Miniaturization of Tuning Forks

Integrated electronic circuits provide the incentive and
the means for orders-of-magnitude reduction in size.

Tuning forks and other forms of flex-
ural mechanical resonators are widely
used in stable, fixed-frequency filters
and oscillators for frequencies of 50
kilohertz or less. During the past 25
years, conventional tuning forks have
been reduced in weight and volume by a
factor of 100 (7). The recent develop-
ment of integrated electronics has made
a reduction in their size by many more
orders of magnitude desirable. Indeed,
devices have been demonstrated, and
are being developed (2), in which the
mechanical resonator has a volume
some one million times smaller than
that of conventional miniaturized tuning
forks.

Therefore the question arises, How
small can such resonators ultimately be
made? Tt is a truism that fabrication
technology tends to evolve so as to
make economically practical the manu-
facture of any device which it is phys-
ically possible to make, if it is sufficient-
ly useful. My purpose in this article is
to consider the fundamental problems
associated with flexural resonators and
to sec how these problems are affected
by scaling down the size—that is, to
see what “trade-offs” in performance
are imposed by fundamental physical
limitations (as distinguished from prob-
lems of fabrication with current tech-
nology) when the size of these reso-
nators is reduced by several orders of
magnitude. It is concluded that, in many
applications where Q factors of the
order of 100 are needed, flexural reso-
nators which are compatible in size
with integrated circuits are physically
adequate, although fundamental prob-
lems are encountered in trying to op-
erate at signal levels of less than tens
of millivolts or at frequencies outside
the range from 1 kilohertz to 1 mega-
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hertz, Because of the fundamental prob-
lems also encountered with alternative
means of incorporating frequency selec-
tivity into monolithic integrated circuits
(3), the development of integrated flex-
ura] resonators that will operate within
these characteristic signal-level and
frequency boundaries continues to be
a very promising approach. In this
article the characteristics of two flex-
urally resonant devices which are com-
patible in size and fabrication require-
ments with integrated circuits are de-
scribed briefly.

Generalized Electromechanical

Tuned Device

The stimulus for the investigation
discussed has been the continuing lack
of a suitable means of incorporating
frequency selectivity into a completely
monolithic silicon integrated circuit. We
are very close to nearly universal ap-
plication of such integrated circuits, in
conjunction with film integrated cir-
cuits where necessary, in all electronic
information-processing systems. With
the exception of the individual digital
computer, in which the greater part of
the information flow is internal, most
of these systems require information
transfer over appreciable distances.
Efficient transmission of information
over such distances usually requires
modulation of a carrier frequency.
Therefore a large proportion of the
systems in which integrated circuits will
ultimately be used will require fre-
quency selectivity. A significant advan-
tage in reliability and size—and, hope-
fully, also in cost~—would be achieved
if this function could be performed
within the integrated circuit and if the
circuit could be built by technology
compatible with batch fabrication.

It would seem, from considerations
of size alone, that mechanical resonators

offer a promising solution to this prob-
lem of providing integrated tuned de-
vices over a wide frequency range (4).
With such a tuned device, electrome-
chanical transducers would also be
needed to convert the input electrical
signal into a force and the resuking
vibration into an output eleetrical sig-
wal (5). Figure 1 shows schematically a
generalized electromechanical tuned de-
vice, various modes of resonance, and
various transducer mechanisms that can
be used. For reasons discussed below I
confine my attention to flexural reso-
nators. Later in the article I consider
clectrostatic and piezoelectric trans-
ducers that seem to be appropriate for
very small tuned devices,

KEffect of Aspect Ratio

The thickness of a thickness-mode
resonator is determined by the desired
frequency of operation and by the ve-
locity of sound in the material. The
lateral dimensions are determined by
considerations of impedance and energy
trapping. Therefore there is very little
possibility of miniaturizing this type of
resonator, at least of miniaturizing it by
several orders of magnitude.

