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Preface

The purpose of this research was to measure the elastic constants
of Indium Phosphide (InP) over a range of temperatures. In conjunction
with this work an experimental procedure and test set-up had to be
designed and built. Previous investigations have indicated that InP has
a strong potential for acoustic and electronic device applicationms.

This research is limited in scope to only measuring the elastic
constants from 0.0°C to 45.0°C. I believe the theory, circuitry, and

results to be complete and self-sufficient for the professional who

undertakes the verification or continuation of this research. Anyone
interested in purely measuring the elastic constants of an unknown through
ultrasonic frequency methods should find this technique useful.

I would like to thank my advisor, Capt. Roger D. Colvin, Ph.D., of
the Air Force Institute of Technology, Wright-Patterson AFB, Dayton, OH,
and my sponsor, Mr. Andrew J. Slobodnik Jr. of the Rome Air Development
Center, Hanscom Field, Bedford, MA for their timely guidance essential

to the completion of this work. Deep gratitude is also expressed to my

family at St. Mark's Episcopal, John and Ruby Webster, and Lynn Suzanne

for providing me with much needed love and support.

Jonathan K. Poe
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Abstract

The temperature dependence of the elastic constants of Indium
Phosphide (InP) was measured over the 0.0°C to 45.0°C temperature
range. A modified Continuous Wave Resonance Technique was used to
experimentally determine the values. The calculated temperature de-
pendence was 60 ppm for the 1 elastic constant, 70,5 ppm for the 12
elastic constant, and 18 ppm for the €44 elastic constant. All are
negative with increasing temperature. Such temperature behavior is
consistent with similar studies of Indium Antimony (InSb), Gallium
Phosphide (GaP), and Gallium Arsenide (GaAs).

The InP technique in this research applies the vibrational theory
of small plates developed in 1963 by Tiersten in order to detect acous-
tic resonances in single crystal InP. The change in the resonant fre-
quencies allows calculation of the acoustic wave velocity and corres-
ponding effective elastic constant. By measuring the effective elastic
conséant for various plate orientations, the elastic constants of InP
can be derived. Since InP is a cubic crystal of class 23 with a zinc-
blende structure, measurements of the <111>, <110>, and <100> planes
are sufficient to compute the elastic constants at a particular temper-
ature. From such computations, changes in the elastic constants can be
calculated with respect to temperature. Thus, temperature dependencies
for the elastic constants of InP are derived.

The circuitry incorporating this InP technique utilizes a spectrum

analyzer, an FM DC coupled signal generator, a high precision frequency

vii




counter, and a Wayne-Kerr Bridge. In addition, an analog feedback loop
was constructed to allow precision within 1 ppm. Such circuitry could
easily be modified for automated data processing and higher precision.
This technique and resulting circuitry could be applicable to measuring
acoustic properties on any pilezoelectrically excitable material as

demonstrated by its success on X-cut quartz and InP in this research.
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MEASURING THE TEMPERATURE COEFFICIENTS OF

THE ELASTIC CONSTANTS OF INDIUM PHOSPHIDE

I. Introduction

Background

In the field of semiconductor devices, the major motivating factors
to improve device technology are higher efficiency, output power, and
speed, and lower cost, noise, and size. Indium Phosphide (InP) and other
I1I-V semiconductor compounds exhibit considerably higher electron
velocities than silicon (Si). [Ref. 21.7] This makes InP and other
related III-V semiconductor compounds attractive for high speed device
applications. In addition, InP has a higher peak-to-valley ratio, peak
i electron velocity, and thermal conductivity than Gallium Arsenide (GaAs).
| [Ref. 3:45] This makes InP extremely attractive for millimeter and

microwave device applications.

InP research has grown since 1970 when Hilsum and Rees first pro-
posed that semiconducting InP might offer advantages over GaAs in the
\ area of Gunn device applications. [Ref. 6:277] Over the next decade
; with the Department of Defense (DoD) being the primary funder of most
InP programs, InP research has gradually increased to include the areas
of transferred electron devices (TED's), field effect transistors (FET's),

electrooptics, and electronic devices. As with any device technology

N

field, however, no matter how strong the arguments for improved device

performance, nor how good the proven performance of the experimental or

prototype version of the device, no device is viable until its material

—— i —
e ——
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technology is well developed and perfected. This is the case with InP.
InP has shown great potential for electronic device applications.
However, little is known about its physical parameters.

In another related field, the Rome Air Development Center (RADC)
is currently investigating the temperature compensation of acoustic wave
devices. As part of their investigation, RADC is searching for and
testing various materials which have crystal orientations with low
temperature coefficients of delay. Materials with this characteristic
could then form acoustic devices that perform independent of temperature.
In short, for these new materials and devices, the user need not be con-
cerned with the temperature of operation.

InP is one such material with this potential of low temperature co-
efficients of delay. Thus there are two driving factors for InP re-
search. Since InP is also a III-V semiconductor compdund, the possibil-
ity exists for the fabrication ol both acoustic and microwave frequency
components on the same chip. If acoustic and electronic components can
be fabricated on InP, semiconductor devices made of InP would have the
advantages of smaller size, lighter weight, less noise, and lower power
requirements. Acoustic devices would have low temperature dependence.
Thus devices utilizing both semiconductor and acoustic properties would
be possible.

Therefore, in order to fully exploit the potential advantages of
InP, it is essential to develop accurate knowledge of the material
characteristics of InP. For by knowing its material characteristics,
InP can develop from a laboratory curiousity to a commercially available

product,

v
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Problem Statement

The first step toward making InP a commercially viable product is
gaining knowledge of the crystal's electronic and acoustic properties.
Among the basic parameters needed are the elastic constants. This re-
search will therefore obtain the elastic constants of InP. The elastic
constants of InP have only been measured at room temperature, and not
over a range of temperatures. Thus the objective of this research is to
measure the elastic constants of InP over a range of temperatures, 0.0°C
to 45.0°C, along its three major independent axes. This would result in
accurate knowledge of the elastic constants of InP and their temperature
dependence. The next logical step after this completed research would
be the manipulation of the data into matrix form. From here one could
solve for the effective elastic constant and corresponding temperature
coefficients in any direction. Since the major axes of InP are inde-
pendent, directional dependence would just be a linear combination of
the values of the three major axes.

These would be the first steps in obtaining knowledge about the
elastic constants of InP. This completed research, however, will only
accomplish the first step. This first step can be broken into several
tasks.

The first task of this research is designing circuitry that takes
into consideration the limitations inherent in the InP and is as simple
and as accurate as possible. Simple means circuitry that is easy to use
and understand. Circuitry that is easily procured and able to verify
the results of this research fits into this definition of simplicity.

Accurate means circuitry that measures just the elastic constants of InP

1.3
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and not a quartz-glue-InP combination, nor the possible combined effec~
tive elastic, piezoelectric, and dielectric value of InP. Such circuitry
will have to be flexible to measure over a range of temperatures., This
task of designing such circuitry includes an extensive literature search
to ensure that the requirements of simplicity, accuracy, and the limita-
tions of the InP crystals are met.

The second task of this research in conjunction with the literature
search is to verify that the circuitry works according to general acous-
tic and vibrational theory. Previous acoustic studies will be examined
and analyzed for possible application to this research. Functional
analysis will then be applied to insure that the resulting circuitry
will work in accordance with the InP crystals.

The third task of this research is to build the designed circuitry
and test it, The circuitry will be tested with X-cut-quartz which is
known to be acoustically resonant. Experimental data from the circuitry
will be compared with the known results for X-cut quartz for verifica-
tion,

The fourth task of this research is to perform the experiment on
samples of InP single crystal and collect appropriate data. A major
subtask of this area is to prepare the InP crystals for the experiment,
if they are not already adequate. If the crystals must be sent to an
outside agency or private contractor for preparation, a set of specifi-
cations and preparation instructions must be written. Another major
subtask, 1f the primary InP measurement technique should prove to be
unsuccessful, will be to design an alternate measurement technique. The

alternate technique must try to incorporate as much of the original

I-4




primary technique as possible and yet succeed.
The fifth task of this research is to document the investigation
and draw both conclusions and recommendations based on the results of

the experiment. A major subtask of this area will be to make comments

concerning any encountered difficulties and ways to prevent their

occurrence. Suggestions for follow on studies will also be made.

Scope

This research will only measure the temperature coefficients of the
elastic constants of InP. The temperature coefficients will only be
presented for a temperature range from 0.0°C to 45.0°C. This range is
more than adequate to determine the lst and 2nd order temperature co-
efficients of the elastic constants of InP. Such information will pro-
vide a sufficient data base for InP devices that operate around room
temperature. Furthermore, the temperature coefficients will only be
measured along the major axes of the InP crystal, that is, the <100>,

<110>, and <111> directions.

This research will not attempt to determine the temperature co-
efficients of the elastic constants of InP for any arbitrary direction
or temperature. Such work is left to the interested reader or profes-

sional to complete.

Approach and Presentation

This research will mostly be presented in chronological order.
Each chapter will discuss a different phase of the research and will
also cover any problems encountered and their eventual resolutiom.

Chapter 1I will address the theory and problem analysis of acoustic

1-5
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resonance. Section II-1 will cover the general background of the
chapter. Section II-2 will discuss the general theory of vibration for
arbitrarily oriented plates and how this theory relates to small crys-
tals. Section II-3 will address the major acoustic techniquee capable
of measuring the elastic constants and discuss their various advantages
and disadvantages. Section II-4 will center on completed acoustic re-
search that measured the elastic constants of other materials applicable
to this research on InP. It will also discuss how this research on InP
developed from these previous methodologies. Section II-5 will address
the constraints imposed by the InP crystals. Section II-6 will discuss
the major characteristics of the InP crystals that were assumed in
order that the elastic constants be derived.

Chapter III will address in detail the system selected to measure
the elastic constants of InP, discuss those problems encountered in the
collection of data, and finally, present the data. Section ITI-1 will
address the theory behind the design of the system. Section III-2 will
address the description of the system, both physical and functional
aspects. Section III-3 will center on the procedure to measure the
elastic constants of InP. It will also relate the procedure to the
specified preparation requirements of the InP single crystals. It will
also address the discrepancies between what was contracted for in terms
of the crystal specifications and what was actually received. Section
111-4 will discuss the modified experimental technique. Section III-5
will present the additional theory needed to understand the modiffed
experimental technique. Section II1-6 will center on the corresponding

modified procedure to measure the elastic constants of InP. Section

I-6




I1I-7 will present the experimental results of the InP research and
how they were derived.

Chapter IV will address the conclusions and recommendations based
on the results of this research. Section IV-1 will address the experi-
mental system, Section IV-2 will summarize the data collected. Section

IV-3 will focus on the material characteristics of InP. Suggestions for

’ follow on studies will also be made in this chapter.
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I1. Resonator Theory and Methods of Measuring Elastic Constants

Background

There exist many techniques for measuring the dynamic elastic con-
stants of solids. The technique of measurement by ultrasonic frequencies
can be divided into two broad categories. The first category involves
the physical resonance of the specimen. In this case electromagnetic,
electrostatic, or piezoelectric principles can be used to provide the
necessary vibrations. The second category involves the propagation of
travelling waves through the specimen. In this case the travelling waves
can be continuous or pulse modulated. It is this latter category that
has proved very useful in determining the elastic constants of small
specimens, especially single crystals, as reported by Huntington.

[Ref. 7:321] Therefore, this basic technique of wave propagation will

be applied to determine the elastic constants of InP.

Resonator Theory

The foundation for all acoustic techniques employing travelling
waves in small specimens is the theory of vibration. The general theory
of vibration of arbitrarily orientéd plates was studied extensively by
Tiersten. [Ref. 15:35] [Ref. 19:53] His findings revealed that a mode
of vibration involves three coupled elastic waves, and depends in a very
complicated manner on all the elastic, piezoelectric, and dielectric
constants of the material. In additfon, the vibration also depends on

the material density, thickness of the specimen, and the harmonic number

of the frequency. Exact solutions, however, were developed only for

I1-1
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decoupled thickness modes in thin plates. [Ref. 19:55] According to

Tiersten, they are:

cosya = 0 (unstiffened) (2-1)
tanya = -Y% (stiffened) (2-2)
k

172
2 |e
eff

In these equations, w 18 the resonant frequency, T 1is the thickness of
the specimen, p 1is the material density, k 1is the piezoelectric
coupling coefficient, and Coff is the effective elastic constant.

Since InP has piezoelectric coupling, this research is interested in the
stiffened case. For better visual conceptualization, equation 2-2 is
reproduced graphically below in Figure II-1. Note that the intersec-

tions of the tan ya curve with the straight line of slope 1/k2 give the

roots to the equation tanya = ya/kz.

20 4= v

18 L /
+]
16-- Lz (k-0.7)

124

8 3= tan ya

f(ya)

4 =

Yo
Figure II-1. Graphic representation of tanya = -Y% .
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For high values of w (high harmonic resaonances), both equations

2-1 and 2-2 yfield solutions of the form:

1/2
- %T— [—-L] (n 0dd) (2-4)
[
eff

Thus the high harmonic resonant frequencies for the stiffened case

and all resonant frequencies for the unstiffened case are given by:

1/2
n [Ceff
fHH =37 T (2-5)
The separation between successive high harmonic resonances is then:
: = 1/2
e L |_eff
AfHH T I:D] (2-6)

Since the density of InP is known to be 4.787 x 103 kg/m3, [Ref. 4:

23] and T, the plate thickness, and Af the separation between high

HH’
harmonic resonances, are measureable quantities, equation 2-6 provides

the means for determining the effective elastic constants as follows:

c o (T Afm)z (2-7)

eff =

where two contacts are made on opposite sides of the crystal. As Coff
is related to the elastic, piezoelectric, and dielectric constants,
measuring a sufficient number of Afan's allows calculation of enough
ceff's in order to completely specify the coefficients of the elastic
constant matrix of InP.

Since ceff is a readily measureable quantity, all that remains is to

relate this variable to the fundamental elastic constants of InP. This

is accomplished by using the general theory of Tiersten (1963) and in
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fact has been tabulated for other materials such as Bismuth Germanium
Oxide (BGO), Bilzceozo, by Onoe, Warner, and Ballman (1967). This
summary of characteristics is reproduced below in Table II-1. Since
InP is a cubic crystal of class 23, it has only three independent
elastic constants. Therefore, relatively few measurements are needed
for any given temperature, and attention can be focused to three plate
orientations: <100>, <110>, and <111>. Thus knowing Coff determines
€110 ©12° and 44" It can be noted here that fields perpendicular to

the major faces of a plate will always excite piezoelectrically stiffened
modes, while unstiffened modes may or may not be excited by parallel
firlds. [Ref. 18:4]

Thus, by measuring C.gf 28 outlined above, and utilizing Table II-1,
the entire elastic constant matrix of InP can be determined. In short,
measuring Afnﬂ’ the separation between high harmonic frequencies, allows
calculation of a unique Coff? the effective elastic cénstant for a
particular temperature and crystal orientation. Using the general theory
of vibration as applied to small crystals, Coff is broken down into a
function of €31 €120 and 44 the elastic constants of InP. By ex-
amining a sufficient number of different crystal orientations of InP
over a range of temperatures, the temperature coefficients and the

elastic constants can be determined. The task now remaining is to

measure as precisely as possible AfHH for several specific cases of InP.

