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10020540-1 4 PATENT 



BACKGROUND A relay or switch may be used to change an electrical signal
from a first state to a  second state. In general there may be more than
two states. In applications that 5 require a small switch geometry or a
large number of switches within a small region,  semiconductor fabrication
techniques may be used to create switches with a small  footprint. A
semiconductor switch may be used in a variety of applications, such as
industrial equipment, telecommunications equipment and control of electro-
mechanical devices such as ink jet printers. 10 In switching applications,
the use of piezoelectric technology may be used to actuate  a switch.
Piezoelectric materials have several unique characteristics. A
piezoelectric material can be made to expand or contract in response to an
applied  voltage. This is known as the indirect piezoelectric effect. The
amount of expansion 15 or contraction, the force generated by the expansion
or contraction, and the amount  of time between successive contractions are
important material properties that  influence the application of a
piezoelectric material in a particular application.  Piezoelectric material
also exhibits a direct piezoelectric effect, in which an electric  field is
generated in response to an applied force. This electric field may be 20
converted to a voltage if contacts are properly coupled to the
piezoelectric material.  The indirect piezoelectric effect is useful in
making or breaking a contact within a  switching element, while the direct
piezoelectric effect is useful in generating a  switching signal in
response to an applied force. 25 5  



Attorney Docket No. 10020540-1 PATENT SUMMARY 5 A method and structure for
an electrical switch is disclosed. According to a structure  of the present
invention, a gas-filled chamber is housed within a solid material. The
solid material may be composed of glass, ceramic, metals and adhesive
material. A  plurality of contacts within the gas-filled chamber are
coupled to the solid material,  while a plurality of piezoelectric elements
within the gas-filled chamber are also 10 coupled to the solid material. A
slug within the gas-filled chamber is coupled to one  or more of the
plurality of contacts and further coupled to one or more of the plurality
of piezoelectric elements.' The slug is operable to move within the chamber
and  make or break connections with one or more of the plurality of
contacts. A liquid  metal within the gas-filled chamber is coupled to the
slug, and coupled to the plurality 15 of contacts. The liquid metal acts as
a friction-reducing lubricant for motion of the  slug, and also is operable
to provide a surface tension that maintains a connection  between the slug
and a contact of the plurality of contacts. According to a method of  the
present invention, one or more of the plurality of piezoelectric elements
are  actuated, with the actuation of the one or more piezoelectric elements
causing the 20 slug coupled to the one or more piezoelectric elements to
move from a first number  of contacts to a second number of contacts. The
first number of contacts and the  second number of contacts are wetted by
the liquid metal. The movement of the  slug from- the. first number of
contacts to the second number of contacts breaks a 6  Attorney Docket No.
10020540-1 



PATENT liquid metal surface tension between the slug and the first number
of contacts and  establishes a coupling between the slug and the second
number of contacts, thereby  enabling the liquid metal switch to change
from a first state to a second state. The  surface tension of the liquid
metal between the slug and the second number of 5 contacts is then operable
to maintain a coupling between the second number of  contacts and the slug.
7  Attorney Docket No. 10020540-1 PATENT BRIEF DESCRIPTION OF THE DRAWINGS
The features of the invention believed to be novel are set forth with
particularity in  the appended claims. The invention itself however, both
as to organization and  method of operation, together with objects and
advantages thereof, may be best  understood by reference to the following
detailed description of the invention, which  describes certain exemplary
embodiments of the invention, taken in conjunction with  the accompanying
drawings in which: 10 FIG. 1 is a side view of a liquid metal switch,
according to certain embodiments of  the present invention. 15 FIG. 2 is a
cross section of a liquid metal switch, according to certain embodiments
of the present invention. FIG. 3 is a top view of a circuit substrate layer
of a liquid metal switch, according to  certain embodiments of the present
invention. 



