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" [57] ABSTRACT

Methods and apparatus for measuring gravitational and
inertial forces, magnetic fields, or wave or radiant en-
ergy acting on an object or fluid in space provide an
electric tunneling current through a gap between an

electrodeand that object or fluid in space and vary that
gap with any selected one of such forces, magnetic
fields, or wave or radiant energy acting on that object
or fluid. These methods and apparatus sense a corre-
sponding variation in an electric property of that gap
and determine the latter force, magnetic fields, or wave
or radiant energy in response to that corresponding
variation, and thereby sense or measure such parame-
ters as acceleration, position, particle mass, velocity,

magnetic field strength, presence or direction, or wave
or radiant energy intensity, presence or direction.
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1

TUNNEL EFFECT MEASURING SYSTEMS AND
PARTICLE DETECTORS

DESCRIPTION

The invention described herein was made in the per-
formance of work under a NASA contract, and is sub-
ject to the provisions of Public Law 96-517 (35 USC
202) in which the Contractor has elected to retain title.

CROSS REFERENCE

This is a division of application Ser. No. 07/685,553,
filed Apr. 15, 1991 as a continuation-in-part of applica-

tion Ser. No. 07/118,733, now abandoned filed Nov. 9,

1987 for Tunnel Effect Measuring Systems and Particle
Detectors, assigned to the common assignee and here-
with incorporated by reference herein.

BACKGROUND OF THE INVENTION

The present invention relates to sensors, measuring
systems, particle detectors, and to new uses of tunnel
effect systems and devices and to physical manifesta-
tions of such new uses, and, more specifically, to meth-
ods and apparatus for measuring gravitational and iner-
tial forces, including accelerometers, position sensors,
particle detectors, acoustic wave detectors, micro-
phones, and the like.

INFORMATION DISCLOSURE STATEMENT

The following disclosure statement is made pursuant
to the duty of disclosure imposed by law and formu-
lated in 37 CFR 1.56(a). No representation is hereby
made that information thus disclosed in fact constitutes
prior art, inasmuch as 37 CFR 1.56(a) relies on a materi-
ality concept which depends on uncertain and inevita-
bly subjective elements of substantial likelihood and
reasonableness and inasmuch as a growing attitude ap-
pears to require citation of material which might lead to
a discovery of pertinent material though not necessarily
being of itself pertinent. Also, the following comments
contain conclusions and observations which have only
been drawn or become apparent after conception of the
subject invention or which contrast the subject inven-
tion or its merits against the background of develop-
ments which may be subsequent in time or priority.

For several decades electron tunneling devices have
been used as signal detectors for electromagnetic radia-
tion, as microwave signal sources, and as digital switch-
ing elements. Historically, electron tunneling appeared
only in devices where a thin tunnel “barrier” insulator
was trapped between two conducting electrodes.

The barrier thickness in tunnel devices is 1-10 atomic
diameters: Tunnel devices, therefore, have been limited
in application due to the difficulty of preparing reliable,
thin tunnel barriers.

The invention of the Scanning Tunneling Microscope
(STM) has enabled electron tunneling between two
conductors separated only by vacuum, gas, or liguid.
The STM technology breakthrough allows the separa-
tion of tunnel electrodes to be held constant under elec-
tromechanical control at 5- 10A with a tolerance of
10-2-10—4A.

However, the subject invention should be distin-
guished from Scanning Tunneling Microscopy (STM),
even though embodiments thereof may in part use simi-
lar instrumentation. STM sprang from efforts to charac-
terize the topography of surfaces at the atomic level,
manifesting themselves initially in the so-called “topo-
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2

grafiner” developed by Russell Young, John Ward and
Fredric Scire, as apparent from their article entitled The
Topografiner: An Instrument for Measuring Surface Mi-
crotopography, Rev. Sci. Instrum., 1972, 43, 999. The
topografiner produced real space images of irregular
surfaces. Since the topografiner achieved lateral resolu-
tions on the order of 4000A and surface normal resolu-
tions of 30-40A, it was a notable development of the
past six years when Binnig et al. overcame various sta-
bility problems and demonstrated the first scanning
tunneling microscope which achieved lateral resolu-
tions on the order of tens of angstroms, with angstrom
resolution normal to the surface. Early STM designs
went to great lengths to achieve tunneling gap stability.
As apparent from their article entitled Tunneling
Through A Controllable vacuum Gap, G. Binnig, H.
Rohrer, Ch. Gerber, and E. Weibel, Appl. Phys. Lett.,
1982 40, 178, demonstrated tunneling froma W tipto a
Pt surface with an STM in a vacuum chamber on a
stone bench “floating” on inflated rubber tubes.