On the other hand, the resonant fre-
quency f,. of a flexural resonator de-
pends on an aspect ratio, and this makes
it possible to change the size of the res-
onator while holding resonant fre-
quency constant. For example, the res-
onant frequency of a uniform canti-
lever (6) of length L and thickness d
is given by

wr == 2rfy = 1.03(d/L)(1/L)(Y/p)‘/~='])
Q1

where o, is the radian frequency of the
resonance, ¥ is Young’s modulus, and p
is the mass density. Figure 2 shows the
effect of the length-to-thickness ratio,
L/d, for a material having an acoustic
velocity (Y/p)*% of 2000 meters per
second. A cantilever having a resonant
frequency of 3 kilohertz and L/d of 10
must be about 1 centimeter long, but if
L/d can be increased to 1000, the
length drops to 0.1 millimeter. More-
over, the volume of the resonator de-
creases as the fourth or fifth power of
L/d, depending on whether the width is
varied in proportion to the length or the
thickness. Therefore the question “How
small can a flexural resonator be
made?” is equivalent to the question
“How large can L/d be made?”

The approach in this article is to
consider the rate of change of the im-
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portant characteristics with change in
L/d for a cantilever, which is probably
the simplest of all flexural resonators.
For this purpose, qualitative estimates
based on the simplest possible models
are of greater interest than quantitative
precision. Use of more elaborate mod-
els may improve the precision but will
not significantly change the conclusions
based on the qualitative estimates.

Gravitational Effects

A mechanical resonator is affected by
inertial forces caused by externally im-
posed accelerations (including gravity)
as well as by forces from the input
transducer. Ordinarily it is undesirable
to operate with an amplitude of vibra-
tion at resonance which is smaller than
the gravitational deflection due to the
resonator’s own weight. The end de-
flection of a horizontal cantilever due
to the cantilever’s own weight (that is,
8g) is given by the equation

3 wL? 3 pwdL!
Sg = — = _". g
2 Ywd 2 Ywd
3 (0.1615)°  0.38
=t g = ——meters (2)
2 f1‘2 j1.2

where W is the weight of the cantilever,
w is its width, and g (= 9.8 m sec?
sec?) is the gravitational acceleration.
Constant external acceleration causes a
uniform deflection per g of acceleration,
while sinusoidal acceleration at the res-
onant frequency causes a deflection
which increases by a factor of about
Q per g. This deflection is a serious
problem in all low-frequency mechani-
cal resonators because it increases in-
versely as the square of the resonant
frequency. However, as may be seen
from Eq. 2, it is independent of L/d
and therefore does not increase for
small resonators.

Gravity also affects the frequency of
a mechanical resonator if the particle
vibration does not follow a straight line.
That is, there is a component of the
gravitational force which opposes the
mechanical restoring force and de-
creases the resonant frequency when a
cantilever is clamped at its lower end
but increases the resonant frequency
when the clamp is at the upper end. It
can be shown that the frequency differ-
ence, Af, of these positions relative to
the horizontal position is given approx-
imately by the equation (see 7)

LA_'fz+ !
fr

+ (3)
6Lf*
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Fig. 1. Schematic diagram of a generalized electromechanical tuned device, with some
suggested physical transducer mechanisms and modes of vibration.

when L is expressed in meters and fr,
in hertz. A more meaningful form of
Eq. 3 is obtained when the frequency
shift due to gravity is expressed as a
proportion of the bandwidth, f./Q:
Af @

£ 6Lf?
(4)

Frequency shift
Bandwidth

For a tuning fork 1 centimeter long
resonating at a frequency of 1 kilohertz,
this shift is only #* 1/60 hertz or
+ 1.7 percent of the bandwidth for
Q = 1000. The effect rapidly becomes
more significant for lower resonant fre-
quencies. Also, if the length of the
tuning fork is reduced to 1 millimeter

while the resonant frequency and Q are
held constant, the shift increases to 17
percent of the bandwidth. However, the
reduction in size also usually causes a
reduction in Q, as discussed below, so
that the shift may not be larger relative
to the bandwidth.

Suffice it to say that gravity and other
external accelerations lead to problems
in all mechanical devices having a low
resonant frequency, particularly when
the resonant frequency is 1 kilohertz or
less. These problems, while deserving
serious attention, are not necessarily a

limiting factor which will prevent much

greater miniaturization of tuning forks
than has been achieved.
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Fig. 2. The effect of length-to-thickness ratio (L/d) on the size of a cantilever resonator.