Common Frequency Measurement Technigues

Although there are numerous techniques for frequency measurements
of acoustic resonances, the driving factors for this research were

simplicity, accuracy, and the limitations of the InP crystals. There

II-4
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currently exist a number of continuous wave (CW) or pulse-echo techniques
that accurately measure sound velocity. However, most of these systems
are quite complex. [Ref. 17:792] Of the more simple systems to measure
acoustic resonance, there are basically five major techniques.

General Pulse Echo Technique [Ref. 11:312]. This first technique

is a high frequency method which was first proposed by Pellam and Galt
in 1916, It was originally for liquids, but has also proved to be very
useful for solids. In this technique a quartz transducer is cemented to
one end of the specimen. A pulsed acoustic wave is then propagated
through the crystal and allowed to resonate within the crystal. The
reflected pulse is then detected so that the measurement of delay between
successive pulse echoes can be made. Separate transducers for trans-
mitting and receiving can also be used in this technique. For the gen-
eration of longitudinal waves X-cut quartz is recommended. For the
generation of shear waves Y-cut quartz or AC-cut quartz is recommended.
The operating frequency typically ranges from 5 to 1000 MHz., Figure II-2
shows a block diagram for a typical measuring circuit.

Although this technique is quite simple, great care must be taken
in several areas. First, preparation of the major faces of the specimen
must be precise. Flatness to + 1500 angstroms, and parallelism to
within 10 seconds of arc may be necessary, particularly for resonant
frequencies above 100 MHz.

Second, the bond between the transducer and the specimen must be
acoustically transparent. In selecting the type of glue, the question
of whether longitudinal waves will be propagated, or shear waves, or both

must be considered. Some glues or bonds are better than others depending
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PULSED AMPLIFIER
OSCILLATOR CONVERTER ATTENUATOR DETECTOR
LIMITER
/A + Transducer CALIBRATED
TIME DELAY
+ Specimen GENERATOR
D.C. PULSE SYNC. VIDEO
GENERATOR INPUT
OSCILLOSCOPE
Figure II-2. Typical measuring circuit for General Pulse Echo Technique.
: [Ref. 11:313]

on the type of wave being propagated and the temperature variation. The

novice researcher should refer to McSkimin (1967). ([Ref. 12:25]
Third, acoustic losses in the bond need to be considered and ac-

counted for. Such losses can be minimized by operating the crystal

combination at the resonant frequency of the transducer. Depending on

the type of glue used, a relatively high loss can occur at the fre-

quencies just above resonance due to the stresses produced.

Fourth, other miscellaneous losses need to be considered. For

instance, loss may occur due to the energy of the waves being absorbed

electrically. This loss, however, is considerably less at resonance

than it is slightly above resonance. The total reflection loss is

another loss to be considered. Using symmetrical terminations and one
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transducer for transmitting and receiving, a rough measurement of the
total reflection loss can be obtained. Direct visualization of the
instantaneous signal would provide a means of taking into account the
transducer coupling effects. Yet direct visualization requires using a
wide frequency bandwidth system. Also at high frequencies direct
visualization may prove to be infeasible.

This technique has several advantages. First, coupling of the
transducer is taken into account. This is important in accurately
measuring the acoustic properties of just the specimen, and not a trans-
ducer-specimen compound. Second, direct visualization of the instan-
taneous amplitudes results in having velocity measurements accurate to
within a few parts in 104. Third, the system can measure velocity as a
function of varying environmental conditions such as temperature.

There are some disadvantages with this technique. First, a trans-
ducer must be bonded to the crystal. This results in having a less than
pure measurement of the velocity due to only the specimen. Also coupling
effects of the glue must be taken into account. Second, extensive
crystal preparation is needed. Such preparation would add to the time
and costs associated with this technique. Third, the crystal must be
thick with respect to the transducer. This would eliminate the option
of being able to measure small crystals. Fourth, the type of glue may
geverely limit the number of measurements feasible and the type of wave
to be measured. This would restrict the size of the data base collected.
Fifth, there are several miscellaneous losses associated with this
technique.

Amplitude Modulated Pulse Echo Technique [Ref. 11:313] [Ref. 10:21].

I1-8




This second technique is sometimes referred to as the Pulse Super-
position Method. It utilizes the same physical arrangement of a crystal
transducer cemented to the specimen as mentioned in the first technique
with two significant differences. First, the transmitted waveform is
more sophisticated to allow a higher confidence level of detection.
Typical encoding schemes use a short duration RF pulse or train of waves
(Figure 1I-3) constructed by a CW oscillator and a gate generator
(Figure II-4). Second, if a pulsed acoustic wave is used, the pulse
duration must be long enough to establish steady-state conditions with
the transducer and glue, Therefore, T, the time between any given
crest in one echo and the corresponding crest in any other echo, will
depend on several factors (Figure II-3). This relation is expressed

in equation 2-8:

s s . 2L 4 1 )
T=pS - g0 t ¥ (2-8)

where p 1is the number of round trips involved, § 1is the round trip
delay time which results from the specimen alone, Yy 1is the phase angle
measured in degrees at the frequency, f, and is associated with the
reflection of acoustic waves at the transducer, f is the RF frequency
in the pulse, and n 1is an integral number of periods. Since p is
known and T and f can be measured, n and Yy must be determined in order
to obtain a value for §. Once § is known, the velocity of propagation,

v, can be determined using the relation:
va2l (2-9)

where T 1is the thickness of the specimen.
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Figure II-3. Wave trains (echoes) and reflection phase shift for
. arrangement with transducer cemented directly to specimen.
: [Ref. 11:314]

If calculation of n proves difficult, equation 2-8. can be re-
arranged by noting that t is a function of the wave frequency, f. For

example, by making measurements at the resonant frequency of thé trans-

ducer, fo’ and at fL’ a frequency 5 or 10% lower than fo and applying

equation 2-8 to each measurement, the subsequent relaticn is:

' 1 PYL 1 PYo
i : At fL (n - 360 ) - fo (n - 360 ) (2-10)

where At is the change between corresponding crests, is the phase

L
angle at fL’ and Yy is the phase angle at fo. The right-hand side of
4 i equation 2-10 can then be evaluated for different thicknesses of the bond

adhesive used. From such values a derivation of t can be selected such

that n = 0. Then the delay time, §, is given by the relation:

—
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where 7, 1s that value of T when n = 0.

This technique has several advantages. First, coupling of the
transducer is taken into account. Second, direct visualization of the
instantaneous amplitudes are not necessary. Video pulses are used in-
gtead of the amplitude pulses. This eliminates the need for circuitry
with extremely large frequency bandwidths, Third, the superposition of
pulses provides good accuracy with § easily determined to a few parts in
104. Fourth, this technique can measure velocity as a function of
varying environmental conditions such as temperature.

There are some disadvantages with this method. First, the pulse
duration must be long enough to establish steady-state conditions. High
frequency measurements could prove to be difficult. §econd, diffraction
error could lead to lowered accuracy. Diffraction error is the error
due to the travelling wave deviating from the original direction of pro-
pagation. Third, the specimen must be thick with respect to the trans-
ducer and carefully prepared. Crystal preparations must be similar to
thoge discussed in the General Pulse Echo Technique. Fourth, a trans-
ducer must be bonded to the specimen. This results in having a less than
pure measurement of the velocity due to only the specimen. Fifth, care-
ful consideration must be used on the type and thickness of the glue.
1f t, the change between crests, must be determined experimentally so that
n = 0, several transducer-glue-specimen samples must be prepared. Sixth,
as with General Pulse Echo Technique, there exist several miscellaneous

losgses associated with this technique which could lead to errors in
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accuracy.

Phagse Modulated Pulse Echo Technique [Ref. 11:315}. This third

technique is sometimes referred to as the Phase Comparison Method since
it obtains high accuracy through phase comparison. When combined with
pulse techniques, this basic inherent accuracy of phase comparison can

be used to good advantage in measuring wave velocities. This combination
retains the advantage of being able to check alignments by direct
visualization of the individual echoes. In addition, this combination
easily determines velocities from frequency measurements. Figure II-4

illustrates a typical phase comparison pulse echo technique.

OSCILLOSCOPE
GATE
cw HARMOI‘?I c AMPLIFIER O

OSCILLATOR GENERATOR RECTIFIER

Transducer

Buffer

Specimen
FREQUENCY D.C. PULSE SYNC.
COUNTER GENERATOR

Figure II-4. Typical measuring circuit for the Phase
Modulated Pulse Echo Technique.
(Ref. 11:315]

In such a system the pulsed waves produce a series of echoes by

reflecting back and forth within the specimen. Temporarily disregarding
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the effects of the transducer, the output voltage signals produced by

any two successive echoes are as follows:

e-2wT/v

- v
E, = E;Ae (2-12)

1 is the first received signal, E2 is the second received

signal, ¥ 1s the phase angle, w 1is the frequency in radians, T 1is the

where E
thickness of the specimen, v is the velocity of propagation, and Arer
is the product of the complex reflection coefficients for the reflections
of waves at the end faces of the specimen.

If the echoes are exactly in phase, the phase components of E. and

1

E2 can be equated. The expression for the phase angles then becomes:

e—an _ ejy x e-ZmT/v (2-13)

Taking the logarithm of both sides, equation 2-13 becomes:
-2m = jy - B (2-14)
v

where w, is the frequency of the nth reflection in radians and n is an

integer. From equation 2-14, solving for v gives:

- 2Tf
v n + (y/2n)

(2-15)

where £, 1is wy, /27,
For accurate results, n must be known without ambiguity even for
approximate measurements, and likewise for vy, even though y can sometimes
be negligible. Accuracy results by McSkimin (1957) have been within a
few parts in 104. [Ref. 12:25] Examining this phase comparison pulse

echo technique in detail, gated harmonic generators or amplifiers can be
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used instead of pulsed oscillators in order to provide more stable RF
pulses. A suitable buffer rod can be made of an optical grade of strain-
free fused silica. The specimen is attached to the end face of the rod
opposite that attached to the transducer. Although some of the signal

energy passes through the bond to produce echoes, in general, most of

54 the energy is reflected at the interface. As previously mentioned,
measurement of the relative amplitudes of the reflected wave and its
'; : first echo determines the phase angle, y. By increasing the pulse
duration, interference between echoes occurs. A distinctive video
pattern occurs at f,; indicating that the waves are in-phase. This is
illustrated in Figure II-5.
By obtaining the values of f, over a wide range of frequencies, the

integer, n, can be determined by the relation:

fn

IY; (2-16)

n ;

where Af is the frequency separation between adjacent values of S

This technique has several advantages. First, evaluation of the
transducer coupling effects can be made. This results in having velocity
measuremen:e accurate to within one part in 105. Second, very small
specimens can be measured, such as crystals with linear dimensions as
small as 2 millimeters. Third, the use of high frequencies minimizes
errors due to diffraction and transducer coupling. Fourth, electrically
conducting electrodes are not required on the specimen. Fifth, use of
the buffer rod makes pos#ible an optimized large passband transducer

which will produce high quality pulses.
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Figure II-5, Video patterms for the Phase Modulated Pulse Echo Technique.
[Ref. 11:313]

In Figure II-5, Er is the energy reflected at the buffer interface. El

and Ez, as previously mentioned, are the energies of successive pulses.
There are some disadvantages with this method. First, extensive
preparation of thé buffer rod may be necessary. Since the amplitude of
the specimen-buffer rod interface reflection may be large with respect
to the specimen pulses, bevelling the rod nearest the specimen may be
necessary in order to reduce the incident energy on the rod-specimen
interface. This would reduce the ratio of Er to El’ as shown in Figure
II-5, and increase the chances of detecting El' Ez, etc... Second,
thermal stress may occur as a result of the different thermal expansion
coefficients. This would cause fracturing of the specimen and rod.
Third, ;he seal problem for shear waves may drastically attenuate any
return signal, especially at high temperatures. Fourth, this technique
is not a good method for varying temperatures, although it is good for

absolute temperature measurements,

Sing-Around High Frequency Technique [Ref. 2:963]. This fourth

technique can be applied to both gsolids and liquids. In this method
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gseparate transducers are used for transmitting and receiving the signal
as illustrated in Figure II-6. A pulse is propagated through the speci-
men, detected, and used to trigger another pulse. This repetition rate
of the series of pulses, sometimes called the pulse repetition rate
(prf), can be accurately measured and thus determine the delay time, 7,
and the velocity of propagation, v. Precision, however, is absolutely
necessary in the measurement of the number of pulses in a known time

interval and in the known length of the sonic course.

RF PULSE
3 . GENERATOR ——‘E SPECIMEN AMPLIFIER

(Liquid or Solid)

E FREQUENCY
’ COUNTER

FEEDBACK

Figure II-6. Typical measuring circuit for "Sing-Around"
High Frequency Technique. [Ref. 11:290]

The term sonic course is used because, unfortunately, the average

time delay is made up of two components. The first is the desired

acoustic delay due to the specimen. The second is the delay caused by
the electronic circuits, the crystal transducer, and the crystal binder.

Since the electronic delay cannot be ignored, some means must be

P

found to eliminate it from the calculations of the delay time. As a

result, the delay time will strictly be a function of the specimen, and

-

H
i
;
g
;
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not the electronic circuitry. The simplest way to eliminate the
electronic delay is to use two specimens of different length under the
same experimental conditions. The difference between the two average
time delays represents the acoustic delay due to an acoustic path length
equal to the difference between the two specimen lengths. This assumes
that the electronic delays are the same for both specimens. This
assumption, however, is not strictly justified and measures must be taken
in order to minimize the differences in the electronic delay.

The electronic delay in turn is comprised of two components. The
first component is the trigger point delay. The second component is
the circuit delay resulting from the electronic circuitry. The trigger
point delay exists because the successive pulses are not generated at
the instant that the beginning of the trigger pulse arrives at the
trigger point. The next pulse is initiated sometime later depending on
the shape of the leading edge of the trigger pulse and the threshold
voltage at which triggering is initiated. This is illustrated in
Figure II-7,

Since each specimen measurement could have different trigger point
delays, the difference in the two trigger point delays is the principal
error in the acoustic delay time. In order to minimize this difference,
the supply voltages must be stabilized, and the trigger pulses for the
two specimens viewed on an oscilloscope. This allows one of the trigger
pulses to be adjusted by means of the equipment gain controls so that
the slope and amplitude of the leading edges of both trigger pulses are
as nearly alike as possible.