Internal vibrations were filtered out by magnetic
levitation over a superconducting bowl of Pb which
was superinsulated and cooled directly by liquid He.
Subsequently, tunneling current has been demonstrated
with less elaborate STM units. The key is structural
rigidity of the tip-sample connection which forces any
external vibrations to move tip and sample identically
and simultaneously. Therecnow are STM’s with lateral
resolutions of less than 5A and normal resolutions of
hundredths of angstroms.

In an article entitled Atomic Force Microscope, Phys
Rev. Lett., 1986, 56, 930, Drs. G. Binnig, C. F. Quate
and Ch. Gerber proposed measurement of ultrasmall
forces on particles as small as single atoms by monitor-
ing the elastic deformation of various types of springs
with their scanning tunneling microscope. By way of
background, they pointed out that it has been a common
practice to use the displacement of springs as a measure
of force, and that previous methods have relied on elec-
trostatic fields, magnetostatic fields, optical waves, and
x-rays. They also commented that SQUIDs are super-
conducting elements that measure the expulsion of mag-
netic fields in variable-inductance devices, and that
have been used in gravity gradlometers to measure
displacements of 10—A. Others in their work with van
der Waals forces have used optical interference meth-
ods to measure displacements of 1A. Their effort simi-
larly was concerned with penetrating the regime of
interatomic forces between single atoms and they pro-
posed their atomic force microscope (AFM) as a new
tool designed to exploit that level of sensitivity, en-
abling investigation of both conductors and insulators
on an atomic scale. They envisioned a general-purpose
device that will measure any type of force; not only the
interatomic forces, but electromagnetic forces as well.
However, the atomic force microscope actually dis-
closed in that article is a combination of the principles
of the scanning tunneling microscope and the stylus
profilometer.

In their proposed first mode, they modulated the
sample in the z-direction at its resonant frequency (5.8
kHz). The force between the sample and the diamond
stylus—the small force that they want to measure—de-
flects the lever holding the stylus. In turn, this modu-
lates the tunneling current which is used to contro} the
AFM-feedback circuit and maintain the force f, at a
constant level.
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In their second and third modes, the lever carrying
the diamond stylus is driven at its resonant frequency in
the z-direction with an amplitude of 0.1 to 10A. The
force, f,, between sample and stylus changes the reso-
nant frequency of the lever. This changes both the am-
plitude and phase of the ac modulation of the tunneling
current. Either of these can be used as a signal to drive
the feedback circuits.

In the fourth mode they used one feedback circuit. It
was connected to the AFM and it was controlled by the
tunneling current in the STM. This system maintained
the tunneling gap at a constant level by changing the
force on the stylus.

The fourth mode was further improved by reconnec-
tion of both feedback circuits in such a way that the
AFM sample and the STM tip were driven in opposite
_directions with a factor a less in amplitude for the STM
tip. The value of a ranged from 10 to 1000.

In contrast to previous methods, the absolute value of
fo, the force on the stylus, was not well defined except
at the beginning of the measurement, even in the ab-
sence of thermal drifts. However, they saw the limiting
sensitivity of their instrument as far less than inter-
atomic forces ranging from ionic bonds to van der
Waals bonds and down to perhaps 10—12N for some of
the weaker forces of surface reconstruction. Their
AFM, therefore, should be able to measure all of the
important forces that exist between the sample and
adatoms on the stylus.

They further pointed out that these forces also exist in
the tunneling microscope itself and that they can have a
strong influence on the data collected with the STM.
Accordingly, they mentioned that the STM could be
used as a force microscope in the mode they described
by simply mounting the STM tip on a cantilever beam.

