The tolerance of p or R, and B is generally between £1-10% for p
and —4—6% for standard thermistors. Manufacturers can, upon request,
supply lower tolerances, depending on the application.

For most applications the stability of the thermistor’s characteristics
with time and temperature is critical. Figure 7 represents the relative
change in resistance over time at a temperature of 125°C for different com-
positions. There are two possible reasons for the increase in resistance:

1. The type of ceramic used: Ions are reorganized throughout various
sites in the crystal and there is an exchange of oxygen with the
atmosphere.

2. Changes in the ceramic-metal contact in electrodes.
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Fig. 6 Resistivity vs. temperature in NTC thermistors.
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Fig.7 Resistance drift with time at 125°C.

Generally, (1) is the most significant factor, and drift is related to
the initial value of the material’s resistivity, as it is in conventional resistors.

3.1 Production Techniques for Ceramic and
for Electrode Deposition

Weighing of MnO + NiO + CuO +
... oxides

{
Mixing and grinding
s
Addition of binder
i

Pressing

{

Sintering at high temperature

Production steps of thermistor ceramic.

Various deposition techniques can be used to provide good ceramic-
metal contact:

(a) Sputter deposition or silver evaporation
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(b) Screening with silver-based ink followed by heat treatment at
850°C to ensure proper adhesion of the metal layer to the ceramic
(c) Sintering of platinum wires with various metal oxides

Changes in resistivity have been observed for the different deposition
techniques. However, these changes are primarily associated with the heat
treatment method used rather than the nature of the electrode.

3.2 Thermistor Types

Figure 8’ illustrates some of the different types of NTC thermistors.
The shape and performance of the thermistor can vary with the application.

-3 _

(a) Top and bottom terminations
<

|4 W
Q/\,

(b) Wraparound terminations
o I
@@= —_—
R
>

(c) Models M, C, F, T, B NTC thermistors—conformal coated

Fig. 8 Styles of NTC thermistors and assemblies (Dale).
(continued on next page.)

SDale Electronics, a division of Vishay, NTC Thermistor Catalog, vol. 7, Rev 919.



Standard and custom assemblles are available in a variety of configurations. The

choice of assembly style is depandenl on the appllcabon The primary factors which
the optimum Issembly are the operating

environment, mounting, lime rssponse and minimum dissipation constant.

The two factors which do vary considerably with assembly design are time constant
and dissipation constanl. The time constant will typically be of greater duration in

This is, of course, due to additional mass surrounding the
thermistor element; therefore, extending the thermal transter time. Dissipalion constant
will aleo be greater In assemblies. The additional housing mass serves well as a heat
sink. Greater power is therefore required to induce self-heating.

Both time constant and dissipation constant will vary with the selected thermistor and
housing. Heat transfer properties of the housing, thermistor location, mass and wire
type determine these constants. It is recommended to evaluate or consuit the faciory
in applications where T.C. and D.C. are critical.

ASSEMBLY STYLES
* Immersion Probes

1. Thread Mounted: Features a stainless steel tube with a hermetically sealed
threaded hex fitting. Available in 1/8%, 3/16" and 1/4° outer diameter tubes with
1/8° or 1/4° NPT hex fittings. Ideal for pressured, closed systems.

2. Penetration Probe: 7" long x 1/8" outer diameter stainless steel tube. Pointed tip
easily penetrates soft and semi-trozen materials. Also ideal for soil and ground
measurements.

3. Tubular Stainless Steel: 1/8°, 3/16" and 1/4" outer diameter tubes in variable
hs. Good for universal immersion applications. Adaptable to use with
compression thread mounts to give designer variable immersion depths.

4. Tubular Pyr-x': 6" long x 3/16" outer diameter glass tube. Excellent for lab use
where a chemically inert probe is required.

5. Flexible Immerslon: 1.5" long x 280" outer dlameter aluminum housing.
Flexible 105°C PVC tubing to protect wire and thermistor element from the liquid
medium. Ideal assembly for intermittent Immersion in hard to reach areas.

* General Purpcse Sensors

11. Delrin® Housing: 1/2" long x .170" outer diameter thermoplastic. Excellent for
i rols and 1 below 100°C.

12. Stainless Steel Rod: .875" x .156" ouler diameter. Good for environmental
chamber measurement where corrosive gasses exist.

13. Gold Anodized Flanged Sensor: .630" iong x .275" outer diameter with a .298"
flange diameter. An easy to mount press fitting.

14. ABS Housling: .476" long x .230" outer diameter. Black thermoplastic and
configuration suits it well in air flow temperature measurements.

15. Housling: 1.50" long x .280" outer diameter. Heavy thermoplastic case
makss It ideal for applications requiring delayed time responses. Ideal for process
controls in refrigeration and heating.

16. Epoxy Tip Probe: Durable epoxy encapsulation, small size, fast time response,
versatility and low cost make this sensor universally accepted. Assembly size will
vary with wire and thermistor choice.

17. Pipe Sensor: .625" long with a cut-out radius of 250" suits this nylon

NOTE: A variety of wire styles is available from stock. Depending on
the probe and application. the wire will vary. Consult the factory for
this and other information.

HOW TO ORDER

1. Choose Style: Immersion probe.

2. Select Style Type: “1” = thread mount.

3. Select Thermistor: 1M1002-C3.

4. indicate styie, type and thermistor to factory for part numbers.

as an ideal pipe sensor. use is seen In
water heating/cooling systems.

* Surface Sensors

21. Aing Tongue Lugs: Surface maunt with a #4, #6, #8 or #10 screw. Excellent for
measurement and control of surfaces where fast time responses are necessary.

and

22. Heat Sink Sensors: Avallable In brass, aluminum or stainless steel with various
threads. A durable and practical surface sensor, especially where shock and
vibration are present.

Block Sensors: blocks for
larqe surface areas. Easily mountable with #6 screws.

Refer to “How to Select an NTC Thermistor” for general design alds in choice of

and control of

value, tolerance and R-T curve.

(d) Assemblies
Fig. 8 (continued)
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Thermistor shapes can vary from a few dozen millimeters in the largest de-
vices to a fraction of a millimeter for the most common designs. They are
sold as disks, bare or protected by a layer of varnish with soldered con-
nections for mounting on printed circuit boards. Other thermistor styles are
also available, including threaded sensors for mounting on a metal chassis,
or as strips or chips for surface mounting. Table 2 provides the dimensions
and characteristics of some typical thermistors.

TABLE 2 Dimensions and Characteristics of Typical Thermistors

Diameter ¢ Thickness Volume Dissipation Response 7
Model (cm) (cm) (cm3) (mW/°K) (sec)
Bead 0.050 0.050 1.0-10- 0.05-0.03 4—5.1073
0.150 0.050 9.0 .10~ 0.20-0.30 2.00-15
Chip 0.125 0.025 3.0-10™ 1 5.00
Smt Chip 0.625 0.060 401073 23 4.00
Disk 0.250 0.125 621073 35 9-12
0.500 0.125 24 .1072 7.0 26
1.250 0.250 0.15 15 65
2.500 0.125 0.62 25 150
Strip 1.000 0.300 0.23 2.8 35

3.3 Typical Applications

NTC thermistors have a number of advantages that have made them
popular for a wide variety of applications in the automobile, manufactur-
ing, and aerospace industries.

» Wide range of resistance and TCRs
* Wide range of operating temperatures (—50°C to 800°C)

* Very high temperature sensitivity (variation of one order of magni-
tude for a temperature change of 50°C)

* Mechanical strength

* Low cost

* Small size

 Large number of available styles
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3.4 Current-Voltage Characteristics

The fundamental characteristic of an NTC device is shown in Fig. 9.

VOLTAGE
Vel — - ¢
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Fig. 9 Voltage vs. current curve of NTC devices.

We will briefly describe several applications that make use of the o-a
and b-c regions of the voltage-current curve. Two regions of the curve are
typically used in determining suitability to application:

1. Ohmic region (0-a). Within this region, the relation between cur-
rent and voltage is linear. It corresponds to the operating region at
low voltages (for example, a temperature probe thermistor).

2. Nonlinear region (b-c). This region is characteristic of NTC de-
vices. The voltage decreases when the current increases. This re-
gion depends on the heat dissipation factor of the component and
its environment (ambient temperature, fluid flow rate, etc.)

3.5 Temperature Sensors (low heat dissipation)

The high TCRs of NTC thermistors (an order of magnitude greater
than the most sensitive metals such as platinum) make them highly suit-
able for temperature measurement applications. The classic example of
such an application is the Wheatstone bridge. Under these conditions, the
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value of the current across the thermistor is found in the o-a region. Ther-
mal contact with the environment enables the device to measure tempera-
ture variations on the order of 1/100°C between —50°C and +250°C.

The use of an NTC device within a larger temperature range results in
a nonlinear relation between resistance and temperature (end of the o-a re-
gion). In this case various mounting technologies, based on serial or par-
allel resistor arrangements, or logarithmic networks, are used to linearize
the thermistor output signal.

3.6 Applications Based on the Nonlinear
b-c Region

Many applications are based on modifying the curve shown in Fig. 9
as a function of power dissipation conditions. These conditions will depend
on fluid flow variations, liquid immersion, or changes in the nature of the
fluids involved. NTC devices are often used to detect abnormal tempera-
ture increases (overheating of a motor, ventilation problems, fire, etc.).

For example, Fig. 10 represents the schematic for an alarm circuit that
can be used to detect changes in the flow or nature of a fluid. Normal flow is
represented by operating point A on the thermistor voltage-current curve. If
there is a drastic change in the flow, the operating point moves to B. Detec-
tion of the change in current between points A and B can be used to trigger a
relay or alarm, or simply to detect a change in the given flow conditions.

VOLTAGE
Aa

0 dissipation . _/\1}\/\. 5

{

)
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Ly _ relay

_T_*
—_—¢
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Fig. 10 Schematic of an alarm circuit in a flow of fluid.

CURRENT
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3.7 Applications Based on Current-Time Relations

Some applications make use of the time needed for the thermistor to
reach its equilibrium point in region b-c. This time depends principally on
the thermal mass, the initially supplied power, and its dissipation.

In this section we will describe the use of a thermistor to limit the value of
transient currents due to condenser loads in switching power supplies (Fig. 11).

Fig. 11 Schematic for limiting tran- C
sient currents in capacitor T
switching.

At ¢t =0 the input voltage is applied, resulting in a charging current in
the filter condenser. Given its thermal inertia, the resistor will only heat up
after a certain period of time has elapsed (generally a few seconds), thus
limiting the value of the charging current. Once equilibrium has been
reached (region b-c), the resistance drops significantly and no longer in-
terferes with steady-state operation of the downstream electronic circuit.

4. POSITIVE TEMPERATURE COEFFICIENT
THERMISTORS

PTC thermistors are made from semiconductor ceramics based on barium
titanate (BaTiO;), which crystallizes into a perovskite structure. Barium
litanate is a ferroelectric crystal belonging to the group of crystals with
oxygen octahedra. Figure 12 is an illustration of the unit cell.

In the manufacture of PTC thermistors, preparation is similar to that
used for conventional ceramics. Titanium oxide, barium carbonate, and
other dopants specific to PTC thermistors are mixed and ground in distilled
water. After drying, the mixture is fired at a temperature between 1000°C
and 1250°C to obtain the perovskite structure. The product is then ground
und dried. An organic binder is mixed with the powder to obtain a granu-
lnte suitable for pressing. The picces are then sintered in an oxygen at-
mosphere at a temperature of approximately 1350°C.
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Qoxygen ; @cation B ; @cation A

Lattice A B O3 with origin at A Lattice A B O3 with origin at B

Fig. 12 Unit cell of a barium titanate crystal.

