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Preface

The editors take pleasure in presenting this two-volume work on precision
frequency control. The title encompasses the spectrum of frequency-determining
and frequency-selective devices, subject to the constraint imposed by the adjec-
tive. A simple circuit consisting of an inductance and a capacitance can function
as a frequency-controlling element. Its precision, however, is completely insuffi-
cient for modern electronic equipment. Different physical phenomena must be
utilized to meet today’s requirements. The discussion and explication of these
phenomena and their applications are the main purposes of these books.

The aims are twofold: first, to offer a concise compendium of the state of the
art to researchers and specialists engaged in a rapidly expanding and complex
field of technology. It will enable them to work efficiently in their fields and to
develop devices that meet the requirements of the equipment and systems
engineer.

A second purpose of the books is to furnish information concerning properties
and capabilities of frequency-control devices to users of these devices, such as
equipment and systems designers. The volumes will also be very useful for
technical managers who will be able to find, in a single publication, a description
of the world of precision frequency control, written by experts, and an entree to
the full Jiterature of the field.

The idea of these books originated several years ago when the editors recog-
nized that the literature in the field of frequency control was increasing at an
explosive rate and that it would be extremely difficult, particularly for a novice in
this field, to attain without guidance an essential level of knowledge in a reason-
able time. Another incentive for compiling this text is the fact that there is no
single book available on the world market that treats all precision frequency-
control devices and allows the reader to weigh the advantages or disadvantages
of the various technical approaches against one another.

xi




xii PREFACE

The number of experimental observations and theoretical investigations in the
field of precision frequency control has increased steadily over the past 60 years
and has led, particularly during the past few years, to a deluge of original
publications that is becoming more and more difficult to absorb in its totality,
even for the trained specialist. In view of this, our aim is not to attempt to offer a
textbook on the subject, but rather to provide a tutorial and coherent treatment of
the more recent developments in the field., supported by an extensive literature
reference list covering approximately the past fifteen years. The individual chap-
ters are written by experts in their respective specialities. The editors feel that the
fundamentals of this field, starting with the seminal works of the Curies, Voigt,
Cady, Townes, Ramsey, and others, are very well represented in older textbooks
and in many volumjnous review papers and handbook articles whose titles the
reader will find in the bibliography.

The material of the work is presented in two volumes, ‘‘Acoustic Resonators
and Filters” (Volume 1) and *‘Oscillators and Standards™ (Volume 2). The
reader will find in the introduction to the bibliography, included in both volumes,
some suggestions on how to use the chapter bibliographies to best advantage.
The 16 chapters of the text can be read independently of one another. Their topics
have been chosen to maximize the readability of the book ., with lengths governed
jointly by the number of publications pertinent to each chapter and by the
importance the editors attach to each topic, although obviously it is impossible to
discuss in the text all of the more than 5000 publications referenced. The selec-
tion of specific areas discussed is to a certain extent subjective, but we feel that
they give a good indication of the overall progress in our field.

The reader will find glossartes of letter symbols—whenever necessary-—at the
beginning of each chapter and, in certain instances, introducing a section. These
characters, as well as graphic symbols used in the book, correspond as much as
possible to those specified in the following IEEE Standards:

IEEE 260 1978
IEEE 280 1968

Letter Symbols for Units of Measurement

Letter Symbols for Quantities Used in Electrical Sci-
ence and Electrical Engineering

Graphic Symbols for Electrical and Electronics
Diagrams

Piezoelectricity

Definitions and Methods of Measurement for
Piezoelectric Vibrators

IEEE 315 1975

IEEE 176 1978
IEEE 177 1966

Copies of these standards may be obtained from The Institute of Electrical and
Electronics Engineers, 345 East 47th Street, New York, New York 10017
The editors wish to express their sincere thanks to the authors of the various
chapters for their cooperation and enjoyable collaboration, the editorial and
production stafts of Academic Press for their patience and support, Mrs. Carolyn

i g

PREFACE X
Clever for her typing, and the personnel of the U.S. Army Electronics Technol-
ogy and Devices Laboratory, Fort Monmouth, for much encouragement and
assistance. They wish to thank, in particular, Mrs. Gloria Gatling for. doing a
careful and patient job of typing the final version of the bibliography, Miss Betsy
Hatch for her computer work, and Mr. Ted Lukaszek for his stead)./ and manifold
help prior to and during the preparation of the text. Finally, the edntors grgtefully
acknowledge stimulating discussions over many years with R.. D. Mindlin (Co-
lumbia University) and R. A. Sykes (AT&T Bell Laboratorles?, who, py the
synthesis of their theoretical and experimental work and py their education gf
students and colleagues, helped substantially to make a science out of an art in
the field of crystal frequency control.

E. A. Gerber
West Long Branch, New Jersey

A. Ballato
Long Branch. New Jersey
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Introduction

The history of precision frequency control provides a good example of how
technological maturity follows upon the prior accomplishment of scientific
groundwork. The foundations of modern frequency control began with discovery
of the piezoelectric effect by the brothers Curie in 1880, which found theoretical
treatment in Voigt’s classic book (1910). Founded on these accomplishments,
the development of devices using the piezoelectric effect started during World
War | and has proceeded since at an accelerating rate. Quartz crystals used for
frequency control developed from rather simple, unevacuated, pressure-mounted
units of the 1920s and 1930s to the present highly sophisticated plated units
operating in ultrahigh vacua with temperature-compensating or temperature-
controlling arrangements. Influences of the environment, such as mounting
structure, pressure, and acceleration, have been greatly reduced by using doubly
rotated crystal plates. Similarly, great progress has been made in the develop-
ment of frequency-control devices based on atomic or molecular processes since
Essen built and described the first cesium-beam frequency standard in 1957.
They have progressed from the original 8-ft giant to the currently commercially
available equipment of modest size and weight.

It is no accident that the flowering of our field has coincided with the advent of
the space age. No stretch of the imagination is required to see the demands
placed on oscillator stability by rocket and satellite environments; and in few
applications is the need for precision so severe. Concurrently, similar require-
ments were imposed in the fields of communication and guidance systems, both
commercial and military. For instance, systems for frequency- and time-division
multiplex communication, satellite-assisted positioning, as well as remote sur-
veillance and collision avoidance, would be impossible without precision fre-
quency-control and timing devices.

XX1



XX1i INTRODUCTION

In the dozen years from the launching of the first artificial satellite about the
carth to the first manned lunar landing, the frequency-control field and its corre-
late areas of selection. signal processing, timing, and time distribution experi-
enced an enormous period of development and growth. The advances made
during this time turned out, in retrospect, to be only a prelude to the develop-
ments of the next decade. The interval following the first Apollo landing initiated
what might justly be called the golden age of frequency control. The editors
made no predictions as to the extent and duration of this exciting period—
certainly it is continuing; but one may well question if we shall soon see a decade
in which the development of both accuracy and precision will experience such
favorable conditions as have been met within the area of frequency control.

The attribute *‘precision’” in the title restricts the contents of this work to those
devices whose Q value and frequency stability far exceed that of an ordinary LC
circuit. Consequently, the reader will not find ceramic resonators and filters
discussed. Material on polycrystalline and similar devices is included only if it
bears on the behavior of high-Q devices (e.g., the theory of vibration of anisotro-
pic bodies). On the other hand, superconductive LC devices with their high Q are
properly included. One other remark regarding selection of material is pertinent:
The main application of bulk-wave monocrystalline devices is to frequency
control, whereas surface-acoustic-wave devices are being used in many other
fields. We therefore discuss the fundamental properties of bulk-wave devices and
their materials to a fuller extent. As far as surface-wave monocrystalline devices
are concerned, only those aspects of material and resonator properties considered
pertinent to precision frequency control are covered.
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1.1 AN OVERVIEW'

Certain crystals exhibit the phenomenon known as piezoelectricity,
wherein electrical polarization is produced by mechanical stress. This in-
duced polarization is proportional to the stress and changes sign with it.
Piezoelectricity is a reversible phenomenon; the direct piezoelectric effect
oceurs when an applied stress produces an electric polarization, and the
converse piezoelectric effect occurs when an applied electric field produces
a strain.

The brothers Pierre and Jacques Curie, in 1880, were the first to experi-
mentally demonstrate piezoelectric behavior in a series of crystals, including
quartz and Rochelle salt. Considerable experimental and theoretical activity
immediately followed this announcement, and the publication of Voigt’s
*Lehrbuch der Kristallphysik ” in 1910 marked the establishment of piezo-
electricity as a phenomenologically well-understood segment of fundamental
physics. More recently, Cady (1964) prepared a monumental and easily-
read treatise on the theory and applications of piezoelectricity.

§ Section 1.1 was written by Larry E. Halliburton and Joel J. Martin.

1 PROPERTIES OF PIEZOELECTRIC MATERIALS 3

In this chapter, the fundamental properties of piezoelectric materials are
described, with particular attention being given to those materials having
application in precision frequency control. We begin by establishing the
structural requirements for the occurrence of piezoelectricity and then re-
view the relationships between the various electric and elastic quantities
used in characterizing piezoelectric materials. This is followed by summaries
of the known properties of specific materials, including an in-depth survey
of a-quartz.

1.1.1 Structural Requirements

For a crystal to be piezoelectric, it must be noncentrosymmetric (i.e.,
have no center of symmetry). This is easily seen from the definition of piezo-
electricity given above. Suppose that a centrosymmetric crystal becomes
polarized upon the application of a stress. Then let the whole system, in-
cluding the crystal and the stress, be inverted through the center of symmetry.
Both the stress and the crystal remain unchanged. but the induced electric
polarization will be reversed. For this to happen, the only possible electric
polarization is zero, and the requirement that piezoelectric crystals be
noncentrosymmetric is proven. Before proceeding, however, it must be
emphasized that although knowledge of a crystal’s structure allows one to
predict whether piezoelectric behavior is possible, the magnitudes of any
piezoelectric constants depend on the detailed electronic bonding of the
crystal.

A systematic approach to determining which crystals are noncentro-
symmetric, and thus piezoelectric candidates, is provided by the science of
crystallography. The basic description of the structure of crystals is discussed
in a large number of texts; one of the most useful being the book by Megaw
(1973). The reader needing more structural information is referred to the
“International Tables for X-ray Crystallography” (Henry and Lonsdale,
1952) and “Crystal Structures” (Wyckoff, 1966). Crystals are usually grouped
into seven systems: triclinic, monoclinic, orthorhombic, tetragonal, trigonal,
hexagonal, and cubic. These range from the lowest (triclinic) to the highest
(cubic) symmetry, and piezoelectric behavior can be found in each system.

The seven crystal systems can be divided into 32 classes (or point groups)
depending upon point symmetry. Of these, 11 are centrosymmetric classes
and 20 are piezoelectric classes. An exceptional case is class 432 from the
cubic crystal system; it is noncentrosymmetric but is not piezoelectric. In
addition, of the 21 noncentrosymmetric classes, there are 11 classes having no
plane of symmetry. This allows both right and left forms to exist for these latter
cases. Such enantiomorphous forms are the mirror image of each other, and
neither type can be made to look exactly like the other by a simple rotation.
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TABLE 1-1

Classification of Crystal Structures with Regard to Centrosymmetric,
Piczoelectric. and Enantiomorphic Behavior”

Crystal Centrosymmetric Piezoelectric Classes with
system classes classes enantiomorphism
Triclinic 1 1 1
Monoclinic 2im 2om 2
Orthorhombic mmm 222, mm?2 222
Tetragonal 4:m, 4/mmm 4,4,422, 4,422
dnm, 82m
Trigonal 3. 3m 3,32, 3m 3,32
Hexagonal 6/m, 6/mmm 6, 6, 622, 6, 622
6mm, 6m2 »
Cubic m3, m3m 23, 43m 23,432

“The international symbols (short form) are used to denote the various
point-group classes. (Adopted from the TEEE Standard of Piezoelectricity,
1978.)

Table 1-1 uses the short form of the international symbols to summarize
the assignments of the various classes. For example, from this table one
sees that LiINbO,, belonging to class 3m, is piezoelectric but not enantio-
morphic; whereas 2-quartz. belonging to class 32, is both piezoelectric and
enantiomorphic.

1.1.2 Electroelastic Relations

Applications of piezoelectric materials involve the relationships between
electric field, electric displacement, electric polarization, stress, and strain.
The first three of these quantities are vectors while the last two are second-
rank tensors. Zwikker (1954) and especially Cady (1964) and Nye (1957)
provide good introductions to the tensor formulation of the physical proper-
ties of crystals. We give in the following a very brief introduction to the mathe-
matical representation of these electric and elastic fields and define the
various coupling coefficients. A more elaborate and useful mathematical
treatment of piezoelectricity is found in the book by Tiersten (1969).

Before proceeding to specific definitions, it is important to briefly discuss
coordinate systems. Crystallographic axes, which are usually defined as
parallel to the edges of the unit cell, form a natural coordinate system for cach
material. In many crystals these crystallographic axes are not orthogonal
and thus are not convenient for computation. It is customary to always
introduce a right-handed Cartesian coordinate system, even in the case of
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enantiomorphic forms such as left quartz. The IEEE has published standard
conventions for establishing the crystallographic axes and the right-handed
Cartesian coordinate system for each of the 32 crystal classes (IEEE Standard
on Piezoelectricity, 1978). The positive sense of each of the orthogonal
X, Y, Z axes is also defined in the IEEE Standard by reference to static
piezoelectric measurements (i.e., determining the sign of the potential
difference created during a “squeeze” test). A detailed description of this
process is presented in Section 1.2.1.2. for a-quartz.

1.1.2.1 DIELECTRIC CONSTANTS

In an anisotropic (crystalline) material the electric displacement D is
related to the electric field E and the electric polarization P by the equation

D =¢FE + P, (1-1)

where &, is the universal constant representing the permittivity of free space.
Here, as in the remainder of this chapter, we base all equations on the Inter-
national System of Units (SI). In linear dielectrics, we can express P in terms
of the field E within the crystal by

P, = {;OlijEja (1-2)

where y;; is the electric susceptibility tensor of the crystal. We are using in
this chapter the Einstein convention where repeated indices imply sum-
mation. If a material has a spontaneous polarization, such as ferroelectrics,
or an induced polarization due to applied strain, then Eq. (1-2) is interpreted
as the increase in polarization. Combining Egs. (1-1) and (1-2) gives

D; = ¢,E;, (1-3)
7

where ¢,;, the permittivity tensor, is defined as

& = £o(0s; + Xi)- (1-4)

The Kronecker delta ¢;;is 1if i = jand zero otherwise. Finally, the dielectric
constant tensor K, is given by

ijs

Kij = “Iij//ﬁo = ‘51',' + Xij- (1-5)

The y;;, €;, and K;; are second-rank tensors, and the requirement that
they be symmetric restricts the possible number of independent tensor
elements to six. In the case of the triclinic crystal system, all six independent
tensor elements are nonzero and unique. whereas three nonzero elements
(all unique) are needed for orthorhombic crystals. Only three nonzero
elements are needed for the remaining systems; tetragonal, trigonal, and
hexagonal systems require two unique values, and cubic systems have only
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one unique value. A superscript Tor S attached to the appropriate tensor
symbol informs the reader as to which quantity, stress or strain, is held
constant during measurement.

1.1.2.2  ELASTIC CONSTANTS

Stress 1s represented by the symbol T and in the case of elasticity is defined
as a pair of opposing forces acting per unit area on opposite sides of an
infinitesimal surface element within the material. If the body is in equili-
brium. these forces are an equal and opposite pair. Each force can be resolved
relative to the surface element into a normal component known as compres-
sive or tensile stress and a tangential component known as shear.

For example, consider a cube of side ! located inside a solid, as shown
in Fig. 1-1. The origin of the orthogonal Xy, X, X5 coordinate system is at
the center of this volume element, and in the limit as ! approaches zero, the
stress system can be defined at this point in the material. Each of the three
components of the force on each of the three sides 1, 2, and 3 of the volume
clement are illustrated by arrows. The force component acting in the x,
direction on the "1 face (and equivalently, a similar force acting outward
on the opposite face) produces a tensile stress Ty ;. Similarly, the force com-
ponent acting on the “1” face in the x, direction when coupled with its
opposing force on the opposite face produces a shear stress T,,. There are

Xy

Ve
X,

FIG. 1-1  The forces on the fuaces of a cube located inside a stressed body. Stress labels are
placed next to the force vectors.

1 PROPERTIES OF PIEZOELECTRIC MATERIALS 7

a total of nine stress components, and their labels are placed next to the
force vectors in Fig. 1-1. Because the net torque must be zero, the second-
rank stress tensor is symmetric, and there are only six independent compon-
ents. Since the stress tensor does not represent a property of the crystal
structure, it does not necessarily conform to the crystal symmetry. The units
of stress are N/m? or, equivalently, pascals (Pa).

Strain is represented by the symbol S and is a measure of the distortion,
or deformation, of a solid body. It is specified at every point within the object.
Consider a point initially at coordinates Xy, X3, X3 in a crystal, and suppose
that after application of a complex stress, this point in the crystal is displaced
to the position x; + uy, x, + u,, X3 + u3. The quantities u,, u,, i represent
the distortion, and the variation of distortion with position gives, in general,
the nine components Ju;/0x; that form the basis of the second-rank strain
tensor. To eliminate rotation effects, the components &f the strain tensor
are defined as

Sij = H0u/ox; + du/ox,). (1-6)

This results in a symmetric strain tensor having six independent compon-
ents.

Assuming Hooke’s Law is valid, the relationships between stress and
strain in a nonpiezoelectric material are given by

T; = SPTAITR (1-7)
S

Sijer Tt (1-8)

i
where the ¢;;, are the elastic stiffness constants and the Si are the elastic
compliance constants.

Both elastic stiffiness and compliance are fourth-rank tensors. There are
81 components in general for fourth-rank tensors; but because the stress
and strain tensors are symmetric, the stiffness and compliance tensors
must be symmetric, and each contains only 21 independent components
for the lowest-symmetry (triclinic) case. Higher-symmetry crystal systems
have considerably fewer independent nonzero components: six for trigonal
crystals and three for cubic crystals. The superscript E or D for an elastic
constant denotes whether the electric field or the electric displacement has
been held fixed during méasurement.

1.1.2.3 PIEZOELECTRIC CONSTANTS

In piezoelectric crystals, an applied stress produces an electric polarization.
This is known as the direct piezoelectric effect, and the contribution to the
polarization is described by the equation

P = dijk 7}1( (1-9)
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Or

I)i:eiil\sjk' (1-10)

Similarly. a piezoelectric crystal becomes deformed (i.e.. develops strain)
when placed in an electric field. This latter phenomenon is called the con-
verse piezoelectric effect. The strain contribution is written as

S = diEi, (1-11)
or the corresponding stress contribution is written as
Ta = CinkEr (1-12)
The d; and e;; are known as the piezoelectric strain coeflicients and
piezoelectric stress coeflicients, respectively. The first subscript represents
the direction of electric polarization or electric field, whereas the last two
subscripts describe the type of stress or strain.
In general, the total strain experienced by a crystal is the sum of two
contributions. one due to the applied stress [Eq. (1-8)] and the other due

to the applied electric field via the piezoelectric effect [Eq. (1-11)]. Thus,
we have

Si; = Sk T + duij Ex. (1-13)
Also. the total electric polarization is the sum of two contributions, one due

to the applied stress acting through the piezoelectric effect [Eq. (1-9)] and
the other due to the applied electric field [Eq. (1-2)]. This gives

P; = du T + o E- (1-14)

The electric displacement is preferred as the electric variable in place of
polarization since it is more useful from an engineering and experimental
point of view (IRE Standards on Piezoelectric Crystals, 1949). By adding
¢ E; 10 the left side of Eq. (1-14) and &0 Ey to the right side, we have

D;=dyTu+ efi Ex.- (1-15)

Equations (1-13) and (1-15) are one form of the piezoelectric equations of
state, also referred to as the piezoelectric constitutive equations. Among
the alternative forms of these equations are the following pair:

I; = Cﬁklskl — e Exs (1-16)
D; = ¢uiSu + e Ex. (1-17)

Since the stress and strain tensors are symmetric, we must have dip =
dy; and e = ¢y;. Because of this symmetry, it is convenient to convert
the piezoelectric coeflicients from tensor to matrix notation. For the d;
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and ¢, . we retain the first index (subscript) but replace the last two according
to the following rules.

[N

2 33 2332 31,13 1221
3 4 5 6

tensor notation, jk: 11

2

matrix notation, p; 1

This gives, for example, ¢;,, = ¢, and e,3; = ¢,5. In the case of the piezo-
electric strain coefficients, we have d,,, = d,, and 2d,3; = d;5.

In addition to the piezoelectric coefficients, the shorthand matrix notation
is widely used for the stress and strain tensors and the stiffness and compliance
tensors. The following briefly summarizes this notation, including the neces-
sary factors of two and four:

diy = dp, (1-18)
Ciik = €ips _
ik = €ip when j=k p=1223, (1-19)
S = Sps (1-20)
Ty = Tp» (1-21)
Sikmn = Spg- -
‘]k . Ipq l when J = /(1 m=n pqg= 1.2.3, (1 22)
(jkmn - ('qu (1-23)
2s; mn = Spg> -
C’k e } when j=k m#n p=123 ¢=4.506 (1-24)
Jkmn T (pq* (1‘25)
2y = dips (1-26)
€ = Cip ) _
JE At when j Ak p=4.5.6 (1-27)
Sik = Spo (1-28)
Ty =T,. (1-29)
48 jkmn = Spgs| (1-30)

oo — Cqu when j#k m#n pg=47506 (131)
The stress and strain tensors become 1 x 6 matrices, the piezoelectric tensors
become 3 x 6 matrices, and the stiffness and compliance tensors become
6 x 6 matrices. The reader should be warned that while the matrix notation
is compact, it does not have the transformation properties of tensors. Conse-
quently, the full notation must be used to carry out any transformation of
coordinates.

In the case of triclinic (lowest) symmetry, there are 18 independent piezo-
electric coefficients. Trigonal systems require fewer independent constants,
two for class 32 and four for class 3m. Only one independent constant is
needed for the cubic class 23. In all cases, the number of nonzero piezoelectric
coefficients is greater than the number of independent constants. Table 1-2
gives the complete piezoelectric matrices for a-quartz (class 32), lithium
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TABLE 1-2

Piczoclectric Matrices for 3 of the 20 Possible Pievoelectric

Crystal Classes

Classification Matrix

Class 32 0 0 0 0 —dy, —-2d,,

Trigonal System ( diy —dyy 0 d,, 0 0>
Example: x-quartz 0 0 0 0 0 0

Trigonal System 0 0 0 0 ds -2,

Class 3m dsy dy, 0 dys 0 0

Example: lithium dyy dy, dyy O 0 0
niobate

Cubic System G0 0 dy 0 0

Class 23 000 0 d, 0

Exampile: bismuth 00 0 0 0 d,
germanium oxide

niobate (class 3m). and bismuth germanium oxide (class 23). An additional
source of information is the IEEE Standard on Piezoelectricity (1978),
where all the nonzero matrix elements of the elastic, piezoelectric, and
dielectric matrices for the 32 crystal classes are illustrated.

The reader is referred to Cady (1964), Nye (1957), and Tiersten (1969)
for more information concerning the general nature of the relationships
between the thermal, electrical, and mechanical properties of anisotropic
crystals. These books discuss secondary effects and provide expressions
relating the electroelastic constants measured under different conditions,
(ic. isothermal versus adiabatic).

1.1.3 Materials of Current Interest

Although a great many piezoelectric materials have been characterized
over the last 50 years, only a few have found wide application in precision
frequency control devices. Alpha-quartz is the only material normally used
for precision bulk piezoelectric resonators, whereas LiNbO;, LiTa0,,
Bi;;GeO,,, and a-quartz are the crystals most commonly used for surface-
acoustic-wave (SAW) devices. Recently, berlinite (AIPO,) has also been
suggested as a useful SAW material. Whatmore (1980) reviewed the current
status of many of the materials considered for use in SAW devices and
illustrated how the physical properties of a material limit device performance.

In the remainder of this section, we present information about the crystal
structure, growth conditions, defects, and thermal behavior of the more
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prominent piezoelectric materials. Values of the dielectric, stiffness, compli-
ance, and piezoelectric constants for these high-interest materials (along
with their temperature coefficients when available) are given in Tables
1-3 through 1-7. Volume ITI/11 of the Landolt- Bérnstein New Series (1979)
contains a much larger tabulation of data on piezoelectric materials and is
an excellent resource for the interested reader.

1.1.3.1 QUARTZ

Because of its importance in precision frequency control, we have devoted
the entirety of Section 1.2 to a presentation of the physical properties of
quartz. Crystallographic considerations, crystal growth and the nature of
extended defects, characteristics of point defects, thermal properties, and
quartz evaluation techniques are the topics receiving attention.

The values of the various physical constants for a-quartz are listed in
Table 1-3. Kahan (1982) analyzed the presently accepted sets of elastic
constants and their temperature coefficients, and he made a strong case for
the need to experimentally redetermine these constants in a-quartz.

1.1.3.2 LITHIUM NIOBATE AND LITHIUM TANTALATE

Lithium niobate and lithium tantalate were first reported 1o be ferroelectric
by Matthias and Remeika (1949), but it was not until mid-1960s that their
unique electrooptic and electroacoustic properties were generally explored
and their potential as device materials was developed. Ballman (1965) and
Fedulov et al. (1965) were the first to successfully grow LiNbO, and LiTaO,
by the Czochralski technique, and an early study by Peterson et al. (1964)
suggested that LINbO, possessed interesting electrooptic properties. These
initial results prompted researchers at Bell Telephone Laboratories to under-
take a systematic investigation of the growth and crystal structure of LINbO;.
In a series of five well-known back-to-back papers, research groups at Bell
described growth techniques and large-scale crystal imperfections (Nassau
et al., 1966a), preparation of single-domain crystals (Nassau et al.. 1966b),
single crystal x-ray and neutron diffraction studies at room temperature
(Abrahams et al., 1966a,b), and a polycrystal x-ray diffraction study between
24 and 1200°C (Abrahams et al., 1966¢).

During the past 15 years, lithium niobate and, to a lesser extent, lithium
tantalate have been widely studied from both fundamental and device
viewpoints. An in-depth and extremely useful review of much of the physics
and chemistry of lithium niobate was prepared by Rauber (1978). Although
directed toward electrooptic applications, the book by Kaminow (1974)
also provides an excellent introduction to the usefulness of LiNbO, and
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TABLE 1-3

Physical Properties of a-Quartz

AND JOEL J. MARTIN

Density ( x 10* kg/m?)

p o= 2.65
Thermal expansion (x 107°/7°C)
L2 Xy /f“ /j“

98 56 00204 0.009%4
1371 748 0.0065 0.0029

Permittivity constants (x 107 ' F/m)

s N v T
£ £33 £11 £33

0.3997 04103 04073 04103
0.40025 0.41054

; PR 4 — 4 e
Temperature coetlicients of permittivity constants *(x 107+/°C)

Tey Teyy
0.28  0.39

Elastic stiffness constants ( x 10* N/m?)

"Ilfx 4'?3 “54 "’1"2 "’1‘: "?4 ('Eh
86.74 107.2 3794 699 1191 —179 39388
86.80 10575 5820 7.04 1191 -18.04 39.88

8363 7760 5732 447 —088 —1R8R 39.58

Kim and Smith (1969)
Bechmann et al. (1962)

Bechmann (1958)
Fontanella et al. (1974)

Westphal (1961)

Bechmann (19358)
McSkimin (1962)
Kahan (1982)

. L N
Temperature coeflicients of elastic stiffness constants® { x 1074/°C)

Teyy Teay Tegy Tey, Teyy Teya Teoe
—0485 —-160 —177 -30.00 —-5.50 101 178
—0.496 -192 - 1.72 —-6.51 089 167
—0443 —1600 —1.754 -2690 -550 L17 1876

Elastic compliance constants ( x 10 ' m* 'N)

st shs Sia sty sty sta Sto

1277 960 2004 -1.79 122 450 29.12

Bechmann et al. (1962)
Adams et al. (1970)
Zelenka and Lee (1971)

Bechmann (1958)

. - —4 0
Temperature coeflicients of elastic compliance constants® ( x 1074/°C)

Tsyy  Tsyy Ty, Tsi, Tsys Tsya TS

0.155 140 210 —1370 —1.66 134 —145
0.085 1.397 2111 —12965 —1.688 1406 —1.519

Bechmann et al. (1962)
Zelenka and Lee (1971)
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TABLE 1-3  (Continued)

Piezoelectric strain constants ( x 10 !2 C/N)

dyy dig

2.3 -0.67 Cady (1964)

231 -0727 Bechmann (1958)

2.27 Bottom (1970)

231 —0.670 Zubov and Firsova (1974)

Temperature coefficients of piezoelectric strain constants* ( x 10 0y

Tdy, Td,,
-2.0 17.7 Cook and Weissler (1950)
—-215 129 Bechmann (1951)

Piezoelectric stress constants (C/m?)

€1 €1a
0173 0.04 Cady (1964)
0.171  0.0403 Bechmann (1958)
0.1711 Graham (1972a)

Temperature coeflicients of piezoelectric stress constants” ( x 10~ 10)

Tey, Tey,
—1.6 —144 Bechmann (1966)

? The temperature coeflicient of quantity x is defined as Tx = l/x dx/dT. Higher-order co-
efficients of the elastic constants are given by Bechmann et al. (1962).

LiTaO; and gives the reader a broader perspective as to the range of proper-
ties exhibited by these materials. Values for many of the physical constants
characterizing LiNbO, and LiTaOj are tabulated in Tables 1-4 and 1-5,
respectively.

Lithium niobate and its isomorph lithium tantalate crystallize in a trigonal
structure. The melting points of LiNbOj; and LiTaO; are 1260 and 1560°C,
respectively, and their Curie temperatures are 1197 and approximately
620°C. At room temperature, the structure belongs to point group 3m and
space group R3c. Above the Curie temperature, it loses the polar axis and
changes to point group 3m and space group R3c. One can view this lower-
symmetry ABOj; structure as a collection of distorted oxygen octahedra
with the centers of the octahedra being occupied by the repeating sequence
of A, B, and vacancy along the crystal’s ¢ axis. Abrahams et al. (1966a)
determined the unit cell dimensions and the position parameters for LiNbO,

at 24°C. Their lattice constaints, when referred to an equivalent hexagonal
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TABLE 1-4

Physical Properties of Lithium Niobate

Density ( x 107 kg/m*)
p = 4.64
Thermal expansion { x 107°/7C)

Ly %3y B B33

154 7.5 00053 -—-0.0077 Kim and Smith (1969)

Permittivity constants (x 107" F;ym)

G006 el el
5 " Warner et al. (1967)
39 257 744 266 :
%3(’) 247 754 2 ;4 Smith and Welsh (1971)
y‘%; N 10 ) B Teague et al. (1975)

P - — 4 e
Temperature coeflicients of permittivity constants® (x 1074°0)

ey Ty Tey, Teay

323 627 382 671

Smith and Welsh (1971)

Elastic stifiness constants ( x 107 N;m%)

. i3 E E E ¥ E
ot €33 Cie Crr o iy G Ceo

203 245 60 53 759 75 Wa}"ner et al. (1967)
2030 2424 595 573 752 85 728 Smith and Welsh (1971)

Y X 4o
Temperature coetlicients of elastic stiffness constants* (x 107, )

Tcy, Ty, Tegs Teys Teys Teyy Ttee

174 —~153 —204 —252 —159 —214 —143 Smith and Welsh (1971)

Elastic compliance constants (x 10 2 m*/N)

¢

I3 L E
’ ¥ I . s S
St 533 RERY N2 S13 14 66

578 502 170 — L0l -147  —-102 136 Wa.rner et al. (1967)
;ASH 502 17.10 —1.150 —1432 —1.000 13.96 Smith and Welsh (1971)

. . o, -4/0
Temperature coeflicients of clastic compliance constants” (x 10 1°C)

Tsyy Tsax Tsay Tsyn Tsyy Tsis TSee

166 160 205 028 194 133 143 Smith and Welsh (1971)
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TABLE 1-4 (Continued)

Piezoelectric strain constants ( x 10712 C/N)

dys dy, dys  dis

21 —1 6 68 Warner et al. (1967)
224 —12 188 780

208 —-0.85 60 692 Smith and Welsh (1971)

Temperature coeflicients of piezoelectric strain constants® ( x 107#/°C)

Tdy, Tdy, Tdy; Tds

234 191 113 345 Smith and Welsh (1971)

Piezoelectric stress constants (C/m?)

€21 €31 €33 €5

25 02 1.3 37 Warner er al. (1967)
243 023 133 376 Smith and Welsh (1971)

Temperature coefficients of piezoelectric stress constants® ( x 10 " #C)

Tey, Teyy Teyy Teys

079 221 887 147 Smith and Welsh (1971)

“ The temperature coefficient of quantity x is defined as Tx = 1/x dx/dT.

unit cell, are ay; = 5.1483 Aand ¢, = 13.8631 A. A similar study by Abrahams
and Bernstein (1967) gives latlice constants of ¢y = 5.1453 A and ¢y =
13.7835 A for LiTaO, at 25°C.

The Czochralski crystal growing technique as applied by Nassau et al.
(1966a) to LiNbOj consists of first preparing starting material from a mix
of Li,CO; and Nb,O;. An tf induction heater then is used to produce a
melt in a platinum crucible from which the crystal can be pulled. If tempera-
tures and temperature gradients are carefully controlled, crystals over 2-cm
diameter and at least 10-cm long can be pulled at rates approaching 2 cm/hr.
Use of an after heater, or efficient heat shields, and a lengthy slow-cooling
period help prevent cracking of the crystals during the initial return to room
temperature.

Two techniques are normally used to obtain single-domain crystals,
(i.e., to pole the crystals) (Nassau et al., 1966b). One method consists of
applying a current to the crystal during growth. This requires electrical
insulation of the seed support shaft relative to the crucible, but it is very
convenient for commercial production facilities. The other method can be
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TABLE 1-5

Physical Properties of Lithium Tantalate

Density (x 10* kg-m™)
P o= 745
Thermal expansion ( x 107°°C)

Ay Aaa B Bis

16.2 4.1 0.0059 —0.0100 Kim and Smith (1969)

Permittivity constants ( x 107" F/m)

T e S I A Y
3.63 381 452 398 Warner et al. (1967)
o 4.69  3.90 Yamada et al. (1969)

3.77 379 474 384 Smith and Welsh (1971)

. - o - a0
Temperature cocflicients of permittivity constants* (x 107/°C)

s T et
Tey, Tedy Tel,  Teys

329 116 211 1147 Smith and Welsh (1971)

Elastic stiffness constants (x 10° N/m?)

ety s e s iy oo
233 275 94 47 80 —11 93 Warner et al. (1967)
228 271 96 31 74 —12 98 Yamada et al. (1969)

2298 2798 968 440 812 —104 929 Smith and Welsh (1971)

. . . 40
Temperature coellicients of elastic stiffness constants® (x 107*/°C)

Tey, Ty, Teyy Tey, Teys Teyy  Tegs

—1.03 —09 —043 -341 -050 6.67 -047 Smith and Welsh (1971)

. IR
Elastic compliance constants { x 10 12 m?/N)

sty 55 sk st st st ste

487 436 108 —058 —125 064 109 Warner et al. (1967)
486 436 105 -~029 -—-124 063 103 Yarpada et al. (1969)
493 4317 1046 —0519 —1280 0.588 1090 Smith and Welsh (1971)

. . . -4
Temperature coefficients of elastic compliance constants” (x 107*/°C)

Tsyy Tsys Tsge Ty Tsyy Tsiy Tsee

L1 124 060 —383 214 774 064 Smith and Welsh (1971)
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TABLE 1-5 (Continued)

Piezoelectric strain constants ( x 10712 (/N)

dyy dyy dyy dis

7 -2 8 26 Warner er al. (1967)

85 30 92 26 Yamada et al. (1969)

75 =30 57 264 Smith and Welsh (1971)
Temperature coeflicients of piezoelectric strain constants® (x 10" */°C)

Tdy, Tdyy, Tdy; Tdys

—-132 327 274 —131 Smith and Welsh (1971)

Piezoelectric stress constants (C/m?)

€22 €31 €33 €5

1.6 00 19 26 Warner et al. (1967)

2.0 -0.1 20 27 Yamada et al. (1969)

1.67 —038 109 272 Smith and Welsh (1971)
Temperature coefficients of piezoelectric stress constants® ( x 1074/°0)

Te,, Teyy Teys Teys

—-060 087 154 —132 Smith and Welsh (1971)

“ The temperature coefficient of quantity x is defined as Tx = 1/x dx/dT.

used after growth. It consists of applying platinum electrodes and then
heating the crystal to slightly above the Curie temperature. An electric
potential is maintained between the electrodes, and the poling current
flows through the crystal as the temperature is slowly decreased below the

Curie temperature. Poling is an important process for LiNbO; and LiTaO,

since it is crucial to have single-domain crystals for all precision frequency

control applications.

Following the initial development of the general growth techniques,
investigators found that LINbOj; crystals grown from a congruent compo-
sition melt were of significantly higher quality than crystals grown from a
stoichiometric melt (Byer et al., 1970; Carruthers et al., 1971). Phase dia-
grams of the system Li, O-Nb, O provided by Lerner et al. (1968) suggested
that the congruent melts should be lithium deficient, and Chow er al. (1974)
precisely determined the congruently melting composition of LiNbO; to
be between 48.5 and 48.6 mole %, Li, O.

Growth of LiTaOj crystals is similar to that of LiNbO,, and the same

problems have been encountered. The congruent melting composition of
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LiTaOj, is 48.75 mole *, (Miyazawa and Iwasaki, 1971). Brandle and Miller
(1974) developed a diameter control for LiTaO; growth. Fukuda et al.
(1979) further developed the techniques of growing LiTaO; for SAW
applications and Matsumura (1981) grew large-diameter X-axis LiTaO;
crystals. The crystal growth and fundamental properties of mixed
LiNb,_,Ta, Oy crystals was reported by Shimura and Fujino (1977). As
an alternative to the Czochralski technique, Kolb and Laudise (1976) in-
vestigated the possibility of hydrothermal growth of LiNbO; and LiTaO,
but concluded that much development work is needed before the process
could be practical.

Crystals grown from the melt can be highly nonstoichiometric, and a
number of crystal properties of LINbO,, including the Curie temperature
and birefringence, have been found to depend strongly on the Li/Nb ratio.
The deviations from the ratio Li Nb = | only occur on the Li-deficient side
of equilibrium. but very little is known about the defect structures in LINDO
that allow incorporation of Li vacancies. Lerner et al. (1968) proposed a
simple replacement of Li* ions by Nb** ions with charge compensation
then supplving four Li vacancies. Nassau and Lines (1970) concluded this
was unlikely and proposed instead a more extended stacking disorder of
cations along the ¢ axis: a simple example is a Li-Nb-Li sequence being
replaced by a Nb Li Nb sequence and four extra Li vacancies nearby for
charge comparison.

Besides the Li/Nb ratio, the metal/oxygen ratio also can vary greatly
in LINbO,. During growth in air. the crystals lose oxygen and may appear
tan or brown. Annealing to near 1000°C in a nitrogen atmosphere or in a
vacuum also removes oxygen and will turn the crystals black. These colored
crystals can be cleared by simply annealing in oxygen at 1000°C for several
hours. Glass ef al. (1972) suggested that the reducing treatments produce
Nb** jons that in turn give rise to the dark coloration; however, more
evidence must be obtained before accepting this explanation. Sherman
and Lemanov (1971) investigated the absorption of elastic waves in reduced
LiNbO,. and they describe possible loss mechanisms.

The major structural defects in LINbO; and LiTaOj are twin formation,
grain boundaries, and dislocations. Very little is presently known about
these extended defects except that they are nearly always present in every
crystal. Even in the “best™ crystals, dislocation densities are in the 10° to
10*em? range. Nassau ef al. (1966a) reported on the ferroelectric-domain
structure and dislocations in LINbOj that were revealed by etching. Levin-
stein ef al. (1966) carried out a similar study in LiTaO,. Further studies of
etching of LINDbO; were reported by Nassau et al. (1965), Niizeki et al. (1967),
and Ohnishi and Lizuka (1975). Sugii ¢t al. (1973) and Sugii and Iwasaki
(1973) used x-ray topography to study dislocations, subgrain boundaries,
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The thermal properties of LINbO, and LiTaO, have not been extensively
sl.udled. Kim and Smith (1969) determined the thermal expansion coeffi-
cients for both materials over the 0 to 500°C temperature range, and their
results are given in Tables [-4 and I-5. Sugii er al. (1976) measured the
temperature variation of the lattice parameters of LiNbO; and LiTaO,.
Zhdanova et al. (1968) found heat capacity and thermal conductivity valués
at 3OQ Kofc,=957Imole™ 'K 'and A = 42Wm 'K~!, respectively
for LleO?. Since their thermal conductivity versus temperature results.
are decrggsmg more slowly than the T ™' dependence expected for lattice
conductivity, the reported value of A may be as much as 25 % too high.

1.1.3.3 BISMUTH GERMANIUM OXIDE

B.Ismuth germanium oxide (Bi,, GeO,,) crystallizes in a body-centered
cubic (bec) structure belonging to point group 32 and space group 123
(Abrahams et al., 1967). The lattice constant at 25°C is 10.1455 A (Bernsteir{
1967). Bismuth germanium oxide is 2 member of the selenite family in whicl;
an MO, .Compound stabilizes Bi, O; in the bee structure. This material is
both (.)ptlcally active and piezoelectric, with a primary application being
long-time delay lines because of its low surface-wave velocity. Values for
many of the physical constants needed to predict elastic-wave properties
are given in Table {-6.

The first large crystals of Bi; , GeO,, were grown by Ballman (1967) using
the Czochralski method of pulling from the melt. This method continues
tq be the technique most commonly used. A stoichiometric mixture of
Bi, O, gnd GeQ, is placed in a platinum crucible, and the melting point of
?30°C is reached by using an rf induction heater. One of the refinements
in crystal growth has been the development of an automatic crystal puller
w1th- optical diameter control using a laser beam (Gross and Kersten, 1972).

Bismuth germanium oxide is transparent from 0.450 to 7.5 um; this short-
vya.velgng.tll cutoff causes the crystals to appear pale yellow. Photoconduc-
tlvllgy is induced by visible light, but the dark resistivity is approximaltely
10 'Q cm. There appear to be no measurements of the thermal properties
qf Bll?_GeOzo. Because of the large molecular weight, the thermal conduc-
tivity 1s expected to be very low.

.Little information is available about either point or extended defects in
BllzGeon. Ballman (1967) reported that the slow attack of the melt on
the platmum crucible results in fine metallic inclusions in the crystal. Ac-
F:ordmg to Gross and Kersten (1972), the concentration of these inclusions
is reduced by a factor of 10 when diameter control is used during growth.
Measurements of the surface-acoustic-wave propagation loss on Bi,, GeO,,

?ndicates .that the attenuation is inherent to the crystal and is not due to
imperfections (Slohadnik and Rudrean, 1072,
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TABLE 1-6

Physical Properties of Bismuth Germanium Oxide,
Bi;»,GeOy,

Density ( x 10° kg/m?)
p =923

Permittivity constants { x 107 F/m)

&

34 Onoe et ul. (1967)
34 354 Baliman (1967)
3.36 Kraut et al. (1970)

Elastic stiffness constants (x 10° N/m?)
E E N
iy (24 (llz

120 25 39 Onoe ¢t al. (1967)
128.48 2552 2942 Kraut et al. (1970)
128 255 305 Slobodnik and Sethares (1972)

Piezoelectric stress constant (C/m?)

Cla
0.71 Onoe et al. (1967)
0.983 Kraut et al. (1970)
0.99 Slobodnik and Sethares (1972)

1.1.3.4 ALUMINUM PHOSPHATE

AIPO, . also known as berlinite, crystallizes in a trigonal structure with

point group 32 and is structurally similar to quartz. To convert from quartz
to berlinite. simply replace half the silicons with aluminum (A1) and half
with phosphorus (P> ), such that each oxygen ion links an aluminum and
a phosphorus ion, and then allow slight relaxations of the oxygens to ac-
commodate the different ionic radii of the two cations. As further evidence
of their similarities, the x—8 phase transition occurs at 581°C for berlinite
and 573°C for quartz. Schwarzenbach (1966) determined atomic positions
for berlinite: his unit cell parameters are a, = 4.9429 A and ¢, = 10.9476 A
at 20°C. Although not extensively studied, values for many of the physical
constants of AIPO, have been measured and are tabulated in Table 1-7.

TABLE 1-7

Physical Properties of Berlinite, AIPO,

Density (x 10> kg/m?)
p =262

Thermal expansion (x 107%/°C)

oy a3z B B33

159 9.7 0015 0015
Permittivity constants ( x 1071 F/m)
£y £33

0.54 (at 5§ MHz)
0.44
0.52 (at | MHz)

Elastic stiffness constants ( x 10° N/m?)

E E E E E E I3
Cry 33 Caa Cy2 Cy3 Cla Cee

105.0 1335 231 293 693 —127 379
640 858 432 72 96 —124 284
693 886 430 105 135 -—130 294

Chang and Barsch (1976)

Mason (1950)
Stanley (1954)
Kolb and Laudise (1981)

Mason (1950)
Chang and Barsch (1976)
Bailey er al. (1982)

Temperature coefficients of elastic stiffness constants ( x 107*°C)

Tey, Teyy Teaw  Teyy Teyy Teys Tegs

—076 —-218 —157 15 —-40 072 103

Piezoelectric strain constants (x 10'2 C/N)
dyy  dy,
333 155

352
287 220

Piezoelectric stress constants (C/m?)
€11 €14

-027 0.12
—030 0.13
0.14 0.02

Chang and Barsch (1976)

Mason (1950)
Kolb and Laudise (1981)
Bailey et al. (1982)

Mason (1950)
Chang and Barsch (1976)
Bailey er al. (1982)

Temperature coeflicients of piezoelectric stress constants® ( x 107 */°C)

Teyy Teys

-27 -56

Chang and Barsch (1976)

“ The temperature coefficient of quantity x is defined as Tx = /x dx/dT.
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The first systematic growth of berlinite crystals from solution was re-
ported by Stanley (1954). He used two methods: ’

(1) Seeds were introduced into solutions of NaAlO, and H;PO,, and
the crystals grew as the temperature was held constant at 165°C.

(2) Crystals were grown from similar solutions by slowly increasing the
temperature from 133 to 1557°C at a rate of 0.5°C/day.

Measurements of the elastic constants of berlinite between 80 and 298 K
and the thermal expansions from 293 to 950 K were reported by Chang
and Barsch (1976). Based on these results, Jhunjhunwala et al. (1977) and
O Connell and Carr (1977a) made theoretical predictions of the SAW proper-
ties of berlinite. This in turn led Morency er al. (1978) to experimentally
measure the SAW properties of berlinite, finding that it is temperature
compensated and has piezoelectric coupling much higher than that of quartz.
More recently. Bailey et al. (1982) measured the elastic, dielectric, and
piezoelectric constants of berlinite and compared calculated and experi-
mental SAW velocities and piezoelectric couplings.

Although berlinite has the highly desirable elastic and piezoelectric
characteristics that would make it invaluable in many signal-processing
devices. the fact that large. high-quality crystals have not been readily
grown has prevented widespread use of this material. A major complicating
factor in the growth of berlinite is the lack of natural crystals for use as seeds
and as nutrient. Also, berlinite’s negative solubility tends to dissolve crystals
as they are cooled from the growth temperature, or (o introduce cracks if
they are cooled too quickly, and presents problems not encountered in the
growth of quartz.

Despite the many problems. the promise that berlinite would be as good
or better a SAW material as quartz has stimulated significant efforts to grow
larger and higher-quality crystals. Kolb and Laudise (1978), in an expansion
of the initial work of Stanley. successfully grew berlinite from seeds by warm-
ing a saturated solution and also by transport from a cooler region of an
autoclave to the warmer region. Kolb e al. (1979) systematically studied
the solubility of AIPO, and then grew a series of crystals on different seed
orientations. The perfection of these latter crystals was assessed by light
scattering. etching, and x-ray topography. Independently, Ozimek and Chai
(1979) grew a number of berlinite crystals under varying conditions and
characterized them by etching, by fabrication of piezoelectric vibrators, and
by infrared, ultraviolet, and Raman spectroscopy. Detaint et al. (1980) grew
berlinite crystals from which Y-rotated resonators were cut and studied.
Kolb et al. (1981b) investigated the possibility of using HCl as a solvent for
berlinite growth, and Kolb and Laudise (1981) measured the pressure-
volume—temperature behavior of hydrothermal solutions and applied the
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results to berlinite growth. Aucoin et al. (1980) described a more controlled
g.rowing technique for berlinite. Thus, in spite of the many difficulties, con-
siderable improvement is being made in berlinite growth by a number of
research laboratories.

A ffew additional basic research programs have been pursued in this
material. Among these are a Raman scattering study by Shand and Chai
(1980) to monitor the H,O in berlinite and an investigation of radiation
f:ﬁ“ects in berlinite by Halliburton et al. (1980b). Also, the a-f phase transition
in berlinite has been studied by electron paramagnetic resonance (Lang
et ql., 1977), Raman spectroscopy (Nicola et «l., 1978). and Brillouin scat-
tering (Ecolivet and Poignant, 1981).

1.2 PHYSICAL PROPERTIES OF QUARTZ'

The use of a-quartz for precision frequency control applications is wide-
spread. In this section we present a survey of the various physical properties
of quartz that are relevant to these applications.

1.2.1 Crystallography
1.2.1.1 STRUCTURE

Silica (S10,) crystallizes into a number of different structures (Megaw,
1973). Quartz, tridymite, and cristobalite are the better known forms, while
the crystalline polymorphs coesite, stishovite, and keatite are much rarer.
The only form of SiO, having application in frequency control is low quartz,
corpmonly known as a-quartz. It belongs to the trigonal crystal system with
point group 32. Both right- and left-handed a-quartz exist, corresponding
to space groups P3,21 and P3,21, respectively.

In general, the a-quartz structure consists of SiQ, tetrahedra that share
each of their corners with another tetrahedron. The four oxygen ions sur-
rounding a silicon are divided into two types, those with long bonds and short
bonds to the central silicon. The Si-O long bond is 1.612 A, the Si-O short
bond is 1.606 A, and the Si-O -Si bond angle is 143.65° (Le Page et al., 1980).
Cohen and Sumner (1958) measured the lattice constants of natufal and
cultured quartz samples. Their results give unit cell parameters at 25°C of
ao = 49134 Aand ¢, = 5.4050 A. The variation of these unit cell dimensions
between 86 and 298 K was reported by Danielsson et al. (1976). Positional
parameters (i.e., atomic coordinates) for a-quartz have been measured with
increasing precision (Young and Post, 1962: Zachariasen and Plettinger,

§ Section 1.2 was written by Larry E. Halliburton, Joel J. Martin, and Dale R. Koehler.
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1965: Le Page and Donnay, 1976), and the parameter variations between
94 and 298 K have been determined (Le Page et al., 1980).

1.2.1.2 COORDINATE SYSTEMS

Trigonal crystals such as quartz are characterized by an axis of threcfo.ld
symmetry. This unique axis is always taken to be the ¢ axis, or optic axis.
In addition. three equivalent twofold axes (a,, a,, and a3) lie 120° apart in
a plane perpendicular to the ¢ axis. These four axes form a natural coordinate
system, although containing a redundant axis, and crystal planes can be
described by the Miller-Bravais indices hkil, where the first three mdlcgs
refer to the three twofold axes and the fourth index refers to the ¢ axis
(Megaw, 1973). A .

For many applications, it is convenient to introduce a Cartesian coordmgte
system. The TEEE Standard on Piezoelectricity (1978) defines the Cartesian
coordinates for x-quartz as follows:

(1) The Z axis is parallel to the ¢ (optic) axis. The positive direction is
arbitrary.

(2) The X axis is chosen to liec along one of the three equivalent a axe.s.
The positive direction is chosen so that the ds, piezoelectric cpqstant is
positive for right-handed quartz. In practice, the sign of the X axis is deter-
mined by the polarity of the voltage produced when the sample is rele.ase.d
from compression along the X axis. The side with the positive po.tentlal is
the + X side. In the case of left-handed quartz, the + X direction is chosen
so that d,, is negative, and the + X side has a negative po.tential when the
crystal is released from compression. A simple piezoelectric squeeze tester
used to determine the + X side has been described by Bond (1976).

(3) The Y axis is chosen to form a right-handed coordinate system for
both right- and left-handed quartz crystals.

This 1978 1EEE Standard has reversed the direction of the + X axis for
a-quartz and now brings quartz into the same general system as used for
other piezoelectric crystals. [t is important to note, however, that the current
standard is not being universally followed. For example, at the present
time many quartz-growing companies continue to designate the reference
surface of their quartz bars by the pre-1978 method. The interested reader
should also refer to the comprehensive review by Donnay and Le Page
(1978) for discussions of the various conventions used to describe the enan-
tiomorphs of a-quartz.
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1.2.1.3 TWINNING AND STRUCTURAL PHASE
TRANSITIONS

Above 573°C, a-quartz changes to the hexagonal f-quartz structure.
Samples that have been heated above 573°C will return to the a-quartz
structure upon cooling but most likely will be electrically twinned. This
structural phase transition and the resulting twinning rule out the possibility
of growing quartz from the melt for electronic applications. It also requires
that electrodiffusion (see Section 1.2.3.3) must be carried out at temperatures
below 573°C.

Both optical (Brazilian) and electrical (Dauphiné) twins occur in a-quartz.
In an optically twinned sample both right-handed and left-handed regions
are present. Since creation of an optical twin requires the breaking of the
strong Si-O bonds, it is a growth defect. On the other hand, electrical
twinning is the existence of regions of the same stone with the same handed-
ness but reversed X axes. Only slight atomic displacements are required to
go from one electrical twin to the other, and it is not necessary to break
Si~O bonds. Electrical twinning can occur as a growth defect or can be
produced when the sample is cycled through the 2-f§ transition. Also,
electrical twins have been induced by laser heating and by stress (Newnham
et al., 1975; Anderson et al., 1976; Anderson et al., 1977). Polarized light
(Cady, 1964) and etching techniques (Willard, 1946: Cady, 1964) can be used
to identify optical and electrical twinning.

Because of projected shortages of high-quality natural stones during
World War II, attempts were made to detwin quartz (Thomas and Wooster,
1951). With the current availability of large cultured quartz stones today,
twinning does not seem to be a serious problem for the crystal manufacturers,
although stress- or thermal-induced twinning may occur during the more
advanced crystal fabrication processes.

1.2.2  Crystal Growth and Extended Defects

In Germany during World War 11, R. Nacken investigated the possibility
of hydrothermally growing quartz crystals suitable for electronic applica-
tions. His work was continued at several American laboratories after the
war, and this led to the commercial production of cultured quartz in the
United States beginning in 1958. By 1971, the use of cultured quartz had
surpassed that of natural crystals, and today, cultured quartz has replaced
natural quartz in nearly all electronic applications. Although the hydro-
thermal technology employed today is not unlike that of the original pro-
duction plants (Laudise and Sullivan, 1959), continuing investigations and
development in this field have resulted in greatly improved quartz material.
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Publications discussing the evolution of the technology outside the United
States are also available (Rabbetts, 1967; Regreny and Autmont, 1970;
Regreny. 1973; Yoda. 1972) and indicate the international nature of the
quartz-growing industry.

in the hydrothermal growth process (Laudise and Nielsen. 1961), crystal-
lization proceeds via the creation within an autoclave of a lower zone at
elevated temperature in which the quartz nutrient (natural crystals) dissolves
and a lower-temperature zone at the top of the autoclave in which crystal-
lization onto seed plates occurs. A small research-size autoclave is illustrated
in Fig. 1-2, and two commonly used orientations for seed plates are shown
in Fig. 1-3. The desired temperature profile throughout an autoclave is
achieved by heater positioning and control and by the use of a baffle plate
separating the two zones. Either a sodium hydroxide or a sodium carbonate
solution is used to dissolve the quartz nutrient in the lower zone and to
transport material to the cooler seeds in the upper zone. Growth temperatures
are usually 340-350°C, the pressure is in the range 1.0-1.3 x 108 Pa (ie.,
15,000 to 20.000 psi). and the temperature gradient is 5-30°C.

4’%— 1
= /}§
t"‘\ -~ BODY
-~ SEAL RING
—-— PLUNGER
&\\
-~ SEEDS
-~ BAFFLE
-~ NUTRIENT

1 x 12"
CHAMBER

EIG. 1-2 A rescarch-sized autoclave for use in hydrothermal crystal growth. (Courtesy
of A. F. Armington.)
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NATURAL QUARTZ

SYNTHETIC QUARTZ
FIG. 1-3  Orientations of two seed plates commonly used in synthesizing quartz.

The initial growth-development programs in the 1950s and early 1960s
provided solubility data and determined the general effects of varying growth
temperature, temperature gradient, solution density, and seed orientation.
It was quickly discovered that final product quality was strongly dependent
on growth rate, and thus, early crystal-growing efforts attempted to optimize
all of these parameters subject to the constraint of high-production output.

1.2.2.1 IMPROVEMENTS IN QUARTZ GROWTH

K‘ing et al. (1962) greatly improved the mechanical Q of cultured quartz
by simply adding small amounts of lithium salts to the hydrothermal growth
solution. In a subsequent study, Laudise er al. (1965) demonstrated that
although the Q is improved markedly when lithium is added to the growth
solution, no significant increase of Li* in the grown material occurs. The
lack of correlation with Li* concentration suggested that Q at room tem-
perature depends upon some other impurity, such as hydrogen. Infrared
absorption data at 2.86 um did indeed show that the addition of lithium to
the solution keeps hydrogen, in the form of either OH™ or H, O, from
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being included in the quartz (Ballman et al.. 1966). It is more generally be-
lieved that adding the lithium to the growth solution minimizes the incor-
poration of all other impurities in the crystal and gives a much more uniform
stone.

Another significant step in improving cultured quartz was the introduction
of “Premium Q Grade™ material by Sawyer Research Products (Eastlake,
Ohio) (Capone et al., 1971). This material had Q values greater than 2.5 x 10®
and was more resistant to radiation than any other untreated quartz of the
time. The important features of the growth of the Premium Q Grade quartz
were selection of good raw material, addition of lithium to the growth
solution, a slow growth rate, and careful control of absolute temperature
as well as the temperature gradient between the dissolving and growth
zones. Strict adherence to these conditions resulted in cultured quartz well
suited for use in high-precision devices.

A systematic search for conditions under which high-Q quartz (0 > 10°%)
can be grown at high rates (more that 2.5 mm/day) was made by Lias et al.
(1973). They found that such results could be achieved by increasing the
growth temperature, the important factor being that the solid solubility
of the protons that cause the acoustic loss in quartz decreases as the growth
temperature increases. However, the conventional wisdom today remains
that the highest-Q quartz (Q > 2 x 10°) is grown slowly (e, less than
0.7 mm/day). The growth rate for quartz is defined as the increase in thick-
ness of the stone, including both sides, per unit time in the direction per-
pendicular to the seed plate.

To effect economy in the fabrication of AT-cut resonators, Barns et al.
(1976) determined optimum growth conditions and procedures for commer-
cial production of quartz from minor rhombohedral (0111), or z-face, seed
plates. They found that good quality quartz(Q > 10°) can be grown routinely
from this seed orientation at rates near 0.9 mm/day. Cracking as a result of
internal strain was a problem and accounted for as much as a 15-209 yield
loss. However, these losses were minimized by careful selection of low-
strain seeds using a novel polariscope developed specifically for quartz.
They observed that defects in seed plates usually propagated into the grown
quartz, and they found that strain increased with growth rate.

Attention has been devoted to the importance of long-term raw material
supplies for use in the hydrothermal crystallization of quartz. The synthetic
quartz industry in the past has used small pieces (2-3-cm size) of natural
quartz obtained from vein deposits in Brazil, but the tenuous nature of this
single-supply situation prompted a development program for alternatives.
The resulting search and evaluation efforts (Kolb et al, 1976) uncovered
several quartz sources in the United States, including a number of North

American pegmatitic quartz regions. Sand and silica glass were also used as
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nutrient, and although with the appropriate modification of the process
Yariables some success was achieved, difficulties persist in growing produc-
tion-size crystals in this manner.

Barnes et al. (1978) investigated the procedures necessary to grow low-
dislocation and dislocation-free quartz (see also Section 1.2.2.2). They found
that dislocations in new-growth regions propagate from preexisting dis-
locations in seeds and from particulate inclusions incorporated by the
grovying crystal. Thus, selection of dislocation-free seeds, careful seed prep-
aration, and avoidance of particulate inclusions are necessary conditions
for minimizing dislocation densities. The use of noble-metal-lined auto-
claves greatly reduced inclusions of alkali iron silicates (e.g., tuhualite or
acmite). Croxall et al. (1982) and Baughman (1982) reported successful
growth of high-quality quartz beginning with fused silica instead of natural
crystalline material. In their work, Croxall et al. (1982) converted high-
purity fused silica to a-quartz by heating in an autoclave for 24 h at normal
operating conditions. They then inserted carefully selected seeds into the
autoclave and carried out a normal growth run. The resulting crystals had
an aluminum content less than 0.1 ppm and a dislocation density <10
lines/cm?™.

A major technological development in many of the present quartz-produc-
tion facilities has been the introduction of computerized control of the
growing process. Rudd et al. (1969) reported on such an application. Special
algorithms, based on operating conditions known to produce good crystals,
permit the digital system to achieve a quasi-analog control over the auto-
clave during the growing process. Pressure and temperature conditions are,
of course, monitored, but by additionally changing the temperature during
the growth cycle, the growth rate is changed, and an optimization of Q
throughout the growth region can be effected.

Armington et al. (1981) reported successful operation of a completely
computerized hydrothermal growth facility established by the Air Force
at Hanscom AFB, Massachussetts. This is essentially a research operation
and is primarily being used to investigate growth conditions for the pro-
Fiuction of high-quality, low-drift, radiation-tolerant quartz. Initial emphasis
is being placed on improving the purity of quartz by modification of growth
conditions and nutrients, by examining the effects of seed quality, and by
using noble-metal liners.

1.2.2.2 NATURE OF EXTENDED DEFECTS

. Dislocations and fault surfaces are the dominant structural defects found
in quartz. Both have been widely studied by a variety of experimental tech-
niques, and a number of correlations between techniques have been made.
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Especially important are the studies that relate the concentration of extended
defects to resonator performance.

Arnold (1957) discovered that etching of cultured quartz in 48 9 hydro-
fluoric acid created tunnels that were very deep compared to their width.
Nielsen and Foster (1960) also observed these tunnels resulting from etching
and determined that they tend to lie in the general direction of growth.
Dislocations were suggested as a possible origin of the tunnels. This was
verified by Hanyu (1964) who compared etch tunnels observed optically
with x-ray diffraction topographs and concluded that the etch tunnels
occurred by preferential etching along dislocations.

The large-scale linear defects (i.e., dislocations that are prominent in the
x-ray topographs and that form the long, narrow etch tunnels) were studied
in more detail by Spencer and Haruta (1966) and Lang and Miuscov (1967).
Using x-ray diffraction topography, they found that most of these disloca-
tions originate at defect sites or inclusions located on the seed surface.
Usually these dislocations are surrounded by large numbers of impurities,
with the result that x-irradiation causes distinct visible coloration in those
regions of quartz having large dislocation densities. None of the dislocations
make more than a 30° angle with the local growth direction. In Z-growth
material, however, exact alignment with the [0001] direction does not occur;
the distribution of orientations makes a cone whose axis is [00017 and half-
angle is 10°.

Iwasaki (1977) further correlated the etch tunnels with x-ray topographic
images. Figure 1-4 shows this correspondence for + X-growth quartz.
Spencer and Haruta (1966), in measurements on AT-cut, 5-MHz, fifth-
overtone resonators, determined that high densities of dislocations (10°-10*
linesjcm?) as determined by x-ray topography correlated with high acoustic
loss (Q ~ 10%). However, when the Q varied by a few percent, the difference
in defect density was not discernible. Furthermore, this relation between Q
and defect density does not hold when various lithium salts are added to the
growth solution. In this latter case the Q can be increased by a factor of
two or three with no perceptible decrease in defect density.

Balascio and Lias (1980) suggested that a relative measure of the antic-
ipated mechanical strength of quartz is the etch-tunnel density. In a series
of growth runs in production autoclaves, they correlated the etch-tunnel
density with specific process variables and their regulation. Control of the
initial seed-crystal interface and maintenance of a uniform growth rate
throughout a run were found to greatly affect the formation of etch tunnels.
Armington et al. (1980) used x-ray topography to observe linear defects
(i.e.. dislocations) and the resulting strain in crystals grown on different
seed orientations. The density of dislocations was found to vary significantly
with the orientation of the seed plate, being a minimum for Z seed plates.
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FIG. 1-4 Correspondence between etch tunnels and x-ray topographic image in +X
region: (a) optical photograph and (b) x-ray topograph. [From lwasaki (1977).]

Correlated aluminum impurity concentration measurements showed that
increased strain enhances the incorporation of impurities in quartz.

Lang and Miuscov (1967) observed fault surfaces within cultured quartz,
indicating cellular growth. The “cobbles” on the (0001) suifaces of quartz
stones are the external manifestation of the cellular growth and the outcrops
of the fault surfaces coincide with the grooves between cobbles and thus the
cell boundaries. Cell diameters range up to 2mm, and impurities tend to
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segregate preferentially in the cell walls. Additional studies of fault surfaces
along with investigations of sub-boundaries within a growth region and
growth sector boundaries have been reported (Homma and Iwata, 1973;
Yoshimura and Kohra., 1976 lwasaki and Kurashige, 1978 Iwasaki, 1980).
Bye and Cosier (1979) used an x-ray double-crystal topographic technique
to correlate the presence of growth striations and sub-boundaries with higher
equivalent series resistance of 1.4-MHz resonators.

Moriya and Ogawa (1978, 1980} used light-scattering tomography to
study growth defects in cultured quartz and compared the results with
infrared absorption and x-ray topographic measurements. The optical
technique probes inhomogeneities in the index of refraction caused by the
irregular arrangement of atoms in areas of high impurity concentration or
in the area surrounding dislocations. X-ray topography also probes these
irregular arrangements of atoms by sensing the resulting strain fields but
requires thin slices of crystals and more elaborate experimental apparatus.
The light-scattering tomographs clearly show growth striations, growth
sector boundaries and sub-boundaries, and edge dislocations.

The use of ctching to produce chemically polished AT-cut resonators
has been investigated by Vig et al. (1977). Chemical polishing is a more
controlled process than mechanical polishing, and in many cases the etching
reveals the presence of tunnels. These workers found that the number of
etch-induced tunnels varied significantly from sample to sample in cultured
material. It is noteworthy that vacuum-swept cultured quartz showed no
etch tunnels. This fact suggests that the interstitial impurities, which can
be removed by the electrolysis, are in large degree responsible for the forma-
tion of the etch tunnels. Also, Vig et al. (1977) compared the mechanical
strength of chemically polished and mechanically polished AT-cut 20-MHz
blanks, finding the chemically polished blanks to be superior in strength.
Additional etching studies of singly and doubly rotated quartz plates have
been reported by Vig et al. (1979).