The circuit delay which is caused by the rest of the electronic
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Figure II-7. Illustration of time difference between arrival of the
trigger pulse and the triggering of the next pulse. The time
difference is called trigger point delay. [Ref. 2:964)

circuits in the path traversed by the pulses mainly results in a second-
order error. The difference in this delay time between the two specimens
can be minimized. The differences in the delay times between the two
specimens can be made negligible by using matched crystals and by
ensuring that the total binder thickness is the same for both experiments.
There are several advantages to this technique. First, this method
is particularly simple since RF modulation of the electrical pulse is
eliminated, special pulse counting circuits are not employed, and a
relatively simple detector-amplifier is sufficient for operation.
Second, coupling effects of the transducer and electronic circuitry are
taken into account by varying the specimen length., Third, precise

measurements of specimen length result in absolute measurements accurate
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8
to within a few parts in 10, and relative velocity changes to one part
i in 109. Fourth, the system can measure velocity as a function of varying

environmental conditions such as temperature.

There are disadvantages with this method. First is the problem of
errors due to the delay contributions of the system and transducer as
well as in the accuracy of measuring the length of the specimens.
Second, the effects of the amplitudes of the different pulses, not only
between specimens, but also within individual experiments, can cause a

loss in accuracy. Third, for each type of velocity measurement needed,

g two specimens must be prepared. Fourth, careful consideration must be
used on the type and thickness of the glue. Nonuniformity could cause
! a significant difference in the delay times. Fifth, there are several
miscellaneous losses associated with this technique such as reflection

} loss, diffraction loss, and circuit attenuation.

Continuous Wave Resonance Technique [Ref. 11:309]. This fifth

technique was developed by Bolef and Menes in 1960 for high frequency

resonance in the MHz range. The equipment used by this technique was

minimal and very simple. The necessary equipment consisted of a
standard Q-meter and a frequency measuring device, such as a counter,
as illustrated in Figure II-8, In this technique a continuous acoustic
wave 1s propagated through the crystal and monitored as its frequency is
varied. A sudden drop in Q determines where the resonant frequency
; occurs. This drop can be determined with good accuracy. Only one trans-
ducer needs to be cemented to the specimen and very small specimens can

be used if the frequency is very high,

i ot y——

\ This technique has several advantages. First, this method is par-
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Figure II-8. Typical measuring circuit for the Continuous Wave Technique.
[Ref. 11:309]

ticularly simple. Like the "Sing-Around" Technique, special pulse
counting circuits are not employed, a relatively simple Q-meter is suf-
ficient for operation, and RF modulation is not necessary. Second,
measuring a relative drop in Q results in frequency measurements accurate
to a few parts in 106. Third, use of high frequencies minimizes errors
due to diffraction and transducer coupling. Fourth, very small specimens,
as small as 1 millimeter, can be measured. Fifth, this method can measure
velocity as a function of varying environmental conditions such as tem-
perature or pressure,

There are disadvantages with this method. First, a transducer must
be bonded to the specimen. This results in having a less than pure

measurement of velocity due only to the specimen, Also coupling effects
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of the glue must be taken into account. Second, extensive crystal
preparations are needed. Crystal preparation must be similar to those
discussed in the General Pulse Echo Technique. Third, there are some

miscellaneous losses associated with this technique.

Selection of an Appropriate Measurement Technique

Any one of these five acoustic wave techniques could measure AfHH’
the separation between high harmonic frequencies, or its inverse, ATHH,
and thus calculate the elastic constants of InP. However, since the
elastic constants are a very fundamental physical parameter for device
technology, the accuracy of the measurements needs to be precise. In
addition, the selected technique must also consider the limitations of
the InP crystals. Third, the selected technique must also provide con-
tinuous readings as temperature is varied, and not require any recali-
brations or other adjustments between readings. The technique that best
satisfies these demands is the Continuous Wave Resonance Technique.

The most dominant factor affecting the choice of technique was the
limitations of the crystals. The InP crystals were cut from two boules
manufactured by RADC/ES, Hanscom Field, MA. The boules were grown by
the Liquid Encapsulated Czochralski Method (LEC) from seed crystals that
were directly synthesized from the elements Indium and Phosphorus. Direct
synthesis was used to insure the highest starting level of purity pos-
sible. However, even though LEC growth has produced the largest InP
single crystals [Ref. 8:1i1], one of the boules twinned. Since it was
desired to have as pure InP as possible, with a minimum number of im-
purities and dislocation densities, this result was expected. Thus the

first limitation of the InP single crystals was size. Since the number
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of impurities, dislocation densities, and the probability of twinning
are all inversely related to each other, the demand for pure TnP
severely limited the size of the InP single crystals. The selected
technique therefore had to measure acoustic resonances on small crystals.
The General Pulse Echo Technique and the Amplitude Modulated Pulse
Echo Technique had the major disadvantages of not being able to measure
small crystals, requiring a long time interval for steady-state condi-
tions, and needing a transducer to be bonded onto the crystal. Although
these disadvantages could be minimized, it would increase the complexity
of the technique. They were therefore eliminated as preferred methods.
The Sing-Around Technique had the major disadvantages of the
existence of trigger point delays, and the requirement of needing two
nearly identical specimens per measurement. These could not be resolved
without increasing the complexity of the technique. It was therefore
eliminated as a preferred method. Thus the two best techniques for
acoustic measurements in small crystals were the Phase Modulated Pulse
Echo Technique and the Continuocus Wave Resonance Technique. Yet in terms
of simplicity, the Phase Modulated Pulse Echo Technique required the
manufacturing of a buffer rod, whereas the Continuous Wave Resonance
Technique did not. Furthermore, due to improvements as mentioned below,
the Continuous Wave Resonance Technique was potentially more accurate
than the other techniques. Thus the Continuous Wave Resonance Technique
was selected as the preferred method for best overall satisfaction of

the requirements of accuracy, simplicity, and the limitations of the InP

crystals.




Development of a Technique for InP

Two previous studies have improved the Continuous Wave Resonance
Technique applicable to this research on measuring the elastic constants
of InP. The first study was done by Slobodnik and Sethares in 1971, and
the second study was done by Melcher, Schickfus, and Baumann in 1981.

In 1971 Slobodnik and Sethares refined an experimental technique
originally developed by Onoe, Warner, and Ballman in 1967 to measure the
elastic constants of Bismuth Germanium Oxide (BGO). In both BGO studies,
the crystal plates were assumed infinite in both transverse dimensions.
[Ref. 18:2] With this refined technique Slobodnik and Sethares succeeded
in accurately determining the elastic constants of BGO.

The Slobodnik and Sethares study clearly demonstrated the advantages
in using a special crystal holder, a Wayne-Kerr VHF admittance bridge,
and a spectrum analyzer. These three pieces of equipment allowed greater
experimental accuracy, precision, and sample purity. The use of a
special crystal holder, or "jig" was advantageous since a transducer did
not have to be cemented onto the crystal, nor did a buffer rod have to
be prepared. The detected resonant frequencies were thus only due to
the BGO alone. The Wayne-Kerr VHF admittance bridge was advantageous in
that it could easily be adjusted to produce resonance and resonant fre-
quencies in the crystal. The spectrum analyzer was advantageous in that
it produced an easy visual check to determine where the resonant fre-~
quencies of the crystal occurred. For these reasons, the adopted tech-
nique in this InP research adopted some of the equipment and methods used
in the 1971 Slobodnik and Sethares study.

Similarly in 1981, Melcher, Schickfus, and Baumann refined a simple
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set of circuits for measuring the elastic constants of Z-cut quartz.
This circuitry had been previously developed by Melcher, Bolef, and
Merry in 1968 to measure the elastic constants of (antiferromagnetic)
Rubidium Magnesium Fluoride (RanF3). This technique was capable of
automation and accuracy of one part per 108 or better. [Ref. 14:432]

In 1981 Melcher study clearly demonstrated the advantages of cir-
cuitry with lock-in capabilities, low power requirements, and high
precision. The lock-in circuitry was advantageous since the resonant
frequency was able to be determined to the tenths of Hz, Thus resolution
was better than 3 x 10-8 for the sample. [Ref. 14:433] In addition,
precision did not depend on the human eye detecting the resonant fre-
quency. The advantage of low power was desirous since the system could
measure frequency changes without heating or cooling the sample. Thus
the environmental temperatures registered by a thermometer would be equal
to the temperature of the sample. For these reasons, the new technique
in this InP research adopted some of the equipment and methods used in
the 1981 Melcher, Schickfus, and Baumann study.

This research on InP therefore combines these two techniques, em-
ploying the theory developed by Tiersten. The resulting circuitry com-
bination uses common laboratory equipment designed to produce accurate,
reproducible, and pure values of the elastic constants of InP. The InP
technique utilizes the special crystal holder, Wayne-Kerr bridge, and
spectrum analyzer of the 1971 Slobodnik and Sethares study. This equip- .
ment is supplemented with an environmental chamber and thermometer to
respectively change and record the environmental temperature of the InP

crystal. The InP technique also utilizes the lock-in amplifier, oscillo-




scope, signal generator, and the principles of integration and addition

of the 1981 Melcher study. This equipment and principles are supplemented
with an enable/disable switch, amplifiers, and a blocking capaci%~or that
respectively allow automation of the system, amplification of a weak
acoustic signal, and the minimizing of system noise. In addition, an
analog integrator and adder were constructed from operational amplifiers
and resistors to allow precise lock-in. A complete list of the equipment
used in this study is listed in Appendix B. However, in order to under-
stand why the system was designed this way and how it works, it is im-
portant to first discuss the remaining major forecasted characteristics

of the InP crystals,

Desired Characteristics of the InP Crystals

Since time was an important factor in this InP research, the crystals
were prepared to exact and demanding specifications so that an acoustic
response could be detected. Since the Air Force Institute of Technology
(AFIT) and RADC were unable to prepare the crystals for measurement, the
work was contracted out. The company that performed the orientationm,
cutting, and polishing of the InP crystals was Interactive Radiation
Incorporated (INRAD). A detailed list of the specifications for crystal
preparation is described in Appendix C.

Assuming the InP crystals met the specifications as discussed in
Appendix C, they would have several noteworthy characteristics., First,
they would be small, With twinning having occurred in one of the boules,b
it was reasonable to expect samples of the size 4 mm x 5 mm x 1 mm thick.
INRAD would try to produce 3 thick plates of 11 mm x 10 mm x 5 mm thick-

ness in size, but the majority of the crystals would be small,
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Second, the InP crystals would be single crystal. For if the InP
sample was not all one crystal, no acoustic responses would be able to
be detected. Anything but single crystal InP would cause severe atten-
uation of the acoustic wave especially at the interfaces of the crystal
boundaries within the InP sample. Therefore in order to minimize atten-
uation and dispersion, the InP had to be single crystal.

Third, the InP crystals would be semi-insulating. The expected
resistance of the InP would exceed 107 ohm-cm. If the InP did not have
sufficiently high resistance, severe attenuation of the acoustic signal
would occur causing the return signal to be either too weak to be detected
or nonexistent. Therefore, in order to minimize attenuation, the InP had
to be semi-insulating. Furthermore, the crystal had to be semi~insulat-
ing in order to use its intrinsic piezoelectricity to launch the acoustic
waves.,

Fourth, the InP crystals would have good polish and parallelism.
Without gcod polish ( + 1500 angstroms ), the propagating wave would not
be reflected coherently. Thus the return signal would either be too
weak to be detected or nonexistent., Needless to say, the InP crystals
had to be free of large pits and scratches. Without good parallelism
the reflected waves would destructively interfere, causing a loss in the
resonator Q of the InP crystals. Poor parallelism would also cause air
gaps to form between the crystal and the crystal holder, and therefore
severely attenuate any travelling waves. Thus, in order to maximize
resonator Q, and signal strength, and to minimize dispersion, propagation
loss, and attenuation, the crystals had to have good polish and parallel-

ism,
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Fifth, the InP crystals would have to be properly oriented. If
they were not properly oriented ( + 0.2 degrees), then pure modes of
vibration would not occur and the theories discussed in Section II-1
would not be applicable to this research.

These are the five major characteristics desired for the InP
crystals. If they all held true, the new technique would detect an
acoustic response in the InP, From detection of an acoustic response,
AfHH could then be calculated and subsequently the elastic constants of

InP. The details of how the system detects an acoustic response are

explained in the next chapter.
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III. Description of Test System and Data Collection

Theory of Test System

4 Assuming that the InP crystals would meet the specifications given
to the contractor, the theory to measure the acoustic responses is very
simple. Recalling that the system must measure AfHH’ the change in the
high harmonic resonant frequencies, the problem simplifies to the abil-
b ' ity of the system to locate precisely the peaks of the resonant fre-
quencies. A typical signal response of a resonance curve is illustrated

in Figure III-1l. Here the resonant frequency produces the highest value

of the resonance curve.

Amplitude +

B R R S —

]
(=]

Frequency -+

Figure III-1. Typical response of signal strength versus
frequency at resonance.

If the system had an RF carrier frequency, fcw’ which was frequency
modulated (FM) at an audio frequency, fA’ centered at fcw’ the carrier
signal would be amplitude modulated (AM) at the receiver at the frequency
f . fA by an amount proportional to the slope of the resonance at fcu' [Ref

13: 1619] If there existed some sort of lock-in device referenced to

£,, its output would be proportional to the first derivative of the
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resonance curve's envelope. At fcw = fo the slope of the resonance
curve is zero, hence its first derivative and the output of the lock-in
device are both zero. Thus, the amplitude modulation resulting when
fcw is tuned off the center of the resonant frequency is shown schemat-
ically in Figure III-2a, When £f is tuned to £ = f |, as shown in

cw cw o
Figure III-2b, no amplitude modulation at fA results, but some amplitude

modulation will occur at 2f, and at higher harmonics. The lock-in de-

A
vice must therefore reject all signals not at fA in addition to a null
reading when fcw = fo. Therefore, detection is possible since this null
condition is quite sharp even for rather highly attenuating samples (ie:
low Q). [Ref. 13:1619] Thus for this InP research, detection of the
precise resonant frequency peaks is possible given the samples are pro-
perly prepared. The problem now simplifies to building a system that

precisely locks onto the resonant frequencies. This is discussed in

detail in Section III-2.

