
50 www.rfdesign.com August 2000

The word “piezoelectricity” is derived
from the Greek “piezin,” which

means “to press.” It is electricity that is
generated by pressure.

Of the thirty-two known classes of
crystal, twenty exhibit the piezoelectric
effect. Though several types of crystals
have been used as frequency control
elements, quartz, or silicon dioxide
(SiO2), has proven to be the preferred
material. This is because of  several
physical, chemical and electrical prop-
erties. Only quartz, for instance, will
yield crystal units that exhibit a zero
frequency versus temperature charac-
teristic, as well as a “stress-compen-
sated” resonator.

Quartz is a trigonal crystal of class
32. It is enantiomorphous (crystals that
are structural mirror images), occur-
ring in both left- and right-handed
form. At a temperature of approximate-
ly 573° C, quartz transforms from
Alpha to Beta quartz. During the trans-
formation, most of the piezoelectric
characteristics are lost, rendering
Beta quartz unsuitable for the manu-
facture of crystal units. Quartz has a
density of 2.65, a hardness factor of
seven on the Mohs scale and a melt-
ing point of 1750° C.

For years, all crystals were fabricat-
ed from natural quartz. While quartz is
found all around the world, stones
large enough for processing through
manufacturing are found mainly in
Brazil. During World War II, the
logistics involved in procuring large
stones from Brazil gave rise to a con-
centrated effort to grow quartz under
laboratory conditions. This effort met
with some small success, but it was
not until after the war that a truly
successful method of growing useful-
sized quartz stones was developed.
Today, the majority of crystals fabri-
cated worldwide are produced from
cultured quartz stones.

Crystal cuts
Figure 1 is a picture of idealized

right- and left-hand natural quartz
stones, while Figure 2 illustrates a cul-
tured quartz stone. It should be noted
from Figure 2 that two “families” of
cuts are depicted. Those cuts rotated
about the “X” axis are called X cuts,
while those rotated about the “Y” axis
are called Y cuts. In the most general
terms, X cut resonators vibrate at fre-
quencies less than 1.0 MHz, typically in
the flexure, torsional and/or face shear

vibration modes. In contrast, Y cut res-
onators generally vibrate at frequencies
greater than 1.0 MHz, typically in the
thickness shear vibration mode,
although the face shear is found here

as well (see Figure 3).
Resonators of the low frequency, X

cut variety exhibit parabolic frequen-
cy versus temperature characteris-
tics, while the most popular high fre-
quency Y cut resonators, with the
important exception of the BT res-
onator, exhibit cubic frequency versus
temperature characteristics. 

From Figure 4 it is made clear that
these types of resonators are not capa-
ble of meeting a “tight” frequency ver-
sus temperature deviation over any sig-
nificant temperature range. 

Figure 5 illustrates the frequency
versus temperature characteristics of a
series of cuts within the AT cut thick-
ness shear category. This, or a similar
chart, appears in the catalogs of nearly
all crystal vendors since the AT cut,
second only to the 32.768 Khz “watch”
crystal, is the most widely manufac-
tured crystal today. Thickness shear
resonators can be fabricated to hold
“tight” frequency versus temperature
stabilities over significant tempera-
ture ranges, but this statement can-
not be universally applied. The stabil-
ity available for a given crystal over
one temperature range may not apply
to a different range.

Crystal performance
Even within a specific family of

parts, it is not always possible to fabri-
cate all frequencies to hold a specific
stability. This is particularly true of
surface mount crystals, commonly
known as “strip” crystals. These devices

have shapes that are either rectan-
gular or square. Crystals of these
shapes are ideally formed for the
reflection of waves from their sides.
If those waves establish a standing
wave, coupled modes are very likely
to occur. In other words, at some
specific temperature, the crystal
will oscillate in two separate and
distinct kinds of vibration. For
instance, the AT cut vibrates in the
thickness-shear mode, but it is pos-
sible to induce vibrations in the
face-shear mode. If the two kinds of
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Figure 1. Idealized right- and left-handed natural
quartz stones.