As an important application of the etch tunnels, Kusters and Adams
(1980) discovered significantly improved aging performance in crystals
fabricated from blanks receiving heavy etching. The aging-rate slope in
these etched crystals follows a normal pattern of aging but starts at a con-
siderably lower initial level, and no frequency microjumps characteristic
of new crystals are observed. These investigators suggest that the tunnels
formed by the etch help relieve internal lattice stresses introduced earlier
during crystal growth or manufacturing of the blank.

1.2.3 Point Defects

Point defects in quartz have been the subject of continuous study for over
twenty-five vears The cansiderahle progress that has been made during
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this time is summarized in a number of review papers (Fraser, 1968; Weil,
1975; Kahan, 1977; Griscom, 1979; Halliburton et al.. 1980a).

1.2.3.1 ALUMINUM-RELATED CENTERS

Trivalent aluminum ions easily substitute for silicon and as a result require
charge compensation (i.e., a 3+ aluminum ion needs an additional positive-
charged entity in the lattice to compensate for the 4+ charge of the replaced
silicon). Four of the aluminum charge compensators known to exist in
quartz are H™, Li", and Na” ions at interstitial sites and holes trapped at
oxygen ions. One of these charge compensators is normally located adjacent
to each of the substitutional aluminum ions, and this gives rise to either
AI-OH™, Al-Li*, AI-Na™, or Al-hole centers. Schematic representations
of the aluminum-associated centers are given in Fig. 1-5. These defect centers
can be observed by widely varying techniques: infrared absorption in the
case of AI-OH ™ centers, acoustic loss and dielectric loss in the case of Al-Na*
centers, and electron spin resonance and acoustic loss in the case of Al~hole
centers.

The AI-OH™ center, shown in Fig. I-5a, is formed when an interstitial
proton bonds to an oxygen ion, thus forming an OH™ molecule adjacent
to a substitutional aluminum. Stretching vibrations of the OH™ molecule
lead to infrared absorption, and two bands, at 3367 and 3306 cm !, have
been attributed to the Al-OH ™ center. A number of investigations of the
infrared absorption of the AI-OH ™~ centers have been made (Dodd and
Fraser, 1965; Brown and Kahan, 1975; Lipson et al., 1978, 1979; Sibley
et al., 1979).

Figure 1-5b shows the AI-M™ center, where M ™ represents either Li*
or Na*. This type of center consists of an interstitial alkali ion located
adjacent to a substitutional aluminum and can give rise to one or more
characteristic acoustic loss peaks because of the stress-induced motion of
Fhe alkali ion from one equilibrium position to another about the aluminum
ion. An acoustic loss peak near 50K in 5-MHz, fifth-overtone, AT-cut
quartz resonators has been assigned to the Al-Na' center by King (1959)
and Fraser (1964, 1968). The acoustic loss associated with quartz is discussed
further in Section 1.2.3.4.

The Al-hole center (sometimes written as the [AlOQ,]° center) consists
of a hole (i.e., a missing electron) trapped in a nonbonding p orbital of an
oxygen ion located adjacent to a substitutional aluminum, as shown in
Fig. 1-5¢. Nuttall and Weil (1981) showed that the ground state of the Al-hole
center corresponds to trapping the hole on a long-bond oxygen, and Schnadt
and Schneider (1970) showed that only 0.03 eV of energy is required to
transfer the hole from one type of oxygen to the other. This means that at
room temperature the hole is rapidly inmping among the fonr oaxveens
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FIG. 1-5  Schematic representation of (a) the AI-FOH ™ center, (b) the Al -M * center where
M * is either Li* of.Na*. and (c) the Al-hole center. [From Halliburton et al. (1981).]
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surrounding the aluminum ion. Markes and Halliburton (1979) investigated
the production and stabilization conditions for Al-hole centers. and K oum-
vakalis (1980) correlated the Al-hole center ESR spectrum with a visible
optical absorption (the smoky coloration). Acoustic loss peaks attributed
to the Al-hole center are described in Section 1.2.3.4.

1.2.3.2 OXYGEN VACANCY CENTERS

Oxygen vacancy centers, better known as E’ centers, are another class
of point defects that has been extensively investigated in quartz. The model
for the simplest of these defects, the E/| center, is an isolated oxygen vacancy
having trapped a single unpaired electron. This electron is localized on only
one of the two neighboring silicons and is in an sp* hybrid orbital extending
into the vacancy. Weeks (1956) first observed the L' center, and his work
was later extended by Silsbee (1961). Nelson and Weeks (1960) and Arnold
(1965) examined the ultraviolet optical absorption of samples containing
E} centers. The theoretical work of Feigl et al. (1974) and Yip and Fowler
(1975) provided a clearer understanding of the electronic and ionic structure
of the E center.

Two additional E'-type centers, the E; and Ej centers, have been investi-
gated. The E} center, first discovered by Weeks (1963), and the E; center,
reported by Weeks and Nelson (1960), are both associated with hydrogen.
Isoya et al. (1981), using a quantum chemistry computer program, showed
that the model for the E} center consists basically of an H™ ion trapped in
the oxygen vacancy with an unpaired electron shared by the two adjoining
silicons. A definitive model for the E; center has not yet been established,
although it most certainly must contain one or more oxygen vacancies and
a proton. .

Thus far, no acoustic-loss peaks in quartz have been associated with any
of the E’ centers.

1.2.3.3 ELECTRODIFFUSION

Quartz has large c-axis channels along which interstitial ions can migrate.
King (1959), making use of this characteristic of quartz. was among the
first to develop the electrodiffusion (sweeping) process as a method for
changing the concentration of specific interstitial cations (i.e, H", Li*, Na™)
within a given quartz crystal. Subsequent studies have shown that sweeping
of the quartz prior to fabrication of resonators significantly enhances the
radiation hardness of oscillators (Poll and Ridgeway, 1966; King and Sander,
1975; Pellegrint et al., 1978).

This sweeping technique consists of applying an electric field parallel
to the c-axis of the crystal while maintaining the sample temperature in
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the 450-550°C range. Either a vacuum or an atmosphere of inert gas, air,
or hydrogen surrounds the crystal. After the thermal energy frees the positive-
charged species from their trapping sites, these cations are pulled along the
large c-axis channels and out of the crystal by the electric field, and additional
positive-charged species of a similar or different nature are taken into the
crystal at the opposite electrode to maintain charge neutrality for the sample
as a whole. For example, if either air or hydrogen gas surrounds the crystal,
the sweeping process will remove interstitial alkali ions from the crystal and
replace them with H" ions (Brown et al., 1980).

1.2.3.4 ACOUSTIC AND DIELECTRIC LOSS

In elastically oscillating systems. such as piezoelectric resonators, a
portion of the energy in the system will be lost to internal damping forces.
This anelasticity or internal friction was discussed in considerable detail
by Berry and Nowick (1966) and by Wert (1966).

In a sinusoidally driven anelastic system, the stress and strain will differ
in phase by an angle ¢ such that

tand =Q ', (1-32)

where Q' is the internal friction or loss. The quantity Q is the usual quality
factor of an oscillating system. Loss can arise from intrinsic mechanisms,
such as the thermal phonons, or from defects. Klemens (1965) and Mason
(1965) discussed in detail the loss due to thermal phonons. In AT-cut quartz
crystals, this intrinsic phonon loss is very low at cryogenic temperatures
(T < 10K), giving Q values as high as 10°. As the temperature increases,
the thermal phonon population grows, and the intrinsic phonon loss in-
creases. The peak in the intrinsic phonon loss occurs near 20 K. This loss
then decreases slightly with further increases in temperature and becomes
nearly independent of temperature above 100 K. This behavior is illustrated
by the solid curve in Fig. 1-6. Warner (1960) indicated that the maximum
phonon-related Q of 15-mm diameter, 5-MHz, fifth-overtone, AT-cut blanks
near room temperature is around 3 x 10°.

Defects such as the Al-Na* center also cause anelastic loss. In this mech-
anism the defect undergoes a thermally activated reorientation that couples
to an applied oscillating stress field. The induced loss (i.c., the increase in
0~ ") due to the reorientation is given by

AQ ! = Dut/(l + w*t?), (1-33)

where D is the coupling factor, o the angular frequency of the applied stress

e
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FIG. 1-6 Acoustic loss-versus-temperature spectrum of an AT-cut resonator in the as-
grown state (dashed curve) and after hydrogen sweeping (solid curve).

field, and < the relaxation time for the reorientation. Usually the temperature
dependence of the relaxation time is given by

T = 15exp (E/kT), (1-34)

where 7, is the fundamental attempt time of the reorientation and E the
activation energy or barrier height. The defect-associated loss AQ ™! then
shows up as an absorption maximum in the Q~ '-versus-temperature
spectrum at the temperature where the defect’s hopping frequency is equal
to the stress field’s frequency (ie., where wt = 1). This defect-associated
loss mechanism also manifests itself in resonators as a frequency decrease
at temperatures greater than the temperature of the absorption maximum.
The magnitude of the frequency change is given by

M/f = Qua/(1 + 0?1%), (1-35)

where Q. represents the value of Q! at the absorption maximum.

The Al-Na™ center gives rise to an acoustic loss peak near 50 K in 5-MHz,
fifth-overtone, AT-cut quartz blanks (King, 1959; Fraser, 1964, 1968).
Euler et al. (1980) and Doherty et al. (1980) further characterized the effects



38 LARRY E. HALLIBURTON, JOEL J. MARTIN, AND DALE R. KOEHLER

of radiation and electrodiffusion on this 50-K Al-Na™ acoustic-loss peak.
The loss peak is observed in as-grown and in Na-swept crystals. Irradiation
at room temperature removes the peak, but thermal annealing above 350°C
restores it. The peak is not present in Li-swept or hydrogen-swept crystals.

Much less is known about the Al Li* center, and no acoustic-loss peak
that can be attributed to this center has been observed in high-quality quartz
fabricated into AT-cut blanks. Similarly, no acoustic-loss peaks have been
observed for AI-OH™ or Al OD~ centers below 370 K in AT-cut blanks
(Martin and Doherty, 1980). King (1959), in 5-MHz, fifth-overtone, AT-cut
resonators, assigned a 100 K acoustic-loss peak and a broad acoustic loss
from 125 to 160K to the radiation-induced Al-hole center. Martin and
Doherty (1980) verified these assignments and also showed that the Al-hole

_center has a third acoustic-loss peak at 25 K.

Above room temperature. interstitial atkali ions become thermally liber-
ated from their trapping sites and diffuse along the ¢-axis channels. This dif-
fusion causes an acoustic loss that exponentially increases with temperature
(Fraser, 1964). Evidence that alkali ions are the responsible entities is ob-
tained from hydrogen-swepl quartz. Such material contains no alkali ions
and does not show the high-temperature loss (Lipson et al., 1981; Koehler,
1981). Figure 1-6 summarizes the acoustic-loss spectrum of an AT-cut
resonator in the as-grown state and after hydrogen sweeping. The dashed
curve represents the 50-K Al Na ' loss peak and the high temperature loss
due to the alkali ion diffusion. These losses are removed by the sweeping,
and the remaining solid curve can be described by the thermal-phonon-
induced loss.

The dielectric loss associated with the Al-Na™ center has been studied
by Stevels and Volger (1962). Nowick and Stanley (1969), and Park and
Nowick (1974). Two peaks are observed for Al-Na™ centers, at 38 and 95 K
for a frequency of 32 kHz, and the activation energies are 0.062 and 0.154 ¢V,
respectively. The activation energy obtained from the 38 K dielectric-loss
peak is in good agreement with the value of 0.059 eV obtained from the
50 K acoustic-loss peak (at S MHz) assigned to the Al-Na* center. Further
study is needed before assigning a dielectric loss peak to the Al-Li* center
(Nowick and Jain, 1980). Stevels and Volger (1962) and Taylor and Farnell
(1964) reported possible Al-hole-center-related dielectric-loss peaks in
irradiated samples. Snow and Gibbs (1964) measured the high-temperature
dielectric loss due to the migration of alkali ions along the ¢-axis channels,

1.2.3.5 FUNDAMENTAL RADIATION RESPONSE
MECHANISMS

The energy band gap of x-quartz is approximately 9 eV, and under normal
circumstances the electrical rranenort is ionic. However, ionizing radiations
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(i.e., x-rays and y rays as well as high-energy electrons and protons) create
large numbers of uncorrelated electron-hole pairs that make a transient
“electronic” contribution to the electrical conductivity. Hughes (1975)
found that this electronic conductivity was independent of crystal direction
and that it died away in 5 to 30 nsec following a pulse of radiation.
‘ The creation of the uncorrelated electron-hole pairs by ionizing radiation
1s important in all insulator materials, but it is especially crucial in quartz
because it leads to clearly observable effects in the behavior of interstitial
cations and has major ramifications with regard to quartz device operation.
In general, the radiation-induced electron-hole pairs lead to a freeing of
the interstitials (i.e, H*, Li*, or Na*) from their trapping sites. After being
released, these interstitial cations contribute to the transient and steady-
state 0~ ' changes observed in quartz resonators (King and Sander, 1972).
The radiation-induced mobility of interstitials is the most important of
_the fundamental radiation response mechanisms in quartz. Not all interstitial
tons behave in the same way, however. By monitoring OH ™ infrared ab-
sorption bands at 77 K, Sibley et al. (1979) showed that protons can be in-
duced to move within the lattice by ionizing radiation at temperatures as
low as 10 K. Basically, there appears to be no lower-temperature limit for
radiation-induced mobility of the hydrogen. In contrast, there is a critical
temperature region below which interstitial alkali ions can not be induced
to move by radiation. Markes and Halliburton (1979) and Halliburton
et al. (1981) showed that the onset of radiation-induced mobility of the alkali
interstitials occurs at approximately 200 K.

1.2.4 Thermal Properties

Expansion is the thermal property that most directly affects crystal-
resonator performance. The frequency-versus-temperature characteristics
of a resonator are determined almost entirely by the temperature dependence
of the elastic constants and the thermal expansion of the crystal. As ex-
pected, the linear thermal expansion of a-quartz is highly anisotropic.
White (1964) reported that at 283 K the coefficients of thermal expansion
are 7.50 x 107° K~ parallel to the ¢ axis and 13.70 x 10°¢ K~ ! perpen-
dicular to the ¢ axis. He also measured the coefficients down to cryogenic
temperatures. Touloukian et al. (1977). at the Thermophysical Properties
Research Center at Purdue University. tabulated most of the available
thermal expansion data. Corruccini and Gniewek (1961) also compiled and
analyzed the thermal expansion data for low temperatures.

The early specific heat and thermal conductivity results for a-quartz were
tabulated by Touloukian and Buyco (1970) and Touloukian er al. (1970),
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TABLE 1-8

Thermal Properties of x-Quartz®

Temperature (K)

273 300 350

Specific heat
Jkg 'K™h
e ¢ 707 745 825 Touloukian and Buyco (1970)

»
Thermal conductivity
Wm 'K ) .

( A 1.6 10.4 8.8 Touloukian et al. (1970)

7 68 62 53 Touloukian ef al. (1970)
| .
Thermal diffusivity
(x 10 " m*s ')

Xy 6.2 53 4.0
%, 36 32 24

“ Values for the specific heat and thermal conductivity are given al thrge tempera-
tures. and the thermal diffusivities are calculated from these values using the re-

lationship 4 = ¢ p.

values taken from these tabulations are given in Table 1-8 for the tempera-
tures 273, 300, and 350 K. Values of thermal conductivity A and thermgl
diffusivity o are given for heat flow parallel and perpe?ndicular Fo the ¢ axis.
The thermal diffusivities were calculated from the given specx?c heat and
thermal conductivity values using a density of 2.65 x 10° kg/m . .

There have been several studies of radiation damage m a-quartz using
low-temperature thermal conductivity techniques. Wasim 'and Nava (1979)
observed a radiation-induced dip in the thermal conductivity between .5 gnd
7 K in natural quartz. Jalilian-Nosraty and Martin (1981.) 0bserv§d a similar
dip in both irradiated unswept and unirradiated swept high-quality cultured
quartz. They showed that the dip was a result of resonant phonon scattering
by the Al-OH™ centers. Laermans et al. (1980) found that very intense
electron irradiations reduce the thermal conductivity Qf qgartz and.produce
scattering similar to that observed in glasses. Ra@ghon-mduced increases
in specific heat and decreases in thermal conductivity at low temperatures
were reported by Hofacker and Loehneysen (1981).

1.2.5 Material Evaluation Techniques

The need for reliable procedures to evaluate the quality of quartz material
prior to fabrication of devices is continually increasing as more and more
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applications are developed where sensitivity (high Q) and stability (mini-
mum aging and radiation effects) are crucial operating criteria.

Accurate screening tests for use in material selection would greatly in-
crease the uniformity and reliability of quartz-containing devices as well as
save time and reduce costs associated with the fabrication processes.
Specifically, the Q value, effectiveness of sweeping, radiation hardness
(where appropriate), and mechanical strength are characteristics of the
material that should be evaluated before processing is begun. A testing pro-
cedure has been implemented by the quartz-growing industry for classifying
material according to Q value; however, none of the other parameters are
routinely determined.

1.2.5.1 DETERMINATION OF Q VALUE

A room-temperature infrared test is presently used to determine the Q
value of as-grown quartz bars. Dodd and Fraser (1965) found a correlation
between bonded OH (i.e., the OH giving rise to the broad infrared absorption
from 3700 to 3200 cm ') and the Q value of 5-MHz resonators operating
near 100°C. They used the extinction coefficient at 3500 cm ™! as a measure
of the bonded OH within the crystals. A further investigation of this correla-
tion between infrared absorption and Q value was reported by Fraser et al.
(1966).

Sawyer (1972) extended these earlier studies by concentrating on higher-Q
material and emphasizing the precautions necessary for obtaining reliable
and reproducible results. In order to minimize reflection and scattering
effects at the sample surfaces, Sawyer took the extinction coefficient z at
3500cm ™" to be the difference in absorptions at 3800 and 3500 cm ™ !. His
relationship between Q and « is the form

10%/Q = 10%/Q, + 7.47a — 0.4502, (1-36)

where the limiting value of Q (for « = 0)is Q, = 8.772 x 10°. The extinction
coeflicient is measured at room temperature and is given by

a = [log;o(T3500/T3500)]/t, (1-37)

where Tigoo and Ty, are the transmitted light intensities at the two wave-
numbers, respectively, and ¢ is the thickness of the sample in centimeters.
Although the general procedures described by Sawyer are widely used among
quartz growers, the value of Q, and the coefficients of « and o? in Eq. (1-36)
are often assigned slightly different values, and the specific wavenumbers
at which the absorptions are measured may vary.

Brice and Cole (1978) suggested that the absorption at 3410 cm ™! should
be used, instead of that at 3500 cm™!, since it corresponds to a distinct
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peak and thus is self-locating. Additional factors in favor of using t.hIS line
are its breadth, which minimizes problems with instrument resolution and
calibration. and its lack of polarization effects. Brice and Cole (1979) sug-
eested that the line peaking at 3585 cm ™' isnot a good candidate f(_)r Q-value
determinations because it is quite sensitive to instrument resolving power
and polarization. However, the Toyo Commumpaﬂons Company (Ka“fisfl_kl,
Japan) has overcome such problems and routinely uses the 3585. cir;n 1rlxe
for production-oriented measurements of Q (Asahara and Taki, ). In
their procedure « is defined as

x = [10g10(n0<\0/n585)]/f» (1-38)
and the Q value is calculated from

10°/0 = 109/Q, + 7.440 + 0040, (1-39)

re O, = 5.952 x 10°. A
Whlel Shgt(lld be noted that as the O value increases beyond 2.5 10°, the mfr.a-
red test becomes less precise. To increase the sensitivity of the test for speC{all
cases, such as Q values approaching 3 x 10°, mqasurement of the 34}10—cm‘
absorption peak could be made at 77 K. A relationship betw.een.lhls absorp-
tion and the Q value would have to be developed before routine 1m_plementg-
tion of such a test. The advantage in this latter procedure is the increase in
peak absorption due to narrowing of the line at the lower temperature.

Another method for measuring the intrinsic Q value pf quartz material
was described by Fukuyo et al. (1977). Thf:y used aospemally designed gap-
type holder to measure the 0 value of sllm. —18.5 -c'ut .Y—bar .res%r.lators;
All losses except those intrinsic to the material were e.llmmated in this pro
cedure. and reliable 0 values were obtained from a varle.ly of qugrtz crystals.
Sherman (1980) discussed problems in implementing this technique.

1.2.52 DETERMINATION OF SWEEPING
EFFECTIVENESS

Sweeping quartz in an atmosphere of air or .hydroger'x results in remoyal
of the interstitial alkali ions from the material, as discussed in Section
[ 2.3 3. There are a number of physical characteristics of quartz that deplend
on the presence of these interstitial alkali ions, and r.neasurem.em of tlFe(s)(:
properties will provide information about the sweeping effectl\;iness. o
example. Stevels and Volger (1962) and Park and N9w1ck (1974) st owd.
that Na* in the form of Al-Na™ centers can be momtgred by making di-
electric relaxation measurements. Similarly, the acoustic loss peak for the
Al-Na' center can be monitored (King, 1959; Fraser 1968 Doherty et al.,

: i o et aabiade works for lithinom
1980). Unifortunateiy. neitiier ol ihese {Wo MOUBGS WOss
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Another method of monitoring the interstitial alkali content is electrical
conductivity. Hughes (1975) and Jain and Nowick (1982a,b) found significant
radiation-induced conductivity that persists for long periods of time (up
to several hours) following a radiation pulse. This delayed electrical conduc-
tivity is greatly reduced in swept samples and thus is attributed to interstitial
alkali ions. Since the alkali concentration can vary by well over an order
of magnitude from sample to sample even in the high-quality quartz, a
single conductivity measurement is not sufficient to determine the percentage
ol alkalis removed by sweeping. Instead, one must determine the change
in electrical conductivity by making measurements on the same sample
before and after the sweeping. The conductivity, however, is a function of
the absolute alkali-impurity content and Koehler (1981) reported on the
use of post radiation-induced conductivity and high-temperature Q changes
as measures of quartz radiation hardness. Since radiation-induced frequency
and Q' changes are associated with the alkalis, these single conductivity
measurements constitute a “measure” of sweeping effectiveness in a radia-
tion-hardness sense.

As discussed in Section 1.2.3.5, the motion of interstitial hydrogen within
the crystal is induced by radiation at all temperatures, whereas the motion
of interstitial alkalis is induced by radiation only at temperatures above
200 K. Markes and Halliburton (1979) suggested a sweeping-evaluation
test based on this temperature difference. Their procedure consists of using
electron spin resonance (ESR) to monitor the intensity of the Al-hole center
after the first and third steps of the following sequence of three irradiations:
initial 77-K irradiation, room-temperature irradiation, and re-irradiation
at 77K. For a sample in which the sweeping process is complete (i.e., all
the alkalis have been replaced by hydrogen), the Al-hole-center ESR
spectrum will have the same intensity after the first 77-K irradiation as
after the second 77-K irradiation. In the case of a partially swept sample,
the ratio of the Al-hole-center ESR spectrum intensity after the first 77-K
irradiation to that after the second 77-K irradiation is a sensitive indicator
of the fraction of interstitial alkali ions replaced by hydrogen ions. In this
procedure, the intermediate room-temperature irradiation is a crucial
step, since it releases from the aluminum site any alkalis not removed
during sweeping. The release of alkalis then allows additional Al-hole
centers to be formed during the last irradiation. An advantage of this ESR
sweeping test is that absolute results can be obtained after the sweeping is
done (i.e., there'is no need for a measurement before sweeping).

1.2.5.3 PREDICTION OF RADIATION HARDNESS

Both steady-state and transient frequency shifts and reductions in Q

HECRS SRR 10 -
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(These effects are described at length in Chapter 3 and will be discussed here
only in regard to initial material selection criteria.) Aluminum ions and
their charge compensators are the primary defects associated with the delet-
erious radiation effects in quartz. Steady-state frequency shifts can be related
to the low-temperature acoustic-loss peaks of Al-Na* centers and Al-hole
centers. while transient frequency shifts may be caused by the temporary
dissociation of Al-OH ™~ and Al-M"* centers (King and Sander, 1972).

A prediction of the radiation hardness of a resonator must be based in
considerable part on the aluminum content of the quartz. In the case of
low radiation doses (<10 krad). germanium may also be an important
impurity. Halliburton et al. (1981) showed that high-quality Z-growth
cultured quartz can have aluminum concentrations ranging from 1 to
15 ppm (Si). Accurate measurement of aluminum concentration at this
level presents considerable problems. Atomic absorption and mass spectrom-
etry are standard analysis techniques, but they require very careful sample
preparation and skillful operators to maintain the routine sensitivity
needed for monitoring the low levels of aluminum in quartz.

The ESR method for determination of sweeping effectiveness, which was
described in Section 1.2.5.2, also provides the aluminum concentration. In
that procedure the irradiation at room temperature destroys all the AlI-M "
centers, which then allows the second 77-K irradiation to convert all the
aluminum into Al-hole centers. By simultaneously measuring a standard
reference sample containing a known number of spins, the concentration
of Al hole centers. and hence the concentration of aluminum, can be de-
termined from the ESR spectra after this second 77-K irradiation.

Other methods for estimating the aluminum concentration in quartz are
infrared absorption and dielectric loss measurements. After a room-temper-
ature irradiation, the concentration of aluminum in the form of AI-OH™
centers can be determined from the 3367- and 3306-cm ! infrared bands
taken at 77 K. Also, in as-grown crystals the concentration of aluminum
in the form of Al-Na* centers can be determined from the corresponding
dielectric-loss peak at 38 K (for a frequency of 32 kHz). However, neither
of these last two methods measures all the aluminum in the crystal. The
infrared measurement does not account for aluminum in the form of Al-hole
centers. and the dielectric-loss measurement does not account for aluminum
in the form of Al-Li" centers.

Two other techniques proposed to predict radiation hardness are measure-
ment of radiation-induced conductivity and high-temperature resonator
resistance (Q '), as mentioned in Section 1.2.5.2. Both effects, stemming
from the presence of alkalis in the quartz and therefore correlating with
the aluminum content, have been shown to be viable radiation hardness
indices (Koehler. 1981). In the first technique, radiation frees the charge-
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compenisa.ting cations, and the ions are then responsible for the observed
conductivity; whereas in the second technique, the thermal energy frees

Fhe cations, and the ions are then responsible for the observed acoustic-loss
increases.
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Normalized dielectric constant

’, Diclectric constant

BRI Dielectric constant for contour modes of a thin plate
o Density

) Electric potential

One-half of applied voltage

0] Angular frequency

Q Normalized frequency

2.1 BULK ACOUSTIC WAVES AND RESONATORS'

2.1.1 Introduction

In piezoclectric materials such as quartz, electrical current and v'oltage
arc coupled to clastic displacement and stress. This coupling makes 1t pos-
sible to clectrically excite elastic wave motions in these materials. Confine-
ment of this electrically excited elastic wave motion produces resonances
of very high quality factor. The quality factor of any resonance is usually
called its Q. The Q may be defined as the ratio of energy stored to energy
dissipated per cycle at the resonance frequency. One of the distinct advantages
of the piezoelectric resonator, as compared to a lumped-electrical-netwprk
resonator, for example, is that much higher Qs (10*-107) are readily ach¥ev-
able. This uniquely high quality factor is one of the reasons for the applica-
tion of piezoelectric technology in resonators for oscillators and filters.

Quartz has been a useful piezoelectric material for many years because
it is rclatively easy to fabricate into high-quality resonators. The quartz
material is stable, and its inherent elastic anisotropy leads to resonators
with very desirable dependences of resonance frequency on temperature,
stress, aécelerution, ete. The low piezoelectric coupling in quartz leads to
restrictions on the bandwidth of crystal filters designed to operate without
band-broadening termination inductors. The low dielectric constant of
quartz leads to resonators with high impedances. However, the inhereptly
small bandwidth and the high impedance have not prevented the wide-
spread application of the quartz resonator. ‘

Early workers (both cxperimental and theoretical) recognized the many
possible rcsonance modes of the piezoelectric resonator (ngy, 1946;
Heising, 1946; Mason, 1950). However, mathematical complexities made a
systematic and comprehensive study of all (or even most) of the modes ofa
particular type of resonator very difficult. Consequeptly, most reports
describe isolated classes of resonance modes. For any given resonator, one

¥ Sections 2.1 and 2.2 were written by Thrygve R. Meeker.
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mode is usually desired and all the other modes are unwanted. In some
cases two modes have been coupled deliberately in order to achieve a partic-
ular resonator property. In the quartz GT resonator (Mason, 1940; Heising,
1946), two plate extensional modes are coupled together by properly adjust-
ing the length and width of the plate. The resulting resonator has a very
small change in resonance frequency over a wide temperature range. The
coupling of contour flexure with thickness shear in resonators is a very
important practical consideration when a thickness-shear resonator is
designed. This case of two coupled modes has been studied in considerable
detail (Heising, 1946; Mindlin, 1974). A single, comprehensive, qualitative
theory that includes many of the common modes, both wanted and unwanted,
in plates and bars, was also reported (Meeker, 1977). (Some properties of
the more useful of the many different kinds of quartz resonators will be
discussed briefly in Section 2.2.)

In the past few years an increased interest in the nonlinear and stress-
and drive-level dependences of the properties of the quartz resonator has
developed. New resonator designs that allow reduced dependences of reson-
ator frequency on applied stress or acceleration have emerged from the
studies prompted by this interest. A later section of this chapter contains
a discussion of some theoretical and practical aspects of nonlinear behavior
of the piezoelectric resonator.

This chapter focuses attention on only one of the many ways to formulate
an understanding of the properties and behavior of a dynamic physical
system like a piezoelectric resonator. First, the independent and dependent
parameters that describe the elastic and electric state of the piezoelectric
material are defined. Second, differential equations that describe the acceler-
ation of an infinitesimal region of the body caused by local forces and that
describe the dynamic electric and magnetic field relations in the material
are defined. Third, the solutions to the elastic and electric differential
equations are written as space-time waves characterized by spatial wave
numbers and by temporal frequencies. Fourth, dispersion relations that
give the dependences of frequency on wave number making these waves
be solutions to the differential equations are defined. For a particular fre-
quency, the allowed wave numbers form a discrete infinite set of complex
numbers. Fifth, combinations of the waves that satisfy the dispersion rela-
tions are combined to match elastic and electric conditions on the surfaces
of the desired resonator system. The determinant of this set of boundary
condition equations is called the frequency equation. Sixth, the roots of the
frequency equation, which are the allowed resonance frequencies of the
resonator, are given. These roots are usually a discrete infinite set of real
numbers, if loss is not being considered in the theory. For the lossy case, the
roots would be a discrete infinite set of complex numbers.
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If bar-resonator theorics are developed in terms of the solutions of an
infinitely extended plate, then a very important class of unwanted modes
can be easily overlooked -the torsions. The torsional-mode resonator
also has useful properties for some applications. For this reason four types
of simple modes should be considered in the design process of a resonator—
two shears, the dilatations, and the torsions. All four of these types will be
discussed in this chapter.

All parameters and equations in this chapter are expressed in MKS units.

2.1.2 Basic Quasi-Static Theory of a Piezoelectric Elastic
Material

The basic quasi-static theory is based on definitions of four parameters
that describe the elastic and clectric state of the material. These basic state
parameters arc the elastic stress, elastic strain, electric displacement, and
electric field. All parameters depend on position and time, as well as on tem-
perature, pressure, acceleration, or other environmental conditions. The
elastic strain represents the spatial variation of the elastic displacement;
the electric field represents the spatial variation of the electric potential. Any
two of the four parameters may be chosen to be the basic independent
parameters of the theory. The remaining two parameters then become the
dependent parameters. Two equations (called constitutive) give the relation-
ships between the dependent and the independent parameters. The dependent
parameters may be linear or nonlinear functions of the independent
parameters. In the dynamic case an elastic differential equation describes
the balance between the force on and the acceleration of an infinitesimal
region of the body. An electric differential equation describes the balance
between electric and magnetic fields. In the limit of zero frequency these two
differential equations describe the static distribution of elastic and electric
parameters. The static or equilibrium theory is not discussed in this chapter.

Specified values of the forces, elastic-particle velocities, electric potential,
and clectric displacement on the surface of the resonator are appropriate
boundary conditions in this theory. The quasi-static description takes into
account the very large difference between the velocity of the electric and
elastic effects. A very accurate approximation results in which the magnetic
part of the theory is totally decoupled and usually ignored. Most piezo-
clectric materials are nearly insulating dielectrics, and the absence of free
charge in the bulk is also assumed.

The magnetic field effects may need to be retained in the theory to under-
stand the propertics of resonators operating in varying magnetic fields with
very precise frequency requirements (Ballato and Lukaszek, 1980). Some
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icorelical and experimental work on the propertics of acoustic waves
in semiconducting piezoelectric materials has been reported (Hutson,
1960; Hutson et al., 1961: Hutson and White, 1962: White, 1962; Kyame,
1951, 1954). The magnetic field effects and electrical conductivity effects
are not discussed further in this chapter. The linearity or nonlinearity of the
theory depends on the definitions of elastic strain and electric potential
and on the assumed form of the constitutive relations. The linear and non-
linear theory are discussed in the next two sections of this chapter.

2.1.3 Linear Theory

The linear quasi-static differential equations, one set of particularly
useful linear constitutive relations, and appropriate boundary conditions
z'ire.summarized as follows. Here all quantities are tensors of the order
indicated by the number of indices. Repeated indices imply summation,
a comma implies differentiation with respect to the following space index,
and a dot above the variable implies differentiation with respect to time.
The variables of this theory are all tensors because of the way that they trans-
form when the system coordinate frame is rotated (Love, 1944: Nye, 1960).

(1) Potentials
(a) Elastic displacement: u;
(b) Electric potential: ¢

(2) Fields
(a) Elastic strain: §;; = %(u,»_,- + u; )
(b) Electric field: E; = — ¢ ; ‘

(3) Constitutive relations
(a) Elastic stress: T;; = ¢/, S — ey Ex

(b) Electric displacement: D; = e, Sy, + &3 E,

(4) Differential equations
(a) Newton’s law for continuum: T;; ; = pi,
(b) Maxwell’s equation: D, ; = 0

(5) Boundary conditions on plate surfaces
(a) Electrical: ¢ and D;
{b) Mechanical: T;; and u;,

Although the anisotropic descriptions of the clastic, dielectric, and piezo-
electric constants in the constitutive relations have been known in detail
for a long time, they are so important that is desirable to include them here
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for reference. The constitutive relations for the most general anisotropic
material coordinate system are written in a compact matrix form as

[ 1] (¢ €1 Cry Cre Crs Cre —€11 —€2 7031} Slw
T, Cyy Caa Cay Cag Cas Cap —C€p2 —€23 —¢3 S,
T, C3; €32 C33 Cag Cas C3g —€13 —€23 033 S3
T, Cqy  Cqn Caz Caa Cas Cap —€ra —€2a —€34 S,
Tsl =1¢sy Csa Cs3 sy Cs5 Csp —€ps —€as €35 Ss |-
T Ca1 Car Ca3 Cos Coas Can —€re —€26 —€36 S¢
D, Cyp €1x C13 Cra Cys Cre €11 £12 g3V Ey
D, €1y €33 €3 Cay €25 €26 b2y €22 £23 LEZ
LD 3] | €31 €33 €33 €31 €35 €36 3y €32 €33) LE S
where
— 1

I =T, St =811, Sij = 2(“.‘._,’ + “j.i)«

T, =T,,, S, =S, E_/ = -,

e o ) o .14_'

I3 = Ts;, 532533, Cij = Cijs

T, = T3, S. =285, ;= &

- _EQ _ tE

=T, Ss =283 T=¢"S — ¢'E,

e ~ ~ _ S

I, =T, Se = 28,5, D = eS + ¢E.

When numerical values arc written in an equation such as this for a specific
material in the most symmetrical coordinate system, some of the general
elastic, electric, and piezoelectric constants are zero because of the crystal
symmetry of the material being considered (Mason, 1950; Nye, 1960;
Hearmon. 1961: IEEE. 1978). Equations such as this for all 32 crystal classes
may be found in standards and textbooks (Cady, 1946; Mason, 1950;
Berlincourt et al.; 1964 IEEE, 1978). The values of the constants all depend
on the orientation of the material coordinate system with respect to the
crystallographic axes of the material. All of these constants also depend on
temperature, stress, etc., to some degree. Conventions for the signs of elastic
and piczoelectric constants have been defined in standards (IEEE, 1978).
It is very important that reports on the determination of material constants
include a careful description of the conventions used to determine the con-
stants from the measurcd properties of resonator and delay-line structures.

Values and temperature coefficients of material constants are usually
reported for a coordinate system in which the material constants have
maximum symmetry. This coordinate system might be called the material
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coordinate system. Numerical values and temperature cocflicients for the
material constants of quartz were given in Chapter 1 of this volume. These
temperature coefficients are derived by assuming that the material is in
equilibrium at each temperature of interest. Since the crystal symmetry is
independent of temperature (Nye, 1960) (when the temperature is the same
everywhere in the crystal), thesc constants can be used in a simple linear
theory to understand mode frequencies and elastic and clectric mode shapes.
Dimensional changes due to the changes in temperature must be included
explicitly in this kind of theory, and all equations and parameter values of
the theory exist in a sequence of homogeneous equilibrium thermal states.
To understand the case in which the temperature is not the same in all
regions of the material, a nonlinear theory has been developed in which the
temperature coefficient of resonator or transducer parameters is related to
the higher-order material constants and the strain induced by the tempera-
ture changes (Tiersten and Sinha, 1977, 1978a,b, 1979). This theory may also
be used to understand the effects of thermal gradients that arise during the
heating process itself (Holland, 1974a,b). This nonlinear theory will be
discussed in more detail in Section 2.1.4. The material constants and temper-
ature coefficients all change with coordinate system rotation like tensors
of the appropriate order. For this reason the commonly used reduced index
constants may only be used in the rotations by carefully observing the as-
sociated full indices. One way to use the reduced index constants is to develop
algebraic equations for the rotations using the full index constants and then
to abbreviate the indices (Cady, 1946; Mason, 1950). Although it is possible
to describe an arbitrary coordinate system with a single three-dimensional
transformation, it is usually easier to understand the generation of such a
coordinate system by repeated single rotations about the appropriate
coordinate axes. For practical experimental crystal orientation it is also
convenient to use repeated rotations. Consequently, all recent standards
describe various crystal orientations in terms of repeated single-axis rota-
tions.

As the orientation of the coordinate system becomes more general (or
the symmetry is reduced), the number of nonzero constants needed to de-
scribe the properties of plates and bars increases. These additional constants
provide a greater opportunity for unwanted mode generation as well as for
changes (desirable or undesirable) in the response of the resonator to
external forces and other environmental changes.

The tensor properties of parameters of the simple theory account for
conversion of the deceptively simple equations listed on p. 53 into a problem
that has never been solved in closed form for a physically realizable three-
dimensional resonator. Simple solutions for theoretical resonators with
some dimensions infinite have been helpful in understanding some of the
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properties of real piezoelectric resonators. However, these solutions can
be misleading because they obscure the great complexity of the mode spec-
trum of the real resonator. Furthermore, their elegant appearance sometimes
makes it easy to forget the inherent approximations involved in their de-
rivation. One way to fully appreciate the complexity of the equations sum-
marized on p. 53 is to expand them fully by writing out all of the components.

Since no one has been able to solve the equations for the three-dimen-
sional resonator in closed form, nearly all theoretical work on resonators
involves various kinds of approximations. The discussions in later sections
of this chapter arc limited to the thin-plate approximation for elastic plates
(Mindlin, 1955, 1961) and piezoelectric plates (Tiersten and Mindlin, 1961 ;
Tiersten, 1969), to the simple thickness approximation in large-area piezo-
electric plates (Lawson, 1941), to the length approximation in narrow, thin
piezoelectric bars (Mason, 1948; Mason, 1950), to the multimode elastic-
plate system (Mindlin and Spencer, 1967; Meeker, 1977), and to the multi-
mode elastic-bar system (Lee, 1971a,b; Meeker, 1979a).

Recent applications of computer simulation of resonators using Green’s
function, variational, and finite element techniques are described by Holland
(1968), Holland and EerNisse (1968, 1969), Allik and Hughes (1970),
Cowdry and Willis), (1973). Kagawa et al. (1975), Kagawa and Yamabuchi
(1976a,b. 1977), Matthaei (1978), Dworsky (1978), Tomikawa (1978),
Vangheluwe (1978), and Milsom (1979). Although they are particularly
useful in analyzing the modes for resonators with unusual shapes and
geometries, these techniques will not be discussed further in this chapter.

2.1.4 Nonlinear Theory

Two different kinds of nonlinear resonator behavior have been investi-
gated in considerable detail. A large dynamic excitation and an infinitesimal
dynamic excitation superimposed on a large static excitation are both im-
portant practical situations. Recent work has been concentrated on devel-
oping an understanding of these two cases.

A review (Gagnepain and Besson, 1975) of theoretical and experimental
work on the large finite cxcitation casc also reported how to include the effects
of loss in the theory. The very important case of a rotated Y-cut quartz
resonator with high drive current has been studied in detail (Warner, 1960,
1963 ; Seed, 1962: Hammond et al., 1963; Gagnepain and Besson, 1975).

Much of the current work on nonlinear effects in resonators is based on
earlier work on nonlinear elastic wave propagation (Thurston et al., 1966;
Bateman et al., 1961; Thurston, 1964, 1965; Brugger, 1964, 1965a,b; Fowles,
1967 Graham, 1972). Fourteen third-order elastic constants for quartz
were obtained from this early work and from experiments on wave propa-

- . 1 1 11 e L T TS S LI FTIY o B SRy ey
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and Brugger, 1964 ; Thurston, 1965; Brugger, 1964, 1965a; McSkimin et al.,
1965). Values for some third-order constants for quartz were also obtained
from the dependence of resonance frequency on the value of an applied
bias dc electric field (Hruska and Kazda, 1968). Some of the 23 fourth-order
constants of quartz have been determined from measurements of the depen-
dence of resonance frequency on drive level (Seed, 1962; Gagnepain and
Besson, 1975). Some higher-order piezoelectric and dielectric constants of
quartz have also been determined (Besson, 1974; Gagnepain and Besson,
1975).

In the finite-deformation nonlinear theory it is important to distinguish
between the coordinates of a particle in the unbiased reference state and in
the biased state. The basic nonlinear state parameters, constitutive equations,
differential equations, and boundary conditions are as follows, when the
coordinates of the unbiased reference state are chosen as the basic indepen-
dent variables.

(1) Potentials
(a) Elastic displacement: u;

(b) Electric displacement: ¢

(2) Fields
(a) Elastic strain: 2S;; = (K + K') + (KK"), where

K = J{(,. tt5, 1)Ax . x50 x4)] (Jacobian)
and K' = transpose of K
(b) Electric field: E; = — ¢ ;

(3) Constitutive relations [higher-order and time-dependent (loss) terms
are not shown] (comma in e subscripts separates electric and elastic
indices)

(a) Elastic stress
T,‘ = Cj Si + %(’jusk S+ %(.jklmsk S5, — Cj E, — %emn.jEm E,
- %emnp,,iEmEnEp - é’m.jk EmSk - %em.jklEmSkSl
- %emn.lemEnSI
(b) Electric displacement

D, =e,;S; + %eh.ijjSk + é"l:._fle/'SI\SI + Chm. i EnS;
+ %ehm.jk EmSjSk +%ehmn./’Em EnSj + Epm Em
+ %HhmnEmEn + é{:llnnxpEmEnEp
(c) Differential equations
Newton’s equation: T;; ; = pii;
Maxwell’s equation: D; , = 0

(4) Boundary conditions at resonator surfaces T; and u;; D; and ¢
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In this case, the location of the material boundary is not k.n‘orwn until ;he
problem is solved. and the system variables at the boundaqes must be ;:-
fined in terms of the known deformation gradients and their values oln t’e
known boundary for the unbiased state. Consequemly, the proper pf?n mtta'arl
problem involves changes from the linear problem.m both l\he? .dl ere? 1}?
equations and the boundary conditions, as Well as in the definitions of the
inde ent variables and constitutive equations. ' '
mc"if(‘k?eecr)lgcs for small infinitesimal dynamic excitaFions superlmposedlgg4d
large finite elastic or electric bias have been described by Thurston (1973;,
Holland (1974a,b) Tiersten (1971), and Baumha.uer and Tlerstgn (]' )
The nonlinear effects often cause a small chapge in a corresp_ondmg( 1r¥§ar
effect. so that a perturbation on an associated linear elgenfunct.lon expansion
has been used to obtain a useful approximate theory for nonlinear behavior
artz thickness-mode resonators. ’
Of'(lq"lliese nonlinear theories have been applied to the de_velopment of fdfx
understanding of how the third- and fourth-order elastic con.stants1 o la
material likc quartz determine the response ofa resonat.or to static or s ot\;vny
varying forces applied to its boundaries, to acceleration of thg mm;ln dg_
structure, and to thermal gradients. A new way of understanding t ef e
pendence of resonator frequency on temperature has be_en develope‘d rto;n
the nonlinear equations (Tiersten and Sinha, 1978a; Sinha and Tiersten,
9a,b). .
19131}123@ r)nany important details have not yet been studied, enough
work on nonlinear effects in quartz has been reported to show how to pro-
ceed to develop an understanding of particularly useful cases.

2.1.5 The Christoffel Plane-Wave Solutions for the Linear
Quasi-Static Piezoelectric Crystal

The linear differential equations listed on p..53 hav.e so'lutior.ls correspon-
ding to elastic plane waves travelling in various directions in the Flezo};
electric elastic medium. There is one plane wave for each sense of eac

direction. Consequently, all parameters are linear combinations of
exp(jarg +),  exp(jarg —) (2.1-1)

or . _
cos(arg +), sin{arg +), cos(arg —), sin(arg —), (2.1-2)
where
arg + =t — k;x; — kyx, — k3x;,

arg — = of + kyxy + kyxy + kyxs,
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@ being the angular frequency, ¢ the time, and k; the three wavenumbers
in the x; directions.

In the limit of no piezoelectric coefficients there are three elastic plane
waves and one electric solution that is not a wavc because of the quasi-
static approximation being used. For the elastic system, Christoffel (1877)
showed how the solution wave numbers and wave vectors depend on the
direction of the propagating wave. The piezoelectric system was solved in a
very similar way (Lawson, 1941).

For the piezoelectric case it is possible to separate the four characteristic
equations (resulting from substituting wave solutions into the differential
equations) into three equations in the elastic displacement components
and one equation in the electric potential. The elastic constants in the three
elastic equations are increased slightly by the piezoelectric and dielectric
constants as a result of this separation process. Consequently, the only effects
of the piezoelectricity are to increase the elastic constants slightly and to add
a new equation involving the electric potential. This separation of variables
and the resulting changes in constants are only possible when no quantities
depend on the two directions perpendicular to the propagation direction of
the wave. The thickness-stiffened constants only apply to this one-dimension-
al case. In the surface-wave formulation, for example, the system is not one-
dimensional and the stiffened constants do not apply.

The Christoffel solutions for the piezoelectric case may be written com-
pactly as

(U — pvi?28,) U = 0. (2.1-3)

In Eq. (2.1-3), U} are the amplitudes of the three wave solutions for the
propagation direction x,, and v\ are the corresponding wave phasc veloci-

ties,

Ui = a;a,¢,, (2.1-4)

where a; and a, are the Cartesian components of the propagation direction
and the stiffened elastic constants are given by

02
P _E rrk
Cijut = Cijig + 5. (2.1-5)
1’rr
The electrical equation becomes
w? e,
m _ rrk pr(
0 = 2 TS Ug. (2.1-6)
v e,

The zeros of the determinant of the coefficients of Ui in Eq. (2.1-3) are the
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conditions for a solution. This determinantal equation (often called the
dispersion relation) gives the dependence of wave number on' frequency
so that space time waves are solutions to the differential equations. The
resulting three solutions are a quasidilatational wave with elastic displace-
ment nearly along the propagation direction and two quasi-shear waves
with elastic displacements nearly perpendicular to the propagation direction
and to each other. For an isotropic material, the dilatational wave displace-
ment is exactly along the propagation direction, and the two shear-wave
displacements are exactly perpendicular to the propagation direction and
to each other. The waves allowed by the Christoffel solution are combined
to form solutions that satisfy appropriate boundary conditions on the sur-
faces of the resonator or transducer.

Although not considered very important in understanding bulk-wave
resonator behavior, the direction of flow of energy or power (called the
Poynting vector for purely electrical propagation) for each of the mode types
has an important role in the performance of delay lines using anisotropic
media and of surface acoustic wave (SAW) filters and resonators. In this
chapter the power flow vector for elastic waves will be defined for complete-
ness but will not be discussed further. The power flow vector for plane-wave
propagation in the mth mode is given (Ballato, 1977) by

PO = (T — ¢mDm*), (2.1-7)

where the * indicates the complex conjugate. An expansion of Eq. (2.1-7) in
terms of elastic, dielectric, and piezoelectric constants and the direction of
wave propagation was described by Ballato (1977).

Although it is relatively straightforward to solve the three-dimensional
equations for waves propagating in anisotropic piezoelectric plates, the
mathematical difficulties of satisfying edge-type boundary conditions have
stimulated the development of various approximate theories. The Mindlin
approximation is discussed in Section 2.1.8.

In the next few sections the use of the Christoffel wave solutions in plate-
and bar-resonator theories is discussed. Although the wave solutions in
extensional and flexural thin and narrow bars are not plane waves, the
theory for these cases is similar to that of the plate.

In considering various combinations of elastic mode type and electric
field excitation direction, it is useful to use different forms of the constitutive
relations listed on p. 53. Particular choices of constitutive relations often
simplify the appropriate differential equations and boundary conditions.
Four commonly used sets of constitutive relations (Mason, 1950; Berlin-
court et al., 1964) are as {ollows:

T, = chSi — e Ens (2.1-8)

J
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D, = euS, + &5,E, . (2.1-9)
Si=s0T + g, D,. (2.1-10)
Ey= =g, T + B,,D,. (2.1-11)
T, = 48, — h,,D,, (2.1-12)
E,= —h,S.+ 5.D,, (2.1-13)
Si = si T + dpE,, (2.1-14)
D,=duT, + ¢ E,. (2.1-15)

.Later secFions of this chapter include discussions of the way in which
different pairs of Eqgs. (2.1-8)~(2.1-15) may be used in the development of
an pnderstanding of the electrical properties (impedance or admittance) of
vartous types of crystal resonators. These discussions of resonator properties
are usually simplified if a particular pair of the above constitutive equations
is selecFed as a starting point. Since the superscripts on the elastic and
@electrlc constants also refer to this choice of starting equations, it is temp-
ting to relate the superscripts to the resonator boundary conditions. How-
ever, it must be understood that Egs. (2.1-8)-(2.1-15) are defined for the
infinitely extended piezoelectric medium, and in fact all of the various con-
stants are linearly related. All constants are relevant everywhere and at all
times in the medium. The superscripts therefore refer to a choice of starting
equations made for convenience and not to a basic state of the material
system (Meeker, 1972).

The ger_leral form of these relations includes other effects, such as tempera-
ture gradxents, heat flow, and magnetic effects. All of these other effects are
considered small enough to be neglected in the discussions of this chapter.
For the development of a very precise understanding of crystal-resonator
behavior, it will be necessary to consider all of these neglected effects. As
faras whi.ch set of constitutive relations is to be used in a particular theoretical
formglatl'on, convenience is the only guide. All of the different forms of the
constitutive relations are related by simple linear transformations. Since
all of the coefficients of the field quantities are linearly related and can be
calculaFed directly from each other, there is no intrinsic reason other than
convenience for using a particular set of the relations. The constitutive
equations listed on p. 53 are especially useful because the differential equa-
tions are expressed in terms of elastic stresses and electric displacements.
It is probably better to start with values of these coefficients and to transform
them to Fhe desired ones as needed. By doing this it is not necessary to store
and retrieve values for all possible forms of the coefficients. If the tensor
forms of the constitutive equations are written in matrix forms (Nye, 1960),
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then convenient matrix operations can be used to perform the desired trans-
formations numerically. Thus, the matrix technique is a useful tool in com-
puter calculations of resonator characteristics. In the following sections
specific matrix transformations appropriate to several different resonator
types are discussed. Various combinations of the three basic mode types
(dilatation, slow shear, and fast shear) with different electrical and elastic
boundary conditions lead to a very large number of different resonator
types. In a given resonator design most of these modes contribute to the
unwanted mode spectrum of the resonator, and a knowledge of their prop-
erties is needed to control the performance of the resonator. In the next two
sections the derivation of equations for the admittance or impedance of
thickness (Section 2.1.6) and contour (Section 2.1.7) modes in crystal reson-
ators is discussed.

Two approaches to the development of an analytical understanding of
a thickness-mode resonator are commonly used (Meeker, 1972). In the
first approach, often used in the development of resonator theories, the
boundary conditions are specifically defined at the beginning of the analysis.
These boundary conditions lead to relationships among the basic material
constants, and each new set of boundary conditions leads to a redefinition
of the relevant material constants. In the second approach, often used in the
development of transducer theories, the boundary conditions are left
generally defined and appear in the solutions as forces and particle velocities
on the surfaces of the resonator body. This second approach was used to
develop the first exact equivalent circuit for a piezoelectric crystal resonator
(Mason, 1948). If the appropriate boundary conditions are used in the solu-
tion derived by the second approach, then the results are of course the same
as those found in the first approach. Although less general, the first approach
is often used for the resonator case because it is simpler.

In this chapter the second approach will be described for the thickness-
mode case, and the concept of a transducer impedance matrix will be de-
veloped. Only a brief discussion and the solution will be presented here.
The first approach will be used to derive electrical impedance and admittance
relations for the various resonator types considered.

In both of these approaches, orthogonal normal modes can be used to
reduce the complexity of the derivations. The thickness modes in a plate
with lateral-electric-field excitation will be analyzed using the normal
mode technique as an illustration. The other modes considered in this
chapter will be analyzed without using the normal modes. In Section 2.1.10
the associated equivalent electrical circuits are discussed. Specific equations
for the properties of various modes in crystal resonators are reviewed in
Section 2.1.11.
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2.1.6 Thickness Modes

2.1.6.1 THICKNESS MODES IN A PLATE WITH
INFINITE LENGTH AND WIDTH AND WITH
ELECTRIC FIELD PARALLEL TO THE
THICKNESS DIRECTION (THICKNESS
EXCITATION)

In this section the very important case of an infinite plate with electric
field and electric displacement parallel to the thickness direction is discussed
in detail.

Fgr a plate with infinite length and width, two important cases can be
considered. In the first case the plate surfaces are cut perpendicular to a
propagation direction for which the three basic mode types (two shear and
one dilatation) are uncoupled from each other. In this case three independent
single-mode solutions can be formulated (Meeker, 1972). In the second more
gen.eral case the plate surfaces are cut perpendicular to an arbitrary propa-
gation direction in the anisotropic material, and the three basic modes are
all coupled together by the differential equations and boundary conditions
(Ballato, 1972a,b). Even in the anisotropic case, some plates for some
materials can be oriented to have simple uncoupled modes. In piezoelectric
plates the electrical coupling to each mode type also depends on the orienta-
tion of the plate. Consequently, some plates have basic modes that are not
very strongly excited electrically (not at all in the ideal case). However
electrically inactive modes may be excited elastically by coupling to elec[ri:
cally active modes at the plate edges or electrically by fringing electrical
fields with components in the exciting directions. Both kinds of coupling
may be enhanced by nonlinear effects.

The following procedure (second approach) is useful in setting up a linear
theory for the general case of an anisotropic plate of arbitrary orientation.
Flrst, a desired set of constitutive relations is selected. Then the relationship
is determined between wave number and frequency (dispersion relation) so
that waves satisfy the differential equations. Linear combinations of the
threg wave solutions for the same frequency are used to match the values of
elastic stress, particle velocity, electric potential, and displacement at the
two plate surfaces. The linear constants are then eliminated from these
boundary condition equations. This elimination process allows the elastic
stress (or force) and particle velocity components on one surface to be
expressed in terms of the stress (or force) and particle velocity on the other
surface and on the electric potential and electric displacement components.
In this case the convenient constitutive relations are Egs. (2.1-8) and (2.1-9).
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This procedure leads to a result that can be expressed as

] | 0 o S l-o 0 o L I-H
ks J tan A Jsin JjowCy
o z, n, 0+
- ) R 0 2. 0 2]
ks ( jun 0, Jsin 0, JjwCyq
I3 Z3 13 o+
i 0 - e 0 0 e —=] |3
Es 0 jtan fly jsin 8y jwCy
pol=] 0 0o — 0 o e @16
: jsin jtan 0, JjoCyq
o, z, n, o
9 e 0 0 S 0 ——1 lv3
Fe jsin 0, jtan 0, JjwCy
z z L) o-
' S0 0 2 - 03
Fs 0 0 Jsin 0, jtan 8y jwC,
o " "y ny no N ny 1 Vu
g /r)a) joCq JjoCy JorCy JwCy joCqo  jolCy | i

where
FO% = AT9(x, = +h). 1= —ADY, n, = Ael/2h,
0 = +ud(x, = +h), A = 2D2w), Z, = A oc™,
h A8§3 m
Vo = J ESdx;, Co = =i 0, = 2h(u\/g7a ,
~h

and ¢ are three eigenvalues of the Christoffel ¢;;,5. In this equation.the
impedance matrix Z“ expresses the linear relation between the g§ne1'alxzed
forces (F/'”. electrical voltage and elastic force) anq the generalized flows
(', electrical current and elastic particle velocity) (Ballato, 1972ab;
Ballato et al., 1974). Here the impedance matrix refers to the voltage, force,
current, and velocity of the normal modes of the transducer system. The
concept of these normal modes is developed further in Sectiop 2.1.6‘.2 for
the thickness mode with lateral excitation. The impedance matrix Z° in the
laboratory coordinate system (in which the values of these four parameters
are observed) is found by a similarity transformation (Ballato, 1972a.b;
Ballato er al.. 1974: Hadley. 1961) developed from the eigenvectors of the
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Christoffel solution:

(B0 B2 g2 0 0 0 0]
B BP BP0 0 0 0
PUBH B 0 0 0 0
Bl=|0 0 0 p" g g 0l
0 0 0 B BP0
0 0 0 B g2 Y 0
L 0 0 0 0 0 0 1]

from which

[T]=1[BI[T°], [Z] = [BI[Z°1[B.
[v]=[BI[v°).  [B](B] =[]

For the single-mode system, the laboratory parameters are already normal
modes, and the development of the impedance matrix is considerably simpler.
The conditions on mode type for which the single-mode analysis is exact
were reported by Meeker (1972). These conditions are the same as the con-
ditions for pure mode propagation along the plate normal (i.e., v direction
in rotated Y-cut quartz) and for which the ¥ matrix is diagonal.

Several important features of Eq. (2.1-16) will now be discussed briefly.
First, the matrix elements depend only on the four quantities

0,, = 2h)w./p/c™, 2.1-17)

Z =AY pc™, (2.1-18)
Co = (4/2h) &3, (2.1-19)
Ny = (A/2h) €’ (2.1-20)

where p is the material density, A the plate area, ¢ are the three wave
velocities from the Christoffel solution of the differential equations

0y _ pim
em = P50

Bi™ the eigenvectors of the Christoffel solution, and Z,, are elastic-wave im-
pedances. Second, each elastic stress and associated particle velocity and
the electric field and electric displacement can be considered a port of the
transducer or resonator system. These equations then represent the effect
of exciting one port on the output of the other ports. If the equations are
constituted as in Eq. (2.1-16), then these equations are impedance equations
for a general multiport network. This kind of network is very familiar to the
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electrical circuit designer, and many circuit ideas can be applied to the de-
velopment of an understanding of the piezoelectric resonator or transducer.
(This circuit concept will be developed further in a later section of this chapter
on equivalent electrical circuits for the piezoelectric transducer or resonator.)
Third, the conditions for zero electrical excitation of a particular port or
mode can be defined as the zero element value at the appropriate place in
the matrix in Eq. (2.1-16). Plate orientations that diagonalize the relations
that follow Eq. (2.1-16) have simple uncoupled thickness modes. Each of
the uncoupled solutions corresponds to the simple infinite-plate solution
mentioned at the beginning of this section. Fourth, every parameter in the
relations that follow Eq. (2.1-16) has a real and an imaginary part. The
impedance matrix has two times the dimension indicated. This computational
size is then 14 x l14—four parameters for each of the three elastic mode
types and two parameters for one of the two electrical parameters.

In the next part of this section, an expression which may be solved for the
resonance and antiresonance frequencies is derived using the first approach
(Tiersten, 1963, 1969a, 1970). As mentioned at the end of Section 2.1.5.
the boundary conditions are defincd at the beginning of the analysis and are
used to define specific combinations of material constants for the particular
problem being considered.

The plate thickness is in the x; direction. The plate length and width are
large enough so that the derivatives of all parameters P with respect to x,
and x, are zero (i.e., P, = P_, = 0). The electrodes are on the plate surfaces
alx, = +h Since E;, = — ¢ ;. the electric fields E, and E, are zero. Variables
S,.S,.and S, are zero. The constitutive relations reduce to
T, = cpatty 3 + Cjatty 3 + Cjsuy 3 — e3;E;, (2.1-21)

!

D, = ey 3 + eatis 3 + €5ty 3 + g3 Es. (2.1-22)

i

where ¢; stands for c%, &3 stands for &, and i and j are 1, 2, and 3. For

plane-wave solutions propagating in the x; direction.
Uy = Uy cXpli(wt — kix3)], (2.1-23)

and the differential equations becomce the characteristic equations

Tssliyg + Csalizo + Cs3lizo = pViUro. (2.1-24)
Castiyo + Caalizo + Cazlizg = pVitag. (2.1-25)
Cysliyy + Caglizg + Ca3lize = pViuso. (2.1-26)

where V32 = w?/k? and the electrical differential equation

S ‘
£33, 33 = €33U3 33 + €341y 33 T €35U; 33 (2.1-27)

2 PIEZOELECTRIC RESONATORS AND WAVES 67

has bf:en .used to remove ¢ or E; from the three elastic equations. This exact
subst{tutlon, on‘ly possible if the problem is one-dimensional, puts the total
clectrical effect into the definitions of the stiffnesses ¢;;, so that

; €3;€3;
= Cil} Z3i73) (2.1-28)

¢ 3
£33

]IE/cz]ugtions (2.1-24)~(2.1-26) are an eigenvalue problem. and three values of
s Le,
V2, | 452EN p3r (2.1-29)

are the solutions. Corresponding to each V2 is a solution vector with
components

(m)
uio's un), ulfy). (2.1-30)

The three so!ution vectors are orthogonal. Equation (2.1-27) can be integrated
directly to give the potential as

P = €33uz0 + €34Uz0 + E35Uio + K x5 + K. (2.1-31)
where
;= /633 (2.1-32)
The boundary conditions are
T;=T, =T, =0, (2.1-33)
@ = 1@ (2.1-34)

on the sprfaces Qf the plate at x; = +h. A general solution to the above
differential equations and boundary conditions is

3

3
Ujp = Z p(n)/;}n)s(n) + Z Q(m)ﬁ§m)C(m)’ (241_35)

n=1 m=1

3 3
P = Z P(")éakﬂ;(n)s(”\ + Z Q(nr)(j3k/));(r1l)c‘(nx). (2.1-36)
m=1

n=1
where
§™ = sin kP,
C™ = cos k{"x,,
([fzj"’l a2r6e)three components of each of the three eigensolutions of Eqgs. (2.1-24)-

3
Ky= =Y @me,pmrcm, (2.1-37)

m=1
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and

n=

3
Kih= o~ Y P%eyf"s". (2.1-38)
1

When Egs. (2.1-35) and (2.1-36) are substituted into the six stress boundary
conditions in Eq. (2.1-33) (three conditions for each of the two surfaces),
two uncoupled sets of equations result; one set in PV, P, and P coupled to
»° and the other set in Q", 0¥, and Q**' not coupled to ¢°. The electrically
coupled equation corresponding to the antisymmetric solution is

3
Z P(")/g;(”)[[jsm KPhC — €3j3é3hS11")} = 0. (2.1-39)
1= 1

n=

where
w

2 (21-40)
7

Ci" = cos kY, S = sin kY h, kg =
Equation (2.1-39) has a solution for the values of @ for which the determinant
of the P™ is zero. This cubic determinantal frequency equation (Tiersten,

1963) is
/fL"’[C,-skak‘a"’hCﬁ,"’ — €353 EakSh"’] = 0. (2.1-41)

There are three frequencies for which Eq. (2.1-41) is satisfied. These three
frequencies correspond to the three modes (A, B,and C) mentioned in Section
2.1.5. In Eq. (2.1-41), h is one half of the plate thickness, and the three k" are
defined in terms of the three velocities [Eq. (2.1-40)] associated with the
Christoffel determinant in Eq. (2.1-4), so that all quantities except w are
known. Values of w that make the determinant equal to zero are the thickness
resonance frequencies. These three frequencies have been called the A, B,
and C thickness modes of the plate (Koga, 1932; Lawson, 1941 ; Koga et al.,
1958: Bechmann, 1961). The eigenvectors associated with each frequency
identify the mode type. For the A mode the largest eigenvector component is
along the propagation direction, and the mode is dilatational (the word
“extensional” is often used but should be reserved to describe the length mode
in a narrow thin bar). For the B and C modes the largest eigenvector com-
ponent is perpendicular to the propagation direction, and these are shear
modes. The higher-frequency shear mode is called the fast shear mode
(largest associated wave velocity) and the lower-frequency shear mode is
called the slow shear mode.

Another form of Eq. (2.1-41) (Coquin, 1964; Yamada and Niizeki, 1970a) is

3 K(n)Z T(n)
I\.(Jl )k(f)k‘}j)(‘(hl)C(Ill)c(hj’{I - Z - k('”h £ ] = 07 (21‘42)
3

n=1
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where
N g2 _ Biess)”
Ve 5
(2.1-43)
T = tan k.

The admittance of the thickness-excited thickness-mode resonator may
be derived directly from Egs. (2.1-21) and (2.1-22). This process was de-
scribed in detail for the single-mode case (Meeker, 1972). For the three-mode
resonator only the result will be given here (IEEE, 1978).

] 3 T(m) -1
Y = cho[x - > Km? Z-“:T/] , (2.1-44)
m=1 3 1
where
Co = 2w)(2D)e35/(2h), (2.1-45)
kS = wy/pfe™, (2.1-46)
(n) 2
Km2 _ Lp™ey a0,]" -
émeS aa, (21-47)

The a; are the direction cosines mentioned in Eq. (2.1-4).

