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[57] ABSTRACT

A method and device for measuring strain in which
the resistance of a layer of piezoelectric semiconduc-
tor material is measured across a -dimension along
which the resistance is strain sensitive by a gauge fac-
tor of at least 100.

11 Claims, 5 Drawing Figures
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1

HIGH SENSITIVITY SEMICONDUCTOR STRAIN
GAUGE

Matter enclosed in heavy brackets L 1 appears in the
original patent but forms no part of this reissue specifi-
cation: matter printed in italics indicates the additions
made by reissue.

BACKGROUND AND SUMMARY OF THE
INVENTION

In recent years, a substantial effort has been directed
toward the application of solid state technology to
transducer design and fabrication. As a consequence,
semiconductor strain gauges have been developed
which offer considerable advantages over conventional
wire and foil gauges. Specifically, the semiconductor
gauges may be embodied in units of relatively small size
that are rugged and highly sensitive.

Various specific forms of semiconductor stram.

gauges have been proposed including heterojunction
diodes utilizing two distinct semiconductor members of
different conductivity type. See, for example R. Moore
and C. J. Busanovich, IEEE Proc., April 1969, pages
735-736. Although such transducers or sensors have
been quite successful, a major drawback of such de-
vices is their limited strain sensitivity, poor temperature
stability, complexity and high cost of construction. In
the usual heterojunction diode, signal current increases
when the diode is stretched. When attached to a sub-
strate such as glass, the differential in expansion upon
heating results in a threshold current which, together
with increased thermal current, gives rise to a poor
temperature stability characteristic. Also, the hetero-
junction devices are diodes and so must operate with a
current of only one polarity.

Another type of strain sensor in current use Is the
high resistivity piezoelectric transducer wherein one
senses the voltage induced by strain. The piezoelectric
materials used in such devices include such naturally
high resistance material as barium titanate and also
materials such as cadmium sulfide which has been
doped to a very high resistivity. The resistance is high
enough so that internal charge movement under the
influence of the strain induced field does not cancel out
the charge induced by the strain at the electrical
contacts (otherwise no voltage, would be seen by the
external sensing circuit). Since charge motion in the
external circuit will also cancel induced charges, one
must use a high input impedence detector and only
time varying strains can be detected. The present In-
vention overcomes the foregoing drawbacks and rehes
on a unique phenomenon to provide strain sensitive
resistance operation using the piezoelectric material.
Specifically, I have discovered that piezoelectric semi-
conductor materials can be prepared so as to have
strain sensitive resistance along at least one crystal axis.
For example cadmium sulfide can be processed so as t0
have a highly strain sensitive resistance along the C
axis. By applying a voltage across the semiconductor
material parallel to the direction of strain sensitive
resistance. one can measure a signal current which is
proportional to strain. Thus, in contrast to devices
which function piezoelectrically, static strain forces
can be measured. The transducers of this invention also
have high sensitivity, as much as an order of magnitude
greater than heterojunction diodes.
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The transducers of this invention also provide a sig-
nal current which is decreased when stretched and
increased when compressed. Accordingly, in contrast
to heterojunction diodes thermally induced strain (re-
sulting from expansion coefficient differentials) actu-
ally compensates for thermal current increases result-
ing in enhanced temperature stability. Furthermore,
the transducers can be operated with an applied volt-
age of either polarity and with small A.C. voltages.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a strain sensor in
accordance herewith;

FIG. 2 is a fragmentary vertical sectional view taken
centrally through the sensor of FIG. 1;

FIG. 3 is a graph schematically illustrating the volt-
age-signal current characteristic of the present device
compared to a heterojunction diode; |

FIG. 4 is a diagram illustrating one manner of using
the structure of FIG. 1; and |

FIG. 5§ is a diagram illustrating another manner of

using the structure of FIG. 1.
DETAILED DESCRIPTION

As required, detailed illustrative embodiments of the
invention are disclosed herein. The embodiments ex-
emplify the invention which may, of course, be embod-
ied in other forms, some of which may be radically
different from the illustrative embodiments disclosed.
For example, the thicknesses of the layers, mode of
construction and specific materials utilized may be
varied. However, the specific structural and process
details disclosed herein are representative and provide
a basis of the claims which define the scope of the
present invention.