After sintering, electrodes are attached using the techniques described for
NTC thermistors. The most commonly used metals are aluminum, nickel, or
Al-Ga and Ag-In-Ga alloys. The most common technology is Ag-In-Ga ink
screening. The ink contains an oxide that diffuses throughout the ceramic when
subject to heat treatment at 600°-900°C. The thickness of the deposit is ap-
proximately 10-15pm. Schooping, a technique that consists of spraying a
molten metal (aluminum, copper, etc.) on the surface of the ceramic, can also
be used. The thickness of the deposit is approximately 100um.

4.1 Chemical Composition and Electrical Properties

The great diversity of PTC thermistor applications requires the development
of a number of BaTiO, dopants. These are primarily characterized by their resis-
tivity at ambient temperature, the Curie temperature at which their resistivity be-
gins to rise sharply, their nominal voltage, and their heat dissipation coefficient.

The resistivity is controlled by the concentrations of donors and ac-
ceptors as well as by the cooling profile during sintering, which can be used
to control the concentration of barium vacancies at the periphery of each
grain. Typical values for resistivity are approximately 20-200€} - cm. Bar-
ium titanate semiconductors are characterized by “n-type” properties.

Resistivities of a few €2.cm can be obtained using a trivalent donor ion
(La**, Ce**, Y**), capable of replacing the Ba2* ion. The Ti%* ion can also
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be replaced by a pentavalent ion (Sb3+, Nb3+) that is also a donor and whose
ionic radius is close to that of titanium. Dopant concentrations are less than
a few atomic percent.6

Although dopants can be used to control the material’s resistivity
at ambient temperature, they have little influence on the significant varia-
tion in resistivity observed in the Curie zone, T,, which is the actual PTC
effect.

This effect, which can result in changes in resistivity greater than
7-8 orders of magnitude within a 50°C temperature range, is associated
with the presence of acceptors at the grain boundaries. These regions being
relatively thin, electrons are partially or completely compensated by
charges that lead to the appearance of potential barriers. This phenomenon
was described in section 2. In the case of BaTiO,, the height of these barri-
ers is inversely proportional to the dielectric constant of the material and
thus varies considerably with the temperature in the Curie region. The
grains, however, remain conductors. Acceptors are often elements that
are intentionally introduced near the grain boundaries (Mn, Fe, Cr) or cor-
respond to the presence of barium vacancies at the surface of the grains. Be-
cause of polarization, the height of the barriers also depends on the applied
voltage. The PTC effect decreases as the applied voltage increases. Two pa-
rameters must be taken into consideration to limit this undesirable effect:

1. Increase the thickness of the material to reduce the electric field.
Both the geometry and the dimensions of the component can be al-
tered to satisfy this condition.

2. Moderately decrease the grain size to increase the number of bar-
riers in the direction of the electric field. In this case the conditions
under which the component is cooled after sintering become ex-
tremely critical, and these parameters are among the most closely
guarded secrets of the manufacturer of PTC thermistors. Figure 13
is a curve representing the change in resistivity of a PTC resistor
with temperature and applied voltage.

The Curie temperature can be shifted through the use of solid solu-
tions of BaTiO; and SrTiO, (Curie temperature less than 120°C) or BaTiO,
und PbTiO; (Curie temperature greater than 120°C). Depending on the ma-
terials used, TCR can cover the -50°C to 300°C range. The resistivities ob-
tnined are shown in Fig. 14,

*Personal communication from A, Lagrange of 1..C.C'. Thomson, Dijon.



242

108

103

104

10

102

Technology Part I

RESISTIVITY (flcm)

Sensttivity to
potential

10 V/mm

TEMP. (°C)

100 150 200 250

Fig. 13 Resistivity vs. temperature of PTC thermistor for two applied voltages.

Table 3 lists the principal differences among the materials used for
NTC and PTC thermistors.

Earlier, we indicated that the characteristics and reliability of PTC
devices depend, to a much greater extent than NTC devices, on the chem-
ical treatments and dopants used in their development. Typical PTC
chemistry, based on changes in resistivity and Curie points, is summa-

rized in Table 4.

RESISTIVITY (femd

10

=-30°C
T=20°C
T=100°C

T=120°C
T=180°C

TEMP.C°C)

80O 160 2;10 3&0

Fig. 14 Resistivity vs. temperature of PTC thermistor for difficult Curie

temperatures.
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TABLE 4 Typical Chemistry for PTC Thermistors

Technology Part IT

Purpose of Substitution Influence on
Additive Additive Level PTC Effect
Na, K, Al P, Mg impurities 2.107* degradation of
characteristics
Si, Ti, Ge liquid phase 5:10°%t0  T°sintering 4
2-1072 reliability %
Mn, Fe, V, Cu grain 0-0.002 voltage
boundaries sensitivity T
(dR/dT)
Y, La, Sb, Nb change in p 0-0.008 control p and
grain size
Sr, Pb, Ca, Sn solid Ba or Ti 0.0-0.2 Curie
solution temperature )

5. PTC THERMISTOR TYPES

Given the wide range of uses, PTC thermistors are sold in a number of
forms. Common types of PTC (and also NTC) thermistors are surface
mount, epoxy beads, wire bond chips, immersion sensors, surface sensors,
and others. Some typical designs are described below.

(a) Metallized leadless ceramic. This is the simplest and most wide-
spread design. It is sold in the form of a disk, metallized on both
sides, and is designed to be mounted directly between two clips.

(b) Soldered-lead disks. These are also very common in current ap-
plications. Two leads are soldered directly to each of the two met-
allized surfaces used as electrodes. The disk is protected by an
€poxy or resin coating.

(c) Ceramic cylinder. Ceramic cylinders are used primarily as heating
elements. They are insulated with mineral oxides and mounted in
metal tubes to ensure the effective transfer of heat to the exterior.

6. APPLICATIONS

PTC thermistor applications are based on the relation R = f(T°C) and the
static voltage-current curve shown in Fig. 15. Here, the PTC thermistor
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Fig. 15 V-Icurve of a PTC thermistor in series with a fixed resistor.

application is mounted in series with a constant load R1. In general, the
slope of the load cuts the voltage-current curve at three points, Al, A2, and
A3.Only Al and A2 are stable. The first corresponds to a high current (low
R for the thermistor) and the second to a weak current in Wthh the ther-
mistor’s temperature is above its Curie point.

This feature can be used to design a variety of protection systems in
which thermistors protect the circuit in the event of an abnormal rise in
supply voltage. For example, PTC thermistors can be used for alarms and
to protect motor windings from overheating.

The thermistors are arranged in the motor so that they are thermally
coupled to the windings. In the event of an abnormal temperature increase,
the thermistor resistance increases beyond a threshold value, which can be
used, together with the use of relays triggered by the PTC, to cut the sup-
ply voltage (Fig.16).

PTC devices are also used as heating elements for liquids and gases.
In this case the current through the thermistor is high enough to raise the
tcmperature and allow the set-point to be located in the nonlinear portion
of the V-I curve. Any change in the type or velocity of the fluid will result
in a change in the heat transfer between the thermistor and the fluid. The
change in resistance can regulate the quantity of heat transmitted to the
fluid, independently of other external conditions.

PTC thermistors are also commonly employed in demagnetization
systems in color televisions and videotape recorders. Here, a magnetic
ficld is gradually lowered by means of a coil mounted in series with the
I"I'C (Fig. 17). When voltage is applied, the PTC device is cold and
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Fig. 16 Schematic of a PTC thermistor protecting the windings of an elec-
trical motor.

PCT B=pNI

Fig. 17 Demagnetizing circuit.

allows a high-amplitude alternating current to pass through, resulting in a
strong magnetic field. Over time, the PTC thermistor heats up and reduces
the current and the magnetic field along with it.

The above applications are characteristic of the enormous num-
ber of circuits in which PTC thermistors can be used. Although far
from complete, Table 5 summarizes some typical applications of PTC
thermistors.
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TABLE 5 Typical Applications of PTC Thermistors

T°C Measurement Automotive Electronics Other
regulation fuel control V/I control demagnetization
air conditioning air circulation protection heating
fluid flow carburetor and engine circuitry household
ignition etc. appliances,
defrosting hair dryers

7. VARISTORS

The conductive ceramics used in varistors have properties similar to the
BaTiO, perovskites used for PTC components. Localized grain boundary
barriers in zinc oxide crystals here play an essential role.

Zinc oxide is the most commonly used ceramic in the manufacture of
varistors. Its crystal structure is identical to that of many other oxides, such as
MnO, CaO, etc. It can be considered as resulting from the interpenetration of
two face centered cubic (FCC) lattices. In addition to its piezoelectric prop-
erties, local deviations from stoichiometry (an excess of Zn* ions) result in
the creation of an n-type semiconductor with a band gap of 3.1 eV. However,
it is the addition of bismuth (Bi,0,), cobalt (CoO), chromium (Cr,0;), and
other oxides—some varistors can contain as many as eight different oxides—
that is responsible for the nonlinear variation of current with applied voltage,
caused primarily by the effect of these oxides at the grain boundaries.

7.1 Varistor Effects

The voltage-current curve shown in Fig. 18 contains several distinct
regions, each of which is characterized by a specific conduction behavior.

(a) Region I This corresponds to a linear relation between current and
voltage, with current values being on the order of a few nA/cm?.

(b) Region II (pre-avalanche region). This region corresponds to the
normal operating state of the varistor. Conduction (a few nA/cm?)
is heat activated and increases with the applied voltage following
alog(l) = V12 law.

(c) Region Il (avalanche region). This region corresponds to the ac-
tual varistor effect. The current, /, varies nonlinearly with voltage
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Fig. 18 Electrical field vs. current.

following the relation /= KV=, where K is a constant and « the
coefficient of nonlinearity. If & = 1, the voltage-current relation
will predict classic ohmic behavior. When a = « the varistor ef-
fect becomes perfect. a is generally between 25 and 100 in com-
mercial varistors. These values are provided in the literature
supplied by manufacturers. Current values are between a few tens
of wA/cm? and a few tens of A/cm?.

The conduction mechanism in this region is due to a tunnel ef-
fect, caused by free electrons crossing the potential barrier at the
grain boundary. The height and width of these barriers are di-
rectly related to the type of dopant used and the applied voltage.
This condition occurs very rapidly, on the order of a few
nanoseconds.

(d) Region IV (saturation region). Above a certain voltage the
I'= KValaw no longer holds. This corresponds to a region of high
current (a few hundred A/cm?). The current-voltage relationship
is quasi-ohmic for very high currents (above 10,000 A/cm?2). Con-
duction is limited only by the resistivity of the ZnO crystallites
rather than by the potential barriers at the grain boundaries.

7.2 Varistor Structure and Fabrication
As indicated above the basic varistor material is ZnO. In its crystal

phase the resistivity of the grains is less than p =< 1€} - cm at 300°K. The
small amounts of other oxides present generally do not exceed 2-3%. A
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typical composition contains 97% at. ZnO, 1% at. Sb,0,, and 0.5% each
of at. Bi,Os, CoO, MnO and Cr,0,.7

Varistors are produced using a conventional ceramic process. The dif-
ferent oxides are generally mixed in the aqueous phase. After drying, the
powder is heated at 700°C and reground. After the introduction of an or-
ganic binder, the powder is pressed in a mold of the desired shape (gener-
ally a disk). After heat treatment at 600-700°C to eliminate the binders, the
disk is sintered at approximately 1200-1400°C. The disks are then metal-
lized either through deposition of a silver ink or by schooping.® If appro-
priate, leads are attached and the entire assembly is protected with an epoxy
or phenolic resin coating.

The various dopants are selected not only on the basis of the value of
« (in this case the oxides of Bi, Co, Mn, and Ni) but also to satisfy the re-
quirements of grain resistivity, stability, and reliability. This requires the
use of different kinds of dopants, whose nature, concentration, and method
of application are based on the manufacturer’s skill. The microstructure of
a typical varistor is illustrated in Fig. 19.