Equation (2.1-42) can be solved graphically (Ballato, 1977) to obtain a
good understanding of how the coupling between the three modes affects
the mode resonance frequencies. Figure 2.1-1 shows a typical graphical
solution of Eq. (2.1-42) to illustrate the technique. The three antiresonance
frequencies and electromechanical couplings used in the plot are those for
SC-cut thickness-excited quartz resonators. The three antiresonance fre-
quencies (f, as Z — oc) are 1.0, 1977/1797, and 3380/1797 MHz (Baliato,
1977). The corresponding electromechanical couplings are 0.0449, 0.0471,
a?d 080333 (Ballato, 1977). For convenience the following functions are
plotted:

G, = | — k2(tan x,)/x,, (2.1-48)

T, = ki(tan x,)/x,, (2.1-49)

T, = kZ(tan x,)/x,, (2.1-50)
where

Xp = (/22X f/ fou), (2.1-51)

and k, is the electromechanical coupling coefficient for the nth mode. Figure
2.1-1 shows that the resonance of the lowest frequency mode (Z = 0) is
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FIG. 2.1-1 Terms in electrical impedance of a thickness-excited, three-thickness-mode,

SC-cut quartz resonator.

foo — 1010 Hz if the coupling to the other modes is ignored. The variable
G. 1s the normalized impedance of the uncoupled lowest-frequency mode.
All values are plotted as logarithms to allow closely spgged values to be
separated. The negative values of G, are plotted as positive and labelled
—G,. If the coupling to mode B is considered, then the Z = 0 frequency
drops to f,. — 1021 Hz. Including the coupling to mode A lowers the reson-
ance frequency to fo. — 1022.5 Hz. Since f,. was set at | MHz fgr.the calcu-
lations and the plot, thesc frequency shifts are all in parts per million as well
as in hertz. .

Figure 2.1-1 also shows that a simple approximate equation shoplq be
quite accurate. This simple approximate equation provides a useful mmght
into the frequency shifts generated by the coupling to the other modes in
the piezoelectric resonator. The approximate expression for Eq. (2.1-42)
can be obtained if the arguments x, and x, are small enough at the frequency
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at which k7 tan x./x, has a value near one. In this casc the important part of
Eq. (2.1-42) can be written as

G — (ki + ki) — (m2/12)(k222 + ko) = 0. (2.1-52)

where o, = fo./ fous % = Joo/ fop, and x, is near /2. The frequency in the
B and A terms has been set equal to Joes and tan x,/x, and tan x,/x, have
been replaced by the first two terms of their respective series expansions
because of the small values of x, and x; at f,. The validity of this approxima-
tion is shown by the flatness of the 1, and T, curves in Fig. 2.1-1. The C mode
resonance frequency is shifted down as if it belonged to a single mode with
an effective electromechanical coupling factor
> ke

B G sy e 7 ey S AR
Equation (2.1-52) shows that the lowest resonance frequency is shifted down
as k, and k, increase and as f,, and Jos decrease. As x, and o, approach one,
the simple approximation breaks down, and a more accurate solution s
necessary. It should be noted that the temperature cocfficient of the lowest
resonance frequency depends in part on the higher-frequency-mode electro-
mechanical coupling factors, which vary with temperature. Since cach of
the three modes has active odd harmonics, a frequency coincidence can
occur for different harmonic orders for different modes. Any coupling be-
tween these isofrequency modes will produce frequency splitting and the
resulting possibility of confusion of mode identification or of improperly
assigned frequency values for material-constant determination. Designs of
doubly rotated resonators operating on higher overtones must avoid these
frequency coincidences at all temperatures of interest over the expected
lifetime of the resonator. For fundamental-mode frequency separations as
large as those in the quartz SC-cut resonator, this frequency coincidence
only occurs for very high-order harmonics and can be ignored. Other cuts
may not be free of this effect.

Figure 2.1-2 shows how the capacitance ratio (r = Co/C,) of the A, B,
and C modes depends on the orientation angle ¢ of a doubly rotated quartz
resonator. The value of r is related to the activity and excitation strength of a
given mode, so that Figure 2.1-2 illustrates a basic problem in doubly rotated
resonators, that is, the three modes are all excited and can have the same
excitation strengths for some orientations. Since the frequencies of the three
modes are not much different, this multiple excitation can cause serious
problems in filter and oscillator applications.

The frequency separations and temperature coeflicients of the A, B, and C
modes depend on the crystallographic angle of the plate (Ballato, 1977).
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FIG. 2.1-2 Capacitance ratios for resonators using doubly rotated quartz cuts along the
AT -SC locus.

For doubly rotated quartz resonators these relationships have been used to
determine the orientation of the crystal plate (Miller, 1979; Warner 1981).
Since the three modes have very different temperature coefficients of fre-
quency, one mode can be used to sense the crystal temperature and provide
a mechanism for temperature control while the other mode controls the
frequency of a crystal oscillator (Kusters and Leach, 1978).

Although no real resonator can have a pure thickness mode becaus'e of
coupling to contour modes at the plate edges, thin plates with large width
and length have modes with frequencies nearly equal to the thickness—mode
frequencies. The relative simplicity of the thickness-mode theory makes its
use attractive for developing a basic understanding of this mode of the simple
thickness resonator. The dependence of resonator frequency on electrode
mass and stiffness, on plate material and thickness, and on temperature
can be understood in terms of the simple thickness model. However, the
existence of other modes and the mode shape itself (and therefore mode
inductance) cannot be understood accurately in terms of the simple thickness
model.
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2.1.6.2 THICKNESS MODES IN A PLATE WITH
INFINITE LENGTH AND WIDTH AND WITH
ELECTRIC FIELD PERPENDICULAR TO THE
THICKNESS DIRECTION (LATERAL
EXCITATION)

If the plate thickness is along the x, direction of the crystal, then the in-
finite length and width imply that the derivative of all parameters with respect
to x; and x, are zero. If the electric field is along x; and the x; surfaces of
the plate are stress free and electrically open circuited (viz., unelectroded),
then the three surface stresses, T3, T, and T5, and the electrical displacement
Dj are zero. Strictly considered, the existence of an electric field component
E, and the infinite dimension along x, can only be consistent if the applied
voltage is infinite. This troublesome singularity is removed by making the
plate dimension large enough along x; to reduce the variation in elastic
parameters along x, to zero but small enough along x, to allow the desired
electric field E, with a finite applied voltage. Then the constitutive relations
(Ballato, 1972b) become

E -

TJj = Cajpally 3 + €35, 3 — (’13/51~ (2.1-54)
-, S S -

Dy = ey 5 — £330 3 + &3, By (2.1-55)

wherej =12 3and k = 1,2, 3.
For this one-dimensional case, integration of Eq. (2.1-6) leads to the equa-
tion for the potential as

Q= @y3u + a3y + ax, + by, (2.1-56)
where
€33 = €313/t33. (2.1-57)

The definition of E, as — ¢, and the fact that u,, is independent of x, leads
to a value for u; of

a, = —E,. (2.1-58)

Substituting Eq. (2.1-56) into Eq. (2.1-55), with the condition that D; =0,
leads to a value for a, of

ay =5, E,, (2.1-59)
where

B = e31/63;. (2.1-60)

N
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These equations can be combined to give a set of reduced constitutive
relations for this case as follows:

Iy = Gy — €5,E), (2.1-61)
D, = ety 1 + & EyL (2.1-62)
wherce
Caps = "gﬂ\} + (€33;€343); (2.1-63)
Ciai = €y — 31€3k)0 (2.1-64)
iy = &), — (B3,675). (2.1-65)

The expressions for Ty; and D, are substituted into the differential equations
listed on p. 53 to give the Christoffel equations as

[Cajns — 8,8 = 0. (2.1-66)

Equation (2.1-66) can be solved for three ¢ and nine g’ (k = 1, 2,3 for
each of the three ). The values ¢ are the eigenvalues of the E?’“ matrix.
Since f3" arc the components of the cigenvectors of the ¢ ;3 matrix, tljey are
orthogonal in both i and k (Hadley. 1961). This double orthogonality can
be expressed as

BUBY = 0,0 . (2.1-67)
If the " arc also normalized,
OB =1, (2.1-68)

then the clastic stresses and displacements and the piezoelectric constants
may be transformed to normal coordinates (Ballato, 1972a.b: Ballato et ul.,
1974) as follows.

TS = pOTy,. (2.1-69)
U = i, (2.1-70)
f’(;’s),‘ = fleys;. (2.1-71)

The inverses of these three equations can be used to express the constitutive
rclations [Egs. (2.1-61) and (2.1-62)], the differential equations, and the
boundary conditions in terms of the normal coordinates as

T = %) — OE,, (2.1-72)
Dy = %ul®) + & Ey, @1-73)
TO = — po’ul®, (2.1-74)
D, =0 (2.1-75)

J—,
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everywhere, and

TP = (2.1-76)
at x3 = +h. A solution to Egs. (2.1-72)-(2.1-76) is
é‘loj)iEl
© — Efkg“dh"" 2.1-77)
The electrical current is
h
I, :_i(u(2w)f Dy dx,. (2.1-78)
—h
Using V; = (2DE,, the electrical admittance (1,/V}) becomes
~ 3o T
Y1 = joColl + > k<1>27__ , (2.1-79)
= K{h
where
Co = 212w)(2M)/2D). (2.1-80)
2h being the plate thickness, 2w the plate width, and 2/ the plate length, and
poe _ e (2.1-81)
&pyct?

with no sum over i. The use of the normal coordinates greatly simplifies the
process of obtaining Eq. (2.1-79).

2.1.6.3 TORSIONAL MODES IN PLATES AND BARS

If the infinite-plate modes are used to develop a picture of the unwanted
modes in bars and plates with finite widths or lengths, then a very important
class of modes can be easily overlooked. Torsional modes do not appear
naturally in infinite rectangular plates and therefore cannot arise when
combinations of infinite-plate modes are used to represent modes in reson-
ators with finite lateral dimensions. The use of modes in bars with circular
cross-sections for the reference modes allows torsions to arise naturally in
the theory, but this approach does not appear to have been discussed in the
easily accessible literature.

Torsions are usually very weak in large-area plates but often become a
significant problem in bars. It is therefore important to be able to estimate
the frequency and activity of torsional modes in bars with various cross
sections to understand the torsional unwanted modes in resonators. In
some cases the torsional mode itself has interesting properties, and a useful
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FIG. 2.1-3 Method for plating a quartz crystal to excite a torsional mode.

torsional resonator can be designed (Mason, 1950; Pozdnyakov, 1970, 1971;
Hermann, 1977; Sedlacek, 1977; Paul and Sarma, 1978; Dinger, 1982).
For example, the VP torsional-mode resonator is reportec_i to have better
properties than flexural- or extensional-mode resonators in the same fre-
quency range (Pozdnyakov and Vasin, 1969). .

In this section approximate expressions for the frequency of to.rs1onal-
mode resonators with circular, elliptical, and rectangular cross-sections are
discussed briefly. These frequency expressions (Cady, 1946) have been re-
defined in terms of the variable names used elsewhere in this chapter. .In
general, torsional-mode frequencies are similar to flexural-mode freguenmes
for the same structure and geometry (Cady, 1946). Since the torsions and
flexures have similar asymmetries, they are often coupled.

Torsional modes can be excited by the same kind of asymmetrical electrode
arrangements that excite flexural modes (Cady, 1946). Figure 2.1-3 shows a
possible electrode configuration for a quartz cylinder with its leng.th a.long the
x axis (Mason, 1950). These electrodes excite the shear twist, which is neces-
sary to excite the torsion. For the following list the length (21) of the resonator
1s along the x5 direction of the rotated crystal axes.

(1) Circular-cross-section torsional-mode resonators. The torsional-mode

frequency is
w2 (2.1-82)
o3 2D\ p(s44 + Ss5)
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where n is the overtone or harmonic number. In this case the frequency does
not depend on the radius of the cylinder. Consequently, Eq. (2.1-82) should
be a good approximation of the frequency of a bar with a square or nearly
square cross section.

(2)  Elliptical-cross section torsional-mode resonators. The torsional-mode
frequency is

n 4
2020V pL@w) + ChPILsas/2w) F 555/
The dimension is 2w along x, and 2h along x,. Equation (2.1-83) can be

used to estimate the torsional frequency of a rectangular-cross-section
resonator.

I8

(2.1-83)

(3)  Rectangular-cross-section torsional-mode resonators. The frequency
for the general case has not been written in closed form. For Sq5 = 0,

£ M\\/ 2 (2.1-84)
T T 0020 /2wy + 2\ P(sas + S55) '

where

F=1-0630hw for hpw<1

and s 4 = s55.

2.1.7 Contour Modes in Thin Plates and in Thin and Narrow Bars

Plate contour resonators have resonance frequencies determined primarily
by a plate width or length. The resonance frequency is nearly independent
of plate thickness. Although plate extensional and flexural contour resonators
can be designed, most practical plate contour resonators use the face-shear
mode and are called CT and DT resonators. A special case of contour re-
sonator is the bar resonator. In this case the mode type is usually
extensional (E mode) or flexural (F mode). The flexure-mode bars require
special electrode configurations for electrical excitation because the motion
and electric fields are antisymmetric through the thickness of the bar. The
resonance frequency of extensional and flexural bars depends only slightly
on the bar thickness. In the usual plate and bar contour resonator, the plate
crystallographic angle, plate dimensions, and mounting structure are
designed to control the unwanted mode spectrum of the completed resonator.
Thickness modes are not usually a problem because of their high frequency,
but other extensional, flexural, and face-shear modes can be excited in all
three types. Consequently, design procedures for high-quality resonators
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require considerable experience. In the next few subsections of this chapter
the derivation of expressions for electrical admittance or impedance for
several types of contour-mode resonators are discussed briefly.

2.1.7.1 EXTENSIONAL-BAR MODE IN A THIN,
NARROW BAR WITH ELECTRIC FIELD
PARALLEL TO THE BAR LENGTH

In the case of the extensional-bar mode in a thin, narrow bar with the
clectric field paralell to the bar length [discussed by Berlincourt et al.,
(1964 and IEEE (1978)], all elastic stresses on the lateral surfaces of a thin
narrow bar are assumed equal to zero. The two electric-displacement
components through the lateral surfaces are also assumed equal to zero.
For this case, it is convenient to transform the constitutive equations listed
on p. 53 into a different set, and it is convenient to use the matrix formulation
of the constitutive equations (Bond, 1943; Nye 1960) as

T = ¢ES — ¢'E, (2.1-85)
D = eS + &E. (2.1-86)

In these equations all quantities are represented by matrices of the appro-
priate sizes. Equations (2.1-85) and (2.1-86) may be rearranged by standard
matrix operations and put into the form

S = sPT+ ¢'D, (2.1-87)
E= —gT+ D, (2.1-88)
where
B = (5!, (2.1-89)
P = cF 4 efe, (2.1-90)
2 = (P, (2.1-91)
h = fe, (2.1-92)
g = hs?, (2.1-93)
B = 5 — hsPh. (21-94)

Here h' and ¢' are the transposes (Hadley, 1961) of the h and g matrices.
Equations (2.1-87) and (2.1-88) are the matrix expressions for the tensor
expressions in Egs. (2.1-10) and (2.1-11). The bar length is along the x,
direction. The elastic stresses T, T,, Ty, Ts, and T; and the electric displace-
ments D, and D, are small (zero) everywhere. The exciting electric field
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E.3 is alpng the bar length. With these assumptions the solution waves (one-
dimensional but not plane) travel along the bar with a velocity

§ = 1/psS. (2.1:95)

The boundary conditions T3(x3 = +1) =0 and the independence of

D from x; (since Dy 5 = 0)lead to an expression for the elastic displacement
as

_ﬁ{/ssti N
U570 cos k1S R, (2.1-96)
where
ky = wy/ps?, (2.1-97)

and [ i§ one-half. the length of the bar. The bar is 2w wide and 2h thick. The
following equations lead to an expression for the electrical impedance of
the crystal resonator:

Sy = 5T, + g3, D;, (2.1-98)
Ty = (1/s3,)8, — (933/555)Dy5, (2.1-99)
Ey= —gy3 T, + ﬂgéDss (2.1-100)
Ey = —(933/535)S5 + B3:D;. (2.1-101)
B3z = B33 + g3a/s2s, (2.1-102)
{
V= f_lE3 dxy, (2.1-103)
I = jo(2w)(2h)D,, (2.1-104)
D
S, = . 9335
3= Uz 3 cos kil COs k3 X3, (2.1-105)
ky = w/vh, (2.1-106)
93z : s (2h
V=22 —uy ydx; + 50— -
s5, ), 3345+ f5s JoQw)(2h)' (2.1-107)
_ —d33 . 20
V= - Lus(D) — us(=D] + BS, 1 — 7 _ -
30 (=01 + f3 JoQ2w)(2hY (2.1-108)

I g3, tank,l
Z— |y _ Y3 tank,l ]
JoC, [ s B, k! } (2.1-109)
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where
(2w)(2h)
= 2.1-110
is the clamped or high-frequency capacitance of the resonator.
The crystal impedance in Eq. (2.1-109) may also be written as
) I g3 tan k!
Z = -1 S = —— ) L, 2.1-111
jorC, [ T, Kl ( )
where
2w )2
| 22k (2.1-112)

ST @npt,

is the free or low-frequency capacitance of the resonator.

2.1.72 EXTENSIONAL-BAR MODE IN A THIN,
NARROW BAR WITH ELECTRIC FIELD
PERPENDICULAR TO BAR LENGTH

The case of the extensional-bar mode in a thin narrow bar with the electric
field perpendicular to the bar length [discussed by Mason (1948, 1950),
Berlincourt er al., (1964), and 1EEE (1978)] has considerable technological
importance. The E-element extensional-mode resonator is of this type.

The elastic stress conditions are the same as those for the bar with longi-
tudinal electric field discussed in Section 2.1.7.1. The bar is 2/ long, 2w wide,
and 2h thick. The different clectrical conditions change the frequency equa-
tion significantly. If the bar length is along x; and the electric field is along
X, . then the process described in detail in Section 2.1.7.1 gives the electrical
admittance (I/V) as

o d3y \/tan k;!
Y = jn( f[l + (5‘?;85;)( Py l)} (2.1-113)
where R
ky = my/psks (2.1-114)
and
L @weh (2.1-115)
(2h)

is the free or low-frequency capacitance of the crystal resonator. The electrical
admittance may also be expressed as

A k3y \tan k,!
V= o1 e [ K )anksl 21-116
J 0[ +(I*k§3 Ll | ( )
where
02, = ,{,’igf, (2.1-117)

T S et
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and
QCw)2l) I,
= A 21-
o k) - k2L (2.1-118)
is the clamped or high-frequency capacitance of the crystal resonator.

2.1.7.3 FACE-SHEAR MODES IN THIN, WIDE, LONG
PLATES WITH ELECTRIC FIELD
PERPENDICULAR TO PLATE SURFACE

A detailed analysis of the case of face-shear modes in thin, wide, long plates
with the electric field perpendicular to the plate surface [presented by Mason
(1950)] forms the basis for the following discussion. The plate normal is
along the x; direction, the width is along x,, and the length is along x,.

Appropriate boundary conditions for the thin plate are
L=T,=T,=0 (2.1-119)

everywhere. To derive the proper constants for this case, it is convenient to
define a reduced set of constitutive equations as

S; = sET, + dy, Es, (2.1-120)
Dy =dy, T, + ¢}, E;, (2.1-121)

where i = 1,2, 6 and i = 1, 2, 6. These equations can be written in matrix

form as
SP = s"PTP + d™E,, (2.1-122)

Dy = d°T® + ¢, E,. (2.1-123)

These equations are not in standard form because some of the stress terms
are missing. This nonstandard form is emphasized by using the superscript
p (for plate) on S, T, s*, and d. The following matrix process will give expres-
sions for the thin-plate material constants.

F=(s), (2.1-124)
e = dMc¢F, (2.1-125)
653 = o33 — €d”, (2.1-126)
T = 5§ — ¢E,, (2.1-127)
Dy = &S + £5E,. (2.1-128)

Equations (2.1-127) and (2.1-128) are the constitutive equations for the thin
plate. The zero stresses everywhere in the plate (the surface stresses are
zero and the plate is thin) have been incorporated into the elastic, piezo-
electric, and dielectric constants in these equations. The three nonzero

stresses( T, T. and T Vin the nlate indicata that tha fannodhmne 7T\ S oaneeaslald
Vs 2, 8RB I In INe plate mngicaie iaat in Caallonlui \ 16y i5 COUPICQ
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to the two extensions in the x, (7}) and x, (T,) directions. 'Fhe cﬁspe;rsmn
relation [the relation between k., k,, and w so that waves travelling in the
X, -X, plane (normal to x3) are solutions] has the following form:
[kie,, + kk, 20,4 + ke — p]
X [hicee + K ky2050 + k3¢y — pw?]
= [k%('lh + kikylegy + coe) + k%"s()]z’ (2.1-129)

where k, and k, are wavenumbers in the plate length and Yvidth directions
and c¢,; is shorthand for ¢;;* as defined in the matrix inverse in Eq. (2.1-124).
Equafion (2.1-129) is fourth-order in k;, k,, and w. For a plate very long in
the x, direction, the variation with x, is removed and k, = 0. Then Eqg.
(2.1-129) becomes

(k3cos — pwNki ey — po?) = (K3¢z6)”. (2.1-130)
Equation (2.1-130) is in the standard form of two resonances couple;:l by
¢6. When ¢, = 0, the two values of k3 are pw?/cee (face shear) and pw /C2a
(plate extension). When ¢, is not zero, the face shear and the extension are

coupled together. ' .
Even in this simplificd case of a very long plate in which the lengt.h effects
are suppressed, the admittance (Mason, 1950) is given by the long, involved

expression
Jo2h2w) |
= o Y
(6333 9(3{(1)3;)(,'66 ——ﬁzﬁ‘}z(‘“ :igé)j (tan »O(W)
* ([32 - 3(2)((‘22 Cep — ('-226)[)(})2 AW
/{2{(02[)('66 — O(Z(('22('66 — C%G)} (tz}n [jw>]
T (B = 2)CaaCe6 — Coe)0P pw
@[ @ = 2z (LA)
T L - Oenaces — A\ aw
(@p — fPern) (tan/@ﬂ
N E/{Z — )22 Ch6 — C%(,)
5265 | [Cos(w’p — dPery)lw’p — flesz) — azﬂzc‘zzciﬁ')
Ty LU ) (Eancen — G0 pea

tan aw  tan fiw Cae tan aw  tan fiw
x [ = ] > +=
ow fw C22C66 — C36 ow fw

(2.1-131)

N s
£33

N
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where -
o= wA/1 + B,
p= u)AN/‘iiir B.
In these expressions for a and f
A= J05p(es; + Coal(C11¢h0 — 30)

and

B = \/H“zz - (‘66)2 + 4"%6]/("22 + (;)1

If ¢, = 0, then the admittance reduces to that for two uncoupled modes,
that is,

Y :JIC‘)CO[I + kD2 M) 4 ko2 t_an;)f(")J. (2.1-132)
X2y X6)
where
_@bhew)

Co =jor- 2k (2.1-133)

X2y = O/ p/eyy (2.1-134)

Xoy = O/ pleeew, (2.1-135)

K22 = (e5;)7 c22653), (2.1-136)

K2 = (e56)* Mco6£53)- (2.1-137)

These constants are defined by the matrix operations expressed in Egs.
(2.1-124) through (2.1-128).

2.1.7.4 FLEXURAL MODES IN THIN, WIDE, LONG
PLATES WITH ELECTRIC FIELD
PERPENDICULAR TO THE PLATE SURFACE
AND PERPENDICULAR TO THE BENDING
AXIS (ONE EDGE CLAMPED)

Since the flexural modes in a plate are antisymmetric in the plate-thickness
direction, they cannot be excited strongly by simple surface electrodes. A
common way of exciting these modes is to use a split crystal or bimorph
arrangement. In the split crystal the two parts have piezoelectric constants
with opposite signs so that the electric field associated with the positive
strain in one part adds to the electric field associated with the negative strain
in the other part,



84 THRYGVE R. MEEKER

A discussion of the detailed analysis of this structure (Mason, 1948)
will illustrate the technique of developing an understanding of the flexural
structure properties. The tlexure analysis is complicated by the necessity
of satisfying both stress and moment boundary conditions at the plate
edges. This complication also appears in the basic differential equation,
which is fourth-order in the elastic displacement. The simple thickness,
extensional, face-shear, and torsional modes are all described by second-
order differential equations with simple stress boundary conditions at the
plate surfaces or bar ends. The fourth-order differential equation and the
stress and moment boundary conditions required for flexure make it difficult
to understand how all five mode types can arise from the same simple ex-
pressions listed on p. 53.

The large lateral dimensions of the plate (nearly infinite in the ideal case
to be discussed here) make all of the lateral strains (S, S,, S,, S5, and Sy)
nearly equal to zero. Only S, is large. The electric field E, and the plate
thickness 2k arc along the x, direction. The plate length (21) is along the x,
direction. The bending axis is along the x, direction. Then, because the
lateral strains are zero, a useful set of constitutive relations is

Ty =038y — hay Dy, (2.1-138)
Ey = —hy38; + p5,D,. (2.1-139)

Matrix cxpressions for the constants in Egs. (2.1-138) and (2.1-139) may be
derived as

/))x — (((:S)* 1’ (2.1'140)
D= F e, (2.1-141)
b= e (2.1-142)

The matrix e' is the transpose of the matrix e (Hadley, 1961). The desired
moment or torque per unit arca (M) is defined as

h
M= (lw)f Tyx, dx,. (2.1-143)
—h

The plate is bent slightly as a result of the lateral end stress and moment and
3.3 = x3/R = S3, (2.1-144)

where R is the radius of curvature of the bent plate. The radius of curvature
is assumed not to depend on position in this analysis. The split plate idea is
expressed as

hys(+x3) = —hyy(—x3). (2.1-145)

~
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Substituting T, [Eq. (2.1-138)] into Eq. (2.1-143), noting that R and D, do
not depend on x,, allows M to be written as

Bl _ Qw2

M = R 4—~1123D2‘ (2.1-146)

where
1, = 2h)*(2w)/12 ) (2.1-147)
is the moment o‘f inertia for the rectangular cross section of the plate (Gray,
1963). Since E, is also independent of x,, integration of Eq. (2.1-139) along
x, leads to an expression for E, as
E; = —hy3(2h)/4R + f5,D,. (2.1-148)
Since

Uy 33 = 1/R, (2.1-149)

M and E, may both be written in terms of Uz 33- Solving Eq. (2.1-148) for

D, and substituting the result into Eq. (2.1-146) gives a second expression
for M as

) 2w)(2h)?
M=2a,1 - (_;7 )

334mlz 33 aps, 2- (2.1-150)
where

%y = A1 — 3k3y) (2.1-151)
and

hz
hys = E";TZ/;;;' (2.1-152)

Bqth the_moment.M and the stress in the x, direction on the section (1Y)
twist a thin x; section of the plate. Equating these two forces and substituting
for I, [Eq. (2.1-147)] in Eq. (2.1-150) gives the equation

e85(2h)?

D Uz 3333- (2.1-153)

T32,3 = -

By the differential equation on p. 53.

Ty 5 = —par’u,, (2.1-154)
so that

Uz 3333 = k*u,, (2.1-155)
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where ,

_ 2pe (2.1-156)
(2h)*¢3,

The boundary conditions for this problem of the plate with one edge clamped

and the other edge simply forced are

4

Uy(xy = 0) = 0, (2.1-157)
Uy 4(x3 = 0) = 0, (2.1-158)
M(xy = 21) = 0, (2.1-159)
Fylxs = 2I) = Fysy = — s 33313 (2.1-160)

A general solution to Eq. (2.1-155) is

u, = A cosh kx, + Bsinh kxy + C cos kx; + D sin kx;.
(2.1-161)

For the boundary conditions in Egs. (2.1-157) through (2.1-160), C = — 4
and D = — B. Differentiating Eq. (2.1-161). substituting for C and D, and
using the definition of voltage as

V = 0.5E,(2h) (2.1-162)

for the split plate gives expressions for voltage V and transverse force
F23,‘th3, :2135

V = A4+ ByB, (2.1-163)
F,y = 4,4 + B, B, (2.1-164)
where
A, = k*(cosh) 2kl + cos 2kI)(B5,C55(2h)*/6), (2.1-165)
B, = k*(sinh 2kl + sin 2k1)(B5,¢5(2w?/6), (2.1-166)
A, = —k3(sinh 2kl — sin 2kD)e35 1. (2.1-167)
B, = —k*(cosh 2kl + cos 2kDé5, 1. (2.1-168)

For this problem the electrical current [ is
21
1::(2w)J' D, dx, (2.1-169)
4]
or

21
Izijw)j D, dx;. (2.1-170)
0
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Substituting for D, gives
j = SPENEDY kha 222w
(2f35, 46,
x [A(sinh 2kl + sin 2kl) + B(cosh 2kl — cos 2kI)]. (2.1-171)
The elastic displacement at x5 = 2] can be obtained from Eq. (2.1-161) as
uyl = A(cosh 2kl — cos 2kl) + B(sinh 2kl — sin 2kl). (2.1-172)

Equations (2.1-163) and (2.1-164) can be solved for the coefficients A and B as

B,V — B,F

A=f;—4§i (2.1-173)
122 — 241
A,V — AF

B:__zhl_zz’l 2.1_
4,B, — A4, B, (2.1-174)

Equations (2.1-171) and (2.1-172) have the general form of the current—
voltage equations for a two-port network. The electrical terminal is charac-
terized by a voltage V and a current I; the mechanical or elastic terminal
Is characterized by a force F,;, and an elastic displacement u,,. An exact
equivalent electrical circuit for this case may be developed from these equa-
tions by the process described in Section 2.1-10. Equations (2.1-171) and
(2.1-172) may also be solved for any desired combination of I, V, F,5,, and
uy,. It is important to keep in mind that the above discussion is only valid
for the edge-clamped plate. Other edge conditions may be considered by
reformulating the solution starting with Eq. (2.1-161). Other sets of boundary
conditions for the plate with both edges free or both edges clamped may be
used in Egs. (2.1-157) through (2.1-160). The analysis proceeds in the same
way; only the details are different.

2.1.7.5 FLEXURAL MODES IN THIN, NARROW BARS
WITH ELECTRIC FIELD PERPENDICULAR TO
THE BAR LENGTH AND PARALLEL TO THE
BENDING AXIS

As in the plate discussed in Section 2.1.7.4, the flexural modes in a bar are
also antisymmetric and cannot be excited strongly by a simple distribution
of surface electrodes. The split crystal or bimorph arrangement can also
be used to excite flexural modes in bars. The small cross-sectional area of
the bar, however, allows the use of antisymmetrical electrode configurations
(using the sides of the bar) to provide a convenient second way of exciting
the flexural modes. Figure 2.1-4 shows a way of arranging the electrodes and
their electrical connections so as to excite the flexure (Mason, 1950; Cady,
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X

FIG. 2.1-4 Method for plating a longitudinal quartz crystal to excite a flexural mode.

1946). In Fig. 2.1-4 the two electrodes are arranged so that the transverse
electric field along one side of the bar is opposite to that along the other side.
By the transverse piezoelectric effect one side of the bar is elongated and the
other side is shrunk. This elongation and shrinking causes the bar to bend
along its length, thereby producing the flexure. Conversely, bending the
bar along its length produces opposite electric fields and currents, which are
added together by the antisymmetric electrode arrangement. The bar
length is along the x; direction. In the very thin and very narrow bar all
of the lateral stresses (T}, Ty, T,. Ts, and Ty) are zero everywhere in the bar.
These conditions may be contrasted with the zero-lateral-strain conditions
for the plate problem discussed in Section 2.1.7.4. The bar thickness 2h,
electric field E |, and electric displacement D, are along the x, direction. The
lateral electric displacements (D, and D) are also zero. In this case a conven-
ient pair of constitutive relations [compare Eqgs. (2.1-138) and (2.1-139)] are

Sy = S?sTs + 913Dy, (2.1-175)
Ey = —g3Ts + p1,D,. (2.1-176)
Equations (2.1-175) and (2.1-176) are equivalent to Egs. (2.1-10) and (2.1-11)
with the appropriate T; and D; set equal to zero, as indicated above. Matrix

expressions for the constants in Eqs. (2.1-175) and (2.1-176) may be derived
from the usually listed constants [c*, ¢*, and e in Eqgs. (2.1-8) and 2.1-9)]as

B = (%1, (2.1-177)
P = 4 e'f, (2.1-178)
h = f, (2.1-179)
s” = ("7, (2.1-180)
g = hsP, (2.1-181)

5T =5 — hg, (2.1-182)
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where ¢' and ¢' are the transposes of the ¢ and ¢ matrices (Hadley, 1961).
Solving Eq. (2.1-175) for T; gives

Ty = (1/533)S5 — (g,3/s55)D,. (2.1-183)
Substituting Eq. (2.1-183) into Eq. (2.1-176) gives
E; = —(g,3/s55)8; + B%.Dy, (2.1-184)

where
ﬁ?l = ﬁlTl - 9%3/513)3-

Equations (2.1-183) and (2.1-184) have the same form as Egs. (2.1-138)
and (2.1-139); only the constant values and the electric-field and electric-
displacement directions are different. Since the elastic-bending axes of the
plate and bar are the same, the analysis follows the same path as Egs.
(2.1-143)~(2.1-174). Consequently, the electric current / for the bar with one
end clamped and the other end simply forced becomes

[ = JOCWICHY | K(g,3/s33)(2h)(2w)
)BT, 4p7,
x [A®(sinh 2kl + sin 2k + BP(cosh 2kl — cos 2k0)].

(2.1-185)

The elastic displacement at x; = 2/ may be written as

uy; = A®(cosh 2kl — cos 2kl) + B¥(sinh 2kl — sin 2kI), (2.1-186)

where
BEV — BF
B 2 123
= S 2.1-187
BEAT _ i 4P (2.1-187)
ABV — APF
BE = 20 T 23 (2.1-188)
B3AT - BYAS
in which
B_ ;2 B h)?

A} = k*(cosh 2k + cos 2k)| EL ) (2.1-189)

533 6

38 (2h)?
B? = k*(sinh 2k! + sin 2kz)[/§#.( 2) ] (2.1-190)

33
A% = —Kk3(sinh 2kl — sin 2k /525, (2.1-191)
B3 = —k3(cosh 2kl + cos 2kD)1, /325, (2.1-192)
$33 = s55/(1 — 3(k55)Y), (2.1-193)
(k1233)2 = 9%3/(513)3 /511;1), (2.1-194)
12 2:D

14 _ 2EPW 533 (2.i-193)

2m*
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Asin the example discussed in Section 2.1.7.4, Egs. (2.1-185) and (2.1-186) may
be solved for various desired relationships among the variables I, V, F,5,,
and u5,. Again it is important to keep in mind that these relations are only
valid for the bar with one end clamped.

2.1.7.6 MODES NOT DISCUSSED IN DETAIL

Although their solutions will all be similar to those discussed in Section
2.1.7.3, detailed discussions of the following problems await careful study
and publication:

(1) face-shear modes in thin, wide, long plates with electric field parallel
to the plate surface;

(2) flexural modes in thin, wide, long plates with electric field parallel
to the plate surface; and

(3) flexural modes in thin, narrow bars with electric field parallel to the
bar length.

2.1.8 Theory for Combined Thickness and Contour Modes

Most theoretical work has been focused on various developments of the
truncated two-dimensional equations for thin elastic plates (Mindlin,
1955, 1961) and for thin piezoelectric plates (Tiersten, 1969a). This approxi-
mation technique is so important that it needs to be discussed here. The
elastic displacement components u; are expanded in a power series in the
plate t hickness coordinate x,. The coefficients of the powers of x, are called
the components of the displacement u'®. After substituting the u; expansions
into the differential equations and boundary conditions, all quantities are
integrated through the plate thickness. The integration removes the thick-
ness direction from the problem and reduces the complex three-dimensional
problem 1o a series of two-dimensional equations. The integrated quantities
are
(2.1-196)

J

h
T = f x5 T dx,
—h

and
S = S+ ul + (1 4 DO 4 Syl )] (2.1-197)

The simplification of this approach is realized when only the first one or
two terms in the expansions are retained. Zeroth-, first-, and second-order
theories have been constructed. At each level of approximation, the relevant
enthal py and energy densities are used to make the theory internally self-con-
sistent. Correction factors modify the elastic, dielectric, and piezoelectric
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f:onsFants to make the results exact for a selected reference system (the
1qﬁnlte plate, for example). A similar approach was worked out for the
piezoelectric plate (Tiersten and Mindlin, 1961: Tiersten, 1969a); the
completf: theory in terms of elastic and electrical nth-order quantities is
summarized in the following lists. These lists are included here only for
completeness and will not be discussed in detail.

The basic general definitions of the elastic, dielectric, and piezoelectric
constants of the theory are as follows:

g
= o) ) _ [yn h
u; Zoxzuj . F ~[x2T2j];h,
ne

g9 h
R n Qo
Sy= 2 x589, " = f x4 dx,,
—h

n=0

g

;= ) x5D\,

n=0

h
Ti—,"—’:f x4 Ty dx,.
—h

)
It

h
EM = f XY E, dx,.
~h

The assumptions for the second-order theory are
uf =D =0 forn > 2

and

T = BP = BQ = TO = T = T9 = i) = i = ou? = ousp
= dp? =0,
The plate constants used in the second order theory are as follows:

Cha = Cpg — (ch2ck,/c5)),
e;q = €pg — (epZ CqEz/ng),
Fl)l; = %F'isi + (&2 e_,‘z/ng),
Trs = Cpp = (chych/cE),
Vi, = ¢, — (eivcf;v/cfw)’

— oS !
Cij - eij + (eit>ejw/c£w)z

k% . Xk

Cpg = XpX§Chy» no sum,
*k

€y = Xgeiq, no sum,

a = cos? (pn/2),
B = cos’(qm/2).
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The following are the potentials, fields, constitutive relations, differential
cquations, and boundary conditions used in the second order theory.

(1) Potentials
(a) Elastic displacement: u{”, uf"
(b) Electric potentials: ¢'?, o), @ @)
(2) Fields
(a) Elastic strain
S = 3D + ufD + 0pul” + yu)
St = Sty + !l
(b) Electric fields
E(im = _(/’(10.') - 52:'(1)(0,

EY = — ol + 0,0 — @)
ES) = 200 — 2@

(3) Constitutive equations
T4 = ) + 0,04") + effolf’ + 350
Ty = %]13}Yuhcdlli'}<)l — Y200 + l/’iab‘/’fil) + Yo ®V
DI = 3867} + 0214") — (R0 — (R 1o 00 = (§h)eip @
DY = Yiptih + G0 — G0 — G @Y
D(zz) = (%hs)(hZIIZk CPfI?} + 6¢,, (Pm - 2;12522‘1’(0))

& = 48k — 156,

12

(4) Differential equations
2’“'?}5(“1% + Oty + eftt‘ﬂ‘,i‘)i) + FEO) + efi’f‘cb(,?) = 2Qhﬁ(jo'
%hs?'abcd“i»}.)ia - 2]7"%:5(1(”}\'(.); + Oyuf') — eﬁkzﬂt;(l’f?)
+ Vi@l = 5200'D) + Fi — 35,0 + 4, @) = ok’
%hB‘//zkz“;(” + %hSE?‘kT(u;«?}i + 521(1‘;,11‘)) - %hZS?}w,‘ﬁ’
—Cz,'(@f_,}) - 52,“/’(0)) - %ng(P(J}] - (hz/lz)ﬁfzq)fio) - szq)(l) =0
%’73‘/&@“2%.‘ - Cij((p,(ili' - 52,‘(1’(,?') + %f?zkﬁofg) + (15/h2)522 oM
— 565, DV — {00 = 0.
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(5) Boundary conditions

(a) Initial values: 1, u", @', u{® ;'

(b) Edge conditions are one member of each:
() Tou”, ToDul®, T, T ull, Tiy
(i) @' HipiH

(c) Interior conditions are one member of cach:
(l) 1;(20)u(20)~ FLO)“;()]’ F;]O]“}]()), FLI)“;! |7 F(ﬁl)“;JU
(1)) ®DY + WD), O'VDY) where
D‘zm + th(zz) = %[Dz(h) + Dz(—h)]
and
D(z” = (‘%h)[Dz(h) — Dy(—h)]

Although this theory seems to have increased the number of parameters,
the solutions to the equations are tractable and often soluble in closed form.

Developments of the thin-plate approximation include a theory for
extension (E), face shear (FS), flexure (F), thickness shear (TS), and thick-
ness twist (TT) in each of two directions for both plates (Mindlin and Spencer,
1967) and bars (Lee, 1971a,b). Although these particular theories report
the use of a power series expansion of elastic displacement through the
plate or bar thickness, trigonometric and other orthogonal polynomial
expansions have also been reported (Mindlin, 1956: Syngellakis and Lee,
1976). The trigonometric theory has not been widely used yet because it is
somewhat more complicated than the power series. However, the trigono-
metric series may give a more accurate approximation for some problems
because the assumed basis functions more nearly resemble what intuition
suggests are the correct solutions to the differential equations and boundary
conditions.

An important aspect of these theoretical developments is an emphasis
on the dispersion relations for the system being studied. These relations
give the dependence of lateral wave number (or propagation velocity) on
frequency so that waves are solutions to the appropriate differential equa-
tions. Energy-trapped resonators and the related monolithic crystal filters
can be understood in terms of these simple dispersion relations. In fact,
since the wave number is a reciprocal wavelength, a simple wave-number
substitution can convert the dispersion relations into approximate frequency
equations (Meeker, 1977, 1979a). This development makes it easy to see
how the very complex unwanted mode spectrum of thin plates and bars
can arise from a theory containing only five basic mode types. Of course, it is
necessary to satisfly the boundary conditions to obtain a more accurate un-
derstanding of these modes. Nevertheless, the simple wave-number model
has important application in solving problems such as mode identification.
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In all of these problems it is customary to include a consideration of the
anisotropy of the system. It has proved very useful to rotate the coordinate
axes of the plate away from the natural crystal axes. This rotation produces
resonances with new dependences of frequency on various conditions
external to the resonator. For many years the AT, BT, DT, GT, and CT
crystal resonators have provided useful dependences of frequency, impedance,
or unwanted mode spectra on temperature. The E and F modes have de-
sireable properties for low-frequency applications. The dispersion relation
for the F mode shows that the frequency approaches zero with zero slope
so that the F mode has the lowest frequency of all the modes for the same bar
or plate dimensions. In fact, the zero slope of the dispersion relation suggests
that F-mode resonators could be designed to have almost zero frequency
with realizable dimensions. F mode tuning forks have been popular resona-
tors for low-frequency applications such as wrist watches. Some properties
of these modes will be discussed in Section 2.2 of this chapter.

Figure 2.1-5 shows the dispersion relations for the five modes propagating
along the x; or electric axis of the AT-cut quartz plate when x, is the direc-
tion of the plate normal. Figure 2.1-6 shows the dispersion relations for
propagation along x;. Figure 2.1-7 shows the displacement components
associated with each of the five mode types in each direction. It is important
to realize that these sets of dispersion relations are qualitatively the same
for a plate of any material. whether piezoelectric or not. In fact, Figs. 2.1-5

1.5 /

Ty

e a

V4

05 o] 0.5 1.0 1.5

k; Ly
FIG. 2.1-5 Five-mode dispersion relations for x; propagation in a rotated Y-cut quartz
plate, where i = u, e/~ krxDp—kiv
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FIG. 2.1-6 Five-mode dispersion relation for X3 propagation in a rotated Y-cut quartz
plate, where u = uge/@ =k —kixs,

and 2.1-6 depict the dispersion curves for quartz with the small piezoelectric
effect ignored. Quantitative details are likely to be important, but the main
features of the mode spectrum will not depend very much on the exact
values of the constants.

The thickness-shear and thickness-twist modes will always have cutoff
frequencies that will separate frequencies with real lateral wave number
from frequencies with imaginary lateral wave number. Flexure, face shear,
and extension will always have zero wave number at zero frequency. The
flexural wave number will always approach zero at zero frequency with
zero slope. Boundary conditions on the ends of a bar or plate vibrating in
flexure are more complicated than those for face shear or extension because
an elastic moment or twist is involved. Corrections for the contribution of
the moment may be applied to the wave-number model for low orders. The
effect of neglecting the moment is likely to be small for higher-order flexural
modes. For these reasons Figs. 2.1-5 and 2.1-6 are powerful tools in the de-
velopment of a coordinated understanding of the resonance modes of a
plate. Figure 2.1-8 shows the dispersion relations for a thin bar (—5° X-Cut
quartz), and Figure 2.1-9 shows the displacement components associated
with each of the mode types. The similarity of Fig. 2.1-8 to Figs. 2.1-5 and
2.1-6 also shows the general power of the dispersion relations.

Figure 2.1-10 shows the dispersion relation for a plate with length L along
the x direction. The plate has an infinite width along the direction perpendic-
ular to the x direction, and the major surfaces are fully electroded. This
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FIG. 2.1-7 Flastic displacement for five modes propagating along the x, and X5 directions
i 4 rotated Y-cut quartz plate.

dispersion relation represents the relationship between frequency and the
complex lateral-propagation constant or wave number (k, + jk;} so that
waves are solutions to the differential cquations. Only propagation in one
lateral direction is considered here to simplify the discussion. In an actual
resonator, both lateral-propagation constants must be considered, and the
result is considerably more complicated (Tiersten, 1975d, 1976b). The next
few paragraphs explain the significance of o, and o in Figure 2.1-10. The
usc of only one lateral wave number means that the plate dimension in the
other lateral direction is very large or infinite, so that the corresponding
wave number s zero. When the wave number being considered is also zero,
both lateral wave numbers are zero, and the plate is infinitely extended in
both lateral directions. The frequency ), for this case is therefore the ordinary
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FIG. 2.1-8 Dispersion relations for five modes in a —5° X-cut quartz bar. WDS is width
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FIG. 2.1-9 Elastic displacements for five modes in a —5° X-cut quartz bar.
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FIG. 2.1-10 Dispersion relation for elastic plate, where u = u,, exp(jwr — jk x — k. x).
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L

infinite-plate frequency discussed in previous sections of this chapter. For
any finite length, the edge boundary conditions are satisfied approximately
at those frequencies for which the length is an integral number of half-
lateral wavelengths. Since the frequency has a nearly parabolic dependence
on wave number and is concave upward with positive curvature, a series
of resonance frequencies (called inharmonics) occur above the infinite
plate frequency. Each of these frequencies is characterized by the number
of half-lateral wavelengths along the length direction. In Fig. 2.1-10 the
three lowest inharmonic frequencies are labelled w!*, @!?, and &, corre-
sponding to 1, 2, and 3 half-lateral wavelengths, respectively. The infinite-
plate-thickness frequency is not observed because the infinite-plate-thick-
ness mode does not satisfy the edge boundary conditions. Because the
dispersion relation has zero slope at k = 0, the length fundamental mode
is only slightly higher than the infinite-plate frequency. Since the lateral-
propagation constant is a reciprocal wavelength, the integral number of
half-lateral wavelength condition may be expressed as

L = md,/2, (2.1-198)
k,, == 2n/A, = mn/L. (2.1-199)

m

The discussion above applies to each of the thickness branches, which are
defined for different integral numbers of half-thickness wavelengths in the
thickness direction. The resonance frequency depends on two numbers:
One number significs the approximate number of half-thickness wavelengths
along the thickness direction, and the other number signifies the number of
half-lateral wavelengths along the length direction. Frequencies for actual
resonators depend on three numbers: thickness, length, and width.
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FIG. 2.1-11 Inharmonic length modes and thickness overtones.

In Fig. 2.1-11 the fundamental-length-thickness overtone frequencies
are labelled with squares, and the inharmonic-length fundamental-thickness
frequencies are labelled with circles. The value Q is a normalized frequency,
often normalized to the value Q = 1 for the lowest infinite-plate frequency.
Charge cancellation in both directions reduces the activity of those modes
that have antisymmetric displacements in either direction, at least as far
as direct electrical excitation is concerned. Fringing electrical fields and
elastic-mode coupling at plate edges may excite some other modes strongly.
The inharmonic modes are relatively strongly excited and posc a signifi-
cant design problem for filter crystals that need to be free of spurious trans-
mission over a relatively wide band of frequencies. Frequency coincidences
between overtone and inharmonic modes may add to the problem of
spurious-mode suppression (flexure, face shear, and extension) in thickness-
mode crystal resonators for narrow-band oscillator applications, especially
if operation over a wide temperature range is desired.

Energy-trapped resonator designs that offer higher quality factor and re-
duced spurious transmission or excitation arose from some empirical
observations (Bechmann, 1939) and some application of electromagnetic
waveguide theory of modes with cut-off frequencies (Mortley, 1957; Shockley
et al., 1963, 1967). This work suggested that proper conditions for energy-
trapping a single mode could produce resonators with considerably better
quality factor and spurious-mode rejection (Curran and Koneval, 1964,
1965; Lukaszek, 1965). A theoretical derivation for the plate 2h thick along
x, with a strip electrode 2w wide along x and with an infinite length along
x, gives the following relation (Shockley et al., 1967):

2w/2h < [M(g)m]/T/A, (2.1-200)
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where A = (i, — w,).o, (v, being the resonance frequency of the un-
electroded part of the plate and w, the resonance frequency of the electroded
or active part of the plate), n is the thickness overtone number, and M(q) is
a different constant for each lateral mode with a different number g of half-
wavelengths along the x; length direction. For the length along the x;
direction of an AT-cut quartz plate, the first six values of M(q) are

M(1) = 141, M(2) = 2.83, M(3) = 4.24, M(4) = 5.66, M(5) = 7.07
and
M(6) = 8.48.

Equation (2.1-200) is the condition for suppressing only modes with
lateral wave number ¢ or higher. To trap only the lowest-order mode, M(2)
is used in Equation (2.1-200), so that

2w/2h < (2.83/m)/ 1/A (2.1-201)

is the proper condition for electrode length along the x5 direction of the
AT quartz plate. Other references (Shockley et al., 1967) give M = 2.17 for
the same x, direction of the AT plate. A third reference for the same case
(Mindlin, 1965. 1967) gives

M = 2¢ssCoq — (6)Cqq (2.1-202)

for a plate with the same symmetry as the AT quartz plate. This expression
gives the value M = 2.17 mentioned above for the xj;-propagating AT
quartz plate. Since the energy-trapped theory (Mindlin, 1967; Shockley
et al., 1967) is cast in terms of frequency lowering or plateback in the active
resonator region, both mass loading and electrical conditions can be im-
portant. A contoured plate may also be considered as a plate with two
regions, cach with a different frequency. Figure 2.1-12 depicts a mass-
loaded or thickness-contoured plate with the frequency difference and active
resonator dimensions arranged to trap only the fundamental-inharmonic
length mode (the thickness branch is not specified in this figure). Since the
second-inharmonic mode as shown is charge-cancelled because of symmetry,
the condition on the length could also be set so that the third-inharmonic
frequency has a value just above the plate frequency. The condition shown
results in a more conservative design. (The value Qis a normalized frequency.)
In quartz with low electromechanical coupling, the mass effects seem to
dominate. In materials with high electromechanical coupling, the electrical
effects may dominate, and it may be difficult to provide the proper conditions
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FIG. 2.1-12 Mass loading and thickness contouring --energy trapping.

with mass loading alone. Figure 2.1-13 depicts a plate with a high electro-
mechanical coupling in which the frequency difference between the two
regions is caused by the different electrical conditions (nearly open-circuited
and nearly short-circuited) in the two regions. In this figure the electrode
length has been improperly selected (too large), and the first three inhar-
monics are trapped. In such a resonator design, no ordinary mass-loading
conditions will provide an optimized resonator. Mass-loading the open-
circuited region would lower the frequency of the upper curve and produce
less inharmonic trapping. (The value Q is a normalized frequency.)

When the electrode thickness of a partially electroded quartz resonator
is increased, the quality factor and the spurious rejection increase. At a
critical value of frequency lowering that depends on the dimensions of the

Q

OPEN CIRCUIT
SHORT CIRCUIT

ki
FtG. 2.1-13 Electrical conditions -energy trapping.
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electrode, the quality factor begins to decrease, and the inharmonic spurious
level increases (Lukaszek, 1965). The energy-trapped resonator allows
plateback compensation for larger electrodes, and lower impedance, high-
quality resonators are possible.

A monolithic crystal filter can be realized by putting more than one reson-
ator on the same plate. The coupling between pairs of electroded regions
can be controlled by the relative thickness of the electrode and plate and by
the separation between the two electroded regions. Practical monolithic
two- and multiresonator crystal filters have been reported (Sykes et al.,
1967 Spencer, 1972).

In all piezoelectric resonators, some of the elastic modes of vibration
may not be driven or detected electrically because the electrode integrates
the surface charge assoctated with that mode to zero. Consequently, modes
with even-order elastic-displacement distributions in any direction (width,
length, thickness) cannot be excited strongly. In practice, various nonideal
effects cause these modes to be weakly excited, and they add to the mode
spectrum of a real resonator. Under some conditions a mode not directly
excited electrically couples elastically to a directly excited mode. This
coupling may occur in the bulk material via the differential equation govern-
ing the motion or at the plate surfaces or edges via the boundary conditions.
Since the frequency of the coupled mode may depend on temperature,
electrode location or size or shape, or plate size, suppression of these un-
wanted modes often poses a challenging design problem for a particular
resonator.

2.1.9 Electrical Effects in Piezoelectric Resonators

The most significant electrical effects in a piezoelectric resonator are the
impedance level, the separation of resonance and antiresonance frequencies,
and the quality factor. The impedance level is controlled principally by the
electrode area and the dielectric constant. The impedance level depends on
the active vibrating volume, which depends on the plate curvature and
electrode thickness. The separation of resonance and antiresonance fre-
quencies is controlled by the piezoelectric constant, the dielectric constant,
and the clastic stiffness of the resonator material. The quality factor is con-
trolled by dissipation in the resonator material, by the condition of the
resonator surfaces, and by the location and type of electrical and mechanical

lead attachments.
The electrical behavior of a piezoelectric resonator may be understood

either directly in terms of the physical definitions of surface forces, particle
velocities, electrical voltage, and current or in terms of various equivalent
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electr%cal circuits (Meeker, 1972). Equivalent electrical circuits for piezo-
electric resonators are discussed in the next section.

2.1.10 Equivalent Electrical Circuits for Piezoelectric Resonators

In this section simple equivalent electrical circuits for crystal resonators
are discussed. Equivalent electrical circuits for practical packaged resonators
must include stray capacitances and stray inductances associated with the
package and electrical leads. The more complicated equivalent circuit of a
packaged crystal resonator is discussed in Chapter 7 of Volume 2.

Equivalent circuits are exact circuit representations of the crystal resonator
if they have identical impedance, admittance, and transfer properties. Exact
equivalent circuits for crystal resonators usually have elements that are not
ordinary frequency-independent inductors, capacitors, and resistors. A
particular equivalent circuit is generally useful only if it is cast in a form that
is consistent with previous experience or if it otherwise leads to some new
insight into the properties of the crystal resonator it represents. Approximate
equivalent circuits are used to simplify the understanding of the resonator
or to allow the crystal properties to be used in various circuit analysis
techniques. Although new equivalent circuits are proposed from time to
time, the lumped-element circuit (Butterworth, 1914: Cady, 1922; Van Dyke,
1925, 1928; Dye, 1926) is still used most often and is shown in Fig. 2.1-14.
The most used exact equivalent electrical circuit for a simple thickness
mode (Mason, 1948, 1950; Kossof, 1966; Meeker, 1972) is shown in Fig.
2.1-15. A useful description of the process of deriving an exact electrical
equivalent circuit was given by Berlincourt et al., (1964). This derivation
process may be summarized in the following way. First, the relationships
between the elastic forces and velocities and the electrical displacements
and potentials at the surfaces of the resonator are derived from the differential
and constitutive equations as illustrated in the previous sections of this
chapter. Then, a desired form for the equivalent electrical circuit is specified,
and the circuit equations (nodal or mesh) are formulated. The coefficients
in these two sets of equations are set equal to establish the equivalency. The

o
£
Co — C
R4
O

FIG. 2.1-14 Simple equivalent electrical circuit of the single-mode piezoelectric resonator.
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FIG. 2.1-15 Exact equivalent electrical circuit of the single-thickness mode with thickness

excitation. Here the plate thickness is h ¢, = ¢k + 02 /e, ® = Coslhy 2, = \/pc;m,

-~ s A S A A2 o (1 Nl 122 Yy i Y .
Co=a,ho wh2e = (0h 2) pre,,. 407 =@ m)0,Cz, k% k2 = Cors Corel Craps Eap Wo /20 = 1/2,

Zy= P and Z, = pye,. The electric field is perpendicular to the plate. All quantities
refer 1o unit area.

complexity of the relationships between the two sets of equations depends
on the choice of the form of the specified equivalent circuit.

Impedance equations for a simple thickness mode piezoelectric transducer,
derived directly from the differential equations, constitutive equations,
and boundary conditions, are as follows (Meeker, 1972):

T '"CU AqIU+(I)AI
a = I :S‘ a ]2 S b _i(UCO A ’
T, = '"IU '"‘U—I—CDAI
b= *.IﬂS a ./‘-zS b joCy A°
b4 ®A4 A I
= U+ — Uy +——,
joCyq jaoCy joCy A
where
C = cos k,h, S = sin k, h,
k = on/alcim = e
C() = é;fr A/h’ (DA/CO = errs/gfra
(D - erSS//h’ C:‘S"S = cirs + errserrs/8§r9

h being the plate thickness. A distributed equivalent circuit for thickness-
mode resonators with arbitrary anisotropy was proposed by Ballato
(1972a.,b) and Ballato et al. (1974). The single-mode equivalent circuit is
shown in Fig. 2.1-16. An equivalent circuit for a simple bar mode with
transverse electric field is shown in Figure 2.1-17 (Mason, 1948, 1950;
Berlincourt ¢t al., 1964).

Crystal resonators are usually described or specified in terms of the
lumped-element equivalent electrical circuit (Fig. 2.1-14) mentioned above.
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FIG. 2.1-16 Distributed exact equivalent electrical circuit for quasistatic thickness-
excited thickness mode.

Since this circuit representation is not exact over any finite frequency range,
the definitions of the circuit elements are not unique and depend on assumed
secondary requirements that may not be clearly stated or understood. As
an example, the mechanical or motional inductance L, can be defined in
two ways. A crystal resonator specification should be very clear as to which
inductance is meant.

1:2¢ wl
— - 2jz, cot (;E) — 22, T—zb B
b
! wl 2,
jC, 2jz, tan (;E )+ 2z,
b
o—4 ‘.l —0——

FIG. 2.1-17 Exact equivalent circuit for length mode—thickness excited. The plate length
I8 L & =wdy /st z, = pwief, Cy=lwely,(1 — k20, of = S1ipst 407 = (4/m)(w, Co)z, k3.
ki) = d3feky st wo 2o = n/2, Z, = p,wirt, and Z, = eywiry. The electric field is perpen-
dicular to the bar length.
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The tirst delinition of the motional inductance uses the slope of the motion-
al reactance at the resonance frequency as ‘

L, = %dxl/de,,:“,_. (2.1-203)

This equation is exact for a simple series circuit, even in the presence (?f loss.
However, the motional reactance of even a simple crystal resonator is d_ﬂﬁcult
to measure directly because of the shunt capacitance C,,. Combinatlops of
fixture design and data manipulation are often used to find the motional
reactance {rom measured electrical impedances over a frequency range.
Sometimes a two-capacitance (series) or two-inductance (series) technique
is used to convert the reactance slope to more easily measured frequency
changes (Buist, 1961). The parasitic circuit elements in the resonator package
and in the measurement fixture play an important role, and high-freqqer_lcy
measurements become difficult to interpret. The slope method ofdetermmmg
a crystal-resonator inductance is most useful for applications in which the
resonator is used very near the resonance frequency, such as the crystal-
oscillator application. .

The second definition of the motional inductance uses the clamped capaci-
tance C, and the resonance (X = 0) and antiresonance (X = ) frequencies
of the resonator to determine the motional capacitance C,, and then uses
the resonance frequency condition to determine L, (Mason, 1950; IRE,
1957, 1961 IEEE, 1966) as

Cy = 2001, = )il (2.1-204)
L, = 1/o}C,. (2.1-205)

If the free (unrestrained) or low-frequency capacitance C is measured,
Co+ Cy = Cy. (2.1-206)

This dehnition of motional inductance is useful over a wide range of fre-
quencies, from the resonance to the antiresonance frequencies of the reson-
ator, and is often used to specify inductance for filter crystal resonators.
This definition is accurate to about 1% if Cy > 25C,. The assumptions that
fo = foand [, x f are very well satisfied if & L,/R, » C,/C, (IEEE, 1966).
For all cases, a good model of the packaged crystal resonator and the meas-
uring circuit must be used in the interpretation of the impedance or admit-
tance data.

For overtones, the motional inductance is approximately the same as
that for the fundamental (Mason, 1950), so that the motional capacitance
C, is reduced to

C, (overtone) = (1/n?)C, (fundamental), (2.1-207)
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where n is the overtone number. This equation is only approximate for a
trapped-energy resonator, since the effect of lateral dimensions is not in-
cluded (Onoe and Jumonji, 1965: Burgess and Muir, 1975).

2.1.11 Properties of Modes in Crystal Resonators

Four parameters describe the useful properties of a single-mode resonator
(Mecker, 1972); different sets of parameters are useful for particular applica-
tions, but only four are independent and all the others can be calculated
from the basic four. Useful parameters include the free capacitance (.
the clamped capacitance C,, the motional inductance L,, the motional
capacitance C, the capacitance ratio r = Cy/Cy, the parallel resonance
frequency f,, the resonance frequency f,, the motional resistance R, and the
motional quality factor (Q,).

Derivations of the electrical admittance and impedance (such as those
illustrated in previous sections of this chapter) of various modes may all
be used with the definitions in Egs. (2.1-203) through (2.1-206) to obtain
expressions for the desired equivalent clectrical circuit parameters. These
expressions serve only as estimates of these circuit paramecters for actual
physical resonator structures because the theoretical derivations are de-
termined only for very idealized cases. These estimates may be used to de-
termine material constants or to design resonators with desired properties.

The properties of various modes of quartz crystal resonators are discussed
in Section 2.2. Reports on impedance levels (L, and C,) of lithium tantalatc
plate resonators (Burgess et al., 1975) and quartz resonators {(Onoc and
Jumonji, 1965; Beaver, 1973; Burgess and Muir, 1975) include discussions
of the effects of lateral dimensions.

2.1.12 Piezoelectric Materials

Some of the reports of work on piezoelectric materials other than quartz
are referred to in this section. Reports of work on quartz are discussed in
Section 2.2.

A very large number of materials are piezoelectric (Mason, 1950). For
practical application, however, a piezoelectric material must be machinable
into specific desired shapes and must be stable in ordinary processing en-
vironments. Brittleness, solubility, and hygroscopicity, for example, are
difficult properties to manage in the fabrication of practical devices. These
simple fabrication requirements reduce considerably the number of materials
suitable for practical application. Another important restriction on the use-
fulness of a material is the possibility of using crystal plate or bar orientations
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in resonators with controlled (zero, linear, ctc.) dependences of resonance
frequency on temperature, stress. or other parameters of interest.

Some properties and material constants for the following materials
have been reported by Mason (1950). This list is not intended to be complete
and should only indicate that the piezoelectric properties of many materials
have been studied. It should also be made clear that most of these materials
have not been used in practical devices for one or more of the reasons men-
tioned above.

(1) Rochelle salt (sodium potassium tartrate tetrahydrate)
(2) Ethylene diamine tartrate (EDT)
(3) Dipotassium tartrate semihydrate (DKT)
(4)  Ammonium dihydrogen phosphate (ADP)
(5) Potassium dihydrogen phosphate (KDP)
(6) Sodium chlorate
(7)  Sodium bromate
(8) Dextrose sodium bromide
(9) Dextrose sodium chloride
(10) Dextrose sodium iodide
(11)  Aluminum phosphate
(12) Tourmaline
(13) Lithium trisodium chromate hexahydrate
(14) Lithium trisodium molybdate hexahydrate
(15) Nickel sulfate hexahydrate
(16) Magnesium sulfate
(17) Lithium sulfate monohydrate
(18)  Ammonium tartrate
(19) Lithium ammonium tartrate monohydrate
(20) Lithium potassium tartrate monohydratc
(21) Strontium formate dihydrate
(22) Barium formate
(23) Todic acid
(24) Sodium ammonium tartrate tetrahydrate
(25) Lithium sulfate monohydrate
(26) Tartaric acid
(27) Ammonium tartrate

Thus far, quartz has had the best combination of properties for use in
resonators for practical applications. A major disadvantage of quartz is a
tow piezoelectric coupling in all modes. The search for materials w.ith
higher electromechanical coupling factors has been a significant driving
force for work on new materials. The following list refers to somce of this
work on various materials.
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(I) Lithium niobate (Warner er al., 1967: Fukumoto and Watanabe,
1968 Lemanov et al., 1968 : Schultz et ai.. 1970: Hannon ot al.. 1970 Kaliski.
1971: Smith and Welsh, 1971: Adachi and Kawabata, 1972; Burgess and
Porter, 1973; Hales et al., 1974: Burgess and Hales, 1976: Klimenko et al..
1978; Watanabe and Yano, 1978; Nakazawa, 1979)

(2) Lithium tantalate (Smith, 1967: Warner er al., 1967, Sliker and
Koneval, 1968; Onoe er al, 1969, 1973: Niizeki and Sawamoto, 1970;
Ashida et al., 1970; Hannon et al., 1970; Kaliski, 1971; Smith and Welsh,
1971; Adachi and Kawabata, 1972; Burgess and Porter, 1973; Hales er al..
1974; Burgess et al., 1975: Burgess and Hales, 1976 Detaint and Langon,
1976; Detaint, 1977; Uno, 1979: Nakazawa, 1979)

(3) Berlinite (orthoaluminum phosphate : this material has considerable
promise in practical devices; compare item (11) in the materials list on p. 108)
(Stanley, 1954; Carr and O’Connell, 1976; Chang and Barsch, 1976: Jhun-
jhunwala er al, 1976a; Ozimet and Chai, 1977; Chai and Ozimet, 1979:
Detaint et al., 1980)

(4) Lead zirconate titanate (polycrystalline: this type of material is
often used in low-cost resonators for which low Q and wide frequency toler-
ances are acceptable) (Ikegami ef al., 1974)

(5) Cadium sulfide (Sliker er al., 1969)

(6) Zinc oxide (Crisler et al., 1968)

(7)  Zinc sulfide (Firsova, 1974)

(8) Bismuth germanate (Alekseev and Bondarenko, 1976 Sedlacek,
1977: Zelenka, 1978)

(9) Thallium vanadium sulfide (Weinert and Isaacs, 1975; Carr and
O’Connell, 1976 Jhunjhunwala e al., 1976; Volluet, 1978)

(10) Rubidium biphthalate (Belikova et al.. 1975)

(11) Triglycine sulfate (Pietrzak et al., 1976)

(12) Tellurium oxide (Carr and O’Connell, 1976)

(13) Lead potassium niobate (Yamada, 1973, 1975: Carr and O’Connell,
1976)

(14)  Beta-eucryptite or lithium aluminum silicate (LiAIS10,) (Carr and
O’Connell, 1976)

(15) Nepheline or potassium aluminum silicate sodium aluminum
silicate [(KAISiO,) (NaAlSiO,): this material has positive temperaturc
coeflicients of ¢,, and ¢4, which make possible temperature compensated
thickness-mode bulk-mode resonators and SAW devices] (Bonczar and
Barsch, 1975; Cdrr and O’Connell, 1976).