The resonant frequency (f-) of a cantilever

= 0.1615 (d/L) (1/L) (Y/p)*-.
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Vibration Due to Thermal Agitation

In a conventional tuning fork, ther-
mal agitation of the molecules leads to
a vibration which is insignificant, but as
the tuning fork is miniaturized the ther-
mal vibration becomes progressively
more significant. For a system with one
degree of freedom, the mean potential
energy due to thermal agitation is V2 kT
(k is Boltzmann’s constant and T is
absolute temperature). This noise en-
ergy may be equated to the potential
energy stored in the resonator with ef-
fective spring constant K and root-
mean-square deflection 8y. Therefore,

1 1
— KSN = e KT
2 2

from. this we obtain

Sy == (KT/K) = (KT/ M) (M/K)%:
= (kT/ MY (1/ ) &)

where M is the effective mass of the
resonator and o, is (K/M)%, Equation
5 shows that, at constant frequency, as
the resonator is miniaturized and the
mass is reduced, the amplitude of ther-
mal vibration increases.

One may relate the thermal vibration
of a cantilever to the aspect ratio L/d
by substituting an cffective spring con-
stant in Eq. 5; this gives

Sy == (KT/KY" = QKT/wX )% (L¥/ d3)’z”6)

The factor (2kT/wY)% may be con-
sidered a characteristic thermal deflec-
tion which is dependent only on the
width of the resonator and on Young’s
modulus {and on absolute temperature).
An increase in this characteristic de-
flection by (L/d)3/? gives the actual
deflection. Except in the case of ex-
tremely small resonators and high fre-
quencies, the amplitude of the thermal
vibration is much smaller than §,, the
deflection due to gravity, and therefore
does not impose an additional constraint
on the possible miniaturization.

Limiting Effect of Fatigue

The effects of acceleration and ther-
mal agitation set a lower limit on the
amplitude of signal vibrations which are
practical in a mechanical resonator. The
dynamic range of such a device is also
limited at the upper end by fatigue, and
it is of interest to determine whether
fatigue becomes increasingly important
with miniatorization.
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For a force, F, applied to the end of
a uniform cantilever, the end deflec-
tion § and the maXimum stress .,y
(which occurs at the clamped end) are

4FL?
S ety (7)
Ywd®
and
6FL )
Tmax ~ =——— (8)
wd?

Solving Eq. 8 for F and substituting in
Eq. 7 gives

2 Lz’rmax 2 Tmax

e O e T o (9)

3 day 3 w(Yp)*
Equation 9 relates the maximum stress
to the defiection at a specified resonant
frequency. If the maximum stress per-
mitted by fatigue is assumed to be in-
dependent of frequency, then the maxi-
mum deflection permitted by fatigue is
inversely proportional to frequency.
However, this maximum deflection is
independent of L/d. Therefore we con-
clude that fatigue does not prevent
miniaturization.

Air Damping

Of the effects so far considered, only
thermal vibration and the frequency
shift due to attitude have been found
to increase as a cantilever resonator is
miniaturized. On the other hand, air
damping increases rapidly as the res-
onator’s volume-to-surface ratic de-
creases. This damping, although it can
be avoided by vacuum encapsulation of
the resonator, is probably the most sig-
nificant factor in determining what de-
gree of miniaturization is feasible. To
analyze how the damping (or Q) of a
cantilever varies with air pressure and
with L/d, we divide the pressure range
from vacuum to atmospheric pressure
into three regions.

In the first region the pressure is so
low that air damping is negligible as
compared to damping within the reso-
nator. This internal or “intrinsic” damp-
ing is determined by the resonator ma-
terial and the method of fabrication as
well as by the volume-to-surface ratio
(since the surface tends to be consider-
ably more lossy than the bulk material).
However, there seems to be no simple
theoretical model which permits pre-
diction of this intrinsic damping and
the corresponding Q. Thus, at very low
pressures the intrinsic @ is independent
of pressure and must be determined
empirically.

In the second pressure region, air
damping becomes the dominant mecha-
nism, but the air molecules are so far
apart that they do not interact with each
other. The damping may be analyzed in
terms of a simple model in which indi-
vidual air molecules exchange momen-
tum with the resonator at a rate pro-
portional to the difference in velocity
between the air molecules and the res-
onator. This damping is proportional
to air pressure (8) and yields a Q given
by the equation

0 = (/2 pdf [(RT/ M)/ (1/P)]
~ 93(d/ LY I(Yp)*/P] (10)

when T = 300°K and Y and p (like
Ry, M,, and P) are in meter-kilogram-
second units. Here R, = 8317 joules
per degree Kelvin (= the universal gas
constant); M, — molecular mass (= 29
kilograms for air); and P == air pres-
sure, in newtons per square meter. (Sub-
stitution of the value for f+ obtained
from Eq. 1 gives the second form of
Eq. 10.) It may be seen that Q, in this
pressure region, is inversely proportional
to the square of L/d, and is therefore
strongly influenced by miniaturization.