Further background materials include another article
by G. Binnig, H. Rohrer, Ch. Gerber and E. Weibel, of
the IBM Zurich Research Laboratory, entitled Surface
Studies By Scanning Tunneling Microscopy, Phys. Rev.
Lett., 1982, 49, 57, an article by U. Dorig, J. K. Gim-
zewski and D. W. Phol, entitled Experimental Observa-
tion of Forces Acting During Scanning Tunneling Micros-
copy, Phys. Rev. Lett., 1986, 57, 2403, and another arti-
cle on atomic force microscopy by Gary M. McClel-
land, Ragnar Erlandsson and Shirley Chiang, entitled
Atomic Force Microscopy: General Principles and a New
Implementation, accepted for publication in Review of
Progress in Quantitative Non-Destructive Evaluation,
vol. 6, Plenum, New York (1987).

An interesting design is apparent from an article by
Ch. Gerber, G. Binnig, H. Fuchs, O. Marti and H.
Rohrer, entitled Scanning Tunneling Microscope Com-
bined With a Scanning Electron Microscope, Rev. Sci.
Instrum., 1986, 57, 221, disclosing their “Pocket-Size”
STM needing very little external vibration isolation.

Scanning tunneling microscopy also has been described
in an article thus entitled by G. Binnig and H. Rohrer,
published in Helvetica Physica Acta, Vol. 55 (1982)
726-735. The atomic force microscope and method for
imaging surfaces with atomic resolution is described in
Dr. Binnig’s U.S. Pat. No. 4,724,318, issued Feb. 9,
1988. A low-energy scanning transmission electron
microscope is disclosed in U.S. Pat. No. 4,618,767, by
David A. Smith and Oliver C. Wells, and issued Oct. 21,
1986. Tunnel and field effect carrier ballistic systems are
disclosed in U.S. Pat. No. 4,823,004, by William J. Kai-
ser and Douglas Bell, and issued Apr. 18, 1989.
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In 1986, Drs. Binnig and Rohrer received the Nobel
Prize in Physics for their above mentioned work.

An overview has been published by Calvin F. Quate
under the title of Vacuum tunneling: A new technique for
microscopy, PHYS. TODAY (Aug. 1986) 26-33, men-
tioning inter alia topography, surface state studies, sur-
face charge density measurements, catalytic reaction
studies, and material deposition as present or prospec-
tive fields of application.

Despite those developments the need for an advanced
sensor technology with high resolution and bandwidth
continued to grow for applications in navigation, con-
trol, pointing, tracking and testing of space and defense
systems. The constraints of mass, volume, power and
cost are prime concerns in nearly all applications.

Sensors now in use for detection of acceleration,
force, torque, strain, pressure, and other signals, rely on
the electronic measurement of the displacement of sen-
sor components in electrostatic, electromagnetic and
piezoelectric devices. For example, acceleration is mea-
sured by monitoring the displacement of a spring-sup-
ported “proof mass” under acceleration of the sensor
structure. The detection of displacement is typically by
measurement of a variation in capacitance or induc-
tance resulting from motion of the pendulum or cantile-
ver. The need for high sensitivity in typical applications
requires the use of large proof mass, bulky position
detection components and high power consumption
electronics.

By way of comparison, reference may be had to an
article by K. E. Petersen, A. Shartel, and N. F. Raley,
entitled Micromechanical Accelerometer Integrated with
MOS Detection Circuitry, IEEE Trans. Electron De-
vices, ED-29, 23 (1982), describing a micro-accelerome-
ter based on capacitive-position detection using a can-
tilever-supported proof mass having a deflection sensi-
tivity of 680 Angstroms per g of acceleration. The ca-
pacitive signal of that device changed by only 0.5 per-
cent for a 1 g change in acceleration.

In contrast, an improvement of orders of magnitude
in sensitivity is required to provide the kind of system
sensitivity, system bandwidth and/or reduction in sen-
sor volume increasingly needed in advanced applica-
tions. v

Preferably, any advance in sensor technology should
be compatible with the capabilities of existing Si mi-
cromachining techniques. Reference may in this respect
be had to articles by K. E. Petersen, entitled Dynamic
Micromechanics on Silicon: Techniques and Devices,
IEEE Trans. Electron Devices, ED-25, 1241 (1978),
and Silicon as a Mechanical Material, Proceedings of the
IEEE, Vol. 70 (May 1982) 420, describing production
of components from single-crystal silicon, and to an
article by F. Rudolf, A. Jornod and Philip Bencze,
entitled Silicon Microaccelerometer, 395, describing man-
ufacture of a capacitive servoaccelerometer, employing
a force balancing loop in a linearizing circuit.