(16) Lithium iodate (Jipson et al., 1976: Avdienko ef al., 1977)

(17)  Thallium tantalum selenide (JThunjhunwala et al.. 1976b)

(18) Barium germanium titanate (Kimura er al., 1973)

(19) Lithium gallate (Nanamatsu et al., 1973)
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(20) Tourmaline (Kittinger er al.. 1979)

(21)  Lead titanate (Nagata ¢t al.. 1972)

(22) Potassium lithium niobate (Adachi and Kawabata, 1978)
(23) Calcium aluminate (Ca,Al,,O;3) (Whatmore et al., 1979)

For all of these materials, application waits for low-cost, large-size
crystals and information on material constants and engincering properties,
such as hygroscopicity, hardness, and solubility.

The scope of this chapter does not allow further detail on the reports of
work related to these materials. The references should guide the interested
reader to the required information.

2.1.13 Conclusion

The need for higher-performance crystal oscillators makes the develop-
ment of a more detailed understanding of the piezoelectric resonator more
and more important. Work is presently underway on developing a more
detailed understanding of the subtle and nonlinear properties of the quartz
resonator. New crystalline materials (such as lithium niobate, lithium tan-
talate, and berlinite) are being used to provide useful devices with desired
properties. The dependence of resonator properties on thermal and mechan-
ical stress and acceleration are now being studied. The use of doubly rotated
crystal plates and bars to control these effects has already begun. New im-
proved resonator designs are merging as a result of this work. The necd
for even further improvements in crystal oscillator and filter performance
is making further work in these directions more and more necessary.

2.2 PROPERTIES OF QUARTZ PIEZOELECTRIC
RESONATORS

2.2.1 Temperature Coefficient of Resonance Frequency

Only a small sample of the reported work on the temperature coefficient
of resonance frequency will be discussed in this section. After the analytical
expressions for resonance frequency are derived (as in Section 2.1), the tem-
perature coefficients of the relevant material constants can be used to cal-
culate the dependence of the resonance frequency on temperature. This
calculation can use the simple linear model involving homogeneous-equili-
brium crystal states at each temperature (Section 2.1.3) or the nonlinear
model using the higher-order constants and the reference temperature
state (Section 2.1.4).

-0 -10°
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For quartz, resonance frequencics of the contour modes [bar extension
(E), bar flexure (F), and plate face-shear (CT and DT)] have parabolic or
linear dependences on temperature. The thickness dilatation (X) and thick-
ness shear (Y) have linear dependences on temperature. The thickness shear
(BT) has a parabolic dependence of resonance frequency on temperature.
The plate-extensional (GT) and the thickness-shear (AT) resonance fre-
quencies have cubic dependences on temperature. Changes in plate or bar
orientation can be used to tailor these linear or cubic dependences to par-
ticular needs. Doubly rotated crystal plates (FC, SC. IT, RT. and LC) have
been used to move the cubic turnover temperature into desired temperature
ranges while changing the response of the resonator to external stresses.
A more complete discussion of doubly rotated plates of quartz and other
crystals, and in particular, of cuts insensitive to environmental disturbances
of various sorts, leading to devices of highest precision, is given in Ballato
(1977). See also Section 8.3 and Chapter 9 of Volume 2.

Figure 2.2-1 shows the loci of quartz crystal cuts with a zero linear tem-
perature coefficient. The different dielectric and piezoelectric constants

50°

0
A0 IRT v v FC IT [SC | v

30° v AK
MODE C

20°

100 LC [ ]

0°
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[~J RT|
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-40° = MODE C
f®

-50° —|—"1" " |MOOE B
BT

-80°

-70°
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-
FIG. 2.2-1 Loci of zero linear temperature coefficient for B and C thickness modes of
quartz plates as a function of crystallographic angles ¢ and 0. Mode B (faster) and mode C

(slower) as quasi-shear modes. Orientations of several useful quartz crystal cuts are labelled
by dots.
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TABLE 2.2-1

Mode Designations and Properties of Quartz Resonators

ELEMENT FREQUENCY
DESIGNATION  REFERENCE MODE OF VIBRATION RANGE
A AT THICKNESS SHEAR 05~ 100MHz
B BT THICKNESS SHEAR 5-  15MHz
c cT PLATE SHEAR 300 - 1000 kHz
D oT PLATE SHEAR 200- 500kHz
E —5°X-CUT LONGITUDINAL 60— 300kHz
F +18.5° X - CUT LONGITUDINAL 60~ 300kHz
G 6T LONGITUDINAL 100- 556kHz
H —5° X-CUT LENGTH-WIDTH FLEXURE 10- LOOKHz
J —5°X-CcuT DUPLEX 12- 10kHz
2 PLATES LENGTH - THICKNESS FLEXURE
M MT LONGITUDINAL 10- 100kHz
N NT LENGTH-WIDTH FLEXURE 10- 100kHz

cause the ratio of capacitances and the motional inductance of each cut
to be different.

The dependence of resonance-frequency temperature coefficient on crystal
plate and bar orientation has been used to determine the temperature
cocfficients of the material constants (Bechmann, 1934, 1955b, 1961, 1962;
Bechmann and Ayers, 1951: Bechmann er al., 1962, 1963).

2.2.2  Dependence of Crystal Inductance on Temperature

The motional inductance of an AT-quartz resonator decreases with tem-
perature nearly linearly at about 240 ppm/K. (Holbeche and Morley,
1981; Bottom, 1982). This effect is primarily caused by the temperature
cocflicient of the e,, associated with the resonator plate orientation.

2.2.3 Tabulations of Properties of Quartz Resonators

Several tabulations of the properties of quartz resonators have been pub-
lished. For reference, some of these are repeated here with some changes
to bring them up-to-date. Properties reported recently for several kinds of
resonator are also summarized in this section. Useful parameters that de-
scribe the single-mode resonator are discussed on p. 107.
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TABLE 2.2-2

Typical Properties of Quartz Crystal Resonators®

Resonance
Element frequency R,
designation f(kHz) C,/C, C, (pF) L, (H) (ohms)
Alm 1.6n/t 250n° 0.097wlf /n® 2,62 x 10%03hf 100
B 2.56/t 650 0.0242wif 10.5 x 1051wy 100
C 3.07/1 350 1.08/tf2 23300¢ 1000
D 2.07/1 400 0.43/tf 2 590001 1000
E 2.82/1 125 0.383/1f? 66000t 1000
F 2.56/1 130 0.301/1f 2 84000¢ 1000
G 3.37/1 350 1.52/1f2 167001 100
H 5.00m/1% 190 0.0179/112 1.42 x 10%¢ 10000
J 5.60t/1% 200 2.54 x 107 %0f? 1.0 x 10% 10000
M 2.80/1 190 0.664/tf2 382001 1000
N 5.60w;/1? 900 0.00242/1f 2 1.05 x 107t 10000

@ Al linear dimensions are in meters; ¢ is thickness, w width, and / length. n is the overtone
number.

Table 2.2-1 shows most of the common mode types, with the simple
letters that are used to refer to each type (Edson, 1953; Mason, 1964).
Table 2.2-1 also shows the crystal orientation, the vibration-mode type,
and the useful frequency range for each type of resonator. Table 2.2-2 shows
various mode types with approximate expressions for Jo. Co/Cy, Cy, Ly, and
R, (Edson, 1953). Figure 2.2-2 shows motional inductance ranges (Mason,
1964), and Fig. 2.2-3 shows motional resistance ranges (Mason, 1964) for
the various resonator types at different frequencies. Table 2.2-3 (see p. 118)
shows a range of values of capacitance ratio for the various resonator types
(Mason, 1964). Figures 2.2-4 and 2.2-5 show dependencies of resonance
frequency on temperature for some of the more commonly used mode types
(Edson, 1953; Mason, 1964). Figure 2.2-6 shows how the crystal plates are
cut from the quartz stone (Mason, 1950; Mason, 1964). In Fig. 2.2-6 the
crystal orientation angles have sign changes to make the figure consistent
with the most recent standard (IEEE, 1978).

2.2.4 Conclusion

The brief review of quartz resonator work in this section shows that quartz
has been used in practical crystal resonators for many years. Although other
materials are being studied for use in resonators, quartz still has the best
combination of properties. Present work on quartz is directed at the devel-
opment of resonators with higher frequency precision and lower cost, as
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TABLE 2.2-3

Ratios of Capacitance (r) for
Different Types of Quartz
Crystal Resonator Elements

Resonator type® r=Cy/C,
A (It > 5) 250
B (Iit) > 5) 650
Cmi=1 350
D wil=1 400
G (wjl = 0.85) 350
T (/1 < 0.06) 200
M (w/l = 04) 190
N (w/l < 0.3) 900

“ Variable r is thickness, wwidth,
and / length.

LIST OF SYMBOLS FOR SECTION 2.3

Stored cnergy susceptance in grating-cquivalent circuit
Capacitance of interdigital transducer

Motional capacitance in resonator-equivalent circuit
Transducer center frequency

Frequency of resonance for SAWR

Frequency of maximum grating reflection
Frequency of first waveguide mode in grating
Longitudinal cavity mode resonance separation
Grating reflection zero spacing
Interdigital-transducer conductance

Maximum value of G,

Groove depth

Piczocelectric coupling cocfficient

Motional inductance in resonator-equivalent circuit
Effective cavity length in wavelengths

Distance between IDTS in wavelengths

Number of grooves in grating

Number of pertods (wavelengths) in IDT

Elcctrode length in wavelengths (acoustic aperature)
IDT coupling parameter

Material-limited resonator Q,

Unioaded resonator Q

Loaded resonator Q

Reflection coefficient of one edge

Series resistance in resonator-equivalent circuit
Grating reflection cocfficient

Maximum value of R

Ohmic resistance
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Rq Sheet resistivity

S Maximum grating separation

T Grating transmission coeflicient

T Amplitude transmission factor of resonator

T, T(f)

v Acoustic velocity

U Unperturbed acoustic velocity

w Groove width

X n(f — [N/,

Yo. ¥y Admittances in transmission-line model of grating

Z, Source and load impedance

3 Loss per grating period

I Normalized deviation from stopband center frequency
4 Normalized admittance discontinuity from transmission-line model for grating
o Dielectric constant of free space (8.85 x 10712 F/m)
I Effective piezoelectric dielectric constant

Anisotropy parameter

Transmission phase for groove
Reflectivity per unit length

Wavelength

Wavelength in IDT

Power loss per transit of resonator cavity
Delay-line delay

N

2.3 SURFACE ACOUSTIC WAVES AND RESONATORS'

2.3.1 Introduction

The surface-acoustic-wave resonator (SAWR) is a recent addition to the
group of components available for precision frequency control. In a SAWR,
the properties of Rayleigh (surface-acoustic) waves arc used to extend the
range of fundamental-mode, piezoelectric resonators to frequencies well
beyond 1 GHz. This capability for high-frequency operation climinates
the need for frequency multiplier chains and thereby improves the noise
performance and pulling range of oscillators built with SAWRs. The small
size and simplicity of SAWRs can lead to low-cost, UHF oscillators with
spectral purity superior to that available using any other device for frequency
control.

In this section, the role of SAWRs in frequency control applications is
described through a comparison with the closely related and more familiar
bulk-acoustic-wave resonators (BAWRs). The two types of resonators have
identical equivalent electrical circuits but operate in nearly disjoint frequency
regimes. Grating reflectors and interdigital transducers (IDTs), the sub-
components of SAWRs, are each discussed, and then the cavity design in-
cluding losses is analyzed in detail. The process for SAWR fabrication is
outlined, and the important packaging considerations required to ensure
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Section 2.2 was written by William R, Slucve and Peier 3. Cross.
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good long-term stability are discussed. Finally, the state-of-the-art perfor-
mance characteristics of SAWRSs are summarized including areas where
significant improvement is anticipated.

2.3.1.1 BACKGROUND

Acoustic waves are propagating mechanical disturbances of a fluid or
solid medium. A familiar example is an audible sound wave, but operating
frequencies in the UHF and microwave regions are readily achievable. In
hard materials like crystalline solids, acoustic waves cause elastic deforma-
tions with little frictional energy dissipation even at high frequency. Thus,
these waves have low propagation loss with the lowest occuring in single-
crystal materials. Because acoustic waves are mechanical rather than electro-
magnetic in nature, their velocity is low, typically 3000 m/sec or 10~ 3 times
the velocity of light.

In crystals. acoustic waves arc periodic deformations of the lattice that
propagate through the crystal as the lattice relaxes toward its equilibrium
position. Longitudinal waves cause displacements in the bulk of the crystal
that are parallel to the direction of propagation and lead to alternating
regions of compression and rarefaction. Transverse (shear) waves cause
displacements in the bulk that are normal to the propagation direction. The
most common surface wave, the Rayleigh wave, consists of both longitudinal
and transverse displacements that can only propagate at a free boundary of
the crystal. The displacement at this surface is elliptically polarized with the
major axis of the ellipse normal to the surface. The motion near the surface
is retrograde, but reverses at depths greater than approximately one-fifth
of a wavelength (Auld, 1973). Essentially all of the energy in the Rayleigh
wave is confined to a 1-2-wavelength-thick layer at the crystal surface.
This energy confinement makes the wave accessible along the entire propa-
gatior: path but also makes the propagation characteristics sensitive to
surface loading or contamination.

In piezoelectric crystals the strains associated with acoustic waves gener-
ate electric fields, and conversely, electric fields applied to these crystals
generate strains. Interdigitated sets of electrodes can be used to apply and
detect these electric fields and thereby launch or detect surface waves.
Typical interdigital structures of this type are shown in Fig, 2.3-1.

The stiffness, viscosity, and piezoclectric coefficients of a crystal and its
symmetry determine properties like the SAW velocity, electromagnetic-
to-acoustic coupling coeflicient, temperature coefficient of delay, and atten-
uation coefficient. These quantities can be evaluated by solving the acoustic
and electromagnetic field equations in conjunction with the constitutive
relations between stress and strain. This calculation is quite involved for
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FIG. 2.3-1 Schematic of a SAW delay-line filter showing an overlap-weighted (apodized)
input transducer, an unweighted output transducer, and acoustic absorbers on a piezoelectric
substrate where f, = r/4,.

SURFACE ACOUSTIC WAVE

anisotropic, piezoelectric crystals. The velocities of common crystals have
been tabulated (Slobodnik et al., 1973), but the complexity of the calculation
and the need for accurate stiffness coefficients, especially when calculating
temperature and stress sensitivities, make the discovery of new and better
materials and orientations extremely difficult.

The accessibility of surface waves can be exploited to make simple delay
lines, sophisticated bandpass filters, electroacoustic convolvers, and reson-
ators. All of these devices depend on the excitation of waves with an electrical
signal via the piezoelectric properties of the substrate or a layer on the sub-
strate. These waves propagate nondispersively. They can be sampled with
electrodes, reflected, modified by interaction with carriers in adjacent
semiconductors, or effectively absorbed by lossy material on the surface.
This flexibility has led to a wide variety of devices as evidenced by the large
number of patents and publications in the SAW field.

The basic SAW device configuration, the delay-line filter, is shown in
Fig. 2.3-1. The device consists of two IDTs fabricated on a piezoelectric
substrate such as quartz or lithium niobate. The input IDT efficiently
generates SAWs when an rf voltage is applied with a temporal period equal
to the acoustic transit time across one spatial period of the electrode pattern.
The IDTs are reciprocal devices so that acoustic waves are reconverted to
an clectrical signal by the output IDT. To first order, the filter frequency
response is determined by the wave traveling from the input IDT to the
output IDT. Waves traveling in the opposite direction or passing beyond the
output 1DT are absorbed. The impulse response of an IDT is simply a time
replica of the overlap pattern of the electrodes. For example, in Fig. 2.3-1 the
impulse response of the input IDT is a half-cycle cosine and that for the out-
put IDT is a rectangle. If only one transducer has varying overlap, then the
frequency response is the product of the Fourier transforms of the individual
impulse responses of the IDTs. Tancrell and Holland (1971) showed that if
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both transducers are overlap weighted, then calculation of the frequ(?ncy
response is more complex. The group delay (or phase-slope) is detgrmmed
by the center-to-center separation of the IDTs and can be made quite long.
These filters are discussed in detail in Sections 5.3 and 5.4.

A SAW resonator differs from a SAW delay-line filter in that the response
1s determined by multiple passes of acoustic waves belweer} re.:ﬁectors.
As shown in Fig. 2.3-24, the device typically consists of two peFIOdlC arrays
of shallow grooves that enclose two 1DTs. Each periodic array is an efﬁuf:m
reflector of surface waves for a band of frequencies determined by the .gr'atlng
period and groove depth. When the two arrays are prop;rly p051tloged
near one another, a high Q, Fabry—Perot cavity is formed. Finally, coupling
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FIG. 2.3-2 (a) Schematic of a two-port SAW resonator showing two arrays of etched
grooves that define the resonant cavity containing two 1DTs. (b) Frequency response Ofa' S‘AWR
with two recessed, 120-electrode transducers, two 4.5-um-period gratings, each consisting of
1000 grooves that arc 800 A deep. and an overall active width of 50 wavelengths.
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TABLE 2.3-1

Comparison of ST-cut SAWRSs and AT-cut BAWRSs,

Property SAWR BAWR

Material Quartz Quartz
Orientation ST cut AT cut
Fundamental frequency (MHz) 50 -1500 0.5-100
O L1 x 10"/, 1.5 x 10'3/ /.
Stability

Temperature (0 to 50°C) +11 ppm +4 ppm

Acceleration 1 ppb/g 1 ppb/g

Drift 1 ppm/year 0.01 ppm/year
Configuration 1 or 2 port 1 port

to the electrical circuit is accomplished by the two relatively wideband
IDTs. A typical SAWR frequency response is shown in Fig. 2.3-2b. The
shape of the response near the center frequency is determined by the narrow-
band cavity resonance. In contrast to the delay-line filter, the overlap pat-
terns of the IDTs are chosen to couple energy only to the fundamental
cavity mode rather than to explicitly effect the filter impulse response.

2.3.1.2  COMPARISON OF SAWR AND BAWR

Surface-acoustic-wave resonators are closely related to bulk-acoustic-
wave resonators, which have become the standard for instrument frequency
control over the past 50 years. The major resonator characteristics for each
type of device are summarized in Table 2.3-1. Both SAWRSs and BAWRs
are fabricated from a-quartz, although with different crystallographic
orientations: 42.5°-rotated Y-cut (ST) for SAWR and 35.25°-rotated Y-cut
(AT) for BAWR.

The significant difference between SAWRs and BAWRS is the range of
frequencies for fundamental-mode operation. The fundamental resonance
in bulk-wave resonators occurs when the plate is one-half wavelength thick.
At frequencies above 100 MHz, the plate is less than 25 um (1 mil) thick,
making fabrication difficult and the resulting device very fragile. In SAWRs,
however, the frequency of resonance is primarily determined by the period-
icity of the grating reflectors and is independent of the substrate dimensions.
Thus, the upper-frequency limit is set by the achievable lithographic resolu-
tion. Tanski (1979a,b,c) used standard planar photolithography to fabricate
SAWRs with linewidths as small as 0.55 um., giving a resonance frequency of
about 1.4 GHz. This upper limit has been extended to 2.6 GHz (0.3-pm lines—
spaces) by Cross et al. (1980) with direct-write electron-beam lithography.
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A lower frequency limit for practical SAWRs occurs because the devices
require several hundred periods in each reflector resulting in an overall
length of several centimeters at 50 MHz (where the period is about 30 um).

Higher-frequency operation gives SAWRs several advantages in oscil-
lators. To obtain an output at frequencies above about 100 MHz, a BAWR
oscillator must be combined with a multiplier chain and filters to remove
unwanted closc-in harmonics. The multipliers not only add to the cost and
complexity of the oscillator, but the noise floor increases as the square of
the multiplication factor. Thus, fundamental-mode SAWR oscillators
have a lower noise floor. Finally, the pulling range of an oscillator varies
as the inverse of the multiplication factor, resulting in tighter initial tolerance
on resonators (BAWRs) used in multiplied oscillators. A more detailed
comparison of multiplied and fundamental-mode oscillators is given in
Section 8.2 of Volume 2.

Viscous damping in the substrate places an upper limit on resonator
quality factor Q,,, which is inversely proportional to frequency. This material-
limited Q is dependent on crystallographic orientation and type of wave and
is about 40/ higher for AT-BAWRSs than for ST-SAWR:s.

The AT-cut for bulk waves has been widely used because of its excellent
temperaturc characteristics, as shown in Fig. 2.3-3. The frequency varies
as a cubic function of temperature, which minimizes frequency shifts over a
wide temperature range. The first temperature-stable SAW cut, the ST-cut,
has a quadratic dependence of frequency on temperature, which somewhat
restricts the useful temperature range (Schulz et al., 1970; Dias et al., 1975).

The long-term stability of BAWRs is at present two orders of magnitude
better than that of SAWRSs. This is the result of the extensive development
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FIG. 2.3-3 Static frequency variation as a function of temperature for AT-cut BAWR and
ST-cut SAWR.
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that has been carried out on fabrication and packaging techniques over the
pa_st 50 years. Since SAWRSs are relatively new devices, much less work on
aging has been carried out. After Ash (1970) discussed SAWR structures
S.taples (1974) was the first to publish results on the SAWR conﬁguratior;
_dlscussed here. Despite this late start, by drawing on the experience gathered
in BAWR work, rapid progress on SAWR long-term stability is now occur-
ring.

SAWRS have the additional option of one- or two-port opcration, which
can s_lmplify oscillator design. This difference shows up clearly when one
examines the equivalent circuit for the resonator, shown in Fig. 2.3-4. The
BAWR circuit shows the series RLC characteristic of a one-pole resonator
shunted by the static capacitance of the electrodes. This static capacitance
provides a relatively low-impedance path that can mask out the desired
crystal resonance. As a result, an external inductor (shown dotted) is usually
addgd to resonate out this capacitance. Additional filtering may also be
required to remove the effects of the inductance and capacitance far from
resonance. The shunt conductance G,(1/G, » R,) is included to model
the acoustic energy dissipated in the crystal in a relatively broad frequency
band around resonance. ) )

. A SAWR with one transducer in the cavity (Fig. 2.3-4b) has an equivalent
plrcuit identical to that of the BAWR. The shunt capacitance is due to the
interdigital transducer itself. By using two transducers to couple energy into
and out of the cavity, the problem of the shunt capacitance can be greatly
reduced. As shown in Figure 2.3-4c, the capacitance now appears across

BULK, 1-PORT SURFACE, 1-PORT SURFACE, 2_PORT

? o
+ T e
5 Ry

A2 N2> |

(b) (c)

FIG. 2.3-4 Crystal resonator configurations and their associated equivalent circuits.
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each port separately and does not shunt the resonant arm. Thus, there is no
longer a path for spurious input- output coupling. '

To briefly summarize, SAWRs and BAWRs are suited to different applica-
tions. At low frequencies, high Q and temperature stability make the BAWR
the better choice for precision frequency control. At frequencies above
100 M Hz, the lower noise floor, greater pulling range, and simplified circuitry
make the SAWR oscillators an attractive alternative.

2.3.2 Resonator Design

The overall SAW resonator response is determined by the individual con-
tributions of the grating reflectors, the cavity spacing and the 1DTs. Each
of these components and their aggregation into a resonator is discussed
below followed by a description of the major loss mechanisms present in
SAWRs. These fosses are the ultimate limit of SAWR performance.

2.3.2.1 GRATING REFLECTORS

The key to the design of high-Q resonators is the choice of the proper
reflector. Periodic gratings arc ncarly ideal SAW reflectors. They scatter
primarily into a backward-traveling surface wave and couple only weakly
to other acoustic modes. They reflect over a narrow band of frequencies
so that a cavity that is many wavelengths long can be designed to support
a single resonance. Furthermore, they can be fabricated in a straightforward
manner using standard, planar processing technology much like that used
to make integrated circuits.

Each grating is an array of weak acoustic perturbations spaced so that
the small reflections from individual perturbations add in phase to produce
nearly 1009, reflection. Several types of perturbation have been used,
including deposited metal (Staples, 1974) or dielectric (Staples et al., 1974),
etched grooves (Lier al., 1975a; Miller er al., 1975), localized material proper-
ty changes introduced by diffusion (Schmidt, 1975), or ion implantation of
impuritics (Hartemann, 1975). Only etched grooves in quartz are discussed
in detail here because they have been most thoroughly tested and have
yielded thc best results to date.

The basic physics of the reflective arrays has been studied by several
groups and is now well characterized to second order in the perturbation
magnitude (e.g., groove depth). There are two primary models used to analyze
the gratings: repetitively mismatched transmission lines and a coupling-
of-modes formalism. The transmission-line model provides good insight
into the physics of the reflection mechanisms but leads to rather cumber-
some analytical expressions. On the other hand, the coupling-of-modes
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FIG. 2.3-5  Cross section of reflector grating consisting of grooves of width w with period A
and the transmission-line equivalent circuit for a grating. R and T are the grating reflection and
transmission coefficients, respectively. The groove edge acts as a transformer to change the
transmission-line admittance from Y, to Y, and as an energy storage mechanism represented
by the reactance B.

technique provides less intuitive understanding but yields simple, closed-
form expressions. Over the frequency band of interest (| f — Lty < 0.1,
where f, is the frequency of maximum grating reflection), the results from
the two models are mathematically equivalent. Thus, we use here a hybrid
of the two approaches to facilitate the presentation and hopefully clarify
the notational ambiguities that now exist in the literature.

A cross-sectional view of a grooved array is shown in Fig. 2.3-5 along
with its transmission-line equivalent circuit. Sittig and Coquin (1968)
showed that groove and ridge regions in an acoustic substrate can be modeled
by transmission lines with different characteristic impedances Y, and Y, =
Yo(1 — ¢). Li and Melngailis (1975) added the shunt elements JjB to model
stored reactive energy associated with each groove edge. Transmission-line
theory predicts a reflection per groove 2r, given by

2r =¢sin 0 + Bceos 0, (2.3-1)

where 6 = 2nw/A, w is the groove width, A the frec-surface acoustic wave-
length, B = B/Y,, and the phase reference plane is the downstep of the groove.
For arrays of grooves of depth h, the parameters ¢ and B are

&= Ay(h/4),
R (2.3-2)
B = A,(h/4)*,
representing the contributions due to impedance mismatch and stored
energy, respectively. The multipliers 4, and 4, depend on the details of
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the groove shape (Shimizu and Takeuchi, 1979; Wright and Haus, 1980),
but practical values for nearly rectangular grooves on ST-quartz are Ay ~
0.60 and A, ~ 34.

The reactive stored cnergy also has the effect of reducing the unperturbed
wave velocity ¢, so that the frequency ( f;) of peak reflection for an array is

o= %(1 — B/n), (2.3-3)

where A is the grating period. Thus, f, shifts down quadratically with the
groove depth. This property can be exploited to provide fine control of the
resonator frequency during fabrication.

In the coupled-mode formalism, Cross and Schmidt (1977) characterize
the distributed reflection in a grating by the reflectivity per unit length
(also called the coupling coefficient) x which is related to r by

KA = 2r. (2.3-4)
From the coupled-mode results, the amplitude reflection coefficient R of
an array of N, grooves is given by
2r

. T (2.3-5)
M= 8 coth (N /4rF — 6%) + jo

R =

where Eq. (2.3-4) has been used and 6 = n(f — f,)/f, is a measure of the
deviation from the stopband center frequency. The effect of propagation
loss can be included in Eq. (2.3-5) by replacing § with § — jo, where « is the
loss per grating period.

The magnitude and phase of Eq. (2.3-5) are plotted in Fig. 2.3-6. The re-
flection magnitude in Fig. 2.3-6a exhibits high reflectivity over the central
reflection bandwidth with a sidelobe structure away from the center fre-
quency. The fractional reflection bandwidth is proportional to r (and
therefore essentially proportional to groove depth), and the peak reflectivity
R e, 1s found from Eq. (2.3-5):

Rpeak - Ianh(ZNgr)~ (23-6)

It is desirable to minimize the reflectivity outside the central reflection
bandwidth to eliminate spurious longitudinal modes from the resonator
response. The sidelobes arise because the local reflectivity abruptly starts and
stops at the grating ends. The magnitude of these sidelobes can be sub-
stantially reduced by weighting the local reflectivity near the grating ends
by varying the groove depth or groove length (Joseph and Lakin, 1975)
or by selectively removing entire grooves (Tanski, 1979a,b.c) or parts of
grooves (Cross, 1978).
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FIG. 2.3-6 Grating reflection coefficient. The inset shows the equivalence of the grating
and a mirror at the phase center of reflection.

The reflection phase is plotted in Fig. 2.3-6b. Near the center frequency,
the phase varies linearly with frequency, which leads to an interesting physical
interpretation: The grating becomes equivalent to a mirror of reflectivity
R ea placed a distance A/4r behind the actual position of the first reflector
in the array, as indicated in the inset to the figure.

This simple, “equivalent mirror” model is very useful in understanding
the behavior of a distributed Fabry-Perot cavity such as a SAWR despite
its accuracy being limited to the center of the reflection band. For example,
the frequency separation A fiony Detween longitudinal cavity modes is

A.fi(\l]g = U/Zm/{’ (23*7)

where v is the acoustic propagation velocity and mA the effective mirror
separation. Substituting A/4r (the minimum possible separation between
the two equivalent mirrors) for mA we find

Afiong = 2 f. (2.3-8)

From Eq. (2.3-5) one can prove that the separation of reflection zeros
A.fl"cfl iS

Afrer = (4/m)r £, (2.3-9)

Thus, the longitudinal-mode spacing is greater than the reflection bandwidth
thereby ensuring that the resonators can support only a single, longitudinal
mode (at least for zero separation between the physical gratings).
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2.32.2 TRANSDUCERS

The IDTs in the cavity in Fig. 2.3-2a largely determine the impedance
level of the resonator. As a result, a prudent choice of IDT parameters can
substantially reduce the complexity of the networks required to match the
resonator and load impedances for a given application. As mentioned pre-
viously, the use of two transducers can simplify these networks by eliminating
the capacitance shunting the resonant arm in the equivalent circuit and
thereby can obviate the need for additional filtering. The matching circuitry
can often be further simplified by designing the transducers so that the
intrinsic resonator impedance is appropriate for the particular embedding
network. In this section, the achievable impedance levels are related to
design parameters. ’

Smith et al. (1969) showed that the admittance of an unapodized trans-
ducer consisting of N pairs of electrodes of length N4, can be approximated
by a capacitance C, in parallel with a conductance G, and a susceptance
By, as follows:

Co = NN A8, + £o)
Gy = G(sin x)/x]?,
Bo = G[(sin 2x) — 2x]/2x%, (2.3-10)

G = 8/\'2L‘0(1:p + ¢o)NN,
x = n(f — [ON/],

where ¢, is the effective dielectric constant of the substrate, &, that of air,
k* the piczoelectric coupling coefficient of the substrate, f the frequency,
/i the synchronous frequency of the transducer (the frequency at which all
the electrodes launch waves in synchronism), and 4, = v/f, the wavelength
at that frequency. The effects of mechanical reflections from the transducer
clectrodes arc neglected in Eq. (2.3-10). For the purpose of SAWR analysis,
the susceptance By, (which is zero at / = f;) can also be neglected.

Thesc element values can be related to the impedances of the other ele-
ments in the equivalent circuit (Fig. 2.3-4) for a resonator with a distance
mA between reflection centers and total single-transit, fractional power
loss it (not including coupling losses) as follows (Shreve, 1975; Cross and
Schmidt, 1977):

R, = u/pG, (2.3-11a)
L, =m/pf.G, (2.3-11b)

C, = 1/Q2rf)2L,. (2.3-11c)

e
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where f, is the frequency of resonance and p the IDT coupling parameter
(see Section 2.3.2.3). With IDTs in the maximum coupling position. p = 4.
In the derivation of these relationships, the cavity was assumed o resonate
at the center of the grating reflection band.

In general, one would like to diminish the effect of the series resistance R,
cither by making it as small as possible or by using matching networks to
transform the load impedances to high levels. From Egs. (2.3-10)and (2.3-1 1a)
one can see that R can be reduced in three ways: (1) by choosing materials
with a large piezoelectric coupling coefficient; (2) by increasing the length
and number of electrodes in the transducer: or (3) by minimizing the total
cavity losses. As noted above, quartz is the only suitable choice for frequency
control applications due to its temperature stability. However, quartz has
a low piezoelectric coupling coefficient. Therefore, assuming that cavity
losses have been minimized, R, can only be reduced by increasing the trans-
ducer size (i.e., the length and number of electrodes). The various loss mech-
anisms present in SAWRs and techniques for their minimization are dis-
cussed in Section 2.3.2.4.

The maximum transducer size is set by the occurrence of spurious resonator
modes and by second-order effects within the transducers. As noted at the
end of Section 2.3.2.1, a grating resonator can support only one longitudinal
mode if there is no distance between the gratings. In order to accommodate
the IDTs, the gratings must be spaced apart causing the longitudinal-mode
spacing to decrease. At some separation s,,,, 4, spurious longitudinal modes
can occur within the reflection bandwidth of the gratings. For uniform
highly reflective gratings, s,.,, is given by

Soax X 0.8/, (2.3-12)

The groove depth & is usually set at about 0.014 to avoid excessive bulk-
scattering loss from deep grooves or excessive radiation losses with a
reasonable-length grating. This depth yields a value of 80 for s,,,.. Thus, a
resonator can accomodate a single IDT with 80 electrode pairs or two trans-
ducers with 40 electrode pairs each. Special designs such as synchronous
IDTs (Cross et al,, 1979), symmetric IDTs (Stevens et al., 1977; Rosenberg
and Coldren, 1980), or weighted gratings (Cross, 1978) can be employed
to increase the numbers of electrodes somewhat, but even in these designs,
the coupling cannot be increased without limit by increasing N. Further
reductions of R, must be achieved by changing the resonator width.
Increasing the width of a resonator to reduce R, introduces the problem of
spurious waveguide or transverse modes in the resonator. Haus (1977b)
showed that grating arrays act as waveguides for Rayleigh waves. Since the
gratings are many wavelengths wide, they are multimode waveguides with
the mode spacing determined by the grating width. These grating-waveguide
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modes are commonly referred (o as transverse modes because of their simi-
larity to the transverse modes in electromagnetic waveguides. The amplitude
profiles of the different modes have been calculated, and Shreve (1976a)
showed that transducers can be designed to couple only to the desired mode.
This technique. transducer apodization, requires varying the length of the
clectrodes so that the launched-wave amplitude matches the amplitude
profile of the fundamental waveguide mode. The apodization also results
in a reduction of the capacitance C,, by a factor of approximately 2/7 and a
decrease in G by about 2. Most successful applications of this technique have
been at frequencies below 300 MHz.

At higher frequencies it becomes increasingly difficult to control fabrica-
tion parameters such as groove profile, depth, and width to the degree re-
quired to match the waveguide-mode profile to the launched acoustic
wave (Tanski. 1979c). As a result, unwanted modes cannot be effectively
suppressed. The unwanted modes decrease resonator Q and significantly
distort the resonator amplitude and phase response.

Transverse mode distortion can be removed from the frequency band
around the fundamental resonance by reducing the grating width N,A. On
ST-quartz, the frequency of the nearest transverse mode can be related to the
fundamental frequency by (Haus, 1977b: Cross et al., 1980).

Afyif. = 1O35/N2, (2.3-13)

where Af, = f; — f, is the separation between the first transverse mode
and the resonant frequency. If all distortion must be eliminated within a
certain range around the peak response, then a limit on the maximum allow-
able width is effectively set by Eq. (2.3-13).

To briefly summarize, the transducers can be designed to control the
impedance of a resonator within the limits on transducer size set by the
occurrence of spurious longitudinal and transverse modes.

2.3.2.3 CAVITY DESIGN AND FREQUENCY RESPONSE

After the grating and transducer geometries have been selected, they must
be combined to form a resonator. The positioning of the gratings and trans-
ducers determines the resonance frequency and the degree of coupling to
the cavity. Proper positioning depends on a precise knowledge of the wave
velocity and grating-reflection phase.

The grating-reflection phase has been determined for common substrate-
reflector combinations (Dunnrowicz et al., 1976; Tanski and van de Vaart,
1976). The peak coupling position is either A/4 or 3A/4 from the center of
the last reflector. where A is the grating period, and the space between trans-
ducers is an integral number of periods. The maximum coupling position
for an 1DT on quartz with groove reflectors is shown in Fig. 2.3-7.
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FIG. 2.3-7 Cross section of a quartz resonator showing transducers in the maximum
coupling position.

If the grating-reflection-band center frequency fe and the transducer
synchronous frequency f, are to correspond, the period of the grating and
transducer must be slightly different to cempensate for velocity differences
in these regions. In the grating, the velocity is perturbed only by energy
storage at the groove edges (Li and Melngailis, 1975). In the transducer
region the velocity is perturbed by piezoelectric shorting and mass loading
of the surface by the electrodes as well as by energy storage at electrode
edges. Tanksi (1979a) characterized the velocity for recessed transducers
on ST quartz.

Slobodnik et al. (1973) calculated the unperturbed velocity of common
substrates from their material properties. An error in this velocity results
in a shift from the desired frequency but does not change the response shape
since the grating and transducer velocities are both calculated relative to the
substrate velocity.

When the design is completed, it is instructive to check the design with an
accurate model. Design trade-offs and constraints can be incorporated
into a powerful computer-aided design tool. Cross and Schmidt (1977)
employed coupled-mode analysis of gratings and a first-order transducer
model to derive wave amplitude scattering matrices for gratings and 1DTs.
These matrices can be easily combined and computerized to give an accurate,
numerically efficient model for SAWRs. The model allows one to “fine tune”
a design and eliminate errors that would otherwise waste time and money
in mask generation.

The primary performance specifications of a SAWR are its frequency
response and the stability of that response. A typical plot of the electrical
transmission of a two-port SAWR versus frequency is given in Fig. 2.3-8.
Without the reflective gratings, the delay line formed by the two (unapodized)
IDTs has the broad [(sin x)/x]? response described by Eq. (2.3-10) and shown
in Fig. 2.3-8a. The fractional bandwidth (between the zeros) of the central
lobe is 2/N, where N is the number of pairs of electrodes in the IDT.

When the gratings are included, the complete SAWR response is obtained
as depicted in Fig. 2.3-8b. Inside the grating-reflection band, a high-Q cavity
exists, and the sharp, resonance peak emerges from the broad IDT back-
ground. Outside the reflection band, the IDT response is modulated by
numerous subsidiary peaks due to the sidelobes of the grating-reflection
spectrum.
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Near the center frequency . the device behaves essentially as a one-pole
resonator with an amplitude transmission factor T(f) (the ratio of the output
signal amplitude to the input amplitude) given by

T(f) o
' U+ 20/ = IS,
where T, is the amplitude transmission factor at resonance and Q, is the

loaded Q. When the SAWR is used in a circuit with source and load imped-
ances of Z,,,

(2.3-14)

To = (1 + R, 2Zy) ", (2.3-15)
Q= 0,1 — T, (2.3-16)

where Q,, is the unloaded Q of the resonator.
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The resonance behavior of the SAWR can be characterized by the three
parameters f, R, and Q,. These paramcters can be calculated from Egs.
(2.3-14) through (2.3-16) by measuring the frequency of resonance, band-
width, and Tj.

2.3.24 LOSS MECHANISMS

It is important to minimize the losscs in 1 SAWR cavity to optimize Q
and R, and thereby achieve the best phase noise in resonator-stabilized
oscillators. The losses in a resonator can be related to the measured electrical
characteristics through the relation

Q. = 2mum/p. (2.3-17)

The unloaded Q and cavity losses i can be found by measuring Ty and Q,
and by calculating the cavity size m, the distance between the equivalent
mirror planes defined in Section 2.3.2.1, from the resonator geometry.

The total loss can be subdivided into its constituent parts. Identifiable
sources of loss include viscous damping, ohmic losses, bulk scattering,
radiation through the gratings, diffraction, air loading, surface scattering,
and geometrical losses. The individual losses and their frequency dependences
are discussed below.

The material loss (viscous damping in the substrate) represents the funda-
mental limitation on device Q. This loss can be characterized by a constant
dpma that depends on the substrate orientation,

Hmar = amal’nf: (23-18)

Budreau and Carr (1971) measured a value U = 6.0 x 10713 for ST-
quartz that corresponds to a material-limited Q, Q.. of 10,500 at 1 GHz. An
additional viscous-damping loss can be introduced by the metal film used
in the transducers. It is significantly less than the material losses of the quartz
substrate, although no direct measurement has been reported.

Ohmic losses are a function of the current in the transducer. Specifically,
the fractional loss i, in a single transit of the cavity is proportional to the
product of the effective ohmic resistance Ry, in an IDT times the transducer
radiation conductance G, and is given approximately by

Honm = 2pGoRq. (2.3-19)

The factor of 2 accounts for the two transducers in a two-port SAWR. The
IDT resistance can be inferred from Lakin (1974) to be

Rg = 4cR N /N, (2.3-20)

where Rp is the sheet resistivity of the metalization and ¢ is a dimensionless
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parameter that measures the effective current-carrying length of the elec-
trodes. This parameter falls into the range 3 < ¢ < 1 depending on the apo-
dization. From Egs. (2.3-10), (2.3-19), and (2.3-20) it can be shown that the
ohmic loss is related to the size of the transducer by

Honm ©C N[V/i (23'21)

Therefore even though R, may decrcase, the ohmic loss in the resonator
mcreascs as N is increased.

Scattering into bulk waves is a significant source of loss in most resonators
and ultimately limits the size of the perturbation that can be used in the
gratings. This scattering is related to the reactive energy storage discussed
above and, like the stored energy reflection [Egs. (2.3-1) and (2.3-2)], is
proportional to (h/A)* (Li et al., 1975a; Tanski, 1978). In general terms, the
bulk waves scattercd from individual reflectors in the center of an array
cancel and result in evanescent nonzero strain fields (energy storage). At the
ends of the array the scattered bulk waves do not cancel completely, and
energy is carried way from the surface resulting in loss. Thus, the major
losses occur at the edges of the cavity and

ook = Apui(h/A)?, (2.3-22)

where ay,;, depends on material choice. From the work of Li and Tanski,
for quartz grooves ag, is in the range of 17 to 20.

Radiation loss through the gratings is characterized by the grating trans-
mussion which can be found from Eq. (2.3-6):

Hraa = SeCh2(2N ). (2.3-23)

This loss can usually be made negligibly small by increasing the number
of reflectors. In cases where the substrate size is limited for technical or eco-
nomic reasons, the reflector depth h can be adjusted to minimize the sum
ftrag + Mo With N set at the maximum allowable level.

Diffraction loss is not usually a major factor in resonators since most of
the propagation takes place in periodic structures that guide the wave.
Loss occurs only in the cavity region between the reflecting structures, be
they gratings or transducers. A good estimate of this loss can be obtained
by assuming that the beam in this region approximates a gaussian profile
in the far field. Szabo and Slobodnik (1973) modeled diffraction on aniso-
tropic substrates in the far field. Their work leads to a loss

taire = 041 + 7| D/NR, (2.3-24)
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where y is the anisotropy parameter of the substrate and D is the number of
wavelengths between the reflecting structures.

Acoustic energy can be coupled to the atmosphere surrounding the SAWR
and thereby introduce loss. For air at atmospheric pressure loading the
ST quartz, this loss is

Hair = (1.1 x 107 %)m, (2.3-25)

which corresponds to a Q of 57,000. This loss can be reduced or eliminated
by operating SAWRSs in a rarefied atmosphere or vacuum.

Scattering from imperfections in the surface can also introduce significant
losses for surface waves at high frequencies (Sabine, 1970), since scattering
from a random distribution of small defects (Rayleigh scattering) increases
as frequency to the fourth power. Scattering loss can be reduced to a negli-
gible level at frequencies below 1 GHz by proper substrate preparation
(Slobodnik, 1974).

Conversion of energy from the fundamental mode to higher-order trans-
verse modes can occur if the higher-order modes are inadequately suppressed.
Mode conversion is effectively a loss since it coupies energy out of the desired
mode and degrades resonator Q. The presence of significant conversion is
often indicated by distortion of the resonator frequency response. The dis-
tortion is reduced by apodization and by decreasing the resonator width.

Geometrical nonuniformities in the resonator pattern can act as a * virtual
loss™ factor, especially at high frequencies (Cross er al., 1980). Regular
variations caused by pattern generator round-off, nonuniform groove depth,
or varying metal thickness in transducers can cause the resonant frequency
to vary as a function of position in the cavity. The variation in the resonant
frequency in turn yields a broadened overall response. This Q degradation
has the same effect as an additional cavity loss.

2.3.3 Fabrication

Section 4.8 describes the general fabrication method used for SAW
resonators. Three advantages over BAW resonator fabrication result from
planar processing on conventional silicon-wafer processing equipment.
First, a large number of devices can be processed simultaneously on a wafer.
When compared to individual device processing, wafer processing reduces
the cost per device and the variations between devices. Secondly, critical
device parameters are set by the mask, not by device fabrication. The
resonance frequency of a SAWR is determined to within + 250 ppm by the
grating period and cavity size. This is to be compared to the tolerance of
1000 ppm achieved in BAWRS by lapping the crystals to thickness. The IDT
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~ apodization on the mask suppresses unwanted transverse modes in SAWRs
just as contouring a BAWR to a particular shape results in enérgy trapping.
Thirdly, the control over the frequency and uniformity achievable on a wafer
makes it possible to trim entire wafers to frequency or to entirely avoid
trimming and simply accept the yield of devices that fall on frequency.

A wide varicty of processing techniques is possible for SAW devices,
depending on the design details and personal preference. In all cases, the
photolithography requires only a single critical masking step, so even though
the linc widths are often smaller than average integrated circuit dimensions,
yields are typically high,

Figure 2.3-9 illustrates a typical lift-off process. The patterns of the IDTs
and gratings are defined in a photoresist layer on the crystal surface. Alumin-
um is deposited on the entire wafer, and the photoresist is dissolved to lift-off
the unwanted aluminum, thereby replicating the mask pattern for the trans-
ducers and grating in aluminum. (This lift-off process can be replaced by an
etch process, but etching sacrifices some control of line width, a critical
parameter at high frequency.) Next, more photoresist is applied and patterned
to form a layer over only the transducers and cavity. The alignment of this
pattern to the finer IDT-grating mask pattern is not critical to device per-
formance since the IDT-grating spacing was determined by the first mask.
The grooves are etched into the quartz by a CF 4-reactive ion-etch process
that uses the aluminum in the grating as a mask. Finally, any aluminum in
the grating region is ctched away, the photoresist is stripped, and the devices
are ready for testing. The wafer can be probed to determine the number of
good devices and then diced up into individual devices.

The SAWRs can be trimmed either before or after dicing by a variety of
methods. Since the velocity of the SAW is determined by the condition of
the surface, any perturbation can be used for trimming. A nonconducting
layer such as an oxide (Schoenwald et al., 1975) or silicone (Parker, 1980)
can be used, or if the aluminum mask is left in the grating region, then the
groove depth can be changed to trim the frequency (Adams and Kusters,
1977). Penavaire et al. (1980) added aluminum strips to the cavity to trim
resonators to +10 ppm of the desired frequency. Cross and Shreve (1981)
invented a technique using reactive ion etching (the same process used to
etch grooves) to trim the frequency of any SAW device. Proper selection of
the gas mixture during etching gives a differential etch rate between the
transducer metalization and substrate. This causes changes in the stored
energy and reflectivity of the transducer electrodes, which in turn cause a
shift in the resonance frequency. This technique introduces no additional
materials to affect either electrical performance or stability.

The final processing steps and the techniques used to package SAWRs
largely determine the SAWRs long-term stability. As discussed in detail
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FIG. 2.3-9 Typical SAWR fabrication process flow diagram. The device cross section is
pictured opposite the corresponding process step.

in Sections 4.8 and 6.3, the best aging results reported have been achieved
by emulating packaging techniques used for precision BAWRs. The SAWRs
are held in place by the metal straps used to make electrical connections or
by separate straps connected to the packages. The packages are metal-
ceramic and can be sealed with a cold-weld or thermocompression bond.
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2.3.4 State-of-the-Art Performance

As stated in Section 2.3.2, resonator performance can be judged by the
frequency response, which is characterized by f,, Q,, and R,, and by fre-
quency stability. Both Q, and R, are in turn functions of the frequency.
Realistic bounds for these parameters can be set by imposing a few arbitrary,
but realistic limits on fabrication parameters and on the resulting SAWR
response.

2.3.4.1

Consider a two-port resonator on ST quartz where the resonance occurs
at the center of the reflection band and the transducers are recessed to elim-
inate reflections and placed in the maximum coupling position. The trans-
ducer size is chosen so that

FREQUENCY RESPONSE

(1) the transverse modc spacing defined in Eq. (2.3-13) is at least threc
times the material-limited (intrinsic) bandwidth £,/Q,, and

(2)  the grating separation is no more than s, 4 (Eq. 2.3-12) so that the
spurious longitudinal modes are adequately suppressed.

Using these postulates and neglecting all losses except viscous damping,
bulk scattering, and radiation through the gratings, the maximum Q, has
been calculated by evaluating the losses in Egs. (2.3-17) through (2.3-23)
at the frequency of resonance. The result is plotted in Fig. 2.3-10a. At high
frequencies, the maximum Q, is determined by material losses alone, while
at lower frequencies, bulk scattering and radiation losses predominate.
This low-frequency limit is set by the substrate length ¢, which is shown
as a parameter in the figure. The groove depth was chosen to maximize
the Q subject to the practical constraint that the depth is always at least
30 nm.

An analogous calculation was performed for SAW delay lines using the
effective Q, defined by Weglein and Otto (1977b) as the ratio of energy storage

FIG. 2.3-10 (a) Theoretical maximum value for resonator (solid curve) and delay-line
{dashed curve) unloaded Q with total device length ! as a parameter. Dots represent resonator
experimental results. Squares represent delay-line experimental results. (b) Theoretical minimum
resonator series resistance as a function of frequency. Points designated by letters are from the
following sources: a, Lardat (1976); b, Tanski (1979a); ¢, Shreve (1976a); d, Tanski (1979b);
e, Li (1977):f, Cross et al. (1979); g, Laker er al. (1977); h, Cross et al. (1980); i, Tanski (1980a);
J. Coldren and Rosenberg (1976): k, Bale and Lewis (1974); ], Parker and Schulz (1975); m, Lee
(1979): n. Weglein and Otto (1977b); o, Gilden et al. (1980).
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to dissipation. This effective Q can be expressed in terms of the center fre-
quency f, and the delay of the delay line 7 as®

Q. = 2nfit. (2.3-26)

Results obtained by neglecting the effects of bidirectional losses and losses
within the transducer are plotted in Fig. 2.3-10a for comparison with the
resonator calculation. A sampling of the best experimental results reported
for resonators (dots) and delay lines (squares) is shown.

In Fig. 2.3-10b, the minimum value of R, is plotted as determined from
Eqgs. (2.3-10) and (2.3-11) with the transducer size limits described in Section
2.3.2.2. It should be noted that the design parameters for minimum R, are
in general different from those for maximum Q,. The increase in R, at low
frequencies is caused by radiation losses and bulk scattering. At high fre-
quencies, R, is roughly proportional to f?-° due to the transducer size limi-
tation tmposed by the 30 nm minimum groove-depth requirement.

2.3.42 STABILITY

The frequency of a SAWR-controlled oscillator is affected by four mech-
anisms: temperature variations, acceleration, phase noise, and aging.

Temperature stability is determined by the substrate material and can
only be improved by placing the resonator in an oven to control the tempera-
ture or by adding external temperature sensing and electrical compensation.
As mentioned above, the material most commonly used for stable operation
1s ST quartz. Dias er al. (1975) showed that the temperature at which the
first-order coeflicient vanishes, the turnover temperature, can be varied by
changing the cut angle. In addition they showed that the temperature coeffi-
cient of external components shifts the effective turnover temperature down-
ward. Adams and Kusters (1977) showed that the presence of aluminum
IDTs in the SAWR cavity also causes a downward shift of the turnover
temperature. Minowa (1978) calculated the magnitude of this shift for both
aluminum and gold films on quartz. This film-thickness effect cannot be
ignored in choosing a quartz cut.

For many frequency control applications, the ST temperature character-
istic is not adequate. In recent years the search for new cuts of quartz, new
materials, and layered substrates with better characteristics has intensified.
Browning and Lewis (1978) discovered a cut of quartz in which the second-
order temperature coefficient is reduced by about a factor of two from that
of the ST cut. Subsequently Shimizu and Yamamoto (1980) and Williams

$ Sometimes delay-line Q is defined as the Q of a parallel resonant circuit that has the same
phase slope as the delay line. This definition leads to a @ that is one-half that in Eq. (2.3-26).
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et al. (1980) found similar cuts. The search for better cuts is continuing, but
Newton (1979) ruled out the possibility of finding a cut where both first-
and second-order coefficients vanish.

Many temperature compensation approaches have been and are being
tried to improve the temperature stability of SAW devices. Lewis (1979)
surveyed the success achieved with new orientations, materials, layered
substrates, ovening arrangements, and electrical compensation. His review
shows that a great deal of effort has been expended in this area and that there
is still a likelihood of advances in the state of the art from each approach.

The first study of the sensitivity of SAWRSs to external forces was per-
formed by Dias er al. (1976). These results and other early work made it
appear that SAWRs would make good force, pressure, or acceleration
sensors. Weglein and Otto (1977a) demonstrated that the sensitivity of
SAWRSs to external forces did not necessarily degrade their performance in
frequency control applications. They showed that the noise spectrum of a
SAW oscillator was essentially immune to random vibrations that caused
4 10-20 dB increase in the noise of a bulk crystal oscillator. Subsequently,
Levesque er al. (1979) reported frequency sensitivity of 4.3 x 10~ %/g. in
agreement with their theory. The work was extended by Hauden er al. (1980)
who predicted and measured no shift from properly applied diametrically
opposed forces on circular plates. These results can be applied to desensitize
SAWRs to the influence of mounting forces. Without describing their
mounting technique. Tanski et al. (1980a) report an acceleration sensitivity
of 3 x 107 1%,

The short-term stability of resonator-controlled oscillators is affected
by the resonator Q, R, and drive level. As mentioned previously, funda-
mental-mode SAWR oscillators have a lower noise floor than multiplied
BAWR oscillators. Early work by Lewis (1973) on the phase noise of SAW
delay-line oscillators has been carried over to resonators. Parker (1979)
has studied phase noise in detail. He showed a phase noise of —97 dBc/Hz
at 300 Hz from the carrier for a resonator oscillator compared to — 85 dBc/Hz
for a delay-line oscillator. Phase noise is discussed in detail in Section 8.2.3.

Perhaps the most important characteristic of SAWRs for frequency
control is their long-term stability. The first SAWRs werc fabricated and
packaged using the conventional techniques for SAW filters. Contamination
that outgassed from the package and mounting materials limited the
stability to around 20 ppm/year. As described more fully in Section 6.3,
the emulation of BAWR cleaning and packaging techniques has led to aging
rates as low as 0.1 ppm/year. The aging results for one of these devices are
shown in Fig. 2.3-11.

The ultimate limit of SAWR stability is not known. Organic contamination
has been identified as a major contributor to SAW aging, but little is known
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FIG. 2.3-11 State-of-the-art aging of a SAWR oscillator.

about the magnitude of other mechanisms such as stress relief, metalization
variations, outgassing, and surface adsorption.

2.3.5 Conclusion

The SAWRs are becoming viable components for precision frequency
control. Their major advantages over conventional BAWRs are small
sizc and higher-frequency operation. They can be used in low-cost UHF
oscillators to yield high spectral purity.

SAWRs can be modeled by a simple equivalent circuit analogous to that
used for BAWRs. They can be made in one-port or two-port configurations
to provide added design flexibility. Fabrication consists of conventional
integrated circuit processing techniques. Critical dimensions that give
coarse frequency control and apodization (the SAWR equivalent of energy
trapping) are set by the mask. Wafer processing reduces the cost per device
and variations between devices from the levels achievable in individual
fabrication of BAWR devices. Because of their higher frequency of operation,
clean packaging of SAWRs should be at least as critical as it is for BAWRSs.
The areas of mounting and packaging of SAWRs may be fruitful areas for
future reasearch. State-of-the-art quartz SAWRs have the following charac-
teristics: (1) an unloaded Q greater than 9 x 10'2/f, (80, of the material Q);
(2) quadratic temperature stability of —15 x 107 ?/(°C)?; (3) acceleration
sensitivity of about 1 x 10™%/g; and (4) long-term stability of 0.1 ppm/year.

SAWR technology is still developing. It is likely that the temperature
characteristics of SAWRs will improve as new quartz cuts are fully charac-
terized. Careful examination of fabrication and packaging techniques
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may improve the aging characteristics of SAWRSs. It is also probable that
new mounting techniques and the discovery of stress-insensitive cuts (similar
to the SC cut for BAWRSs) will lead to reductions in the acceleration sensitivity
of SAWRs. As these improvements are made, SAWRSs will be used in an
increasing number of areas for precision frequency control.
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3.1 INTRODUCTION

_ The study of radiation effects in quartz crystal resonators has proved to
be a useful investigative technique in describing modifications in the basic
structure of quartz caused by impurities. The success of this technique is
due primarily to the remarkable sensitivity of certain resonator character-
istics, such as its elastic modulus, to the presence of trace amounts of some
contaminants commonly found in natural and synthetic quartz. Work in
this field has therefore been devoted almost exclusively to analysis of the
manifold effects of ionizing radiation (x rays, gamma rays, and electrons)
on point defects. The following discussion reflects this emphasis. The
displacement damage caused by collision processes of neutrons (King and
Fraser, 1962) in quartz, although of less technological importance, is also
of interest in a complete perspective of radiation effects, as are the changes
caused by alpha particles (Aoki et al., 1976¢).
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3.2 RADIATION EFFECTS AND MODELING

3.2.1 Substitutional AI** Defect Center

Except for the purest quartz, in which radiation heating of the resonator
causes both static and dynamic frequency changes and is the only measurable
effect, the induced effects of ionizing radiation on quartz crystal resonators
can be discussed in terms of a model of one of the primary impurity defects
in quartz. This defect is the substitutional AI®* defect with an associated
interstitial charge compensator, either a H*, Li*, Na* ion or a hole. A
paper by Weil (1975a) reviewed the literature dealing with the role of alumin-
um centers in x-quartz for the 20-year period before 1975. The radiation-
effects model has been developed over the years as experimenters have
accumulated data from many measurements. [n this model the ionizing
radiation produces electron-hole pairs. The holes migrate to, and are
trapped by, the impurity Al sites, and the original compensating cation is
then released. The hole-compensated Al site, which is active both optically
and paramagnetically, is also the cause of a specific acoustic loss. The freed
cations, in the casc of Li and Na, are believed to be loosely trapped in the
relatively large channels along the optic axis of the crystal lattice. These
cations contribute to the acoustic loss in a resonator if the alternating stress
field in the resonator is in a direction to couple mechanically with the as-
sociated lattice disturbance. However, such acoustic losses are not observed
in air-swept quartz, in which hydrogen has replaced the heavier Li and Na
cations. A morc dctailed discussion of the sweeping process (high-tempera-
ture electrolysis) and crystal growth characterization is contained in the
literature (King, 1959; Chapter 1, Sections 1.2.2 and 1.2.3 of this volume).

Throughout this irradiation scenario, the lattice near the point defect
is altered, resulting in a change in the elastic constant of the structure and
hence a shift in the resonance frequency of the crystal. In terms of the Al
defect model, the nature and amount of the impurity content of the crystal
is of the utmost importance in describing the radiation effects. The charge
compensator at Al centers in natural quartz seems to be predominantly
Li or Na: in synthetic material it is primarily Na. In electrolyzed quartz,
hydrogen replaces these compensators, and in vacuum-swept material the
Al sites become predominantly hole-compensated.

Besides afecting the optical, paramagnetic, and acoustic characteristics
of a resonator, the radiation-modified defect sites also cause changes in the
infrared and dielectric absorption parameters of the quartz. These experi-
mentally measured effects are examined in this chapter in the context of the
previously mentioned model.
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3.2.2  Frequency Changes

To a great degree the measurement of the quartz resonator’s frequency
change has constituted the most extensive experimental effort (Aoki er al,
1975, 1976a,c; Aoki and Wada, 1978; Bahadur and Parshad, 1979, 1980;
Berg and Erickson, 1969; Capone er al., 1970; Esquivel and Sagara, 1974;
Euler er al., 1978; Flanagan and Wrobel, 1969 Koehler, 1979: Lipson et al.,
1979; Lobanov et al., 1968; Ludanov et al., 1976; Pellegrini et al., 1978) in
part because of the relative ease of obtaining precision frequency data.
Much of the work on radiation-induced changes in acoustic parameters
during the period preceding the last decade was reviewed by Fraser (1968).
More recent work has also been reported (King and Sander, 1972, 1973a.b.
1975).

Early in the decade, radiation work (Capone et al., 1970) showed that for
an exposure of 1Mrad (Si) of 10-MeV electrons, the accumulated frequency
changes for selected natural quartz (Fig. 3-1) are as large as 4 ppm and
negative. Offsets as large as 10 ppm negative for unselected natural quartz
were also seen. Western Electric fast-growth, lithium-doped quartz dis-
played negative frequency shifts of about § ppm; Sawyer Research Products
(SARP) high-Q quartz exhibited a positive offset of about 4 ppm. The best
material, electrolytically swept cultured quartz, showed a positive frequency
change of only 0.02 ppm. This behavior was interpreted (King, 1958) and
also treated in a more general fashion (King and Sander, 1972). Because of
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FIG. 3-1 Accumulated offset oscillator frequency as a function of 10-MeV electron dose.
[From Capone et al. (1970), © 1970 IEEE.]
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the nonlinear and saturation behavior of radiation-induced frequency
changes, these effects should not be characterized on the basis of a per-unit
dose.

As outline above, steady-state frequency offsets in crystal resonators
have been accounted for by a basic mechanism (King, 1958, 1959; O’Brien
and Pryce, 1954) involving specific crystal defects that cause stress relaxation
at some temperature below the operating temperature of the crystal. These
defects are modified by the ionizing radiation so as to vary the mechanical
coupling of the resonator with the defect-associated stress field. Acoustic
relaxation processes occurring below room temperature are usually caused
by small changes in the deformation of the lattice about substitutional or
interstitial point defects. These processes have small activation energies
because of the small thermal energy that is available. Anelastic processes
are characterized in terms of a relaxation strength that is a measure of the
degree of “coupling”™ between the acoustically active defect and the alter-
nating stress field in the resonator. The frequency-determining elastic
modulus of the resonator is affected by the defects so that if radiation causes
stress relaxation (i.c., a decrease in resonator stiffness), the resonance fre-
quency is reduced at temperatures above the onset of stress relaxation.
Conversely, an accompanying increase in resonance frequency occurs if
the radiation modifies an acoustically active defect so that it ceases to con-
tribute to stress relaxation.

At any temperature, the net change in crystal frequency after irradiation
results from the net radiation-induced change in the defects that contribute
to stress relaxation below that temperature. It has been shown that the net
frequency change is given by

_Zl Afx/f = *Zl (Ql;illx i
where Af; is the positive or negative frequency offset resulting from the de-
crease or increase in the relaxation strength of the ith defect and (Q.L);
is the peak value of the relaxation absorption associated with the stress
relaxation of the same defect.

A specific defect giving rise to an acoustic loss is usually identified by the
temperature at which the acoustic loss is greatest. For a relaxation process,
that is the temperature at which the relaxation frequency equals the frequency
of the crystal resonator. A good example is the so-called 50-K defect. The
50-K defect is commonly accepted as the substitutional Al°* defect compen-
sated by interstitial Na, which together cause a deformation-relaxation
absorption at 50 K in a 5-MHz resonator. After irradiation, the Na defect
is removed from the site, and a positive frequency offset occurs at tempera-
tures above 50 K (Fig. 3-2). The radiation-induced 100-K defect has been
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FIG. 3-2 Internal friction and frequency deviation at low temperatures for 5-MHz
thickness-shear vibration in Z-growth synthetic quartz before and after x irradiation. [From
King (1959), © 1959 AT&T. Reprinted from The Bell System Technical Journal by permission.]

characterized as a relaxation mechanism involving a substitutional Al site
stripped of an electron on one of the neighboring oxygen atoms. In other
words, it is a hole-compensated Al center. During irradiation, the production
of this defect causes a frequency decrease at temperatures above 100 K
(Fig. 3-3). This defect is the well-known paramagnetic center (O’Brien and
Pryce, 1954; Martin et al., 1979) that imparts a smoky color to irradiated
quartz and is associated with A-band absorption. As Fig. 3-1 shows, swept
Z-growth synthetic quartz is the quartz most tolerant to radiation. This
occurs as a result of the removal (by electrolysis) of the Na™ and consequent
reduction of the 50-K defect, as well as because of the removal of Li* and K *,
potential sources of similar defects. In natural quartz, production of the
100-K defect dominates, and the frequency changes produce a negative
offset. In Z-growth synthetic quartz, reduction of the 50-K defect dominates
and frequency changes result in a positive offset. However, only a negligible
offset ensues in swept Z-growth synthetic quartz.
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natural quartz resonator before and after x-irradiation. [From King and Sander (1972), ®
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More recent measurements (Aoki et al., 1976a,b; Aoki and Wada, 1978)
of frequency changes in synthetic and natural quartz irradiated by 1-MeV
electrons are in good agreement with the above characterization, but at
higher radiation doses (as much as 10!7 electrons/cm?® or ~4 x 109 rad)
a progressively greater positive frequency offset accrues for all quartz ma-
terials tested. This monotonically increasing behavior at very high dose
levels in AT-cut resonators has been attributed to displacement effects
produced by radiation, probably the removal of oxygen from the lattice.
Displacement damage is also the primary effect of neutron irradiation, and
atdoses up to 10" n/cm* the nature of the damage is localized disordering.