20 FIG. 4 is a top view of a piezoelectric layer of a liquid metal switch,
according to  certain embodiments of the present invention.. FIG. 5 is a
top view of a cap layer of a liquid metal switch, according to certain  25
embodiments of the present invention. 8  Attorney Docket No. 10020540-1
PATENT DETAILED DESCRIPTION While this invention is susceptible of
embodiment in many different forms, there is  5 shown in the drawings and
will herein be described in detail specific embodiments, with the
understanding that the present disclosure is to be considered as an example
of the principles of the invention and not intended to limit the invention
to the specific  embodiments shown and described. In the description below,
like reference  numerals are used to describe the same, similar or
corresponding parts in the  10 several views of the drawings. A liquid
metal switch may be represented using a plurality of layers, wherein the
plurality of layers represent layers created during a fabrication of the
liquid metal  switch. Referring now-to FIG. 1, a side view of a liquid
metal switch 100 is shown, 15 according to a certain embodiment of the
present invention. Cap layer 110 is shown  coupled to piezoelectric layer
120, while piezoelectric layer 120 is coupled to circuit  substrate layer
130. It is noted that circuit substrate layer 130 may further comprise a
plurality of circuit traces, wherein the plurality of circuit traces are
not shown in FIG.  1. It is further noted that additional layers may be
coupled to cap layer 110, 



20 piezoelectric layer 120 and circuit substrate layer 130 without
departing from the  spirit and scope of the present invention. In certain
embodiments of the present  invention, the piezoelectric layer 120, cap
layer 110, and the circuit substrate layer  130 may be composed of one or
more of glass, ceramic, composite material and  ceramic-coated material. 25
Referring now to FIG. 2, a cross section 200 of liquid metal switch 100 is
shown,  according a certain embodiment of the present invention.
Piezoelectric layer 120  comprises a chamber 210, wherein in a preferred
embodiment of the present 9  Attorney Docket No. 10020540-1 PATENT
invention chamber 210 is located completely within piezoelectric layer 120.
Chamber 210 comprises a plurality of contacts 220, liquid metal 205, and
slug 215.  The liquid metal 205, such as mercury or a Gallium alloy, acts
as a friction-reducing'  lubricant. The plurality of contacts 220 are
coupled to circuit substrate layer 130. 5 Liquid metal 205 is coupled to
the plurality of contacts 220, further coupled to slug  215, cap layer 110,
and operable to be coupled to cap layer 110. Slug 215 is  coupled to liquid
metal 205 and further coupled to one or more of the plurality of  contacts
220. In a certain embodiment of the present invention, slug 215 resides.
entirely within liquid metal 205. Slug 215 may be solid or hollow, and may
be 10 composed of a wettable material, such as metallic compounds, ceramic
or plastic. It  is noted that liquid metal 205 is coupled to each of the
plurality of contacts 220  independent of a position of liquid metal switch
100. In a certain embodiment of the  



present invention, liquid metal 205 enables slug 215 to be coupled to one
or more of  the plurality of contacts 220. 15 Chamber 210 is filled with a
gas, which in a certain embodiment of the present  invention is inert. In a
certain embodiment of the present invention, the gas is  nitrogen. Slug 215
is represented in FIG. 2 as a solid material, although it is noted  that
slug 215 may be hollow without departing from the spirit and scope of the
20 present invention. In a certain embodiment of the present invention,
slug 215 is  tapered at both longitudinal ends of said slug 215 so that
slug 215 may be actuated  by a movement of a piezoelectric element. The
piezoelectric element may be  composed from ceramic, quartz, plastic, or
specially designed materials. It is also  noted that although liquid metal
switch 100 is shown with three contacts 220, a 25 greater number of metal
contacts may be used without departing from the spirit and  scope of the
present invention. The plurality of contacts 220 are chosen from a
material so that plurality of contacts 220 does not interact with liquid
metal 205.. It is  noted that in a certain embodiment of the present
invention, one or more of plurality  of contacts 220 are coupled to slug
215 at each time instant thereby enabling liquid 10  Attorney Docket No.
10020540-1 PATENT metal switch 100 to switch electrical signals in a
differential manner. As an example,  the three contacts 220 shown in FIG. 2
are operable to provide a common contact  (the center contact shown in FIG.
2) with slug 215 so that coupling slug 215 to a left  contact of plurality
of contacts 220 generates an electrical signal with a polarity  