Figure 2. A cultured quartz stone and the location of some most
commonly used commercial crystal cuts within that stone.
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vibration occur simultaneously, the
result will be a sudden and severe loss
of energy. This loss of energy is almost
always accompanied by a perturbation
in frequency. Very specific dimension-
ing of the quartz plates used in these
devices will prevent coupled modes
from occurring over a specific tempera-
ture range. If the devices are operated
outside that range, there is a high prob-
ability of encountering coupled modes.

Another consideration involving sur-
face-mount, strip-type crystals is that
for “higher” frequencies, many of these
devices are manufactured using the BT
cut resonator plate instead of the AT

cut. As shown in Figure 4, the BT cut
plate exhibits a parabolic frequency
versus temperature curve and there-
fore will not hold a “tight” tolerance
over an appreciable temperature range.

Crystal models
A quartz crystal can be modeled as a

circuit component through the use of
the commonly accepted “equivalent cir-
cuit” (see Figure 6). It should be empha-
sized that a quartz crystal is a mechan-
ically vibrating device,
and that the equivalent
circuit is an electrical
depiction of a mechani-
cal system.

As is evident from
the illustration, the
equivalent circuit con-
tains two arms. The
arm containing the
inductor, capacitor and
resistor in the series is
called the “motional”
arm because it is used
to model a crystal that
is “in motion,” or oscil-

lating. The second arm, containing a
single capacitor, is called the “static”
arm as it represents the crystal in a
non-operational or static mode. The
shunt capacitor, C0, is a real capacitor,
consisting of the capacitance created by
the two electrodes plus any stray capac-
itance associated with a mounting
structure. 

In the motional arm, the inductor,
L1, represents the vibrating mass of the
quartz while the capacitor, C1, repre-

Figure 3. The various vibration modes of crystals.

Figure 4. Temperature vs. frequency of X cut crystal resonators.
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Although it appears that Coulomb
was the first to suggest the exis-
tence of piezoelectricity, it was the
Currie brothers, Jacques and Pierre,
who first reported confirmation of
the phenomenon.

The Currie brothers’ work involved
slices from various crystals (blende,
soduium chlorate, boracite, tourmaline,
calamine, topaz, cane sugar, and
quartz), to which tinfoil electrodes were
glued.  The outer surfaces of these elec-
trodes were then insulated by applying
sheets of hard rubber. The electrodes,
in turn, were connected to a “Thompson
electrometer.” Alternatively, one elec-
trode was connected to the ground
and the other to the electrometer,
after which pressure was exerted on
the insulated electrodes, thereby dis-
torting the lattice structure of the
material under test. Any surface
charges generated were easily mea-
sured by the electrometer.

At the April, 1880 meeting of the
Societe Mineralogique de France, a
report on the brothers’ findings was
read by Pierre Currie.  During discus-
sions following the reading of that
report, the word “piezoelectricity” was
suggested and adopted as a name for
the phenomenon.  

All of the Curries’ early work was
focused on generating and measuring
electrical charges induced by mechani-
cal pressure.  Their report offers no
suggestion that they considered the
converse might also be true. In 1881,
Lippmann suggested the probability of
the existence of such an effect.
According to Lippmann, imposing an
electrical charge on the surface of the
crystalline material should result in the
distortion of the material under test.

Subsequent investigations by the
Curries confirmed that Lippmann was
correct, imposing an electric field on
the material did indeed result in a
deflection of that material.  Further,
it was found that if the electrical field
were caused to alternate, the deflec-
tion of the material would also alter-
nate and would change directions
according to the polarity of the
applied field.  It was also found that
the imposition of an electrical charge
equal in value to the charge produced
by a given amount of mechanical pres-
sure would result in a material distor-
tion equal to that produced by that
mechanical pressure.  The expression

“direct piezoelectric effect” was coined
to define the generation of electrical
charge by distortion of the material
used while the “obverse piezoelectric
effect” was used to describe the distor-
tion of a material by the application of
an electrical charge.