ZnO grains with an average diameter of 10-20 pm are separated from
one another by a potential barrier layer whose thickness is a few tens of
angstroms. Secondary intergranular phases are present in low concentra-
tions. These are characterized by the following basic structures:

* Spinel Zn,Sb,0,,
* Pyrochlore Zn,Bi,Sb,0,,
* Bi,O,in a, B, v, and 8 phases

An insulating region, whose thickness is e = 1000 A, is also formed
around each ZnO grain.

To help analyze varistor phenomena, Fig. 20 represents a theoretical
model with a grain size of approximately 20 um. Grains are separated from
one another by an insulating barrier of e = 1000 A. In this structure the
critical avalanche threshold, for a current density of 1 mA/cm?, is equal to
E = 130 V/mm. The critical potential at each barrier is therefore Vo, =
Epxd = 2.6 V. In reality, because of dispersion along the dimension of the
grains, this value, which is characteristic of the majority of varistors, is

™. Matsuoka, Japan. J. Appl. Phys. 10, 736 (1971).

¥The Schoop process (numed nfter its inventor, who filed the patent for the process in
1910) consists of depositing metals on o surfaee by spraying them in an electric arc.
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Fig. 19 SEM photograph of a varistor showing its cubic structure.

approximately 3.2V per grain. This relation can be used to calculate the
thickness needed to produce a varistor with a critical voltage of

D
E . VCR (115)

where D is the distance between electrodes, and d the average grain size. Typi-
cal values for Vpr =200 V are d = 20 wm, D = 1.6 mm, and n = 80.

Verr = nVeg =

<«—— Fftlectrodes

PADAPA AP

Grains Zn0O

<——— Interfaces

PAPAPAPA_PA PN

RRARRRE

N N
p— Thickness e

Fig. 20 Physical model of a varistor.
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7.3 Equivalent Circuit

Measurement of the dielectric constant of varistors results in values
on the order of £ = 1000 at 10kH, which is higher than the dielectric con-
stant for ZnO. In fact, the existence of insulating potential barriers at the
grain boundaries creates an electrostatic capacitance that results from the
basic capacitance of individual grains taken as a whole. Since d >>> e, itis
obvious that the volume between the component’s electrodes is primarily
occupied by ZnO conducting grains. For each grain this can be represented
by the equivalent circuit shown in Fig. 21.

4 Fig. 21 Equivalent circuit of model
shown in Fig. 20.

Here C, and R, are, respectively, the capacitance and resistance of the
potential barrier, and R, the resistance of the grain. The resistance R, is thus
parallel to the capacitance C,. Consequently, the thickness of the insulator
between electrodes is not D but De/d. This means that if e, is the dielectric
constant for ZnO, the total capacitance is then equal to:

S d
£,8,— " —

c= £°D e

S
Eeo De/d

Consequently, the measured dielectric constant is greater than that of
ZnO by a factor of d/e. Since the dielectric constant for ZnO is on the or-
der of 10, this implies that d/e = 100. Since d = 10 um, ¢ = 1000A.

The dissipation factor, £,6%, varies with frequency between 0.02 and
(1.04, with a peak at 0.10 around 300 kHz. The parallel resistivity of the
varistor, pp, is inversely proportional to the frequency (p, = 1/ee,wD) and
is essentially equal to 10° (2-cm at 30 Hz and 103 {2-cm at 108 Hz. It should
ulso be pointed out that Cp, Rp, and ¢, 8 vary with temperature.1?

(1.16)

9The physical origin of the potential barrier appears to be due to the creation of holes
near the intergrain interface, leading to a space charge region with both capacitive C, and
conductive p, properties. Sce G. E. Pikes er al., J. Appl. Phys. 57, p. 5512 (1985).

0L, M. Levinson and H. R, Phillips, J. Appl. Phys. 47, 1117 (1976).
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7.4 Applications

The static voltage-current curve shown in Fig. 18 can be used to char-
acterize the operation of the varistor in its rest and avalanche regions. The
voltage corresponding to a current of 1mA is generally used as a reference
point to determine manufacturing tolerances. Beyond this limit characteri-
zation is conducted with pulses, using current pulses with a rise time of
4usec and widths of 10-20 usec, depending on the densities of the injected
currents, which can reach 10k A.

The use of transients of increasing value leads to a gradual change in
the V-I characteristics, as shown in Fig. 22. This phenomenon is general
and valid regardless of the shape of the incident wave. Two regions remain
unchanged: the region corresponding to conduction arising from tunneling
through barriers (V; is invariant) and the region corresponding to high
currents, where the conduction mechanism is controlled by the resistance
of the ZnO grains. The pre-avalanche zone, however, is modified in the di-
rection of a gradual increase of the rest current I, = I,.

The physical mechanisms involved vary depending on the duration of
the pulse, which can range from a few microseconds to a few milliseconds.
In the first case the temperature increase is localized at the grain bound-
aries and can lead to the creation of cracks from local heat effects. In the
second case the temperature of the material rises. If the electrical power is
significantly higher than the allowed value, we can observe a breakdown
of the material. This results from local melting caused by the presence of
Bi,0; phases with a melting point of nearly 800°C.

BEFORE
ELECTRICAL
CONSTRAINT

W———

|
I
I
.
| |
1 N 1 current

Fig. 22 Effect of electrical constraint on V-1 curve (V-rest voltage).
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7.5 Varistor Types

Varistors are generally manufactured in the form of disks whose
thickness and diameter vary with the application (from 5 to 80 mm for the
diameter and from 1 to 50 mm for the thickness). The sides are protected
by an organic or vitreous coating that prevents interelectrode flashover.
Typical values for the different parameters are shown in Table 6.

TABLE 6 Parameters of Varistors

Rest voltage 10-10,000 V
Rest current 1-100 nA
Response time <50 nsec
Capacitance 50-12,000 pF
Allowable peak current 6000 A/cm?
Allowable transient energy 400 J/cm?

7.6 Areas of Application

7.6.1 Medium and high voltage

The most typical use for varistors is to protect electrical lines and
transformer stations against lightning. The transient currents and energies
propagated by conductors are very high and can reach 150 kA and
2.5 - 106], respectively. During the past few years, spark-gap lightning ar-
restors on high-voltage lines (400 kV and up) have been replaced with ZnO
varistors. These devices consist of a stack of varistor disks in series, the
number of disks being proportional to the rated operating voltage. For ex-
ample, a protection system for a 400 kV network requires a stack contain-
ing hundreds of disks nearly 3 meters high.

7.6.2 Low voltage

For low-voltage (50-1000V) applications, varistors are used as circuit
protectors for telecommunications, computer systems, and mass-market
and industrial devices, in which they provide very effective protection
against pulses propagated by power circuits. A 30-mm diameter varistor
cun protect against transients up to 30 kA.
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Another significant source of voltage spikes results from switching
inductive and capacitive loads on low-voltage networks. These can propa-
gate over long distances and lead to the destruction of components, the de-
terioration of relay contacts, and improper operation of logic circuits
(CMOS and others), which are especially sensitive to transients.

Compared to atmospheric discharges, noise from industrial sources
results in transients of short duration and low magnitude, but their repeated
action can produce significant cumulative effects. For example, opening
and closing the relays on an inductive load can lead to voltage peaks that
are 10 to 50 times greater than the applied voltage. Similar results have
been found with switching on the primary coils of transformers. Varistors
also provide effective protection against electrostatic discharge, the pri-
mary cause of damage to MOS junctions.

For very low voltage applications (less than 50 V), such as those
in the automotive industry, different sources of disturbances (starter, relays,
windshield wipers, alternator) lead to voltage peaks that can reach hundreds
of volts and interfere with the proper operation of electronic circuits.

8. GAS SENSORS

Gas sensors represent another family of nonlinear resistors; a brief de-
scription is provided below. Their operation is based on Redox reactions in
ionic conductive ceramics!!. The conductive charge density is dependent
on the concentration or partial pressure p of gas absorbed (oxygen, for ex-
ample) by the ceramic, modifying the conductivity according to the fol-
lowing equation:

o = A(T°)p;, inwhich A(T°) = A,exp(—E/kT)

controls the ionization and crystal defects, and n varies between +1/4
and £1/6. A positive exponent corresponds to a p-type conductivity (ex-
cess of oxygen), whereas a negative exponent results in n-type conduc-
tivity (lack of oxygen). The two ceramic oxides that have been most
frequently studied in this field are compounds of the type Co,_Mg,O
(x<0.85), a p semiconductor, and compounds of TiO,, which is an n
semiconductor. Table 7 lists some of the materials used in gas sensor
manufacturing.

UThere is another type of gas sensor that is based on the existence of electrochemical
potentials that follow the Nernst law in zirconium ceramics.
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One of the major defects of these sensors, which are based on nonlinear
resistance, is the significant change in resistivity with temperature. For TiO,
the TCR at 400°C is on the order of 4 - 102/°C. Their use in automotive ap-
plications (to detect the presence of oxygen) requires that they be preheated
above normal operating temperatures to overcome these changes.

9. TIME CONSTANTS FOR TEMPERATURE
MEASUREMENT

The time constant to reach thermal equilibrium with their environment is
an important characteristic for thermistor use. The order of magnitude for
the constant is estimated as follows. Assume a thermistor of typical di-
mension L (average dimension), specific heat C,, and heat transfer coeffi-
cient k. This thermistor is placed in a fluid so that the transfer coefficient
from convection and radiation is A.

We can demonstrate that, depending on the value of the Nusselt num-
ber!2 R = hL/k, either the heat resistance of the component or the boundary
layer between its outside surface and the fluid will control the heat transfer
process. In the case of a thermistor where L = 3-10, k= 1-2 W/m°C,
placed in air or gas, & is approximately 6-570 W/m?°C, depending on
whether the convection is natural or forced.

Under these conditions R = 10~! — 10~2 and the boundary layer con-
trols the heat transfer process. We can then write the following equation:

d, (heat transfer) = Sh(T, — T)dt = Vp,C,dT

in which § is the active surface of the component, p, its density, and V its
volume. Integrating the equation yields the following (7, is the tempera-
ture of the fluid and T, the initial temperature of the thermistor):

=X-p"c"-Ln{T1_T2]
S h TI_T

(1.17)

The time constant 7, is obtained when the thermistor temperature is
equal to T',(In = 1). For the majority of thermistors, the order of magnitude

12The Nusselt number is a dimensionless number used in fluid mechanics. It is the ra-
tio of the amount of heat exchanged by convection to the amount of heat exchanged by con-
duction. 4 is the conduction transfer coefficient and L the ratio of a reference length of the
solid being studied and the thickness of the thermal boundary layer. This number is also
known as the Biot number. See S. Whitaker, Fundamental Principles of Heat Transfer,
chapter 4, Pergamon Press.
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of the constant varies between a few milliseconds and 2 seconds. When the
thermistor dissipates heat, the equations given in Chap. 9 for power resis-
tors apply.

10. CONCLUSION

Nonlinear resistors, which were a laboratory curiosity no more than 20
years ago, have become one of the largest growing members of the passive
component family, with annual growth exceeding 10 percent a year. The
demand for increasingly responsive control systems will continue to fuel
this growth. It more than justifies the efforts of those now working in pri-
vate industry and university laboratories to develop increasingly sophisti-
cated ceramics. These efforts are primarily geared toward obtaining
improved sensitivity and reliability in the face of external constraints. This
goal has become even more significant since the quality/price ratio for
these components is superior to other components with similar features.
Moreover, the need for energy savings has given rise to new methods of
synthesizing ceramics, foremost among which are sol-gel techniques.
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A Precision Film
Resistor Exhibiting
Bulk Properties

A.1. INTRODUCTION!