Referring initially to FIG. 1, the component structure
of a semiconductor transducer or sensor is illustrated,
constructed in accordance herewith. The sensor in-
cludes a substrate 12 that affords support and also
serves to carry the strain forces that are under investi-
gation. In one embodiment hereof, the substrate 12
comprises glass, however, other flexible materials such
as molybdenum, Kapton and silicon may also be
employed as the support member, the only criteria
being that the material retain its dimensional stability

when heat treated in accordance with the process as

described below. Alternatively, the sensor can be de-

posited directly on the member under investigation.
The substrate 12 has two electrodes 14 and 16 sup-

ported thereon, to which terminal wires 18 and 20,

respectively, are connected, as well known in the semt-

conductor art. A piezolelectric semiconductor layer 22
is sandwiched between the electrodes 14 and 16. It 15
significant at this point to appreciate that the structure
22 does not have diode characteristics. In contrast to
the usual piezoelectric material, the layer 22 has piezo-
resistive characteristics along at least one dimension, as
will be brought out in greater detail below. The elec-
trodes 14 and 16 are placed so as to define a current
path parallel to the direction of strain sensitive resis-
tance. Thus, the structure 22 has strain sensitivity and
in that regard relatively high gauge factors have been
attained. Specifically, gauge factors of 10* have been
observed in embodiments hereof wherein the gauge
factor is defined as: G=AI/IS, with Al being the change
in current from a nominal current |, upon application
of an imposed strain S.

In a simple form, the transducer is constructed as
shown in FIG. 1 with the layer 22 of piezoelectric semi-
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conductor material having strain sensitive resistance
along a predetermined direction. The electrodes 14
and 16 are applied across the layer 22 to define a cur-
rent path parallel to such direction. A voltage is applied
across the electrodes via the leads 18 and 20 while
measuring the resistance with an ohmmeter 23 (FIG.
2).

For the layer 22, one can utilize any piezoelectric
semiconductor material having a strain sensitive resis-
tance along at least one direction wherein the resis-
tance is strain sensitive by a gauge factor of at least
100. Such materials include IIB-VIA and lIA-VA
compounds, examples of which include cadmium sul-
fide, zinc sulfide, cadmium selenide, zinc selenide,
cadmium oxide, zinc oxide, cadmium telluride, zinc
telluride, aluminum nitride, gallium nitride, indium
nitride, thallium nitride, aluminum phosphide, gallium
phosphide, indium phosphide, thallium phosphide, alu-
minum arsenide, gallium arsenide, indium arsenide,
thallium arsenide, aluminum antimonide, gallium anti-
monide. indium antimonide, thallium antimonide, and
alloys thereof. It is preferred that the semiconductor
material have a cubic, zinc blende crystal structure or a
hexagonal, wurtzite crystal structure.

In many cases the resistance of the semiconductor
material will be anisotropic with strain sensitivity found
only in one direction. Particularly useful materials are
those having a hexagonal wurtzite structure, such as
cadmium sulfide, wherein strain semsitive resistance
can be found along the C axis. In order to determine
the suitability of a piezoelectric semiconductor mate-
rial. one need merely apply a voltage across a portion
of the material and measure the resistance thereof. A
change in measured resistance caused by flexing or
compressing the material will indicate whether the
desired strain sensitive resistance is present along the
dimension defined by the electrical contacts. Gener-
ally, a strain sensitive resistance as low as [ ohm and as
high as 50,000 ohms per square centimeter, with a
gauge factor of 100 or higher, will be useful. In this
regard, see Handbook of Thin Film Technology by
Maissel and Glang, McGraw-Hill, New York, N.Y.
(1970), incorporated herein by reference.

