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1 
COMPUTERIZED PROCESS CONTROL SYSTEM 
FOR THE GROWTH OF SYNTHETIC QUARTZ 

CRYSTALS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
Broadly speaking, this invention relates to the growth 

of synthetic crystals. More particularly, in a preferred 
embodiment, this invention relates to a computer 
controlled process for growing synthetic crystals having 
substantially uniform mechanical properties through 
out all crystallographic regions of the crystal. 

2. Discussion of the Prior Art 
In 1880, Pierre and Jacques Curie discovered that 

when mechanical stress was applied to opposite faces 
of a natural crystal, such as Rochelle Salt, an electric 
potential was developed across some other pair of 
faces. They also discovered that the application of an 
electric potential to opposite faces of the crystal re 
sulted in mechanical strain, and a change in dimen 
sions, between two other opposite faces of the crystal. 
This phenomenon is called piezoelectricity and was 

regarded as little more than a scienti?c curiosity until 
the l930’s, when it was realized that the inherent me 
chanical resonance of a piezoelectric crystal could be 
utilized to control the frequency of an electronic oscil 
lator, or to improve the band-pass characteristics of a 
tuned audio-frequency, or radio-frequency ?lter. 
Of the many known crystals exhibiting this phenome 

non, silicon dioxide, or quartz, has proved to be most 
suitable for use in electronic circuitry. This is due to the 

' superior physical properties possessed by quartz, for 
example, high mechanical strength and good stability at 
temperatures in excess of 100°C. 
An important factor in analyzing the performance of 

a vibrating piezoelectric crystal is its internal friction. 
This parameter may be de?ned as the ratio of the en~ 
ergy which is converted into heat within the crystal to 
the total energy supplied to the crystal when resonating 
at its natural frequency. Clearly, the internal friction is 
related to imperfections in the crystal structure. Be 
cause this energy loss is low, the numerical value for 
the internal friction of mostcrystals is a very small 
number. It is, thus, more convenient to de?ne a quality 
factor, Q, equal to the reciprocal of the internal fric 
tion. This mechanical Q is analogous to the Q of a 
tuned L,R,C circuit de?ned as 

Q = (wL/R) = (l/mCR) 

where w = Zrr X the frequency of resonance. 
The excellent circuit properties of ‘quartz are due, in 

part, to the very high ratio of mass to elastance (this is 
equivalent to a high L/C ratio in a conventional tuned 
circuit) and to the very high ratio of mass to damping 
(this is equivalent to a high Q in a conventional tuned 
circuits). The Q of a natural quartz crystal is in the 
order of from 10,000 to 30,000 with values ranging up 
to 500,000 or more for specially treated crystals 
mounted in a vacuum. 
The telephone industry is the largest single user of 

quartz crystals. These crystals are employed, for exam 
ple, in the channel ?lters associated with frequency 
multiplex carrier systems, and as frequency control ele 
ments in the oscillators associated with coaxial cable 
carrier systems, and the like. 
As the demand for telecommunications channels 

continues to increase, the telephone industry has been 
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2 
forced to use carrier systems having carrier frequencies 
and sidebands which fall higher and higher in the fre 
quency spectrum. Over the last few decades, there has, 
thus, been a corresponding increase in the Q require 
ments for crystal control elements. For example, the Q 
requirements of a typical quartz resonator have been 
found to be as follows: from 0 to 100 Khz a Q of about 
l00,000 is required; from 100 to 300 Khz a Q of about 
300,000 is required; from 300 Khz to about I Mhz a Q 
of from 400,000 to 800,000 is required; and from 1 to 
10 Mhz crystals having Q’s up to 1,000,000 are re 
quired. 

Silicon dioxide, or natural quartz, is believed to con 
stitute approximately 1/10 of the earth's crust. Al 
though large deposits of low quality quartz are found in 
the United States and in Madagascar, this low quality 
quartz is of no direct use for the critical requirements 
of the electronic and telecommunication industries. 
Large crystals, of a quality sufficiently high for tele 
communications use, are found only in Brazil. Al 
though, in processed form, quite literally worth more 
than their weight in gold, Brazilian quartz is obtained, 
not from any organized mining operation, but rather 
from entrepreneurs who dig the crystals from the 
ground or ?nd them in the beds of rivers. Obviously, 
this is a very unstable source of supply and requires the 
maintenance of large and expensive stockpiles. In any 
event, the supply of natural quartz crystals, of appropri 
ate size and quality, is no longer capable of ful?lling the 
demands of the electronics and telecommunication in 
dustries. ' 

Attempts to grow synthetic piezoelectric crystals 
date back well over 100 years, but because piezoelec 
tricity itself was little more than a laboratory phenome 
non, and there was no economic incentive, these at 
tempts were generally unsuccessful. It was not until 
World War II that any serious effort was undertaken to 
?nd a way to create synthetic piezoelectric crystals of 
useful size and Q. ' 

ln the United States, the use of the synthetic piezo 
electric material EDT (ethylene diamine tartrate) was 
considered, but arti?cial crystals of EDT did not prove 
entirely satisfactory as the very solubility of the crystals 
contributing to the ease with which they could be arti?~ 
cially grown, was a handicap during the processing of 
the crystals, as was their fragility. Also, EDT crystals 
were electronically inferior to natural quartz. 