For many years the engineer requiring a precise (£0.1% or less) resistor
has used precision wirewound products. These can be made to tight toler-
ances, have good stability and are particularly useful in network arrays. Be-
cause of their coiled wire construction, they have poor high frequency
performance particularly above 50 kc/sec. The reliability of these resistors
has been quite variable in the past. They also have poor wattage and resis-
tance range to size relationships. Nevertheless, these resistors have been
the standby for most of the close tolerance resistor requirements.
Evaporated metal film resistors have been developed extensively in
the last fifteen years [1-7]. They have offered somewhat improved relia-
bility, versatility, and excellent high frequency performance. Their ac-
10-dc resistance ratio remains close to unity up to the 100 megacycle/sec
region. These resistors have replaced wire types in many applications
because of smaller sizes, and in the premium grades (T-9) have reasonably

IThis chapter is a transcript ol a paper coauthored in 1963 by Dr. Felix Zandman, Vishay
Instruments, Inc., Malvern, PA and Dr, Sidney J. Stein, EMC Technology, Philadelphia, PA.
It describes the foundations of the toil resistor technology.
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small temperature coefficients (TC) of resistance (£25 ppm/°C). However,
the temperature coefficient changes of any two resistors will randomly fall
into the total 50 ppm/°C span of such a product. The environmental resis-
tance changes shown by these evaporated film resistors can cumulatively
add up to greatly exceed their initial tolerances. Thus, resistance changes
can easily reach £ (1% or 2%) regardless of whether the initial resistor tol-
erance might have been £0.1% or 1.0%. When changes amounting to 2%
occur, then a total design tolerance of 6% would have to be considered in
a circuit employing £1.0% units or 4.2% for +0.1% units. This degree of
instability has prevented evaporated metal film resistors from being used
as a direct replacement for all precision wire types.

This instability is due to the problems inherent in extremely thin
metastable film systems. These thin films are so different in characteristics
from their bulk metal counterparts as to really behave as rather different
materials. This has been attributed to various factors including lattice dis-
tortions, discontinuous aggregate formation, occlusion of gas at crystal
interfaces, oxidation of the film to form oxide semiconductors, mechanical
strains and atomic mobility [§-9]. Some evaporated film resistors, under the
influence of moisture and polarizing voltages, also can suffer electrolytic at-
tack leading to catastrophic failures.

A need was felt for a resistor which could combine the small size, and
high frequency properties of the evaporated films with the accuracy, pre-
cision and stability of good wire types. Such a resistor has been developed
at Vishay Instruments, Inc., and will be described here.

A.2. DESIGN CONCEPTS

Meeting the desired objectives of optimizing the characteristics of both
metal film and wirewound resistor types requires at least the following:

1. The use of a thick enough alloy film to have bulk properties.

2. Special preparation of alloys so as to produce a low temperature
coefficient of resistance.

3. Making these alloys reproducible from batch to batch.

4. Careful control of crystal structure, strain, substrate characteristics,
deposition techniques, stabilizing treatments, and all other factors
which might lead to subsequent resistance changes.

5. Utilization of the alloys and substrates in a way that limits and con-
trols thermal and mechanical strains either in manufacture or use.
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6. Selecting all other parts of the resistor structure to minimize elec-
trical, thermal, chemical, and mechanical stresses. [10]

7. The use of a flat film construction to keep inductance and capaci-
tance low.

8. Processing resistors in large groups and applying uniform treat-
ments to all products up to the final resistance tolerancing to insure
good tracking characteristics.

9. Designing a tolerancing method which does not degrade resistor
qualities.

A.3. PRINCIPLES USED IN THE RESISTOR
CONSTRUCTION AND MANUFACTURE

A metal film of appreciable thickness (30 to 150 X 10~ in) is deposited on
a large area dielectric substrate. The substrate may be rigid or flexible, i.e.,
both plastic and glass types have been used. In the standard (S-102) con-
struction shown in Fig. 1, glass is used as the substrate.* High thermal con-
ductivity metal substrates have also been used for higher power applications.

The surface of the resistance alloy is coated with photoresist, and a
multiple image of the desired resistor pattern is printed on the photoresist.

S 2

@‘%@V ® S

T
JLLLE1TEEEEELERHRR AR AR AR RN

(1 Substrate (@) Lead Wire
(@ Resistance Film (6 Encapsulant
(3 Contact Ribbon (& Case

Fig. 1 Vishuy style S-102 resistor cross-section,

*Presently, ceramic is used as o substrate as it exhibits better heat dissipation characteristics.
y p
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After developing the photoresist, the undesired metal areas are etched
away. It is very important to use negatives of the best obtainable quality for
image printing. High resolution control of uniform resistive path geometry
is essential. The dimensional variations along the edges of the etched cur-
rent path must be kept small as compared to the film thickness, distance
between adjacent paths, and width of the path. Because of the relatively
low ohms per square value of our bulk property films, very close etching
is required to achieve long path lengths. Cleanliness of line edge and spaces
is required. After etching, individual resistors are cut from the large sub-
strate. Metal contact ribbons are welded to termination tabs and wire leads
thus providing a flexible connection.

Resistors are adjusted to final tolerance by additional metal removal
or additional cutting of individual lines in the resistive path. Figure 2 il-
lustrates one type of resistor line pattern showing coarse and fine path ad-
justment possibilities. This resistor was designed to cover the range of 5
ohms to 1000 ohms in 1/2 ohm steps. Adjustment is performed by extend-
ing the etched line to the edge of the resistance element. The letters on this
pattern are 0.003" high.

After tolerancing, the resistors are encapsulated in a molded epoxy
shell or coated with a strong moisture-proof resin. At a number of stages
during the manufacturing process, stabilizing treatments and quality con-
trol tests are performed.

VISHAY INSTRUMENTS MALVERN PA
1 2 3

Fig. 2 Resistor adjustment pattern.
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A.4. SOME STRAIN CONSIDERATIONS

Fine control of temperature coefficient (TC) is accomplished by mechani-
cal compensation for inherent resistivity change in the alloy. As specific re-
sistivity of the alloy changes with temperature, the dimensions of the
relatively massive substrate vary also by thermal expansion. The super-
imposed thin resistor element is constrained to follow the deformation of
the substrate. These two temperature-sensitive effects occur simultane-
ously, and by balancing the resistance changes inherent in the temperature
coefficient of resistivity of the alloy with the resistance changes caused
by mechanical strains, the net temperature sensitivity of the integral resis-
tor package could be reduced to zero if both effects were linear, equal in
magnitude, and of opposite sign. Thus, resistor alloys must be uniquely
matched to substrate materials. Since the resistivity change with tempera-
ture of the alloy is not linear, the matching should be made so that the
resulting resistance change will vary a minimum amount around a chosen
temperature, for example, 24°C. With proper centering of this AR/R = f{1)
curve, a TC of zero &1 ppm/°C, between 0°C to +60°C, is obtainable.

The existence of internal stresses in the resistor leads to the consider-
ation of stability and TC control. In order for the above discussed proper-
ties to remain completely reversible and repeatable, stresses in the resistor
film and the substrate must be predictable and should not exceed their re-
spective yield points. The materials used in the style S-102 resistor have
the following characteristics:

Modulus of elasticity of the metal film and substrate, respectively:

E, = 31 X 10°psi
E; = 10 X 10° psi
Yield point of the metal film:
Yield point = 120,000 psi
Poisson’s ratio for both materials:
p = 0.3 (approx.)

Coefficient of thermal expansion of the metal film and substrate,
respectively:

a, = 11.5 X 107 in/in/°C
, = 8.5 X 10 “in/in/°C
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Both materials behave like Hookian elastic bodies.

Because the substrate is usually more than 1000 times thicker than the
resistor film, and since E and E,, are close to the same order of magnitude,
thermal stresses in the substrate due to the difference in coefficient of ther-
mal expansion of both materials would be entirely negligible.

For a change in temperature, AT = 1°C, the thermally induced strain

(Al = &r = (an — a,) - AT

er=1(11.5—8.5) X 1076 X 1 = 3.0 X 106 inch/inch.
For the entire operating temperature range, AT = 180°C (—55°C to
+125°C), the strain will be 180 X 3.0 X 106 = 540 X 10¢ inch/inch.
The corresponding thermal stress in the metal film o,, can be ex-

pressed by:
E Tﬁna.l
op = = / (a;, — a,)dT
1 - Hm Thnisa
E
= =— X &p = 23,900 psi
1 — p,

or 1/5 of the yield point. Thus, such thermally induced stresses are safely
below the yield point and do not cause plastic flow in our bulk metal film.

A.4.1 Resistor Characteristics and Test Data

Use of the precision photoetch techniques and adjustment methods
mentioned above provides the basis for extremely tight tolerancing of these
resistors. Initial tolerances of 0.01% are produced as standard units, and
matching to 0.005% can be achieved.

A.4.2 Temperature Coefficient*

As described previously, the TC may be selected by proper choice of re-
sistance alloy and substrate. Figure 3 shows the temperature-resistance curve
for alloy K3. K3 has an average TC of 0 & 5.0 ppm/°C regardless of resis-
tance value, and tracking of any two resistor values to 0.5 ppm/°C over the
span of —55°C to +125°C. The TC for films of another alloy (C3) average
0+ 7.0 ppm/°C for the —55°C to +125° range with tracking of 0.2 ppm/°C
for any two resistors. Resistance range coverage is not as broad for C3 as for

*Presently, much better performance characteristics of foil resistors have been devel-
oped. For example: TCR of £0.4 ppm/°C over the MIL temperature range.
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Fig. 3 K3 resistance-temperature curve.

K3 because its ohm per square value is lower. Of particular interest is the cho-
sen location of the maximum in the temperature-resistance curve (TC cen-
tering). It is reproducibly set at 24°C so that the lowest TC is obtained in the
most useful temperature range for “normal” operation.

TC tracking of 1 ppm/°C has been observed down to cryogenic tem-
peratures (liquid nitrogen). Close tracking also is observed to temperatures
well above 125°C.

A.4.3 MIL-R-10509D Char. E. Test Data

The table in Fig. 4 compares requirements of MIL-R-10509D (Char. E.),
MIL-R-93C and typical results of the Vishay-EMC resistor. Performance
levels far exceed requirements. Extensive additional testing is in process.

A.4.4 Stability

Six months’ shelf stability is shown in Fig. 5. Changes are expected
to be in the order of 25 ppm/yr. Figure 6 shows the effect of power at 25°C
for ten individual S-102 resistors. Even at a 1-watt (overload) level, resis-
tor stability is still excellent after 100 hours. Eight of the resistors show
changes of less than 0.01%. After initial changes of 0.02% and 0.04%, re-
spectively, the remaining two resistors showed no additional change.

An added feature is the combination of long-term stability with shock
and vibration resistance. The normal precision resistor, designed for long-
lerm stability, employs loosely wound wire to avoid thermal and mechan-
ical stresses. Such o unit is prone to give difficulty in shock or vibration
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Tightest Characteristic
Limits Limits
MIL-R-93C MIL-R-10509D VISHAY-EMC
(Wirewound) (Metal Film) S-102
Temperature Coefficient 0.003% 0.0025% 0.0005%
Moisture Resistance 0.250% 0.5000% 0.0500%
Short Time Overload 0.100% 0.2500% 0.0100%
Temperature Cycling 0.200% 0.2500% 0.0250%
Dielectric Withstanding 0.050% 0.2500% 0.0080%
Voltage
Terminal Strength 0.050% 0.2500% 0.0050%
Load Life 0.500% 0.5000% 0.0020%
Low Temperature Storage 0.200% — 0.0050%
High Temperature 0.500% — 0.0200%
Exposure
Low Temperature 0.250% 0.2500% 0.0050%
Operation
Effect of Soldering — 0.1000% 0.0050%
Insulation Resistance — 10,000 MQ 750,000 MQ

Fig. 4 Precision resistor comparisons.
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Fig. 5 Shelf stability—room ambient uncontrolled.