Although the mechanism by which this strain sensi-
tive resistivity occurs is not fully understood, and with-
out meaning to limit the invention to any particular
mechanism of operation, one can hypothesize that the
useful materials herein are formed with a plurality of
intercrystalline grain boundaries, stacking tfaults or
other physical discontinuities in the lattice structure
and that these discontinuities are oriented along a spe-
cific direction of the crystal to give rise to the observed
strain sensitivity. These discontinuities may be present
as a result of various processing conditions in the for-
mation of the crystal or may be induced in a particular
semiconductor material by pre-doping with an elec-
tronically active component (which can also be called
“impurities’'), or such component may be subsequently
diffused into the crystal.

Referring to FIG. 2, an embodiment is 1llustrated In
which cadmium sulfide is used as the semiconductor
material. In this embodiment, electronically active
components are diffused through the upper surface 26
of the cadmium sulfide layver 22 to impart strain sensi-
tivity.

Examples of materials which can be applied and then
diffused into the semiconductor material to provide
electronically active components include electron ac-
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ceptors such as copper, silver, gold, and the like, and
donors such as chlorine, bromine, iodine, indium, gal-
lium, aluminum, and the like. The dopant can be ap-
plied to the piezoelectric semiconductor material by
ion bombardment or by similar techniques well known
to the semiconductor art, or may be applied to the
surface as compounds and diffused into the material.
Examples of compounds which can be applied include
cupric chloride, cupric bromide, cupric todide, silver
chloride, silver bromide, silver todide, gold chloride,
gold bromide, gold iodide, indium chloride, indium
bromide, indium iodide, gallium chloride, gallium bro-
mide, gallium iodide, aluminum chloride, aluminum
bromide, aluminum iodide, and the like. The dopant
material can be applied to a thickness of about 10-100
A. from a solution of the salt in a solvent such as metha-
nol. For example, a 50 A thick layer of cupric chloride
can be applied from a solution of 200 mg. of the chlor-
ide dissolved in 100 cc of methanol.

As indicated in FIG. 2, the layer 22 of cadmium
sulfide is deposited over the electrode 14 to afford one
terminal connection to the semiconductor structure 22.
The opposed terminal connection, comprising the elec-
trode 16 can be applied directly or can include a
contact metal layer 30 which in turn receives a terminal
layer 32. The contact layer 30 may comprise a low
work function metal or alloy such as aluminum, chro-
mium, titanium, gallium, indium, tin, alloy of tin and
gold or chromium, or alloy of aluminum and titanium,
and the like. The contact layer 30 provides ohmic
contact at the upper surface 26, Gold, silver or other
good conductor may be used as the layer 32, but, as
indicated, this layer can also be omitted and the termi-
nal wires 18 and 20 can be affixed directly to the metal
layer 30.

The cadmium sulfide can be deposited by vacuum
deposition techniques or by liquid or chemical vapor
deposition. It is important to deposit the cadmium sul-
fide so that the C axis thereof is vertically oriented.
Advantageously, this orientation is automatically ob-
tained when the cadmium sulfide is a vacuum deposited
on the gold electrode 14. The cadmium sulfide 1s de-
posited to an exemplary thickness of about 2-25 m-

.crons, but somewhat thinner and thicker layers can be

used. Initially, a gold electrode 14 may be deposited In
a defined area on the substrate 12 using vacuum depo-
sition techniques as well known in the prior art. Next,
the cadmium sulfide layer 22 is deposited by sublima-
tion techniques, again utilizing known vacuum deposi-
tion techniques. Such vacuum deposition techniques
are particularly useful when applying cadmium sulfide
to gold. Apparently, the cadmium sulfide layer adja-
cent to the gold electrode 14 becomes cadmium rich,
furnishing a reservoir of electrons to provide good
ohmic contact. See the article by B. Hall, Journal of
Applied Physics, Volume 37, N. 13 (December 1966),
page 4,739, incorporated herein by reference. Other
deposition techniques can be used 1if a contact metal
layer, such as 30, is interposed.