After World War II, a review of captured documents 
revealed that Gennan scientists had achieved some 
success in growing synthetic quartz crystals using a hy 
drothermal technique with silica as the nutrient. The 
results of these experiments, however, were unpredict 
able and continuity was not achieved; only a porous 
mass of ?ne quartz needles resulted and these ?ne nee 
dles were, of course, totally unsuited for any commer 
cial electronic application. 
Spurred on by the German research, and foreseeing 

a shortage of natural quartz in the years to come, scien 
tists in the United States continued research into the 
problem of growing synthetic piezoelectric crystals, of 
reasonable size and O, which would be suitable for use 
in electronic applications. 
United States Pat. No. 2,785,058, which issued on 

Mar. 12, 1957 in the name of E. Buehler, and which is 
assigned to a subsidiary of the assignee of the instant 
invention, disclosed the ?rst really practical method of 
growing synthetic quartz crystals suitable for electronic 
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use. As disclosed in that patent, along cylindrical auto 
clave is divided by a baffle plate into an upper zone, 
called the crystallization zone, and a lower zone, called 
the dissolving zone. The lower, or dissolving zone, com 
prises about one half the total volume of the autoclave 
and is ?lled with small pieces of natural quartz, referred 
to as the nutrient. In the upper. or crystallization zone, 
small plates of quartz, of known orientation, called the 
seed crystals, are suspended from a rack. The remain 
ing volume of the autoclave is ?lled to about 80 percent 
capacity with a solvent which is capable of dissolving 
quartz. for example, a week aqueous, alkaline solution 
of sodium hydroxide (NaOl-I). As discussed in US. Pat. 
No. 3,356,463, dopants, such as lithium nitrate 
(LiNOz) may be added to the solution to improve the 
characteristics of the crystals. The vessel is then sealed 
and heat is applied to the upper and lower zones of the 
autoclave. Typically, the upper zone is heated to about 
630°F and the lower zone to about 700°F. The action 
of the heat causes the nutrient quartz to dissolve in the 
alkaline solution and, because the upper zone is rela 
tively cooler than the lower zone, the solvated quartz 
flows by convection to the upper end of the autoclave. 
The baffle plate which separates the two halves of the 
autoclave contains a plurality of small holes, and serves 
to maintain two essentially isothermal zones within the 
vessel. In addition, the baf?e plate helps to channel the 
convected flow of solvated quartz from the lower zone 
to the upper zone. The action of the heat which is ap 
plied to the autoclave causes the aqueous solution of a 
sodium hydroxide within the autoclave to expand, gen 
erating pressures in the order of 25,000 pounds per 
square inch. Because the upper, or crystallization zone, 
is some 70°F cooler than the lower zone, when the 
aqueous solution arrives at the upper zone, it cools and 
quartz precipitates out of solution and nucleates onto 
the seed crystals in the form of a single crystal. The pro 
cess varies in time, depending upon the size of the crys 
tals desired, but nominal growing times are in the order 
of from three to four weeks. 

It has been observed that the Q of crystals grown by 
the process described in U. S. Pat. No. 2,785,058, var 
ies throughout all crystallographic regions of the crys~ 
tal. This has been attributed to impurities in the crystal 
which are segregated in response to variations in 
growth rate during the growth process. These varia 
tions in growth rate are believed to be a consequence 
of the design of the autoclave and its relation to the 
growing crystal, in addition to the natural anisotropy of 
the crystal. For example, during the ?rst few days of 
synthesis, the size of the crystal is not sufficiently large 
to inhibit the convective flow of solvated quartz from 
the lower zone of the autoclave to the upper zone of the 
autoclave. The crystals, therefore, grow at a rapid rate. 
This effect, however, decreases with time, because as 
the crystals grow, they occupy an increasingly larger 
portion of the upper autoclave zone, thereby inhibiting 
the convective ?ow of solvated quartz, and reducing 
the rate of crystal growth. The decrease in growth rate 
leads, in turn, to a rejection of impurities, with a subse 
quent enhancement of the crystal Q. Thus, the Q of the 
crystal in the vicinity of the seed is lower than the Q at 
the extremities of the crystal. 