A Precision Film Resistor Exhibiting Bulk Properties 267

30
¢ 1 Resistor
20 / P
10 >
_+ 8 Résistors within 40.01%
é\_‘ _ J 2
\\_

1 Résistor

0 10 20 30 40 50 60 70 80 90 100
HOURS UNDER TEST

DEVIATION FROM INITIAL RESISTANCE (%)
Q

Fig. 6 Life test data—1-watt style S-102.

testing. The Vishay resistor, however, with its monolythic construction, is
ideal for such high mechanical stress situations.

Another example of the monolythic structure advantage is the hydro-
static pressure effect: The glass substrate resistor will change resistance re-
versibly with pressure at a rate of —1 ppm/for each change of 20 psi in
pressure. This effect is seen up to at least 50,000 psi. At this pressure the
AR will be a total of —2500 ppm. At greater than 50,000 psi hydrostatic
pressure, permanent resistance shifts are possible.

A.4.5 Power Handling

Figure 7 shows a 1500 hour load life curve at 125°C applying both 0.1
and 0.3 watts. Sample size was 10 units. It may be generally stated that
maintenance of film temperatures below 175°C will result in excellent
long-term behavior. S-102 film temperatures increase approximately 25°C
for each 0.1 watt applied. Special heat sinking, including use of metal sub-
strates, can greatly increase power dissipation capabilities. The table in
Fig. 8 lists the sizes, styles, ranges, and power ratings of three standard re-
sistors. Figure 9(a) is a photograph of these resistors.

A.4.6 High Frequency Characteristics

Being a flat film resistor, the basic unit is essentially noninductive. It
shows, however, an equivalent parallel capacitance of 0.22 MMF for a 5K
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Fig. 7 1500 hour load-life test data, style S-102.

resistor as measured at 100 megacycles per second. The distributed capaci-
tance effects are so small as to permit the resistor rise time to be of the 1
nanosecond order of magnitude.

Special photoetch patterns have been used to improve these properties
and to make flat (.002" thick) unencapsulated stripline resistors for use in
the microwave region up to 2000 mc/sec. The same resistors deposited on
metal substrates will exhibit a rise time of approximately 50 nanoseconds.

Resistor Style S-102 D-104 D-105
Dimensions: 3" X3 X.1" 56" X 37" X . 12" 817X 43" X 12"
Lead Spacing: 0.15" 0.44" 0.69"
Resistance Range: 100 Ohms-30K 200 Ohms-60K 300 Ohms-100K
Tolerances: All styles available as 0.01% to 1.0%
Max Voltage (DC) 200V 300V 600 V
Power Rating at 125°C
0.25% and 1.0% Tol.: 3w 4W SwW
0.05% and 0.1% Tol.: 22W 3w 37TW
0.01% and 0.02% Tol.: ASW 2W 25W

Derating to 0 power at 175°C

Fig. 8 Product specifications.
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A.4.7 Noise

Noise was measured on a Quan-Tech Model 2136 instrument. In all cases
the resistor current noise was below the inherent noise level of the measure-
ment equipment. Using correction curves the following data were calculated:

20 ohm units—less than —33 db
5000 ohm units—Iess than —43 db
A threefold increase in test current for the 5000 ohm units gave no mea-
surable increase in current noise.

A.4.8 Voltage Coefficient

If temperature of resistor is maintained constant, the voltage coeffi-
cient is essentially nonmeasurable.

A.4.9 Reliability*

While reliability information is not yet available, the monolythic de-
sign and all welded construction should prove this unit superior to those
utilizing pressure contacts, paints, cements and solders.

A.5. LIMITATIONS

The bulk metal film resistor is relatively new, having been developed only
during 1962-1963. At the present time,? only relatively few styles and re-
stricted ranges are available. Similarly, long-term performance data do not
yet exist.

A.6. OTHER APPLICATIONS

This resistor is adaptable to a great number of special applications due to
its size and performance characteristics. Principally, any type of network
can be assembled from individual resistance subassemblies or chips which

2Time of publishing of this paper, 1963.
*Presently, Vishay foil resistors are qualified to the MIL Established Reliability R level
(RNCYY) class.
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are then mounted on a common printed circuit board. Absolute tolerances
of the individual resistors and resistance ratings can be made to high pre-
cision. Because of the inherent TC tracking characteristic, the resistance
ratio will be maintained over the operating temperature range. Figure 9
shows a binary ladder network prior to final encapsulation. The actual size
of this network is 1.750" XX 750" X .300". It contains 22 chips. It is a back-
to-back, two-layered construction with 11 chips per layer. Only the inher-
ent stability of the resistance chips makes the manufacture of such a
network feasible. These subassemblies remain sufficiently stable so that
production of 0.01% tolerance networks becomes practical.

The same inherent stability lends itself to special applications as a
bondable resistor. Resistors deposited on flexible substrates 0.001” thick
and approximately 4/10” X 2/3" or 1/4” X 3/16" can be bonded to any de-
sired structure or heat sink and then adjusted. In essence this resistor could
be used as a “one-way” trimmer. Such resistors have been bonded to chas-
sis, potentiometer cases, ceramic spacers, and other parts without essential
loss in their characteristics. Figure 10 shows a compensation network
mounted on a metal cap. Due to the good heat sink characteristics of such
metal “substrates,” loads of up to 50 watts/sq inch have been dissipated in
some applications.

Fig. 9 Unencapsulated 22-resistor ladder network.



A Precision Film Resistor Exhibiting Bulk Properties 271

Fig. 10 Compensation network.

Another special application includes half and full bridges. Figure 11
shows a half-bridge, about 3/16” by 1/16” size mounted on a steel sub-
strate and consisting of two 350 ohm resistors which track better than
1/2 ppm/°C.

Fig. 11 Half-bridge.
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Various metal alloys can be used successfully in the Vishay process, as
indicated earlier. Therefore, high temperature coefficient components can
also be made. Figure 12 shows a temperature-sensitive Wheatstone bridge
circuit. A 5000 ppm/°C resistor in combination with three *“zero” TC resis-
tors was used to produce this bridge. This circuit demonstrated a 15,000°F/
sec response rate. Note the extremely small size of the entire assembly.

The Vishay-EMC resistance element lends itself to stripline attenua-
tor use. Special configurations give a broadband response and have been
used at L-band frequencies. They are made to desired stripline size and can
be mounted by means of solderable and weldable lead ribbons.

Fig. 12 Wheatstone bridge.
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A.7. CONCLUSION

The products developed thus far have demonstrated properties which com-
bine, and in many cases exceed, the high frequency behavior, small size,
and ruggedness of evaporated films with the bulk properties, and the TC
characteristics, accuracy, and stability of precision wirewound resistors.
Resistance ranges are still limited to 100,000 ohms maximum. It is hoped
that future developments will make it possible to increase this upper limit,
as well as to make other sizes and shapes available.

Additional long-term and larger scale test data are required to give
more information on reliability and failure rate performance.

We wish to acknowledge the basic contributions of Dr. D. Post of
Vishay Instruments, Inc., to the development of this product and associated
techniques.
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Quality Assurance

The ideal electronic component is one that maintains the manufacturer’s
guaranteed performance characteristics regardless of the conditions of use.
It must be free from any change in performance or defects throughout a pe-
riod of time that far exceeds the lifetime of the circuit or electronic system in
which it will be used. Obviously this represents an ideal situation. The user
or customer will rightly demand, however, that the characteristics of com-
ponents supplied by the manufacturer remain compatible with the overall es-
timated lifetime of the circuit in a normal environment. Military applications,
for example, require that the components used in weapons or transmissions
systems are able to function continuously at their nominal levels of operation
for thousands of hours in a hostile environment (temperatures of between 50
and +125°C, humidity, salt mist, ionizing radiation, intense vibrations, etc.).

The manufacturer must therefore guarantee that a component will op-
erate correctly under the conditions stipulated by the customer. To achieve
the desired result, the manufacturing process incorporates a number of
steps designed to obtain high performance and satisfactory reliability while
minimizing costs. These steps are summarized below.

1. Performance of the component family. Proper performance implies
that the component is able to operate within the stated limits of tolerance
(precision, TCR, noise, etc.) as a function of time, temperature, humidity,
and vibration, and avoid catastrophic failures.

278
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2. Determination and objectives of quality testing. Tests are designed to
provoke potential defects, study their causes, establish relevant correlations,
specify the conditions under which quality control should take samples and
how it will measure significant parameters (choice of a sampling plan), and
determine the relation between the level of reliability of the component and the
conditions of operation (nominal, overload, environmental conditions, etc.).

3. Realistic selection of components for testing. The selection of com-
ponents is extremely critical and depends on whether they will be chosen
from laboratory specimens (in this case the results of any tests will not be
representative of production conditions but may be helpful for making de-
cisions in the future), normal production lines, pilot lines, or after burn-in.

4. Realistic selection of test conditions. This is related to the previous
step. Laboratory testing of components is designed to trigger the various
failure mechanisms as a function of the applied constraints, and determine
the eventual operating limits for the part. Repetitive tests performed on
components taken from production lines are designed to determine if there
are any systematic or unforeseen variations in production conditions.
These tests are designed to minimize production costs while maximizing
the detection of random variations that might affect production quality.

5. Accelerated aging. Because component lifetime is measured in
tens of thousands of hours of operation under normal conditions of use, it
is essential that testing conditions be scheduled in such a way that the same
effects can be obtained in tens or hundreds of hours of operation. Changes
in lifetime, for example, can be monitored at temperatures that far exceed
those of normal operation. Through the application of the Arrhenius rate
law (see pages 284—289), we can calculate the actual lifetime of the batch
from which the component was sampled. The danger here is that the tests
may trigger component degradation mechanisms whose probability of oc-
currence under normal conditions is practically zero. The results of labo-
ratory testing are very useful in preventing this from occurring.

6. Interpreting measurement error. A systematic study of measure-
ment error should be conducted to avoid rejection (rejection of a compo-
nent that operates correctly) or acceptance (acceptance of a defective
component) errors. This applies not only to the measurement of variations
in component performance but especially in estimating the magnitude of
the applied stress.

7. Statistical laws. Statistical models for describing any variation in
performance should be selected on the basis of the failure mechanisms be-
ing investigated. Appendix III describes several of these statistical models.
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Model for
Accelerated
Lifetime Testing

A statistical model for accelerated lifetime testing includes the following
elements: :

(a) A distribution curve for lifetime as a function of time, represent-
ing the dispersion among the sampled components.

(b) A mathematical equation relating component lifetime to the mag-
nitude of the applied stress.

Typically the mean value and variance of lifetime distribution are ex-
pressed as a function of the stress or acceleration parameter: temperature,
pressure, humidity, etc.

The most common distributions used are exponential, normal, Gauss-
ian, log-normal, Weibull, and Arrhenius.

A.1. EXPONENTIAL DISTRIBUTION!

A cumulative probability distribution function F(¢) represents that frac-
tion of the population to which we apply one or more constraints of known

IThere are a large number of books on applied statistics covering the different types of dis-

tribution described here. Numerical tables for these equations and their specific application to
quality control can be found in Jurun, J. M. et al. Quality Control Handbook. McGraw-Hill, 1974,
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origin and magnitude, and which fails in time ¢. This population has the fol-
lowing mathematical properties:

1." It is a continuous function for all values of ¢t > 0.
2. lim F(r) =0fort=>— and lim F(r) = 1 fort =>
3. F(t) < F(¢') for all values of t <1¢'.