Apparatus and method for measuring specific force
and angular rate are disclosed in U.S. Pat. No.
4,445,376, by S. J. Merhav, issued May 1, 1984,

Tunneling Susceptometry has been disclosed in U.S.
Pat. No. 4,861,990, by T. R. Coley, issued Aug. 29,
1989, and describing use of tunneling phenomena in
determining susceptability of material samples to mag-
netic, electrostatic or other fields.

The difficulty of work in this area is illustrated by
U.S. Pat. No. 4,638,669, by Stephen Y. Chou, issued
Jan. 27, 1987 for a so-called *“Quantum Tunneling Canti-
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lever Accelerometer.”While that accelerometer was
capable of providing an output potentially superior to
outputs of prior-art capacitive accelerometers, it was
discovered in 1989 that Dr. Chou’s accelerometer is in
fact an improved capacitive accelerometer in which no
discernible electron tunneling can take place. Accord-
ingly, Dr. Chou used a pulse generator for energization,
and avoided the need for a feedback loop or servo sys-
tem by isolating his electrode.

SUMMARY OF THE INVENTION

It is a general object of this invention to overcome the
disadvantages and to meet the needs expressed or im-
plicit in the above Information Disclosure Statement or
in other parts hereof.

It is a germane object of this invention to provide
immproved sensors and measuring systems.

It is also an object of this invention to provide new
applications and utility for electron tunneling.

It is a related object of this invention to provide a new
class of microsensors using electron tunneling position
or force detection.

It is also a related object of this invention to provide
new methods and apparatus for measuring gravitational
and inertial forces.

It is also a related object of this invention to provide
new position sensors and position sensing methods.

It is also a related object of this invention to provide
new particle detectors and particle detecting methods.

It is also a related object of this invention to provide
new acoustic wave detectors and detecting methods.
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It is also a related object of this invention to provide

new hypersensitive microphones.

1t is also a related object of this invention to provide
new infrared and other radiation detecting methods and
apparatus.

It is also a related object of this invention to provide
new magnetometer and similar apparatus.

It is also an object of this invention to provide new
uses for basically known or obvious devices or appara-
tus.

Other objects will become apparent in the further
course of this disclosure.

The invention resides in methods and apparatus for
determining a position of an object in space, comprising
in combination the steps of or means for providing an
electric tunneling current through a tunneling gap be-
tween an electrode and the object in space, determining
a position of that object in space when providing the
electric tunneling current through a tunneling gap be-
tween an electrode and that object in space, varying the
gap with a gravitational force acting on the object by
changing that object in position to induce a correspond-
ing variation in an electrical property of the gap relating
to the tunneling current, and determining the direction
of the gravitational force relative to the object from that
corresponding variation in that electrical property and
thereby the changed position of the object in space.

The invention resides also in methods and apparatus
for determining a position of an object in space, com-
prising in combination a constant voltage or constant
current source, and the steps of or means for deriving
from that constant voltage or current source an electric
tunneling current through a tunneling gap between an
electrode and the object in space, determining a first
position of that object in space from an electrical prop-
erty of that gap relating to the tunneling current, chang-
ing the object in position to induce a variation in the gap
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and in the electrical property, determining a change in
voltage caused by flow of current from the source to
the gap in response to that gap variation, and determin-
ing the changed position of the object from that change
in voltage.

The invention resides also in methods of measuring a
force acting on an object, comprising in combination
the steps of providing an elastic beam for suspending
that object, making that elastic beam deflectable by an
electrostatic feedback signal, providing a tunneling gap
between a tunneling tip and an electrode, connecting
one of that tunneling tip and that electrode to the elastic
beam, providing an electric tunneling current through
the tunneling gap between the tunneling tip and the
clectrode, deflecting the elastic beam with said force to
provide a variation in an electrical property of the gap
relating to the tunneling current, providing a servo loop
responding to that variation in that electrical property,
deriving the electrostatic feedback signal from the
servo loop, restoring the deflected beam in position
with the derived electrostatic feedback signal, and pro-
viding a servo loop output signal indicative of said -
force.