Upon completion of the cadmium sulfide layer 22,
cupric chloride in solution may be sprayed onto the
exposed surface of the layer 22, and permitted to dry.
The cupric chloride is then diffused into the cadmium
sulfide layer 22 by heating the structure at a tempera-
ture of 400° C for a few minutes. Heat treatment can be
conducted at a temperature as low as 200° C but should
preferably not exceed 525° C or there is danger of
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forming a bottom blocking contact by diffusion of cad-
mium donors into the bonded gold layer 14.

Finally, in accordance with the illustrative process
hereof, the layers 30 and 32 are applied and contacts
18 and 20 soldered to the gold layers 14 and 32, respec-
tively.

Referring now to FIG. 3, there is compared the oper-
ational characteristics of a device constructed in accor-
dance with the present invention and a heterojunction
diode device of the type practiced by the prior art. In
the graph, the letters S refer to strain and the numbers
equated therewith are various arbitrary levels of strain
which the device experiences. Positive numbers indi-
cate the level of strain experienced when the device is
stretched parallel to the surface of the substrate and the
negative numbers indicate the level of strain expert-
enced when the device is compressed. The operational
characteristics of a heterojunction diode device are
indicated by the dashed lines 58 whereas the opera-
tional characteristics of a device constructed in accor-
dance with the present invention is illustrated by the
full lines 60.

Referring initially to an exemplary operation of a
heterojunction diode, it is seen that signal current IS
generated when voltage of only one polarity is apphed.
More importantly, when the device is stretched by ten
arbitrary units, the level of signal current generated
increases. On the other hand, when the device is com-
pressed, the level of signal current decreases. when
such a device is secured to a common substrate, such as
soft glass, having a greater coefficient of thermal ex-
pansion than the device, any increase in temperature,
as a result of thermal current increases is added to the
current increase resulting from glass expansion. The
result is a poor temperature stability characteristic.

Referring now to operation of the present structure,
one improvement that can be seen is that the device
operates equally well regardless of the polarity of the
applied voltage. Thus, one has the option of using small
A.C. currents for device operation allowing for simph-
fication of ancillary components. Again more impor-
tantly, when the device 1s stretched, the level of signal
current generated decreases; when the device Is com-
pressed, the level of signal current generated increases.
Accordingly, if common substrate materials such as
soft glass or steel are used, the strain induced by ther-
mal expansion coefficient differentials, actually tends
to compensate for thermal current increases, providing
enhanced temperature stability. Furthermore, as illus-
trated, a signal is obtained which compares in magni-
tude to that of the heterojunction diode device but at
only one tenth the strain. Both the strain sensitivity and
temperature stability are greater for devices of the
present invention.

In a specific example a cell having an area of 1 cm
draws a current of 90ua at 0.4 volts under zero applied
strain. At a positive strain of 100us, the current de-
creases to 60us, and with a compressive strain of 100ps
the current increases to 135ua. Calculating from
+100us to —100us this gives a gauge factor of more
than 4,000.

As stated above, the devices of the present invention
exhibit pronounced strain sensitivity with current flow-
ing in either direction. Accordingly, upon the applica-
tion of strain to the device, the current-voltage curve
thereof is altered to afford an effective transducer.
Very specifically, for example, the cells hereof may be
connected in a bridge circuit as well known in the prior
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art. to which a bias voltage is applied and from which
an output signal is derived that is indicative of the strain
expericiiced by the device. A.C. or D.C. voltages of
either polarity can be used in powering the bridge cir-
cuit.

Various techniques for loading or straining the struc-
ture are well known in the prior art; however, two
exemplary arrangements are illustrated in FIGS. 4 and
§. These configurations illustrate the application of
strain forces to the structure 22 and that are actually
applied directly to the substrate 12. Specifically, bend-
ing forces (represented by the parallel forces 50 and an
opposed, offset force 52) tend to deform the substrate
12 to place the structure 22 in tension, the strain of
which is reflected in an electrical signal as descnibed
above. In FIG. S, the substrate 12 is illustrated to re-
ceive directly-applied tension forces (indicated by the
arrows 54 and 56) which result in similar tension strain
within the structure 22 to again vary an electrical signal
and provide a representative indication. Various tech-
niques as well known in the prior art may be employed to

apply the forces. For example, a substrate 12 may be -

bonded to a structural surface of concern or the transduc-
ing layer may be deposited directly onto the surface of
concern if it is small enough to be treated 1n a vacuum
system or if it is so situated that chemical vapor deposition
techniques are feasible.