For the third pressure region, the
assumption that the air molecules do not
interact breaks down. A more reason-
able assumption is that the air acts as
a viscous fluid. Since viscosity is inde-
pendent of pressure, in this region Q is
also independent of pressure. Using
Stokes’ law for the damping force per
unit area, we obtain

Q = [(Yp)"w/24uj(d/L)y*  (11)

where p = viscosity (= 1.8 X 10-5
newton sec m~2 for air). Note that, in
this pressure region, Q is also inversely
proportional to (L/d)2 Yo obtain an
estimate of the pressure P where the
damping changes from that typical of
region 2 to that typical of region 3, we
may equate Eqs. 10 and 11; this gives
4 X 10"

P e

newton sec m™=
w(m)

e 1) (12)

Thus, for all conventional resonator
widths (that is, widths greater than 0.4
micrometer) the pressure given by Eq.
12 is less than 1 atmosphere, and Q,
when the resonator is operated in air,
is that characteristic of pressure re-
gion 3.

In using Stokes’ law for deriving Eq.
11 we assume that the resonator is iso-
lated. If the resonator is close to another
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stationary surface, the region-3 damping
is further increased because of the
pumping action on the air in the inter-
vening space. By using another simple
model based on the drop in pressure in
a viscous fluid flowing through a paral-
lel-walled duct, we find the Q equation
for a resonator at a distance A, from a
stationary surface to be

O = [(Yp)%w/ul(d/L)*(Ao/w)? (13)

Comparison of Eqgs. 11 and 13 shows
that Eq. 13 contains an additional fac-
tor of 24(A,/w)3. Therefore Eq. 13
holds when the space between the res-
onator and the stationary surface is less
than about one-third the width of the
resonator, and Q is then very sensitive
to this spacing.

Figure 3 shows plots of Egs. 10, 11,
and 13 for values which are typical for
the resonant gate transistor described
in the next section. These graphs are
quantitatively consistent with experi-
mental measurements of Q. It may be
seen that both high values of L/d and
close proximity of the resonator to a
stationary surface cause significant re-
ductions in Q at atmospheric pressure.
This seems to be the dominant limita-
tion that determines the ultimate feasible
miniaturization of flexural resonators.

Resonant Gate Transistor

The resonant gate transistor (RGT)
(2) is the device referred to above as
having a miniature cantilever resonator
some million times smaller in volume
than conventional miniaturized tuning
forks. Hundreds of these devices can be
fabricated simultaneously on a silicon
wafer 1 inch (2.54 centimeters) in dia-
meter, by means of planar integrated
circuit technology. Although the RGT
exemplifies the tolerance problems en-
countered in manufacturing all precision
tuned devices, it also illustrates the
validity of the prediction, based on the
foregoing analysis, that reductions in
size by several orders of magnitude are
possible. Results achieved with this de-
vice are compared below to results of
the analysis of the simple models.

The geometry and circuit connections
of the RGT are shown schematically in
Fig. 4. In the input transducer, electro-
static attraction is used to excite vibra-
tions of the cantilever resonator. Be-
cause electrostatic force varies as the
square of the voltage, a constant po-
larization voltage, V,, is required. Vi-
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Fig. 3. Variation of Q with air pressure for resonators having various length-to-thick-
ness ratios. Assumed values: (Yp)* = 4 x 10" kg m™ sec™’; ¢ = 1.8 X 107 newton
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bration of the cantilever causes a vari-
ation in the polarization field, which is
sensed by a surface field-effect transis-
tor, of which the cantilever is the “gate”
or control electrode (hence the name
resonant gate transistor). Figure 5 shows
a l-inch silicon wafer containing some
500 RGT’s, together with a magnified
view of an individual device. The canti-
lever resonators are of gold, which is
electroplated onto a temporary metal
spacer layer that is later etched away.
The choice of gold has been dictated by
the availability, to date, of low-stress
electroplating solutions for gold only.