The dearth of applications for piezo-
electricity caused the study of the phe-
nomena to be largely confined to
demonstrations in laboratory condi-
tions.  In 1917, during World War I,
Langevin in France used quartz plates
for the detection of submarines.  The
war ended before Langevin’s project
was successful, but he continued his
work after the war and was at last suc-
cessful in his efforts.  All modern sonar
applications are a direct result of
Langevin’s efforts. 

At about the same time Langevin
was conducting his experiments, Dr.
Nicholson of Bell Labs began working
with equipment similar to Langevin’s.
Dr. Nicholson used Rochelle salts
rather than quartz and was granted a
patent for his device.  This device is rec-
ognized as the first recorded use of a
piezoelectric medium as a means of fre-
quency control.  It is worth noting, how-
ever, that such a use was not specifical-
ly stated in his patent application, but
the circuit diagram that accompanied
his patent application does embody all
of the classic elements of a crystal con-
trolled oscillator.

In 1920, Dr. Walter Cady of
Wesleyan University submitted a
patent application wherein a quartz
crystal was specifically used as a fre-
quency controlling element.  Dr. Cady
appears to have been unaware of Dr.
Nicholson’s prior patent.  The ensuing
litigation was decided in favor of Dr.
Nicholson.  However, Dr Cady is cred-
ited with many basic discoveries in the
field of piezoelectricity.  In addition,
Cady authored the definitive textbook
Piezoelectricity (now out of print) on
the subject.

During this same general timeframe,
amateur radio was growing in populari-
ty.  Many of the early developments in
radio were due entirely to amateurs
who experimented endlessly.  Even so,
the development of radio was beset with
problems. One of the most pressing was
the inability to reliably transmit and
receive at a specific frequency.  At the
same time, there was increasing inter-
est in commercial use of radio, but real

development could not proceed until the
issue of reliable transmission and recep-
tion was resolved.  Across the country, a
few amateurs began experimenting
with crystal controlled oscillators.  As
they chatted back and forth with each
other, word of the successes they were
having soon spread.

With the increased understanding of
the capabilities of crystal controlled
oscillators, the end of that particular
problem was in sight.  In 1926, radio
station WEAF in New York began
transmitting under crystal control, fol-
lowed shortly by most of the commercial
radio stations in the country.  However,
this hardly presented a booming market
for crystals, and for the next few years
crystal oscillator production remained
an on-again, off-again thing.

Immediately prior to World War II,
the American Armed Forces were
beginning to convert their communica-
tions equipment to crystal control.  It
had been estimated that in the event of
war, perhaps as many as 100,000 crys-
tal units would be needed.  Before the
end of the war, more than 25,000,000
crystal units had been produced.  This
effort required the establishment of an
entire industry, literally from the
ground up.  Records indicate that only
the Manhattan Project commanded
more in terms of priorities, equipment
and allout effort than the establishment
of the crystal industy.

When World War II began, most
crystals produced were in the frequency
range of 1.0 to 1.5 MHz.  Before the end
of the war, capability had been extend-
ed to approximately 10.0 MHz, but not
without major effort. For years after
World War II, crystals were used pri-
marily in the communications industry.
While research into the development of
other applications continued, it was not
until the advent of the microprocessor
that the crystal industry really thrived
in the United States.

The market has driven the demand
for higher and higher frequency crystals
housed in smaller and smaller pack-
ages.  We now produce fundamental
mode crystals at frequencies up to 50.0
MHz without any significant difficulty
and, with special processing, fundamen-
tal mode crystals with frequencies in
excess of 150.0 MHz are available.
These crystals are housed in packages
that we would have regarded as sheer
fantasy not many years ago.

The history of crystal
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sents the elasticity of the quartz. The
resistor, R1, represents losses due to
friction within the vibrating quartz, as
well as losses at the mounting points.