In the above-described process, the seed crystals 
grow in X, Y, and Z directions. However, because of 
the crystallographic orientation of the seed crystal, and 
the physical arrangement within the autoclave, by far 

4 
the greatest amount of growth occurs in the Z direc 
tion. For this reason, the above-described crystal grow 
ing process is referred to as a fast Z-growth, or fast 
basal growth process. 

5 At the end of the growth cycle, the synthetic crystals 
are removed from the autoclave for further processing. 
Crystal units are then cut from the synthetic crystals 
and, as is well known, these cuts may be made in any 
of several orientations, for example, X cut, Y cut, BT 
cut, CT cut, etc. For telecommunication purposes, 
however, most quartz crystal devices operate in the 
lower and middle frequency ranges. Thus, the majority 
of crystal cuts are made in the basal plane, parallel to 
the seed crystal. Unfortunately, the Z growth plane is 
particularly susceptible to impurity segregation and, as 
previously discussed, these impurities tend to decrease 
the value of the crystal Q by increasing the internal fric 
tion of the crystal. Thus, crystal units which are cut 
from slices parallel to the seed crystal are more likely 
to have larger Q variations than crystal units which are 
cut from slices making an angle with the seed. 
As previously mentioned, because the rate of crystal 

growth falls continuously during the growth cycle, the 
number of impurities which succeed in attaching them 
selves to the crystal also falls, thus, steadily raising the 
Q of the crystal in the direction of the crystal surfaces. 
Accordingly, the Q of a basal cut slice will vary 
throughout the slice and the average Q, from slice to 
slice, will also vary. 
The actual difference in Q between a basal cut slice 

taken close to the seed and one taken close to the Z 
surface is considerable. For example, a slice taken 
close to the seed may have a Q of only 120,000, 
whereas a slice cut from near the outer Z surface of the 
same crystal may have a Q of as high as 260,000, more 
than a 2:1 ratio. Clearly, this is a most undesirable situ 
ation, for if the Q of the near slice is considered to be 
the limiting factor, then slices taken further from the 
seed will have a Q far in excess of the requirements of 
the circuit with which they are intended to operate, re 
sulting in wasteful economic loss. On the other hand, 
if the Q of slices taken some distance from the seed 
crystal is considered to be the limiting factor, then the 
entire portion of the crystal which is close to the seed 
must be scrapped, resulting again, in wasteful eco 
nomic loss. 
The problem, then, is to find a technique for growing 

synthetic crystals whereby the crystals may be made to 
exhibit predetermined mechanical properties through 
out selected crystallographic regions thereof. 
This problem has been solved by the instant inven 

tion, in which, a substantially vertically disposed auto 
clave is charged with a crystal growing nutrient, the au 
toclave being functionally divided into two essentially 
isothermal zones. The autoclave is then partially ?lled 
with a solvent capable of dissolving said nutrient, and 
at least one seed crystal suspended, proximate the 
upper zone of the autoclave. The autoclave then is 
sealed and heat is applied to the upper and lower zones 
thereof to increase the pressure and temperature above 
the levels required to dissolve the nutrient in the sol 
vent. The temperature of the lower zone is established 
at a higher value than that of the upper zone to permit 
a convective ?ow of solvated nutrient over the surfaces 
of the seed crystal. Thereafter, the temperature differ 
ential between the upper and lower zones is altered se 
lectively as time proceeds so as to change the tale 0f 
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flow of solvated nutrient over the seed crystal. In this 
fashion, the growth rate of the crystal is selectively al 
tered thereby causing the crystal to exhibit the desired 
predetermined mechanical properties. 
One illustrative apparatus for practicing the above 

method comprises a substantially vertically disposed 
autoclave which is functionally divided into an upper 
and a lower zone. The autoclave is adapted to receive 
a charge of crystal growing nutrient in the lower zone 
and of being substantially ?lled with a solvent capable 
of dissolving the nutrient. The apparatus further in 
cludes means for suspending at least one seed crystal 
within the autoclave, proximate the upper zone thereof 
as well as first and second heating means which are re 
spectively associated with the upper and lower zones. 
A source of energy for the first and second heating 

means is also provided as well as computer means for 
respectively adjusting the amount of energy supplied to 
the first and second heating means from said source, 
whereby the temperature differential between the 
upper and lower zones of the autoclave is selectively 
altered during the crystal growing process. 
The invention, and its mode of operation, will be 