Analysis of the circuit including the
electrostatic input transducer gives an
expression of the following form for
the deflection, §,, of the cantilever at
its resonant frequency:

3 =~ Q(Vy/ Vo) [(L/ dF*(L/ Ao)(eof XYV 1n]*
(14)

where » = a dimensionless constant
factor which depends on the length and
position of the input force plate and is
typically about 0.2; V,; = “pull-in”
voltage—that is, the limiting value of
V, at which the cantilever is pulled into
contact with the substrate; g, per-
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Fig. 4. Schematic diagram of the geometry and circuit connections of the resonant gate
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mittivity (that is, dielectric constant)
of air (= 885 X 1012 f/m); and

Vin = input signal voltage.

The RGT is normally operated with
Vo/ V= 0.5. If we use Y =8 X 1010
newton/m? for gold, and use the other
values listed above, we may write
Eq. 14 as follows:

8 ==

10°Q(L/d)* (L/A0)% Via microm?t%rs
1

For typical dimensions such as L = 0.5
millimeter, d = A, = 5 micrometers
(for which Eq. 1 predicts a resonant
frequency of about 6.5 kilohertz), and
Q = 100, Eq. 15 gives a deflection of 1
micrometer for an input signal of 1
volt. With Q set equal to 100, Eq. 13
can be solved for the width, giving 17
micrometers, a value which is also typi-
cal (9).

A design chart may be formulated for

10°

Fig. 5. (Left) One-inch (2.54-centimeter)
silicon wafer containing some 500 resonant
gate transistors. (Above) Magnified view
of a resonant gate transistor.

comparing the calculated value for de-
flection due to a signal to the calculated
values for deflections due to gravitation
or thermal agitation or for the deflec-
tion permitted by fatigue. Since the
gravitational deflection sets the practical
lower limit over most of the frequency
range, the other deflections are normal-
ized with respect to it.

The resulting design chart is shown in
Fig. 6. Graphs of Eq. 15 are plotted for
constant values of L/d equal to 50, 100,
and 200, and arbitrarily assigned values
of Q =100, V;, = 1 volt, L/A, = 100,
and V,/V,; = 0.5. Superimposed on
these graphs are the limiting lines of
constans resonator length and thickness.
These limits are not fundamental but
are reasonable estimates of what is
feasible with present fabrication tech-
nology. Note that these limits form a
box within which the designer may
choose from a range of L/d values for

&

10

= Deflaction normalized with respect to
gravitational deflection

8
b

“Box” imposed by fabrication
technology is shifted vertically
upward or downward by input
signals greater or less than
1 volt.

lloz 10

. » 10 . T

Frequency (heriz]

Fig. 6. Design chart for a resonant gate transistor. Assumed values, for gold: ¥ = 8 X
10" newton/m? p = 2 X 10* kg/m® . = 4 X 10' newton/m".
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a specified resonant frequency. This box
shifts vertically upward or downward if
the input signal is greater than or less
than the assumed 1 volt. Note that the
range of frequencies over which the
RGT can be built to operate at present
extends from about 1 to 50 kilohertz.
At the low end of this frequency range
it is impossible to get a Q of 100 with-
out decreasing the air pressure or de-
creasing L/A. At the high end of the
frequency range it may be impractical
to make the resonator width large
enough to reduce Q to 100. In other
words, the design chart must be inter-
preted with some caution, but it does
indicate in a general way what is im-
portant. For example, it shows that fa-
tigue js unimportant untjl the signal
level is raised to about 10 volts (10).
However, the signal deflection becomes
an appreciable fraction of the spacing,
A,, and nonlinearity sets in at a typical
signal level of several volts. At the op-
posite extreme, it may be seen that the
device cannot be used at signal levels
in the microvolt range because the sig-
nal deflection is then much smaller than
the gravitational deflection (71). Fig-
ure 6 also shows that thermal agitation
is not a determining factor in the fre-
quency range attainable by the resonant
gate transistor as now fabricated.

With respect to miniaturization, Fig.
6 shows that, at a specified resonant
frequency, L/d should be made as large
as fabrication technology permits, to
achieve operation at reduced signal
levels. The limitation on the foregoing
statement is that either L/d must be
small enough to make the desired Q a
possibility or else the device must be
operated at reduced air pressure. An
increase in L/d has the additional ad-
vantage that the device thereby occu-
pies a smaller area of the silicon wafer,
thus more devices can be placed on each
wafer.

Several main problem areas in con-
nection with the RGT are listed below.

1) Fabrication techniques do not yet
provide adequate control of resonant
frequency and Q. This problem is en-
countered with any new tuned device,
but it is especially severe in this case
since the RGT represents a radical de-
parture from earlier devices.