5 opposite that of coupling slug 215 to a right contact of plurality of
contacts 220. Referring now to FIG. 3, a top view 300 of circuit substrate
layer 130 of liquid metal  switch 100 is shown, according to a certain
embodiment of the present invention. 10 Plurality of contacts 220 are
coupled to circuit substrate layer 130. It is noted that  plurality of
contacts 220 may be connected through the circuit substrate layer 130 to  a
plurality of solder balls on an opposite side of circuit substrate layer
130 for signal  routing. In an alternative embodiment of the present
invention, circuit traces and  pads may be provided on the same side of
circuit substrate layer 130 as plurality of  15 contacts 200. Referring now
to FIG. 4, a top view 400 of piezoelectric layer 120 of liquid metal
switch 100 is shown, according to a certain embodiment of the present
invention. A  top level view of piezoelectric layer 120 is shown along with
a cross-section 430. 20 Cross-section 430 illustrates a plurality of
piezoelectric elements 410 coupled to  piezoelectric layer 120 and further
coupled to chamber 210. The plurality of  piezoelectric elements 410 are
oriented perpendicular to the plurality of contacts  220. A side view of
vent passage 420 is also shown in cross-section 430. Vent  passage 420
resides within piezoelectric layer 120, and in a certain embodiment of 25
the present invention vent passage 420 is coupled to chamber 210 in two
locations.  In a certain embodiment of the present invention, the two
locations are oriented so  that the plurality of piezoelectric elements 410
are located between the two locations  when piezoelectric layer 120 is
viewed from the top. It is further noted that in a  certain embodiment of
the present invention, chamber 210 is fabricated so that a - 11  Attorney
Docket No. 10020540-1 



PATENT plurality of small channels 440 are created adjacent to the
plurality of piezoelectric  elements 410 and adjacent to two locations of
the vent passage 420. The plurality of  small channels 440 are illustrated
in FIG. 4, although it is noted that a greater or  fewer number of channels
440 could be used without departing from the spirit and 5 scope of the
present invention. Plurality of small channels 440 are oriented so that
vent passage 420 is operable to adequately equalize a chamber pressure as
slug  215 is in motion. Plurality of small channels 440 are also oriented
so that plurality of  piezoelectric elements 410 are able to effectively be
actuated. 10 Plurality of piezoelectric elements 410 may be segmented as
shown in FIG. 4, or one  or more of the plurality of piezoelectric elements
410 may be distinct elements. If the  plurality of piezoelectric elements
410 are segmented, then in a certain embodiment  of the present invention
plurality of piezoelectric elements 410 has a common ground  while
plurality of piezoelectric elements 410 may be actuated distinctly. In a
certain 15 embodiment of the present invention, one or more of the
plurality of piezoelectric  elements 410 are constrained on one side so
that expansion of the one or more  piezoelectric elements is in a single
direction. The plurality of piezoelectric elements  410 may be actuated so
that slug 215 moves from one subset of the plurality of  contacts 220 to a
second subset of the plurality of contacts 220, thereby enabling 20 liquid
metal switch 100 to change state. Actuation of a piezoelectric element of
the  plurality of piezoelectric elements 410 is operable to move slug 215
within chamber  210. Successive actuations of one or more of the plurality
of piezoelectric elements 410  25 are operable to cause slug 215 to
propagate from a first end of chamber 215 to a 