Figure 6 is valid for any
type of quartz crystal unit,
regardless of frequency,
mode of operation or type of
vibration, assuming the
unit is operating at a fre-
quency removed from any
coupled modes or other
interference. It should be
noted that the components
of Figure 6 do not have
fixed values. These values

vary widely among manufacturers,
even for crystals of identical frequen-
cies. Therefore, it is never wise to
assume that a given crystal from one

vendor will be equal to similar crystals
from other vendors. 

How crystals function
If the crystal unit represented by Fig-

ure 6 is installed in an oscillator circuit in
which the voltage of an applied signal is
held constant while the current is varied,
the crystal will oscillate by way of the
obverse piezoelectric effect. When the
unit first begins to oscillate, the imped-
ance will be high and the crystal will
appear capacitive in the circuit. As the
frequency increases, a point will be
reached where the impedances of the
motional capacitor and the motional

Figure 5. Temperature vs. frequency of AT cut crystal resonators.

Figure 6. Equivalent circuit of a quartz crystal.
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inductor cancel each other, leaving only
the resistor. At this point, the crystal
appears in the circuit as a nearly pure,
low value resistance. The current flow is
maximal and the phase of the applied sig-
nal is zero. At that point, series reso-
nance has been established and the fre-
quency of oscillation is almost identical
with the natural frequency of the crystal.
As the frequency is further increased, the
crystal appears as an inductor paralleled
by a capacitor, the shunt capacitance C0.
As before, a point will be reached where
the impedances of the inductor and the
shunt capacitance cancel each other and
another point of zero phase will be found.
Again, the crystal will appear to the cir-
cuit as a resistance, but this time one of
high value. At this frequency, identified
as the anti-resonant frequency, the
impedance is maximal and current flow
is minimal. This frequency, sometimes
called the parallel frequency, is inherent-
ly unstable. Because of the high imped-
ance and reduced current flow, it should
never be selected as the operating fre-
quency (see Figure 7).

Crystal math
The series-resonant frequency for a

given crystal may be calculated by:

(1)
The anti-resonant frequency may be
calculated by:

(2)

Although a crystal has two frequencies
of zero phase, it can be made to oscil-
late at virtually any frequency between
the two. This is accomplished by adding
load capacitors to the feedback loop of
the oscillating circuit. The resulting fre-
quency is called the parallel frequency
and may be calculated by:

(3)

You will note that the series-reso-
nant frequency equation, Equation 1,
does not contain the shunt capacitance
(C0) term, while the anti-resonant fre-
quency equation does. From this, it is
obvious that changes in the value of C0
will result in changes in the anti-reso-
nant frequency. In Equation, 3 for the
parallel-resonant frequency, C0 is
replaced by the term CT.  CT is the sum
of the shunt capacitance (C0) and the
load capacitance (CL). Therefore, the
parallel-resonant frequency, fp, will
always be higher than the series-reso-
nant frequency, but less than the nat-
ural anti-resonant frequency. Again, by
varying the value of CT, we vary the
parallel-resonant frequency. If the
value of CL is not correctly specified,
the parallel-resonant frequency will not
be as expected. For instance, one might
specify a value of 20 pF for CL, but find
the circuit actually presents a load
capacitance of 12 pF. In that case, the
parallel-resonant frequency will be
higher than expected. If the circuit
actually presents load capacitance of 30
pF, the parallel-resonant frequency will
be lower than expected. 

Again, it should be emphasized
that the values of the components of
the equivalent circuit vary widely
from manufacturer to manufacturer.
It is always wise to inquire from
each vendor as to the values for his
particular product.

Conclusion
I hope that this paper has helped

provide an introduction to the under-
standing of piezoelectric quartz crys-
tals. The included equations and charts
may provide some broad help with fre-
quencies and temperature ranges, but I
strongly encourage crystal users to con-
tact their vendors with questions about
specific applications and performance. 
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Figure 7. The two frequencies of zero phase
where instability occurs.
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