Various manufacturing techniques can be utilized, as
well known to the art to economically simultaneously
manufacture a plurality of devices. For example, gold
may be deposited on an extended substrate surface and
then masking techniques used to vacuum deposit cir-
cles of cadmium sulfide thereon. Thereafter, further
masking technique can be used to apply the Cupric
chloride, ohmic contact metal layer and gold layer
thereon, followed by dicing of the individual devices.
By such means, a large plurality of devices can be si-
multaneously manufactured.

I claim:

1. A semiconductor strain transducer assembly, com-
prising:

a layer of piezoelectric semiconductor maternial of
single conductivity type having a hexagonal wurt-
zite crystal structure and having a strain sensitive
resistivity along [a predetermined direction, said
layer being chosen from the group consisting essen-
tially of cadmium sulfide, zinc sulfide, cadmium
selenide, zinc selenide, cadmium oxide, zinc oxide,
cadmium telluride, zinc telluride, aluminum ni-
tride, gallium nitride, indium nitride, thallium ni-
tride, aluminum phosphide, gallium phosphide,
indium phosphide, thallium phosphide, aluminum
arsenide, gallium arsenide, indium arsenide, thal-
lium arsenide, aluminum antimonide, gallium anti-
monide, indium antimonide, thallium antimonide,
and alloys thereof so that said resistivityd its C axis
which is strain sensitive by a gauge factor of at least
100; |

electrical contacts defining a current path parallel to
said [ predetermined direction} C axis;

means for applying a voltage across said electrical
contacts,

means for measuring the resistance between said
electrical contacts while said voltage is apphed,;

means for securing said layer to a member to which
strain forces under investigation are to be applied,;
and
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means for applying said strain forces under mvestiga-
tion to said member.
2. The invention according to claim 1 in which said
semiconductor material is cadmium sulfide.
3. The invention according to claim 1 in which said
electrical contacts comprise a first conductive elec-

trode on a surface of said layer for providing a first

terminal connection and a second conductive electrode
disposed on a second surface of said layer, opposite
said first surface, for providing a second terminal con-
nection. |

4. The invention according to claim 3 in which said
second surface is diffused with an impurity.

§. The invention according to claim 4 wherein said
impurity comprises cupric chloride.

6. The invention according to claim § wherein said
semiconductor material is cadmium sulfide.
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7. The invention according to claim 3 wherein said
first conductive electrode comprises gold. |

8. The invention according to claim 3 wherein said
second conductive electrode comprises a first metal
having a low work function in contact with said second
surface of semiconductor material and a second, differ-
ent, metal thereon.

Q. The invention according to claim | in which said
layer of semiconductor material is 2-25 microns thick.
sulfide, cadmium selenide, zince oxide, gallium nitride,
indium nitride, or aluminum nitride.

10. The invention according to claim 1 in which said
laver of semiconductor material is 2-25 microns thick.

1 1. The invention according to claim | in which said
layer of semiconductor material includes electronically
active components diffused into a surface portion thereof
to a depth of 10-100 A along said C axis.
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UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION

PATENT NO. :Re .29,009
DATED : October 26, 1976

P b

INVENTOR(S) : Frederick J. Jeffers %

| It Is certified that error appears in the above—identified patent and that said L etters Patent
| are hereby corrected as shown below:

Column 5, line 29, change "when" to --When--.
| Column 8, line 9, after "is" delete [2-25 microns thick].
Column 8, line 10, before "sulfide" add -—-cadmium--.

Column 8, line 10, after "sulfide" add --zinc sulfidej-.

Column 8, line 10, change "zince" to --zinc--. |

Signed and Sealed this

Twentysixth  Day of  April 1977

[SEAL]
Attest:

RUTH C. MASON C. MARSHALL DANN
Attesting Officer Commissioner of Patents and Trademarks
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