second end of chamber 210. In a certain embodiment of the present
invention,  plurality of piezoelectric elements 410 are actuated one at a
time with a second  piezoelectric element actuated after a first
piezoelectric element wherein the first  piezoelectric element is adjacent
to the second piezoelectric element. It is noted that 12  Attorney Docket
No. 10020540-1 PATENT the ordering of one or more actuations of one or more
piezoelectric elements of the  plurality of piezoelectric elements 410 may
be non-adjacent without departing from  the spirit and scope of the present
invention. In a certain embodiment of the present  invention, one or more
of the plurality of piezoelectric elements 410 may be actuated 5 in order
to slow down, or dampen, a velocity of slug 215 as slug 215 propagates
from the first end of chamber 215 to the second end of chamber 215. It is
also noted  that in a certain embodiment of the present invention, the
tapered ends of slug 215  are tapered so that the plurality of
piezoelectric elements 410 more efficiently impart  a velocity to slug 215.
In a certain embodiment of the present invention, slug 215 10 experiences a
substantially constant velocity due to the actuation of one or more of  the
plurality of piezoelectric elements 410. Referring now to FIG. 5, a top
view 500 of cap layer 110 of liquid metal switch 100 is  shown, according
to a certain embodiment of the present invention. It is noted that 15 cap
layer 110 is fabricated from a monolithic material. In a certain embodiment
of  the present invention, cap, layer 110 is fabricated from glass, circuit
substrate layer  130 is fabricated from a ceramic, and. piezoelectric layer
120 is fabricated from  ceramic. 



20 The liquid metal switch 100 operates by means of the lateral
displacement of one or  more of the plurality of piezoelectric elements 410
in an extension mode thereby  displacing slug 215 that is wetted by a
liquid metal 205 and causing the liquid metal  205 to wet between a first
contact pad of the plurality of contacts 220 on the circuit  substrate 130
and a second contact of the plurality of contacts 220 to close a switch 25
contact of liquid metal switch 100. The same motion that causes the solid
slug to  change position 'can cause an electrical connection to be broken
between the first  contact on the substrate and the second contact. The
lateral motions of the one or  more piezoelectric elements squeeze the slug
215 tapered ends, thereby moving the  slug 215 along a length of the
chamber 210 to overcome surface tension forces that 13  Attorney Docket No.
10020540-1 PATENT would hold the slug 215 in contact with the first
contact. The liquid metal switch 100  latches by means of a surface tension
due to liquid metal 205 and the liquid metal  205 wetting to the plurality
of contacts 220. The slug 215 is wettable and so may be  maintained in a
stable position due to the surface tension of the liquid metal 205 and  5
the coupling of the slug 215 to one or more of the plurality of contacts
220. While the invention has been described in conjunction with specific
embodiments, it  is evident that many alternatives, modifications,
permutations. and variations will  become apparent to those of ordinary
skill in the art in light of the foregoing 10 description. Accordingly, it
is intended that the present invention embrace all such  alternatives,
modifications and variations as fall within the scope of the appended
claims. 



What is claimed is: 15 14 Attorney Docket No. 10020540-1 PATENT 5 1. A
structure for an electrical switch, comprising: a gas-filled chamber housed
within a solid material; a plurality of contacts within the gas-filled
chamber, wherein the plurality of contacts are coupled to the solid
material; a plurality of piezoelectric elements within the gas-filled
chamber, 10 coupled.to the solid material; a slug within the gas-filled
chamber coupled to one or more of the  plurality of contacts and further
coupled to one or more of the plurality  of piezoelectric elements; and 15
a liquid metal coupled to the slug, and coupled to the plurality of
contacts. 15  Attorney Docket No. 10020540-1 PATENT 2. The structure of
claim 1, wherein the plurality of piezoelectric elements are perpendicular
to the plurality of contacts. 3. The structure of claim 1, wherein the slug
is tapered at one or more ends.  



4. The structure of claim 1, wherein the plurality of piezoelectric
elements are segmented. 5. The structure of claim 1, wherein the plurality
of piezoelectric elements are 10 coupled to a common ground. 6. The
structure of claim 1, further comprising a vent passage coupled to the
gas-filled chamber, wherein the vent passage comprises one or more vent
couplings to the gas-filled chamber. 15 7. The structure of claim 6,
wherein the one or more vent couplings are oriented  so that the plurality
of piezoelectric elements are located between a first vent  coupling of the
one or more vent couplings and a second vent coupling of the  one or more
vent couplings. 20 8. The structure of claim 1, wherein the chamber is
filled with an inert gas. 16  Attorney Docket No. 10020540-1 PATENT 9. The
structure of claim 8, wherein the gas is nitrogen. 10. The structure of
claim 1, wherein the chamber further comprises one or more channels. 5 11.
The structure of claim 10, wherein the one or more channels have the same
orientation as the chamber. 12. The structure of claim 10, wherein one or
more of the one or more channels  