Description of Test System

The block diagram of this InP experimental system is shown in
Figure III-3. An RF CW oscillator with a DC coupled FM input, the
Hewlett-Packard (HP) 8654A Signal Generator, is modulated by the audio
oscillator of a Princeton Applied Research (PAR) 184 Lock-In Amplifier.
The CW oscillator is used to generate the carrier frequency, fcw' The
PAR amplifier is used to provide a sweeping frequency, fA’ and is fine
tuned by a feedback loop. The output of the CW oscillator is inputed

to the source connector of the Wayne-Kerr (WK) bridge, and also to a

frequency counter, the HP 5340A Electronic Frequency Counter. The WK
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Figure III-2. Schematic diagram of the effect of FM deviation 2Af cen-
tered at the carrier frequency f.,. The audioc modulation is f,. The
resonant frequency is f,. In Figure 2a, f., ¥ f, results in amplitude
modulation of the carrier signal at the audio frequency f,. Nulling
of this amplitude modulation is shown in Figure 2b. By precise adjust-
ment of the carrier frequency such that f. = f,, the output has some
modulation at 2f, (and higher harmonics), but none at f,. Since the
lock-in amplifier rejects all signals not at f,, it indicates a null

reading at f ., = £,.
Bridge is used to balance the reactance of the InP crystal near its reso-

nant frequency and cause the crystal to produce a strong signal at its
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resonant frequency for detection. The frequency counter continuously
monitors the frequency of the CW oscillator and will provide the exact
resonant frequency. The two test point terminals of the WK bridge are
connected to the ends of the crystal holder which will contain the InP
crystal. The crystal holder is placed within the environmental chamber,
the Tenney Jr. Environmental Chamber, and its environmental temperature
is monitored by a thermometer, a Cyborg Thermal P-642 Audio Thermometer.
Thus the environmental temperature of the InP crystal can be varied and
monitored to within + 0.01 °C. The output of the WK bridge is passed
through two amplifiers in series, a Watkins-Johnson Cascade Amplifier,
and a HP 8447A Amplifier, in order to boost up the detected signal,
From the amplifiers the signal is inputed into a spectrum analyzer, a
Tektronix 7603 Spectrum Analyzer, in order to provide a visual check for
the resonant frequencies, and a HP 962B Crystal Detector which detects
the envelope of the amplified signal. From the envelope detector the
detected signal is inputed to a DC blocking capacitor located on the
Elite-3 Wiring Board. From the DC capacitor the detected signal is
amplified and then compared to the original by an analog adder inside
the PAR lock-in amplifier. The difference between the two signals is
integrated by an analog integrator. The integrator is constructed of
operational amplifiers and resistors and provides a dc correcting volt-
age. This voltage is then added to the sweeping frequency of the PAR
amplifier by an analog adder. This sum is inputed back to the DC coupled
FM input of the CW oscillator completing the feedback loop.

The system accomplishes theory as discussed in Section III-1 in the

following manner. The CW oscillator provides a fcv which is frequency
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modulated by fA that is produced by the PAR amplifier. This modulation,
fA’ causes fcw to be swept across the resonance curve and fo. This
sweeping of fcw produces an AM signal at the output of the WK bridge.
The AM signal has frequency fA if fcw # fo' If fcw = fo’ the AM signal
has frequency 2fA and higher harmonics. For this case of fcw # fo’
there exists no fA component in the AM signal. Continuing with the
case fcw fo’ the first adder located in the PAR amplifier subtracts
the frequency of the AM signal from the original sweep frequency, fA.
The difference is integrated providing a dc voltage proportional to the
frequency difference f° - fcw' When the enable switch is on, this dc
voltage is added to the original sweep frequency. This signal becomes
an input to the DC coupled input of the CW oscillator causing fcw to
move toward fo and lock onto fo. The key to lock-in is the feedback
loop. If fcw > fo’ the integrator outputs a negative‘dc voltage de-
creasing fcw’ 1f fcw < fo’ the integrator outputs a positive dc voltage
increasing fcw' Thus fcw is able to lock onto fo precisely.

The important modification to the feedback loop from the 1981
Melcher study is the use of an external analog integrator. The result,
however, is the same as the 1981 Melcher study. The output of this in-
tegrator is added to the audio output of the PAR amplifier and thus a
feedback loop is formed which corrects fcw until fcw - fo. This system
is an automatic fine tuning system that locks fcv onto fo. Long integra-
tion times of the frequency counter can be used to increase the resolution
of the resonant frequency to the tenths of Hz., Also the counter may be

connected to a calculator for automatic data acquisition and further data

processing. The hook ups to the oscilloscope provide an additional visual
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check for coarse tuning to the resonant frequency, fo' The spectrum
analyzer provides the primary visual check for coarse tuning to the
resonant frequency. The oscilloscope can also be used to monitor the
stability of the system. In this InP research both the spectrum ana-
lyzer and the oscilloscope were used to provide visual checks for
resonance.

Some minor modifications were also made to provide additional sta-
bility and control of the InP system. The first modification concernms
t stabilizing and maximizing the signal to noise ratio (SNR) to the PAR

3 ) amplifier and oscilloscope. From the output of the envelope detector,

the HP 962B, a DC blocking capacitor, 2uF, was used to maximize the SNR
of the detected signal by minimizing the low frequency noise entering
the system. From the DC capacitor the signal passed through a 100 to 1
- 4 voltage divider in order to scale down the signal strength for the PAR

amplifier. This was done since the PAR amplifier was very sensitive.

The PAR amplifier’'s lowest A/V setting, equal to 10-5, was more than

adequate to detect the AM signal. From the voltage divider the signal

passes through a low pass filter and a variable gain amplifier. This

maximizes the SNR of the signal prior to its input to the oscilloscope
! which also provides an additional visual check for detected resonance.
This circuitry is illustrated in Figure III-4,

The second mofification concerns filtering out noise from the power
supply to the operational amplifiers. This is important since the
operational amplifiers are the basis of the analog integrator and adder
in the feedback loop. Therefore, in order to maintain a constant 30

! ' volt difference in the power supply, the +15V, -15V, ground, and common
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2uF 1KQ 2KQ

AAA

FROM A To
DETECTOR Lok 0SCILLOSCOPE
PAR L

Variable Gain
Resistor

Figure II1I-4, Schematic diagram of detailed circuitry for adjustment
of input signal to oscilloscope.

terminals of the power supply, the HP 6236B, were connected via a power

filter. This power filter is constructed of two 2uF capacitors, and {is

1llustrated in Figure III-5.

+15V o f > O;VA;;
2uF
T™

-V on

-1V o —> 0P-AMP.

Figure III-5. Schematic diagram of power filter.

The third modification concerns the analog integrator. In addition

to an enable/disable switch, this circuit includes a dc voltage level
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adjuster. The purpose of the enable/disable switch 1s obvious. When
feedback is desired, the switch is enabled, allowing the output of the
"function out" terminal of the PAR amplifier to be integrated and thus
provide the dc correcting voltage. The output of the "function out"
terminal of the PAR amplifier is the output of the adder which compared
the frequency of the detected signal with that of the original sweeping
signal. When feedback is not desired, the switch is disabled. Since
the disable terminal is tied to ground, no correcting voltage comes from
the integrator. The DC level adjuster provides enough gain into the
feedback loop so that lock-in is within the limits of the correcting
voltage of the integrator. The DC level adjuster consists of two in-
verting operational amplifiers, one of which has a variable gain control.
This set of circuitry is illustrated in Figure III-6. For correct
initialization, the output of the DC Level adjuster should be zero when
the output from the "function out'" terminal of the PAR amplifier is
zero.

These are the details of the feedback control loop. In short, the
stable operation of the feedback loop is necessary for the precision
required of the InP experimental system., Stability is maintained by
such circuitry as the filters, voltage divider, enable switch, power
filter, and variable gain ampliffers. In addition to monitoring by the
oscilloscope, stability is also maintained by proper adjustment of all
the various time constants. There exist four important time constants

in the InP system. The first is t_, the characteristic time constant of

S
the sample, where Tg = Q/ﬂfo. The second 1is Ty the modulation period

of the sweeping frequency, where T, = l/fA' The third is Tint? the in-
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Figure III-6. Schematic diagram for the control system of the analog
integrator in the feedback loop.

tegrator time constant, where Tint = Rint Cint (1 sec. in this case).

The fourth is ¢ the PAR amplifier filter time constant. The require-

PAR’

ments for stability and precision dictate Tint >> AR’ Tqnt > T and

s'
T, >> Tge [Ref. 13: 432] Proper adjustment of these four variables
allows greater precision since all four can be adjusted as desired to
prevent beating or excessive delay and maintain stability.

Thi. is the system used to measure the relative changes in the
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resonant frequencies of InP. Figure III-3 gives the general schematic
diagram of the system. Figure III-4, III-5, and III-6 describe impor-
tant details of the InP system. Appendix B gives the complete equipment
list. For a detailed description and picture of the crystal holder, the
interested reader should refer to Slobodnik and Sethares, 1971. The
crystal holder used in this InP research is the same one used in the

1971 Slobodnik and Sethares study. [Ref. 18]

Experimental Procedure

The first task of the experimental procedure was to check if the
system worked. An X-cut quartz sample was prepared by Valpey Fisher
Corp. (VFC) with gold leads evaporated onto the quartz. The quartz was
then placed in the environmental chamber and connected to the input
terminals of the WK bridge by a cable passing through the walls of the
chamber. Using an fo = 30 MHz, the Q factor was approximately 51,000.
T of the counter was set to 1 second, fA to 900 Hz, and ¢ to 100

PAR

> >> .
Ts» a4 Tine 77 Tar

Resonance was thus detected to the ones of Hz. Velocity measurements

milliseconds. This was to insure TA >> TS’ Tint >
were accurate to within 0,5% of the known results., X-cut quartz is
known to have a temperature dependence of -20 to -24 ppm per °C. The
system measured -19.5 ppm per °C. The measured temperature dependence
was thus within 1 ppm per °C of the known results.

Now that the system had been carefully checked out with both theory
and quartz and found to be accurate, the remaining task left was to
measure AfInP for the InP samples. The InP samples returned by INRAD
totalled eleven. Six were small plates, three were thick plates, and

two were irregular plates. See Appendix C for details of orientation
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and preparation. Thus the required number of samples had been manu-
factured. The second task was to see if the crystals were up to the
desired specifications.

The easiest way to perform the second task and assess its impact
was to first see if resonance could be detected on the InP crystals.
Unfortunately, resonance was not detected on any of the INRAD prepared
sanples. Resonance detection was attempted three different ways with
the InP samples.

The first way involved parallel excitation along the longer major
face edge. This involved placing the crystals snuggly within the crystal
holder with the longer face dimension flat against the edges of the
crystal holder. No resonance was detected by this method for all the
InP samples.

The second way involved parallel excitation aloné the smaller major
face edge. This involved rotating the crystal 90° along the horizontal
axis from the previous method. In this case the smaller dimension was
placed flat against the edges of the crystal holder. No resonance was
detected by this method for all the InP samples.

The third way involved perpendicular excitation. This method only
involved four of the InP samples. For this method silver was evaporated
on the major faces of the InP samples and leads were attached with sil-
ver epoxy. The leads were then directly connected to the input terminals
of the WK bridge. No resonance was detected by this method for all the
InP samples tested. The thickness of silver evaporated onto the InP was
0.33 microns.

With resonance unable to be detected by the system on the InP
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samples, the next task was to examine specific characteristics of the
InP samples, characterize these traits, and design an alternate pro-
cedure to successfully detect the resonant frequencies of the InP.
There were many areas of crystal preparation that could have been
in error. After discussions with various scientists from RADC and the
Massachusetts Institute of Technology (MIT) Lincoln Lexington Labora-
tories, the major areas investigated were purity, resistivity, polish,
surface roughness, parallelism, and crystal structure of the InP crys-
tals. Fortunately, additional TnP crystals were donated during this
time period from RADC/ESM (Boule #3) to be used as a comparison and
reference to the original set of InP crystals (Boule #1 and Boule #2)}.
Since various tests used to measure these InP characteristics apply to
more than one area of concern, documentation of this InP investigation

will be structured by topic.

The first area of investigation concerned purity. Detailed studies
were made of the histories of the InP samples. A review of RADC docu-

mentation revealed that the InP seed crystals were directly synthesized

from the elements. It also showed that it was some of the purest InP
produced b& RADC. In the growing of the boules, however, it was dis-
covered that Boule #1 had been overdoped with iron (Fe). As previously
mentioned, Boule #2 had twinned due to its low concentrations of Fe and
dislocation densities. Suspecting that the boules could have significant

; differences in purity, transmission infrared photographs were taken of

% various InP samples from both Boule #1 and Boule #2. The photographs
verified that all but one of the InP samples from Boule #1 were of in-

sufficient purity and contained too much Fe. Photographs of the InP
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samples from Boule #2, however, indicated that these crystals may be of

sufficient purity. Infrared photographs were also taken of the Boule #3

InP samples which were known to be of high purity. Photographs of these

samples matched those taken of Boule #2. Therefore, concerning purity,

it was reasonable to assume that Boule #1 had lower purity than Boule

#2, and that Boule #2 and Boule #3 had sufficiently high purity.

The second area of investigation concerned resistivity. Resistivity
was measured by three different tests. The first test measured surface
resistivity by a Micromanipulator Digital Resistivity Test System (4
point probe). Two categories of InP samples evolved from this test.

i InP samples with a short circuit reading on the probe indicated low re-
sistivity. InP samples with an open circuit reading on the probe indi-
cated high resistivity. The Boule #3 InP samples were known to have
high resistivity, and as expected, the probe registered open circuit
readings for all these samples. Only four of the original samples
registered open circuit readings. All four samples were from Boule #2.
These crystals were labelled SP #12, SP #32, TP #22, TP #32. The first
reference number refers to the plate orientation and the second number
refers to the boule source. Thus, SP #12 is an InP small plate of <111>

i orientation from Boule #2. SP #32 is an InP small plate of <100> orien-
tation from Boule #2. TP #22 is an InP thick plate of <110> orientation

: from Boule #2. TP #32 is an InP thick plate of <100> orientation from

Boule #2. These were the only samples from Boules #1 and #2 that

registered high surface resistivity.

The second test measured bulk resistivity by infrared photography.

! f Various InP samples from all three boules were examined by infrared

H
H
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photography. The results confirmed that the samples from Boule #1 were
of low bulk resistivity while samples from Boule #2 and Boule #3 were
of high bulk resistivity.