The invention resides also in apparatus for measuring
a force acting on an object comprising in combination,
an elastic beam suspending that object, means for de-
flecting that elastic beam with an electrostatic feedback
signal, a tunneling tip, an electrode, and a tunneling gap
between that tunneling tip and that electrode, one of
that tunneling tip and that electrode connected to the
elastic beam, means for providing an electric tunneling
current through the tunneling gap between the tunnel-
ing tip and the electrode, means for deflecting the elas-
tic beam with said force to provide a variation in an
electrical property of the gap relating to the tunneling
current, means including a servo loop responding to
that variation in the electrical property, means for de-
riving the electrostatic feedback signal from the servo
loop, means connected to the means for deriving the
electrostatic feedback signal and to the means for de-
flecting the elastic beam, for restoring that deflected
beam in position with that derived electrostatic feed-
back signal, and means connected to the servo loop for
providing a servo loop signal indicative of said force.

The invention resides also in methods and apparatus
for measuring a magnetic field, comprising in combina-
tion an electrically energizable loop and the steps of or
means for making that electrically energizable loop
deflectable by the magnetic field when electrically ener-
gized, providing a tunneling gap between a tunneling
tip and an electrode, connecting one of that tunneling
tip and that electrode to the loop, electrically energiz-
ing that loop, providing an electric tunneling current
through the tunneling gap between the tunneling tip
and the electrode, deflecting the electrically energized
loop with the magnetic field to provide a variation in an
electrical property of the gap relating to the tunneling
current, and providing a measurement of the magnetic
field in response to that variation in the electrical prop-
erty.

The invention resides also in methods and apparatus
for measuring gravitational and inertial forces acting on
an object in space, comprising in combination a con-
stant voltage or a constant current source, and the steps
of or means for providing an electric tunneling current
through a gap between an electrode and the object in
space with current from the constant voltage or current
source, varying the gap with any one of the forces act-
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ing on the object, determining a change in voltage
caused by current from the source in response to that
gap variation, and deriving a measurement of the force
from the change in voltage.

The invention resides also in methods and apparatus
for measuring gravitational and inertial forces acting on
an object in space, comprising in combination the steps
of or means for providing an electric tunneling current
through a gap between an electrode and the object in
space, varying that gap with any of the forces acting on
the object and sensing a corresponding variation in an
electrical property of that gap, restoring that varied gap
with an electric signal in response to that variation in
that electrical property, and deriving a measurement of
the force from that electric signal.

The invention resides also in methods and apparatus
for measuring inertial forces acting on an object in
space, comprising in combination the steps of or means
for providing an electric tunneling current through a
gap between an electrode and the object in space, im-
pacting wave energy on that object, varying the gap
with inertial forces acting on that object from the im-
pacting wave energy and sensing corresponding varia-
tions in an electrical property of the gap, and determin-
ing the inertial forces for detection of the wave energy
from the corresponding variations in the electrical
property.

The invention resides also in methods of detecting
radiation capable of varying a fluid volume, comprising
in combination the steps of entrapping that fluid vol-
ume, providing a first electrode in force-transfer rela-
tionship with the entrapped fluid volume, providing a
second electrode spaced from that first electrode, pro-
viding one of these first and second electrodes with a
tunneling tip spaced by a tunneling gap from the other
of these first and second electrodes, providing an elec-
tric tunneling current through that tunneling gap, vary-
ing the entrapped fluid volume with the radiation to
displace the first electrode and sensing a corresponding
variation in an electrical property of the gap relating to
the tunneling current, and determining a parameter of
the radiation from that variation in that electrical prop-
erty.

The invention resides also in apparatus for detecting
radiation capable of varying a fluid volume, comprising
in combination, an entrapped fluid volume, a first elec-
trode in force-transfer relationship with that entrapped
fluid volume, a second electrode spaced from that first
electrode, a tunneling tip on one of these first and sec-
ond electrodes spaced by a tunneling gap from the other
of these first and second electrodes, means for provid-
ing an electric tunneling current through that tunneling
gap, means for impacting the radiation on the fluid
volume for varying that entrapped fluid volume with
that radiation to displace the first electrode, and sensing
a corresponding variation in an electrical property of
the gap relating to the tunneling current, and means for
determining a parameter of that radiation from that
variation in that electrical property.

According to a preferred embodiment of the inven-
tion applicable to all of these method and apparatus
aspects, the varied gap is restored with an electrical
signal, or with another predetermined agency, in re-
sponse to variation of a predetermined electrical prop-
erty of that gap, and a measurement or determination of
the force or changed position is derived from that elec-
tric signal or from whatever quantity of another agency
is required for restoring the gap to a quiescent value.
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Other aspect of the invention will become apparent in
the further course of this disclosure, and no restriction
to any object or aspect is intended by this Summary of
the Invention.