With neutron irradiation above this level (~ 102° n/cm?), displacement
damage throughout the crystal causes large nonannealable (at temperatures
below the »—f inversion point) density increases of the order of 4%, Asso-
ciated with the more localized disordering damage is a monotonically
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increasing frequency shift (as a function of neutron dose) in AT-cut quartz
resonators as observed by King and Fraser (1962) and others (Flanagan
and Wrobel, 1969; EerNisse, 1971). Locally disordered structural defects,
similar to those found in glassy materials, have also been reported in hyper-
sonic attenuvation studies (Laermans, 1979) in neutron-irradiated crystalline
quartz. In addition, neutron irradiation has produced amorphous or glass-
like thermal properties in quartz (Saint-Paul and Lasjaunias, 1981 ; Gardner
and Anderson, 1981.)

3.2.3 Optical Effects

The concomitant observation of c-band optical absorption, persistent
to 400°C, has also been seen earlier. This phenomenon is associated with an
OXygen vacancy center at which an electron is trapped (Mitchell and Paige,
1954; Nelson and Crawford, 1958; Weeks, 1956). Optical absorption mea-
surements in synthetic quartz of differing impurity concentrations showed
no color changes in the purer material; the less-pure quartz colored readily.
Classification of the optical absorption into A, A,, and c-bands follows an
earlier characterization (Mitchell and Paige, 1954) and correlates closely
with associated frequency changes in the resonators. Annealing experiments
showed that the A |- and A, bands are extinguished near 250°C, which is in
good agreement with the annealing behavior of the radiation-produced hole
centers and H centers described below. The c-band centers arise with the
A, and A, bands. Insofar as excess hydrogen can diffuse to the radiation-
produced color centers, the number of hole-compensated centers will be
reduced. Also, because the hydrogen-aluminum center does not absorb in
the visible region, coloration will be reduced. It is therefore seen that an
additional critical index for describing radiation-induced colorability is
the concentration of diffusable hydrogen.

3.24 Elastic Modulus Changes

Measurements have been made to determine the explicit effect of radiation
on the individual elastic moduli (i.e., ceq, ¢4, and C4q for AT. BT, and Y
cuts) (Aoki et al., 1976a; Ludanov et al., 1976). However, because there are
(1) different impurity defect centers in quartz, (2) varying relative amounts
of impurities from crystal to crystal, and (3) different anelastic coupling
strengths of each defect center on the elastic modulus, it is clear that a univer-
sal statement of the relative radiation-changed moduli ratios for different
cuts is of questionable utility.

Changes in the clastic constants of the crystalline structure, besides
causing obvious frequency changes, will also cause changes in the frequency -
temperature characteristics of the quartz resonator Recent wark (Aokiand
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Wada, 1978 Benedikter et al., 1974) on natural and synthetic quartz shoyvs
that the materials display characteristics similar to those reported earlier
(King, 1959). These changes, although expected as a result of.the .frequen.cy
behavior induced by the radiation, require detailed determination of in-
individual modulus changes in the quartz (Aoki et al., 1976a; Ludanov
et al., 1976). Only then can predictions be made of effects on the frequency-
temperature characteristic.

3.3 DYNAMICS OF RADIATION EFFECTS

3.3.1 Hydrogen and Transient Effects

The role of hydrogen (thc most abundant impurity in‘ quartz) as (1) a
preirradiation charge compensator at Al sites, (2) a reservoir for postlr'rd_d]a-
tion charge compensators, and (3) a primary consthltuem in the radlatlgn-
induced dynamic charge rearrangement process in quartz is becommg‘
better understood. This is a result of transient frequency measureme;l;s.
(King and Sander, 1972, 1973a,b, 1975; Koehler et al., 1977; Koehlerl, 1;) IR,
Pellegrini er al., 1978; Young et al., 1978) and low-temperatur'e ESR and |
experiments (Markes and Halliburton, 1979). After pulsed 1rrfa\d1a‘t1on zin—
volving exposure-time intervals from nanoseconds to microseconds,
observation of the quartz shows a significant annealablg negative frequency
offset at room temperature. Some interesting transient thermal eflects
have also been observed (Hartman and King, 197:3, 19755 Koehler et a‘l.,
1977; Koehler, 1979; Young et al., 1978). These will be .dlscussed »late'r n
the text. The transient frequency change has been attr¥buted (ng and
Sander, 1972, 1973a.,b, 1975) to a relaxation process, \iVil/lZCh anpeals gb{ov(ei:
165 K. The kinetics of the annealing process obeys a t relathnshlp dn’ 1
is theoretically (Sosin, 1975) interpreted in terms of a one-d.lmenswnl;i
diffusion-limited annealing of uncorrelated defects. Mqre spec1.ﬁc,:ally, the
monovalent cation H is trapped at substitutional Al sites. Sosin’s model,
and calculations from it, should constitute the correct. approach. Mz‘my
investigators (King and Sandecr, 1975 and refer?nc?s lcned the}rem) hal\;e
demonstrated that monovalent cations such as Li*, Na*, apd H - generally
found as interstitial impurities in quartz, diffuse m0§t readily along a smghle
crystallographic direction, the optic axi§. The experiments showed' that the

resonance frequency of all the crystal units test;d, after exposure to a gamma
burst at room temperature, exhibited a negative offset o'f sgveral parts per
million, which annealed out to a relatively stable value w1t_hm 10to 15 m[l)rll_
utes after exposure. The acoustic relaxation process beheved resp01'151t (—;
for this frequency offset involves the 100-K defect mentioned above, part o
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which is annealable at room temperature, If the quartz is of very high
purity (Young et al., 1978) (i.e., high Q as determined by IR characterization
of the hydrogen content), then the rapid annealing of the hole-compensated
centers is not observed, presumably because of a smaller concentration of
hydrogen-compensated Al precursors. This situation also obtains in vacuum-
Swept quartz where the cation Compensators have been replaced by holes
instead of by hydrogen. Further experimental evidence (Krefft, 1975) shows
that the concentration of hydrogen in vacuum-swept quartz is significantly
reduced, verifying that a reduction of the transient A f/f is associated with
a reduction of hydrogen.

The optical analog to this annealable 100-K defect is the short time ob-
servation of coloration, or A-band absorption, after pulse exposure. The
validity of this facet of the model has been supported by transient optical
absorption (within the A band) data taken after irradiation of various quartz
specimens (Flanagan and Wrobel, 1969; Spitsyn er al., 1978). Still further
support came from A-band absorption measurements at 77 K (Mattern,
1973; Mattern et al., 1975), followed by room-temperature measurements in
which a reduction in A-band intensity occurred as the irradiated sample
warmed. This situation would be expected to follow from the suggestion
that the H*-compensated fraction of the substitutional Al centers would
remain colored, or hole-compensated, if irradiated at temperatures low
enough to prevent the proton from migrating back to the hole-compensated
Al'site after it is freed by irradiation. The earlier work cited above (Markes
and Halliburton, 1979: Weil, 1975a,b) indeed suggests that the freed proton
constitutes an electron trap at low temperatures. Viewed another way. atonic
hydrogen is freed from the Al site.

3.3.2 ESR and IR Studies

If electronic-grade quartz is irradiated at room temperature (Markes
and Halliburton, 1979), an increase in the number of hole-compensated
centers occurs, as determined by electron spin resonance (ESR) measure-
ments. After a second irradiation at 77 K, the number of these centers is
further increased. In terms of the model, the cation (Na*) compensated Al
sites would release their charge compensators and become hole- or hydrogen-
compensated under irradiation at room temperatures. At low temperatures
only the hydrogen-compensated sites could do so. The annealing studies
further show that a measurable component of the hole-compensated Al
center persists up to room temperature, indicating that the available hydrogen
need not or cannot compensate all of the Al centers.

Complementary IR studies (Martin et al., 1979) substantiate the dynamics
of the defect rearrangement processes after irradiation by revealing that an
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enhancement of IR absorption associated with the AI—QH center occurs
after irradiation at room temperature. This is addit.ional evxder}c‘e that hydro-
gen, at sites other than the substitutional Al sites, has mlgrated.lo’ dt.he
Z)riginally cation (Na*) compensated center.an.d replaced it as a pogtl'r;)ci 1;1-
tion Al** charge compensator. Later irradiation at 77 K, Wthh 1s‘ able h0
free the hydrogen from such sites, would therefore show an increase in t’e1
number of hole-compensated centers (in agreement with experimenta
ation). . .

Ob:ﬁr:c:m(pa)rative experiments that were part of the studies of Martl‘n. et ;1‘1:
(1979). both air-swept and unswept samples from the same bar' of elect}iomcd
grade synthetic quartz were irradiated. An initial 77-K 1rrad}at10n S owet
a factor of 25 more Al-hole centers in the swept specimen than in the uns;vep
specimen. This sweeping process removed the cation compensators fron(;
the Al centers and replaced them with hydrogen ions that are readily free
under the 77-K irradiation, leaving the centers hole-compensated. .

As noted in earlier work, radiation-produced effects like those described
here can be removed by annealing at high temperatures (Bahadur qnd
Parshad, 1979). In a study (Martin et al., 1979) of the temperature region
from 500 to 650 K, both the ESR measurements of hole-compensated‘Al
centers and the IR measurements of the AI-OH Centgr's showed a destruction
of these defects and a return to preirradiation conditions. Ip contrast to the
unswept material, no significant changes were observed in swep; }(lluar‘tz.
For the swept samples this is expected because of the'abgence of heavier
cation compensators in the swept quartz and the substitution of hydrogen
as the preirradiation equilibrium Al compensator.

3.3.3 Trap Characterization

Earlier workers (Freymuth and Sauerbrey, 1963) were able to esta'b?;sg
a two-component activation energy fit to the experimental data in det‘? ee)
annealing measurements of radiation-induced frequency chat}ges (nega 1vaS
in natural quartz. The temperature dependencq of the annealing ::)ulrvij }Nnd
best reproduced by traps with activation energies of E; = 0:3 + 0. E a
E, = 1.3 4+ 0.3 e¢V. Current interpretation of these data pictures the 1F}nﬁe-
irradiation Al compensating cations as loosely trappeq (0.3 eV) in the ¢
channels after they are freed by irradiation. LaFer heating allows them to
return more readily to Al sites, thereby replacmg the holqs or hydrog;n
ions that had taken their places. A reasonable interpretation is .thaF t ei
1.3-eV trap is the coulombic potential well surrounding the substitutiona
A](()ifﬁicrt‘recent conductivity and dielectric relaxation experiments (Jain
and Nowick, 1982a.b) on synthetic and natural quartz resonators have
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been tentatively analyzed in terms of single defect centers (i.e., trapping
sites). For the synthetic quartz resonators, the motional energy (thermally
activated mobility) as determined from the conductivity measurements
over the temperature range from 230 to 280 K was 0,14 eV. This value is
significantly lower than that for the natural material. The result for the
natural quartz resonator was a motional energy of 0.45 to 0.50 eV. Prompt-
radiation-induced photoconductivity and transient increase of acoustic
losses, discussed in Section 3.3.4 are understood as two manifestations of
the temporarily freed impurity cations in quartz. To support this notion,
the independently determined activation energies should agree. Additional
work needs to be done to measure this parameter more extensively for natural
and synthetic quartz materials shortly after irradiation and at a later time
for the more persistent contributors to conductivity and acoustic losses.

3.34 Material Quality and Anelastic Losses

From another perspective, the observed absence or reduction of an ionic
current in swept quartz (Hughes, 1975), as well as the elimination of radiation-
produced Q changes by sweeping (King and Sander, 1973b, 1975), arises
from the removal of cation charge compensators. Sweeping therefore
removes the source of the ionic current as well as the transient 290-K (at
5 MHz) acoustic loss mechanism. The effects of sweeping are therefore
seen to be consistent with the model,

The importance of material quality has been stressed (King and Sander,
1973b) because in some quartz the magnitude of the annealable acoustic
loss increase at room temperature has been large enough to cause the oscil-
lator to stop for long periods of time. Oscillator gain margin (Paradyz and
Smith, 1973, 1975) determines the capacity for sustaining vibration. The
observed change in resonator resistance, or acoustic loss, is a function of
radiation dose and impurity concentration in the quartz.

More recent anelastic absorption (Q ') measurements (Aoki and Wada,
1978; Capone et al, 1970; Martin et al, 1979) are consistent with earlier
results. These measurements demonstrate qualitative agreement for radia-
tion-induced reduction of the Na loss peak, for an increase in the hole-
compensated Al loss peak, and for substantiation of the expected dependence
of frequency on anelastic loss processes (Aoki and Wada, 1978). The 0!
versus temperature data (Martin et al., 1979) taken from Na-swept Prem-
ium-Q quartz also agree with the ESR results (Markes and Halliburton,
1979) (that the alkali ion becomes mobile under irradiation at temperatures
above 200 K). These latter results showed that resonators irradiated at 77 K
exhibited no change in the 50-K loss peak but that irradiation at 300 K
completely removed this loss mechanism. Sweeping, by removing the Na
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charge-compensating cations, should therefore al‘SO eliminate the 50-K
loss peak (and it does). The loss mechanisms descrlbedvthus far have been
fairly well established, but the origins of smaller anelastic absorption peaks
in such Q! spectra have not been identified.

3.3.5 Thermal Effects

The response to pulsed irradiation is no lpnger impurity-related in hlgh}
purity material that has been electrolyzed in vacuum, whire t.fie sourii:] o+
changes in resistance and transient frequency (namely .H , Li*, and dE.l

jons) has been removed from the crystal by the sweeping process. Studies
(Koehler et al., 1977; Koehler, 1979; Young et a!., 1978) with 5-MHz,
fifth-overtone, AT-cut resonators have shown transient fr.equency changes
that have been interpreted in terms of dynamic and static thermal effects
resulting from the deposition of radiation energy and from heating the rgson(;
ator structure. Thermal modeling of the crystal resonator and assomat‘e

oven environment, in conjunction with earlier (Anderson and Merrill,
1960) empirically derived frequency dependencies on the rate of change of

T T

TIME AFTER EVENT (SEC)
FIG. 3-4 Transient frequency change after pulsed gamma irradia-tion for an AT-cut atncli.
SC-cut resonator. The frequency offset for the SC-cut air-swept }?’ren?xum-‘Q.qugrtz resona t0 i
has been attributed to the presence of some residual postsweeping impurities in the quartz.
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temperature of the quartz, has led to good agreement between the calcula-
tions from the model and the experimentally measured frequency transients
(Fig. 3-4). Considerations of temperature gradients in quartz crystals, caused
by thermal transients, led Holland (1974) to design the thermal-transient
compensated (TTC) cut. EerNisse (1975) was led to the equivalent orienta-
tion (the stress-compensated or SC-cut) from a consideration of stress effects.
In irradiation studies on these SC- (as well as BT- and AT-) cut swept
Premium-Q quartz units, the resonators displayed the frequency changes
expected and calculated from the resonator thermal model mentioned
above (i.e, negative transients in AT resonators, positive transients in BT
resonators, and negligible changes in SC-cut resonators). A typical “thermal-
signature” frequency transient ensues from pulsed irradiation because of a
radiation deposition throughout the resonator structure that is a function
of radiation energy and material and because of later changes in temperature
equilibration that are a function of the material’s thermal properties. The
negligible radiation-induced thermal-frequency transient in the SC- (or
TTC-) cut resonator of course, stems from the explicitly designed insensitivity
of this crystal orientation to such thermal effects.

In conclusion, studies of the radiation-induced effects in quartz over the
past decade have led to a significantly increased understanding of the rela-
tionship between radiation sensitivity and crystal defects. This knowledge
has been used to modify and control the concentration of defects in the raw
material, which in turn permits the fabrication of precision resonators that
are little affected by radiation environments.
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Of primary importance in precision frequency control devices is the
manufacturing technology employed to fabricate these units. For crystal
resonators, the choice of technology used is governed by the desired end use
of the device. Quartz resonator applications range from high-volume
low-cost resonators in color TVs and quartz watches to low-volume very-
high-cost resonators in precision frequency standards. The price range
for finished devices ranges from under one dollar to more than several thous-
and dollars for high-precision quartz transducer designs. Each fabrication
facility differs in the type of processes used (Piwonski, 1971; Wasshausen,
1971 ; Metcalf, 1972; Royer, 1973).

4.1 RESONAT.OR MATERIAL SELECTION

Quartz is the material of choice in the majority of resonator devices made
today (refer to Sections 1.1 and 1.2). The recent expansion of surface-acoustic-
wave (SAW) activity also has introduced a variety of other materials, such
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as lithium niobate, lithium tantalate, berlinite (aluminum phosphate),
zinc oxide, and others (refer to Sections 2.3, 5.3, and 5.4).

In terms of the total volume of devices made, quartz dominates all other
materials. Quartz is easily obtained, has been extensively studied for years,
and exhibits properties that make it suitable for a wide variety of devices.
Initially, quartz devices were fabricated only from naturally occuring quartz
crystals obtained primarily from Brazil, with minor deposits in other parts
of the world. Since the 1940s, extensive efforts have led to the development
of cultured quartz, which exhibits greater uniformity and better utilization
of material than natural quartz. As a result, virtually all devices today use
cultured quartz. Natural quartz is used primarily in devices where the prob-
lems of available size, lattice defects, or inclusions in cultured quartz outweigh
the much lower overall material yield in natural quartz. Endpoint material
yield in natural quartz can be as low as 1 to 2%, compared to greater than
20% in cultured material. This is primarily due to excessive twinning,
veils, and fractures in the natural material.

Cultured material is available in a wide variety of sizes, orientations, and
grades. A particularly useful property of cultured material is that the quartz
bars can be selectively grown in different crysiallographic directions to
maximize yield in producing different resonator devices and orientations.
Size and quality of the material can be also controlled by the grower to
meet almost any requirement of the user.

Major problems in currently available cultured material are inclusions,
lattice defects that result in etch channels, and susceptibility to radiation
damage. Extensive research is being done to eliminate these problems.

Cultured quartz can be loosely and imprecisely divided into five categories
in order of increasing price. Commercial grade, also known as electronic
grade, is usually fast grown and suitable for a wide variety of low-precision
devices where the device performance is dominated by other than material
factors. The Q, or quality factor, of this material is about 1.8 x 10°.

Premium Q material is suitable for a number of medium- to high-precision
devices. It’s Q is typically 2.2 x 10°.

Special premium Q material, with Q values in the vicinity of 2.6 x 10° and
higher. is used for precision resonators where material loss dominates
device performance.

Optical-grade material is used for special optical devices and other com-
ponents requiring material with the lowest possible internal strain bire-

fringence. These include acoustooptic filters, deflectors, and optical modula-
tors.

Swept quartz is basically a high-Q material where, using a variety of
different techniques, impurities are “swept” out of the quartz material using
a strong clectric field at elevated temperatures. This material is used primarily
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in d§:v10es where susceptibility to ionizing radiation is an important consid-
eration.

The Q of the material is defined in terms of a 5-MHz, fifth overtone, AT
Cu.t, designed and mounted so that material losses are the dominant e;cht
Q is defined in the usual electronic sense, that is, the device frequency divided
by thg half-height resonance line width. In practice, in the unprocessed raw
mat(?rlal the Q is measured indirectly using optical absorption techniques
at dlﬂ‘erent wavelengths, which generally correlate with the acoustic losses
seen in a finished device. o

Generally, SAW resonators and shallow bulk acoustic wave (SBAW)
resonators are also fabricated on quartz substrates. For most of these devices
the electromechanical coupling factor in quartz is quite small. In addition
although SAW orientations have been identified with usable frequenc§
versus temperature characteristics, these do not have the performance of
common bulk-wave devices such as the AT and SC cuts (refer to Section
2.2).. The general SAW technology permits a much wider variety of acoustic
devices than conventional bulk-wave resonators (refer to Sections 5.3 and5.4).

USAW filters On quartz are usually restricted to bandwidths of less than
17%;. Other materials such as lithium niobate permit bandwidths up to 109
bfacause of much higher electromechanical coupling factors. However thg
higher-coupling-factor materials generally have undesireable frequer’lcyf
te?mperature characteristics. Recent work in berlinite holds promise for
higher coupling factors with better temperature performance than current
quartz SAW devices.

Material technology for SAW devices is one of the more active areas of
'cr){stal areas of crystal research. Some of this effort may ultimately result
In 1mproved conventional bulk-wave devices.

The final choice of the material used will depend on the ultimate use and
the desired performance of the device.

4.2 SAWING

The ﬁrs.t step in device fabrication is the sawing of raw material to the
corrt?ct orlen.tation and size. Because piezoelectric materials are anisotropic
the final device performance depends on the exact crystallographic orienta-’
tion of each finished surface of the device. For most devices, this orientation is
determined during the cutting operation. ’

Crystal cutting is done by one of two methods, sawing with diamond or
other. abrasive-coated rotary blades or lapping with an abrasive compound
Cuttmg may be done with a plunge saw where the cutting blade makes a.
single cut through the entire surface starting at the top surface. Also used
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are reciprocating saws where either the crystal or the saw blade traverses
horizontally. Internal diameter (ID) cutting saws are also used whe.re the
saw blade is a thin material tensioned on its outer circumference with an
abrasive-coated hole in the center of the blade material.

Lapping saws (see Fig. 4-1) depend on wearing a path through the cryst:ai
by traversing a string, wire, or tensioned blade over the surface of the crysta
while flooding the area of contact between crystal an_d blade .w1th a slgrry
compound consisting of a carrier fluid and an abrgswe. Typical abrasives
used include alumnium oxide, silicon carbide, and.dlamond dust. Commer-
cially available lapping saws contain 20-100 cutting b.lades, erendlng on
the width of the cut and the desired thickness of the finished piece. .

The type of saw used depends on the size, shape, and t_yp.e of crystal material
used. For example, natural quartz crystals, due to their irregular shape, are
almost always cut with a rotating blade. Cultured quartz crystal bars

FIG. 4-1 Modern, multiblade lapping saw. Work to be cut is pos_itioned below the bladi
pack. Blade pack consists of 10 to 100 steel blades under high tension. (Photo courtesy o

Varian Industrial Equipment Group.)
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obtained from the supplier precut to a particular size and orientation are more
easily cut on a lapping saw.

4.2.1 Natural Quartz

The first step in sawing a crystal is to determine where to cut. Natural
quartz crystals grow with a number of well-defined facets on the surface.
The quality of material available today is rather poor. It is rare that faces
other than the prism or m faces can be easily determined. The problem is
further complicated in that both right- and left-handed quartz exist in roughly
equal proportions. Natural quartz may also exhibit twinning where both
left- and right-handed quartz exist in the same piece.

An accepted method is to mount the crystal on an m face. Usually the
crystal is fastened to a glass, ceramic, or other easily cut material using wax,
casting resin, or plaster of Paris. Cutting perpendicular to this face, parallel
to the optic or z axis, will generate an X-face on the crystal. The direction
of the z axis can be determined either from natural features on the crystal
or by use of a polariscope or an immersion iconoscope. In practice, a test
cut is usually taken first and the saw (or crystal) mount corrected based on
the results of x-ray measurements of the test cut (Merigoux et al., 1980)

After cutting X-faces on two sides of the crystal, the cut surfaces can be
heavily etched in a commerical quartz etch. The etching clearly shows
regions of electrical and optical twinning in the crystal (Heising, 1946).
Also, the asymmetry of etch pits on the surface allows the use of an oriascope
to determine uniquely the handedness of the crystal and the direction of the
+x-axis. It is also possible to determine this information using optical and
electrical tests, but the etch method is simpler.

Using the etching information, singly rotated Y cuts can be made by moun-
ting the crystal on a previously cut X face and rotating the optic axis about
the x axis to the proper angle. In practice, this is almost always done using
transfer fixturing and x rays. The crystal is mounted on appropriate tooling
in an x-ray system and the proper rotation set by x-ray Bragg diffraction
from chosen crystallographic planes (Heising, 1946). Additional test cuts
might also be used to refine the actual cutting angle.

To cut doubly rotated cuts such as the SC, IT, RT, and LC, intermediate
cutting operations are needed (Bond and Kusters, 1977).

This process, using diamond-cutting tools, usually results in a slab of
quartz material with the desired thickness but with irregular edge dimensions.
Further ctching and inspection determines twinned regions and usable
areas in the slab. Final cutting of the crystal blank uses a saw for square or
rectangular blanks or a core drill for circular blanks.
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4.2.2 Cultured Quartz

The difficulty and labor involved in cutting natural quartz has led to a
rapid growth in the use of cultured quartz for the majo.rity. of quartz-reson-
ator devices. Cultured material usually contains no twinning and is grown
uniformly as either right- or left-handed material. Quartz sgppliers provide
precut sections of almost any desired size, with major faces oriented crystallo-
graphically to within 15" of arc. In addition, in recent years a number of
small speciality cutting shops have provided precut crystal blanks of the
necessary size and angle to mect most of the crystal industry’s requirements.

If the material is obtained in bar form, the bars are mounted on mechani-
cally indexing fixtures for sawing. If further precision is npeded, transfer
fixturing and x-rays can be used, the proper rotation determlqed from x-ray
diffraction and transferred to the saw. Because of the uniformity of the bars,
cutting is usually done with lapping saws. Occasionally a conventional
rotary cutting saw might be used. .

Doubly rotated cuts are more casily handled in cultured material. Bgrs
already cut to the first rotation can be obtained from the quartz supplier.
This makes cutting of the second rotation similar to cutting AT and BT cuts.

Again, test cuts might be used to further refine the cutting angle.

4.3 X-RAY ORIENTATION

A further step is necessary, once cut blanks have been obtained, before
the blanks can be classified as usable. Because of minor variations and mech-
anical tolerances in sawing and possible lattice variations in the.parent
material, cach blank produced is not at exactly the same orienta.xtlon‘ To
obtain blanks of the necessary precision, two methods, both using x-ray
diffraction, are used. Blanks may be either sorted according to a pre-estab-
lished specification, or may be angle-corrected so that the major surfaces
have the desired orientation. . '

The orientation of a major surface can be accurately determined using
x-ray Bragg diffraction from known crystal planes (Bond, 1976). Usqally
a twin-crystal diffractometer is used with the reference crystal preqsely
adjusted to the desired orientation, although this is not a necessary condmor}.
Perhaps the greatest difficulty lies in ensuring that the crystal surfgce is
properly mounted on the goniometer reference surface.. A recently intro-
duced laser-assisted method (Vig, 1975) permits maximum accuracy to
be obtained. .

For singly rotated cuts such as the AT or BT, the rotation angle about the
X axis is thc most important since this angle governs the temperature per-
formance of the unit. The usual plane for AT cuts to measure this rotation

ig the 01.1 crystallogranhic plane. For BT cute either the 10.1 or the 10.2
i the 011 cryetallooraphic nlane
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planes give satisfactory results. For this class of cuts, the rotation angle about
the Z axis is not critical and is usually ignored except for the highest-precision
units.

Doubly rotated cuts, except for the IT cut, pose a special problem since
there is no suitable plane to directly determine the angle with respect to the
optic axis or the rotation angle about the z-z axis in the blank. For these
cuts, special methods have been determined using either multiple planes
or pretilted blanks so that planes such as the 01-1 can be used (Bond and
Kusters, 1977; Clastre et al., 1978; Asanuma and Asahara, 1980). Recent
improvements include the development of fully automated goniometers
capable of accurately measuring a wide variety of orientations (Darces and
Merigoux, 1978: Kobayashi, 1978; Birrel et al., 1980).

If the yield due to sorting is not sufficiently high, a more difficult process
may be used. Angle correction is a process whereby the actual surface of the
blank can be changed slightly in orientation angle to provide the correct
crystallographic orientation in the final blank. Several methods have been
either used or proposed to change the orientation of a sawn blank.

In one method, the crystal is mounted on a lapping fixture with adjustable
diamond feet which rest against a reference surface on the X-ray system.
Instead of actually measuring the surface orientation, the diamond feet arc
adjusted until the crystal is at the desired orientation. The lapping fixture
with the crystal blank attached is placed on an abrasive lapping machine.
Material removal continues until the diamond tipped feet prevent any further
lapping. The resulting crystal surface is now at the desired orientation
(Hammond, 1961; Kusters and Adams, 1980).

Another accepted method is to etch a step on one half of the crystal blank.
The depth of the step is directly related to the necessary correction required
(Husgen and Calmes, 1976). Another proposed method involves using a
laser under computer control to burn small pits on the surface of the crystal
(Birrell et al., 1980). For both of these methods, during subsequent parallel
lapping the etched, or laser-damaged, areas will provide an asymmetry in the
lapping operation that will ultimately result in a correctly oriented surface.

Another method takes advantage of the fact that the temperature perform-
ance of BT cuts and fundamental-mode SC cuts are highly sensitive to surface
contour. Instead of correcting the orientation of the surface, the proper
contour is chosen to provide a blank whose temperature-frequency charac-
teristics are essentially the same as if the blank had the correct surface orienta-
tion (Vig et al., 1981).

Significant improvement can be seen during x-ray measurement if the
quartz blank is given a heavy etch prior to irradiation. This tends to remove
the outer damaged layer formed on the quartz blank during previous mech-
anical operations. Heavy etch will also stop any further propagation of

i 1 od s g e Sf e
microeracks that might have started as a result of suiface damage.
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4.4 MECHANICAL OPERATIONS

The next steps in the manufacturing process are the various 'mechamcal
and chemical processing steps that turn a sawn blank into a ﬁmsheq blank
ready for final processing, The actual sequence depends on the type of reson-
ator unit and its final intended use. Many of the steps discussed may not be
used for low-precision units but might be essential for the proper perfor-
mance of high-precision devices. .

Such a step is parallel lapping. Either a pin lap or, more conventionally,
a planetary lap is used (Miller, 1970). This process prqdpces a t?lank that
has both sides parallel and also is the first step in determmmg the final blank
thickness. The blanks are placed in a carrier of the proper th.lckness betw;en
two lapping plates. An abrasive grit in a fluid carrier provides Fh@ lapping
agent. Parallelism is obtained by frequently zlilternatmg the position of the%
crystal blanks in the carrier. Final thickness is determmed either by use o
a thickness gauge or for thickness-mode devices, since the crystal blank
is piezoelectric and generates a small radio signal at its resonance frequepcy
during a lapping operation, by the use of an HF or VHF radio receiver
placed near the parallel lap and tuned to the desired frquenpy.

Circular blanks not already at the proper diameter at this time are stacked
one on top of another into a cylinder. The blanks may be Wa?(ed 1'nt0 a gtack,
or held by pressure if suitable tooling is available. A cylindrical grinder
removes the cxcess crystal material and rounds the stack to the proper
diameter. If diametric control is important for the device, diamond 'honmg
and edge polishing can be used to set the blank diameter as precisely as
necessary.

Rectangular or square blanks, contour-mode resonators, ﬁ.exure bars,
and cxtensional-mode bars are cut from the paralleled blanks if necessary
and trimmed to their final dimensions using sawing, grinding, lapping, and

olishing operations. .

i Fromgthri)s point, the sequence followed is determined by ‘the dfev1ce.
Possible steps include polishing, contouring, and final mechanical trim to
frequency.

Polishing has traditionally been a mechanical process used on resonz‘ttlor
devices where attainment of the highest possible Q and long-term stability
are important (Miller, 1970 Vig et al., 1973). It typically is not done to'low-
precision crystal units. Recent developments in crystal processing techmques
have led to the use of chemical polishing with ammonium bl.ﬂuorlde and
other ctchant compounds. This technique, which must be tallored' to the
specific orientation of the device, leads to an acceptable.surfa.ce pphsh and
a greatly increased resistance to crystal damage, especially in high-shock
environments (Vig ¢t al., 1977a,b; Brandmayr et al.,, 1979; Suda et al., 1979).

i imi agl 1M P Iso bheen
Material-limited O and gond long-term aging nerformance have a
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obtained with a 3-um lapping step followed with a heavy chemical etch
(Castellano er al., 1977).

Surface contouring is normally restricted to thickness-mode devices.
It produces a surface that is a section of a sphere. It provides a means of
confining acoustic energy to the center of the crystal and minimizes acoustic
leakage through the crystal mount. These acoustic losses decrease Q and
increase the equivalent series resistance of the device. Contouring is done
either to one side (plano-convex) or to both sides (biconvex). The amount
of contouring is customarily expressed in diopters, the inverse of the equiv-
alent focal length in meters of a glass lens of the same radius of curvature,
or by the actual radius of curvature of the surface. Actual contouring can
be performed on a large scale by gently tumbling the blanks in a contouring
drum partially filled with an abrasive slurry. Final contour achieved closely
matches the radius of the drum. Contouring is also done using cylindrical
grinding machines and using “diopter cups” from the optical industry. In
the latter method the blanks are mounted in a holder and placed on the
surface of a spherical cup of the proper radius of curvature. The cup is
spun rapidly while slurry runs into the cup. Pressure applied to the crystal
holder forces it against the lapping surface and generates a spherical surface
on the blank.

Final mechanical trim-to-frequency can be done only when a method
exists at this stage that permits the resonator to be excited in its resonant
mode. Thickness-mode devices can be easily excited using air-gap electrodes
that are designed to hold the blank on its periphery and to provide an electric
field normal to the surface through a small air gap. The device can then be
driven into resonance by electronic means. The most popular driver is a
crystal impedance (CI) meter whose output frequency is monitored by a
[requency counter.

In this manner, the current resonance frequency of the device can be
measured and a small additional amount of lapping, mechanical polishing,
or chemical etching can be done to remove additional material. The process
is continued until the device is within frequency tolerance for this stage of
the process. If the frequency becomes too high, the unit must be rejected.

Similarly, contour-mode devices, and flexure- and extensional-mode
units may be adjusted to frequency by proper electrical excitation and small
amounts of material removal. A useful material removal technique for these
devices is the use of an air-abrasive unit where abrasive powder is driven
onto the surface of the resonator to be trimmed by air pressure (Kulischenko,
1975). This is usually cleaner and faster than fluid-carrier lapping compounds.

Following the mechanical processes, a final etch may be given to the
device. This may be the chemical polishing step, a light etch after mechanical
lap or polish, or the final mechanical trim-to-frequency. This final etch re-

moves a thin damaged layer produced on any ciysial during mechanicai
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processing (Fukuyo and Oura, 1976) and is essemial.for rr'lax.imizing o
and for proper long-term aging of the resonator device. S.1m11a1' regults
have been obtained using rf back-sputtering, plasma etching, and ion-
milling (Castellano and Hokanson, 1975).

4.5 CLEANING

Cleanliness is absolutely essential for proper long-term aging performance
of crystal-resonator devices (refer to Chapter 6). At this stage_ in its manu-
facturing process, the crystal blank has been exposed to v1rtgally every
known.contaminant harmful to proper long-term performanf:e: it has been
immersed in various oils, soaps, and noxious liquids; grounq into its surf.ace
have been lapping and polishing compounds ofg wide variety of chemical
compositions; it has been attacked by etchants; it has been handled_ many
times by humans so its surfaces are also loaded with gnknown organics.

Each crystal-processing facility tends to develop its own cleaning tech-
nology (Simpson, 1970; Vig er al., 1973, 197.4;. Hart et al., _1974; Hart, 197_4).
Cleaning may involve combinations of acidic anq caustlf:.bathS, washing
in polar and nonpolar solvents, ultrasonic cleaning, boiling in §olyents,
vapor degreasing, and vapor drying (White, 1973). .Recent work 1nd1c.ates
that whatever method of chemical cleaning is used, residuals from. a}l previous
work can be detected on the crystal surface if sufficiently sensitive surface
analysis, such as ESCA or AUGER, is used (Bryson et al., 1979). .

Further cleaning, which appears to remove all of thf? detectable regldges,
involves exposure of the crystal blank to intense ultraviolet (UV) radlatlgn.
Since the UV also creates ozone when oxygen is present in the cleaning
system, this method is termed “ UV-ozone™ cleaning (Ylg et al.', 1974, 1975).

Effective removal of residue may also be done using various vacuum
cleaning methods. Of greatest importance are ion bombardment (Vig et al,,
1973; Hart et al., 1974; Hart 1974), plasma scrubbing, and elegtron bomba.rd-
ment. Each of these require a high degree of cleanliness prior to exposing

the blank to vacuum.

4.6 VACUUM DEPOSITION

Inherent in the design of resonator devices is some form of electrode
structure that creates the proper electric field distribution in the. c':rystal
unit. The most commonly used method involves vacuum deposmon.of
metallic films through properly designed evaporation masks. The masking
used will define the final electrode size and shape and influence the final
parametric performance of the finished resonator (Mindlin, 1968; Werner

and Dver. 1976).
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Deposition must be done in a vacuum sufficiently high so that the mean
free path of an atom is significantly longer than the distance from the de-
position source to the substrate. This implies a vacuum of 10~ ° Torr (milli-
meters of mercury) or greater (Rankin, 1972). Pumps capable of achieving
this level are of four generic types; diffusion, turbomolecular, ionization,
and cryogenic.

Oil (or earlier, mercury) diffusion pumps depend on a momentum exchange
between hot oil molecules that have a flow path directed to the bottom of
the pump and the residual gas molecules to be pumped. This pump must
be backed, or operated in series, with a mechanical roughing pump capable
of achieving vacuum in the low micron range. A major problem with diffusion
pumps is their tendency to “back-stream,” a phenomenon by which some
of the oil molecules tend to diffuse upward into the vacuum chamber and
contaminate the surfaces being plated. Proper arrangement of optically
dense, cooled baffle plates can reduce this to acceptable levels. Maximum
achievable vacuum is 2-5 x 10~ 8 Torr, primarily depending on the vapor
pressure of the pump oil.

Diffusion pumps are attractive because of relatively low cost and very
high pumping speeds. However, the possibility of surface contamination
generally eliminates their use for high-precision resonators where long-
term aging is an important factor.

Turbomolecular pumps also require backing by an external mechanical
pump. The turbo pump is essentially a multistage turbine that is motor
driven. The pump’s rotors and stators are arranged to provide a net momen-
tum exchange to the residual gas molecules to direct them from the vacuum
system through the turbo pump to the roughing pump. Maximum achievable
vacuum is in the 10 8-Torr range. A common fault with earlier pumps of
this design allowed oil vapor from either the turbo pump bearings or the
mechanical backing pump to be drawn back into the vacuum chamber in
case of pump malfunction or power failure. Modern pumps, backed with
fast-acting solenoid valves, have virtually eliminated this problem.

The ionization pump is essentially a small sputtering cell where residual
gasses are ionized and driven into an electrode. At the same time, titanium
atoms are sputtered from the system and either combine chemically with the
gas atoms or drive them to the opposite wall and bury them. Gas atoms that
cannot be ionized are driven to an electrode surface through momentum
exchange. Modern pumps are constructed from a large array of basic sput-
tering cells. Maximum achievable vacuum approaches 107" Torr. The
major difficulty with this pump is its poor pumping speed for noble gases.
Special configurations of the sputtering cell have been developed that en-
hance noble gas pumping. Pumping under high gas loads can cause heating
of the electrode surfaces. Under this condition, heavy out-gassing of pre-
vicusly puniped gasses can oceur. For this reason, the vacuum system must
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OrTical BAFFLE

FIG. 4-2 Cryogenic pumping head. Vacuum shroud has been removed to show the head
structure and the optical baffle. (Photo courtesy of Varian Industrial Components Operation.)

first be pumped down to the 1-5 x 107 Torr region before the ionization
pump can be used. lonization pumps are essentially contamination free.
Reliable cryogenic pumps (see Fig. 4-2) are a recent development. This
pump operates by cooling an activated charcoal surface (see Fig. 4-3) down
to 10 to 15 K using a closed-cycle helium refrigeration system. All gasses,
except helium, simply condense on the cold surface. An appreciable amount
of helium will also be adsorbed on the cold area. Since the gasses do not
combine chemically and are not removed from the pump using an external
roughing pump, periodic regeneration of the cold surface is necessary.
Regeneration involves flowing dry nitrogen through the area of the cold
surface while the refrigeration system is turned off. Several hours of off-time
are usually sufficient to allow the cold surface to heat up and previously
condensed gasses to be removed from the system. Vacuum in the 10~ ®-Torr
region is casily achieved. Cryogenic pumps are essentially contamination
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FIG. 4—3( Cross section of a modern cryo pump showing the inside of the optical baffle
and lh§ location and configuration of the activated charcoal adsorption surface. (Photo courtesy
of Varian Industrial Components Operation.)

free but have a limited heat capacity. Optical baffling must be used to prevent
the pump cold surface from seeing vacuum system heat sources such as
evaporation filaments or system heaters.

Regardless of the type of final vacuum pump used, the vacuum system
must first be preroughed with external pumps to at least the 10~ Torr
region. A widely used roughing pump that is not mechanical depends on
the cooling of a molecular sieve material such as zeolite to liquid nitrogen
temperatures. Modern vacuum systems may use a series of these units to
attain the necessary vacuum levels during roughing. The major advantage
of this pump is that it avoids the possibility of contamination of the vacuum
system with oils that are present in any form of mechanical roughing pump.
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Actual deposition of the electrode material may be c_ione thrqugh. thern}al
evaporation, where the electrode material is heated to its vaporization point
in the vacuum, or by sputtering, where bombardment of a target of clectr.ode
material by ionized gas atoms causes some of the target atoms to be driven
off and captured by the substrate to be plated. Sputtering generally results
in better adherence between metallization and the substrate. .

Thermal evaporation may be done by electron bombardment of the plating
material or by vaporization from an electrically heated filament, boat, or
specially designed source (Andres, 1976). .

The clectrode materials most widely used are gold, aluminum (Bottom,
1976 Ang, 1979, 1980), silver (Fukuyo er al., 1979), anq combinations such
as chrome-gold, molybdinum-gold, or titanium-palladium-gold (Dybwad,
1978). The choice of electrode material depends on the processes being used
and the final intended use of the device. Best long-term aging rates have
been seen with gold and copper (refer to Chapter 6). _

Final frequency trimming of thickness-mode resonators can be'done du.rmg
the deposition process. If the crystal being plated can be electrically driven
by an external system during deposition, the actual instantancous resonator
fljequency can be used to control the plating process (Snell, 1975a.b). This
process is especially useful for gold and copper electrodes. . .

Final trim-to-frequency conventionally involves spot-plating on one side
of the resonator. With the proper mounting configuration, both sides can
be plated simultaneously, which can lead to better control of the resonator
motional parameters (Fischer and Schulzke, 1976). .

Aluminum electrodes almost always require an additional step. Slpce
aluminum is readily oxidized, either thermal treating or a final anodization
is required to passivate the aluminum surface. Anodization can also be used
to trim the device to the final frequency (Bottom, 1976; Reche, 1978?. Bgth
plasma and liquid anodization have been used successful_ly. Anodization
can also be controlled automatically to control the final trim-to-frequency
(Ang, 1979, 1980). _

Other methods of trimming to the desired final frequency involve laser
removal of clectrode material (Hokanson, 1969; Smagin, 1974; Caru§o
1977), exposure of silver electrodes to halides such as iodine vapor, air-
abrasive units to remove small amounts of metallization, rf bgck-sputtermg,
and galvanic plating of additional electrode material (Kosecki, 1970).

47 MOUNTING AND SEALING

To be a useful device, the resonator must be mounted in some form of
holder with appropriate electrical connections to the crystal electrode
structure.
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Crystal holders are generally fabricated from a header that contains the
electrical leads for external connection and a can, or outer enclosure, which
will eventually be fastened to the header to form a complete package.
Speciality holders have been developed for unique applications that combine
the functions of header and enclosure in a single unit,

Crystal headers are made with two or more electrical feedthroughs that
are isolated from each other, other possible metal portions of the header,
and the enclosurc with ceramic, glass, or organic insulators. The header
itsell may be made of glass, metal, ceramic brazed to metal, or plastic.
Electric feedthroughs are terminated inside the package with wire or shaped
metal fittings that attach to the crystal electrode pattern. The number, size,
shape, and location of the electrical feedthroughs and their connection to the
crystal are dictated by the desired response of the resonator to shock,
vibration, and acceleration (Bernstein, 1970, 1971: Filler and Vig, 1976ab:
Lee and Wu, 1977).

Methods of mounting the crystal resonator to the electrical feedthroughs
can be divided into two general categories, metallic and adhesive. Metallic
methods include brazing with indium or gold-germanium alloys
(Grzegorzewicz, 1975: Kusters er al., 1977), acoustic bonding (Nickols and
Fay, 1978), thermocompression bonding, nickel electrobonding (Vig et al.,
1975), and soldering (Fyfe, 1972b). Adhesive bonding uses either conductive
cpoxies, conductive polyimides (Filler et al., 1978), or metallic-loaded
pastes that are fired to drive off organic binders.

Special crystal holders have also been used in which the crystal is held
captive between pressure plates or where the electrode contact is made using
cotled-spring clips. Ceramic flat-pack versions have also been fabricated
that combine a low-profile holder with an integral outer enclosure (Wilcox
et al., 1975; Peters, 1976: Filler er al., 1980).

Of the various methods used, best long-term aging for high-precision
units have been obtained using thermocompression bonding, gold -german-
ium brazing, or conductive polyimides (refer to Chapter 6).

Of equal importance to the resonator performance is the outer enclosure.
The type of header and mounting method used and the method of sealing
the enclosure to the header dictate the design and material uscd in the en-
closure. Typical enclosures are glass (Wolfskill, 1968), copper, nickel, and
ceramic. Methods of sealing the enclosure to the header include solder,
epoxy, melting, capacitive discharge welding (Fuchs, 1978), resistance
heating (Fuchs, 1979), thermocompression bonding, and cold welding
(Jamiolkowski and Sobocinski, 1974 Kusters et al., 1977). The latter two
generally give the best long-term aging results.

Solder and epoxy sealing usually contain volatile compounds that can
degrade aging characteristics of the device. Melting to scal all-glass enclosures
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and resistance heating or welding for metal packages can liberate residual
gasses and other contaminants present on the header and enclosure wall.

Final processing of the resonator unit may take place either before or
after the enclosure is sealed to the header.

The highest-precision units are processed in a single system where the
crystal blank, attached to its mount, receives a final cleaning using UV-
ozone, ion etching, or plasma scrubbing, then is baked at an elevated temper-
ature in high vacuum, is frequency plated, and is sealed in the final enclosure
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FIG. 4-5 Low-precision and high-precision crystal units, with and without enclosure.
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helium prior to final sealing. A slight backfill atmosphere, 100 um to several
torr, helps to improve the thermal coupling between resonator blank and
oven mass.

Lower-precision units may receive a vacuum bake, may be exposed to
room atmosphere during the final processing steps, and may be packa‘ged
in a partially evacuated enclosurc. The choigc .of process steps depel?ds on
the final use of the unit. Low-cost, low-precision units usually receive no
further processing after the crystal package is sealed. N

The finished resonator is now ready for final testing and use as a precision

requency control device. N
fl@;l:;g;];}’ 4-5 shows a low-cost, low-precision unit and a high-precision
crystal unit, with and without enclosure.

4.8 SPECIAL FABRICATION CONSIDERATIONS FOR
SAW DEVICES

The SAW resonators present a special challenge. Complete surface prepar-
ation is usually only necessary on one side of the resonator blank. The degree
of surface perfection required almost always excgeds that of a b}llk-wavc
resonator. The SAW devices have their greatest utility at frequen01e§ above
that obtained in the usual bulk-wave device. The usual range of 'mterest
for SAW devices is 100 MHz to several gigahertz. At thE.:se frequepcxes, any
surface imperfection or microcrack becomes an acoustic scattering center
that can result in wave distortion or conversion to other acoustic ‘modes.
In SAW resonators this leads to reduced Q and increased device resistance.

An acceptable method, which has consistantly produced materlal-hm;te;i
Q values in quartz SAW resonators, is to first lap the substra@ to thf: desire
orientation. This followed by a heavy etch, a secqnd lapping Wlth 3-um
abrasive, heavy etch, and a final lap with [-pum abrasive. Au lapp.mg is dqnc
on a mctal lap. Following another light etch, the substrate is pqhshed .l(;SlI?g
a soft-pitch lap and a suitable polishing compoupq such as cerium 0x1‘ e m‘
water. The substrate is hand-polished until no visible surfgcc imperfections
are found. After a light etch, the substrate surface is examm;d gnder §OO X
dark field in a microscope. The sequence of polish, etgh, examine is continued
until no further imperfections are found using the microscope. '

The type of treatment that a SAW substrate receives after surface prep';lrd-
tion differs significantly from a bulk-wave device (refer to Section 2.3).
Whereas simple metal masking is usually adequate for a bulk-wave resonator,
metalization on a SAW device is done using techn.lques and equipment
developed for integrated circuit processing. These 1pclude metalllza.tl.on,
application of photoresist, exposure of the photoresist through precision
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masks, development of the photoresist, chemical etching, and photoresist
removal (Smith, 1977). The pattern definition process defines the perfor-
mance and utility of the SAW device (Field and Chen, 1976). Pattern
definition may be done using visible light (Adams and Kusters, 1977), UV
light, or electron-beam exposure (Hartemann, 1978: MacDonald et al.,
1979; Cross et al., 1980).

For SAW resonators, the active area is usually metallized using aluminum
(Adams and Kusters, 1977) or an aluminum alloy (Latham et al., 1979).
After pattern definition, the SAW resonator may have grooves etched into
its surface using either ion milling (Castellano and Hokanson, 1975) or a
combination of sputter etching and plasma etching in a fluorine atmosphere
(Adams and Kusters, 1977).

Final trim-to-frequency may be done during the milling or plasma etching
stage. Similar to bulk-wave devices, the actual frequency can be monitored
during final processing. Processing continues until the final frequency toler-
ance 1s reached. Some success has also been achieved using thin-film overlays
to trim-to-final frequency (Urabe er al., 1979) and using argon-ion bombard-
ment (James and Wilson, 1979).

Because SAW devices are confined to single surface of the substrate.
have a performance that is not limited by lateral surface boundary conditions,
and are small in size, a common practice is to produce multiple resonator
devices on a single substrate. This tends to complicate final trim-to-frequency
since all devices on a substrate receive the same processing. Minor perturba-
tions may result in a distribution of final frequencies across the substrate.
Following resonator fabrication on the substrate, the substrate is sectioned
into individual devices.

In certain applications, packaging considerations may dictate that several
devices, perhaps at different frequencies, be mounted in the same package.
If proper consideration is given to possible acoustic coupling between reson-
ator sections, the substrate layout and sectioning can be stmplified.

Sectioning in conventional 1C devices is made possible by natural cleavage
planes in silicon that lend themselves readily to a score-and-break technique.
Natural cleavage planes do not exist in quartz. Individual sections must be
sawn from the substrate,

Long-term aging in a SAW device is controlled by essentially the same
effects that plague bulk-wave devices. Surface stress and contamination are
perhaps the leading contributers (Dolochycki et al., 1979). Acoustic energy
distribution in a SAW resonator penetrates about one acoustic wavelength,
This is roughly equivalent to a bulk-mode fundamental or third-overtone
resonator operating at the same frequency. SAW devices, however, typically
operate at frequency ranges considerably above that of bulk-wave devices,
so the problem becomes more severe.
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Complicating the problem is that for devices that are ion milled or plasma
etched. reaction products may be driven into the substrate. Early results
with plasma etching in a fluorine atmosphere showed that significant
frequency changes were observed during a vacuum bakeout subsequent to
final substrate processing (Adams and Kusters, 1978). Vacuum outgassing
showed traces of fluorine that were apparently trapped within the quartz
substrate.

Further aging effects may be the result of the type of mount chosen for
the SAW device. Since energy is confined primarily to one surface, the obvious
choice is to mount the device, using some form of adhesive, solder, or brazing,
to the inactive surfacc. For a given substrate thickness, however, a SAW
device is more sensitive to external stress than an equivalent bulk-wave device
(Dias et af., 1976). A hard mount such as that achieved by brazing allows
thermally induced stresses to affect frequency stability. Soft, compliant
mounts do not have this problem. Problems arise because usual materials
such as the room-temperature vulcanizing compounds (RTV) have severe
outgassing and temperature problems. The resultant contamination of the
resonator surface may result in severe degredation of long-term stability.

The best results reported to date incorporate all of the techniques de-
veloped for bulk-wave resonators. This includes mounting by brazing to
compliant supports, thorough baking in vacuum, and sealing in cold-welded
enclosures (refer to Chapter 6).

4.9 NOVEL RESONATOR TECHNIQUES

Resonator processing is usually characterized as involving techniques
that have been developed through many years of use. Fundamental im-
provements to conventional technology occur rarely. This condition seems
to be changing. Recently introduced techniques promise a considerable
improvement in yield, cfficiency, and cost reduction. Primary among these
are chemical polishing (refer to Section 4.4), UV-ozone cleaning (refer to
Section 4.5), low-profile, rugged crystal mounts (refer to Section 4.6), and
in-line processing systems (refer to Section 4.6).

In addition, a recent development in resonator processing techniques
has its foundation in the integrated circuit industry. This method uses
photolithographic and etching techniques to produce multiple resonators
from a single substrate. In this process, a large substrate is oriented, lapped,
and perhaps polished to the desired thickness. Photolithographic methods
using metallization, photoresist, and precision masking, similar to SAW
device processing, are used to define the electrode pattern on the substrate
and also the final resonator outline. A multistep process may be used with
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several different metallization layers. A typical process is to define final
c?lectrode configuration with a first layer of metallization and define the
fma_l outside dimensions of the device with a second metallization layer of
a dlfferent material. The substrate is then etched using chemical or plasma
etching techniques. This produces a substrate with many individual reson-
ators defined on the blank still attached to the substrate by small break-away
ta}bs. Chemical removal of the second layer of metallization leaves the in-
dividual resonators with a properly defined electrode pattern.

The choices of metallization used, for both device definition and electrode
patter_n, and the various crystal and metal etchants are a result of a proper
chemical analysis of the entire process.

The advantage of this technique is that multiple resonator devices can
be made on a single substrate with only a minor increase in process com-
plex1.ty. Final trim-to-frequency cannot be controlled in the usual manner of
montitoring during a process step but is easily done using laser trimming
after completion of fabrication. »

Currently, the use of this technique is restricted to ultraminiature reson-
ators for watch applications and other special purpose applications (Staudte
1968, 1973; Oguchi and Momosaki, 1978 Hatschek, 1980) (See Fig. 4-6). ,

FIG. 4-6 32.768-kHz quartz tuning fork produced using photolithographic techniques

to define the pattern and reactive plasma etching to define the quartz resonator shape. (Photo
courtesy Hewlett-Packard Co.)
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Another fabrication technique that shows great promise in reduced aging
rates and improved short-term stability is to remove the influence of the
clectrode material on crystal performance through the use of a new electrode-
less resonator design (Cutler and Hammond, 1969; Besson, 1976, 1977).
This device is a conventional resonator blank without any surface electrode
metallization. Instcad, the device is excited by air-gap electrodes deposited
on additional surfaces that are precisely spaced a very small distance away
from the acoustically active surface of the resonator blank.

4.10 ENVIRONMENTAIL EFFECTS

Crystal resonators are generally carefully designed to minimize the effect
of any environmental changes. The choice of crystal orientation determines
the gross performance of the device in a changing temperature environment.
The choice of mounting location and method of mounting determine the
acccleration response of the unit. A number of other factors can also limit
crystal performance.

Static compensation to temperature change is exhibited by the con-
ventional AT and BT cuts. These cuts exhibit rather large dynamic changes
in frequency in any situation where the temperature changes rapidly. Recent
development of elasticity theory has led to the development of cuts where
both static and dynamic compensation under rapid temperature change is
achieved. The most notable of these is the SC cut (Holland, 1974; EerNisse,
1975 Kusters, 1976).

Acceleration effects can also be minimized by a proper choice of mount
and mounting location (Filler and Vig. 1976a.b; Ballato et al., 1977: Lee and
Wu, 1977). Several novel schemes have been proposed and tested that
have led (o approximately an order of magnitude reduction in the accelera-
tion sensitivity of resonator devices (Warner et al., 1979). One item of im-
portance is that the proper mount design also strongly influences the
vibrational response of the resonator device. Mechanical resonances in the
support structure can couple strongly to the resonator device. Under
mechanical excitation, this can show up as a spur in the phase noise response
of the oscillator system using that resonator.

Of equal importance in precision frequency applications is the device
sensitivity to electric and magnetic fields. To first order, thickness-mode
resonators such as the AT and BT cuts are not affected by applied dc voltages.
All of the doubly-rotated cuts are quite sensitive to applied dc biases. For
cxample, an LC cut (a doubly rotated cut with only a first-order frequency-
temperature coefficient used for thermometry) changes its frequency by
3 ppm when 100 V dc is applied to the resonator (Kusters, 1970). Proper
oscillator design must take this possibility into account.
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Resonator crystals appear capacitive at low frequencies, with very low
leakage. Static charges can accumulate on the crystal with unpredictable
results. While it may look promising to use dc biasing as a method of oscil-
lator frequency control, static charges applied to the resonator with biasing
potentials tend to be compensated on the resonator surface by mobile
ions jn the blank. The amount of compensation is dependent on the im-
purtties present in the blank. The time constant of the ion mobility is
dependent on the resonator crystallographic orientation and the blank
temperature. Time constants range from several seconds at 80°C. to several
minutes at room temperature (Kusters, 1970).

Magnetic field sensitivity is usually not of importance in precision reson-
ators. Quartz is inherently magnetically insensitive. A wrong choice of
material for electrode patterns, mounting structure, or header may make the
precisigt} resonator device sensitive to applied magnetic fields.

‘ Sensitivity to ionizing radiation has been shown to be related to impurities
in 1he.quartz material. The effect seems also to be dependent on crystallo-
gr'ap'hl'c 'orientation. Vacuum-swept quartz has shown the best results for
Zn;r)nmlzmg permanent frequency changes due to radiation (refer to Section

Seqsitivity to applied pressure is a fundamental property of any piezo-
electric device. This has been used to advantage in special devices designed
for metrology applications (Karrer and Leach, 1969). While this is not a
problem in conventional resonators that are vacuum encapsulated, it may
pose problems either for units not sealed under vacuum or special units
where the resonator design permits external pressure changes to be applied
to the resonator.

In general, a crystal resonator is sensitive to a variety of external stimuli.
Proper degign of the resonator and of the driving circuitry that will use the
resonator s necessary to obtain precision frequency control.
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5.1 GENERAL’

This chapter treats bulk-acoustic-wave (BAW) filters and surface-acoustic-
wave (SAW) filters. The BAW filters include electro-mechanical filters,
discrete-resonator crystal filters, monolithic crystal filters, and ceramic
filters. Because the scope of this book is limited to precision frequency
selection and control, ceramic filters will not be treated. For similar reasons,
the treatment of SAW filters will be restricted to topics relevant to their
use as frequency-selective devices. The more general signal-processing
applications, such as convolution and correlation, though important, would
take us beyond the present scope of frequency control.

By design, the depth of treatment differs for the various filter categories.
Discrete-resonator crystal filters and electromechanical filters, because they
are well-established technologies, receive rather limited consideration, with
the emphasis being on recent developments. (However, using the references
cited, the interested reader can study these fields in greater detail.) Mono-
lithic filters and SAW filters, on the other hand, are fairly new technologies on
which there has been a very great deal of recent work published, work that
this chapter attempts to summarize and to which it attempts to serve as an
introduction and guide. This is particularly important in the case of SAW
filters, since this technology has essentially developed since the mid-1960s,
beginning with the demonstration of the piezoelectric SAW transducer by
White and Voltmer (1965). Monolithic filter technology, on the other hand,
has grown out of quartz resonator technology.

While SAW and BAW technologies have developed separately, there is
much common ground. Lukaszek and Ballato (1980) discussed some ways
in which SAW technology might benefit from bulk-wave experience, pointing
out related problem areas and solutions. The SAW and BAW filters arc
alike insofar as they both employ acoustic waves and some means of con-
verting electrical energy to acoustic energy and vice versa. In addition,
both are primarily used as bandpass filters.

There are also basic differences. The means by which SAW and BAW
filters perform the bandpass function are quite different. The BAW filters
are made up of (acoustic) resonators, coupled or interconnected in various
ways. Most SAW filters on the other hand, are transversal filters [tapped
delay-line filters (Kallman, 1940)], although SAW resonators and SAW
resonator filters (Sec. 2.3) are also of importance. Consequently, BAW
filters may be described in the frequency domain by rational functions,
while SAW filters are most easily described in the time domain (to first
order) by a sum of impuise functions. Many BAW filters are minimum-phase
networks, while for SAW filters, amplitude and phase response can be

¥ Sections 5.1 and 5.2 were written hy Rohert Smythe,
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controlled scparately. The BAW filters make use of classical filter theo.ry.
Transversal filter theory, on the other hand, was not highly developed prior
to the advent of SAW filters.

As a further guide to the field the reader may refer to a number of survey
papers, collected papers, and texts. Matthews (1977) edited a valuable Fext
on SAW filter design and applications. Sheahan and Johnsot‘l (1977) edited
a very useful collection of papers on crystal and mechanical ﬁlt§rs (many of
which are referrcd to in this chapter) and provided helpful introductory
remarks. The text on filter design edited by Temes and Mitra (1973) includes
chapters on crystal and mechanical filter design. Another useful collec':tlon
of papers on crystal, mechanical, and SAW filters is the January, 1979 issuc
of the Proceedings of the 1 EEE, a special issue on miniaturized filters. Progress
in SAW filter technology was recorded in the May, 1976 issue of the Pro-
ceedings of the IEEE and in three special issues of th(? IEEE T)'cznsctctiqns
(November, 1969; April, 1973; May, 1981) published jointly l?y the Sqmcs
and Ultrasonics Group and the Microwave Theory and Techn1que§ Socxlety,

For both SAW and BAW filters, this is a particularly appropriate time
for review. The SAW filters are just now entering a period of serious commer-
cial development. As evidence of this new maturity, increasing attention is
being given to such matters as cost, manufacturing mf:t'hods, and secondary
performance characteristics such as aging and reliablllty.. The BAW filters,
on the other hand, seem ripe for new levels of sophistication as major areas
of application expand and new ones open up.

5.2 BULK-ACOUSTIC-WAVE FILTERS

5.2.1 Introduction

Bulk-acoustic-wave filters include piezoelectric crystal filters, piezoelectric
ceramic filters, and electromechanical filters. Piezoelectric ceramic filters,
like piezoelectric ceramic resonators, though of importance in a number of
applications, are beyond the scope of this book. .

Piezoclectric crystal filters and electromechanical filters, which from now
on will be referred to simply as crystal filters and mechanical ﬁltgrs, have
much in common conceptually and, moreover, share some app}lcatlons.
Yet the two technologies are essentially separate, chiefly because of differences
in manufacturing methods.} . . .

An important difference between crystal and mechanical filters is that in
the former each resonator is also an electromechanical transducer, while

* An itluminating comparison writlen by Sheahan and Johnson (1975) was reprinted in a
collection of papers in the fticld edited by Sheahan and Johnson (1977).
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in a mechanical filter the transducers are formed separately and, with few
exceptions, are associated with the first and last resonators of the filter,
whose topology is that of a ladder or bridged-ladder network. Consequently,
the topology of crystal filters, especially those using discrete resonators.
is much more varied than that of mechanical filters. However, as Sheahan
and Johnson (1975) point out, monolithic crystal filters are essentially
mechanical filters, have similar topologies, and hence are designed by the
same network synthesis methods. At the same time, the fact that each reson-
ator has electrical terminals makes it practical to use monolithic filter
elements as sections of larger filter networks.

Both crystal and mechanical filters can be realized at very low frequencies,
although in practice few crystal filters are made below 60 kHz, with the
majority being above 1 MHz. Monolithic crystal filters are usually im-
practical or uneconomical below 4 to 5 MHz. Mechanical filters are useful
from below | kHz up to about 500 to 700 kHz, while the frequency range of
crystal filters extends to about 300 MHz. Figure 5.2-1 shows the frequency-
bandwidth domains in more detail.

Applications for both crystal and mechanical filters are primarily in
communication and navigation systems. The earliest applications of crystal
filters (in the 1930s) were in telephone frequency-division multiplex (FDM)
equipment (Lane, 1938 Simmonds, 1979). This has remained an important
area of application for crystal filters, especially in North America, while
in Europe and Japan many FDM systems use mechanical filters (Guenther
et al., 1979; Onoe, 1979: Yakuwa et al., 1979).

More important uses of crystal filters are in all classes of mobile two-way
radio and paging equipment, as well as in point-to-point radio communica-
tions, electronic navigation systems, and frequency synthesizers (Smythe,
1979a.b). In addition to FDM systems, mechanical filters are used in hf radio
communication applications, in low-frequency electronic navigation systems
(Johnson, 1977), and in a variety of special applications such as automatic
train control systems.

5.2.2  Crystal Filters

If we consider any frequency-selective network incorporating one or
more crystal resonators to be a crystal filter, then we may say that crystal
filters can be used to obtain all the common types of filter functions. Never-
theless, most crystal filters are bandpass networks, a few are band-reject
filters, and only rarely are high-pass or low-pass functions realized using
crystal resonators. Accordingly, the discussion that follows will be limited
to bandpass crystal filters.
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FIG. 5.2-1 Bandwidth and frequency capabilities of (a) quartz crystal filters and (b)
mechanical filters.
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FIG. 5.2-2 Typical discrete resonator crystal filter. A six-polc narrow-band filter is shown.
(a) Layout of the three half-lattice sections; (b) circuit diagram.

For reasons noted in earlier chapters, the primary resonator material
is quartz; hence, we will be concerned chiefly with filters using quartz.
Lithium tantalate crystal filters are treated in Section 5.2.2.4. Because of
space limitations, a number of important topics have been omitted. These
include frequency discriminators (Smith, 1968), stacked crystal filters
(Ballato and Lukaszek, 1973a,b; Stearns ez al., 1977), and active nctwork
crystal filters (Means and Ghausi, 1972; Waddington, 1975).

Bandpass crystal filters may be divided into discrete-resonator flters,
in which each resonator is electrically and, most often, physically a separate
device (Fig. 5.2-2) and acoustically-coupled or monolithic crystal filters,
in which at least some of the resonators are coupled acoustically (Fig. 5.2-3).
Since their introduction in the 1960s, acoustically-coupled crystal filters
have developed rapidly, and much of the growth in crystal filter applications
has been associated with the monolithic filter technology. Nevertheless,
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discrete-resonator filters continue to be of importance, particularly at
frequencies below 5 MHz. The wide range of filter requirements makes it
likely that both technologies will continue to develop.

5221 DISCRETE-RESONATOR CRYSTAL FILTERS

Although for purposes of discussion we consider discrete-resonator
crystal filters separately from monolithic filters, from the standpoint of
circuit design theory the two are more alike than different. It follows that
much of the material in this section is useful background for the following
one. More detailed design information can be found in numerous references,
including Kosowsky (1955, 1958), which gives an image-parameter treat-
ment and Zverev (1967) and Temes and Mitra (1973), which treat aspects
of insertion loss synthesis methods.
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FIG. 5.2-3 Monolithic crystal filters. (a) Typical two-pole MCF; (b) miniaturc tandem
monolithic filters: (c) circuit diagram, six-pole tandem monolithic filter; (d) clectrode con-
figuration, four-pole VHF monolithic filter (typical of construction, 30--180 MHz) [from Smythe

(1979), © 1979 1EEE]; (e) eight-resonator FDM channcl filter [from Pearman and Rennick
(1977)).