The third test measured bulk resistivity by a highly sensitive
ohmmeter. Various InP samples from all three boules had silver (Ag)
evaporated onto their major faces. Leads were then attached with silver
paint and connected to the terminals of the ohmmeter and resistivity
readings were taken. Resistivity readings from Boule #1 samples were
approximately 13.0 Q. Resistivity readings from Boule #2 samples were
approximately 1.5 x 107 1. Resistivity readings from Boule #3 samples
were approximately 1.0 x 107 1. The results confirmed that the samples
from Boule #1 were of low bulk resistivity while the samples from Boule
#2 and Boule #3 were of high bulk resistivity. Thus all three tests
were in agreement indicating that only 4 Boule #2 samﬁles and all of
the Boule #3 samples were of sufficiently high resistivity.

The third area of investigation concerned polish and surface rough-
ness. Polish and surface roughness were examined by three different
methods. The first test involved examination by optical microscope.
Various magnifications up to 320X were used to check for large pits or
scratches on the major faces. All InP samples showed no signs of large
pits or scratches. The second test involved examination by Scanning
Electron Microscope (SEM). Various SEM magnifications up to 5800X were
used to check for pits, small knicks, or grooves. SEM examinations
showed that the Boule #1 and Boule #2 INRAD polished samples were much
smoother and better polished than the Boule #3 RADC polished samples by

several orders of magnitude. The third test involved examination by a
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Sloan Dektak Surface Profile Measuring System (Dektak). Various InP
samples from all three boules were examined under the Dektak system.
Results of the examination confirmed that all the INRAD samples were
several orders of magnitude smoother and better polished than the RADC
samples.

The fourth area of investigation concerned parallelism. Parallelism
was examined by three different tests. The first test involved examina-
tion by micrometer and optical microscope. For examination by micro-
meter, the crystals were measured to compare the physical dimensions to
the specifications of Appendix C and serve as a reference base for the
parallelism tests. All three thick plates measured 11.006mm x 9.955mm
x 4.970mm. All the small plates measured 4,960 mm (+ 0.005mm) x
3.960mm (+ 0.015mm) x 1.026mm (+ 0.003mm). All these measurements
demonstrated that the length, width, and thickness of the crystals were
within tolerance of the specifications. For examinafion by optical
microscope, various magnifications up to 160X were used to investigate
edge definition and parallelism of the 4 minor faces of the InP samples.
In the area of edge definfition, the INRAD samples were cut several
orders of magnitude better than the RADC samples., Parallelism of the
minor faces also was several orders of magnitude better for the INRAD
samples than the RADC samples. The second test involved examination by
SEM. Various magnifications up to 5800X were used to investigate
parallelism and edge definition. The results showed the INRAD samples
to be several orders of magnitude better than the RADC samples, The
third test involved examination by the Dektak system. In parallelism

of the major faces, all INRAD samples were at least 100X better than the
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RADC samples. Thus all three tests were in agreement indicating that
all INRAD prepared samples had sufficient polish and surface smoothness.
The RADC prepared samples, however, did not have sufficient polish and
surface smoothness to be used in the original InP measuring system.
(Refer to Appendix E.)

The fifth area of investigation concerned the crystal structure of
the InP samples. Crystal structure was examined by infrared photography.
Although the results of the examination are not definitive, close in-
vestigation revealed threads of precipitated Fe interspersed throughout
the crystal. If these threads are single crystal material, it is
reasonable to assume that they are of different crystal type and orienta-
tion relative to the desired InP single crystal.

These five areas of investigation revealed several major traits of
the InP samples. A definite difference existed in the INRAD prepared
samples depending on the boule source, Although all these samples had
good polish, surface smoothness, and parallelism, Boule #1 had poor
resistivity and purity, while Boule #2 had good resistivity and purity.
The RADC prepared InP samples, however, were not suitable replacements
for the INRAD prepared samples. Even though they had high resistivity
and purity, their polish, surface roughness, and parallelism were poor.
Taking into account these major characteristics and the plate orienta-
tions needed to derive the elastic constants of InP, an alternate tech-
nique to experimentally determine the elastic constants was required.
There were two possible methods. The first method involved increasing
the sensitivity of the original InP measuring system by impedance

matching and using high input impedance equipment. This was too complex
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a solution and was thus discarded. The second method was to use the
original InP measuring system, but to discard the special crystal holder
and cement a piezoelectric transducer onto the InP. This was the sim-
plest solution and the easiest one to implement within the time con-
straints of this research and the new limitations of the INRAD prepared
InP crystals. However, in order to understand this modified alternate

technique, its theoretical basis must first be explained.

Modified Measurement Technique for InP

Since the crystals did not meet their specifications, the measure-
ment technique required some modification. Since the resistivity was
very low on half of the INRAD polished InP samples, the alternate tech-
nique had to incorporate measuring acoustic responses in conducting InP.
Thus, in this case, a piezoelectric transducer was cemented onto the
InP crystal. Even though some of the InP crystals were conducting,
plezoelectric excitation could still be used if the transducer was
plezoelectric. As recommended by McSkimin, X-cut quartz was used as a
transducer to excite longitudinal waves, and Y-cut quartz was used to
excite shear waves. The main assumption in using this technique was
that the quartz transducer is strong enough acoustically to excite the
InP which was not able to be excited on its own. Thus the modified
technique takes into account the new limitations of the InP crystals
found in Section III-3. From the measured resonant frequencies of the
combination, the coupling effects of the transducer were calculated out,
and the resonant frequencies of the InP were determined. Because quarte

transducers have a relatively low loss [Ref. 11: 306], this alternate
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method worked even though the primary technique was unable to detect

any acoustic resonances.

Theory for Modified Technique

7 In order to derive the necessary relations for the change in reso-
nant frequencigg_and velocity, consider the transmission line model, as

illustrated in Figd;e“111-7.

Z..01

T,

Figure III-7, Equivalent circuit for a section of transmission line
with input and output terminals. [Ref. 11:277]

The form for the differential equation of motion for the transmission

of travelling waves in the simple unidirectional case turns out to be
similar to the form for electrical waves travelling along an electrical
transmission line. [Ref. 11:276] Applying the basic form of the
transmigsion line model, the input impedance to the InP crystal, zin’

is then:

T R

zT coshél + zR sinhol

3-1)

z = Z.

‘ Z, sinhél + Z_ coshél
‘ in T

where ZT is the characteristic impedance of the transmission medium, 1

is the length of the transmission medium, 0 is the propagation constant,

— e -
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and Z_ 1is the terminating impedance of the transmission medium.

R
Setting ZR = 0, causing the medium to be terminated in a short,

results in:

i * ZTtanhel (3-2)

The propagation constant, 6, can be expressed in terms of its
complex coefficients, A, the attenuation, and B, the phase shift, such

that:
6 = A + jiB (3-3)
where

w
B = p (3-4)

Equation 3-2 then becomes:

(tanhAl)(l-#tanzBl) + j(tanBl)(l-—tanthl)
Zm = ZT 2 2 (3-5)
1 + tanh Al + tan Bl

Assuming that A, the attenuation, and B, the phase shift, are very small,
then tanBl << 1 and tanh?Al << 1, tan’Bl = 0, and tanhAl = Al. By the

transmission line model, Z_ may be replaced with pva. Equation 3-5 then

T

becomes:

Zm = pvaAl + jpvatanBl (3-6)

where p is thé.density of InP, v 18 the velocity of propagation in the
crystal, and a is the.cfooa section area of the crystal. Equation 3-6
can be approximated at frequencies near the resonant frequency of the
combination by an equivalent circuit consisting of :e;i.tors, capacitors,

and inductors in series. [Ref. 10: 307]) This is illustrated in Figure
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Figure I11-8. Equivalent circuit for a piezoelectric transducer
attached to an InP single crystal.

To see that pvaAl is indeed the real part of Z1n and non-zero, the
transmission line model is applied to the Q of the InP crystal. From
Figure III-8, defining QInP equal to the Q of the ele¢ctrical circuit

results in:

(3-7

Q =
InP 2RInP

where MInP is the mass of the crystal, w is the resonant frequency of
the crystal in radians, and RInP is the electrical resistance of the
crystal, QInP’ however, is also the inverse of the internal friction
of the crystal. Since the internal friction of a travelling sinusoidal
wave in a crystal is related to the stresses and strains caused in the

crystal, applying Rooke's Law to this sinusoidal motion results in:

2 2
B - A B
Qup " —i-AT—-' ETY for B>10A (3-8)

This equation would hold true for plane wave propagation in both longi-
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tudinal and shear waves.

Equating the two expressions for QInP to each other, results in:

A = ZBRInP - BRInP (3-9)
ZMInPw MIan
Therefore:
pvaBRInpl (pal)RInPB
pvaAl = o = M (m/v) (3"10)
MInP InP
but, J
pal = MInP (3-11)
and
w
B = v (3-12)
Thus,
pvaAl = Rinp (3-13)

At resonance pvatanBl becomes indeterminate (1nfinity) and simi-

larly, so does tanBl. Therefore:

Bl = %} (n is odd integer) (3-14)

Setting n = 1 and substituting equation 3-9 into equation 3-14 results

in:
|
M, ,wAl
ImP 12'. (3-15)
RInP

or:
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InP
W v —— (3-16)
ZMInPAl
e where w = 2nf. Therefore:
t
3 R
B InP
3 f = —— (3-17)
4 2MInPA12ﬂ
a
or:
k R
- InP
b f = 5 (3-18)
4MInPA1
i Noting that the impedances of the crystal and transducer are in ‘

series, and applying the linear model of electrical circuits, the ex-

pression for ZC, the impedance of the transducer-InP combination is then:
4 z. = 2 + 2z (3-19)

where ZInP is the impedance of the InP crystal, and ZT is the impedance
of the transducer. Applying equation 3-13 and recalling that Z can be

expressed as pva, results in:

RC RInP R

T
- I, T (3-20)
Acle Arnpline Aply

Dividing the left and right hand sides by 4, and multiplying each term,

top and bottom, in equation 3-20 by their respective masses, the result

is:
‘ “Pe . Mme P, M (3-21)
; AMACL My pAnpline AMpApl,

Applying equation 3-18 to equation 3-21 results in:
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Mofo = Mpofr o+ Mfp (3-22)
Applying equation 3-19 to equation 3-22 then results in:
£cMpqp ¥ M) = Mppfree + Mpfp (3-23)

Solving for fInP gives:
Mapfror = Mmefc * Mpfe - Mpfp (3-24)

MInPfC + M‘r(fc - fT) (3-25)

or:

£ =f+MT

InP C MInP

(£, - £,) (3-26)

Measuring fC for two successive frequencies at high harmonics at

the same temperature results in:

"

Af = Af o Af (3-27)
InP C P c
- AfC [1+ r ] (3-28)
M
InP

where Afc is the change in higher harmonic frequencies for the quartz-
InP combination, and AfmP is the change in higher harmonic frequencies
for a pure InP single crystal. Since in this case there are many
resonances of InP for each resonance of the transducer, le - sz =0
when considering Afc. Therefore by knowing the change in frequencies
of the high harmonics of the transducer-InP combination and knowing the

masses of the resonating transducer and InP crystal volumes, the actual
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value of the change in the higher harmonics for InP can be calculated.
It should be noted that if the InP crystal does not have the same cross
sectional area as the transducer, the ratio of the weights of the trans-
ducer and InP crystal is not equal to the ratio of their masses,

Thus, 1f the modified technique were to be applied, first AfC would
have to be measured. Second, AfInP would be computed knowing Afc, MInP’
and MT' Third, AfInP would be set to AfHH for reasons previously dis-
cussed in Section II-1. Finally, the elastic constants of InP would be

calculated as discussed in Section 1I-1,.

Modified Experimental Procedure

Using the developed theory in Section III-5, a modified experi-
mental procedure was designed to successfully measure the elastic
constants of InP. This modified procedure consisted of two processes.
The first process was crystal preparation. In addition to the pre-
parations done by INRAD, the InP crystals were first cleaned and glued
to the transducers with silver paint. Silver paint was chosen since it
provided a good acoustically transparent bond without increasing the
impurity level of the InP. As previously explained, X-cut and Y-cut
quartz were used as transducers. Second, to insure a good bond, the
crystals were baked at 70°C for three hours and allowed to cool to room
temp -sture. Third, the transducer leads were soldered to a SMA RF
feedthrough. Fourth, the entire subsystem was placed within the en-
vironmental chamber. Fifth, the SMA connector was attached to one end
of a coaxial cable, passing through the walls of the environmental cham-

ber. Finally, the other end of the cable was connected to the input
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terminals of the WK bridge. Thus the crystal preparation process was
completed. The next step was to collect data as a function of tempera-
ture.

The second process was data collection. Since the modified tech-
nique used most of the original technique, as explained in Sections
III-2 and III-3, only the changes made or processes not previously ex-
plained will be pregsented. Data collection consisted of several steps.
Since preliminary testing indicated that the modified technique could
detect resonance, all equipment was first turned on and allowed to warm
up and stabilize. Second, the counter was reset, the enable switch
turned off, the FM DC input switch of the signal generator was disabled,
and an fcw around 10 MHz was selected. An fcw around 10 MHz was chosen
since this was the specified resonant frequency of the transducer as
given by the manufacturer, Valpey Fisher Corp. Third; the bridge was
balanced to closely examine a selected frequency windéw around 10 MHz.
Fourth, the frequency dial of the signal generator was adjusted to
coarsely tune fcw to fo’ using the spectrum analyzer and oscilloscope
as visual checks. Fifth, the enable switch and the FM DC input switch
were turned on, and the FM deviation lowered to the minimum frequency
deviation. Finally, readings were taken of the detected fo from the
frequency counter after the measuring system had locked onto fo’ the
resonant frequency. The temperature setting of the environmental
chamber was varied over 0.0°C to 45.0°C to obtain the temperature de-
pendence of the resonant frequencies. Thus, this second process was
repeated for various plates using either longitudinal or shear wave

propagation over the 0.0°C to 45.0°C temperature range. These first
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two processes are significant for reasons discussed in Section II-2,
All the crystal preparations and operation of the system near resonance
minimized the possible miscellaneous losses that could have occurred
such as acoustic and reflection loss. Minimization of such losses and
error resulted in highly confident data values.

These two processes in addition to the original technique made up
the modified experimental technique. Data was thus collected accurate
to the tens of Hz. The next major task was to arrange the collected

data into more meaningful results.

Experimental Results

Presentation of the results of the InP research required several
major steps. The first major step was data processing. Having collected
the raw frequency data, these values first had to be processed into a
more meaningful form. First the raw frequency data was collected.

These were the locations of the peaks of the resonant frequencies,
From these values a AfC was computed for successive peaks. In accor-
dance with the derived theory, this Afc was then multiplied by 1.0217

to obtain Af if a shear wave had been propagated through the crystal.