The exponential distribution function is given by the following formula:
F(t) = 1 — exp(—1/6), t=0 (A1)

in which 0 is the mean time to failure (MTTF). 8 is expressed in units of
time, for example, hours, months, years, cycles, etc. We can also define the
ratio A = 1/0 as the mean rate of failure.2 The relation between MTTF and
failure rate is valid only for an exponential distribution. The probability
density is equal to:
flt) = dFT(t’) = rexp(—Ar), (1= 0) (A2)
This function corresponds to the lifetime histogram of elements of the popu-
lation measured over a period of time. Using these equations, we can deter-
mine the following fundamental statistical properties:
Reliability function. This represents the remaining population at time .

R(t) =1 — F(r) = exp(—1/6) (A.3)

Reliability is the complement of the cumulative distribution function.

Variance and standard deviation. The second moment, or variance, is
equal to 62 and the standard deviation is 6. Standard deviation provides a
value for the “dispersion” of the failures recorded over a period of time.
This dispersion can be determined in practice from a histogram of the life-
time of the elements tested. The exponential distribution can be recognized
by the fact that the standard deviation is equal to the mean. This is gener-
ally not true for the other distributions described below.

Instantaneous failure rate. Within an interval of time ¢ and ¢+ At,
the failure rate of the population surviving at time ¢ is given by the fol-
lowing equation:

f(2)

h(t) = 1—71?(1‘) = A (A4)

2This equation is valid only for an exponential distribution. Although primarily theo-
retical, the exponential distribution law can be used in analyzing component failure.
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This represents the instantaneous failure rate at time ¢. This function is im-
portant because it can be used to estimate if component failure increases
with age or remains stationary.

This explains why 6 is referred to as the failure rate. Experimentally
we can identify an exponential distribution by the fact that § does not vary
with time. This is not the case for the other types of distribution used for
reliability testing.

We also make use of the cumulative random event function:

H(t) = /Oth(u)du

The function is used experimentally to determine the distribution parame-
ters. For this distribution, H(#) = At, t = 0. For all distributions, H(f) =
—In [R(®)] or R(r) exp[—H(?)].

A.2. NORMAL AND LOG-NORMAL
DISTRIBUTIONS

The cumulative normal distribution function is expressed by the follow-
ing equation:

F) = [ (amod) P exn(—1/20( = wo Py

= ¢[(t — p)/o] (—oo0 <t < +o0) (A-5)

and

fir) = (2ma?) 2 -exp(=1/2[(t = p)/o)*)dt
(—oo <t < +00) (A.6)

in which u is the mean time (this parameter is still called the mean time be-
fore failure, or MTBF) and o the standard deviation.

This function is one of the basic distribution functions used in quality
control. It has the advantage of being easy to use and interpret but is not al-
ways accurate, especially for sparsely populated lots. It is often the source
of considerable error when used without caution.

There is another very common distribution used to represent lifetime
curves for insulating materials, components (semiconductors, diodes, re-
sistors, etc.), and dielectrics. This is the log-normal distribution, in which:
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F(t) = &((log(s) — log(w))/log(a)) (t>0) (A7)
The probability density is equal to:

f(r) = [0.443/((2m) " log())] exp[ —(log(r) — log(u))?/20”]
(A.8)

In which 0.4343 = 1/In(10).
The hundredth percentile Z, of the distribution is given by the fol-
lowing equation:

t, = antilog[log(u) + Z,-log(o)] (A9)

Inuse it is similar to the normal distribution function. For example, assume we
have a group of resistors with an average lifetime of 80,000 hours, or log(u) =
4.90 (80,000 hours), and a standard deviation of 100 hours, or log(c) = 2.

The portion of the population that fails during the first 8,000 hours
will be:

F(8000) = ¢((log(8000) — 4.90)/2) = $(—0.50) = 0.3121

This means that 31% of the resistors will have failed and there is no point
in using these components in applications whose operating life will exceed
8,000 hours.

Figures 1, 2, and 3 represent the shape of the curves for F(¢), f(¢), and
h(t) for the log-normal distribution law.

We see in Fig. 3 that for log(o) > 0.5, h(¢) increases suddenly (infant
mortality) and then decreases slowly. Because of this the distribution is
useful for representing the lifetime of electronic components. It must be
used with some caution, however. According to theory, the distribution is
0 for t = 0 and then tends toward O for t => o, which is not consistent with
experience. It is primarily used in the interval value O to 2.5 of function ¢.

A.3. THE WEIBULL DISTRIBUTION¢

The Weibull distribution is extremely useful for modeling component life-
times since the failure rate increases or decreases uniformly. According to
various authors it can be used to model situations in which the failure of

3The distribution mean is taken as the base-10 log of the mean lifetime. Standard de-
viation is the base-10 log of the standard deviation of the lifetime.

4Weibull, W., “A Statistical Theory of the Strength of Materials.” Ing. Vetenskaps
Akad. Handl. 151 (1939): 15 ff. Juran, J. P, op. cit.
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the weakest link in the component leads to its total failure. Instead of a con-
stant failure rate, as with an exponential distribution, a large number of
failure conditions can be created. For example, the sudden failure (open
circuit) of a resistor can occur through rupture of the solder on the output
leads or overheating of an element, etc. If reliability data can be expressed
in the form of “bathtub” curves for component lifetime (infant mortality
and end-of-life wear), the Weibull functions can be adapted to individual
sections of the curve.

Since the function depends on two parameters, « and f3, it can be used
to model the curve. The failure rates in these regions can be written, for the
general case, as:

g
:

h(r) = (A.10)

where

B <1 in the region of early failure
B =1 in the region of useful life and constant failure rate

B> 1 in the wear-out period

The distribution function for the failures is calculated from:
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F(r) =1— exp[—/ot)t(u)du] =1 — exp[—(t/a)f], (> 0)
(A.11)

The reliability function is thus R(¢#) = exp [ — (#/a)P]. The hundredth per-
centile, P, is equal to £, = a[—In(1 — P)]"A. We see that £, ;;, = a for any
Weibull distribution, where a is expressed in units of time (seconds,
hours, etc.).

The shape parameter 3 and scale, or characteristic, parameter « are
both positive. 8 is a dimensionless number whose value is generally be-
tween 0.5 and 5.

The probability density is given by:

f(2) = (B/a?)tP~" exp[—(1/a)] (A.12)

For 8 = 1, the Weibull function reduces to an exponential. The failure rate
decreases for 8 < 1 and increases for 3 > 1, as predicted by the tub curve.

If the instants of failure follow a Weibull law, it is easy to determine
the characteristic parameters for the distribution. By changing the variable
3= Ln[— Ln(1 — F(t))], we can write:

;i = B+Ln(t) — Lna (A.13)

The values ¢; are the instants of failure and F(z,) is the corresponding cu-
mulative percentage. A least-squares adjustment can be used to determine
B and L7 «, which are estimates of 8 and a. These values can also be de-
termined by plotting the data on a Weibull scale.

The principal properties of the Weibull function are given below.

For example, assume that the lifetime of a lot of resistors can be rep-
resented by a = 80,000 hours and 8 = 0.8. These values indicate that we
are in the infant mortality region [of the curve]. The percentage of failures
after a year of operation for the population under consideration will then be:

F(8760) = 1 — exp[—(8760/80,000)°8] = 16%  (A.14)

and the instantaneous failure rate per hour h(8760) = 1.55 - 10~3/hour. On
this basis the lifetime of 80,000 hours is barely sufficient to ensure rea-
sonable reliability. The engineering department will have to improve the
value of 3, if a cannot be changed, or reciprocally.

Figure 4 represents f{f) and F(¢) for the Weibull distribution. We see
from the curves that for 8 = 1, we again have an exponential distribution.
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Fig.4 Representations of f(i) and F(¢) of Weibull distribution of different
values of coefficient B.

A.4. ACCELERATED AGING AND THE
ARRHENIUS MODEL

Techniques of accelerated aging are used to analyze the change in performance
shown by electronic components when subjected to stresses that exceed those
of normal operation over a period of time. The advantage of this procedure is
that it can be used to trigger the degradation process very early in the lifecycle
of the component. The results can then be analyzed and we can extrapolate the
time over which the component can operate without appreciable loss of per-
formance under normal use. For these methods to be effective, however, the
aging model must be adapted to the type of component being tested.

When speaking of resistors, a failure can be said to occur whenever
performance degrades beyond a predefined value. For example, when the
deviation of the resistance exceeds a certain percentage, say 1% or 3% de-
pending on the type of resistor, or the TCR drifts by more than 50 ppm/°C.

Models used to describe component failure should satisfy a specific
number of requirements:

(a) The failure or degradation in performance should not be reversible.

(b) Ordinarily a model is applied to a single degradation mechanism.
If there are several mechanisms acting simultaneously, each must
be studied using the appropriate model.

The Arrhenius rate law (see Chap. 3) and its variants lend themselves
well to the process of resistor aging as a function of temperature. The law
is based on the following assumptions:
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1. For a given time and temperature or a given voltage, the perfor-
mance, defined by a measurement result m, follows a log-normal
distribution (base 10). In other words, the log of the lifetime of the
component follows a normal distribution (m can be the value AR/R
of a resistor or ATCR/TCR, etc.).

2. The standard deviation o is constant. Here, o is not dependent, or
is only weakly dependent, on temperature or time. Through the ap-
propriate modifications, however, we can extend the analysis to
cases where o varies. :

3. The mathematical relation between the mean m of the log-normal
distribution (equal to the base-10 logarithm of the median of the
Gaussian distribution), temperature, and time is determined by the
following equation:

m(t, T°K) = log(n) = A — t-B-exp(—E/kT)
(A.15)

The parameters A, B, o, and E are characteristic of the product, its
mechanism of degradation, and the test methods. E is the activa-
tion energy, which we discussed in Chap. 3. The equation is based
on the assumption that the phenomenon of degradation is con-
trolled by a first-order physico-chemical reaction.

Figure 5 represents the degradation curves obtained using
Eq. A.15 plotted on a semi-logarithmic scale. Here, A is the log of
the mean m,, of m at t = 0. Equation A.15 can be rewritten as:

log(u(t)/me) = —t+B-exp(—E/kT) (A.16)

This equation provides the percentage log (%) of components at
time ¢ that maintain their initial performance rating w,,.

The percentile of the log of performance y&T)= log [, (2 T)] attempera-
ture 7° and time ¢ is given by:

yp(t,T) = m(t,T) + z,0 = A — t-Bexp(—E/kT) + zp0
(A.17)
The lifetime distribution can be estimated from Eq. A.15. We assume the
component is failing when the log of its performance falls below the value

yr = log(ny). The percentage of the population F(¢) that has failed at time
t is the shaded part of the log-normal distribution, expressed as:

F(t.T,) = ¢[(ye — A + B-1-exp(—E/kT))/a]  (A.18)
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Fig. 5 Degradation curves in function of time and different values of
temperature.

Here ¢ is the normal distribution function. This means that the distribution
of the probability of failure as a function of time follows a normal distribu-
tion whose mean and standard deviation are:

My = [(A — yr)/B] exp(E/kTF), o = (0/B)exp(E/kT)
(A.19)

Figure 6 shows the relation between the performance degradation curve of
a product (degradation of operating voltage at temperature 7%) and the dis-
tribution of the probability of degradation over time.

As an example, consider a family of thick-film cermet resistors for
which the nominal deviation as a function of temperature and time follows
the values shown in Table 1.

The standard deviation for each measurement point on the aging
curve is approximately 6% of the mean.