A. Structures. Crystal-filter networks may take a variety of forms too
numerous to list completely. The most important are those related to the
symmetrical lattice (Fig. 5.2-4). Usually, the symmetrical lattice is replaced
by its half-lattice (Jaumann network) equivalent (Fig. 5.2-5) to reduce the
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FIG. 62-4 Symmetrical lattice network. (a) Complete network; (b) Drafling re-
presentation.
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O_—.
FIG. 52-8 Equivalent circuit, 5 X-cut divided-electrode crystal resonator. Six of these
resonators arc used in the filter shown in Fig. 5.2-7.

number of components and obtain a grounded network. Synthesis, however,
may still be carried out assuming the full lattice.

Figure 5.2-6 shows a simple two-pole, narrow-band (see below) half-
lattice crystal filter and its theoretical attenuation characteristic. To obtain
greater selectivity more resonators can be added, as in Fig. 5.2-7 (McLean
et al., 1979). which shows the circuit of a 128-kHz eight-pole wide-band
symmetrical-lattice filter and its response. In this frequency range, two-port
resonators’ having the symmetrical-lattice-equivalent circuit of Fig. 5.2-8
are easily realized so that the full lattice can be realized with the same number
of crystal elements as the half-lattice.

The lattice and half-lattice achieve attenuation by a balance of the series
and diagonal arm impedances, and for high stopband attenuation a near-
perfect balance is required. In the filter just described, a stopband attenuation
of 70 dB is attained by careful construction, taking advantage of the inherent
balance of the two-port resonators used.! Most often, such high attenuation
is not achievable in a single lattice, and it becomes more practical to divide
the filters into two or more lattice or half-lattice sections (Fig. 5.2-2). This
tandem lattice configuration is by far the most common discrete-resonator
crystal filter structure. Intermediate-band (see below) and wide-band
tandem-lattice synthesis have been treated by Blinchikoff (1975) and Szen-
tirmai (Temes and Mitra, 1973, ch. 4).

For narrow-band tandem-lattice filters, the synthesis for all-pole response
has been known for many years. The realization from the low-pass ladder
prototype of symmetrical response with jw-axis transmission zeros was
given in a particularly simple form by Holt and Gray (1968). As will be seen
in Sec. 5.2.2.2, each two-pole lattice section may be replaced by a symmetrical
two-resonator monolithic filter plus, perhaps, additional reactive elements.

§ These use a single mode of vibration and should nat be confused with the acoustically coupled
resonators 1o be discussed in Sec. 5.2.2.2. which use two or more modes.

* Also. in this example, the first and last resonators dre realized by tank circuits L, ) and
L,. C,. so that the balance requirement of the lattice itseif is less than 70 dB.
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applications.

Dillon and Lind (1976) showed that such a structure can realize all the classic
filter sections.

The tandem-lattice structure combines the stopband attenuation advan-
tag; of a multisection filter with the ability of the lattice to allow resonators
Of. similar impedance level to be used throughout. For very narrow bandl
w1dt.hs, these advantages may sometimes be obtained by a ladder network.
Typical forms are shown in Fig. 5.2-9. Dishal (1958, 1965) gave a simple
method for the synthesis of a class of SSB filters in ladder form that was

reﬁned by Haine (1977). One may also combine lattice or half-lattice sections
with ladder sections.

B. Design Types. Bandpass crystal filters may be classified by design
types, which are summarized in Table 5.2-1. The corresponding forms of

TABLE 5.2-1
Crystal Filter Design Types®

A Maximum

Design type Abbreviation bandwidth Design assumptions
Very narrow band VNB 0.05f/r, typical C, neglected
Narrow band NB 0.7f1r None
Intermediate band. ;g-i 2fir-4fjr, typical Reactance of L, is constant
Wide band WB 2 None

a Forgy/p)Ce IB-1, L, is used to cancel a portion of Cy; for type IB-2, C, is completely cancelled
T=CofCy A
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FIG. 5.2-10 Typical resonator branches for bandpass crystal-filter networks.

the resonator branches of the filter network are given in Fig. 5.2-10. Although
these classifications are described for discrete filters, they also apply to mono-
lithic filters. Note also that in Fig. 5.2-10, the loss associated with the inductors
has been omitted from the circuit representation but must be taken into
account in actual practice. Very-narrow-band and narrow-band (VNB and
NB) designs employ crystals and capacitors only. In intermediate—b'and
(1B) designs inductors are used to overcome the maximum ban_dw1dth
limitations imposed by resonator capacitance ratios by cancelling or
“tuning out” all (type IB-2) or a portion (type IB-1) of the resonaFor shunt
capacitance. In wide-band (WB) designs, such as Fig. 5.2-7? the inductors
are used to form resonators, so that wide-band filters are in effect partly
LC filters. .

Of these types, the most commonly used are NB designs, fol.lowed by
VNB and IB. The WB designs are used mostly at low frequencies. While
single- and tandem-lattice and half-lattice filters of all types are produced,
ladder crystal filters are generally of types VNR or NR,
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FIG. 5.2-11 Attenuation characteristic of early six-pole tandem monolithic filter, [From
Nakazawa (1962).]

5.22.2 MONOLITHIC CRYSTAL FILTERS

By far the most important class of present-day crystal filters are those
using acoustical coupling—monolithic crystal filters (MCFs) in common
parlance, but including a variety of nonmonolithic structures.

The first successful filters using acoustical coupling were demonstrated
by Nakazawa (1962). Nakazawa’s devices consisted of two acoustically-
coupled resonators. These could be connected in tandem to obtain higher-
order filters, up to six poles being demonstrated in his 1962 paper. Figure
5.2-11 shows the attenuation characteristic of one of these carly filters.

The development, or rather rediscovery (Shockley et al., 1963), shortly
thereafter of the trapped-energy theory of thickness-shear resonators
(Mortley, 1951, 1957) provided a basis for the understanding of acoustical
coupling, as was soon recognized by Curran’s group (Gerber et al, 1965)
and others. Onoe and Jumonji (1965) gave a particularly clear, simplified
analysis of coupling for an isotropic material. Coupled-resonator devices
were demonstrated by Onoe et al., (1966), Sykes and Beaver (1966), and
Mailer and Beuerle (1966), all of whom made use of trapped-energy concepts.
It was also soon recognized that any number of resonators could be acous-
tically coupled. Onoe et al. (1966)* demonstrated a three-pole filter, while
Sykes and Beaver (1966) demonstrated a six-pole acoustically coupled filter.

¥ See also carlier publications in Jupanese by Onoe and co-workers, some of which are referred
P e Vea o S1OTAN
OGN NGO 17Ty,
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Further development by a number of organizations quickly followed.
The most important are

(1) development of multiresonator MCFs,

(2) development of tandem-connected two-pole MCFs, .

(3) development of hybrid monolithic filters, which use both single
resonators and two-pole MCFs,

(4) development of lincar and nonlinear analysis methods for MCFs and
trapped-cnergy resonators, and

(5) devclopment of VHF MCFs.

Some aspects of these will now be treated.

A. Acoustical Coupling. The modern “encrgy-trapping ™ theory pfthlck-
ness-shear resonators, first proposed by Mortley (1951, 1957), was indepen-
dently put forward a decade later by Shockley et al. (1963), .who were d.evel-
oping multiple, uncoupled resonator devices for use in conventional
piezoclectric ceramic- and crystal-filter networks. Although they were
interested in coupling between resonators —or rather, how to reduce or
eliminate such coupling - their analysis was limitcd to single-resonator
models, as was Mortley’s. .

The earliest analytical treatment of inter-resonator coupling is that ‘of
Onoe and Jumonji (1965), who treated thickness-twist waves in an isotropic,
nonpiezoclectric plate. Horton and Smythe (1967) showed hpw Onoe and
Jumonyji's analysis could be applied to AT-cut quartz by using results ob-
tained by Mindlin (1966) for thickness-twist waves and by Mindlin and Lee
(1966) for fundamental thickness-shear waves.

Beaver (1967a,b, 1968) applied the methods of Mindlin and Lee (1966)
and Tiersten and Mindlin (1962) to the analysis of an arbitrary number of

v

X(TS)
Z(TT)

} —

|<— w —J

FIG. 52-12 Strip-electrode model of trapped-energy resonator. For t(hlckness-t.wmt
(TT) propagation, the right-hand axis is Z'; for thickness-shear (TS) propagation, the right-

hand axis is v
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FIG. 5.2-13  Strip-electrode model of two acoustically coupled resonators. The ratio of
electrode separation to electrode width is the gap ratio g.

coupled resonators, giving specific results for 2-, 3-. and 6-resonator struc-
tures with either thickness-twist or thick ness-sheay coupling.

These carly analyses were for two-dimensional strip electrode models
(Figs. 52-12 and 5.2-13). Further, the thickness-shear approximation of
Mindlin and Lee was restricted to the fundamental mode. These limitations
were removed by Tiersten. In an important series of papers (Tiersten,
1974a, 1975a, 1976a,b, 1977), he treated fundamental- and overtone-mode
rectangular-clectrode resonators and coupled-resonator pairs, the latter
with either thickness-twist or thickness-shear coupling.

Tiersten’s analysis of two coupled resonators gives a transcendental
cquation that can readily be solved numerically to obtain the natural
frequencies of the symmetric and antisymmetric modes of the device, in-
cluding the (unwanted) anharmonic modes. These frequencies correspond
to short-circuit frequencies of the device. The remaining short-circuit
admittance parameters are obtained by evaluation of closed-form solutions
of the corresponding integrals, so that a complete lumped-clement equivalent-
circuit model, including unwanted modes, is obtained) (Fig. 5.2-14a). An
example of the calculated and measured attenuation of a third-overtone
two-resonator monolithic filter is given in Fig. 5.2-15, which shows good
agreement between the two. Tiersten’s analysis treats two identical resonators.
Extension to more than two resonators, or to nonidentical resonators, is
straightforward, at least with regard to the solution for the natural frequencies.

Other aspects of coupled-resonator theory were treated by many authors,
who cannot all be given recognition here. Mason (1969b) used transmission-
line models, while Ashida (1971, 1974) used transmission matrices to analyze
acoustical coupling. Glowinski er al. (1973) and Lancon (1973) considered
the effects of asymmetry. Dworsky (1981) used a Rayleigh- Ritz variational
technique to calculate coupling in a variety of two-resonator configurations.

In what follows, some important results concerning acoustically coupled
resonators are presented. It should be made clear that the emphasis is on



202 ROBERT C. SMYTHE
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FG. 5.2-14 Symmetrical two-pole monolithic-filter equivalent circuits. (a) Lattice
equivalent circuit. Branches with subscripts 28, . ..., jSand 24, ..., i4 represent unwanted

modes of vibration. C, represents [ringing (gap) capacitance. (b) Simplified ladder equivalent
network, omitting unwanted modes and fringing capacitance. (c) Drafting symbol.

presenting results in a relatively simple form suitable for ready interpretgtion.
For the underlying theory. the interested reader is referred to the prevmusl.y
cited works of Tiersten, Mindlin, and Onoe, which form the basis for this
cxposition, and the treatment by Spencer (Mason and Thurston, '1972_, ch. 4).
For simplicity, the treatment is restricted to thickness-shear vibrations in
in AT-cut quartz. _

Trapped-energy analysis makes use of wave-propagation concepts. An
infinite plate of uniform thickness possesses, in the absence of an clectric hc»ld,
thickness-shear mode resonances at frequencies f, at which the plate thick-
ness ¢ is n acoustic half-wavelengths:

1, =N/t n=1273 ..., (5.2-1)
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FIG. 5.2-15 Attenuation characteristic of a 45-M Hz, third-overtone, two-pole monolithic
filter, showing agreement between measured and calculated anharmonic mode frequencies
[from Smythe (1979).]

where N is one-half the shear-wave velocity, is called the frequency-thickness
constant, and is given by

N = Hégo/p)' (5.2-2)

(oo being a stiffened elastic constant and p the mass density. For AT-cut
(uartz,

Coo = 29.24 x 10° N/m?,
p = 2649 kg/m3,
N = 1661 Hzm.

The uniform plate may be considered as an acoustical waveguide, loosely
analogous to a parallel-plate electromagnetic waveguide, with the frequencies

Jp corresponding to waveguide cutoff frequencies. That is, for a given g,

at frequencies above S, the shear wave can propagate laterally in the plate,
or waveguide, while belowfp the wave is evanescent. As in the electromagnetic
case, the cutoff frequencies are those at which the thickness is 1 half-wave-
lengths. :

If now the faces of the plate are coated with thin, perfectly conducting
electrodes of thickness ' and mass density p’, then the cutoff frequency,
which we will now call fe» 18 lowered by an amount

Af =1~ fo (5.2-3)
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where
Af=Qp'tipt + 4k§h//’n2nz)f'p. (5.2-4)

In Eq. (5.2-4) the first term is the lowering due to the electrode mass and is
called the mass loading. The sccond term is called by analogy the piezo-
electric loading and represents the reduction in stiffness that occurs in the
quartz when the shorted electrodes allow displaced charge to equalize.
The ks, term is the clectromechanical coupling coefficient. For AT-cut
quartz,
K3 = 7752 x 1073,

We will consider waves that travel parallel to the crystallographic x axis

(thickness-shear, or TS, waves) and waves that travel parallel to the z' axis

{thickness-twist, or TT, waves). For TS waves the wave numbers for elec-
troded and unelectroded plates, k, and k,,, respectively, are given by

kI = (4rlp/M)J? — f2),
k= (4np/M )12 = fD),

(5.2-5)

where M, (Table 5.2-2) is a quantity dependent on n, obtained by Tiersten
(1974a).

For TT waves, M, is replaced by ¢55. For AT-cut quartz,

¢s5 = 68.81 x 10° N/m?2

In a “real™ trapped-energy resonator or monolithic filter, both TS and
TT wave prepagation must be dealt with simultaneously, but for infinite-
strip-clectrode models, only one or the other need be considered. Figure
5.2-12 shows a strip-electrode model of a single resonator in which the elec-
trodes are perpendicular to either the x-axis (the TS case) or the z'axis (the
TT casc). At frequencies below f,, k. is imaginary, corresponding to an
cvanescent wave in the clectroded region, while above f,, k, is real and the
wave can propagate. Similarly, for the unelectroded region the shear wave
can propagate only for frequencies greater than f,. Hence, for frequencies
lying between the two cutoff frequencies,

Jo <[ < fp (5.2-6)

a wave can propagate frecly in the clectroded region, but the surrounding
plate acts like a waveguide below cutoff. Under such conditions, at one or
more frequencies in the interval of Eq. (5.2-6) a standing wave will exist in
the electroded region. while in the plate regions the wave will decay expon-
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TABLE 52-2

Constants for Thickness-Shear (TS)and Thickness-
Twist (TT) Wave Propagation

M,

Wave type  Overtone  (10°A/m?)" kY
-_
TS 1 109.94 0.730
3 75.80 0.878
5 90.09 0.806
7 80.44 0.852
TT All — 0.924

“ M, is Tiersten's elastic constant.
"k is defined in Egs. (5.2-9) and (5.2-10).

entially. The standing waves occur at the natural frequencies (resonances)
of the structure, given by the roots of

ktan (k,w — mn/2) = kp, m=0,1,2... M~—1. (5.2-7)
where
k= —jk,.

Equation (5.2-7) may readily be solved by Heration, using Eq. (5.2-5).
Even values of m correspond to symmetric modes, for which the amplitudes
in the electroded region are cosinusoidal functions of the propagation
distance from the origin, while odd values correspond to antisymmetric
modes and sinusoidal mode shapes. Outside the electroded region, the wave
amplitude decays exponentially,

If we call the frequency of the mth mode Jom (M =0,1,2,..., M — 1)
then only the lowest mode w0 18 wanted. Given n, fp» and w, the number of,
trapped modes M depends on Af. Let Af,.. be the maximum value of A f
of which only one mode is trapped (M = 1). Then A, can be shown to be

A faxl o = (t/knw)?,

. _ (5.2-8)
A fraxlfo = (NJkfw)?
where k is a dimension|ess constant and N is given by Eq. (5.2-2).
For TS waves,
k= ki = (2C56/M,)"2. (5.2-9)
For TT waves,
k= ky =~ (2¢56/c55)"2. (5.2-10)

Values of k are given in Table 5.2-2.
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FIG. 52-16 Rectangular-electrode trapped energy resonator.

The strip electrode natural frequencies given by Eq. (5.2-7) can be written
fm = fo + 6, m=012... M—1 (5.2-11)

Then for a rectangular-electrode resonator (Fig. 5.2-16) it can be shown
that the natural frequencies are

./;lp([ = Afe + 6[7 + (5,1‘ (52-12)

where p and g are the x- and z'-direction mode indices, respectively. Thus,
to obtain the natural frequencies for the rectangular-electrode case, the
strip electrode model is solved twice, once for TS waves and once for TT
waves; the frequency offsets 6, and 9, are thus obtained to give the total
offset from f,.

Now consider two identical coupled strip resonators (Fig. 5.2-13). The
following transcendental equations are obtained for the frequencies of the
symmetric and antisymmetric modes.

For the symmetric modes,

kew = tan™'(k ko) + tan” '[(k7/k,) tanh(k gw/2)] + mm.
m=0,1,2,...,M -1 (52-13)
For the antisymmetric modes,
kew = tan” (k) k) + tan (k) k) coth(k] gw/2)] + mm.
m=20,12,...,.M— 1. (52-14)

The principal symmetric and antisymmetric mode frequencies, f, and f,,
correspond, of course, to m = 0. A quantity of primary interest is the mode
spacing, defined as

of = fo— fo. (5.2-15)
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FIG. 5.2-17 Normalized mode spacing, of/Af .. versus normalized frequency lowering,
AfiAf .. for two identical acoustically coupled resonators. The parameter g is the gap ratio,
the ratio of electrode separation to electrode width.

Figure 5.2-17 plots, in normalized form, the mode spacing versus the
clectrode cutoff frequency lowering Af for various values of the gap ratio
g the ratio of electrode separation to electrode width,

Finally, consider two identical coupled resonators having rectangular
clectrodes (Fig. 5.2-18). It can be shown from the work of Tiersten that the
mode spacing is the same as for the strip electrode model. The actual fre-
quencies of all modes are obtained by adding to the frequencies from Eqgs.
(5.2-13) and (5.2-14) the offset corresponding to the electrode height h ob-
tained from Egs. (5.2-7) and (5.2-1 1).

Let us illustrate the results just presented by calculating the frequency
and mode spacing for a two-resonator, third-overtone, AT-cut quartz
monolithic filter. For this example, let fo = 60 MHz, n = 3, with thickness-
twist coupling so that from Egs. (5.2-1) and (5.2-2), the wafer thickness is
t = 83.05 um.



208 ROBERT C. SMYTHE

£ ¢
S qu S -

FIG. 5.2-18 Two acoustically coupled resonators.

Let the clectrode dimensions (Fig. 5.2-18) be w = h = 0.6 mm, g = 0.2,
gw = (.12 mm, and et the thickness of the aluminum electrodes be 0.2 um.
The frequency lowering A f[Eq. (5.2-4)] is then

Af =295+ 21 = 316 kHz

where the first term is the mass loading and the second term is the piezo-
electric loading.

At this point, we may proceed in at least two different ways. In normal
practice Eqgs. (5.2-13) and (5.2-14) are next solved numerically to obtain the
mode frequencies. For the principal modes these are

f.=59737.6 kHz,
Jo=159770.2 kHz,

while the mode spacing is § f = 32.6 kHz

These frequencies are for the strip electrode model (Fig. 5.2-13). To obtain
the actual frequencies for the rectangular electrodes, solve Eq. (5.2-7)
numerically for the given electrode height h and TS waves, and calculate the
offset 6 from Eq. (5.2-11). For the principal mode this offset is 6, = 75.5 kHz.
Adding this offset to f, and f, gives the final values:

f.=59813.1 kHgz,
1. = 598457 kHz

The mode spacing is unchanged.

As an alternative to the procedure just outlined, the mode spacing 6 f of
the principal modes can be obtained directly from the normalized curves
of Fig. 5.2-17, without resorting to numerical methods, in the following
manner:

From the second equality of Eq. (5.2-8) and Table 5.2-2, Af,.., = 150kHz;
then A f/Af,.. = 2.11. Entering Fig. 52-17 with this value, for g = 0.2

max
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Of /A frax =~ 0.22, and the mode spacing is  f ~ 33 kHz, which compares
favorably with the value obtained numerically, the difference being attri-
butable to error in reading from the curves.

B.  Configurations. Filters using MCFs can be realized in very many
different configurations. The most elegant of these is the full monolithic,
of which the most important example is the eight-pole, 8.14-MHz filter
(Fig. 5.2-3¢) used in the Western Electric A-6 channel bank. This filter was
described by Pearman and Rennick (1977). A prime difficulty with multi-
resonator monolithic filters is suppression of unwanted modes of vibration
(Werner et al., 1969). By making the length-to-width ratio of each resonator
different, Pearman and Rennick were able to obtain adequate inharmonic
mode control. An earlier version of this filter using identical resonators
required two plates to attenuate the unwanted modes (Olster et al., 1975;
Cawley et al., 1975). Over the course of the development of these filters a
large number of publications have described various aspects of design,
performance, and fabrication. Among these Byrne (1970), Grenier (1974),
Hokanson (1969a), Miller (1970), and Lloyd (1971) described fabrication
methods, Lloyd and Haruta (1969) and Haruta et al. (1969) treated acoustical
design, and Rennick (1973, 1975) treated circuit design and tuning procedures.

The in-line arrangement of resonators results in coupling only between
adjacent resonators. The resulting transfer function is of the all-pole type,
having all transmission zeros at zero and infinity, although Braun (1972,
1973) has shown that by suitable interconnection of resonators transmission
zeros can be produced. More general resonator configurations allow addi-
tional couplings to be realized, producing finite transmission zeros. Masuda
et al. (1973; 1974a,b) studied several such arrangements, and Onoe and
Spassov (1974) studied a space-saving arrangement of four resonators.
None of these techniques seems to have found practical application.

The simplicity of the multiresonator monolithic filter must be balanced
against difficulties of manufacture and of suppressing unwanted modes.
Because of these difficulties, for many applications the dominant MCF
configuration is the tandem two-pole configuration (Fig. 5.2-3b,c). Dividing
a multipole filter into tandem sections divides the out-of-band attenuation
requirements (including spurious mode performance) among the several
sections and at the same time increases manufacturing yield with respect to
passband requirements, since an out-of-tolerance parameter can be remedied
by replacing a single section. In general, two-pole sections are preferable
to, say, three- or four-pole sections because the filter can usually be designed
so that the two-pole sections are physically symmetrical, while this is not the
case for three- or four-pole sections. Nevertheless, the use of higher-order
sections reduces the number of components. Eight-pole filters composed
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FIG. 5.2-19 (a) Attenuation characteristic for four-pole tandem monolithic filter. (b)
Attenuation of the individual two-pole monolithic sections showing staggering of unwanted
mode frequencies.
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of two four-poles have been described by Werner er al. (1969), Kohlbacher
(1972), as well as Olster et al., (1975).

An important feature of the tandem arrangement is that by designing so
that the unwanted modes associated with different sections occur at different
frequencies, excellent stopband attenuation can be achieved. This is illu-
strated in Fig. 5.2-19, which shows the attenuation of each two-pole section
of a four-pole tandem monolithic and of the complete filter.

A limitation of the tandem monolithic configuration is the maximum
bandwidth that can be achieved. As the bandwidth of a tandem monolithic
filter increases, the termination capacitances and the capacitances at the
junctions between monolithics decrease. The maximum inductorless band-
width is defined (Smythe, 1969, 1972) as the bandwidth at which one or more
of the junction capacitances vanishes. The exact limit depends on a number
of design parameters. Figure 5.2-20 shows approximate limits. Note that at
the inductorless limit the-termination capacitances may already be negative.
In many practical applications, impedance-matching networks containing
inductors are required, and the fact that the terminations are not capacitive
is then inconsequential.

To extend the range of practical bandwidths, several approaches may
be followed. By using low-loss, temperature-stable inductors to “tune out”
excess nodal capacitance (Class IB-] design, Table 5.2-1) the inductorless
limit can be exceeded. Figure 5.2-21 shows the response of a 143-MHz
four-pole tandem monolithic filter using this technique.
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FIG. 5.2-20 Maximum inductorless bandwidih BW ;. for a tandem monolithic filter. #
is the overtone, Charasiic 18 the stray node-to-ground capacitance, including holder capacitance.
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FIG. 5.2-21  Attenuation characteristic of a 143-MHz four-pole tandem monolithic filter.
The 3-dB bandwidth is 46 kHz and loss is 7 dB.

Figure 5.2-20 shows that because filter impedances are high, the maximum
inductorless bandwidth is a sensitive function of the stray nodal capacitance.
By fabricating two two-poles on a single wafer (Fig. 5.2-3d) (Smythe, 1972),
the parasitic capacitance at the junction between them can be made very
small, allowing the bandwidth to approach the uppermost curve (Fig. 5.2-20).
The response of 4 167-MHz four-pole filter made in this manner is shown in
Fig. 5.2-22. This configuration, while utilized primarily to eliminate the use
of an inductor, retains most of the advantages of other tandem configurations
and is at the same time fully monolithic.

Figure 5.2-20 also shows that the maximum inductorless bandwidth
decreascs approximately as the square of the overtone. Thus, the development
of techniques for fabricating higher fundamental-frequency plates such as
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FIG. 52-22 Attenuation characteristic of a 167-MHz four-pole MCF constructed as
shown in Fig. 5.2-3d. The 6-dB bandwidth is 24 kHz.

ion milling (Berté, 1977) and chemical etching (Vig er al., 1977) serve to in-
crease the practical range of bandwidths. Berté employed ion-beam milling
to fabricate fundamental-mode monolithic filters and resonators at fre-
quencies up to 275 MHz using AT-cut quartz and lithium tantalate. In
Berte’s devices a central diaphragm is milled to the required thickness,
leaving an integral outer support ring,

The maximum inductorless bandwidth increases approximately as the
square of the piezoelectric coupling coefficient. Studies of high-coupling
materials are discussed in Sec. 5.2.2.4. Limitations on the characteristics of
such materials have led a number of workers to investigate composite
structures. Mason (1969a,b) analyzed monolithic filters having a thin film of
high-coupling-constant piezoelectric material on each face of a quartz
plate. Roberts (1971) fabricated 190-MHz and 335-MHz two-pole monolithic
filters having a single film of cadmium sulfide on an AT-cut quartz plate. By
placing one electrode between quartz and CdS and the other on the top
surface of the film, a filter impedance of 50 © was obtained for a bandwidth
of 135 kHz at 190 MHz, using the seventh overtone. To obtain a higher
fundamental frequency. Grudkowski et al. (1980) etched a thin diaphragm in
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a silicon wafer and used the electroded ZnO film to form a two-pole mono-
lithic filter at 425 MHz.

The filters just discussed have all-pole responses. However, a two-pole
monolithic filter, which may in turn be part of a hybrid or tandem monolithic
filter, can realize a pair of real-frequency (jw-axis) or complex-frequency
transmission zeros. This may be accomplished by cither circuit means or
charge cancellation. The latter was treated by Yoda er al. (1969). In the former,
by capacitively bridging a two-pole monolithic (Fig. 5.2-23a), a pair of real-
frequency transmission zeros is produced, symmetrically disposed about
®m, the mean of the two resonator frequencies. In some instances the bridging
capacitor may be realized by electrodes on the quartz wafer (Smythe,
1979a,b). If the bridging capacitor is replaced by an inductor, then a complex
pair of transmission zeros at ¢ + jw,, is realized. This realization is usually
impractical, but an equivalent one is obtained by retaining the capacitive
bridging while reversing the connections to the electrodes of one resonator
(Fig. 5.2-23b). The reversal is represented in the two-pole equivalent circuit
(Fig. 5.2-14b) by changing the sign of L, ,.

A more flexible method of realizing transmission zeros incorporates, in
addition to the bridging capacitance, a common lead reactance, usually a
capacitance (Fig. 5.2-23¢), which is equivalent, in the symmetrical case, to
the use of unequal motional inductances in the two-pole narrow-band
lattice section.

Realization methods for tandem two-pole monolithic filters with trans-
mission zeros are closely related to those for narrow-band tandem-lattice
discrete crystal filters, since cach lattice section of the latter is equivalent
to a symmetrical two-pole MCF with, possibly, bridging and common lead
reactances. Hence, for example, Holt and Gray’s (1968) method may be
used. For real or complex transmission zeros, the generalization by Dillon
and Lind (1976) is available. Herzig and Swanson (1978a,b) employed the
latter, using transfer functions put forward by Rhodes (1970) to realize
MCFs with uniform group delay.

Additional design freedom in tandem monolithic filter design can be
obtained by dropping the requirement of physical symmetry. Lee (1974,
1975) gave a useful network equivalence and applied it to the synthesis of
an upper-sideband MCF.

An alternate configuration for producing real-frequency transmission
zeros by using both single resonators and two-poles —the hybrid monolithic
or polylithic filter --was suggested by McLean (1967a,b), introduced into
the production of channel filters by Sheahan (1971, 1975), and is particu-
larly suited to the realization of highly asymmetrical response characteristics.
Figure 5.2-24 shows the circuit diagram and response characteristic of a
4.896-MHz hybrid monolithic employing three two-pole and two single
resonators.
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FIG. 5.2-23 Addition of circuit elements to obtain transmission zeros. (a) Bridging
capacitance Cy produces real zeros, (f,, + f,2)2 = ([, +1.,)2: (b) the phase reversal
obtained by interchanging the connections to one electrode pair causes the transmission zeros
to be complex; (c) adding a common lead reactance such as capacitance (. provides another
degree of freedom. Common lead reactance may be used alone or in conjunction with bridging
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FIG. 5.2-24 A 4.896-MHz hybrid monolithic filter. (a) Circuit diagram; (b) attenuation
characteristic.

5.2.2.3 NONLINEAR EFFECTS

While nonlinearity in crystal filters may be due to any of the circuit com-
ponents, such as powdered iron or ferrite inductive devices, the following
discussion will be limited to nonlinearities in the piezoelectric elements.

Important nonlinear effects, which may occur in resonators or circuits
that contain them, include nonlinear resonance, anomalous resistance at
low current levels (sometimes accompanied by resonance-frequency anom-
alies), nonlinear mode coupling, intermodulation, excess phase noise, and
level dependence of amplitude and phase response. In addition, cross-
modulation may no doubt occur but has not been reliably reported.
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In discussing these nonlinear effects it will be useful to consider three
mechanisms that are dominant in three different regions of strain amplitude,
which will be loosely referred to as low, high, and very high. In reality, of
course, all three mechanisms are present at all strain levels, and additional
mechanisms can no doubt exist.

At very high strain levels, acoustic losses (and for very thin electrode
films, ohmic losses) cause thermal gradients and consequent changes in
frequency and resistance. Such high-level effects will not be treated here and
are of limited interest for filter applications. By high-level nonlinearity we
mean that which is due to the imperfect elasticity of the piezoelectric material
used. Such inelasticity gives rise to nonlinear resonance (Tiersten, 1975c,
1976¢) and intermodulation. The latter is discussed following the discus-
sion of low-level nonlinearity.

While not perfectly understood, nonlinearity at low strain appears to be
associated with surface defects including loose particles, surface damage
(caused, for example, by lapping), contamination (especially viscous con-
tamination such as oil), and electrode film defects including flakes, nodules
and poorly adhering films.

The most important low-level effects are anomalous resonator resistance
(sometimes accompanied by resonance-frequency anomalies) and, in filter
applications, intermodulation, Both effects may be caused by the surface
defects just named.

Bernstein (1967) observed that small particles of quartz or other material
in combination with a thin film of oil on the surface of AT-cut resonators
produce high starting resistance (high resistance at low current). He also
found that unetched or lightly etched quartz surfaces produce high starting
resistance.

Nonaka er al. (1971) made a detailed study of the effects of nodules and
scratches in gold electrode films on starting resistance and frequency. He
found that by driving resonators at high strain levels, nodules could be
removed. Resonators so treated showed excellent resistance linearity and
did not revert to their previous behavior after a period of one year. Bernstein
(1967), on the other hand, observed that resistance nonlinearity associated
with particles made adherent by an oily film was only temporarily improved
by high levels of strain. These results are not inconsistent with Nonaka’s
but are probably due to the oily film.

In filters, resonator resistance and frequency anomalies cause level-
dependent changes in amplitude and phase such as that reported by Swanson
(1978). In frequency- and phase-shift keyed (FSK and PSK) data transmis-
sion systems he observed that these anomalies can produce AM to PM
conversion, that is, a change in phase due 0 a change in signal amplitude.
Since the signals are phase or frequency modulated, transmission errors
can recnlt
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Intermodulation (IM) at low strain levels was reported by Rider (1970) and
Malinowski and Smith (1972). Horton and Smythe (1973) showed experi-
mentally that at low levels of strain. IM was caused primarily by surface
defects. .

A characteristic of low-level nonlinearity is its frequent erratic nature.
Resonator resistance and IM may exhibit hysteresis with respect to current
or strain and temperature and may exhibit temporal instability. Third-order
IM ‘may not exhibit cubic dependence on input power. Such variability
seems consistent with the postulated mechanisms.

At higher levels of strain it has long been recognized that the elastic non-
linearity of the piezoelectric material must be considered. From an analysis
by Tiersten (1974b, 1975b), it can be shown that the third-order IM occurring
at a frequency wyy in a trapped-energy resonator can be represented by a
dependent voltage source in the motional impedance branch of the equivalent
circuit (Fig. 5.2-25) with rms amplitude

Vim = KI5 (o C,) 2. (5.2-16)
In Eq. (5.2-16), I, and I, arc the rms currents through the resonator at the

test-tone frequencies ; and o, . The frequency of the third-order IM product
is

Wy = 20, — s, 5.2-17)
7 is an eflective nonlincar elastic constant
1., -
7 =300, + €266 T 6Co606» (5.2-18)

and K is a complex combination of material constants, wafer thickness,
and wave number.

For AT-cut quartz, y was determined by Smythe (1976) to be approximately
8.1 x 10'"" N/m* at 11.7 MHz and 8.3 x 10''N/m? at 111 MHz, based on
intermodulation measurements, while nonlinear resonance measurements

+
Vim Cipig)

FIG. 5.2-25 Resonator-equivalent circuit. The dependent voltage source V represents
the intermodulation of i, and /,.
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gave a value of 1.3 x 10"2N/m? at 11.7 MHz. Planat er al. (1980) obtained
values of 7.9 x 10''N/m? at 10 MHz and 6.6 x 10" N/m? at 100 MHz
using intermodulation measurements. For X-cut lithium tantalate resonators,
Planat et al. (1980) obtained a y value of 1.7 x 10'°N/m? using intermodu-
lation measurements.

For a device or system excited by two “test tones” at @, and ,, the
third-order intermodulation ratio (IMR) may be defined as

IMR = (P{P,)"3/Py,,

where P, and P, are the available power at the test frequencies w, and >,
respectively, and Py, is the IM power delivered to the load at wpy. For a
single-resonator filter, the IMR is approximately

IMR = 2.4 x 10"*0? 42(BW, /,)*(P2P,) 2 (5.2-19)

for AT-cut quartz, where A, is the electrode area in square millimeters, »n
is the overtone, and BW; and f, are the 3-dB bandwidth and center frequency
in hertz. The values P, and P, are in watts, and y has been taken as 8.2 x
10"'N/m?. Equation (5.2-19) can also be shown to hold for the two-pole
Butterworth case with in-band test tones and may be a useful estimator
for in-band IM higher-order filters,

While Tiersten’s analysis was restricted to single resonators, with reason-
able accuracy it may be applied to acoustically coupled resonators by
neglecting the change in mode shape. In the corresponding equivalent circuit
representation, a dependent voltage source is associated with each resonator.

5.2.24 CRYSTAL FILTERS USING OTHER MATERIALS

The maximum frequency and bandwidth limitations associated with the
use of quartz may be overcome by techniques which allow thinner wafers
to be fabricated. Alternatively, or in conjunction, the use of piezoelectric
materials with higher electromechanical coupling or higher bulk wave
velocity may be considered. Motivated in part by SAW filter requirements,
new materials are being actively investigated.

Berlinite (aluminum metaphosphate, AIPO,) holds much promise for
the future (Chang and Barsch, 1976; Detaint et al., 1979, 1980; Kolb 1979:
Ozimek and Chai, 1979), but techniques for its growth require further
development, and-large crystals are not found in nature.

Lithium niobate, widely used for wide-band SAW devices, has been in-
vestigated for monolithic filter applications by Burgess and Porter (1973) and
(in conjunction with high-fundamental-mode fabrication techniques) by
Berté (1977). Because lithium niobate does not possess a plate orientation
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with a low frequency-temperature caeflicient, typical coefficients for thick-
ness modes being —60 to —90 x 107¢°C, it has not found practical applica-
tion to bulk-modec filters.

For lithium tantalate, on the other hand, temperature-compensated
bulk-wave modes have been found. Warner and Ballman (1967) found that
the strongly coupled fast shear wave of X-cut lithium tantalate has a parabolic
frequency-temperature behavior for the fundamental thickness-shear reso-
nance. On the other hand, overtone resonance frequencies and antiresonance
frequencies of all orders possess a large negative temperature coefficient.
Sawamoto (1971) made an experimental study of energy trapping in X-cut
resonators and calculated inter-resonator coupling. Siffert (1981) and
co-workers employed fundamental mode X-cut resonators in commercially
produced filters.

Burgess and Porter (1973) and Hales and Burgess (1976) fabricated
rotated Y-cut lithium tantalate resonators and monolithic filters with fre-
quency-temperature coefficient of —22 x 10”°/°C. Detaint and Langon
(1976) calculated first-order temperature coefficients and fundamental
thickness-shear modes of singly and doubly rotated lithium tantalate plates.
The calculations were extended to the third and fifth overtones and supple-
mented by experimental measurements by Detaint (1977), who found temper-
ature-compensated orientations.

A third-overtone, 200-MHz monolithic filter having a bandwidth of
45 kHz and a frequency-temperature coefficient of — 36 x 1075/°C was
reported by Uno (1975), who used Z-cut lithium tantalate and the thickness-
extensional mode. This mode has the advantage of a high frequency-thick-
ness constant, 3020 Hz m for the Z-cut and 3080 Hz m for the 47°-rotated
Y-cut. Energy trapping occurs for the harmonic overtones but not for the
fundamental mode.

Using lateral-ficld excitation, Uno (1978, 1979) obtained quadratic
frequency-temperature behavior in rotated Y-cut lithium tantalate for thick-
ness-shear motion and constructed a 199-M Hz monolithic filter with 33-k Hz
bandwidth.

Lithium niobate and lithium tantalate have also been evaluated for low-
frequency applications. Sawamoto and Niizeki (1970) investigated length-
extensional modes in singly rotated cuts of lithium tantalate and found
orientations having quadratic frequency-temperature behavior. Hannon
et al. (1970) investigated length-extensional bar resonators of both materials
at frequencies from 150 to 800 kHz. For lithium niobate resonators the
temperature coefficient of frequency was typically —75 x 10~%/°C, limiting
their usefulness. For lithium tantalate, doubly rotated cuts having quadratic
frequency-temperature behavior of the series resonance frequency with a
second-order coefficient of approximately 0.11 x 107 ¢/(°C)? and a capaci-
tance ratio of around 20 were exhibited. Flexural-mode resonators were
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studied by Onoe (1973) and co-workers. Arranz (1977) developed a nine-
pole, 128-kHz ladder filter using extensional-mode lithium tantalate reson-
ators for use as a FDM voice channel filter.

5.2.3 Electromechanical Filters

Electromechanical filters, usually referred to simply as mechanical
filters, occupy an important place in the filter spectrum at frequencies bet-
ween 300 Hz and 700 kHz, with the largest usage being in the range from 3 to
500 kHz. Bandwidths range from 0.1 to 10 % of center frequency. The variety
of mechanical filter structures that have been manufactured is quite large,
and no attempt will be made here to catalog them. Instead, we will attempt
to summarize recent developments and the current state of the art. However,
as an introduction, a brief generalized description may be helpful. In addition,
excellent tutorial material may be found, for example, in Chapter 5 of
Temes and Mitra (1973) and in Johnson and Guenther (1974). Also, a number
of survey papers may be consulted, including Onoe (1979), Johnson and
Yakuwa (1978), Konno et al. (1978), Sawamoto et al. (1978), and Kunemund
(1975).

Most mechanical filters consist of an input transducer, a number of mech-
anical resonators (usually coupled by welded wires), and an output trans-
ducer. The resonators are made of one of a number of proprietary
nickel-iron alloys, with small quantities of other metals, such as chromium
or molybdenum, added to improve the frequency-temperature character-
istics. Temperature coefficients of frequency may be as low as 1 to
2 x 107°/°C. Values of Q typically range from 10* to 3 x 10*.

Resonators may be in the form of rods or bars, plates, disks, or tuning
forks. Commonly used modes of vibration include flexure (of disks, rods,
bars, forks, and plates) and torsion and extension (of rods and bars). All
of these modes have also been employed for coupling wires.

The earliest transducers used the magnetostrictive properties of ferrous—
nickel alloys. Modern transducers use primarily magnetostrictive ferrites
or piezoelectric ceramics. Frequently, the transducers are composite struc-
tures. In either case the transducers may also serve as resonators.

In analyzing and designing mechanical filters it is extremely helpful to
develop electrical circuit analogs. In the modern literature the mobility
analogy is commonly employed (Temes and Mitra, 1973, pp. 163-165) in
which the analog of mechanical force is electrical current (“through™
variables) and the analog of velocity is voltage (“across” variables). While
mechanical filters, like crystal resonators and monolithic filters, are distri-

buted systems, it is usually possible to obtain adequate lumped-element
representations,
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FIG. 5.2-26 Disk-wire mechanical filters. (a) Pictorial representation showing three
resonators, ferrite transducers. and coupling wires; (b) approximate equivalent electrical circuit.
[From Johnson and Winget (1974). © 1974 1EEE.]

A simplified example is shown in Fig. 5.2-26. Here L, represents the induc-
tance of the magnetostrictive transducer coil, and disk resonators are repre-
sented by L, C| and L,. C,, while L, represents the adjacent-resonator
coupling wires. For narrow bandwidths these representations are usually
adequate and permit straightforward application of well-known filter-
network synthesis procedures. For wider bandwidths, more elaborate
representations are necessary. Guenther (1973b) and Guenther and Traub
(1980b) developed and applied the single-mode resonator circuit models
shown in Fig. 5.2-27 as well as more general multimode models. Coupling
wires are usually modeled with sufficient accuracy by pi networks (Johnson,
1968 ; Johnson and Guenther, 1974).

Mechanical filters are basically coupled-resonator structures with all-pole
bandpass responses. As for other types of coupled-resonator filters, the
introduction of coupling between nonadjacent resonators introduces
transmission zeros at real or complex frequencies. In Fig. 5.2-26 the first
and third resonators are coupled by a bridging wire, represented by L5,
producing an upper stopband attenuation pole.
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FIG. 6.2-27 One-port and two-port mechanical resonator wideband equivalent circuits.
[From Guenther and Traub (1980b). © 1980 IEEE.]

5.23.1 FLEXURE-MODE BARS AND PLATES

For most mechanical bodies, the lowest resonance frequencies are as-
sociated with flexure modes. Figure 5.2-28 shows a modern, two-resonator
mechanical filter (Johnson, 1977). The two resonator plates are coupled
along their nodal axes by torsion forces transmitted through the two coup-
ling wires. Piezoelectric ceramic transducers are bonded to the resonator

CERAMIC
TRANSDUCER

COUPLING
WIRE

IRON-NICKEL
ALLOY BAR

FIG. 5.2-28 Two-pole flexure-mode mechanical filters. [From Johnson (1977): reprinted
from Electronics, October 13,1977 © 1982; McGraw-Hill, Inc.; all rights reserved.]
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plates, the material of which has been heat-treated so that its temperature
coeflicient compensates for that of the transducers.

A typical application of filters of this type is in the very-low-frequency
radio navigation system, Omega. Here mechanical filters with bandwidths
of 25 Hz serve as receiver front-end filters at the Omega operating frequencies
in the 10 to 14 kHz range.

Other applications ranging from 3 kHz to nearly 100 kHz include fre-
quency-shift-keyed modems and telephone signaling and pilot tone filters
(Pfleiderer and Wollmershauser, 1976). Albsmeier, Guenther, and their
associates (Albsmeier et al., 1974; Guenther et al., 1979) presented details of
a 48-kHz channel filter using 12 bending-mode cylindrical rod resonators
and piezoelectric ceramic transducers that has been in use since 1973. A
separate signaling filter is used. A later design at 128 kHz incorporates
transmission zeros, making it possible to reduce the number of resonators
to 10 and improve the group delay characteristic. Related papers by Guenther
and Thiele (1980a,b) and Guenther and Traub (1980a,b) describe the optimiz-
ation techniques used in design. Because the fractional bandwidth of the
48-k Hz filter 1s approximately 7% and because of the stringent requirements
on the attenuation characteristic, an improved equivalent-circuit resonator
model was developed by Guenther (1973b), as noted earlier.

In addition to bars and plates, flexure-mode tuning fork filters are used
at frequencies down to 300 Hz, mostly as single resonators (Konno et al.,
1978), but they may also be used as elements of higher-order filters in the
same manner as crystal resonators. In addition, a novel three-prong fork
provides a two-pole response (Johnson and Yakuwa, 1978; Konno et al.,
1978).

Other low-frequency coupled-mode resonators were described by Konno
and Tomikawa (1967). In one type, either one edge or two diagonally
opposite edges of a square bar are chamfered to remove degeneracy of the
two flexural modes used (Johnson and Yakuwa, 1978). In another type,
flexural modes of a dumbbell configuration are used. Similar configurations
have employed extensional and torsional modes (Johnson and Yakuwa,
1978).

5.2.3.2 EXTENSIONAL-MODE FILTERS

A number of mechanical filters at frequencies from 40 to 500 kHz use
length-extensional-mode resonators. A representative configuration is
shown in Fig. 5.2-29. In Japan, 60 to 108 kHz channel filters have been used
in applications outside the public telephone system for many years (Onoe,
1979). Coupling is by means of wires vibrating in extension.

A 128-kHz channel filter using 13 extensional-mode cylindrical rod
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U

FIG. 5.2-29 Typical extensional-mode filter construction using a folded arrangement of
half-wavelength clements. The resonators are held by silicone rubber supports (not shown) at
center nodal planes. The Langevin resonant transducers are of composite construction: nickel-
iron alloy with piezoelectric ceramic center sections. [From Johnson and Guenther (1974):
© 1974 IEEE.]

resonators with quarter-wavelength extensional-mode couplers was de-
veloped at CNET in France (Bosc and Loyez, 1974; Bon et al., 1976, 1977).
In connection with this program, Carru er al. (1977) investigated the use of
lithium niobate in both Langevin and sandwich-type transducers.

A 455-kHz filter produced in Germany uses length-extensional rod
resonators with flexural wire coupling and ceramic transducers, resulting
in a very compact assembly (Johnson et al., 1971). Ernyei (1978) illustrated
how the resonator array of a filter of this type can be folded to facilitate the
introduction of bridging couplers.

5.2.33 DISK-WIRE FILTERS

Mechanical filters using flexural-mode discs coupled by wires welded to
the circumference have been used for many years at frequencies from 60 to
600 kHz and fractional bandwidths from 0.1 to 109%. Figure 52-26 shows a
simplified example. At the lower frequencies, the fundamental (one-nodal-
circle) mode is used, but for higher frequencies the two-modal-circle overtone
is preferred. Although multimode disk resonators have been proposed
(Johnson, 1966), they have not been widely used in production.
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FIG. 5.2-30 Attenuation characteristic of seven-resonator disk-wire mechanical channel
filter. [From Johnson and Winget (1974). © 1974 IEEE.]

The earliest disk-wire filters used magnetostrictive alloy extensional-
mode transducers; present-day ones use magnetostrictive ferrites. Other
improvements include refinements in design made possible by more accurate
circuit models of resonators and coupling wires (Johnson, 1968) and the
introduction of real and complex transmission zeros by the use of bridging
couplers (Johnson, 1975), as well as by improved manufacturing methods.
Important examples of modern disk-wire mechanical filters are the 256-k Hz
six- and seven-resonator channel filters described by Johnson and Winget
(1974) (Fig. 5.2-30).

52.34 TORSIONAL-MODE FILTERS

Torsional-mode resonators are employed, usually with extensional
coupling, in a number of recently developed FDM channel filters, as well
as in other applications. Representative construction is shown in Fig. 5.2-31.
Kohlhammer and Schuessler (1971; Schuessler, 1971) developed 200-kHz
channel and signaling filters using eight and five resonators, respectively,
with bridging wires to produce attenuation poles.
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PIEZOELECTRIC BRIDGING WIRES TORSIONAL RESONATOR
CERAMIC TRANSDUCER

- m@'//;? /?/ //T

1T

COUPLING WIRES SUPPORTING WIRE
FIG. 5.2-31 Torsional-mode mechanical filter using second-flexure-mode transducers.
[From Yakuwa et al. (1977).]

Sawamoto et al. (1975, 1976) developed filters in the 120-kHz frequency
range, using torsional-mode piezoelectric ceramic-composite transducers
longitudinally coupled and having torsional-mode iron -nickel alloy reson-
ators. The 1976 paper gives detailed design information for a nine-pole
four-zero filter.

Other channel filters were developed and put into production by two
organizations. Yano et al. (1974, 1975) developed 128-kHz band-separation
filters using torsional-mode resonators, both with and without transmission
zeros (Onoe, 1979). These consist of a channel filter and a signaling filter,
both driven by the same input transducer but having separate output trans-
ducers. Production techniques were discussed by Watanabe et al. (1979).

Yakuwa et al. (1977, 1979) described the design and performance of a
128-kHz channel filter using six torsional-mode cylindrical rod resonators
and two second-overtone flexural-mode piezoelectric ceramic-metal com-
posite transducers that also serve as resonators. Manufacturing methods
for this filter were described by Tsuchida et al. (1979).

)

5.2.3.5 NONLINEAR EFFECTS

The resonance frequency and loss of a mechanical resonator change as
the amplitude of vibration increases. Yano et al. (1975) measured the non-
linearity of flexure- and torsional-mode resonators. In both cases, resonance
frequency change was 0.3 Hz at 50 Hz (flexure mode) and at 110 k Hz (torsion-
al mode) for amplitudes corresponding to 0 dBm filter input power.

Yakuwa and Okuda (1976) measured nonlinear elastic and loss parameters
for a variety of materials. Since the energy stored in each resonator is related
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to the filter bandwidth and input power, they were able to determine the
minimun resonator volume for a specified degree of nonlinearity.
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LIST OF SYMBOLS FOR SECTIONS 5.3 AND 54

Fraction of surface that is metallized

Reference value of ¢

Amplitude of normal mode propagating in negative direction

Amplitude of normal mode propagating in positive direction

Permittivity ratio, cross-sectional area

Acoustic susceptance

[nverter susceptance

Baseband frequency response

Elements of stiffness matrix

Piezoelectrically stiffened ¢y,

Capacitance

Capacitance per finger pair (per unit width sometimes) of single electrode
IDT with 50 °, metallization

Capacitance of 1DT

Element of piezoelectric strain matrix

Normal component of electric displacement, evaluated at the surface, of
Rayleigh wave propagating in the negative direction

Normal component of clectric displacement, evaluated at the surface, of
Rayleigh wave propagating in the positive direction

Electric displaccment in the / direction, electric displacement in the y direction

Maximum electric displacement

Normalized electric displacement in the z direction

Elements of piezoclectric stress matrix

Envelope of impulse response

Component of electric field in i direction

Maximum electric field

Frequency

Spatial excitation function

Center frequency, carrier frequency

Frequency at which 4/2 = 21,

Notch frequency

3-dB bandwidth

Spatial Fourier transform of clectric potential, electric field, or electric
displacement

Even and odd parts of /-

Mechanical “voltage™

Acoustic radiation conductance

Acoustic radiation conductance at mid-band

Hilbert transform

Integer

Integral of electric potential over nth half wavelength of IDT

Electric current into port C

Impulse response

Square root of — |
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Inverter matrix

Square of the electromechanical coupling constant

Square of effective electromechanical coupling constant

Complete elliptic integrals of the first kind

Arbitrary constants

Value of z coordinate at the +: edge of the IDT

Length of one section in bulk-wave model

Value of z coordinate at the — >z edge of the IDT

Inductance

Electrode width plus adjacent gap width

Term within argument of Legendre polynomials; parameter of complete
elliptic integrals

Integer, index of summation

Number of electrode pairs in IDT, transformer turns ratio

Integer, harmonic number

Magnitude of Rayleigh-wave power flow per meter

nth Legendre polynomial

w, (average energy stored)/(energy dissipation rate)

Balance resistance

Generator resistance

Load resistance

Elastic compliance element

Spectrum function

Thickness, time

Time at peaks of impulse response

Time delay

Temperature

ith component of stress

Mechanical displacement

Mechanical *“current ™

Velocity

Frational change in Rayleigh wave velocity when top surface of crystal is
short-circuited

Voltage applied to transducer

Width of transducer, aperture of ith overlap

Space coordinate

Notation reduction term equal to Na(f — f,)/fa

Space Coordinate

Admittance of IDT

Admittance of transmission line

Space coordinate

Mechanical impedance, characteristic impedance of transmission line

Equivalent circuit impedance elements

Propagation constant

Propagation constant at midband, reference wave number cqual to n/L;

Notation reduction term

Notation reduction term

Permittivity of free space

Element of permittivity matrix

V2833 — £33
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i /4y, = coordinate measured in center frequency wavelengths
3 Wavelength

Ao Wavelength at midband, periodicity of transducer

¢ Dummy variable of integration through IDT

P Mass density

¢ Electric potential, Rayleigh wave potential, transformer turns ratio
¢ Relative electric potential

iy Phase, phase of baseband impulse response

v Notation reduction term

2} Radian frequency

[On Radian frequency at midband

5.3 SURFACE-ACOUSTIC-WAVE FILTERS'

5.3.1 [Introduction

Central to the emergence of surface-acoustic-wave (SAW) filters was the
development of the interdigital transducer (IDT). In the earliest filters,
the IDTs (Fig. 5.3-1) were merely quarter-wavelength wide stripes of alter-
nating polarity with quarter-wavelength wide gaps between the electrodes.
These gave a [(sin X)/X]? type of frequency response with — 27-dB sidelobes.
Since that time, multiple transducer configurations have been developed,
multiple electrical phases employed, and complex weighting applied to the
IDTs to obtain greater than 60-dB sidelobe suppression and asymmetric
bandpass characteristics.

The IDT weighting techniques are such that phase and amplitude can
be independently specified. This feature is certainly key to the sustained
interest that SAW devices have experienced over the last decade. Because
of this ability, two major technological needs, radar pulse-compression
filters and television IF filters, have been met. The radar pulse-compression
filter typically has a time delay that is a nonlinear function of frequency, and
the television IF filter has both nonlinear group delay and asymmetric
amplitude response. Today most modern radar systems have SAW pulse
compressors in them and several of the major television manufacturers
have SAW filters in their IF stage.

Exemplified in Fig. 5.3-2 are two of the parameters of bandpass filters,
center frequency and fractional bandwidth. Not only are SAW transversal
filter results shown, but for comparison SAW resonator filter data (Coldren
and Rosenberg, 1978b) and bulk-acoustic-wave (BAW) filter data (Zverev,
1967) are also given. Immediately one can see that the SAW transversal
filters serve those applications requiring larger fractional bandwidths and

¥ Sections 5.3 and 5.4 were written by Robert S. Wagers.
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(a) (b)
' FIG. 5.3-1 Melalllization in two types of SAW two-phase interdigital transducers. (a)
Single-clectrode IDT with alternating polarity electrodes, cach of nominal width 1,/4. The gaps
between electrodes are also nominally 4,/4. (b) Double clectrode IDT with clectrodes and gaps

qf nominal width 1,/8. The double-electrode transducer has lower acoustic refiections than the
single electrode transducer does.
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- FIG. 63-2 Frequencies and fractional bandwidths served by three crystal filter technolo-
gies. The BAW data are from Zverey (1967), and the SAW resonator filter data are from Coldren
and Rosenberg (1978b).
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higher carrier frequencies. The upper limit of Af/fe = 125%, defines the
range free of harmonic interference. The right-hand limit is set by photolitho-
graphic capabilitics (the line shown was obtained by assuming 0.5-um
feature definition capability). The lower limit on Af/fo arises from design
limitations imposed when the Rayleigh wave potential becomes comparable
to the source potential; and finally the boundary paralleling the BAW region
is defined by physical length constraints. In Fig. 5.3-2 the length of a SAW
transversal filter was restricted to 2 cm.

Other features bearing on SAW filter application are the insertion loss,
sidelobe ratio, phase error, and temperature sensitivity. The first three
parameters are interrelated, and compromises must be made among the three
according to the system specifications. However, insertion losses can range
from a few tenths of a decibel to greater than 40 dB: sidelobes may vary from
as poor as —27 dB to as good as —60 dB; phase errors can be better than
a few tenths of a degree.

Temperature sensitivity is set primarily by substrate choice. Materials
commonly chosen for SAW transversal filters include ST-cut quartz and
several cuts of LINbO; and LiTaO;. ST-cut quartz has no first-order
temperature coeflicient but has very weak coupling, whereas the other
substrates have strong coupling but first-order temperature coefficients
of 40 to 90 ppm. The choice of substrate is determined by weighing band-
width, insertion loss, and crystal heater requirements against one another.

The performance of SAW transversal filters is dominated by the trans-
duction processes at the IDT. To be sure, the filter characteristics are also
modulated by physical processes such as wave attenuation and diffraction,
but those eflects generally are a perturbation to the response dictated by
transduction physics. It is the transduction process that must be understood
and controlled to design SAW filters.

In the following sections the operation of SAW IDTs will be developed.
The three most common physical interpretations of IDT operation will
be considered: the bulk-wave model, the impulse model, and the normal-
mode model. These three schools overlap in the IDT properties they describe
much of the time. However, each has its own advantage in some aspect of
analysis or synthesis.

Bulk-wave modeling (Smith er «l., 1969; Smith and Pedler, 1975, 1976)
requires interpreting each electrode or gap between electrodes (Fig. 5.3-1)
as a bulk-wave transmission line. A description of the entire IDT is developed
as a cascade of bulk-wave transducers. This approach has been extremely
successful in analyzing IDT operation. It has quantitative accuracy in de-
scribing not only electric-to-acoustic conversions but acoustic-to-acoustic
conversions as well. It tends to become numerically overbearing if the elec-
trode overlap of the 1DT is varied: it does not contain synthesis concepts
distinct from those of the impulse model.
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The impulse response model (Tancrell and Holland, 1971); Hartmann
etal., 1973a; Tancrell, 1974) represents the IDT as a sequence of half sinusoids
placed at each electrode position or a sequence of delta functions placed at
the electrode edges. It then draws on known Fourier transform relations to
relate the frequency response of the filter to the metallization pattern. This
approach has its greatest power in performing synthesis of electric-to-
acoustic transfer functions. It tends to have less quantitative accuracy than
the bulk-wave model approach in doing analysis of terminal transfer rela-
tions, and it has virtually no capability for the analysis of acoustic-to-acoustic
transfer relations.

The normal-mode technique (Auld and Kino, 1971 Auld, 1973: Wagers,
1978) gives greatest emphasis to the wave nature of the SAW, treating the
disturbance as two SAW eigenmodes propagating in opposite directions
under the IDT synchronously with the applied traveling waves of the IDT.
Again this is an analysis technique that does not contain synthesis elements
distinct from those contained in the impulse response model. The normal-
mode approach considers the entire IDT, without dividing it into segments
as is done in the bulk-wave-modeling approach, and provides closed-form
expressions for wave amplitudes and IDT admittances. Though the formula-
tion is potentially capable of providing approximations to acoustic-to-
acoustic conversion processes, the most significant contribution from this
analysis has been in clarifying electric-to-acoustic conversion processes.

5.3.2 Interdigital Transducer Admittance

5.3.2.1 NORMAL-MODE REPRESENTATION OF
ACOUSTIC ADMITTANCE

Almost all transduction to SAW is accomplished with IDTs. The trans-
ducers consist of alternating-polarity electrodes as illustrated in Fig. 5.3-1.
Typically the gaps between electrodes are the same size as the clectrodes.
At midband of the IDT response, the frequency and spatial periodicity of
the applied voltage is such that wg /7, = v, where y, = 21/, (1, being the
periodicity of the transducer) and v is the phase velocity of the wave. Thus
an observer (or wave) traveling along the surface at velocity wq /74 sees a
constant voltage and can extract power from the applied voltage.

In the transducer impedance analysis presented here, it is assumed that
the transducer electrodes have constant overlap. In obtaining numerical
values for the transducer admittance it is also ultimately assumed that the
potential on the electrodes and in the gaps is essentially the same as would
exist if the substrate were nonpiezoelectric, that is, the weak-coupling ap-
proximation is made. We shall see that this approximation sets limits on

B alidi . io . PROTIREP IS DI Y P8 SR S
the range of validity of the analysis and hence the mode! of the transducer.
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Figure 5.3-1 illustrates the types of IDT structures considered. The polarity
of the voltage applied to the electrodes reverses approximately every half
wavelength of the excited Rayleigh wave in the most common case. While
this is the most common transducer configuration, the results presented
are not limited to such cases alone. Nor docs it require that all the electrodes
be present as in Fig. 5.3-1.

Figure 5.3-3 illustrates the orientation of coordinates with respect to the
substrate and Rayleigh wave propagation direction. In Fig. 5.3-3, the trans-
ducer is shown as simply a wide distribution of potential (0, z). In fact,
any transducer will be finite in the x direction. But it is assumed that the width
dimension is great enough that any variation with x can be neglected. Two
normal-mode amplitudes (Rayleigh waves) are excited by the transducer.
They emerge as a..(z) and a,(z) traveling in the negative and positive z
directions, respectively. Each mode starts with zero amplitude at one edge
of the transducer and grows in amplitude as it travels through the trans-
ducer and emerges at the other end.

The normal-mode analysis begins by finding integral equations for the
mode amplitudes a_(z) and a.(z). Both Auld (1973) and Wagers (1978)
lustrated how the mode-amplitude differential equations are derived.
Auld (1973) used open-circuited modes for the basis of his expansion
whereas Wagers (1978) used short-circuited modes. The choice of basis
determines whether one obtains integral equations dependent on IDT
electric potential or IDT electric displacement.

Wagers (1978) showed that the Rayleigh wave amplitudes are given by

a.(5) = T, f IEHO, &) de, (531)

-~ o

4(z) = — T, f TR0, ) de, (53-2)

where ¢ is a dummy variable of integration along the z-axis of Fig. 5.3-3,
[y = joVoDt(0)/4P, T, = —joV,D*(0)/4P,  $(0,z2) = V,$(0, z),

and 1V, is the peak-to-peak voltage applied across the transducer.

In deriving Eqgs. (5.3-1) and (5.3-2), propagation of the waves as
explj(ear + 72)] was assumed. w and 7 are the radian frequency and propa-
gation constant, respectively, of the waves (0 = 2nf = yv, y = 2n/), A is
the Rayleigh wavelength, P the magnitude of power flow per meter of acoustic
beamwidth, and ¢(0, z) the electric potential at the interface between the
transducer and the substrate. The terms D, (0) and D_(0) are the values at
¥ = 0 of the y components of electric displacement of the forward and back-
ward freely propagating Rayleigh modes. Superscript * specifies complex
conjugate of the designated quantity.
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FIG. 5.3-3 Orientation of coordinates relative to the crystal and the propagation direction
of straight-crested Rayleigh waves excited by the IDT.

Equations (5.3-1) and (5.3-2) give the amplitudes of the Rayleigh waves
throughout the transducer region. The limits of + o in the integrals are
merely symbolic. The integrations need be extended only to the points
beyond which $(0, ) = 0, that is, at the edges of the transducer.

The electric displacement existing at the interface between the IDT and
the crystal can be expressed as a superposition of that arising from all physical
processes active at the surface of the crystal. The contribution due to Rayleigh
wave generation can be written as

D, = {a.(2)D,(0) + a_(z)D_(0)). (5.3-3)

Using Egs. (5.3-1) and (5.3-2) for the mode amplitudes and Eq. (5.3-3) for
the electric displacement, one can evaluate the complex Poynting theorem
over a boundary enclosing the IDT (Wagers, 1978) to obtain for the trans-
ducer admittance:

{ 1
Y=y f dz (0, 2) f Cos[1(E — 210 &) de
- -1

! =
+ v f dz (0, z {f sin[3(& — 2)]é(0. &) d¢
-1 -1

. 1
- f sin[7(& — 2)1¢(0, ¢) thf}. (5.3-4)

where

Y = w’w|D ,(0)]/4P,
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w is the overlap width of the IDT, and 2/ the length of the IDT in the propa-
gation direction (Fig. 5.3-3). The portion of the input admittance of the
transducer due to Rayleigh wave transduction is completely specified by
Eq. (53-4) in terms of the self-consistent electric potential existing at the
plane between the crystal and the transducer. It should also be noted that
the real and imaginary parts of Eq. (5.3-4) are Hilbert transform patrs for
all electric potentials. This is a general property, true of all admittances,
and in Wagers (1978) explicit satisfaction of the Hilbert transform pair
relation is demonstrated without restriction of the transducer structure.

5.3.2.2 INTERDIGITAL TRANSDUCER CAPACITANCE

The admittance expression of Eq. (5.3-4) represents only that portion of
the IDT terminal properties arising from acoustic effects. In parallel with the
acoustic admittance is the electrostatic capacitance of the IDT that exists
even in the absence of piezoelectricity. A complete IDT model requires
representation of the static capacitance. Engan (1969) was the first to solve
the electrostatic boundary value problem illustrated in Fig. 5.3-1a. He as-
sumed the structure properties had no variation across the width (as we have
assumed) and that the IDT pattern extended to + oo along the z direction.
While he assumed uniform periodicity to z = + oc he did allow the metal-
lizations to vary in width. He found that the potential of the transducer could
be represented by the series,

o P(C2m—1)

O,y =V, ¥

2nz
A sinl 2 1) ==}, 5.3-5
w=o (2n + DK'(m) sm{( n+ b ] ( )

Ao

where 4, is the periodicity of the transducer, m = sin?(ra/2), a is the portion
of the surface that is metallized, a = a, = 0.5 for 509, metallization, P,
are Legendre polynominals of the first kind, and K’ is the complete elliptic
ntegral of the first kind to the complementary parameter I — m. By integra-
ting the electric displacement to find the charge on the IDT electrodes, he
was able to express the capacitance of the transducers as

Cr = Nw(e, + £0)K(m)/K'(m), (5.3-6)

where N is the number of electrode pairs in the IDT, &y = \/8—22833 — &5,

& are elements of the permittivity matrix, ¢, is the permittivity of free space,
and K is the complete elliptic integral of the first kind.