InP?
If a longitudinal wave had been propagated through the crystal, Afc was

multiplied by 1.0301 to obtain AfInP' Thus:

M

MInP

r
MInP

1,0217 = 1 + (shear wave) (3-29)

1.0301 = 1 + (longitudinal wave) (3-30)

These values of (1 + MT/MInP) were easily determined since both trans-
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ducer and crystal had the same cross-sectional area. Recalling a form

of equation 3-11:
M = pal (3-31)

where M is the mass of the specimen, 1 is the length, and a is the cross-

sectional area. Applying equation 3-31 twice results in:

pl.a
M"'r . 1t (3-32)
InP ®InP InP?InP
Since ap = ay ps equation 3-32 becomes:
MT Pml
T°T
0 = 51 (3-33)
InP InP InP

But Py is 2649 kg/m3 [Ref. 20: 48], P InP is 4787 kg/m3 [Ref. 4: 23],
LI (shear wave) is 0.195 millimeters, 1T (longitudinal wave) is 0.270

millimeters, and 1InP is 4.970 millimeters. Therefore:

1.0217 = 1 + MT (shear wave) (3.29)
M
InP
1.0301 = 1 + MMT (longitudinal wave) (3-30)
InP

Thus applying equations 3-29 and 3-30 to equation 3-28 results in:

AfInP = 11,0217 Afc (shear wave) (3-34)

AfInP = 1.0301 Afc (longitudinal wave) (3-35)

After computing AfInP for a particular temperature an average AfHn
was derived by summing up all the AfInP's computed at that temperature

(usually 8 to 10 computations), and dividing by the number of computa-
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tions. Thus, for a particular plate at a particular temperature, an
average AfHH was computed. These values were tabulated with respect to

temperature and are listed as Af . in the second columns of Tables D-1,

HH
D-2, D-3, D-4, and D~5. These AfHH values are accurate to the tens of
Hz, From these AfHH values for InP, the corresponding wave velocities

were computed applying the theory from Section II-1 and the relation

below:

v = 2T (AfHH) (3-36)

where T is 4.970 millimeters, the thickness of the InP samples. Note a
factor of 2 shows up since the crystal has only one transducer bonded to
it. These wave velocities are listed as velocity in the third columns
of Tables D-1, D-2, D-3, D-4, and D-5. Applying equation 3-36 to equa-
tion 2-7 results in: |

5 .
Coff = py (3-37)

These values are listed as Coff in the fourth columns of Tables D-1, D-2,
D-3, D-4, and D-5.

The second step was data analysis. First, the frequency results
were tabulated with respect to temperature, the plate orientation, the
boule source, and the type of wave propagated. Second, a bivariate
linear regression curve using minimum mean square error (MMSE) criteria
was then applied to the raw frequency data using t.mperature as the in-
dependent variable, and the change in frequency, Afﬂa' as the dependent
variable. Third, randomly selected data points from Tables D-1, D-2,

D-3, D-4, and D-5, and the resulting "best fit" lines were respectively
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plotted in Figures IV-1, IV-2, IV-3, IV-4, and IV-5. Since the tempera-
ture range examined was small with respect to the possible temperature
range at which an InP device could operate, it was reasonable to assume
the data could be approximated by a straight line. It should be noted
that the "best fit'" curves were calculated to minimize the mean square
error of those experimentally determined AfHH values from a theoretical
straight line and not to the room temperature values as previously
measured by Hickernell, [Ref. 5: 462] The resulting ceff's derived from
these "best fit" AfHH values are listed in the fifth columns of Tables
Dp-1, D-2, D-3, D-4, and D-5. These "best fit" ¢ £ values are listed as

ef
and complete Tables D-1, D-2, D-3, D-4, and D-5,

Ceff?

With these c;ff's the elastic constants of InP for various selected
temperatures were computed. These values are listed in Tables D-6, D-7,
and D-8, To derive €110 C120 and Ch40 three data tables were needed. In
the case of generating Table D-6, Tables D-2, D-4, and.D-S were used. In
the case of generating Table D-7, Tables D-1, D-4, and D-5 were used. In
the case of generating Table D-8, Tables D-2, D-3, and D-4 were used.
Thus the elastic constants of InP were derived and from Tables D-6, D-7,
and D-8, many relationships can be deduced.

The first major result concerns the temperature dependence of the
InP crystals. From Tables D-6, D-7, and D-8, the temperature dependence
can be calculated for a specific elastic constant. For the elastic con-
stant c,,, the estimated temperature dependence with a 99.0% confidence
level is approximately 60 ppm based on the three demonstrated frequency
changes over the temperature range for 1 found in Tables D-6, D-7, and

D-8. Likewise, for the elastic constant €190 the estimated temperature
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dependence with a 99.0% confidence level is approximately 70.5 ppm. For
the elastic constant Ch4? the estimated temperature dependence with a

99.9% confidence level is approximately 18 ppm.

The second major result concerns the correlation of the room tempera-

ture values of this InP research with those measured by Hickernell in
1965. [Ref. 5: 462] Concerning the elastic constants, Table III-1 com-
pares the values of this InP research with that of the Hickernell study.
Concerning the accuracy of the values of the elastic constants of this
InP research, all values are accurate to the 4th decimal place or 106
N/mz. Since o, , is accurate to 4 significant figures [Ref. 4:22], T
to 4 significant figures, and AfHB to 5 significant figures, it would
appear ¢ .. is accurate to 4 significant figures or 107 N/mz. However,
®1np (4787 kg/m3) and T (4.970 mm) do not vary\significantly (if at all)
over the examined temperature range, and can be considered constants.
Thus, the value of Cogf strictly depends on AfHH' The?efore Coff is
accurate to the 4th decimal place or 106 N/mz. This accuracy, however,
should not be equated with the uncertainty calculations found in Tables
III-1 and III-2. Error calculations for these tables are based on the

1965 Hickernell methodology [Ref. 5] and were used to compare the 1965

Hickernell values with those of this research.

TABLE III-1: InP Elastic Constants at Room Temperature.

Elastic Constant Hickernell Poe
1 10.22 (+ 0.074) 10.2193 (+ 0.0023)
€12 5,76 (+ 0.054) 5.7643 (+ 0.0037)
44 4.60 (+ 0.024) 4.6020 (+ 0.0020)
Note: All elastic constants are measured in 1010 N/mz, and uncer-
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tainty factor was calculated using 1965 Hickernell methodology.
This methodology expresses the elastic constant as the average
experimental value and the uncertainty factor as the spread from
the most deviant value to the average. For example in this re-
search c;, equals 10.217 (Table D-6), 10.221 (Table D-7), and
10.220 (Table D-8). The average value of these three cy1's is
10.2193. The maximum deviation is 10,2193 - 10,2170 = 0.6023.
Thus + 0.0023 is the uncertainty factor.

In comparing the two studies, the room temperature elastic constants
differ very little from each other. 1In fact the difference between simi-
lar elastic constants lies within the experimental error of either study.

For the c,, elastic constant the difference is 0.0007, which is well

11
within + 0.074 (Hickernell study) or + 0.0023 (Poe study). For the €19
elastic constant the difference is 0.0043, which is well within + 0.054
(Hickernell study) and close to + 0.0037 (Poe study). For the 44 elastic

constant the difference is 0.002, which is well within + 0.024 (Hickermell)
and + 0.0020 (Poe). Thus concerning the elastic constants of InP at room
temperature, it is reasonable to assume that the results of this study
match those of the 1965 Hickernell study.

Concerning the wave velocities, Table III-2 compares the values of
this InP Research with those of the Hickernell study. Concerning the

accuracy of the values of the wave velocities of this InP research all

values are accurate to 4 significant figures or to the meters per second.

TABLE II1I-2: InP Wave Velocities at Room Temperature.

Plate Orientation Mode Hickernell Poe
<100> shear no value 3.102 (40.001)
<110> shear, type 1  2.160 (+0.003) 2.157 (+0.001)
<110> shear, type 2 3,103 (40.004) 3,103 (40.001)
<110> longitudinal 5.130 (¥0.010), 5.131 (¥0.002)
<111> shear 2.524 (+0.005)" 2.512 (+0.001)

Note: all wave velocities are measured in 10; m/sec.
*: predicted Hickernell value was 2.510 x 10° m/sec.
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In comparing the wave velocities of the two studies, the values
differ very little from each other. All values derived in this study
either exactly match those of the 1965 Hickernell study or are well with-
in the experimental error of the 1965 Hickernell study. For the <111>
orientation shear wave case, Hickernell predicted 2.510 km/sec which is
well within the experimental error, + 0.005, to 2.512 km/sec, the value
derived in this study. Thus concerning the wave velocities of InP at
room temperature, it is reasonable to assume that the results of this
study match those of the 1965 Hickernell study.

The third major result concerns the absolute values of the elastic
constants. Based on the three corresponding values of 11 listed within

Tables D-6, D-7, and D-8, the c,, elastic constant at 0.0°C appears to

11
be accurate to the fifth significant digit or 1.x 107 N/mz. The €1
elastic constant at 45.0°C, however, appears to be accurate to 8 x 107
N/mz. Overall, there appears to be a 99.9% confidencé level in the abso-
lute values of the €3 elastic constant, Likewise, the 2P elastic
constant at 0.0°C appears to be accurate to the fourth significant digit
or 1x 107 N/mz. The 19 elagtic constant at 45.0°C appears to be
accurate to 2 x 107 N/mz. Overall, there appears to be a 99.8% confidence

level in the absolute values of the ¢ elestic constant, The 44 elastic

12
constant at 0.0°C appears to be accurate to the fourth significant digit
or 1x 107 N/mz. The 44 elastic constant at 45,0°C appears to be accu-
rate to 3 x 107 N/mz. Overall, there appears to be a 99.9% confidence
level in the absolute values of the 44 elastic constant.

Since the €44 elastic constant required the least mathematical com-

putations, analysis of 4k probably best demonstrates the confidence level
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of the data collected. Thus Table D-9 was constructed. Column 2 repre-
sents the data collected from Table D-5. Column 3 represents the data
collected from Table D-3. Theoretically, since the linear expansion co-
efficient is negligible over the examined temperature range, Columns 2
and 3 of Table D-9 should differ by approximately 1.1 x 108 N/mz. This
number was derived from the following relation:
8 _ Ty
‘11

1.1 x 10

(at room temperature) (3-36)

where 14 is the piezoelectric constant and equal to 0.11 C/mz, and €4

is the dielectric constant equal to 1.093 x 10—10 F/m. [Ref. 4:23] The

2
14 /el1 in Column

4 of Table D-9. The room temperature deviation of the measured e142/e1

actual difference between Columns 2 and 3 is listed as e

1

is 0.3 x 108 N/mz. This would also be the maximum deviation of the €44

elastic constant at room temperature. The percent error then is simply:

0.3 x 10° N/m?

4.6 x 1019 N/m?

0.00065 0.065% (3-37)

assuming the Hickernell room temperature value of 4t is correct. The
confidence level is 1 minus the percent error, and is 99.87% or approxi-
mately 99.9%Z. Thus all the data would appear to be anywhere in the 99.8%
to 99.9% confidence level.

For both the relative temperature dependence and absolute values of
the elastic constants, the linear coefficient of expansion for InP was
not considered. This is because for the observed temperature range, the
maximum linear coefficient of expansion is 6.6 x 10-9 m per meter of

crystal thickness at 45.0°C. [Ref. 1:263] Such a value would make
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negligible contributions to the change in frequencies with respect to the
thickness of the InP crystal, The maximum changes would be in the seventh
significant digit of thickness, causing a maximum 0,0000007% change which
is at least 10,000 times less than the least significant digit. The
average change due to thermal expansion would be far less than 0.0000007%Z.
Thus since thermal expansion would only cause a very insignificant change
in the thickness of the crystal, its contribution was ignored. In summar-
izing the results of this InP research, it appears that the data is of a
high confidence level (99.9%), correlates well with itself and the 1965
Hickernell study, and demonstrates low temperature dependence. It should
be noted that to obtain such results that samples from both Boule #1 and
Boule #2 were used. This would indicate that the precipitation of Fe in

the InP did not affect the acoustic wave propagéting through the InP.
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IV. Conclusions and Recommendations

Experimental System

The elastic constants of InP and temperature coefficients were thus
measured over the temperature range from 0.0°C to 45.0°C. The conclusion
of this research fall into three major categories. The first category
concerns the experimental system used to measure the InP. The second
category concerns the results and data that the system produced. The
third category concerns the characteristics of the InP used in this re-
search. Concerning the first category, a rather simple and accurate
system was designed, constructed, and tested to measure the frequency
changes in InP and eventually derive the elastic constants of InP from
these measured frequency changes. Although it did not successfully
measure the frequency changes of InP without some mod;%ications, the
original system did successfully measure the frequency changes of quartz
with respect to temperature. This system also has the capabilities to
be automated for extensive data collection, and refined for even higher
accuracy. Future attention could be put toward increasing the resolution
of the system with an automated data acquisition subsystem capable of
measuring frequency properties on any piezoelectric material. Such
effort could be applied to further studies of InP, which would help InP

reach a higher state of maturity.

Summary of Data

The second category concerns the results of this InP research. The

first set of conclusions focuses on the wave velocities and elastic con-
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stants of InP at room temperature. As previously discussed in Section
I11-8, the results of this research closely match those derived in the
1965 Hickernell study. The wave velocities of InP from this research are
in close agreement with the 1965 Hickernell study. The largest difference
is 0.14%, while the average is 0.06%. If all the wave velocities were
rounded to the tens of m/sec, all corresponding values of both studies
would exactly match. Thus the wave velocities of InP at room temperature
are in excellent agreement with the 1965 Hickernell study. In addition,
the elastic constants at room temperature are in excellent agreement with
those of the 1965 Hickernmell study and the 1982 Henaff study. [Ref. 4:
22] Since the elastic constants match so well, it is reasonable to assume

1

that c,. equals 10.2193 x 10%° N/m® (+ 0.0023 x 100 N/n?), c., equals

10

11 12
10 2 10 2
5.7643 x 107 N/m~ (+ 0.0037 x 10°" N/m"), and €, ©quals 4.6020 x 10

10 N/mz). If the elastic constants were rounded to

N/m? (+ 0.0020 x 10
the nearest 108 N/mz, all elastic constants from all three studies would
exactly match. Thus the elastic constants at room temperature from this
research are in excellent agreement with the 1965 Hickernell study and
the 1982 Henaff study.