Unlike the above mentioned prior efforts, the subject
invention does not deal with interatomic and intermo-
lecular forces. Rather, the subject invention and its
embodiment determine or measure forces on any object
in space, meaning outer space for one thing or at least
environments outside any interatomic or intermolecular
region.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention and its various objects and aspects will
become more readily apparent from the following de-
tailed description of preferred embodiments thereof,
illustrated by way of example in the accompanying
drawings, in which like reference numerals designate
like or equivalent parts, and in which:

FIG. 1 is a diagrammatic view of a sensor and mea-
suring system according to a first embodiment of the
invention;

FIG. 2 is a view similar to the FIG. 1 showing modifi-
cations according to further embodiments of the inven-
tion;

FIG. 3 is a view taken on the line 3—3 in FIG. 5;

FIG. 4 is a view on a reduced scale taken on the line
4—4 in FIG. 5, but turned about the left-hand edge;

FIG. 5 is a side view section of a folded beam type
tunneling sensor according to a further embodiment of
the invention;

FIG. 6 is a somewhat diagrammatic perspective view
of a tunneling magnetometer pursuant to an embodi-
ment of the invention;

FIG. 7 is a somewhat diagrammatic side view of a
radiation sensor or detector pursuant to an embodiment
of the invention;

FIG. 8 is a top view of a radiation sensor or detector
pursuant to a preferred embodiment of the invention;
and

FIG. 9 is a section taken on the line 9—9 in FIG. 8.

It may be noted that FIGS. 3, 4 and 6 use slanted lines
for contrast and better understanding, rather than for
showing any sections.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The drawing illustrates methods and apparatus 10 for
measuring forces acting on an object 12. That method
and apparatus provides an electric tunneling current 13
through a gap 14 between an electrode 15 and the ob-
ject 12. In the illustrated embodiment of the invention,
this is done by providing first and second electrodes 15
and 16 at opposite sides of the gap 14 and by coupling
the second electrode to the object 12 for movement
therewith, while maintaining the first electrode rela-
tively stationary on a support or mounting structure,
part of which is seen at 18 in the drawing. However, the
phrase “a gap between an electrode and the object,” as
repeatedly used herein, should be broadly construed
within the scope of the subject invention.

In the operation of the illustrated method and appara-
tus, the gap 14 is varied with a force, F, acting on the
object 12, and a corresponding variation in the tunnel-
ing current is sensed.

The applied force, F, or its magnitude may then be
determined in response to variations in the tunneling
current 13. By way of example and not by way of limita-
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tion, such determination or measurement may be ef-
fected in the context of a constant voltage source or a
constant current source. If a constant voltage source is
employed, then a measurement of the applied force, F,
may be derived from a change in current flowing to the
electrode 15 or gap 14. On the other hand, in the case of
a constant current source, variations in a voltage drop
would be indicative of tunneling gap variations and
applied forces.

The illustrated embodiments of the invention provide
or employ a constant current source 20 in FIG. 1 and a
constant voltage source in FIG. 2 for supplying the
tunneling current 13, as illustrated by an arrow denoting
. the supply current, 1. If the voltage is maintained con-
stant, then the current, 1, varies as the gap 14 is varied.

If the current, I, is maintained constant, then a volt-
age has to vary instead. In this respect, the illustrated
embodiment of FIG. 2 connects a resistor R in series
with the constant voltage source and the gap 14 or
electrode 15. A voltage drop, v, occurs across that
resistor R, when current, I, flows in the current supply
lead 21 to the gap 14.

The illustrated embodiments observe a voltage, v,
caused by current, I, from the source 20 or 120 when
the gap 14 has a quiescent value; that is, for instance,
when no force is applied. The illustrated apparatus or its
equivalent then derives a measurement of such a force,
F, from a change in that voltage.

By way of example, the embodiment of FIG. 1 em-
ploys a differential amplifier DA for observing the volt-
age, v, caused by current, I, from the source 20 when
the gap 14 has a quiescent value. One input 23 of the
differential amplifier is connected to the current supply
lead 21 for that purpose, so as to receive an input signal
corresponding to the value of the voltage, v. The other
input 24 of the differential amplifier is connected to a
source 25 of reference voltage, Vg. An arrow through
the source 25 indicates that the reference voltage is
adjustable. Adjustable voltage sources are already cus-
tomary in tunneling devices where they are also used
for offsetting electrode and tip Fermi levels.