more fully understood by reference to the following de 
tailed description and to the drawings, in which: 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a partially cut-away, isometric view of an 
hydrothermal autoclave of a type suitable for use with 
the present invention; 
FIG. 2 is a graph depicting the relationship between 

crystal growth and growth rate, as a function of time, 
for a crystal grown in the autoclave of FIG. 1; 
FIG. 3 is a graph depicting the relationship between 

the Q of a crystal and the elapsed time for a crystal 
grown in the autoclave of FIG. 1; 
FIG. 4 is a drawing, prepared from an actual photog 

raphy of a shadowgram, showing how the Q of a crystal 
is assigned to different physical locations within the 
body of the crystal; 
FIG. 5 is a graph depicting the relationship between 

the Q of a crystal and its growth rate for a crystal grown 
in the autoclave of FIG. 1; 
FIG. 6 depicts an illustrative pro?le of the desired 

temperatures for the upper and lower zones of a com 
puter-controlled autoclave according to the present in 
vention; 
FIG. 7 is a graph which depicts the autocorrelation 

between samples in the mathematical model of the au 
toclave of the present invention; 
FIG. 8 is a graph depicting the root mean square er 

ror, as a function of time‘, for the mathematical model 
of the autoclave of the present invention; 
FIG. 9 depicts a graph of the estimated value of the 

parameter w, as a function of y, for region 4 of the 
upper zone in the mathematical model of the autoclave 
of the present invention; 
FIG. 10 is a graph depicting the relationship between 

the upper and lower zone temperatures, as a function 
of time, during the warm-up phase of the autoclave of 
FIG. 1; 
FIG. 11 depicts the formula used to predict the tem 

perature of the autoclave of FIG. 1; 
FIG. 12 depicts the formulae used to compute the 

heater currents for the heating elements associated 
with the autoclave of FIG. 1; 
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6 
FIG. 13 depicts the formulae used to update the 

value of the parameter K in the mathematical model of 
the autoclave of FIG. 1; 
FIG. 14 depicts the values of the estimated off-line 

parameters for the mathematical model of an experi 
mental hydrothermal autoclave actually built and 
tested; . 

FIG. 15 depicts one illustrative apparatus con?gura 
tion for practicing the present invention; 
FIGS. 16 — 22 depict an illustrative logical flow chart 

for implementing the algorithm of the present inven 
tion; 
FIG. 23 illustrates the manner in which FIGS. 16 - 22 

should be assembled; 
FIG. 24 depicts a graph of the estimated value of the 

parameter w, as a function of 7, for region 4 of the 
lower zone in the mathematical model of the autoclave 
of FIG. 1; and 
FIG. 25 depicts a graph of the estimated value of the 

parameter w, as a function of y, for region 1 of the 
upper zone in the mathematical model of the autoclave 
of FIG. 1. 

DETAILED DESCRIPTION OF THE INVENTION 

This invention is based upon the discovery that the 
uniformity of synthetically-grown crystals may be im 
proved by controllably increasing the temperature dif 
ferential between the upper and lower zones of an auto 
clave, throughout the growth cycle, to maintain a rela 
tively constant rate of flow of solvated nutrient over the 
seed crystals. 
The effect of increasing the temperature differential 

between the upper and lower zones of the autoclave, 
considered by itself, is to increase the rate of flow of 
solvated nutrient over the seed crystals. However, as 
previously noted, as the crystals expand they fill an ev 
er-increasing proportion of the autoclave. Thus, there 
is a tendency for the rate of ?ow of solvated nutrient 
to steadily decrease with time. By carefully adjusting 
the temperature differential as a function of time, these 
two effects can be balanced, one against the other, so 
that the net effect is a relatively constant flow of sol 
vated nutrient over the seed crystals, throughout the 
entire growth cycle. 
Implementation of the above-described technique, 

however, is by no means a simple matter. First, the 
crystal growing process must be mathematically char 
acterized so that the temperature differential necessary 
to maintain a constant rate of convective ?ow can be 
calculated for any instant of time during the growth cy 
cle. Next, a real-time, direct digital control algorithm 
must be derived so that appropriate changes may be 
made to the current which is supplied to the heating 
coils associated with the upper and lower zones of the 
autoclave to produce the desired temperature differen 
tial for the time period of interest. 
The illustrative embodiment of the invention, to be 

discussed below, pertains to the growth of synthetic 
quartz crystals. One skilled in the art, however, will ap 
preciate that the invention is not so limited, and may be 
used with equal facility in any hydrothermal crystal 
growing process. The use of the invention to grow crys 
tals other than quartz merely requires modification of 
the parameters of the control algorithm and the crystal 
growing equations. 
Before discussing, in detail, the mathematical charac 

terization of the crystal growing process and the con 












