The second set of conclusions focuses on the values of the elastic
constants of InP as a function of temperature. Although there are no
previous studies to compare results with, the final results can be com-
pared with each other., Tables D-6, D-7, and D-8 present the derived
elastic constants for various temperatures. Each table represents a
different set of three wave propagation cases used to derive the elastic

constants. For a particular temperature and elastic constant, all three

tables were compared with each other. The deviations between all three
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Figure IV-1. Frequency change vs temperature for Thick
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values are so slight that such error calculations suggest a high degree

of correlation among the tables, and a high level of confidence in the
values themselves. Indeed, the special error calculations presented in
Table D-9 and Section III-8 confirm this conclusion. To depict these
results graphically, Figures IV-6, IV-7, and IV-8 were drawn. Sample
calculations for Figure IV-6 are listed in Table D-10 and D-11. The main
source of these calculations was Table D-6. Since all the data on elastic
constants, wave velocities, and frequency changes are in excellent agree-
ment with themselves, Figures IV-6, IV-7, and IV-8 are fairly accurate
graphs. In addition, since the confidence level is approximately 99.9%
for any particular elastic constant at any particular temperature, Figures
IV-6, IV-7, and IV-8 summarize in quick visual form the results of this
InP research.

The third set of conclusions focuses on the temperature dependence
of InP. As seen in Appendix D and Figures IV-1, IV-2, IV-3, IV-4, and
IV-5, the frequency change with respect to temperature is small. The
changes range from roughly 70 ppm to 18 ppm and decrease with increasing
temperature. Such frequency versus temperature curves are similar to
frequency versus temperature curves for Indium Antimonide (InSb) [Ref.
9: 37-38] and Gallium Phosphide (GaP) [Ref. 22: 4049]. Low temperature
behavior is also exhibited by the wave velocities and elastic constants.
The effective elastic constants demonstrate a temperature dependence
ranging from 61 ppm to 7 ppm and decrease with increasing temperature.
The elastic constants demonstrate a temperature dependence ranging from
71 ppm to 18 ppm and decrease with increasing temperature. Overall, the

elastic constants demonstrate small changes as a function of temperature.
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With a 99% to 99.9% confidence level in the values of the elastic con-
stants, wave velocities, and changes in the resonant frequencies with
respect to temperature, it is reasonable to assume that these derived
temperature dependencies are accurate. In short, the temperature de-
pendencies of the elastic constants, wave velocities, and change in the
resonant frequencies of InP are quite low. Future attention should be
put toward finding directions of propagation for which the temperature
coefficient of delay is zero. Such future research would use the data

contained in this InP research.

Material Characteristics

The third category concerns the characteristics of the InP, The
synthesis process of this research confirmed that the number of impuri-
ties, the number of dislocation densities, and the tendency of InP to
twin are all inversely related to each other. The crystal preparation
process confirmed that InP can be polished and cut to very fine specifi-
cations, but there exists a problem in determining if the InP is semi-
insulating, especially during boule growth. The experimental procedure
produced several conclusions. First, since InP is weakly piezoelectric,
pilezoelectric excitation may be difficult even with very pure InP.
Second, through infrared photography, it was discovered that InP may have
regions of precipitated Fe, which will make the InP conductive, and hence
not inherently piezoelectrically excitable. Therefore, in additiom to
publishing the results on the elastic constants of InP, this research
has also produced some conclusions on the materials technology of InP.

Overall, this research has confirmed a state of immaturity with InP.
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InP, nonetheless, has demonstrated significant potential to the fields

of semiconductor and acoustic devices. This research has takeua some

very important steps in developing the knowledge concerning the material

characteristics of InP. From such knowledge InP may soon become a com-

mercially viable product.
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Appendix A

Summary of Elastic Constant Characteristics

TABLE A-1: Elasto-Piezo-Dielectric Matrix for Cubic Crystals in

Class 23.
€1 P €10 0 0 0 0 0 0
o €1 P 0 0 0 0 0 0
€12 c12 Cll 0 0 0 0 0
0 0 44 0 0 €14 0 0
0 0 0 s 0 0 €14 0
0 0 0 0] €44 0 0 e
0 1w O &1 O
eqg O €11
0 0 e14 0 0 ell
2 z
Y Y
<100> plane <110> plane
X X
Z
Y
<111> plane
X

Figure A-1. Plate Orientations which yfeld pure modes of vibration.
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11.
12,
13.
14,

15,

16.

Appendix B

List of Equipment for InP Experimental Measuring System

Tektronix Type 555 Dual Beam Oscilloscope

Hewlett-Packard 6236B Triple Output Power Supply
Princeton-Applied Research Model 184 Lock-In Amplifier
Hewlett-Packard 8640B Signal Generator

Wayne-Kerr VHF Admittance Bridge

Tektronix 7603 Oscilloscope with a 7L12 Spectrum Analyzer Plug In
Hewlett-Packard 8447A Amplifier

Watkins-Johnson 6201-355 Cascade Amplifier

AC/DC Electronics Power Supply

Cyborg Thermal P-642 Audio Thermometer

Tenney Jr. Environmental Chamber

Elite 3 Wiring Board

Hewlett-Packard 5340A Electronic Frequency Counter
Hewlett-Packard 962B Crystal Detector

Indium Phosphide Samples prepared according to specifications
(see Appendix C)

Miscellaneous Analog Equipment such as resistors, capacitors and

operational amplifiers
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Appendix C
Indium Phogphide Crystal Specifications

tions:

Use RADC

Thick Plates:

General

Detailed

1.

3.

supplied boules. Return any unused material.

Instructions:

Size: 1llmm x 10mm x 5mm thick.

All dimensions to within + O.1lmm, but thickness must
be measured to within + 0.0l mm and the measured value
specified.

Both major faces polished flat to within 1/4 wavelength
of sodium light or better.

Parallelism must be to within 5 seconds of arc or
better.

All plate orientations must be to within 12 minutes of
arc or better.

Plate Instructions:

Thick Plate #1: TP #11:

a. Quantity = 1, from Boule #1,

b. Major faces perpendicular to 111 axis.

¢. 10mm dimension parallel to 110 axis.

d. Label plate "TP #11".

Thick Plate #2: TP #22:

a. Quantity = 1, from Boule #2,

b. Major faces perpendicular to 110 axis.

c. 1llmm dimension parallel to 110 axis.

d. 10mm dimension parallel to 001l axis.

e. Label plate "TP #22".

Thick Plate #3: TP #32:

8. Quantity = 1, from Boule #2.

b. Major faces perpendicular to 001 axis,
¢, 1llsm dimension parallel to 110 axis.
d. 10mm dimension parallel to 110 axis.
e. Label plate "TP #32",

C-1
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Small Plates:

General Instructions:

Detailed

1.

Size: S5mm x 4mm x lmm thick.

All dimensions to within + O0.1mm, but thickness must
be measured to within + 0.0lmm and the measured value
gspecified.

Both faces polished flat to within 1/4 wavelength of
sodium light or better.

Parallelism must be to within 10 seconds of arc or
better.

All plate orientations to within 12 minutes of arc or
better.

Plate Instructions:

Small Plate #1: SP #1:

a. Quantity = 2 total, 1 from each boule.

b. Major faces perpendicular to 111 axis.

c. 4mm dimension parallel to 110 axis.

d. Label "SP #1", and from which boule it came,.

Small Plate #2: SP #2:

a. Quantity = 2 total, 1 from each boule.

b. Major faces perpendicular to 110 axis.

¢c. 4mm dimension parallel to 001 axis.:

d. Label "SP #2", and from which boule it came,

Small Plate #3: SP #3:

a. Quantity = 2 total, 1 from each boule.

b. Major faces perpendicular to 001 axis,

c. 4mm dimension parallel to 100 axis.

d. Label "SP #3", and from which boule it came.

Irregular Plates:

General Instructions:

1.
2

3.

4.

5.
6.

Size: 11 - 15mm dismeter x lmm thick.

Diameter must vary between 11 and 15mm, and must be
highly irregular.

All dimensions to within + O.1ma, but thickness must
be measured to vithin + 0.0lsm and the measured value
specified.

Both faces polished flat to within 1/4 wavelength of
sodium light or better (1500 angstroms).

Parallelism must be within 10 seconds of arc or better.
All plate orientations to within 12 minutes of arc or
better.,

c-2




Detailed Plate Instructions:

1. Irregular Plate #1: IP #11:

a. Quantity = 1, from Boule #1.
b. Major faces perpendicular to 11l axis.

2. Irregular Plate #2: 1IP #21:

a. Quantity = 1, from Boule #1.
b. Major faces perpendicular to 110 axis.




Appendix D
Indium Phosphide Data

DATA: TABULAR FORM: TABLE D-1:

Thick Plate #11: <111> Plane: Shear Wave Propagation:

. c .t c .t
Temperature: A w’ Velocity: :gf 2 :gf

in °C in MHz in m/sec in 107" N/m in 107 N/m
0.00 0.25580 2543 3.095 3.095
1.00 0.25570 2542 3.092 3.092
2,02 0.25560 2541 3.090 3.089
3.01 0.25555 2540 3.089 3.086
5.52 0.25515 2536 3.079 3.080
7.00 0.25500 2535 3.076 3.076
9.40 0.25470 2532 3.068 3.069
10.99 0.25450 2530 3.063 3.065
12.00 0.25445 2529 3.062 3.062
14.00 0.25420 2527 3.056 3.057
15.00 0.25410 2526 3.054 3.054
17.50 0.25380 2523 3.047 3.047
18.49 0.25360 2521 3.042 3.044
21.53 0.25335 2518 3.036 3.036
22.00 0.25330 2518 3.035 3.034
24.00 0.25320 2517 3.032 3.030
25.02 0.25295 2514 3.026 3.027
27.00 0.25275 2512 3.021 3.021
27.37 0.25270 2512 3.020 3.021
28.00 0.25265 2511 3.019 3.019
30.50 0.25240 2509 3.013 3.012
32.52 0.25210 2506 3.006 3.007
33.01 0.25205 2505 3.005 3.005
35.04 0.25185 2503 3.000 3.000
38.01 0.25150 2500 2.992 2.992
41.00 0.25120 2497 2.985 2.984
41.95 0.25115 2496 2.983 2.982
43.25 0.25090 2494 2,977 2,978
44,00 0.25085 2493 2.976 2,976
; 44,50 0.25075 2492 2.974 2.975
? 45.00 0.25070 2492 2.973 2,973

Demonstrated frequency change over temperature range = 11,22 ppa.

|

i

; "Best fit" frequency change over temperature range = 11,32 ppm.
Lo Demonstrated Coff change over temperature range = 0,09% per °C.
P
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DATA: TABULAR FORM: TABLE D-2:
Thick Plate #22: <110> Plane: Shear Wave Propagation: Type #1:
Af_: Ceff’ S egs’
Temperature: HH® Velocity: :0 2 iO 2
in °C " in MHz in m/sec in 107" N/m in 107" N/m
0.00 0.21900 2177 2.268 2.268
, 1.00 0.21890 2176 2.266 2.267
3.01 0.21880 2175 2.264 2.264
5.52 0.21860 2173 2.260 2.260
7.00 0.21850 2172 2,258 2.258
7.25 0.21830 2170 2,254 2,257
9.40 0.21830 2170 2,254 2.254
11.10 0.21820 2169 2.252 2,251
12.00 0.21820 2169 2.252 2,250
12.11 0.21810 2168 2.250 2.250
13.75 0.21800 2167 2,248 2,247
14.00 0.21795 2166 2.247 2,247
15.00 0.21790 2166 2.246 2,245
17.50 0.2177¢ 2164 2.242 2,261
18.49 0.21760 2163 2.240 2.240 H
21.53 0.21730 2160 2.233 . 2,235 ’
24.00 0.21730 2160 2,233 2.231
24.51 0.21720 2159 2.231 ' 2.231
25.02 0.21710 2158 2.229 2.230
27.37 0.21700 2157 2.227 2.226
28.00 0.21690 2156 2.225 2.225
30.50 0.21680 2155 2.223 2,221
! 31.00 0.21670 2154 2,221 2.221
? 32.52 0.21660 2153 2.219 2,218
. 33.01 0.21640 2151 2,215 2,218
! 35.04 0.21630 2150 2.213 2.214
' 38.01 0.21620 2149 2.211 2,210
f 41.00 0.21600 2148 2.209 2.205
! 41.47 0.21590 2147 2,207 2,205
' 41.95 0.21585 2146 2.204 2,204
; 43,25 0.21580 2145 2.203 2,202
. 44.00 0.21570 2144 2.201 2.201
i 44,50 0.21565 2144 2.200 2,200
! 45.00 0.21560 2143 2.199 2.199

Demonstrated frequency change over temperature range = 7,56 ppm.
"Best fit" frequency change over temperature range = 7.46 ppm,

change over temperature range = 0.07% per °C.

Demonstrated ce
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DATA: TABULAR FORM: TABLE D-3:
Thick Plate #22: <110> Plane: Shear Wave: Type #2:
. C .t e’ .t
Temperature: Auw® Velocity: :gf 2 :gf 2
in °C in MHz in m/sec in 107" N/m in 107" N/m
0.00 0.31740 3155 4.765 4,764
1,00 0.31725 3153 4.760 4,759
2.00 0.31700 3151 4,753 4.753
3.01 0.31675 3148 4.745 4,747
5.52 0.31630 3144 4.732 4.733
6.02 0.31625 3144 4,730 4,730
7.00 0.31600 3141 4,723 4.725
9.40 0.31560 3137 4.711 4,711
12.00 0.31515 3133 4,698 4,697
14.00 0.31475 3129 4,686 4.686
15.00 0.31450 3126 4.678 4.680
17.50 0.31410 3122 4,666 4,666
18.49 0.31390 3120 4,660 4.661
21.53 0.31340 3115 4,646 4,644
22.00 0.31325 3114 4,641 4,641
24,00 0.31300 3111 4,634 4.630
25.02 0.31275 3109 4.626 - 4,624
26.01 0.31250 3106 4.619 . 4.619
27.00 0.31225 3104 4,611 4.614
27.37 0.31220 3103 4,610 4,611
28,00 0.31215 3103 4,609 4.608
I 30.50 0.31170 3098 4.595 4,594
32.52 0.31130 3094 4,583 4,583
i 33.01 0.31125 3094 4.582 4.581
! 35.04 0.31085 3090 4.570 4.569
‘ 36.20 0.31060 3087 4,563 4,563
! 38.01 0.31025 3079 4.553 4.553
: 41,00 0.30970 3078 4.536 4.536
Z 41.95 0.30950 3076 4,531 4,531
¢ 43.25 0.30930 3074 4.525 4.524
i 44.00 0.30915 3073 4,520 4.520
44.50 0.30900 3071 4,516 4,517
) 45.00 0.30890 3070 4,513 4.515
{
} Demonstrated frequency change over temperature range = 18,89 ppm.
. "Best fit" frequency change over temperature range = 18,68 ppm.

f Demonstrated C e change over temperature range = 0.12% per °C.
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DATA: TABULAR FORM:

Thick Plate #22:

<110> Plane:

Af ¢

Temperature: HH

in °C in MHz
0.00 0.53290
1.00 0.53230
2.55 0.53200
3.01 0.53075
3.90 0.53000
5.52 0.52960

7.00 0.52875

7.75 0.52825
9.40 0.52720
12.00 0.52690
14.00 0.52410
15.00 0.52360
17.50 0.52200
18.49 0.52160
21.53 0.51985
24.00 0.51800
25.02 0.51750
25,27 0.51720
27.37 0.51615
27.80 0.51605
28.00 0.51565
28.66 0.51505
30.01 0.51440
30.50 0.51425
31.63 0.51310
32,52 0.51220
33.01 0.51125
35.04 0.51085
36.85 0.50985
37.81 0.51015
38.01 0.50900
41.00 0.50775
41.95 0.50710
43,25 0.50615
44,00 0.50605
44,50 0.50625
45.00 0.50525

TABLE D-4:

Velocity:

in m/sec

5297
5291
5288
5276
5269
5264
5256
5251
5240
5237
5210
5205
5188
5185
5167
5149
5144
5141
5131
5130
5127
5119
5113
5111
5100
5091
5082
5078
5067
5070
5058
5047
5041
5032
5030
5032
5022

Longitudinal Wave Propagation:

Coff’ Ceff’
in 1010 N/m? in 1020 N/n?
13.432 13.436
13.401 13.404
13.386 13.356
13.323 13.342
13.286 13.314
13.266 13.264
13.223 13.218
13.198 13.195
13.146 13.144
13.131 13.064
12.992 13.002
12.967 12.971
12.888 12.895
12.868 12.865
12.782 12.771
12.691 12.696
12.667 12.666
12.652 12.658
12.601 12.594
12.596 12.581
12.576 12.575
12.547 12.555
12.515 12.515
12.508 12.500
12.452 12.466
12.408 12.439
12.362 12.424
12.343 12.363
12.295 12.309
12.309 12.280
12.254 12.275
12.194 12.186
12.163 12,157
12.117 12.118
12.112 12.096
12.122 12.082
12.074 12.067

Demonstrated frequency change over temperature range = 61.44 ppm.