2) No technique compatible with the
planar technology used in fabricating
integrated circuits has yet been found
for using a low-temperature-coefficient
resonator material (for example, the
various nickel-iron alloys having zero
temperature coefficients). The tempera-
ture coefficient of frequency for gold is
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Fig. 7. Design chart for a silicon cantilever tunistor. Assumed values: ¥Vin = 1 volt,
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about 120 parts per million per degree
centigrade, and in practice this value is
several times higher when the polariza-
tion voltage is high enough to give a
reasonable insertion loss. However, this
problem may be minimized in various
ways by means of compensation or
through thermal stabilization of the
silicon chip.

3) As mentioned above, the highest
frequency at present attainable with the
RGT is about 50 kilohertz. Higher fre-
quencies have been achieved by using
a resonator clamped at both ends (a
“clamped-clamped” resonator geometry)
in place of the cantilever, but differential
expansion between the gold resonator
and the silicon substrate led to exces-
sively high temperature coefficients of
frequency. Many potential applications
for integrated circuits require filters and
stable oscillators at considerably higher
frequencies.

4) A polarization voltage of 20 to 70
volts is normally needed by the RGT,
and a voltage this high is not readily
available in most transistor circuits.

To summarize, the RGT has demon-
strated that it is physically possible to
reduce the size of flexural resonators by
several orders of magnitude without
destroying their desirable properties (as
happens, for instance, when an inductor
is miniaturized). Some of the problems
encountered in the miniaturization
process may be solved or lessened
through intensive development work on
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fabrication technology. Other problems
may be more easily solved by seeking
to develop new devices which, while
retaining basic compatibility with inte-
grated circuits and conforming to the
generalized scheme of Fig. 1, have more
appropriate transducer mechanisms or
modes of vibration, or both. Work is
now in progress on a device, called the
tunistor, which suggests some of the
possibilities of the latter approach.
The tunistor (12) was devised in an
attempt to lessen some of the problems
encountered with the resonant gate
transistor. It differs from the RGT in

Fig. 8. Tunistor etched from silicon.
Resonator length, 1.25 millimeters. Piezo-

electric film transducers of cadmium sul-
fide.

two important ways: (i) silicon is used
as the resonator material; (ii) recently
developed piezoelectric film transducers
(13) are used in place of electrostatic
transducers. The first change avoids the
problems associated with depositing the
resonator material but replaces them
with problems of forming the resonator
from the substrate silicon (for example,
by etching). However, the advantages
include a temperature coeflicient of fre-
quency of only about 40 parts per mil-
lion per degree centigrade (/4) and the
possibility of using a clamped-clamped
or a free-free resonator geometry for
achieving higher frequency without the
associated problem of differential ex-
pansion. The second change eliminates
the need for a polarization voltage and
avoids the associated effects on gain and
frequency, the need to control A, (the
spacing between cantilever and sub-
strate), and the noise resulting from the
exposed field-effect transistor. Replacing
these problems are those of depositing
and defining a high-quality piezoelectric
film such as cadmium sulfide.

It can be shown that §,, the deflection
of a cantilever tunistor at its resonant
frequency, is given approximately by
the equation

o = (3Q1]d31/ YSu[(L/d)z]Vln (16)

where n = a dimensionless constant,
estimated to be about 0.2, that depends
on the area and position of the input
transducer electrode; d;;, = the piezo-
electric coefficient of the film transducer
(= 5.2 X 10—12 coulomb/newton for
cadmium sulfide); s;; = compliance of
the piezoelectric film (= 2.1 X 10—11
m2/newton for cadmium sulfide); ¥ =
Young’s modulus of the silicon resona-
tor (= 1.7 X 101! newton/m2; and L
and d = the length and thickness, re-
spectively, of the silicon resonator.

Figure 7 is a design chart for the sili-
con cantilever tunistor. The range of
dimensions which is assumed to be feas-
ible includes lengths from 0.25 milli-
meter to 2 millimeters and thicknesses
from 20 to 200 micrometers. The design
chart for a free-free resonator would be
similar, except that the resonant fre-
quency would be increased by a factor
of about 2r.