We will now turn our attention to the model represented by Eq. A.15.
In this case we can define a loss-of-performance function:

P(AR/R) = (1 — AR/R) X 1-10°

We can apply this function to the log-normal law for positive values. Un-
der these conditions the performance at 7= 0 is P = 10¢ and

A = log(P) = 6

SSfernice study. Personal correspondence from its research department.
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Table 1 shows that at 1000 hours and 493.16°K, P = (1 — 0.09) - 10, from
which we can determine that

m,(1000,493.16) = log(P;) = 5.959041392

and

m,(1000,398.16) = log(P,) = 5.996511672

It is easy to calculate E by means of the following equation:
E = [T\T,/(T, — T,)] In[(A — m;)/(A — my)]in°K

(A.20)

Table 1 Example of Nominal Deviations with Time at Two Temperature Levels

t (hours) Deviation AR/R (ppm) Operating temperature (°C)
5 1000 125
9 1500 125
80 4000 125
100 4300 125
550 6000 125
1000 8000 125
5 6000 220
10 10,000 220
100 15,000 220
500 60,000 220
1000 90,000 220
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and
B = (1/t) exp(E/T;)A/m; (A.21)

This gives E = 5090.8°K and B = 1.2459.

The standard deviation ¢ is calculated from the log-normal law for P.
We need to verify that it is approximately constant for all the measurement
points.6 For a given temperature and time period, the range of the log-normal
scale is: log(P,,,,) — log(P ;). Since the law is considered Gaussian, we can
assume that the standard deviation will be equal to the sixth [percentile] of
the full scale. For our current example, this means that:

o =0.00434 £ 0.0015 (A.22)
The loss of performance for this family of resistors is then:
A(t,T) = 6 — 1.2459¢ - exp(—5090.8/T) (A.23)

By applying Eq. A.19 we now have all the information needed to es-
timate the lifespan of a component population.

By applying a cutoff of 2% (components that deviate more than 2%
from the nominal value are considered to have failed) at an operating tem-
perature of 70°C, we obtain:

M= (0.00877/1.2459) - exp(5090.8/343.16) = 19,512 hours
o =(0.003/1.2456) - exp(5090.8/343.16) = 6,676 hours

Lifetime estimates based on the Arrhenius equations show that, for the
given cutoff, the technology or materials used in fabricating this family of
components are inadequate. Equation A.16 shows that at time =0+ 100
hours of operation in an electronic circuit, 0.24% of the components will
fail, reaching 50% after 1912 hours of operation.

The model has to be modified slightly to:

(a) increase the activation energy of the failure mechanism, and,
(b) reduce dispersion in the deviation of the aging curve.

After selecting new bake conditions for the resistive ink, measure-
ments show that the activation energy remains unchanged. However, the
dispersion o of the log-normal law is reduced to 0.003-0.001.

¢In practice the statistical law is sufficiently robust to support significant variations
from standard deviation (approximately 100%).
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Under these conditions o = 2276 hours. Using the given cutoff, this
results in a failure-free lifetime (M — 30) of 12,760 hours, which is still
not very good. Further calculations show that, based on experimental re-
sults, and using a cutoff of 5%, wu = 50,000 hours. The estimated lifetime
is 43,000 hours.

In light of the above results, the manufacturer would recommend that
these components be used in circuits where high precision and reliability
are not required.

Another illustration of the method of accelerated degradation is given
by research on another family of chip resistors based on high-precision
thin-layer technology. Aging measurements give the following results:

AR/R = 2000.0 ppm at 220°C and 1000 hours
AR/R =200.0 ppm at 125°C and 1000 hours

The scattering for each aging point has a range of 200 ppm. By modifying
Eq. A.15 for this family of components, we obtain:’

E =5600°K, B=1742-10"% o = 1.4479-107° (A24)
that is, .
u(t,T) = 6 — 7.421072- - exp(—5600.39/T) (A.25)

Under these conditions, applying a cutoff of 0.1% (1000 ppm) deviation
from the nominal value at an operating temperature of 125°C (temperature
required for military application), we obtain:

Mg = (4.345-107%/7.42-107%) - exp(5600/398.16) = 7513 h
(A.26)

or = (14479-107°/7.42 - 107%) - exp(5600/398.16) = 250 h
(A27)

We can therefore estimate a failure-free lifetime of 7513 — 30 = 6800
hours.

At T="170°C the lifetime will be 64,400 hours. These values can be
nearly doubled if a cutoff of 2000 ppm is used.

It should be pointed out that the variation in failure-free lifetime is
proportional to [(A — log(P))/o] — 3 and independent of temperature. This
illustrates the well-known fact that for a given cutoff, the scattering of per-
formance data points “controls” the failure-free lifetime of the component.

"Vishay~-Sfernice study. Personal correspondence.
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A.5. OTHER DEGRADATION MODELS

Other degradation models can be used depending on the nature of the ex-
ternal conditions. Some aging processes can be represented by the follow-
ing equation:

uw(,C) =A — B-T-C? (A.28)

in which C represents the constraint and vy a coefficient that is characteris-
tic of the product.

Certain aging mechanisms based on the Arrhenius equation are de-
pendent on temperature as well as on an additional constraint C. Under
these circumstances, the Eyring equation can be applied:

u(t,T,C) = A — B-T-exp[—E/T — 8C — &(C/T)] (A.29)

Here, B, E, 8, and ¢ are constants that are characteristic of the product.
These constants can be determined through the use of statistical regression
analysis. Interested readers should refer to the specialized literature on the
subject.8

8See, in particular, IEEF Transactions on Reliability and LuValle et al., AT&T techni-
cal memorandum 52415-880929-01TM. AT&T Bell Labs, Whippany. LuValle et al., Jour-
nal of Statistical Physics. 52 (1988): 311-330.

Accelerated Testing, Wayne Nelson, John Wiley & Sons, 1990.
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The Resistance
Strain Gage

A.1. INTRODUCTION

The resistance strain gage has, in general, the attributes of a resistor and can
be viewed as a variable resistor. The strain gage is designed for maxi-
mum resistance change due to mechanical strain, and minimum change in
response to other variables such as temperature. The foil resistance strain
gages share a common ancestry (and many common aspects of foil pro-
cessing technology) with precision foil resistors.

In the case of the resistors, the foil is bonded to a special substrate ma-
terial, selected to minimize the TCR of the resistor (foil/substrate) assembly.
Since the foil resistance varies with strain as well as with temperature, and the
thermal coefficient of expansion (TCE) of the substrate intentionally differs
from that of the intimately bonded foil, which introduces mechanical strain
with temperature, the two sources of resistance change can be made to very
nearly cancel one another, yielding a resistor with an extremely low TCR.

The foil strain gage, on the other hand, is manufactured with a thin,
flexible backing for ease in handling and installing on the surface of some
structural or mechanical component for the purpose of strain measurement.
The strain gage manufacturer has no control over the type of material to
which the gage will ultimately be bonded. Strain measurements may be
made on materials ranging from, say, fused quartz with a near-zero TCE to
a plastic having a TCE of 50 or more PPM/°F (90+ PPM/°C). If no steps

291
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were taken to alleviate the problem, the thermally induced resistance
change caused by differential expansion would produce sizable errors in
strain measurement, and would sometimes be greater than the resistance
change from mechanical strains caused by external loads.

Obviously, it is necessary, then, to compensate or correct for the resistance
changes of purely thermal origin when making strain measurements under
variable temperature conditions. The development of the self-temperature-
compensated (STC) strain gage was a major step in minimizing the thermally
induced resistance change of strain gages.* By the proper combination of
cold-working the foil and subsequent heat treatment, the strain gage manu-
facturer produces gages which are tailored for use on different materials hav-
ing a stepped series of expansion coefficients. The processing is designed to
minimize the TCR of the foil/backing/test material combination over the
temperature range from about —100°F to +300°F (—75°C to +150°C). In
strain gage terminology, the temperature-induced resistance change, ex-
pressed in strain units, is referred to as “thermal output.”

The actual resistance of a strain gage is not a particularly significant
factor in its strain-measuring performance. This is because the strain gage
is normally interrogated in a Wheatstone bridge circuit, where the circuit
output is primarily a function of resistance ratios. Strain gage resistances
are held to reasonably close (fractional percent) tolerances for compatibil-
ity with instrument systems characterized by limited bridge balance
ranges. Poor gage installation technique may shift the resistance outside of
the manufacturer’s tolerance band. In this respect, it is noteworthy that a
strain gage, to measure strain, must always be bonded to a test part and con-
nected to an instrument system by the user. Proper technique in surface
preparation, gage handling and bonding, wiring, and gage protection rep-
resents a critical factor in successful gage operation. Thus, the strain gage
user is necessarily an active participant, along with the gage manufacturer,
in determining the performance of the strain gage installation.

A.2. STRAIN GAGE CONSTRUCTION
AND CONFIGURATIONS

Figure 1 illustrates a representative single-element strain gage (enlarged
for clarity). The gage pattern is fabricated by a photo-etching process, af-

*J. E. Starr of Vishay-Measurement Group was the principal contributor to the devel-
opment of the STC technology and in general of the foil strain gage.
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Fig.1 Single-element strain gage, with pattern details identified.

ter the foil has been bonded to the backing material. The gage grid consists
of a series of fine lines, joined in series by larger end loops, and the grid
terminates in two generous solder tabs for connecting the gage to electronic
instrumentation. As shown in the figure, the pattern also includes align-
ment marks for accurately locating and orienting the gage on a test surface.
The “matrix” designation in the figure refers to the backing material on
which the foil is mounted. For strain-measurement purposes, the strain
gage is normally connected as one arm of a Wheatstone bridge circuit
(Fig. 2). The illustration shows the “three-wire” connection, which places
leadwires L1 and L2 in adjacent arms of the bridge circuit. If the leadwires
are routed physically adjacent to each other so that they are subjected al-
ways to the same temperature, this arrangement results in cancellation of
thermally induced resistance changes in the wires. Leadwire L3 carries the
bridge output signal with essentially zero current because of the high input
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Fig. 2 Strain gage connected as one arm of a Wheatstone bridge circuit. This
arrangement is referred to as a “three-wire quarter bridge” circuit.

impedance of the associated amplifier. Strain gage size is speci-
fied in terms of “gage length”—the longitudinal span of the straight grid
lines. This length defines the “active,” or most strain-sensitive, section of
the gage. To a stress analyst, the gage length is an important parameter,
since the gage tends to integrate, and thus average, the strain under the en-
tire grid, and the stress analyst often wishes to measure the peak local strain
at some point on the test object.

A single-element strain gage, as in Fig. 1, is occasionally limited in its
(proper) application for stress analysis purposes. This is because most real
test objects are characterized by biaxial stress states. In such cases, the
maximum and minimum principal stresses at a point are calculated from
the principal strains, using the biaxial Hooke’s law:

E
o, — 1_—#«2 (&, + ue,) (A1)

E
O'q = ————E (sq + [.LSP) (A2)

Both principal strains must be known to calculate either principal
stress, and the directions of the principal strains must be known to measure
&, and &, It can be shown that in a general biaxial stress state three inde-
pendent strain measurements at different angles are required to determine
the principal strain magnitudes and their directions. To fulfill this need, the
strain gage manufacturer supplies a range of strain gage “rosettes” such as
that in Fig. 3. The gage elements in a rosette can have any relative orien-
tations, but the most common are: 0°, 45°, 90° (“rectangular”) and 0°, 60°,
120° (“delta”). As an example, the principal strains and their directions are
obtained from rectangular rosette strain measurements by:
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Strain gages are also offered in numerous other configurations for vari-
ous special purposes. Figure 4 provides a few examples: (a) shear gage for
measuring torsion in a shaft; (b) “tee” rosette for use with known principal
stress directions; (c) strip gage grouping for determining strain distribution;

and (d) special-purpose gage for use on diaphragm pressure transducers.

A.3. SIGNIFICANT CHARACTERISTICS
AND PARAMETERS

A strain gage is characterized by the following attributes and parameters:
foil alloy and backing material, gage length, resistance, gage factor, trans-
verse sensitivity, thermal output, gage factor variation with temperature,
and various user-selected options such as cements and protective coat-
ings, preattached leadwires, encapsulation, and solder dots. The most
commonly used foil alloys are constantan (Cu-Ni) and modified Karma
(Ni-Cr). Isoelastic alloy (Fe-Cr-Mo), which exhibits a higher gage factor
and much greater thermal output, is also employed for dynamic and cyclic
applications.