"Best fit" frequency change over temperature range = 61.96 ppm.

Demonstrated Cofe change over temperature range = 0.24% per °C.
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DATA: TABULAR FORM: TABLE D-5:

Thick Plate #32: <100> Plane: Shear Wave Propagation:

. c : c H

Temperature : Am* Velocity: ;gf 2 :gf 2

in °C in MHz in m/sec in 107" N/m in 107" N/m
0.00 0.31690 3150 4,750 4.751
1.00 0.31680 3149 4,747 4,745
2.33 0.31650 3146 4,738 4,739
\ 3.01 0.31645 3145 4,736 4,735
5.52 0.31600 3141 4,723 4.721
6.71 0.31550 3136 4,708 4,715
7.00 0.31575 3139 4.715 4.713
7.90 0.31580 3139 4,716 4.709
8.01 0.31550 3136 4.708 4.708
9.40 0.31530 3134 4,702 4,700
10.75 0.31490 3130 4.690 4.693
12.00 0.31475 3129 4.686 4,686
14.00 0.31450 3126 4.678 4,676
15.00 0.31425 3124 4,671 4.670
16.02 0.31410 3122 4,666 4.665
17.50 0.31375 3119 4.656 4.656
18.49 0.31350 3116 4,648 4,651
: 20.00 0.31320 3113 4,640 - 4.643
H 21.53 0.31300 3111 4.634 4,635
% 24.00 0.31238 3105 4.615 4.622
i 25.02 0.31230 3104 4,613 4,616
3 27.00 0.31225 3104 4,611 4.605
27.37 0.31210 3102 4.607 4.603
] 28.00 0.31188 3100 4.601 4.600
29.01 0.31150 3096 4.589 4.595
30.50 0.31130 3094 4,583 4,587
32.52 0.31115 3093 4.579 4.576
33.01 0.31110 3092 4,578 4,573
35.04 0.31040 3085 4,557 4,562
38.01 0.31020 3083 4,551 4.546
38.03 0.30980 3079 4,539 4,546
41.00 0.30960 3077 4,532 4,531
41.95 0.30950 3076 4,531 4,525
43,25 0.30910 3073 4,520 4,519
44,00 0.30900 3071 4,516 4.515
1 44,50 0.30890 3070 4,513 4,512
45.00 0.30860 3067 4,504 4,509

Demonstrated frequenny change over temperature range = 18.44 ppm.
A "Best fit"  fequer change over temperature range = 18.17 ppm.
By

(t} Demonstrated ~eff change over temperature range = 0.12% per °C.
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DATA: TABULAR FORM:

ELASTIC CONSTANTS OF INP:

Temperature:

in °C

0.00

1.00

3.01

5.52

7.00

9.40
12.00
14.00
15.00
17.50
18.49
21.33
24.00
25.02
27.37
28.00
30.50
32.52
33.01
35.04
38.01
41.00
41.95
43.25
44.00
44.50
45.00

Note: These values of InP were calculated

1. Thick Plate #32:
2. Thick Plate #22:

3. Thick Plate #22:

Values of the curves

TABLE D-~6:

€11 €12° €44
in 1010 N/w? in 1010 N/’ sn 1020 N/m?

10.953 6.416 4.751
10.925 6.391 4.746
10.871 6.343 4.735
10.803 6.283 4.721
10.763 6.247 4.713
10.698 6.190 4.700
10.628 6.128 4.686
10.573 6.079 4.676
10.546 6.056 4.670
10.480 5.988 4.656
10.454 5.974 4.651
10.371 5.901 4.635
10.305 5.843 4.622
10.280 5.820 4.616
10.217 5.764 4.603
10.200 5.750 4.600
10.134 5.692 4.587
10.081 5.645 4.576
10.069 5.633 4.573
10.015 5.587 4.562
9.939 5.519 4.546
9.860 5.450 4.531
9.836 5.428 4.525
9.801 5.397 4.519
9.782 5.380 4.515
9.770 5.370 4.512
9.749 5.351 4.509

type #1.

Table D-10,

<100> plane:
<110> plane:

<110> plane:

from the following cases:

shear wave propagation.
shear wave propagation:

longitudinal wave propagation.

derived from this data may be found in

Estimated frequency change over temperature range (based on c;ff):

‘11
¢12
44

60.49 ppm.
71.01 ppm.
18,17 ppnm.
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DATA: TABULAR FORM: TABLE D-7:

ELASTIC CONSTANTS OF INP:

: c,,* c.,t c,,?

{ Temperature: ié 2 ig 2 ig 2
E in °C in 107" N/m in 107" N/m in 107" N/m

0.00 10.952 6.418 4.751

1.00 10.923 6.393 4,746

3.01 10.869 6.346 4.735

5.52 10.803 6.284 4,721

7.00 10.763 6.248 4,713

9.40 10.698 6.191 4,700

12,00 10,628 6.128 4,686

14,00 10.574 6.079 4,676

1 15.00 10.547 6.055 4,670

5 ) 17.50 10.482 5.997 4.656

k. 18,49 10.455 5.974 4,651

2 21.53 10.373 5.900 4.635

7 24.00 10,308 5.840 4,622

25.02 10.283 5.818 4.616

3 27,37 10.221 5.761 4,603

28.00 10.204 5.747 4.600

: 30.50 10,138 5.689 4,587

4 32,52 10.086 5.641 4,576

3 : 33.01 10.072 5.630 4,573

: 35.04 10.020 5.582 4,562

38.01 9.944 5.514 4,546

41.00 9.866 5.445 4,531

41,95 9.843 5.422 4.525

43,25 9.807 5.392 4,519

44.00 9,788 5.375 4,515

44,50 9.777 5.364 4,512

45.00 9.763 5.353 4.509

! Note: These values of InP were calculated from the following cases:
1. Thick Plate #32: <100> plane: shear wave propagation.

+2. Thick Plate #11: <111> plane: shear wave propagation.
3. Thick Plate #22: <110> plane: longitudinal wave propagation.

Estimated frequency change over temperature range (based on c;ff):

L N

c = 59,71 ppm.

11
€19 ™ 71.00 ppm.




DATA: TABULAR FORM: TABLE D-8:

ELASTIC CONSTANTS OF INP:

C iy’ Cent c,,*

Temperature: ié 2 ig 2 28 2

in °C in 107" N/m in 100 N/m in 107 N/m
0.00 10,951 6.415 4.753
1 1.00 10.923 6.389 4,748
3 3.01 10.870 6.342 4.736
b, , 5.52 10.802 6.282 4,722
4 7.00 10.762 6.246 4.714
A 9.40 10.698 6.190 4,700
- 12,00 10.628 6.128 4,686
3 14,00 10.574 6.080 4.675
E: . 15.00 10.547 6.057 4.669
3 17.50 10.471 5.989 4.665
e 18.49 10.455 5.975 4.650
3 21.53 10.373 5.903 4.633
24,00 10.308 5.846 4.619
; 25.02 10.283 5.823 4.613
i 27.37 10.220 5.768 4,600
28.00 10.203 5.753 4,597
30,50 10.138 5.696 4.583
32,52 10.085 5.649 4.572
33.01 10.072 5.636 4.570
35.04 10.019 5.591 4,558
38,01 9.943 5.523 4.542
41,00 9.866 5.456 4.525
41.95 9.841 5.433 4,520
43,25 9.807 5.403 4,513
' 44,00 9,788 5.386 4,509
* 44,50 9.776 5.376 4,506
45,00 9.762 5.364 4,504

Note: These values of InP were calculated from the following cases:

1. Thick Plate #22: <110> plane: shear wave propagation:
type #1.
+2., Thick Plate #22: <110> plane: shear wave propagation:
type #2.
3. Thick Plate #22: <110> plane: 1longitudinal wave propagation.

Estimated frequency change over temperature range (based on c;ff):

= 59.7 .
' c11 1l ppm
i ¢y = 70.04 ppm.
P s - 18.70 ppm.
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DATA: TABULAR FORM:

TABLE D-

C44 ELASTIC CONSTANT OF INP:

Temperature:
in °C

0.00

1.00

3.01

5.52

7.00

9.40
12.00
14.00
15.00
17.50
18.49
21,53
24.00
25.02
27.00
27.37
28.00
30.50
32.52
33.01
35.04
38.01
41.00
41.95
43.25
44.00
44,50
45.00

-

c44:
n 1010 x

4,751
4.745
4,735
4,721
4,713
4,700
4.686
4.676
4.670
4,656
4.651
4.635
4,622
4.616
4,605
4.603
4.600
4.587
4.576
4.573
4,562
4,546
4.531
4,525
4.519
4.515
4,512
4,509

9:

/m

2

in 107" N/m

2 -
ey /ey

10

4,764
4,759
4.747
4,733
4,725
4,711
4,697
4,686
4,680
4,666
4,661
4,644
4,630
4,624
4,614
4,611
4,608
4,594
4,583
4,581
4,569
4,553
4,536
4,531
4,524
4,520
4,517
4,515

Estimated frequency change over temperature range:

44 (column 2) = 18.17 ppm.

44 (column 3) = 18,70 ppm.

Estimated correlation coefficient
Column 2 values from Table D-5.

Column 3 values from Table D-3.

0

D-9

.999.

2

2
ST

in 108 N/m

O O ot et ot et o h ot o et
POWOOOOMMMMNMNNN_~W

[N e N ol
s 4 4 e e s v e % &
O\U‘uwa\u‘\l\lm\l\‘mm\om

COO0O000COOCODOO

.-

2




DATA: TABULAR FORM: TABLE D-10:
ELASTIC CONSTANTS OF INP:

LINEAR REGRESSION CURVE FIT CALCULATIONS FOR TABLE D-11:
{using minimum mean square error criteria, (MMSE)]

3 X variable = temperature in °C 2
Y variable = elastic constant in N/m
Cll curve:
Y-intercept = 10.94767 x 1010 N/m2 (at 0,00°C)
X-intercept = 9.75126 x 1010 N/m? (at 45.00°C)
slope = -0.026587 x 1010 N/(m2.°C)
A = 0.0026 = 0.26% per °C
: N = 27.0
: LY =  278.103
A 1yl = 2868.432903
3 IX = 657.62
: G = 21592.316
) IXY = 6625.3337
‘ C12 curve:
. Y-intercept = 6.41014 x 1010 N/m2 (at 0.00°C)
; X-intercept = 5.35307 x 1010 N/m?  (at 45.00°C)
| slope = -0.023490 x 1010 N/(m2-°C)
A = 0.0041 = 0.41% per °C
N - 27.0
IY =  157.626
£y? = 923,297242
X =  657.62
£x2 = 21592.316
. XY = 3708.22408
i
cl.l. curve: ,
Y-intercept = 4.75071 x 102 N/m? (at 0.00°C)
X-intercept = 4.50894 x 1010 N/m?  (at 45.00°C)
slope = -0.0053725 x 1010 N/(m2.°C)
A = 0.0012 = 0.12% per °C
4 N - 27.0
’ £Y = 124,736
Y2 - 576.422766
£X =  657.62
£x2 = 21592,316
- IXY = 3008.15443
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DATA: TABULAR FORM: TABLE D-11:

ADJUSTED ELASTIC CONSTANTS OF INP
AS DERIVED FROM LINEAR REGRESSION CURVE:

Temperature: cié. 2 cig. 2 cig. 2
in °C in 107" N/m in 107 N/m in 107 N/m
0.00 10,9477 6.4101 4.7507
1.00 10,9211 6.3866 4,7453
5.00 10.8147 6.2927 4.,7238
10.00 10.6818 6.1752 4.6970
15.00 10.5489 6.0578 4.6701
20.00 10.4159 5.9403 4.6433
25.00 10.2830 5.8229 4.6164
27.00 10.2298 5.7759 4.6056
27.37 10.2200 5.7672 4.6037
28.00 10.2032 5.7524 4.6003
30.00 10.1501 5.7054 4.5895
35.00 10.0171 5.5880 4.5627
; 40.00 9.8842 5.4705 4,5358
} 44.00 9.7778 5.3766 4.5143
45.00 9.7513 5.3531 4.,5089

Note: These values were used to draw the curve for their respective
figures, Figure IV-6, Figure IV-7, and Figure IV-8. The actual
data used to derive these curves is found in Table D-6,
Calculations based on that data used to compute the linear
regression curves are found in Table D-10, Computer program
from Texas Instruments., Calculator used was TI-59.

; Estimated frequency change over temperature range:

! ¢ = 60.11 ppm.
¢ = 70.49 ppm.
s ™ 18.16 ppm.

[,
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