Equation (5.3-6) shows that the static capacitance of the IDT is a function

of the electrode width. In Fig. 5.3-4 the relative capacitance variation is

shown for both single-electrode 1DTs and double-electrode 1DTs. For
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FIG. 5.3-4 Variation of IDT static capacitance with electrode width. For single-electrode
transducers, a/a, = | corresponds to electrodes of width Ao/4, whereas for double electrodes,
afay = 1 corresponds to electrodes of width Ao/8. [From Wagers (1976). © 1976 IEEE.]

single-electrode IDTs, a/a, = 1 corresponds to electrodes of width A,/4,
whereas for double-electrode IDTs, aj/ag = 1 corresponds to electrodes of
width 4o/8. One can see that for 50 % metallization 1DTs, the double-electrode
IDT has approximately 40% more capacitance than the single-electrode
IDT. The greater capacitance of the double-electrode IDT increases its 0
(susceptance/conductance at midband). However, its coupling strength
relative to the single-electrode IDT (as measured by the IDT radiation con-
ductance) is 7% larger, which helps to decrease its Q.

5.3.23 EVALUATION OF INTERDIGITAL
TRANSDUCER ADMITTANCE

To evaluate Eq. (5.3-4), the electric potential must be known throughout
the transducer. Often the contribution to the total potential from the acoustic
waves is neglected, and only the electrostatic solution is used for (0, &). This
1s generally a very good approximation, but still, obtaining the fields of the
transducer structure in the absence of piezoelectricity is a formidable task
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in the general case. It is because of this difficulty that the admittance expres-
sion was developed in the form of Eq. (5.3-4). The admittance, as specified,
has a dependence only on the electric potential distribution [the electric
displacement of the IDT does not appear in Eq. (5.3-4)]. This facilitates
analysis since the potential is the specified quantity in the transducer bound-
dary value problem. In most transducers, @(0, &) is known exactly over half
the range of ¢ since it is specificd on the clectrodes. In the regions between
the clectrodes, the exact value of the potential is unknown, but because
the potential must make a transition from one electrode to the adjacent one
in a short distance, the variation can be guessed with sufficient accuracy to
yield admittance values adequate for many applications.

In some cases, the potentials within the transducers are known from
numerical analysis. Thus, Eq. (5.3-4) can be evaluated numerically and the
results tabulated as a function of y. Electrode withdrawal transducers, for
example, employ highly nonuniform electrode sequences (Hartmann, 1973:
Laker ¢t al. 1978 Wagers, 1978). In these transducers. bandpass shaping
is accomplished by removing electrodes from what would otherwise be a
regularly periodic array of electrodes. The synthesis procedures for electrode
withdrawal transducers limit the allowed clectrode sequences to only a few
possibilitics. Thus. the exact integrations for the allowed electrode sequences
can be performed numerically and tabulated. Wagers (1978) discusses how
this is accomplished: it is shown that at midband, the radiation conductance
of Eq. (5.3-4) can be written in the form

G, = (e, + £)2m(Ar/r) JZ 1% (5.3-7)
where
{n+1)2 _ .
I, = j dnp $0, ye’2 I, (5.3-8)
N = z/Aq, G, is theradiation conductance, and Av/vis a measure of the electro-

mechanical coupling (Section 5.3.4). The term I, of Eq. (5.3-8) is the integral
of the electric potential over the nth half wavelength of the transducer.
For periodic, double-electrode 1DTs, as in Fig. 5.3-1b, I, = 0.0 + j0.13945.
Eq. (5.3-7) shows that the IDT radiation conductance increases linearly
with frequency, IDT width, substrate permittivity, and coupling; it increases
as the square of the number of coupling sections.

If analytic forms for ¢(0, z) of the interdigital capacitor can be found, then
analytic expressions can be obtained for Y. For an N-electrode-pair periodic
transducer. if the electric potential ¢(0, z) of the transducer is approximated
by that of an interdigital structure on a nonpiezoelectric substrate, then the
results of Engan (1969) [ Eq. (5.3-5)] can be used. Using only the fundamental
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term of Eq. (5.3-5), one can substitute for $(0, z) in Eq. (5.3-4) to obtain for
the IDT admittance Y = G, + jB,, where

X (5.3-9)
1 [sin2X
B.=Goy ( e 1>, (53-10)
Gy = w[Noe. + e - " (V0 5311
o = wNo(e, + ¢,)] EIE(H{)?‘ (/’0) [p|°/4P, (5.3-11)

Yo = 20/, wo = 21fy = you, X = (y — Yo)l = Nn(w — wg)/mwg, G, is the
radiation conductance at midband, and ¢ the Rayleigh wave potential
associated with a power flow of magnitude P.

5.3.3 Relation of Normal-Mode Theory Admittance to the Impulse
Model
If in Eq (53-4) cos[(¢ — z)] is replaced by cos(y¢) cos(yz) +
sin(y¢) sin(yz), then one can readily show that

G, = YIF(y)*, (5.3-12)

where
F(y) = f dz ¢(0, z)e’”". (5.3-13)
~1

Equation (5.3-12) specifies that the radiation conductance is obtained from
a frequency response F(y). Equation (5.3-13) shows that F(y) is obtained
from an integral over ¢(0, z). The form of the integral is the same as a Fourier
transform. In fact extending the integration limits in Eq. (5.3-13) to + oc and
prescribing @(0, z) = 0 for |z| > I, the integral becomes the Fourier trans-
form of ¢. Since F(y) is the frequency domain response, then $(0, z) is the
spatial impulse response of the transducer. When a suitable method for
prescribing ¢ is chosen, then one can bring to bear on the design question
all previous experience with Fourier transform pairs.

Consider substituting Eq. (5.3-5) for the electrostatic potential in the
integral of Eq. (5.3-13) and assume that 2/ = Nly. When v = y, all terms in
the series will integrate to zero except the n = 0 term because of the ortho-
gonality of exp[ jyoz] and sin(2n + 1)y,z. The result is that at midband,
F(y) equals the first Fourier coefficient of the series of Eq. (5.3-5). Physically
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this is the same result as would have been obtained if we had placed a half
wave of sinusoid at each clectrode with the same polarity as the clectrode.
For values of y near 7, the first term of Eq. (5.3-5) would still dominate the
Fourier transform of Eq. (5.3-13). Thus one can see that G, can be physically
rclated to a transform of half waves of sinusoid positioned at the electrodes.
This physical interpretation was first elaborated by Hartmann et al. (1973).

5.3.4 Limitations on the Use of Electrostatic Fields

In the preceding discussion we used the electrostatic fields [ Eq. (5.3-3)] as
an approximation to the total electric potential of the transducer. Obviously
this cannot always be a reasonable approximation, for if the transducer is
made long enough, then eventually the potential of the wave will equal that
being applied to the transducer. Certainly the transducer length must be
limited if the use of electrostatic potentials in Eq. (5.3-4) is to be a good
approximation.

Under steady-state operation of an IDT at frequency w, the power input
to the transducer is V§G,/2 where V,, is now the peak applied voltage and G,
the radiation conductance of the IDT. This power is carried away by the
forward and backward traveling Rayleigh waves. Thus

2Pw = ViG,/2. (5.3-14)

A [undamental relation (Auld. 1973) between Rayleigh wave potential,
acoustic power flow, and coupling Av/v is

[¢|? _ 1 Av

— o (5.3-15)
4P (e, + &) v

where Arjv is the fractional change in Rayleigh wave velocity that occurs
when a massless perfect short circuit is applied to the top of the substrate.
If Egs. (5.3-7) and (5.3-15) are substituted in Eq. (5.3-14), then we can write
the ratio of the Rayleigh wave potential to the applied potential as

)(f)l//VO = 27-[’2'11'1' A“/U’ (53_16)

where [, is defined in Eq. (5.3-8). The term I, in Eq. (5.3-16) can be evaluated
for an N-electrode pair double-electrode transducer (shown in Fig. 5.3-1b)
by using the value (quoted above) 0.0 + j0.13945. We obtain

[¢1/Ve = LTSN Av/v. (53-17)

Equation (5.3-17) is a completely general expression relating the magnitude
of the Rayleigh wave potential to the applied potential as a function of the
length of the transducer in the propagation direction. Having neglected the
Rayleigh wave amplitude in the source terms for mode excitation, we find
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that the wave is predicted to grow linearly with the number of electrodes
in the IDT. Obviously this type of growth cannot continue without bound.
A Tlimit to the applicability of the analysis can be estimated by calculating
the IDT parameters at which the Rayleigh wave potential equals the applied
potential. This is obtained by setting Eq. (5.3-17) equal to unity. For (YZ)
LiNbO; with Av/v = 0.024 we obtain N = 24, and for ST-cut quartz with
Av/v = 0.000581 we obtain N = 984,

While one can calculate at what point the transducer length forces the
wave potential to be a significant part of the total potential, one cannot with
similar ease quantify the effect on filter response of neglecting the Rayleigh
potential and using only the electrostatic solution. As a practical matter,
the Rayleigh wave potential is neglected in the design of transducers hundreds
of wavelengths long for operation on ST-cut quartz, and 50-60-dB sidelobes
are obtained. Emtage (1972) and Zuliani et al. (1975) deal with the question
of including the electric potential of the piezoelectric substrate.

5.3.5 FElectromechanical Coupling Constant &

Commonly in the analysis of BAW devices a very simple relationship
is found between the acoustic radiation conductance at synchronism and
the static capacitance of the transducer. It is not surprising, then, that in
the bulk-wave modeling approach to IDT analysis (Sec. 5.3.7) a simple
relation like that of bulk-wave transducers was found to relate G,(wg) and
Cy. It has been shown (Smith er al., 1969) that, consistent with the physical
assumptions,

Guwg) = Gy = (4/mk*Nwy Cy, (5.3-18)

where k? is the square of the electromechanical coupling constant. While the
form of Eq. (5.3-18) is appealing because of its close relation to rigorously
correct relations in bulk-wave acoustics, the equation when applied to IDTs
is an approximation because of the semiempirical manner in which it was
derived. Nevertheless, the bulk-wave modeling approach to the analysis of
IDT excitation and detection of SAWs is so successful that Eq. (5.3-18) has
been accepted worldwide, not only as essentially rigorous but in effect as
the definition of k? for 1DTs.

It is of interest to relate the k* defined by Eq. (5.3-18) to material constants
through the fundamental relations for G, and C; found earlier. Thus, if G,
of Eq. (5.3-11) is used along with Eq. (5.3-15) and the relation for static IDT
capacitance [Eq. (5.3-6)], then the electromechanical coupling constant for
IDTs can be written as

, m? Av
AK(m)K'(m) v~

(5.3-19)
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We sce from this equation that the efficiency of IDT coupling to the Rayleigh
wave can be related to two factors:

(1) the magnitude of the velocity perturbation that arises from shorting
the top surface of the crystal (this is totally a material relation and provides
a basis for comparing one crystal cut to another); and

(2) the fraction of the surface covered by electrodes.

The product of the two elliptic integrals, K'(m)K{m), reaches a minimum at
a =} (50°, metallization) and increases monotonically to infinity as «
varies from 4 to 0 (no electrodes) or from 1 to 1 (continuous metal). Thus,
maximum DT coupling is achieved with electrodes 4,/4 wide.

When 4, /4 clectrodes are used, K(m) = K'{m) = 1.854. Substituting for
the elliptic integrals in Eq. (5.3-19) gives k* = 2.26 Av/t, a result very similar
to that obtained for bulk-wave crystals. In bulk-wave analysis, one commonly
obtains k% = 2 Av/v, and in SAW literature one often sees k? = 2 Av/v.
The latter relation, k% = 2 Av'r, is not consistent with k? defined by Eq.
(5.3-18). Obviously, as a practical matter, the difference between the two
definitions is only ~10%, and practical results will not be much affected
by the choice of k2.

5.3.6 Electrical Q and Insertion Loss

In resonant circuits of constant-valued inductors and capacitors, the
circuit Q and the 3-dB fractional bandwidth are reciprocals of one another.
Thus, one can view the bandwidth as determined by the Q. In narrow-band
SAW IDTs, however, the bandwidth is controlled by phasing between the
constant-length IDT and a variable-wavelength Rayleigh wave. As a con-
sequence the traditional concepts of Q do not give the half-power bandwidth.
(However, the 0 of the IDT is still a relevant parameter for gauging matching
difficulties.)

The definition of Q considered is the traditional one for parallel connected
circuits: Q = mg(average energy stored)/(energy dissipation rate). Thus,
for the IDT at synchronism this becomes Q = w,C1/G,(wg). If, as in the
previous section, we substitute for G,(w,) from Eq. (5.3-11). for |¢1?/4P
from Eq. (5.3-15), and for the static capacitance from Eq. (5.3-6) then we
obtain

G —— (5.3-20)

Now, referring to Eq. (5.3-9) one can see that the radiation conductance
varies as [(sin X)/X)]?, where X = Nn{w — wy)/w,. The 3-dB points for
one transducer occur when N(i — wg)/mwg = N(f — fo)/fo = 0.44295. Thus,
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the fractional 3-dB bandwidth Af/f, of the acoustic radiation conductance
is related to the number of electrode pairs by

N = 0.8859/(Af/f,). (5.3-21)

Substituting N from Eq. (5.3-21) into Eq. (5.3-20) and replacing the elliptic
integrals by their value for A,/4-wide electrodes, (1.854) we obtain

0~ " A (5.3-22)

This equation shows that for very narrow-band IDTs, the Q of the IDT is
lower for materials with large Av/v. For example, with (YZ) LiNbO; (Av/v =
0.024) a 10 %;-bandwidth IDT has a Q of 1.6. Note also that the Q is indepen-
dent of IDT width. In principle the aperture can be chosen to match the
IDT at midband to the characteristic admittance Y, of the drive transmission
line. Thus, narrowband SAW filters composed of two constant-aperture
IDTs have a minimum insertion loss of 6 dB. This loss arises solely from the
bidirectionality of the IDTs.

Equation (5.3-22) is very similar to expressions found in other works.
Indeed if one replaces Av/v by k?/2, then Eq. (5.3-22) is functionally identical
to Eq. (5.9) of Snow (1977). However, an examination of the definition of
terms in the paper by Snow (1977) reveals that the Af/f in that expression is
the 4-dB bandwidth of the transducer instead of the 3-dB bandwidth assumed
above. This difference can be traced to the different definitions of k2 discussed
in the previous section. If one uses k* = 2.26 Av/v instead of k> = 2 Av/v,
then the expressions for the IDT Q obtained here and in Snow (1977) are
consistent,.

If the filter bandwidth is required to be greater than that of the IDTs, then
an insertion loss penalty must be paid. The loss—bandwidth relation can be
derived by a variety of approaches. Commonly one assumes that the IDT
is shunt-tuned with an inductor, loaded with a resistor, and driven through
a transformer. However, the transformer is not essential to the analysis;
direct circuit analysis assuming a transmission line driving a loaded, inductor-
tuned IDT yields the same loss-bandwidth relation.

Using a theorem of Bode and Fano, Gerard (1978) derived and discussed
the loss—bandwidth relation. Snow (1977) also presented a very simple
derivation. In those cases, or by considering the IDT to be driven directly
by a transmission line, one obtains a relation of the form

A7f< 8 Av/v
fo © T

for an upper limit on the 3-dB bandwidth of an N-wavelength-long, un-
apodized IDT that can be tuned to have only bidirectionality loss (3 dB) at

(5.3-23)
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FIG. 5.3-5 Relation between SAW filter insertion loss and 6-dB fractional bandwidth.
The bounds shown indicate approximately what can be achieved with two bidirectional IDTs.
The lower limit of 6 dB comes from bidirectional power loss. The left limit is where the weak-
coupling approximation is grossly violated. The right limit follows from interplay of the SAW
1DT with the matching network.

midband. Because two IDTs are used for a filter, Eq. (5.3-22) gives the maxi-
mum 6-dB bandwidth of a filter. Snow (1977) shows that for bandwidths
greater than that specified by equality in Eq. (5.3-23), the insertion loss
increases at 12 dB/octave.

The asymptotic relation on insertion loss of 12 dB/octave, the corner
point given by equality in Eq. (5.3-23), and the physical limits of analysis
accuracy given by 1.75N Av/v = | [Eq. (5.3-17)] can be combined in one
plot to show the insertion loss versus fractional bandwidth ranges covered
by various SAW filters. Figure 5.3-5 shows results for substrates of (yz)
LiNbO, and ST-cut quartz.

5.3.7 Bulk-Wave Modeling of Interdigital Transducers

Rayleigh wave propagation on anisotropic substrates is inherently a three-
dimensional problem. The degree of complexity can be reduced by modeling
real devices in terms of infinitely wide ones. In that case the boundary value
problem becomes two-dimensional; there is variation in the field variables
in both the propagation direction and with distance into the substrate. Yet
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on examination of Egs. (5.3-1) and (5.3-2), one finds that the excited ficlds
of the IDT are rigorously described by a function with only one-dimensional
variation. An integration along the top surface of the crystal is all that is
required. The nature of the fields within the crystal is not in evidence in
Egs. (5.3-1) and (5.3-2). Indeed it does not influence the form of the excitation
mathematics.

For years, one-dimensional bulk-wave analysis has been used to describe
Rayleigh wave processes. The approximations have met with remarkable
success in describing interactions with IDTs. Particularly good results have
been achieved with the “ crossed-field * bulk-wave model. It can be shown that
the crossed-field model can yield excitation mathematics identical in form
to that obtained rigorously from the normal-mode theory [Egs. (5.3-1) and
(5.3-2)].

Figure 5.3-6 shows the orientation of coordinates and the assumed physical
nature of the exciting electric field in the substrate. It is assumed that the
direction of the electric field in any section | long is constant throughout the
section. At the boundaries of each segment, the field makes abrupt changes
in direction. For the following development, each section is assumed to
be a hexagonal 6-mm crystal with its polar axis aligned along the = co-
ordinate. The physical attributes of the crystal scctions (mass, stiflness, etc.)
are assumed to be identical.

z
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£ E E E £ E E E E
+ = + - + - + - + -
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z
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lE IE lE Tr. lE IE ls Ts lz
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CROSSED-FIELD L’/-’]

FIG. 53-6 Assumed physical configuration of one-dimensional bulk-wave structures
having either an in-line or crossed-field orientation of the electric field.
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We assume that the structures of Fig. 5.3-6 are infinite in the y direction.
Thus, there is no variation with y. Additionally we assume that the dis-
turbance within the structure is independent of z. Therefore /0z is also
required to vanish. With only ¢/éx nonzero, the equations of motion (Auld,
1973) take on a particularly simple form.

By assuming that the electric field has either one polarity or the other,
different sets of equations become relevant. If one considers the in-line
model, then only the electric field in the x direction, E,, is nonzero. On the
other hand, in considering the crossed-field model one assumes that only
the electric field in the z direction, Ej;, is nonzero. Quite different motions
of the plate are produced by the two models. The crossed-field model
describes a pure compressional wave, whereas the in-line model represents
pure shearing in the x-: plane. Obviously neither of these acoustic dis-
turbances is Rayleigh-like. The Rayleigh wave has some shear motion,
some compressional content, and varies rapidly in the z direction. All
butk-wave components of the Rayleigh wave are evanescent in the z direction.

If we define mechanical voltages and currents by F; = —T;4 and U, =
Jowu;, then the constitutive equations (refer to Chapter 2) for the two models
can be cast in transmission-line form (u; is particle displacement in the
direction, T; the ith component of stress, and A the cross-sectional arca of the
plate). For the crossed-field model we obtain

1 AdU
Fie = e e .
—1 0F,
U pa ax (-2
23 OU
Dy = i3,E; + E/}BL}L 25_x_x, (5.3-26)

where ¢;; arc the stifiness constants, e;; the piezoelectric stress constants,
p is the mass density of the medium, D; the electric displacement in the i
direction, and the superscript s on the permittivity element ¢35, signifies that
the permittivity is measured at contract strain.

The 1n-linc model equations become

wadoU
Fs=— (ﬁi 2t esAE,, (5.3-:27)
jw  Ox
—1 0F
Uy = — 2 3.
7 jwpd ax (5.3-28)
JU
D, =¢)E, +$L_3. (5.3-29)
o Ox
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The transmission-line equations for the two models are identical in form.
Quite different physical assumptions about the nature of the fields internal
to the medium have produced coupled equations with no apparent difference.
Differences do arise however when boundary conditions are applied.

In solving Egs. (5.3-24) and (5.3-25), one assumes that the disturbance
propagates as exp[ j(wt — yx)]}. The plate thickness is ¢, and the width in
the y direction is w, The differential equations produce dispersion relations
of the form y = w\/p/c;;, where i = 1 for the crossed-field model and i = 4
for the in-line model. Two boundary conditions are required for each model.
For the in-line model, it is assumed that the interfaces between segments
are infinitesimally thin, perfectly conducting electrodes with acoustic
properties identical to the hexagonal crystal. Under these conditions, D,
Is a constant in each segment. The electric current into each segment comes
from integrating D, over the cross-sectional area, and the voltage across a
segment is found by integrating the electric field E,.

For the crossed-field model, one assumes that each segment is electroded
on the outer surfaces. This sets dE;/0x = O at the surfaces. It is further as-
sumed that the plate is thin enough that dE,/0x = 0 everywhere in each
segment and that the voltage across each segment is ¥V = — E;r. The electric
current into each electrode is obtained by integrating Dy over the length
of a segment.

Solving Eqs. (5.3-24)-(5.3-26) and applying the above boundary condi-
tions, the crossed-field model yields

U, U
Fo=Zys——+ — Lot — e wle, (5.3-30)
jtanyl  jsinyl
U, U,
F. = . SRR L, N Ve, 5.3-31
b ZO{[ sin 7/ Jrjtan ;*I} Care ( )
I, = joCyV, + e3w(U, + Uy), (5.3-32)

where Z, = ¢, wty/w is a mechanical impedance, C, = w3, /t the capaci-
tance of a section, ! the length of a section, subscripts a and b denote the
mechanical ports, subscript ¢ denotes the electric port, V, is voltage applied
to port ¢, and I, current into port c.

For the in-line model, Egs. (5.3-27)-(5.3-29) yield

F,= Zo{ Ve U"} - e, (5:3-33)

]Tdn?[ j sin vl _jw:;fi,
U, Uy e s
Fo=Zgd "4+ —2—4 - 212 5.3-34
b O{j sin y/ + jtan }'l} Jwes, ( )
1 €15
V, = Io— = (U, + Uy), (5.3-35)

JnC € Jined,
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where Zy = Caawlyrm, ¢y = gl + ki), k35 = e25/(s3,¢4q), and C, =
wieh /L I impedance clements Z, and Z, and transformer ratio N are
defined as in Fig. 5.3-7, then it can be shown that the two circuits of Fig.
5.3-7 have exactly the same terminal property relations as Egs. (5.3-30)—
(5.3-32) and Egs. (5.3-33)-(5.3-35). Thus, these circuits are referred to as
the cquivalent circuits of the acoustic problems of Fig. 5.3-6.

Now differences between the two models are apparent. Equations (5.3-30)
and (5.3-31) show that the mechanical quantities in the crossed-field model
are driven by the electric voltage, whereas Egs. (5.3-33) and (5.3-34) for the
in-linc model indicate that the mechanical quantities are driven by the elec-
tric current. Small differences exist in the equivalent circuits as well, with the
in-line model requiring the presence of a negative capacitance.

When considering SAW devices, onc cannot easily calculate numerical
values for the parameters of the circuits of Fig. 5.3-7. The thickness applicable
to Rayleigh waves is not defined. Also when considering practical materials
such as (YZ) LiNbO; and ST-cut quartz, the equations of motion do not
separate neatly into a few mechanical variables with a single piezoelectric
coupling term as was found above for a hexagonal 6-mm crystal. Instead,
several piezoelectric constants arc involved with coupled systems of equa-
tions. Simple models such as in Fig. 5.3-7 do not emerge from the mathe-
matics.

When applied to Rayleigh waves, the models of Fig. 5.3-7 arc used as
representative of the underlying physical processes; the characteristic im-
pedance Z,, segment capacitance g, and turns ratio N arc chosen to give
best agreement with experimental results. Smith e al. (1969) were the first
to provide extensive devclopment of these models. Gerard (1969) provided
further clarification of the model. Quantitative application of the model
to broadband devices was described by Smith et al. (1972), and the issue of

IN-LINE MODEL CROSSED-FIELD MODEL

Co Tvc o Ty,

O~ -0 o 0

FIG. 5.3-7 Equivalent circuits for one-dimensional acoustic-wave generation by an in-line
[where 7, = jZ,tan 7112, 7, = —jZ, cscyI, N = e swifl, Cq = & wi/l, Zy = E,4 wiyjw,and
Cup o= ol s eloa 0] or crossed-field [where Z) = jZytan 720 Z, = —jZ, csc il
N o=eyw. Gy = aowlband Z, = ¢, wiy o] electric intensity.
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which model was better was decided (Smith, 1973) on the basis of triple
{ransit measurements. Smith (1973) found that for both LiNbO; and quartz
substrates, the crossed-ficld model gave good approximations to the actual
seli-consistent acoustic reflections from IDTs. The in-line model predicted
completely wrong trends for acoustic reflections as a function of IDT load
impedance.

5.3.8 Advanced Bulk-Wave Models

SAW IDTs usually have many sections of the form shown in Fig. 5.3-6.
The application of the equivalent circuits of Fig. 5.3-7 to a description
of transduction processes requires cascading many such circuits, one for
each electrode of the IDT, and computing the composite result. This is an
exceedingly difficult task. It is virtually impossible to carry out analytic
evaluation; numerical methods must be employed. In resorting to the com-
puter, insight into the device physics is lost. The factors dominating device
performance are merged with less significant factors to become part of the
“bottom line” prediction.

In 1971 a new method of analysis and an equivalent circuit were presented
that expressed the essential features of cascaded excitation sections without
requiring laborious numerical procedures. The models put forth by Leedom
et al. (1971) had only three elements no matter how many sections, or elec-
trodes, existed in the overall transducer. The essential difference between the
development of Leedom et al. (1971) and that of previous butk-wave models
was that they considered the entire transducer (instead of just one section)
to be one acoustic region and accounted for the alternating electrical excita-
tion by introducing a spatially varying source term. Starting from one-
dimensional acoustic equations, they developed a Green’s function for the
acoustic transmission line and integrated it over the total length of the
transducer. The result was that their model predicted transducer per-
formance in terms of a Fourier transform over the electric potential of the
transducer. A major simplification in the complex model accrued from their
approach, because all the frequency dependences of the device were contained
in three elements defined in terms of the Fourier transform of potential.

Subsequent to the Leedhom et al. (1971) paper describing new equivalent
circuits for disturbances characterizable by one-dimensional analysis,
Krimholtz (1972) applied the new circuit approach to SAW IDTs. More
than just applying the explicit circuits reported by Leedhom et al. (1971)
that were applicable to either even- or odd-symmetry excitation functions,
Krimholtz extended the concepts to derive new equivalent circuits that
were valid for arbitrary-symmetry, real excitation. The circuit he found is
illustrated in Fig. 5.3-8. Note that the circuit is no more complicated than one
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FIG 53-8 One-dimensional bulk-wave equivalent circuit for arbitrary-symmetry excita-
tion functions. [From Krimholtz (1972).]

of the bulk-wave models of Fig. 5.3-7. However, the circuit in Fig. 5.3-8
describes the entire transducer. The complex interaction between sections
of the transducer is taken into account in the definition of the elements.

Consider the circuit of Fig. 5.3-8 to describe a physical situation like the
crossed-field model of Fig. 5.3-6. Then with a voltage V, applied across a
section, the maximum electric field inside a section is E,,, = | V,|/t. The
maximum electric displacement is D, = £33 E.,. Krimholtz (1972) de-
fined an excitation function

Sx) = d3 D3(x)/sy 4, (5.3-36)

where d3, is the active piczoelectric strain constant, s, ; the active compliance
element, and D3(x) = D;(x)/D,.... The associated form of the Fourier
transform of this function was

F(y) = f : f(x)e 7 dx. (5.3-37)

The only restriction on f(x) was that it be a real function. It was explicitly
intended to be a function that described the entire transducer, not just a
single electrode. The form of f(x) considered by Krimholtz (1972) was basic-
ally a pulse sequence with f(x) = 0 in the gaps between electrodes and f(x)
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equal to a constant underneath an electrode. Of course, the sign of f(x)
changed according to whether the electrode was connected to the positive or
negative side of the source.
The shunt susceptance B, of Fig. 5.3-8 is defined as
ww?s ,
By = — =S H{FOI) (5.3-38)
vt

where v = (s;;0)" ', y = w/v, Zy = pvwt, s;; is an elastic compliance
element, and H{ } is the Hilbert transform. Coupling of the electrical and
mechanical ports is provided through the J inverter and transformer de-

fined by
0 j/B,
J = ‘ , 5.3-39
B, = — iu%’v’ F.y), (5.3-40)
¢ = —jwyF, (), (5.3-41)

where the subscripts o and e refer to the odd and even parts of f(x). The
capacitance C is obtained in the usual way as charge divided by voltage,

C = (w/V) f | Ey(0]ed5(x) dx, (53-42)

where the superscript T signifies the use of stress-free permittivity.

The array of mathematics from Egs. (5.3-36)-(5.3-42) may not seem like
a clarification of the transduction physics when viewed as a collection of
symbols. If one considers a few examples, though, then the power of the
new circuit becomes evident. For example, consider a transducer with a
spatially even excitation function radiating on to an infinite half-space.
The transformer ¢ would disappear from the circuit being replaced by shorts
in the secondary and an open in the primary. The transmission line of Fig.
5.3-8, being terminated in its characteristic impedance Z,,, would present
an impedance of Z,/2 at the center of the line. The inverter J would transform
that impedance into the admittance B2 Z,/2, and the input admittance of
the transducer becomes

Y = joC + jB, + B3Z,/2. (5.3-43)

Thus, the transducer admittance is a capacitance shunted by a conductance
B3Z,/2 and a frequency dependent susceptance B,. By the relation of Eq.
(5.3-38), B, satisfies the physical consistency requirement by being the Hilbert
transform of the real part of the circuit.
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Equation (5.3-43) shows at 4 glance that energy conversion from the electric
terminals to the acoustic form follows the variation of B2Z /2. By reference
to Egs. (5.3-40) and (5.3-37), we see once again that this is determined by the
Fourier transform over the clectric potential (through D = ¢E) of the trans-
ducer. Perhaps the most important feature of the Leedom er al. (1971) and
Krimholtz (1972) models is that they make clear the steps that need to be
followed in performing synthesis. In the above case, a procedure might
take the following form.

(1) Specify the circuit (complete with matching elements) that will
drive Y in Eq. (5.3-43). For example, the admittance Y may be series- or
shunt-tuned by an inductor chosen to resonate with C at midband and the
tunced admittance driven by a source with 50-Q impedance.

(2) Specify the desired frequency responsc; make a guess at C; ignore B,
and calculate the required B3 Z,,/2.

(3) Take the inverse Fourier transform to find f(x), the electrode excita-
tion function.

(4) Modify f(x) to obtain a physically achievable electrode pattern.
For example, f(x) must be truncated to a finite length; very small electrode
overlaps for which overlap and excitation strength are not proportional
may be adjusted according to the experience of the designer; and electrodes
occurring near zeros of the baseband impulse response that are required
to have extremely narrow widths (relative to the rest of the array) due to a
rapid phase change may be omitted.

(5) Then calculate B,, B,, C, and the transfer function for comparison
to the required frequency response.

[teration and looping between the five steps is then required to optimize the
transducer design.

As with the bulk-wave models of Fig. 5.3-7, the quantitative application
of the Krimholtz (1972) model of Fig. 5.3-8 to IDTs is not straightforward.
Again, the thickness ¢ to use for Rayleigh waves is unknown. The IDT
capacitance is most certainly not given by Eq. (5.3-42). (The correct expres-
sion for IDT capacitance of a single-electrode transducer is given by Eq.
(5.3-6).] Rayleigh wave velocity is much more complicated than the formula
r = (s,,p)” "2, and Rayleigh wave coupling to an IDT cannot even begin
to be approximated by a single piezoelectric constant ds;, as was done here.

However, if we consider the formalism described by the model to be
representative of the processes underlying Rayleigh wave transduction, then
remarkably good results can be obtained. For example, if in the expression
for input conductance, B%Z,/2, we replace d3,/(e}35%,) = k3, by 2 Av/v,
take an effective thickness of t ~ 24/3, and assume ¢, + &, ~ &3, then
B% 7,2 gives the same numerical value for radiation conductance as was
obtained rigorously in Eqg. (5.3-12).
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Krimholtz (1972) developed the model of Fig. 5.3-8 for application to
dispersive SAW IDTs. With the bulk-wave definition of elements chosen by
him, the circuit performance would be quantitatively different from the
actual SAW device results; only relative device responses could be calculated.
Any results critically dependent on the interplay between a matching network
and the SAW impedance would not be well approximated. While Krimholtz
(1972) presented no experimental results for SAW devices, the significance
of his new circuit was noticed by Bahr and Lee (1973). What they saw as a
significant new feature of the Krimholtz (1972) circuit was that the model
explicitly allowed for variation of the electric field under an electrode along
the propagation direction. It was well known (Engan, 1969) that the electric
field was not constant under each electrode, yet all the preceding SAW
excitation analyses based on bulk-wave models had treated it as a constant.
It was also well known that while the constant-field models gave good results
at the fundamental frequency, their accuracy at harmonics was considerably
worse. Bahr and Lee (1973) proposed that the excitation function E;(x) in
Eq. (5.3-36) be explicitly represented by the actual ficlds. To prove the merit
of this approach they carried out an analysis for N-pair single-electrode
IDTs in which E;(x) was represented by the exact calculation of Engan
(1969) for a nonpiezoelectric, anisotropic dielectric. They derived the radiation
conductance @ and effective coupling factor k2, for the odd harmonics of
the transducer. From their bulk-wave analysis they found that

n’ Av
ki = KmK'(m) v Pi(cos na), (5.3-44)
where n = (p — 1)/2 and p refers to the harmonic number 1, 3,5, ....

Consider Eq. (5.3-44) evaluated at the fundamental. In this case, p =1
and P, = 1. The functional definition of k2 is then identical to that of Eq.
(5.3-19) in Section 5.3-5. [If in the derivation of Eq. (5.3-9) for G, we had
retained those portions of the analysis responsible for harmonic operation,
then Eq. (5.3-19) would have the same form as Eq. (5.3-44) at harmonics as
well.] The effective coupling factor, defined in Eq. (5.3-44), was compared
to experimental results for the first three harmonics as a function of metal-
lization ratio (Bahr and Lee, 1973). Agreement between experimental results
for (YZ) LiNbO; delay lines and theoretical predictions of Eq. (5.3-44) was
quite good.

In a subsequent paper on the application of the Krimholtz (1972) circuit
to SAW IDTs, Matthaei et al. (1975) recast the notation to be directly applic-
able to SAW device analysis. They maintained the main thrusts of Leedhom
et al. (1971) and Krimholtz (1972); that is, they sought a simplification of
transducer analysis in which the aggregate effect of all source elements was
combined into a few frequency-dependent elements. They showed how to
scale the source terms for apodized transducers and added an approximation
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to the cffects caused by different transmission-line impedances in the elec-
trode and gap regions. Their efforts continued to focus on fundamental-
frequency operation with idealizations to the IDT electric field distribution,
that is, flat-topped pulse sequences. They showed directly that transfer
functions from electric to acoustic ports were dependent on the Fourier trans-
form not of the pulse sequence but of the derivative of the pulse sequence.
Of course this is the transform of a sequence of impulses positioned at the
edges of the electrodes. Thus, by a quite different initial approach they had
obtain the impulse response model of Tancrell and Holland (1971)
and Tancrell (1974).

Itis fair to say that the major objective of Leedhom et al. (1971), Krimholtz
(1972), and Matthaei et al. (1975) was the simplification of the laborious
analysis technique of cascading tens or hundreds of equivalent circuits to
obtain a transducer response. This objective was generally coupled with
approximations that limited accuracy. The use of idealized pulse-sequence
source terms meant poor harmonic frequency modeling. The omission of
impedance discontinuities between the electrode and gap regions meant
inaccurate modeling of the reflected and regenerated acoustic waves.

The steps remaining in the development of bulk-wave models for SAW
IDT operation were to add actual source field distributions for arbitrary
metallization ratios and sequences as well as to quantify the element values.
This step was taken by Smith and Pedler (1975, 1976). In contrast to the pre-
vious users of the Krimholtz model, Smith and Pedler (1975, 1976) had as
their major objective the creation of a model capable of quantitative analysis
even if it was numerically complex. Their concept was simple:

(1) use the Krimholtz (1972) model for each electrode and for each gap;

(2) in the excitation term [Eq. (5.3-36)], use a function that well approx-
imated the actual normal electric field E;(x);

(3) develop appropriate frequency dependence and magnitude scaling
such that the circuits gave quantitatively correct values for the IDT properties.

The electric fields were found by solving multiple electrostatic boundary
value problems for the metallization ratios and sequences that are encoun-
tered in IDTs. The normal component of the electric field, E;(x), was ex-
panded as a series of Chebyshev polynominals, and the coefficients of the
expansion were tabulated as a function of the electrode environment in
which a given electrode was embedded. Following Krimholtz (1972),
Smith and Pedler (1975, 1976) could then define circuit elements for Fig.
5.3-8 as

b = yZ52F(y), (5.3-45)

B, = F.(). (5.3-46)

i
2= ~oin ke
ZO
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with
F(y) = J E(x)¢?™ dx. (5.3-47)

To make the model quantitatively accurate the correct proportionality
function in Eq. (5.3-47) needed to be constructed.

This construction is carried out by reference to results derived from the
normal-mode theory, which does have the correct frequency dependence.
After substituting for the higher-level expressions contained in the formula
for radiation conductance [Eq. (5.3-12)] one obtains

A 2n| (. Es(x)

2

(5.3-48)

s

where 4 = [&,,/633 — €33/635]"% and V, is the voltage applied across the
IDT. Equation (5.3-48) is a completely general, quantitatively accurate
expression for the radiation conductance due to a single metal stripe. To
obtain a numerical representation for G, it is necessary to take the Fourier
transform of the actual self-consistent normal electric field that exists under
an electrode. ‘

For a single metal stripe radiating into a half space, the equivalent circuit
of Fig. 5.3-8 would have acoustic terminations of Z,. Then the electric port
would exhibit a radiation conductance of

G, = (/2 F()1 (5.3-49)
To obtain the proper proportionality for Eq. (5.3-47), it ig necessary that
Eqgs. (5.3-48) and (5.3-49) yield the same answer. Thus, equating Eqgs. (5.3-48)

and (5.3-49), defining terms consistent with Smith and Pediler (1975. 1976),
taking E(x) to be the field under the ith electrode, we obtain

4y V22n [ e Ea(x)
|FO)| = [;?y—(’f,-k%a] =

rrrrr —dx (5.3-50)
A
where the following conditions hold.

i

Vo/Li

(1) L;is adistance equal to the width of the ith electrode and the adjacent
gap. (Thus for single-electrode transducers L; = A,/2; for double clectrode
transducers L; = A,/4.)

(2) 7yois a reference wave number equal to n/L;.

(3) f; is the frequency at which 2L; equals one-half wavelength.

(4) k3 is thé electromechanical coupling constant (which equals 2 Av/v
in this derivation).

&) C,=wC)2

(6) w; is the aperture dimension of the ith electrode. _

(7) C,is the static capacitance per finger pair per unit width of a single
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Equation (5.3-50) is identical in form to that quoted by Smith and Pedler
(1975, 1976) in their Eq. 13. The capacitance C, used in Eq. (5.3-50) is the
same whether single or double electrodes are considered. In addition to the
Fourier transform, two terms that do change their numerical values as a
function of single or double electrodes are 3, and Ji-Both f; and vy, for double
clectrodes are twice as large as for single electrodes in a transducer with the
same fundamental frequency.

The power of the Smith and Pedler (1975, 1976) model comes not only in
treating harmonic responses quantitatively but in handling subtleties in
the fundamental responses of IDT designs that by the nature of the weighting
technique have significant end effects. Figures 5.3-9 and 5.3-10 illustrate the
eflectivencss of their model in predicting actual filter responses. In Fig.
5.3-9, results for a filter on (YZ) LiNbO; are shown. The filter had 10 double
c'lcctrodcs with an cxperimental metallization ratio of ~56 %, (The theore-
tical metallization ratio was 58 “;.) Note the quantitative agreement between
experiment and theory in the insertion loss out to the 11th harmonic.

Even morc impressive in illustrating the predictive power of the Fig.
5.3-8 model over the Fig. 5.3-7 models is the experiment-theory comparison
of Fig. 5.3-10. Shown there are results for a phase-reversal transducer having
13 single electrodes. The dashed curve labeled “crossed-field model” (which
used the Fig. 5.3-7 model) shows a response at the third harmonic, 90 MHz:

W N
o O ©

160 200 240 280 320 360 400 440
FREQUENCY {MHz)

EXPERIMENT

FIG. 53-9 Theoretical and experimental response of a (YZ) LINbO; delay line with
IDTs composed of 10 double electrodes. The theoretical model of Fig. 5.3-8 was used for each
electrode and each gap. [From Smith and Pedler (1975).© 1975 IEEE.]
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FIG. 5.3-10 Comparison of experimental inscrtion loss with theoretical predictions using
the Fig. 5.3-8 element model and the Fig. 5.3-7 crossed-field model. The phase reversal trans-
ducers, on (YZ) LiNbOj;, had 13 single electrodes. The solid curve is for the Fig. 5.3-8 model
while the dashed curve shows predictions from the crossed-field model. [From Smith and
Pedler (1975). © 1975 IEEE.]

the experimental fact is that there was no third harmonic response. As
Fig. 5.3-10 shows (curve labeled “generalized model ™), the Fig. 5.3-8 model
correctly predicts the filter response.

54 SAW BANDPASS AND BANDSTOP FILTERS

5.4.1 Introduction

An enormous volume of literature has been written on the design of SAW
bandpass filters. Most of the literature addresses the uses of a bulk-wave
model, the delta-function impulse model, and the sine-wave impulse model.
Combinations, perturbations, and refinements of these approaches have
been published, and each of these approaches has been made to work for
specific classes of designs. However, every design procedure is not equally
accurate in synthesizing all possible filter responses (Szabo et al, 1979).
Generally, the more physical effects comprehended by the design procedure,
the more accuracy can be achieved in the filter performance (and the more
complex the design task). For example, in designing the electrical phase of
a filter, electrically generated acoustic reflection from an IDT can usually be
ignored if the insertion loss is set to a large value, say 25 dB. If large insertion
losses are not tolerable, then more complicated design procedures must
be employed.

Most SAW band pass filter synthesis begins in the frequency domain
(rather than the time domain) with a specification of the amplitude and
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phase characteristics. The specification can be made analytically, but
commonly it is specified by defining numerically or piecewise linearly the
ranges within which the resultant filter characteristics must lie. Thus, there
is not a unique frequency-response specification and not a unique impulse
response. The problem for the SAW filter designer is to produce a finite
impulse response, which can be implemented and which has a Fourier
transform satisfying the boundary conditions specified on the frequency
domain.

In fact, while the designer starts with the overall filter specification he
must separate the response into two or more subresponses, the product of
which gives the desired terminal properties of the filter. Each of these re-
sponses must then be translated into an IDT design. Approaches to sub-
dividing the overall characteristics into constituent responses involve art,
ingenuity, and experience. A simple approach is to let one IDT be an unapo-
dized N-electrode-pair transducer and to apodize the other transducer.
The frequency response required of the apodized transducer is obtained by
dividing the overall filter response by that of the N-electrode-pair IDT,
[(sin X)/X]?, where X = Nn(f — f)/fo.

Figure 5.4-1 shows a baseband® frequency response, BB(f), which we
take to be the numerically specified requirements for one IDT. The response
shown is complex. What is specified is the amplitude (= [(real)® + (imagin-
ary)*]"?) and the deviation from constant time delay. Phase requirements
for the filter are obtained by integrating the deviation from constant time
delay:

Phase = ®(w) + K,w + K,. (5.4-1)

Thus 1y = K, + d®/dw, where K, is the constant time delay associated
with wave propagation from one IDT to the other; d®/dw represents vari-
ation in the time delay and is a function almost exclusively of IDT design.
The value K, is a function not only of the IDT design but of the absolute
positions of the IDTs on the substrate; K, which is usually not specified,
sets the absolute phase of the filters. It is a function of IDT design and place-
ment, temperature, fabrication tolerances, and all second-order effects.

In describing the baseband phase, one commonly considers only ®(w)
and neglects the K, and K, terms, which are not solely a function of IDT
design. Thus, with the phase term ®(w) from Eq. (5.4-1) and the amplitude
specification, a complex baseband frequency response BB( f) can be defined.
That characteristic is illustrated in Fig. 5.4-1a. The Fourier transform of

¥ The baseband is the spectral range occupied by the information containing waveform alone
without an rf carrier.
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FIG. 54-1 (a) Asymmetric, and possibly dispersive. baseband frequency response

specification for a SAW IDT. (b) Hermitian frequency response of a SAW IDT using the base-
band specification of Fig. 5.4-1a.

BB( /) is given by

j BB(f)e ™t df = Eér) e~ IOW, (5.4-2)
where E(r) and ®(t) are the time domain envelope and phase functions,
respectively, defined by the Fourier transform [Eq. (5.4-2)]. Unless BB(f)
is hermitian, the baseband impulse response will be complex, as Eq. (5.4-2)
shows. Often the characteristics of BB(f) are far from hermitian. It is in
realizing such complicated frequency responses that SAW technology
demonstrates its power.

Consider now creating an IDT frequency specification such as is illustrated
in Fig. 5.4-1b The baseband response is translated to the carrier frequency

Jo, and its mirror-imaged complex conjugate is translated to ~ fo- This

frequency response, specified for all —oo < f < o, is hermitian, and its
Fourier transform is real. Thus

Jm S(f)e” 2 df = E(t) cos[2n fur + O(1)], (5.4-3)

where the following definitions hold.

(1) S(f) is the spectrum of Fig. 5.4-1b constructed from the baseband
response illustrated in Fig. 5.4-1a and provided as the initial IDT specifi-
cations.

(2)  E(1) is the real envelope function of the impulse response and is the
same E(t) appearing in Eq. (5.4-2).

(3) fy1s a constant equal to the desired carrier frequency.
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(4) @) 1s a real phase modulation of the impulse response. It is equal
to the (1) appearing in Eq. (5.4-2).

Thus, by producing a baseband specification for the filter and by carrying
out Fourier transforms at bascband, the functions for creating a real impulse
responsc at the carrier frequency can be realized.

It is important to note that the impulse response of a SAW IDT is a real
function always. The construction process described above did not make
the impulse response real. Instead the construction process is merely mathe-
matically consistent with the physical reality that when an impulse of acoustic
cnergy traverses an IDT, the voltage appearing on the terminals of the IDT
has the real representation given by the right-hand side of Eq. (5.4-3).

The value of describing the bandpass characteristics in terms of the para-
meters of a baseband response is that the functions relating to the carrier-
frequency impulse response can be obtained by fast Fourier transform (FFT)
operations on the baseband specifications. This greatly reduces the number
of points required to satisfy the sampling theorem.

5.4.2 Impulse-Response Realizations

The impulse response of Eq. (5.4-3) has an envelope function E(r) that is
slowly varying relative to cos(2x f,1). It also has a phase modulation term
d(1) that is normally slowly varying relative to the carrier phase 27z f¢. The
phase term ®(r) modulates the temporal positions of the peaks of the impulse
response. With @ the peaks occur at

t _ n q)([pcak)
cak — ~ . A A
re 21y 27 fo

(5.4-4)

When designing IDTs according to impulse-response modeling, one would
adjust the electrode positions to correspond to the impulse-response peaks
given by Eq. (5.4-4). This type of placement is illustrated in Fig. 5.4-2.

The type of electrode positioning described above, where the electrodes
are placed at the peaks of the rf impulse response, derives its analytic basis
from the development of Section 5.3.3. There it was shown that the 1DT
radiation conductance was related to the Fourier transform of the electro-
static potential of an 1DT metallization. After representing the electrostatic
potential by the series solution {Eq. (5.3-5)] of Engan (1969) and evaluating
the Fourier integral for & =~ ,. it was shown that only the fundamental
component of the potential contributed significantly to the radiation con-
ductance. The fundamental component of IDT potential is identified with
the impulse response of Eq. (5.4-3). When the impulse response has phase
modulation, that is, when ®(r) # constant, one makes a physical correla-
tion to Eq. (5.3-5) by considering 4, of Eq. (5.3-5) to be a function of position.
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AMPLITUDE

TIME (CARRIER PERIODS)

_ FIG. 5.4-2 Envelope function of Fig. 5.4-1a baseband response suitably sampled for (a)
single-clectrode transducers and (b) double-electrode transducers.

Some designers have been concerned about nonperiodic electrode place-
ment. Boege ¢t al. (1976) noted that automatic pattern generators require
discrete step sizes, and Mitchell and Parker (1974) questioned whether or
not the IDT response is rigorously correct at frequencies off synchronism.
In an effort to obtain periodically sampled real impulse responses that are
consistent with, and exploit, double-electrode embodiments, various de-
cqmposition and replication techniques have been developed. For example,
Fig. 5.4-3 shows two replication techniques, both of which produce hermitian
responses, which lead to impulse responses with twice the sampling rate of
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FIG. 5'.4»3 Two baseband replication schemes that produce hermitian frequency responses
and have impulse responses with two peaks per half cycle at the carrier frequency f,, .
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the responsc in Eq. (5.4-3). The Fig. 5.4-3a spectrum has an impulse response
I(1) = E(t){cos(wyt + D)1 + cos(2ag1)] — sin{wyt + D) sin(2w, 1)},
(5.4-5)

where , = 2n f,. Similarly, transformation of the Fig. 5.4-3b spectrum
leads to the impulse response

1(1) = E(O){cos(wyt + D)1 + cos(dwyt)] + sin(w,t + D) sin(dwgr)}.
(5.4-6)

For the slowly varying functions E(r) and ®(z), both Eqs. (5.4-5) and (5.4-6)
have peaks at twice the rate of Eq. (5.4-3). This is readily seen in Fig. 5.4-2b
where Eq. (5.4-5) is shown for @ = —n/2, Note that there are two peaks
per half cycle of the rf carrier o, and that they are in phase with the carrier.
The impulse response of Eq. (5.4-6) has a very similar appearance to that of
Eq. (5.4-5). It can be shown that for ® = —n/2 in Eq. (5.4-5) and ® = 5n/4
in Eq. (5.4-6). the portions of the two equations in braces are identically
equal if Eq. (5.4-5) is evaluated at ot while Eq. (5.4-6) 1s evaluated at wyt +
7/4. Thus, the sampling peaks of Eq. (5.4-6) are shifted 45° relative to those of
Eq. (5.4-5).

Since Eqs. (5.4-5) and (5.4-6) indicate sampling at four samples per wave-
length, they arc more physically consistent with double-electrode IDTs.
One is able to weight each metallization of a double electrode independently,
and the two impulse responses, Egs. (5.4-5) and (5.4-6), give the required
values.

Both impulse responses, Eq. (5.4-5) and (5.4-6), show that if a dispersive
filter is required and the baseband response is not hermitian (i.e., ¢ # con-
stant), then the impulse-response peaks will not be periodic. Nondispersive
filters (Mitchell and Parker, 1974; Chao et al., 1975) and dispersive filters
with hermitian baseband responses (Reilly et al., 1977) have been realized
with uniform double-electrode placements. Boege et al. (1976) presented a
discussion for dispersive filters that are not hermitian at baseband and yet
have uniform double-electrode sampling. They used an imaging technique
of the Fig. 5.4-3b type in which the carrier was taken as 2 f, and the response
from f* = Oto f = 4f, was considered to be the desired baseband response.
One can see from Fig. 5.4-3b that this larger baseband characteristic is
hermitian. While one may uniformly sample an impulse response, such as
Eq. (5.4-6), for a dispersive filter this will always lead to some electrode over-
laps that are less than would have occurred if the electrode positions had
been modulated to place the sample at an impulse-response peak. A greater
difficulty with diffraction from the smaller time-domain sidelobes will
likely result.
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Impulse-response concepts have been used to itlustrate where the electrodes
should be positioned along the crystal surface. Additionally, those electrodes
so positioned must provide weighted samples of voltage that are proportional
to the amplitude of the impulse-response peaks. Most commonly, this is
accomplished in one IDT by apodization (Tancrell, 1974). It has also been
achieved with capacitive voltage dividers (Malocha and Wilkus, 1978:
Sato et al,, 1974) and with binary tap-weight approximations. The latter
technique is referred to in the literature as electrode withdrawal (Hartmann,
1973; Laker et al., 1978; Wagers, 1978).

Once a design has been synthesized from the bandpass characteristics,
the next step is not to fabricate the device but to analyze the structure.
Second-order effects are much easier to comprehend in analysis than in
synthesis. Thus, an analysis procedure such as the bulk-wave models
described in Sections 5.3.7 and 5.3.8 is applied to the IDT design including
terminating impedances. Departures in the predicted response from the
required characteristics are corrected either by designer action or automati-
cally within the analysis loop. When the analysis procedure indicates the
design is acceptable, photomasks for the filter are generated and filter tests
conducted. If the tested filter does not meet the desired specifications, then
one approach to design iteration is to take the measured bandpass data,
FFT the data to obtain the effective impulse response of the filter IDTs,
correlate the desired impulse response (and metallization) to the achieved
impulse response, and make perturbations to the design. This can be a
convergent procedure (Savage and Matthaei, 1979; Savage, 1980).

5.4.3 SAW Bandpass Filter Capabilities

Three types of SAW filters well illustrate the capabilities of this technology.
They are

(1) hermitian-baseband, extreme-rejection, two-phase® SAW filters:

(2) hermitian-baseband, low-loss, three-phase” SAW filters; and

(3) asymmetric-amplitude, nonlinear-group-delay, television IF SAW
filters.

An example of the first category of filters is shown in Fig. 5.4-4a (Hays and
Hartmann, 1976). This filter employed three two-phase transducers on ST-
cut quartz. The packaged filter was smaller than a dime. Having only 10-dB

$ Two-phase filters employ IDTs requiring two voltage phases. For example, V' = 0 and
V = ¥, can be applied to the two bond pads. Also V = V, exp[j®] and V = — V, exp[j®]
can be applied.

¥ Three-phase filters employ IDTs requiring three voltage phases. Commonly these IDTs are
driven by a voltage set V', exp[j®], ¥, exp[(® + 120°)]. and V, exp[(® + 240°)].
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FIG. 5.4-4 SAW filter frequency responses illustrating exceptional capabilities. (1) The
sidelobes arc more than 70 dB down from dc to | GHz. [Adapted from Hays and Hartmann
(1976). © 1976 IEEE. | (b) The insertion loss is only 2.3 dB. [ Adapted from Potter and Hartmann
(1977). © 1977 IEEE.]

insertion loss at 287 MHz. the filter had both electrode withdrawal and
apodization weighting. A central IDT had constant-overlap electrode
withdrawal weighting applied (o it; output IDTs on either side of the
central IDT were apodized. The output IDTs were bonded together to
form a common output port. As can be seen from Fig. 5.4-da, out-of-band
rejection of greater than 70 dB was obtained from-dc to > 1 GHz.

By employing a three-transducer configuration, the 3-dB bidirectionality
loss of the central transducer could be avoided. Another reason for the three-
transducer configuration was to achieve phase linearity in a relatively low-
loss two-phase filter. In a two-transducer two-phase filter, if the insertion
loss is as low as 10 dB, acoustic reflections between the IDTs cause phase
deviation in the output signal as the direct signal beats with the signal that
experiences acoustic reflection at each IDT and transverses the delay line
three times. The reflected signal, referred to as triple transit echo, has three
times the phase slope of the direct signal. Phase linearity in a three-transducer
filter 1s achieved by balancing against one another different signals each of
which has three times the phase slope of the direct signal. The Fig. 5.4-4a
filter exhibited a midband phase response within +2° of linear over the
range 0°C < T < 50°C (Hays and Hartmann, 1976).

For the filter of Fig. 5.4-4a, insertion loss, phase linearity, and out-of-band
rejection were all key issues in determining the filter configuration. In that
particular application, relatively large insertion loss was acceptable, while
the ultimate performance in out-of-band rejectiori was essential. In many
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applications, however, insertion loss must be maintained at the lowest
possible level. In such cases multiphase SAW 1DTs are employed. Three-
phase unidirectional 1DTs are often used (Potter and Hartmann, 1977).
While these filters require the added system complexity of three voltage
phases (as opposed to one phase relative to ground for the two-phase IDTs),
they provide the lowest insertion losses possible in SAW transversal filters.
This capability is illustrated in Fig. 5.4-4b for a filter with only 2.3 dB of
loss at 320 MHz (Potter and Hartmann, 1977). This is a phenomenal per-
formance. No other clectronic component could have achieved the same
insertion loss with the same out-of-band rejection in as small a component
size.

Note that while the out-of-band rejection in Fig. 5.4-4b is excellent
{> 50 dB), it is less than has been demonstrated with single-filter two-phase
transducer technology. On the other hand, it is clear that one could cascade
two filters of the Fig. 5.4-4b type and achieve better out-of-band rejection
than obtained in Fig. 5.4-4a filter while still incurring only ~ 5-dB insertion
loss. Again the question of whether to build one two-phase filter, one three-
phase filter, or to cascade several, etc., is determined by the system-dictated
rank ordering of out-of-band rejection, insertion loss, and phase linearity.

Onc filter that combines the most difficult of all parameters is the television
IF filter. Not only must the passband amplitude response be asymmetric
with prescribed shelves, but the phase response must produce the correct
nonlinear time delay, and deep rejection notches must be imbedded adjacent
to the general out-of-band rejection regions. If possible it would also be
desirable to achieve zero insertion loss at midband and require no matching
components. No SAW filter can meet all these objectives, but the technology
has met the essential one. Many different solutions have been found. Sub-
strates in commercial use for television IF filters now range from zinc oxide
on glass (Fujishima et al., 1979) to LiTaO, (Takahashi et al., 1978) to several
cuts of LiINbO, (Hazama er al, 1978; Komatsu and Yanagisawa, 1977;
DeVries and Adler, 1976). All the commercial metallization schemes use
two-phase transducers, and apodization weighting is generally employed.
In general those filters employing multistrip couplers (MSC) did so to
eliminate BAW interference with high-frequency traps. They also tend to be
found on substrates of (YZ) LiNbO, (DeVries and Adler, 1976), although
Komatsu and Yanagisawa (1977) achieved acceptable bulk-mode levels
for their purposes with (YZ) LiINbO; and no MSCs by attaching the sub-
strate to the header with a metallic bond.

Figure 5.4-5 shows the IF characteristics of a SAW filter and associated
drive electronics developed by Hitachi (Hazama et al., 1978). In this case
the group delay is essentially flat across the band. Their SAW filters had one
unapodized IDT and one apodized IDT in line with one another. Like
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FIG. 5.4-5 SAW tclevision IF filter response. [Adapted from Hazama er af. (1978). ©
1978 IEEE.] Note the extreme asymmetry possible in the amplitude response while the group
deiay 1s held constant.

most of the successful developers of these filters they chose to eliminate the
bulk waves by selecting a superior material, 128° Y-cut LiNbO, (Shibayama
et al., 1976) for the substrate rather than using an MSC. Those designs not
requiring MSCs achieve more than twice as many filters per 2-in. substrate
wafer. Hazama et al. (1978) quote a wafer density of 100 filters per 2-in.
substrate and a production volume in 1978 of 100,000 filters per month.

54.4 SAW Bandstop Filters

Much less effort has gone into the development of SAW-based notch
filter technology. Perhaps this is because most receiver architectures are
designed to avoid the need for notch filters. The few notch filter efforts found
in the literature can be divided into two groups: those based on acoustic
resonators and those based on transversal acoustic devices. Representative
of possible resonator-dependent circuits is the configuration shown in Fig.
5.4-6a, where a SAW resonator is placed in the transformer secondary with a
load resistor R, and a balance resistor Ry. If Ry is equal to the series resistance
of the SAW resonator at resonance, then the current through the load resistor
will vanish producing the desired transmission notch. Also, by designing
the SAW resonator (Section 2.3) such that the resistance at resonance is
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2Ry, the attenuation outside the stopband notch can be as little as 6 dB
(theoretical minimum). Using (yz) LiNbO; as a substrate, a 50-dB notch
has been obtained at 70 MHz by Akitt (1976). At 10 kHz from the notch
frequency the transmission was back up to within ~3 dB of the pass-band
response. The passband insertion loss of 7 dB was within 1 dB of the theoreti-
cal value. By loading the resonator with shunt capacitance they found that
the notch frequency could be trimmed downward as much as 40 kHz. While
no information was provided on temperature sensitivity of the filter, (yz)
LiNbOj is known to be highly temperature sensitive. Section 8.2.3.3 (Volume
2) discusses temperature sensitivity of quartz-based SAW resonators.

Notch filter techniques based on SAW IDTs can be divided into two
groups: either the IDT has been treated as an impedance element, or various
versions of SAW delay-line coupling to other signal paths have been at-
tempted. Two kinds of interferometers employing SAW delay lines are
possible:

(1) the SAW delay line signal is allowed to beat with another delay line
signal (Dieulesaint and Hartemann, 1973), or

(2) the SAW delay line signal is allowed to beat with a signal transmitted
through a conventional circuit path (Plass, 1973).

In the former approach both delay lines can be fabricated on the same
substrate and the design compensated such that balanced outputs from the
two delay lines phase to produce strong nulls. The broadband response of
such of an interferometer has many transmission zeros. The separation
between zeros equals the reciprocal of the time-delay difference of the two
lines. With this approach the insertion loss away from the rejection fre-
quencies is large, being equal to the SAW delay-line insertion loss. Dieulesaint
and Hartemann (1973) reported results at 100 MHz with a zero separation
of 3.3 MHz.

R ty
B
A 11 107 I[
. L L
Ry L MM,

(a) (b}
FIG. 5.4-6 Two circuits used for bandstop filters. Circuit (a) employs a SAW resonator.
Circuit (b) uses a single IDT as an impedance element, where Cy » C and (21f,,,..,)* = 1/LC.
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An interferometer in which the reference path is derived from a conven-
tional RLC circuit operates on the same principles as the two-delay-line
approach. Depending on one’s requirements it could be viewed as having
either a deficiency or an advantage over the two-delay-line approach. If
fixed component RLCs were used for the reference path, then each inter-
ferometer built would have to be hand tuned to position the desired notches.
This, of course, is a costly fabrication process. On the other hand, if the RLC
path is adaptive with say a variable capacitance, then perhaps a lower fre-
quency notch could be locked to a more temperature-stable frequency
standard. Also, if the desired rejection frequency is not constant, then the
interferometer can be made adaptive or be operator controlled. A considera-
tion of interferometers of the RLC reference path type as applied to European
car telephones (455-470 M Hz) was presented by Plass (1973).

By far the best results obtained for SAW bandstop filters are those where
the SAW IDT is used as an impedance element. In these cases (Lakin et al.,
1974; Koyamada et al., 1975; Ishihara et al., 1975) the number of electrodes
of the IDT is made large enough to make the IDT become self-resonant
at frequencies just above synchronous radiation of Rayleigh waves.

Remarkable results have been obtained with the self-resonant IDT as
an impedance element replacing conventional capacitors in RLC circuits.
This is tllustrated in Fig. 5.4-7 (Koyamada et al., 1975) where an 80-dB-deep,
60-kHz-widc notch is shown at 153 MHz. Outside the stop band, the inser-
tion loss was < 1 dB from dc to 500 MHz. The circuit employed four sections
of the type illustrated in Fig. 5.4-6b with LINbO, as the SAW substrate.
The circuit of Fig. 5.4-6b is basically an all-pass circuit except when the
IDT impedance becomes 1/jinC (real part equal to zero). This condition
obtains at a frequency above synchronism where the radiation conductance
has gone to zero and the acoustic reactance has swung sufficiently inductive
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FIG. 5.4-7 Bandstop filter characteristics of a circuit made by cascading four of the Fig.
5.4-6b circuits. The crystal was 128° Y-cut, X-propagation LiNbO, . [Adapted from Koyamada
et al. (1975).]
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to lower the effective capacitance of the IDT to C. The susceptance of the
IDT can also be reduced to w(C at a lower frequency that is just above
synchronism. but the real part of the radiation conductance is not zero at
that frequency.

The approach illustrated in Fig. 5.4-6b was cxtended by Ishihara er al.
(1975) to SAW IDTs on ST-cut quartz. A 45-dB notch (15 kHz wide) was
obtained at 153 MHz with a pass-band loss of less than 1.2 dB. The transition
bandwidth for this filter was ~ 1 MHz While the frequency response charac-
teristics of the Ishihara et al. (1975) filters are somewhat less impressive than
those obtained with LiNbO, substrates (Koyamada et al., 1975), the temper-
ature characteristics are outstanding. The ST-cut quartz-based filter ex-
hibited total frequency deviation of + 125 ppmover therange ~20°C < T <
80°C, whereas the LiNbO;-based filters exhibited a temperature sensitivity
of ~70 ppm/°C.
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The change in frequency of quartz crystal units with time, called aging or
long-term drift, has received much attention and accounts for a great deal
of the development effort on improving stability. It therefore merits treat-
ment in a separate chapter. However, short-term frequency changes (with
a sampling time of a few seconds or less) are generally caused by crystal and
oscillator (Gapnepain, 1976) and are discussed in Section 8.3. Great strides
have been made in the past years to isolate various physical and mechanical
processes that contribute to aging of high-frequency thickness-shear resona-
tors and to develop crystal units with improved frequency stability.