Silicon tunistors with free-free flex-
ural resonators supported at their nodes
have been demonstrated. A typical de-
vice having a resonator length of 1.25
millimeter is shown in Fig. 8. Gold elec-
trodes are so arranged that the input
voltage is applied across a cadmium
sulfide film deposited on the silicon sur-
face, and arranged to yield an output
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voltage when the resonator bends. The
resonant frequency of these tunistors
is near 250 kilohertz, and Q’s of 500 or
more are obtained with operation in air.
The expectation that the temperature
coefficient of frequency would be about
40 parts per million per degree centi-
grade has been confirmed. Similar
devices with frequencies to several
megahertz should be feasible, and ac-
tive elements can be added to yield a
monolithic tuned integrated circuit with
net gain.

Conclusions

Flexural resonators similar to tuning
forks offer an attractive way of obtain-
ing stable, high-Q frequency selectivity
in monolithic integrated electronic cir-
cuits. Size compatibility with these cir-
cuits requires orders-of-magnitude re-
duction in the dimensions of present
tuning forks. The consequences of this
degree of miniaturization are investi-
gated here. It is concluded that vibra-
tion-sensitivity and fatigue remain
dominant limiting factors, but that
they are not made more severe by
miniaturization. Frequency shift due to
gravitational effects and vibration
caused by thermal agitation are in-
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creased by miniaturization, but it is
shown that these are still not ordinarily
the dominant limitations, Air damp-
ing rapidly decreases the Q of a resona-
tor when it is miniaturized, but Q’s of
the order of 100 remain feasible for
resonators small enough to be incor-
porated in integrated circuits. Higher
Q’s can be obtained by means of en-
capsulation of the device in a vacuum.

Two devices are described which
have demonstrated that flexural resona-
tors can be fabricated by techniques
which are compatible with the planar
integrated circuit process. The resonant
gate transistor has useful applications
in the frequency range from 1 to 50
kilohertz; the tunistor extends this
range to several megahertz.

The results presented here indicate
that the smallest flexural resonators fab-
ricated today do not represent the ulti-
mate miniaturization which is physically
possible. Therefore it is predicted that
there will be further reduction in the
size of such resonators. The challenge
which continues to face us is the prob-
lem of developing the radically new
techniques needed for economically fab-
ricating microscopic resonators with
adequate tolerance control. Integrated
circuits provide both the incentive and
the means for solving this problem.

Czech Science: Settling Down to
Living with the Occupation

Prague. At about noon on the day
following the occupation of Prague, a
Soviet Army officer led an armed con-
tingent into the big, gloomy former
bank building that serves as the ad-
ministrative center of the Czechoslovak
Academy of Sciences. He presented an
order that read: “I, Lieutenant Orlov
Yuri Alexandrovich, in the name of the
Warsaw Pact Armies, order that work
be stopped as of 1 p.m. August 22. All
workers and members are to leave the
building until further notice.” As did
their countrymen throughout the na-
tion, staff members tried to argue the
troops into leaving. “They told us,” an
Academy employee recalled, “that they
had come to protect us from hooligans
and counter-revolutionaries.” Academy
President FratiSek §orm, an interna-
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tionally renowned chemist, issued a
statement that declared, “There is no
precedent for such an order in the
history of our science. . . . I protest
against this unlawful act.”

Precedents and legalities were, of
course, no concern of the occupiers.
The Academy building was promptly
evacuated, and remained in Soviet
hands for the next 10 days. (Staff mem-
bers grudgingly accord the troops one
compliment: virtually nothing was dis-
turbed during their stay in the build-
ing, except for a small stock of whiskey
on hand for visiting foreigners. Un-
fortunately, this had been replenished
by the time a Science representative was
hospitably received for an early morn-
ing visit.)

Though many public buildings in
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Prague were similarly occupied, the
fact is that, in the context of Soviet
fears over the liberalization of Czecho-
slovak society, there was a symbolic as-
pect to the invasion of the Academy,
which is not only an honorary and ad-
visory organization on the American
style but also the administrative agency
for operating some 140 research insti-
tutes with over 13,000 employees at
various professional levels. For, even
prior to the downfall of the restrictive
Novotny regime last January, but espe-
cially since then, not only the products
of scholarly research but also the schol-
ars themselves have been woven into
Czechoslovakia’s political processes to
an extent unknown in the United States
and perhaps in any other nation. It is
not uncommon for Europeans who hold
academic or research positions also to
hold national political office, but Czech-
oslovak scholars have not only held
office but have also held considerable
power, which is far less common. Ota
Sik, director of the Academy’s Institute
of Economics, was the author of the ec-
onomic reforms that caused the Soviets
to charge that Czechoslovakia was en-
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