By way of example, the reference voltage Vg may be
adjusted at the source 25 to be equal to the voltage, v,
across the resistor R when the gap 14 has its quiescent
value, and the differential amplifier DA may signify
such quiescent value of the tunneling gap by a zero
output signal at 26.

The illustrated embodiment of the invention may also
be employed to sense a variation in the tunneling cur-
rent or voltage across the gap or, generically, an electri-
cal property of that gap 14, corresponding to a variation
in the gap 14 by a force F. For instance, if the gap 14 is
varied by a force F while the rate of flow, I, is main-
tained constant by the source 20, then there is a corre-
sponding variation in the voltage drop across the gap 14
and a corresponding change in the voltage, v, across the
current supply 20.

On the other hand, if the source is a constant voltage
source as in FIG. 2, then there is a change in the rate of
tunneling current flow as well, when the gap 14 is di-
minished by a force F.

These and other alternatives within the scope of the
subject invention may be summarized by saying that an
electrical property of the gap or its variation of that
electrical property in response to a variation in that gap
14 is sensed and is employed to determine the force or
other agency causing that gap variation.
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The differential amplifier DA or functionally equiva-
lent circuitry within the scope of the illustrated embodi-
ment, in effect determines a change in voltage, v, caused
by current, I, from the source 20 in response to the gap
variation at 14, and derives a measurement of that force
F from that change in that voltage, such as by compar-
ing the value of that changed voltage to the reference
voltage Vg. The resulting output signal of the differen-
tial amplifier is applied via output 26 to a filter 28 which
may be employed for removing noise and undesired
frequencies. The filter output may be further amplified
by an amplifier 29 which applies its output signal to a
terminal 31 as the output signal of the sensor or appara-
tus 10.

Variations of the tunneling gap 14 thus measured may
be converted to a force indication on the basis of the
elastic constant of the object suspension or beam 34.
Alternatively, the apparatus 10 may be calibrated in
terms of force.

Within the scope of the subject invention, a predeter-
mined agency may be provided for restoring the gap 14
in response to variation of the tunneling current 13, and
a quantity of that agency may be employed to a restora-
tion of that gap. In that case, the force F or its value
may be determined from that quantity. By way of exam-
ple, if the varied gap 14 is restored with an electric
current, voltage or signal in response to variation of a
predetermined electrical property of the gap 14, then a
measurement of the force F may be derived from that
electric current, voltage or signal. Put otherwise, the
tunneling gap 14 may be restored to its quiescent value
in response to the above mentioned change in voltage,
v, from which the value of the force, F, is also derived.

FIG. 1 also shows a practical embodiment for imple-
menting these features within the scope of the subject
invention. In particular, the drawing shows the differ-
ential amplifier DA, filter 28 and operational amplifier
29 arranged in a servo loop 32 which in effect includes
the sensor itself to respond to each variation in an elec-
trical property of the gap. The filter 28 thus may be a
loop filter and the amplifier 29 may be a variable gain
operational amplifier for increased stability, and/or may
be a high-voltage amplifier for driving the beam 34.

The servo loop 32 also provides at the terminal 31 a
servo loop output signal indicative of forces F varying
the tunneling gap 14.

A preferred embodiment of the invention elastically
suspends the object 12, and such elastically suspended
object may be restored in position in response to varia-
tion of an electrical property of the gap 14. In this re-
spect, the illustrated preferred embodiment integrates
the object 12 with an elastic beam 34 which has a fixed
end attached to a mesa 36 of the supporting structure 18
and carries the second electrode 16 as a tunneling tip at
a free end thereof.

Of course, within the scope of the subject invention,
the elastic beam 34 actually may carry a distinct object,
such as a “proof mass,” as found in accelerometers and
the like. However, in the case of the illustrated embodi-
ment of the invention, the object or “proof mass” is
actually integrated with or constituted by the elastic
beam 34 or, in effect, by a free end thereof at the tunnel-
ing tip 26.

Also within the scope of the illustrated preferred
embodiment of the invention, the elastic beam 34 is
made deflectable by a feedback signal. By way of pre-
ferred example, the elastic beam 34 is a piezoelectric
