. Ei_ - . — J, r-;‘.
(a) (b) ()

Fig. 4 Special-purpose multiple-grid strain gage pattern (see text).
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Backing materials may be polymide or fiberglass-reinforced epoxy.
Commercially available gage lengths range from 0.008 in (=0.2 mm) to
4.0in (102 mm), with ¥-in (~3 mm) and %4-in (<6 mm) the most commonly
selected lengths. Gages of 1 in (25 mm) or more in length are usually em-
ployed for intentionally averaging the strains in inhomogeneous test mate-
rials such as concrete.

Standard gage resistances are 60, 120, 175, 350, 500, 1000, 2000, and
4500 ohms, with 120- and 350-ohm gages being the most widely used. Re-
sistance tolerances range from 0.1% to 0.8%, depending on the design and
fabrication details associated with a particular gage type. The gage factor
of a strain gage is defined as the unit change in resistance divided by the
unit surface deformation, or strain. That is:

__AR/R

F. =
¢ AL/L

(AS5)

For constantan and Karma alloys, the gage factor is approximately 2.0,
and it is about 3.2 for isoelastic alloy and 4.7 for platinum tungsten. The gage
factor varies slightly with temperature, but the variation is specified by the
strain gage manufacturer to permit user correction for this effect when nec-
essary. As illustrated in Fig. 5, the gage factor of constantan increases with
temperature at about 0.5%/100°F (0.9%/100°C), while that of Karma alloy
decreases with an increase in temperature. The gage factor variation of Karma
is also a function of the self-temperature-compensation (STC) number.

Because of the return loops at both ends of the strain gage grid, and
the fact that the individual grid lines are much wider than they are thick,
the strain gage is sensitive not only to strains parallel to the grid-line di-
rection, but to transverse strains as well. The ratio of the transverse to the
longitudinal uniaxial-strain gage factor, F,/F,, is defined as the transverse
sensitivity, K|, of the strain gage. Typically, K, is positive and less than 1%
for constantan gages, and negative and somewhat larger for Karma alloy
gages. The transverse sensitivity of each gage type is measured and speci-
fied by the gage manufacturer.

When any temperature change occurs during the process of making a
strain measurement, the thermal output of the gage must always be taken
into account. Thermal output is produced as a result of two additive ef-
fects of a temperature change. Since the gage foil has its own TCR, its
resistance changes with temperature. But the foil is also strain-sensitive,
and because the thermal coefficient of expansion of the strain gage is gen-
erally different from that of the test object, the gage is subjected to ther-
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Fig. 5 Representative gage factor variation with temperature for constantan
and Karma alloy strain gages. '

mal strain with a temperature change. The combined resistance change
with temperature, expressed in strain units at a gage factor of 2.0, is the
thermal output of the gage. When there is a significant temperature
change, the thermal output of the gage can be greater than the strain being
measured unless compensation or correction methods are employed. All
of Micro-Measurements’ (a division of Vishay) constantan and Karma al-
loy strain gages are self-temperature-compensated. This means that the
foil has been cold-worked and subsequently heat-treated so as to mini-
mize the thermal output over the temperature range from about —100°F to
+300°F (—73°C to 150°C) when the gage is bonded to the type of test
material for which it is intended. Figure 6 is a graph of the thermal output
of a typical STC strain gage. STC strain gages are offered for test ma-
terials with thermal expansion coefficients ranging from 0 to S0 PPM/°F
(90 PPM/°C). For the best accuracy in strain measurement under varying
temperature conditions, the residual uncompensated thermal output
shown in Fig. 6 can be corrected for by subtracting the amount in the
graph (or given by the included polynomial relationship) from the strain
magnitude indicated by the strain-measuring instrument.
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Fig. 6 Graph of thermal output for a typical self-temperature-compensated
strain gage, installed on the material for which it is intended.

A.4. CALIBRATION OF STRAIN GAGES

Strain gages are calibrated by the manufacturer for all key operating char-
acteristics such as gage factor, transverse sensitivity, thermal output, and
gage factor variation with temperature. These parameters are evaluated
with standardized testing procedures specified by ASTM E251 and OIML
Recommendation No. 62. In terms of strain gage utilization, all of the fore-
going tests are destructive in nature, since the strain gage must be bonded
to a metal specimen for the test, and cannot be reused. Because of this, the
test procedures always involve statistical sampling to arrive at representa-
tive values for the measured variables.

In the case of gage factor, a group of sample gages from each manu-
factured lot is first bonded along the centerline of a tapered constant-stress
cantilever beam, and connected to Wheatstone bridge circuits. Then the
beam is deformed to achieve a surface strain of 0.001, or 1,000 win/in
(um/m), and the amplified output of the bridge circuit is observed to per-
mit calculating the gage factor from:
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It is noteworthy that the gage factor, as given by Eq. A.5, represents
the strain sensitivity of the gage for only a particular state of strain; i.e.,
corresponding to uniaxial stress in a steel beam with a Poisson’s ratio of
0.285. When a strain gage is used under any other conditions than those
employed in gage factor calibration, there is always some degree of error
due to transverse sensitivity. In other words, any gage which is: (a) in-
stalled on a material with a different Poisson’s ratio; or, (b) installed on
steel, but subjected to other than a uniaxial stress state; or, (c) even installed
on steel in a uniaxial stress state, but aligned with other than the maximum
principal stress, exhibits a transverse-sensitivity error which may require
correction. As a rule, the error is small because the transverse-sensitivity
coefficient for most gages is less than 1%. When making rosette strain
measurements, however, correction of the indicated strains for transverse
sensitivity is usually warranted since at least one of the gage grids is often
nearly perpendicular to the maximum principal strain.

Calibration for transverse sensitivity is performed on a different kind
of beam than that used for gage factor determination. The beam for evalu-
ating K, is short, very wide, and stiffened against transverse curvature.! As
a result of its design, this beam displays almost perfectly uniaxial strain
over the central 90% of its width. Pairs of strain gages from the same lot are
installed on the beam, with one gage aligned with the principal-strain direc-
tion, and the other with the zero-strain direction. The outputs of the two
gages are then proportional to, respectively, the longitudinal and transverse
uniaxial-strain gage factors, F, and F,, and their ratio yields the transverse-
sensitivity coefficient:

(A.6)

F,
K =—
F,

a

Strain gage thermal output is measured by bonding the gage to a specimen
made from the material for which the gage is processed to be self-temperature-
compensated. The stress-free specimen is then subjected to an appropriate
range of temperatures while recording the gage output (resistance change) in
strain units at a gage factor of 2.0. The result of this test is provided to the gage
user in a graph such as Fig. 6, included with each package of gages.

1See ASTM E251.
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As noted earlier, the gage factor of a strain gage varies slightly with
temperature. The error due to this effect is characteristically small, but for
greatest accuracy in strain measurement under varying temperatures, a cor-
rection should be made. For calibration purposes, the gage is bonded to a
short, tapered constant-stress cantilever beam. The beam is placed in a spe-
cial fixture which permits fixed-displacement formation at several differ-
ent levels while the assembly is enclosed in an environmental chamber. The
beam is then flexed from zero strain to the test strain at different tempera-
tures over the range of interest, typically from —50°F (—45°C) to +500°F
(260°C). The variation of the gage factor from its room-temperature value
is provided graphically as shown in Fig. 5.

Most strain gage rosettes are etched from the sheet of foil as integral
multiple-grid assemblies as shown in Fig. 2. Because the foil has under-
gone extensive rolling to reduce its thickness to the 100 to 200 uin (2.5 to
5 wm) normally employed in foil strain gages, the foil is no longer com-
pletely isotropic in its electromechanical properties. As a result, the rosette
grids, which have different angular orientations relative to the rolling di-
rection, require separate measurement of properties such as gage factor.

A.5. APPLICATIONS

Strain gage applications can be divided into two broad categories: (a) strain
measurement for purposes of stress analysis, and (b) strain sensing in trans-
ducers to measure force, weight, torque, pressure, and other mechanical vari-
ables. Although historically, transducer applications motivated the original
invention of the resistance strain gage, the needs of the aircraft industry during
World War II soon led to the development of the gage as a tool for precision
stress analysis. The requirements on the strain gage for stress analysis purposes
are different from those for transducer applications. To obtain reliable strain
data from which to calculate stresses, the stress analyst requires accurate strain
gage properties data, and must commonly adjust the measured strains appro-
priately to correct for thermal output, transverse sensitivity, etc. The wide range
of test articles, materials, testing environments, and other variables encountered
in experimental stress analysis necessitates a correspondingly wide range
of gage types in terms of gage lengths, grid aspect ratio, number and orienta-
tion of grids, self-temperature-compensation, foil and baking types, and details
of grid and solder tab design. To satisfy these requirements, the Micro-
Measurements division of Vishay offers many thousands of strain gage types,
representing all practical combinations of the preceding characteristics.
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Although transducer applications of strain gages have always been
important, since the resistance strain gage was invented in the late 1930s,
this area of gage application has mushroomed following the development
of integrated circuits and chip-based microprocessors. Today, transducers
having strain gages as the sensing elements are found in numerous con-
sumer and industrial products—particularly in a wide variety of scales.
These include, for example, produce scales for supermarkets, bathroom
scales, postal and package scales, on-board truck and aircraft scales, etc.
Another large area of applications is in pressure transducers for process
monitoring and control.

Transducer applications normally involve the use of multiple strain
gages in half- or full-bridge circuits as shown in Fig. 7. When gages from
the same manufacturing lot are disposed in such circuits, there is automati-
cally complete cancellation of the thermal output, except for the very small
gage-to-gage variation. The transducer designer is not usually concerned
with the actual gage factor of the strain gage (as long as it is stable and re-
peatable), since the transducer is normally calibrated for bridge circuit out-
put as a function of the measurement.

The economics of transducer manufacture can become an important
consideration in strain gage design. For instance, the process of gage

[ ]
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Fig.7 Wheatstone bridge circuit for a transducer application, with corre-
sponding tension and compression strain gages in pairs of adjacent
bridge arms.
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installation on the transducer spring element is simplified and accelerated
if both gages in a half-bridge arrangement, along with the inter-gage con-
necting lines, are etched from the foil as an integral assembly. Various other
custom design arrangements are employed by different transducer manu-
facturers, and these become economically feasible because of the high vol-
ume of gages used in the large-scale manufacture of a consumer or
industrial product.

The typical tolerance on the gage factor of a resistance strain gage is
40.5 percent. This tolerance forms the absolute limit on accuracy of any
strain measurement with the gages. In fact, because of numerous small
error sources which may be difficult to fully correct or compensate for, very
few stress analysis laboratories can approach the limiting accuracy. The de-
mands for accuracy in transducers are much greater, but these can be met
by incorporating compensating circuitry in the design, and by physi-
cally calibrating the transducers. Commercially available transducers are
offered in different levels of accuracy, at corresponding prices. A low-cost,
low-accuracy transducer may be rated at +1 or 2% accuracy, while a high-
precision transducer may have a rating of £0.01% or better. To achieve
such accuracies requires extreme care in the design and manufacture of
both the transducer itself and the strain gages employed in it. For example,
the spring element of the transducer, to which the strain gages are bonded,
may exhibit a very small, but measurable, creep with time under load. The
result will be a small upscale drift in the transducer output, and thus an er-
ror in the indication of the measurand. One means of compensating for this
effect is to shorten the end loops of the strain gages sufficiently to cause a
small amount of negative creep in the strain gage itself relative to the
spring. When properly done, the two sources of creep will cancel one an-
other to yield a stable transducer output.
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