6.1 LOW-FREQUENCY BULK-WAVE DEVICES

Wire-mounted low-frequency types, however, received relatively little
attention until recently, when the advent of quartz resonators for wrist
watches provided impetus for new research into low-frequency resonators
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having low aging rates. The first improvements in low-frequency types were
noted in measurements of width-shear resonators {Gerber and Sykes, 1966).
The apparent reason for improved long-term stability of this type of wire-
mounted crystal unit is that the support and electrical connection cover only
a part of the nodal area of the plate: consequently, less dissipation and in-
fluence is produced. In other types of extensional modes and square face-
shear types, the node is a point, and thus the energy loss and long-term
strain relaxation at the connection is greater. This probably helps to explain
why some flexure types of crystal units have low aging rates. The suspension
system connected to the nodal points is subject to rotary motion instead of
compression and extension. While none of the present low-frequency types,
including flexure or width-shear types, possess the low drift rates obtained
in high-frequency thickness-shear types, it is probable that many im-
provements can be made by employing mounting systems that result in
less dissipation and lower strain. Figure 6-1 shows typical aging rates for
low-frequency-type crystal units produced under careful process control
and enclosed in the cold-weld holders described elsewhere in this book.
It is apparent from these data that of the low-frequency types, the width-
shear resonator exhibits the lowest aging rate. Flexure resonators are next,
and the square face-shear as well as extensional units have the highest
aging rates. Lower frequency or more massive plates result in lower aging
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FIG. 6-1. Aging characteristics of low-frequency wire-mounted crystal units. a, 200 kHz
E type, extensional mode: b, 200 kHz C type, face-shear mode; ¢, 100 kHz E type, extensional
modc: d. 990 kHz D type, wie = 0.4, width-shear mode: ¢, 8 kHz N or K type, flexure mode:
f, 550 kHz D type, wje = 0.4, width-shear mode; g. 230 kHz D type, w/e = 0.4, width-shear
mode.
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FIG. 6-2 Typical aging curve and histogram of 32.768-kHz tuning fork crystal units,
number of samples: 30.

rates. This is as would be expected: A given mounting system will have less
effect if it represents a smaller amount of the total vibrating system. The figure
shows the aging of crystal units to be linear with logarithmic time. One would
expect the rate to decrease over long periods of continuous operation (Gerber
and Sykes, 1966).

~ Tuning fork and other low-frequency watch types now being developed
using numerical techniques, such as finite element analysis, promise to have
low aging rates similar to N and K types shown in Fig. 6-1. Figure 6-2
shows a typical aging curve of a 32.768-k Hz quartz tuning fork unit, together
with a histogram of frequency change distribution of 30 specimens measured
at room temperature for one year (Kanbayashi et al., 1976). Similar results
are reported by other authors (Engdahl and Matthey 1975; Yoda et al.,
1972; Forrer, 1969).

6.2 HIGH-FREQUENCY BULK-WAVE DEVICES

The aging rates of high-frequency thickness-shear resonators, such as the
AT and BT types (refer to Section 2.2 and Chapter 4) and particularly those
of the so-called precision type, have been reduced during the past few years
to exceptionally low rates. .

Their frequency-time performance seems to be divided into two distinct
parts: (1) an initial stabilization period during which there may be frequency
changes of as much as several parts per 108 for a period of one to five weeks
and (2) a much slower drift rate in which the total frequency change may be
the order of 1 to 5 parts per 10'° per month. The initial aging particularly
is highly process dependent.

6.2.1 Causes of Aging

Aging of thickness-shear crystal units is caused mainly by four processes
(Gerber and Sykes, 1966; Vig, 1977):
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(1) changes in strains due to temperature gradients and to stress relief
in the mounting clips, bonding agents, electrodes, and quartz; the electrode
stresses are functions of the metal used, method of deposition (e.g., evapora-
tion, sputtering, electroplating), substrate cleanliness, and temperature
during deposition, as well as electrode thickness:

(2) changes in mass loading due to adsorption and desorption of
contamination; it is interesting to observe that for bulk-wave resonators, if
contamination equal in mass to 14 monolayers of quartz is adsorbed or
desorbed from the surfaces, then the frequency change in parts per million
is equal to the resonator’s frequency in megahertz. For example, the fre-
quency of a 5 MHz crystal changes by 5 ppm;

(3) changes in materials, such as electrode diffusion and recrystallization,
reactions at the electrode-quartz interface, diffusion of impurities, structural
changes in quartz due to imperfections in the crystal lattice, and radiation
effects: and

(4) other effects. such as changes in hydrostatic pressure due to leaks, and
static charge decay.

6.2.2 Progress through Holder Design

Some general statements may be made, first about the aging of the general-
purpose, high-frequency crystal units, governed by the type of construction.
In solder-sealed metal holders, aging rates could be as high as 5 ppm per
month for the first year and as low as 1 to 2 ppm per year for the first two
years. The high value represents lack of process control, poor design of the
mounting system with high strain, and excess contamination through im-
proper solder sealing of the enclosure. The lower value represents what can
be done with good design and careful control even in solder-sealed metal
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FIG. 6-3 Aging of metal and glass enclosed 5-MHz crystal units. A, Metal-enclosed units;
B, glass-enclosed units; C, gettered-glass-enclosed units; D, high-temperature bonded-metal-
enclosed units.
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holders. The use of glass holders brought improvements through the neces-
sity of using a high-temperature process during sealing. Also, glass is casier
to clean by conventional techniques, which results in aging rates often
comparable with the best for metal holders. Cold-welded metal holders,
together with mouting systems that will allow high-temperature bakecout
prior to sealing, have yielded additional improvement in aging. Figure 6-3
illustrates what has been done in recent years (including the addition of
getters) for a particular case (Byrne and Reynolds, 1964). Most recently,
hermetic enclosures fashioned of alumina ceramic have been used with
excellent success (Wilcox et al, 1975); in contrast with glass, these are
impervious to He, withstand high-temperature processing, and have the form
of IC-compatible flat packs.

6.2.3 Progress through Mounting and Crystal Plate Design

Frequency changes that are caused by either adsorption and desorption
of gases or by strains set up between the crystal and its electrodes are illu-
strated in Fig. 6-4, which shows the effect of shutting off the oven and stopping
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FIG. 6-4 Frequency change in precision quartz crystal units due to stopping quartz plate
vibrations and to interruption of oven control. A, solder bonding, glass encapsulation; B,
thermocompression bonding, high-temperature processing.
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the quartz plate vibration for three days (Armstrong er al., 1966). As can be
seen, recovery from temperature control or power supply interruptions
can be greatly improved by using a mounting system for the quartz plate
that may be vacuum-baked and by using the cold-welded metal enclosures
mentioned previously. The mounting system to support the quartz resonator
for the metal enclosures makes use of higher-temperature-bonding alloys
than the glass units. so the complete unit may be vacuum-baked in an
oil-free system and then cold-welded while under vacuum. This results in
less contamination and strain in the mounting, with a consequent shortening
of the initial stabilization time. Figure 6-5 shows the effect of small abrupt
temperature changes for perpendicular and for lateral field resonators
(Warner, 1963). It can be seen that the transient frequency excursion due to
the 1°C thermal shock is decreased by more than an order of magnitude in
the lateral field resonator, the reason probably being that no strain can be
set up between the active part of the crystal and the electrode since the center
of the vibrator is free of any metal plating. Another method of minimizing
the cffects of clectrode stress relaxation on the aging of high-precision
thickness-shear resonators is the use of doubly rotated quartz plates known
as SC-cuts (refer to Chapter 2, Section 2 and Chapter 4). They simultaneously
permit control of thermal gradient effects, and their introduction (EerNisse,
1975; Ballato, 1977; Ballato et al., 1978) promises to eliminate the major
part of the aging components due to electrode and mounting stress relaxation.
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FIG. 6-5 Change in frequency of perpendicular- and lateral-field crystal vibrators due
to a 1°C change in temperature. A, 5 MHz, n = 1, lateral field; B, S MHz, n = 1, perpendicular

field; C. 5 MHz. n = 5. perpendicular field.
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The effects of edge forces applied to the plate by the mounting supports
can also be largely eliminated by using crystals of rhomboid geometry,
with the orientation of the rhomboid sides determined by the particular cut
being used (Lukaszek and Ballato, 1979). All detrimental effects of the
coating on stability can be avoided by reviving (with the so-called B.V.A?}
design) uncoated resonators mounted between airgap electrodes (Bechmann,
1942; Besson, 1976). Preliminary stability measurements look promising.

6.2.4 [Isolation of Aging Causes

During the past few years several authors have tried to isolate the various
causes for the aging mentioned above, learn to control them, and thus come
up with precision vibrators with a very low and reproducible aging rate. An
indication of the long-range stability of a quartz resonator can be obtained
by observing (Belser and Hicklin, 1969; Byrne and Hokanson, 1968; Dick
and Silver, 1970; Dybwad, 1977; Hafner and Blewer, 1968a,b)

(1) the length of the initial stabilization period,

(2) the magnitude of transient effects due to power interruption or
temperature cycling, and

(3) the fit of the aging curve to mathematical models describing various
rate processes.

The best results were obtained when all fabrication processes were per-
formed under the same very high, uninterrupted vacuum. In this case the
aging of aluminum-plated 62-MHz fifth-overtone quartz crystals followed
the equation for a one-rate process (Hafner and Blewer, 1968a,b):

Af/f =kin(1 + t/T), (6-1)

where ¢ is time and k and T are constants. It appeared likely, since the free
energy of formation for aluminum oxide is lower than that for silicon dioxide,
that the quartz lattice could serve as a source of oxygen for the atomic alumi-
num film and that this process would be related to the observed aging. In
contrast to aluminum, copper electrodes vielded consistently much better
results with aging rate reduced to <5 x 107 '° per week (see Fig. 6-6). This
was to be expected since copper attracts oxygen less strongly than does the
silicon of quartz. It could also be possible that the main aging-reducing
factor of copper electrodes is that compared with other metals they possess
a small intrinsic stress (Hoffman, 1974). Copper also has less tendency to
diffuse into quartz than gold, silver, or aluminum, thus reducing this reason

$B. V. A. stands for *“inside a box with lower aging,” en hoitier & vieillissement amélioré.
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FIG. 6-6 Comparison of aging behavior of aluminum- and copper-plated crystal units.

for instability (Belser and Hicklin, 1969). Obviously, 5-MHz fundamental-
mode cystal units fabricated in the same way are expected to be significantly
more stable since strain and mass transfer effects influence the resonance
frequency inversely proportionally to crystal thickness. This is borne out
by measurements on 2.5- and 5-MHz fifth-overtone planoconvex gold-plated
quartz crystals that were also fabricated by similar very careful methods
(Byrnc and Hokanson 1968). In this case, the length of the initial stabilization
period and the recovery time after power interruption was less than one week
and the aging rate I 3 x 107 "'%/month. It is assumed that due to the applied
hydrogen anneal followed by a vacuum bake, a stable mass loading on the
quartz plate is achieved, which in this case is apparently the principal reason
for the low aging rate.

A study of the effects of impurities in quartz along with an examination of
the role of sorption phenomena and thermally induced strains made use of
threc crystal vibrators in a common vacuum system to differentiate thermal
and mass effects (Warner er al., 1965). Evidence of the role of impurities,
particularly alkali ions, was noted. The presence of carbon monoxide also
decreases {requency stability. This effect may be diminished by using the
lateral-field vibrator.
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It has been shown experimentally that strain, mass transfer, and other
effects may by chance mutually compensate each other to a certain extent to
produce the low aging rates observed by several authors (Sykes et al., 1963).
However, as the fabrication processes are better and better controlled and the
various causes for aging better recognized and isolated, the likelihood for
compensation by chance becomes rather remote. On the contrary, one can
expect by extrapolating the progress made to date that 2.5- and 5-MHz
quartz crystal standards will become competitive with Rubidium and
Cesium gas-cell standards as far as stability is concerned and will additionally
have much reduced weight, size, and cost.

6.2.5 Influence of Temperature

Aging is influenced to a large extent by temperature. The dependence of
the aging rate on temperature is affected by the processes used to fabricate
the resonator. Nearly all aging rates due to the various aging mechanisms
have an exponential dependence on temperature, albeit with very different
values of the constants in the rate equations. Therefore, care must be taken
in interpreting the results of accelerated aging tests conducted at high
temperatures. On the other hand, aging can be substantially reduced
if the resonator is kept at very low temperatures. An instability of only
4 x 107'* over a period of 100 sec was observed (Smagin, 1975) when a
I-MHz quartz resonator was kept at liquid He temperature. However.
crystals held at this low temperature proved to be very sensitive to shock
(Simpson and Morgan, 1959).

6.2.6 Influence of Radiation

The exposure to combined neutron and gamma radiation (Bloch and
Denman, 1974) or to ultraviolet light and ozone (Vig et al., 1975) also appears
to reduce the aging rate of crystal plates. The UV-ozone diminishes aging
because it oxidizes hydrocarbons from the surface, producing CO, and a
stable carbonaceous ash on the surface.

6.3 SURFACE-WAVE DEVICES

Aging of surface-acoustic-wave (SAW) devices used for frequency control
purposes is in many ways similar to aging of bulk-wave resonators. However,
there are some important differences. First, the physical size of the crystal
does not affect the frequency of a SAW device. Therefore, any foreign material
adsorbed on the surface does not decrease the frequency due to an increase in
thickness but may change the frequency either upward or downward due toa
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modification of the acoustic properties of the material. Second, SAW devices
operate at much higher frequencies than bulk resonators and are therefore
more sensitive against all surface-disturbing effects. Also, compared with
standard quartz bulk-wave resonators, the fabrication methos for SAW
devices are substantially different and, consequently, the processes causing
aging may aflect them in a different way. Since SAW frequency control
devices have come into being rather recently, only a limited amount of
information on the stability of these devices is now available. However,
progress has been made recently to explain and control the various processes
that lead to aging of SAW devices. The hope is justified that, following the
lead of bulk devices (Lukaszek and Ballato, 1980), a final solution of this
complicated and vexing problem may be forthcoming in the near future.

6.3.1 SAW Resonators

The aging of 184-MHz plasma-etched SAW resonators was measured
for 48 days at 250°C (Bell and Miller, 1976: Bell, 1977). Thus, aging was
accelerated to minimize the time required to determine the effect of the most
important processes and their influencing on room-temperature aging.
Surface preparation, cleaning and lithographic processes, storage, and
package were the variables chosen. Substantial aging occurred in devices
on substrates polished without postpolish etch. The best results were obtained
with unsealed packages, which allowed outgassing products to escape (see
Fig. 6-7). This result looks unusual when compared with the experience on
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FIG. 6-7 lsothermal aging of 184-MHz SAW resonators at 250°C. Solid curve, post-polish
etch: dashed curve. unsealed can.
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precision bulk-wave resonators. It shows clearly that more effort is necessary
to control and eliminate the sources of contaminations during packaging.
Rates of less than 2 ppm per doubling of time were obtained over the entire
range of times to 48 days at 250°C for devices aged in air. But the correct
acceleration factor is not yet known. There is little or no difference between
aging at room temperature, 50, 100, or 150°C. The aging rate increases,
however, at 200 and 250°C. This is concluded from extrapolated results on
plasma-etched two-port quartz resonators with a frequency of 194 MHz
(Shreve, 1977).

Aging results at lower temperatures were obtained on 160-MHz one-port
resonators made with etched groove arrays and aluminum transducers on
rotated Y-cut quartz substrates (Shreve et al, 1978; Adams and Kusters,
1978). They were fabricated and packaged using proven bulk-wave resonator
techniques, such as chemical and ultrasonic cleaning, vacuum baking, and
mounting in cold-weld containers. The long-term aging rates approached
1 ppb/day. This is still 2 orders of magnitude above the aging rate of the best
2.5- and 5-MHz bulk-wave quartz resonators, but taking into account the
much higher frequency and the relatively new SAW technology, it must be
considered a very significant result. There is not much difference between
aging rates of devices in a copper-ceramic and a KOVAR TO-style header;
the best rates measured over a period of more than one year are —0.064
ppm/year and —0.31 ppm/year, respectively. These tests were also run with
160-MHz one-port SAW resonators made on quartz substrates with etched
groove reflector arrays and aluminum transducers (Shreve, 1980).

One reason for measuring aging rate of resonators is to be able to predict
future performance with some degree of confidence. For this purpose,
extrapolation of shorter tests is required. The accuracy of this extrapolation
is affected by both the quality of the model and the amount of time beyond
the end of the aging test over which one extrapolates. The best fit for the
data measured on 160-MHz SAW resonators was obtained with two
logarithmic processes (Shreve et al., 1978), in contrast to only one process
needed for 62-MHz bulk devices discussed above and to more than two
processes needed in other cases. Table 6-1 shows the results of an extrapola-
tion test by comparing the measured aging over different periods with the
calculated aging. Extrapolation from 29 days of data does not give good
predictions for the aging at 130 days or beyond. The data from 57 days,
however, resulted in a prediction for 130 days only 4%, from the measured
value for 130 days. If a similar accuracy can be expected for the 1 year pre-
diction based on 160 days of testing, then the expected frequency change
after 1 year should be 1.04 + 0.04 ppm. If only one aging process is involved,
then one can extrapolate even farther out compared with the results for two
processes (Shreve, 1982).
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TABLE 6-1

Extrapolation Accuracy for Different Aging Periods”

Frequency Frequency change (ppm), calculated
Days change (ppm),
aged measured 130 days 1 year 5 years
29 1.98 —2.67 —18.6 —-73.5
57 2.31 2.07 1.26 -0.6
130 2.01 1.99 0.97 —1.4
162 1.80 2.04 1.04 —-14

“ From Shreve er «l. (1978). © 1978 1IEEE.

Aging measurements on 300 MHz two-port SAW resonators, also with
plasma etched grooves, point to similar aging rates (Latham, Saunders 1978).
The units were also properly cleaned, baked, and vacuum-sealed. The results
confirm the large influence of the various mounting methods and adhesives
on stability (see, for example, Fig. 6-8). If polyimide adhesives or gold-tin
solders are used for mounting the resonators, then aging rates of 1 to 2
ppmy/year can be expected.

The aging of SAW resonators can change as the operating power is varied
(Shreve et «l., 1981). Increasing the drive level in resonators with pure Al
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FIG. 6-8 Isothermal aging of 300-MHz SAW resonators at room temperature, mounted
with room temperature vulcanizing (RTV) adhesive and without adhesive. A, vacuum sealed,
no adhesive: B, hermetic scaled, RTV 6-1104. [From Latham and Saunders (1978). © 1978
IEEE.]
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metalization can cause the aging to vary from a few parts per million per
year to more than a part per thousand per year. The major cause of this effect
is the acoustically induced migration of Al into the coupling transducers.
This process can be largely eliminated by adding a small amount of Cu to the
metalization. Copper-alloyed Al plating also improves the low-drive aging
compared with Cr-Al electrodes (Schoenwald et al., 1981).

6.3.2 SAW Delay Lines

In addition to one- and two-port SAW resonators, SAW delay lines are
also being investigated as frequency controlling elements in oscillators. Since
their Q increases linearly with frequency, they may be advantageous in the
frequency range up to and above | GHz. As an example, delay lines with a
frequency of 1.4 GHz sealed in all-quartz packages show aging rates of several
parts per million over more than 52 weeks (Gilden er al., 1980). As is to be
expected, the aging rate of delay-line oscillators is also influenced by the
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FIG. 6-9 Aging of 401-MHz SAW delay-line-controlled oscillators. Dashed curves,
flatpacks (brazed); dotted curves, HC 36/U (cold-weld). Delay lines use gold interdigital
transducers.
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methods of fabrication and processing. This is shown in Fig. 6-9, which illus-
trates the aging behavior of five devices with gold transducers operating at
401 MHz and fabricated in different enclosures. As can be seen, the best
aging rate is only a few tenths of a part per million for a period of 100 weeks
(Parker, 1980). The units were made from 40°-rotated Y-cut quartz plates,
and the best ones were packaged in HC 36/U enclosures. Twenty-five units
with aluminum transducers show somewhat different, but not significantly
worse, aging behavior. It follows from these measurements that the investi-
gated delay lines show a drift of less than 2 ppm for a significant fraction of the
devices. Also, Parker’s data strongly suggest that the transducer metalliza-
tion is very likely the source of relaxation of a mechanism that causes a
modification of acoustic properties of the material and, thus, frequency
drift. Recent measurements on 400-MHz devices cold-weld-sealed in TO-8
packages (Parker, 1982a.b) confirm the results obtained in HC-36/U en-
closures. It seems possible that long-term aging rates well under 1 ppm in the
first year can be obtained under production conditions. However, it was found
(Parker, 1983a,b) that random frequency fluctuations with periods up to
months and years are superimposed on the systematic drift and may thus
decrease the overall stability. This type of noise is less significant for resona-
tors than for delay lines; its source is not yet known.
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INTRODUCTION

The editors have assembled a reasonably complete bibliography covering
the years 1968-1982. More than 5000 references were found for this period.
The pre-1968 period is covered by inclusion of reviews and a selection of
references to seminal articles. Science Abstracts A (Physics) and B (Electrical
and Electronics) and Chemical Abstracts were particularly helpful in leading
us to the pertinent literature. The organization of the main part of the
bibliography follows that of the rest of the book, that is, the references are
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arranged in alphabetical order under each chapter heading. Thus, it will be
easy for the reader to find the references quoted in the text. In the case of
Chapters 2.5, and 8, however, the arrangement is made according to sections,
due to different authorships.

The references for the various chapters include papers on applications
of specific devices, such as application of crystal units and filters. References
describing more than one topic are listed under the chapter where that
subject is predominant. Multi-subject papers without emphasis on a specific
topic. items of a more general nature, survey papers, books, and chapters
of books are listed separately in the general bibliography section.

Obviously, some overlap of topics is unavoidable. It is, therefore, rec-
ommended that the reader review related subjects in search for a paper of
a specific nature. For instance, looking for a paper on the properties of a
crystal unit, it would be well to search the bibliographies for Chapters 2 and 4.

In the area of quantum electronic devices and standards, we have included
only references on gaseous masers. On the other hand, a large number of
references may be found in the area of laser frequency standards. It is
thought that in this rapidly developing field, valuable information is to
be found in papers on gas lasers even though not directly concerned with
frequency standards.

Papers on tuning forks, particularly for wristwatches, are considered to
be a special case and are listed under Chapter 14; paper regarding their
applications are listed under Chapter 15.

Where an article or book exists in English translation, normally only the
English version is cited. This is particularly germane to the Russian literature,
but since this book is primarily intended for the English-literate reader and
since the original citation will appear in the translated journal, no essential
information is omitted.

Certain documents, particularly U. S. government reports, are cited as
obtainable from NTIS; these are usually catalogued according to a six digit
number prefixed by the letters AD or ADA. The address is National
Technical Information Service, U. S, Department of Commerce, 5285 Port
Royal Road, Springfield, Virginia 22161, U.S.A.

References cited as Proc. Annu. Freg. Control Symp. refer to proceedings
of the Annual Frequency Control Symposia. sponsored by the U. S. Army
Electronics Research and Development Command, Fort Monmouth,
New Jersey 07703, U.S.A. Proceedings from the 10th (1956) through the
31st (1977) may be obtained from NTIS. The 32nd through 35th are avail-
able through Electronic Industries Association, 2001 Eye Street, N.W.,
Washington, D.C. 20006, U.S.A. The 36th through 38th may be obtained
from Systematics General Corporation, 2711 Jefferson Davis Highway,
Arlington, Virginia 22202, U.S.A.
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Crystal systems, 1: 3
Crystal unit, 2: 7
Crystallographic axis, 1: 4
Customer—vendor relationship, 2: 298
Current
drive, 1: 56
resonator, 1: 75. 79, 86. 89
Cutting crystals. 1: 163
Cutoff frequency, 1: 203, 207
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Cut, doubly rotated, 1: 167
Cut, quartz. See also Resonator; Mode
AT, BT, 1: {11
CT, DT. 1: 77
GT. 1: 50
IT, 1: 111
LC. I: 111
RT, It 11!
SC. 1: 69, 111
XY, 1111
Cyclotron orbit, of electron, 2: 189
Czochralski technique, 1: 15, 19

D

Deep-space experiments, 2: 268
Defect center, substitutional AP, 1: 148
Deformation. See also Displacement
elastic, 1: 79
finite, 1: 57
Degree of freedom, 2: 213
Delay
differential, 2: 236
temperature coefficient, 1: 120
Delay line. L: 267
frequency response. 1: 134
(YZ) LiNbO;, 1: 253
Delay-line filter, 1: 121
Delay-line system, 2: 222
Density
o-quartz, I: 12
aluminum phosphate, 1: 21
bismuth germanium oxide. 1: 20
lithium niobate, 1: 14
lithium tantalate, 1: 14
Desorption of gases, 1: 275
Dewar flask, 2: 105
Detector, atomic beam device. 2: 137
Deuterium maser, 2: 166
Dicke regime, 2: 121
Dielectric cavity. 2: 166
Dielectric constants, 1: 5
Differential propagation, 2: 263
Diffraction, SAW, 1: 262
Digital computation methods. 2: 63
Digital measurement, 2: 217
Digital signal processing, 2: 198
Dipole. 2: 138
double. 2: 138
multiple, 2: 138
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Dipole movement, 2: 138
electric, 2: 138
magnetic, 2: 138
Dipole optics, 2: 139
Diode, step-recovery, 2: 135
Discriminator, 2: 222
Disc resonator, 1: 222
Dislocations. 1: 29
Dispersion relations, 1: 51, 60, 82, 94, 247
Displacement. See also Deformation
elastic, 1: 79, 90, 92
electric, 1: 52, 78, 234
Displacement effects, 1: 152
Dissemination techniques, 2: 271
Dissociation, of H,, 2: 160
Distortion, in FM, 2: 131
Diurnal variations, 2: 237
Doppler broadening, 2: 182
Doppler effect, 2: 120
first-order, 2: 120
second-order, 2: 120
Doppler frequency, 2: 183
Doppler velocity, 2: 183
Doppler width, 2: 183
Double-heterodyne system, 2: 135
Drift rate. 2: 80
Drive. See Current
Drive level, 2: 35
Dual-beam device, 2: 144
Dual-mixer technique, 2: 229
Dynamic frequency—temperature effect, 2: 37

E

E' center. See Oxygen vacancy
Effects
temperature, 1: 110
thermal. See Effects, temperature
magnetic. 1: 61
Eigenvalue. 1: 64, 67. 74
Eigenvector, 1: 65, 67, 74
Eight-pole filter, 1: 209
Elastic compliance, 1: 7
Elastic constant, 1: 6
changes, I: 153
compliance, 1: 12
a-quartz. 1: 12
lithium niobate, 1: 14
lithium tantalate, 1: 16
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nonlinear. 1: 218
stiffness, 1: 12
a-quartz, 1: 12
aluminum phosphate, 1: 21
bismuth germanium oxide, 1: 20
lithtum niobate, 1: 14
lithium tantalate. 1: 16
Elastic nonlinearity, 1: 218
Elastic stiffness, 1: 7
Electric displacement, 1: 5
Electric field, 1: 5
Electric polarization, 1: 5, 8
Electric susceptibility, 1: 5
Electric-dipole transition, 2: 169
Electrical analog, of a mechanically vibrating
system, 2: 4
Electrical measurements, on crystal resonators,
2: 16
Electrical noise, 2: 51
Electrode. 1: 87
interdigital (IDT), 1: 120
mass loading, 1: 100
Electrode positioning, 1: 260
Electrode withdrawal, 1: 263
Electromechanical coupling constant, 1: 241,
255
Electron bombardment, 1: 174
Electron-hole pair, 1: 148
Electron multiplier, internal, 2: 145
Electron spin resonance, 1: 33, 155
Elliptic integral, 1: 236
Emissivity factor, 2: 106
Enantiomorphous form, 1: 3
Enclosure, 1: 175
alumina ceramic, 1: 274
Energy trapping. 1: 93, 99. See also Resonator
Environmental effects, 1: 182; 2: 173
cesium beam, 2: 173
crystal oscillator, 2: 173
hydrogen maser, 2: 173
rubidium gas cell, 2: 173
Equation
constitutive, 1: 52, 60, 66, 73, 78, 81, 92,
104
differential, 1: 53, 92, 104
frequency, 1: 51. 68
graphical solution, 1: 69
Equivalent circuit, SAW IDTs, 1: 250
Equivalent electrical circuit, 2: 2, 4, 6. 43
elements, 2: 14
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Equivalent motional inductance, 2: 49
Error-correcting routines. 2: 31
Etch, 1: 167
Etched grooves, 1: 126
Etch tunnels. quartz. 1: 30, 32
Etching, 1: 32
Evaporation. 1: 174
Excitation
lateral. of plates, 1: 64, 73
parallel-field. See Excitation, lateral
parallel to length. in bars, 1: 78
perpendicular to length in bars, 1: 80, 87
thickness. of plates, 1: 63, 81, 83
Extension, of frequency measurements, 2: 186
Extrapolation, of shorter tests, 1: 281
Extraterrestrial time and frequency
comparison, 2: 253

F

Fabrication. SAW devices, 13 178
Fabrication factlity, crystals. 1: 176
Feedback. 2: 54
positive, 2: 47
Field electric. 1: 52, 78, 92
Figure, of merit, 2: 14
Filter
asymmetric-amplitude. 1: 263
bulk-acoustic-wave (BAW), 1: 187, 230
discrete-resonator, 1: 191
disk—wire, 1: 225
dispersive. 1: 262
electromechanical, 1: 187, 221
extensional-mode, 1: 224
half-lattice, 1: 193
hermitian-baseband, 1: 263
lattice, 1: 193
mechanical, 1: 188
monolithic crystal, 1: 93, 102
nondispersive. 1: 262
SAW resonator, 1: 230
surface-acoustic wave (SAW), 1: 187
tapped delay-line. See Filter, transversal
television IF. See Television IF filter
three-phase, 1: 263
torsional mode, 1: 226
transversal, 1: 187
tuning fork, 1: 224
two-phase. 1: 263
(YZ)LiINDO,, response curve. 1: 256
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Filter measurements, 2: 19
Filter synthesis, impulse response, 1: 263
Filter transfer formation, 2: 194
Flexure-mode bars and plates. 1: 223
Flicker

of frequency floor, 2: 168

of phase noise. 2: 124
Flicker floor, 2: 123
Flop-in, flop-out system. 2: 143
Flow

generalized, 1: 64

heat, 1: 61

power. 1: 60
Fluorescence, 2: 150
Forbidden transitions, 2: 189
Force. See also Stress

generalized, 1: 64

static, 1: 58
Fourier frequency, 2: 193

Fourier transform, 1: 121, 239, 250, 256, 258;

2: 199
Fractional frequency accuracy, 2: 173
cesium beam, 2: {73
crystal oscillator, 2: 173
hydrogen maser, 2: 173
rubidium gas cell, 2: 173
Fractional frequency stability, 2: 172, 242
cesium beam, 2: 172
crystal oscillator, 2; 172
hydrogen maser, 2: {72
rubidium gas cell, 2: 172
Fractional linewidth, 2: 121, 178
Frequency
antiresonance. 1: 66, 69, 102, 106
cutoff, 1: 95
fractional, 2: 195
inharmonic, 1: 98, 100
instantaneous. 2: 196
mean, 2: 207
of oscillation, 2: 48
resonance, 1: 66, 69, 98, 102, 106
torsional, 1: 76
Frequency accuracy, 2: 47
Frequency adjustment. varactor diode, 2: 86
Frequency anomalies. 1: 217
Frequency change. 1: 149
short-term, 1: 271
Frequency deviation, fractional, 2: 200
Frequency division, one-step. 2: 189
Frequency domain, 2: 203
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Frequency drift, 2: 207
aging, 2: 124
Frequency—drive-level effect, 2: 35
Frequency fluctuations, random. 1: 284
Frequency instability, sources, 2: 48
Frequency-lock servo, 2: 128
frequency modulation, 2: 129
integrator, 2: 130
phase modulator, 2; 130
Frequency measurement, 2: 219
interpretation, 2: 93
long-term drift, 2: 93
short-term measurement, 2: 93
optical regime, 2: 186
Frequency multiplication, 2: 23]
Frequency reproducibility, 2: 182
Frequency response, hermitian. 1: 261
Frequency stability, 1: 180: 2: 47, 182, 193,
195
long-term, 2: 57
measurement, 2: 89
beat-frequency method, 2: 90
dual-mixer technique. 2: 90
short-term, 2: 93
definition, 2: 93, 94
power spectral density function, 2: 95
time domain representation, 2: 95
Frequency —temperature
and aging measurements, 2: 37
rate of change, 2: 103
Frequency —temperature dependence. of
quartz crystal resonator, 2: 17
Frequency synthesis, 2: 227
stabilized-laser, 2: 187
Frequency syntonization accuracy, 2: 271
Frequency transfer. 2: 252
Frequency transients, stress induced,
2: 294

o

G

Gain curve, laser, 2: 181

Gas cell, 2: 150

Generalized motional arm reactances. 2: 41

Generic sources, of measurement errors, 2: 3

Getter. 2: 144

Global high-precision comparison, of clocks,
2: 264

Global positioning system (GPS), 2: 260

Geostationary meteorological satellite, 2: 266

Geostationary operational environmental

satellite (GOES), 2: 253
Geostationary satellite, 2: 270
GOES satellite time code, 2: 257
Goniometer, 1: 167
Gradients, thermal, 1: 55, 60
Graphite-coated surface, 2: 144
Grating positioning, 1: 132
Grating reflector, 1: 123, 126
Green's function, 1: 249
Groove depth, 1: 131
Ground-wave accuracy, 2: 248
Ground-wave propagation, 2: 248
Group delay, 1: 265
Growth

berlinite (AIPO,), 1: 22
LiNbO;, 1: 15
LiTaO,. 1: 17

H

Heater location. 2: 104
Heisenberg"s uncertainty relationship,
2: 122

Heterodyne technique, 2: 220
Hexapoles. 2: 138
High-polymer coating, 2: 158
High-Q LC circuits, 2: 275
Hilbert transform. 1: 236, 251
Holder

cold-welded metal, 1: 275

glass, 1: 275
Holder design, 1: 274
Hole, 1: 148
Hole burning. 2: 182
Hole-compensated Al center, 1: 151
Hole-compensated centers, 1: 156
Homodyne technique, 2: 221
Hydrogen anneal, 1: 278
Hydrogen effects, 1: 154
Hydrogen maser, 2: 159
Hydrogen storage beam tube, 2: 168
Hydrothermal growth, 1: 25, 29
Hyperfine energy level, 2: 118
Hysteresis. 2: 38, 111

Iconoscope, 1: 165
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IDT
acoustic reflection, I: 257
admittance, 1: 130, 273
aperture, 1: 243
apodization, 1: 132
bandwidth, 1: 242
double electrode, 1: 236
clectrical Q, 1: 242
frequency response, 1: 134
frequency specification, 1: 259
impedance element, 1: 268
impulse response, 1: 121
maximum coupling, 1: 242
perturbation, 1: 263
self-resonant, 1: 268
series resistance. 1: 131
simple electrode, 1: 236
size, 1: 131
spurious resonator modes, 1: 131
synchronous frequency. 1: 133
three-phase. 1: 265
transverse modes, 1: 132
unapodized, 1: 130
unwanted modes, 1: 132
IF substitution method. 2: 32
[maging technique, 1: 262
Immittance
elastic wave, 1: 65
matrix. I: 64
normalized, 1: 70
resonator, 1: 62, 75, 79, 82, 102
Immittance diagram, 2: 2
Immittance plot. 2: 36
Impedance. See also Immittance
characteristic. 1: 248
crystal, 2: 51
mechanical, 1: 246
Impedance analyzer, 2: 33
Impedance circle, 2: 9
Impulse model, 1: 233, 239
delta-function, 1: 257
sine-wave, 1: 257
Impulse response
baseband. 1: 259
finite, 1: 258
real, 1: 260, 261
Impurity content, 1: 148
Impurity defects, model, 1: 148
Impurities, effect of, 1: 278
Inductance, motional, 1: 106, 112
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Inductorless bandwidth, 1: 211
inductorless limit, 1: 211
Inelasticity, I: 217
Inflection point, 2: 61
Infrared absorption, 1: 148
Initial aging, 1: 273
Initial stabilization period, t: 273, 278
In-line model. 1: 247
Insertion loss, 1: 232, 242; 2, 69
SAW delay line, 2: 69
SAW resonator, 2: 71
[nsulation, foam, 2: 105
Interaction region, 2: 139, 145
Interdigital transducer, 1: 230. See also IDT
Interferometry, very-long-baseline (VLB1), 2:
268
Intermediate-band design, 1: 198
Intermodulation, 1: 216
International atomic time (TAD), 2: 234
Intemational symbols, 1: 4
Interstitial impurities, I: 154
Inversion transition, 2: 169
Inverter. admittance, 1: 251
lon
individual, 2: 189
in Penning trap, 2: 189
lon-etch process, 1: 138
fon implantation, 1: 126
lon milling, 1: 179, 213
lon mobility, 1: 183
lon pump, 2: 144
fon storage, 2: 169
lon trap, radio-frequency, 2: 170
lonic current, 1: 157
lonization potential, 2: 148
fonizing radiation, 1: 39, 147, 183
lonosphere, 2: 237, 242
lonosphere propagation errors, 2: 262
IR studies, 1: 155
Isolation amplifier, 2: 21, 30
Isotopic overlap, 2: 157

J

Jaumann network. See Filter, half-lattice

K

Kirchhoff, 1: 90
Krypton light source, 2: 179
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Lamb dip, 2: {83
Lapping saw, 1: 164
Laser
CO-, 2: 187
color-center, 2: 188
diode, 2: 149
dye, 2: 149, 188
F-center, 2: 189
fine and coarse tunable, 2: 189
HCN, 2: 186
He-Ne, 2: 180, 186
with CO; cell, 2: 185
with 1, cell, 2: 185
with Methane cell, 2: 185
with Ne cell, 2: 184
H-0. 2: 187
millimeter-wave, 2: 188
potential role, 2; 179
saturation-absorption stabilized, 2: 186
tunable, 2: 188
Laser—methane cell combination, 2: 182
Laser signals, pulsed, 2: 264
Laser stabilization, 2: 182
Laser synchronization, 2: 263
Lateral field resonator, 1: 276
Lateral field excitation, 1: 220
LC-cut, 1: 182
Legendre polynominal, 1: 236
Length standard, 2: 178

Length and time standard, combined, 2: 178
Level control, automatic (ALC), 2: 54, 56, 84

LF (low frequency) broadcast, 2: 242

Lifetime, resonator-timited, 2: 173
cesium beam, 2: 173
crystal oscillator, 2: 173
hydrogen maser, 2: 173
rubidium gas cell, 2: 173

Lift-off process, 1: 138

Light shift, 2: 158

Line shape, Lorentzian, 2: 128

Line width, 2: 121
natural, 2: 121

Lithium niobate, 1: 11, 219, 241
YZ-cut, 1: 241, 243, 248
128° Y-cut, 1: 266

Lithium tantalate, 1: 11, 213, 220
doubly rotated cuts, 1: 220
rotated- Y -cut monolithic filters, 1: 220

rotated-Y-cut resonators, 1; 220
X-cut, 1t 220
Z-cut, ¥: 220
Load capacitor. 2: 12, 24, 35
Long-term aging, 1: 179. See also Aging
Long-term drift, 2: 48. See also Aging
Long-term stability. 2: 125
atomic standards, 2: 125
Loop filter, 2: 225
Loop gain vector, 2: 48
Loop-phase conditions, 2: 57
Loop-phase error, 2: 20
Loran-C, 2: 235, 248
Lorentzian line shape, 2: 194
Loss—bandwidth relation, 1: 243
Loss—fractional bandwidth, 1: 244
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Lumped-element-equivalent electrical circuit,

2: 41
Lumped-mass spring system, 2: 5

M

Magnetic dipole moment, 2: 119
Magnetic dipole transition, 2: 117
Magnetic field dependency, 2: 118
Magnetic field environment, 2: 252
Magnetic field inhomogeneities, 2: 146
Magnetic hyperfine splitting, 2: 119
Magnetic hyperfine transition, 2: 116
Magentic shielding, 2: 117
Magnetostrictive ferrites, 1: 221
Magnetostrictive transducer, 1: 222
Majorana transition, 2: 147
Maser, oscillating threshold, 2: 161
Maser oscillator, 2: 135

active, 2: 126
Mass changes, 2: 17
Mass loading, 1: 204, 274

crystal resonator, 2: 288
Mass spectrometer, 2: 145
Material. See also Crystal
Material changes, 1: 274
Material quality, 1: 157

Matrix, 1: 9. 54, 61, 65, 78, 81. 83, 85, 88.

See also Tensor; Immittance
Maximum admittance, 2: 16
Maxwell distribution, 2: 121, 138
Measurement hierarchy, 2: 197
Memory, 2: 110
Mercury resonances, 2: 170
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Metallization, 1: 181
Meteorological monitor, 2: 289
Meteorological satellite system, 2: 257
Methane cell, 2: 181
Metrology. 2: 171
astronomical time, 2: 171
atomic time, 2: 171
coordinated universal time. 2: 171
international atomic time, 2: 171
radio astronomy, 2: 171
timekeeping, 2: 171

very-long-baseline interferometry, 2: 171

Microcircuit bridge, 2: 29
Microcircuit chip resistor, 2: 24
Microwave cavity, 2: 141
Microwave interrogation, 2: 139
Mindlin. I: 60. 90
Minimum impedance. 2: 16
Mirror. equivalent, 1; 129
Mixer efficiency. 2: 128
Mobility analogy, 1: 221
Mode

A.B.C, thickness, 1: 68, 71

contour, 1: 77

flexure, 1: 51, 77

coupled, 1: 51, 82, 90

dilatation. 1; 52

extension. 1: 77. 80. 93

face-shear, I: 81, 90, 93

flexure. 1: 83, 87, 90, 93

normal, 1: 62, 64, 74

resonance, I: 50

shear, fast. slow, 1: 68

single, 1: 65

spectrum, 1: 56: 2: 33

thickness, 1: 63, 73

thickness shear, 1: 51, 72, 93

thickness twist, 1: 93

torsion, I: 51, 75
Mode coupling, nonlinear. 1: 216
Mode spacing. 1: 207
Modified crystal resonator, 2: 7
Modulation. square-wave. 2: 132
Molecular flow, 2: 137
Molecular hydrogen, 2: 159
Monolithic crystal filter, 1: 199
Mossbauer effect, 2: 121
Motional arm. 2: 5. 38
Motional-arm resonance, 2: 14
Motional energy, 1: 157
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Motional resistance. 2: 49
Mounting, 1: 175
Mounting structure, 2: 7
Mounting system, 1: 272
Mount, type of, 1: 180
Multistrip coupler, 1: 265

N

Na defect, 1: 150
Narrow-band (NB) design, I: 198
Natural linewidth, 2: 122
NAVSTAR. See Global Positioning System
Navy navigational satellite system (NNSS), 2:
258
Network
distributed, 1: 104
equivalent electric, 1: 87, 103
lumped element, 1: 103
multiport, 1: 65
Network analyzer, 2: 23, 30, 36
Noise, 2: 204, 206
amplitude, 2: 195
flicker frequency, 2: 204
flicker phase. 2: 204
in oscillators, 2: 193
perturbing the phase, 2: 276
phase, 2: 195
phase-fluctuation, 2: 84
pseudo-random (PRN), 2: 265
in SAW oscillators, 2; 72
flicker noise, 2: 74
phase noise, 2: 72
random-walk frequency, 2: 204
white frequency, 2: 204
white phase, 2: 204
wideband, 2: 54
Noise bandwidth, 2: 194
Noise floor, 1: 124
Noise processes, 2: 94
frequency-scintillation noise, 2: 94, 96
frequency white noise, 2: 94, 96
Noise model, 2: 196
Noise modulation, 2: 195
Noise pedestat. 2: 195
Noise processes. 2: 94
phase-scintillation noise, 2: 94, 96
phase white noise, 2: 94, 96
random-walk-frequency noise, 2: 94. 96
Nonlinear effects, 1: 216, 227
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Normal-mode analysis, 1: 234
Normal-mode model, 1: 233
Normal-mode theory, 1: 239, 255
Notch filter, 1: 266
interferometer, 1: 267
(YZ) LiNbO;, 1: 267
N-sample variance, 2: 201
Nuclear spin, 2: 119
Nyquist frequency, 2: 200

(0]

Offset methods, 2: 35
Omega navigation system, 2: 248
Omega transmitters, 2: 250
Operational-satellite techniques. 2: 253
Optical absorption, 1: 153
Optical detection, 2: 150
Optical fibers, 2: 253
Optical frequencies, measurement, 2: 185
Optical pumping, 2: 115, 149, 152
Optical transition, 2: 121
Oriascope. 1: 165
Oscillating magnetic field, 2: 121
Oscillator
all-cryogenic, parametric, 2: 283
conditions for SAW oscillation, 2: 68
feedback, 2: 66
gain control, 2: 85
mechanical effects. 2: 88
acceleration, 2: 88
miniature. 2: 60
miniature integrated circuit, 2: 64
modified Pierce, 2: 82
multifrequency SAW, 2: 76
precision quartz crystals, 2: 79

temperature-compensated (TCXO). 2: 108

analog compensation, 2: 109

digital compensation, 2: 10
electrical compensation, 2: 108
microprocessor compensation, 2: 111
thermal loss, 2: 105

thermistor-network configurations. 2: 109

varactor, 2: 108

temperature compensation. of SAW, 2: 75

temperature-controlled, 2: 101
amplifier as heater, 2: 105
crystal oven control circuit, 2: 102
double oven, 2: 102
dual mode oscillator, 2: 105

location, of heater and thermistor, 2:

rate, of frequency change. 2: 103
single oven, 2: 102
stabilization time, 2: 107
time required to heat crystal, 2: 107
uniformity of temperature, 2: 104
Oscillator circuits, 2: 53
bridge, 2: 54
Butler, 2: 60
common base. 2: 59
common collector. 2: 58
emitter coupled, 2: 60
modified piece, 2: 56
Oven, 2: 87
single-stage. 2: 87
temperature control, 2: 101
two-chamber, 2: 137
Oxygen vacancy, 1: 153

P

Palladium leak. 2: 160
Parallel field. See Lateral field
Parallel resonance, 2: 15
Paramagnetic center, 1: 151
Parasitic inductance, 2: 20
Parseval’s theorem, 2: 194
Passive hydrogen maser, 2: 162
Path delay, 2: 254, 257, 266
variation, 2: 256
Path-delay correction, 2: 264
Pattern definition process, 1: 179
Pattern generator, 1: 261
Penning trap, 2: 170
Period measurement. 2: 219
Performance, of crystal resonators, 2: 16
Performance model, 2: 197
Permittivity, 1: 5§
Permittivity constant
«a-quartz, 1: 12
aluminum phosphate, 1: 21
bismuth germanium oxide. 1: 20
lithium niobate. 2: 14
lithium tantalate, 1: 16
Perturbations, acoustic. 1: 126
Phase
linearity, 1: 264
transfer, 2: 82
Phase angle, 2: 18
Phase condition, loop. 2: 82

427
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Phase detector. 2: 222
Phase-difference measurement. 2: 218
Phase error, 1: 232; 2: 18, 23
Phase fluctuation, 2: 51
Phase-lock servo, 2: 128
Phase-locked loop. 2: 128, 223
Phase measurement, 2: 32
Phase multiplier, 2: 231

Phase noise. 1: 135

2216

: 124

excess
white, 2
Phase shift
per collision. 2: 165
in crystal network, 2: 49
SAW oscillators, 2: 68
Phase shifter, 2: 222
Phase slope, 2: 57, 82
Phase spectrum, 2: 195
Phase stability, 2: 48, 60
Photolithography. 1: 138, 180
Photon recoil. 2: 121
Photon transformer, 2: 150
Photoresist. I: 138, 178
Piezoelectric ceramics, 1: 221

Piezoelectric ceramic transducers, 1: 223
Piezoelectric constants, 1: 7
Piezoelectric crystal resonator, 2: 38
Piezoelectric devices, as circuit elements, 2: 2
Piezoelectric loading. 1: 204
Piezoelectric matrix. See also Tensor: Matrix
a-quartz, 1: 9
bismuth germanium oxide, 1: 10
lithium niobate, 1: 9
Piczoelectric strain coefficients, 1: 8
Piczoelectric strain constant, 1: 13
a-quartz, 1: 13
aluminum phosphate, 1: 21
lithium niobate. 1: 15
lithtum tantalate, 1: 17
Piezoelectric stress coefficients, 1: 8
Piczoelectric stress constant, 1: (3
a-quartz, 1: 13
aluminum phosphate. 1: 21
bismuth germanium oxide, 1: 20
lithium niobate. 1: 15
lithium tantalate, 1: 17
Piezoelectric tensor, 1: 9. See also Tensor:
Matrix
Piezoelectrically stiffened resonator, 2: 41
Piezoelectrically unstiffened resonator. 2: 41
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Pi-network, 2: 21, 31, 40
Planck’s equation, 2: 122
Planctary lap, 1: 168
Plasma etching, 1: 179
Plate, piezoelectric, 1: 63, 73, 81, 83
Point-contact diodes, 2: 186
Point groups, 1: 3
Polariscope, 1: 165
Polarization, 1: 2; 2: 157
Polishing. 1: 168

chemical, 1: 168, 180
Population difference, 2: 123
Portable clock. 2: 269
Port

electrical, 1: 247

mechanical, 1: 247
Position-location system, 2: 26!
Potential

electric, 1: 52, 92

electrostatic, 1: 237, 239

Rayleigh wave, 1: 232

transducer, 1: 236
Power flow. acoustic, 1: 240
Power-law model. 2: 203
Power spectral density, one-sided. 2: 231
Power spectrum, 2: 194
Poynting theorem, 1: 235
Poynting vector. See Flow, power
Pressure changes, t: 274
Pressure sensitivity, 1: 183
Primary frequency standard, 2: 235
Primary loop, 2: 135
Processing techniques, SAW, 1: 138
Propagation delay, 2: 237, 266
Propagation loss, 1: 120
Pulling factor, 2: 168
Pump

cryogenic, 1: 172

diffusion, 1: 171

ionization. 1: {71

roughing, 1: 173

turbo, 1: 171

Q

Q. 2: 142. See also Quality factor
cavity, 2: 142
electrical. 1: 237, 242
line, 2: 142
material, 1: 163
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Quadrupoles, 2: 138

Quality assurance, 2: 299

Quality factor, 1: 50, 102; 2: 14, 38
atomic frequency standard, 2: 121
SAWR, I: 124

Quantum transition, 2: 178

Quartz, 1: 2, 11. See also a-quartz
acoustic loss, 1: 28, 33, 36, 38
Al-Li" center. 1: 38
Al-Na* center, 1: 37
aluminum-related centers, 1: 33
anelastic loss, 1: 36
Al-hole center, 1: 33
charge compensation, 1: 33
conductivity, 1: 156
coordinate system, 1: 24
cultured, 1: 162, 166
defects, 1: 25, 28
dielectric loss, 1: 33, 36, 38
dielectric relaxation, 1: 156
dislocations, 1: 29
electrical conductivity, 1: 39
electrodiffusion, 1: 35
electrolytically swept cultured,

1: 149

fault surfaces. 1: 29
growth, 1: 25, 27
high-Q, 1: 149
high-Q cultured, 1: 28
infrared absorptions, I: 27, 33
internal friction, 1: 36
interstitial impurities. 1: 32
lithium-doped, 1: 149
mobility of interstitials, 1: 39
natural, 1: 149, 165
neutron-irradiated, 1: 153
oxygen vacancy center, 1: 35
phase transition, 1: 25
point defects, 1: 32, 35
quality factor Q. 1: 36
radiation response mechanism, 1: 38
relaxation time, 1: 37
ST-cut, 1: 241, 248; 2: 75
structure, 1: 23
thermal properties,-1: 39
trimming, 1: 25

Quartz crystal oscillator, 2: 126

Quartz crystal units, 2: 3

Quartz resonator, 2: 80
AT-cut, 2: 60, 80

double-rotated cuts, 2: 81
GT-cut, 2: 80
overtone mode, 2: 61, 81
SC-cut, 2: 62, 80
X-cut, 80

Quartz thermometer, 2: 294

R

Rabi cavity, 2: 139
Rabi pedestal, 2: 140, 146
Radar filters, 1: 230
Radiation, influence on aging, 1: 279
Radiation conductance, 1: 238, 252, 255
Radiation effect, 1: 147
Radiation loss, 2: 106
Radio broadcast services, 2: 24
Radio interference, 2: 273
Radioactive lifetime, 2: 151
Ramsey cavity, 2: 140
Ramsey pattern, 2: 145
Rayleigh wave. 1: 119, 232, 234, 246,
252

amplitude. 1: 234

potential, 1: 240
Reactance. acoustic, 1: 268
Recoil shift, 2: 120
Recovery time, 1: 278
Reference channel. 2: 23
Reference oscillator, 2: 126
Reflection

acoustic, 1: 249, 257, 264

bandwidth, 1: 128

magnitude, 1: 128

phase, 1: 129
Reflection coefficient, 2: 16, 23, 25

grating, 1: 129
Rejection, out-of-band, 1: 264
Relation. See Equation; Condition
Relativistic corrections, 2: 268
Relaxation, exponential, 2: 163
Relaxation time, 2: 151
Remote frequency calibration, 2: 250
Remote synchronization, 2: 268
Replication technique. 1: 261
Requirements. for oscillation, 2: 48
Resistance

anomalous, 1; 216

motional, I; 113
Resistance anomalies, 1: 217

o
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Resolution, of balanced-bridge measurements,
2: 29
Resonance, 2: 15
nonlinear, 1: 216
with load capacitor, 1: 15
Resonance curve, 2: 38
Resonance line
homogeneous, 2: 158
inhomogeneous. 2: 157
Resonance range, 2: 9
Resonance spectrum, atomic, 2: 140
Resonator. See also Cut; Mode
AT, 1: 94, 11}
BT, 1: 94, 111
bulk acoustic wave (BAW), 2: 3
contoured, 1: 100
CT, L: 77. 94
doubly rotated. 1: 71. 111
DT, 1: 77, 94
E.F. 1: 94, 111
electrodeless. 1: 182
extensional mode, I: 272
face-shear mode, L: 272
flexure-type, 1: 272
GT. 1: 50, 94, 111
IT, 1: 111
LC, 1: 111 2: 294
mass loaded. 1: 100
RT, I: 111
SC. 1: 69, 111 2: 295
sensitivity to temperature gradients, 2: 102
surface acoustic wave (SAW), 2: 3
trapped energy, 1: 93, 99
tuning fork. 1: 94
width-shear, 1: 272
X, 1: 111
Y. L: 11
Resonator environment, 2: 39
Resonator immittance, 2: 39
Resonator measurement, 2: 2
Response time, 2: 296
Rochelle salt, 1: 2
Rubidium isotope, 2: 153
Rubidium maser, 2: 165
Rubidium standard, 2: 261
filter cell. 2: 156
integrated gas cell. 2: 156
photocell. 2: 156
pressure shift, 2: 154
temperature coefficient, 2: 154
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S

Sample Allan variance, 2: 214
Sample variance, 2: 200
Sawing, 1: 163
SAW, harmonic responses, 1: 256
SAW bandpass filters, 1: 257
SAW bandstop filter, 1: 257. See also
Bandstop filters, SAW
SAW delay line
effective Q, 1: 142
maximum unloaded Q, 1: 140
SAW delay-line filter, 1: 122
SAW delay line oscillator, 2: 68
SAW filter
bandwidth, 1: 243
insertion loss, 1: 242, 244
SAW IDT
dispersive, 1: 253
impulse response model, 1: 232, 239, 254
in-line model, 1: 245
LiNbO; substrate, 1: 269
ST-cut quartz, 1: 269
synthesis, 1: 252
SAW (Surface acoustic wave) oscillator,
2: 66
SAW reflection, 1: 254
SAW regeneration, 1: 254
SAW resonator (SAWR), 1: 122
acceleration sensitivity, 1: 144
advantages, 1: 144
and BAWR, comparison, 1: 123
cavity losses, 1: 135
fabrication method, 1: 137
loss
conversion of energy, 1: 137
coupled to atmosphere, 1: 137
diffraction, 1: 136
geometrical nonuniformities, 1: 137
ohmic, 1: 135
material, I: 135
radiation, 1: 136
scattering, from imperfections, 1: 137
scattering, into bulk waves, 1: 136
maximum unloaded Q. 1; 140
minimum series resistance, 1: 142
one-port, 1: 125
performance specification, 1: 133
@, unloaded, 1: 144
stability, long-term, 1: 144
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SAW resonator (continued)
temperature stability, 1: 144
two-port, 1: 125

SAW resonator (SAWR) oscillator, 2: 70
aging rate, 1: 143
force sensitivity, 1: 143
new cuts and materials, 1: 142
stability, short-term, 1: 143
ST quartz, 1: 142
temperature stability, 1: 142

SAW transduction, 1: 232, 252

SAW trimming, 1: 138

SAWR model, 1: 133

Satellite ephemeris error, 2: 263

Satellite techniques, 2: 258, 273

Saturated absorption, 2: 181

Saturated gain, 2: 183

Scattering-parameter measurements. 2: 31

SC-cut, 1: 159, 182, 276

Schering bridge, 2: 27

Scaling, 1: 175

Second definition, 2: 115, 268

Secondary loop, 2: 135

Sensitivity, to mass changes, 2: 289

Sensors, 2: 289
acceleration, 2: 29
chemical, 2: 289
environmental, 2: 289
force, 2: 290
gas, 2: 289
hydrostatic pressure, 2: 291
temperature, 2: 293

Separated-oscillatory-field technique, 2: 140

Series resonance frequency, 2: 49

Servo electronics, 2: 127

Servo loop, 2: 127

Short-term stability, 2: 124
atomic standards, 2: 124

Shot noise, 2: 124

Sidelobe. time-domain, 1: 262

Sidelobe ratio, 1: 232

Signal-to-noise consideration, 2: 186

Signal-to-noise ratio, 2: 125
atomic standards, 2: 125
optimum, 2: 135

Simulation. See also Approximation; Theory

computer, 1: 56

finite element, 1: 56
Green’s function, 1: 56
variational, 1: 56

Sky-wave accuracy, 2: 248
Slave oscillator, 2: 127
Source, for atoms or molecules, 2: 137
Spacelab experiment, 2: 264
Spatial averaging, 2: 158
Specification, 2: 297
basic, 2: 299
military, 2;: 300
Spectral density, 2: 193, 199
one-sided, 2: 198
Spectrum, two-sided, 2: 193
Speed, of light, 2: 180
Spin-exchange cavity tuning, 2: 162
Spin-exchange collisions, 2: 154, 162
Spurious modes, 2: 17, 25, 33
Sputter etching, 1: 179
Sputtering, 1: 174
Stability
averaged, 2: 186
long term
BAWR and SAWR, 1: 124
SAW, 1: 138
of ocillators, 2: 72
influence of temperature, 2: 75
long-term, 2: 76
short-term, 2: 72
short-term, 2: 80, 186
Standard, for frequency. time, and length,
unified, 2: 180
Standard frequency- and time-signal
broadcasts, 2: 238
Standards, 2: 299
State selection
optical, 2: 152
spatial, 2: 138
State selector, 2: 137, 142
Static capacitance C,, 2: 38
Static charge, 1: 183
Static frequency—temperature effect, 2: 37
Stern and Gerlach experiment. 2: 119
Stiffness tensor, 1: 9
Storage bulb, 2: 159
Storage vessel, 2: 150
Stored-ion technique, 2: 170
Strain, elastic, 1: 52, 92
Strain changes, 1: 274
Strain tensor, 1: 7, 9
Stress
compressional, 1: 6
elastic, 1: 52, 78, 92. See also Force
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Stress (continued)

mechanical, 1: 2

shear, 1: 6

tensile, 1: 6
Stress relaxation, 1: 150: 2: 17
Stress tensor, 1: 7. 9
Stripline oscillator, 2: 279
Structural defects, 1: 18
Sub-Doppler observation, 2: 181
Substitution elements, 2: 20
Substitution measurement, 2: 27
Substitution technique, 2: 39
Substitutional Al** defect, 1: 150
Substrate, 1: 180
Surface-acoustic-wave oscillator. See SAW

oscillator

Surface-acoustic-wave resonator. See SAWR
Surface contouring, 1: 169
Surface ionization, 2: 148
Surface layer, 2: 151
Surface wave, backward-traveling, 1: 126
Sweep rate. 2: 33
Sweeping process, 1: 148, 156
Sweeping technique, 1: 35
Symmetric modes, 1: 201
Symmetry, 1: 54
Synchronization error, 2: 207
Synchronous detectors, 2: 32
Synthesis, SAW bandpass filter, 1: 257
Synthetic quartz, Z-growth, 1: 15}
Syntonization, 2: 273

T

Tandem fattice configuration, 1: 196
Tandem two-pole configuration, 1: 209
TDRS (tracking and data relay satellite), 2:
265
Television IF filter, 1: 265
zinc oxide on glass, 1: 265
LiNbO; cuts, 1: 265
Television filters, 1: 230, 265
Television signals, precise T/F comparison
methods, 2: 250
Temperature coefficient
elastic comphiance, 1: 12
wa-quartz, 1: 12
lithium niobate. 1: 14
lithium tantalate, 1: 16
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clastic stiffness, 1: 12
a-quartz, 1: 12
aluminum phosphate. 1: 21
lithium niobate, 1: 14
lithium tantalate, 1: 16
permittivity, 1: 12
a-quartz, 1: 12
lithium niobate. 1: 14
lithium tantalate, 1: 16
piezoelectric strain constant, 1: 13
a-quartz, 1: 13
lithium niobate. 1: 1S
lithium tantalate, 1: 17
piezoelectric stress constant, 1: 13
a-quartz, 1: 13
aluminum phosphate, 1: 21
lithium niobate, 1: 15
lithium tantalate, 1: 17
Temperature-compensated dielectric-resonator
material, 2: 284
Temperature control
and compensation. See Oscillator
of oscillators, 2: 86
Temperature-control circuit, 2: 87
Temperature control techniques, 2: 61
Temperature gradients, 1: 159
Temperature influence, on aging, 1: 279
Temperature measurements, 2: 293
Temperature resolution, 2: 295
Temperature sensitivity, SAW filters, 1: 232,
267
Temperature stability requirements, 2: 61
Temperature stabilization rate, 2: 53
Temperature transients, 2: 107, 111
Tensor, 1: 55. See also Matrix
fourth-rank, 1: 7
second-rank, 1: 7
Tensor notation, 1: 9
Terrestrial-based T/F services, 2: 259
Terrestrial methods. 2: 237
Terrestrial time comparison, 2: 266
Test channel, 2: 23
Test network, 2: 31
Test oscillator, 2: 19
T/F dissemination experiments, 2: 266
Thallium, 2: 148
Theory. See also Approximation; Simulation
linear, 1: 53
nonlinear, I: 56
Thermal conductivity. 1: 19; 2: 106
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Thermal effects, 1: 158
Thermal expansion
a-quartz, 1: 12
aluminum phosphate, 1: 21
lithium niobate, 1: 14
lithium tantalate, 1: 16
Thermal gradient effect, 1: 276
Thermal isolation. 2: 86
Thermal noise, 2: 275
Thermal resistance, 2: 107
Thermistor location, 2: 104
Thickness-shear vibration, 1: 202
Thickness-shear (TS) wave, 1: 204
Thickness-twist (TT) wave, 1: 204
Thin-film measurement, 2: 288
Time
and frequency comparison, 2: 272
and frequency standard, 2: 178
between resynchronization, 2: 172
cesium beam, 2: 172
crystal oscillator, 2: 172
hydrogen maser, 2; 172
rubidium gas cell, 2: 172
Time code, 2: 254
Time comparison, point-to-point, 2: 260
Time-comparison experiments, 2: 264
Time delay, 1: 258
Time-difference measurement, 2: 2
Time domain, 2: 203
Time domain characterization, 2: 123
Time domain envelope, 1: 259
Time-interval counter, 2: 230
Time-interval measurement, 2: 217
Time stability, 2: 193, 272
Time synchronization, 2: 237
Time transfer, 2: 251
Time-transfer accuracy, 2: 265, 271
Tolerance, 2: 297
Tomography, light scattering, 1: 32
Tool-made sample, 2: 298
Transducer, 1: 221, 234
apodized, 1: 253, 258
Transducer admittance. 1: 235
Transducer impedance, 1: 233

=

Transducer metallization, source of relaxation,

1: 284
Transducer potential, 1: 238, 240
Transfer oscillator, 2: 229
Transfer phase, 2: 60
Transfer standard, 2: 26. 236

433

Transformation, similarity, 1: 64
Transient effects, 1: 154
Transient frequency change, 1: 154
Transient thermal effects, 1: 154
Transit or Nova satellite system, 2: 258, 264
Transit time, 2: 140
Transition temperature, 2: 282
Translation technique, 2: 203
Transmission. 2: 237
HF- and medium-frequency. 2: 237
low- and very-low-frequency, 2: 237
Transmission bridge, 2: 25, 30
Transmission line, 2: 25, 30
Transmission-line form, 1: 246
Transmission-line model, 1: 126
Transmission network, 2: 4, 40
Transmission test set, 2: 22
Transponder channel, 2: 260
Trap characterization, 1: 156
Trapped-energy analysis, 1: 202
Trapped ion, 2: 169
Trimming. final frequency, 1: 174
Trim-to-frequency, 1: 169, 179, {81
Triple transit, 1: 249, 264
TTC-cut, 1: 159
Tuning forks. 2: 275
flexural vibrations, 2: 277
length-extensional vibrations, 2: 277
quartz, 2: 276
temperature sensitivity, 2: 278
Tunnel-diode oscillator, 2: 279
Turning point, 2: 10}
Turnover temperature, 2: 61, 81, 86
TV frame synchronization, 2: 250
TV methods, 2: 250
TV time sychronization, 2: 266
Twinning, 1: 165
Two-sample (Allan) variance, 2: 123
Types. of attributes. 2: 298

U

Uhtraviolet laser 2: 167

Unit variations. 2: 298

Unity gain point, 2: 136

Universal coordinate time (UTC), 2: 234
Unperturbed radiation state, 2: 122
UV-ozone cleaning, 1: 180

Unwanted modes, suppression, 1: 209
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v

Vacuum deposition, 1: 170
Vacuum system, 1: 173
Varactor, 2: 27
Vector-ratio meter, 2: 21, 31, 40
Velocity

elastic particle, 1: 52

wave, 1: 79
Velocity distribution, 2: 141
Velocity perturbation, 1: 242

Very-low-frequency (VLF) broadcast,

2: 242

Very-narrow-band (VNB) design. 1: 198

Vibration, modes of. See Modes
Vibrational transition, 2: 169
Voltage, mean-square, 2: 193
Voltage spectrum. 2: 194

Voltage-controlled (crystal) oscillator (VCO or

VCXO0), 2: 127

w
Water processing, 1: 137
Wall coating, 2: 158
Wall collisions, 2: 165
Wall shift. 2: 165
Wave

elastic. nonlinear, 1: 56
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longitudinal, 1: 120

plane, 1: 66

transverse (shear). 1: 120

velocity, 1: 79, 128
Wavelength standard. 2: 179

Wavenumber, lateral, 1: 93. See also

Dispersion relations

Weak coupling approximation, 1: 233, 237,

240
Wide-band design, 1: 198
Window function, 2: 199

X

X-ray diffraction, 1: 166

X-ray topography, 1: 18, 30. 32

Zeeman level, 2: 163
Zeeman transition, 2: H8
Zero crossing, 2: 252
Zero-field transition, 2: {19
Zero-phase condition, 2: 22

Zero-phase m network, 2: 22, 35

Zero-phase technique, 2: 34
Zero reactance, 2: 39
ZnO film, 2: 214
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