10 are located adjacent to the one or more locations where the vent passage
is  coupled to the chamber. 13. The structure of claim 10, wherein one or
more of the one or more channels 15 are located at one or more ends of the
plurality of piezoelectric elements.  14. The structure of claim 1, wherein
the liquid metal is mercury. 15. The structure of claim 1, wherein the slug
stays within a volume of the liquid metal during the actuation of one or
more of the plurality of piezoelectric 20 elements. 17  Attorney Docket No.
10020540-1 PATENT 16.A structure for an electrical switch using a plurality
of piezoelectric elements, comprising: a cap layer;  5 a piezoelectric
layer coupled to the cap layer; a circuit substrate layer coupled to the
piezoelectric layer; and 10 a gas-filled chamber coupled to one or more of
the piezoelectric layer, 15 cap layer and circuit substrate layer, wherein
the gas-filled chamber  further comprises the plurality of piezoelectric
elements, a plurality of  contacts, a slug coupled to one or more of the
plurality of contacts and  coupled to one or more of the plurality of
piezoelectric elements, and a  



liquid metal coupled to the slug, and coupled to the plurality of
contacts. 17. The structure of claim 16, wherein the cap layer, circuit
substrate layer,  piezoelectric layer may be composed of one or more of
glass, ceramic,  20 composite material and ceramic-coated material 18. The
structure of claim 16, further comprising a vent passage coupled to the 18
Attorney Docket No. 10020540-1 PATENT gas-filled chamber, wherein the vent
passage comprises one or more vent  couplings to the gas-filled chamber.
19. The structure of claim 18, wherein the one or more vent couplings are 5
oriented so that the plurality of piezoelectric elements are located
between a  first vent coupling of the one or more vent couplings and a
second vent  coupling of the one or more vent couplings. 20. The structure
of claim 16, wherein the circuit substrate layer further comprises  10 a
plurality of circuit traces and a plurality of pads operable to route one
or more signals generated by actuation of one or more of the plurality of
piezoelectric elements. 21. The structure of claim 16, wherein the chamber
is filled with an inert gas. 15 22. The structure of claim 16, wherein the
chamber further comprises one or more channels. 23. The structure of claim
22, wherein one or more of the one or more channels 



20 are located at one or more ends of the plurality of piezoelectric
elements. 24. The structure of claim 16, wherein the slug stays within a
volume of the liquid 19 Attorney Docket No. 10020540-1 PATENT metal during
the actuation of one or more of the plurality of piezoelectric elements. 20
Attorney Docket No. 10020540-1 PATENT 5 10 15 20 25.A method for electrical
switching of one or more electrical signals using a  liquid metal switch,
comprising: actuating one or more of a plurality of piezoelectric elements;
the actuation of the one or more piezoelectric elements causing a slug
coupled to the one or more piezoelectric elements to move from a first
number of contacts to.a second number of contacts wherein the first  number
of contacts and the second number of contacts are wetted by a  liquid
metal; and the movement of the slug from the first number of contacts to
the  second number of contacts breaking a liquid metal surface tension  



between the slug and the first number of contacts and establishing a
coupling between the slug and the second number of contacts, thereby
enabling the liquid metal switch to change from a first state to a second
state. 26. The method of claim 25, wherein the slug is wetted by the liquid
metal. 27. The method of claim 25, wherein the coupling between the slug
and the  second number of contacts is due to a plurality of surface tension
forces Attorney Docket No. 10020540-1 21 PATENT caused by the liquid metal.
28. The method of claim 25, wherein the one or more piezoelectric elements
have  substantially equivalent actuation properties. 5 29. The method of
claim 25, wherein one or more of the first number of contacts  and one or
more of the second number of contacts are the same. 30. The method of claim
25, wherein the liquid metal is separable into one or  10 more volumes
within the chamber. 31. The method of claim 25, wherein one or more of the
one or more volumes of  liquid metal are coupled to the one or more
contacts. 15 32. The method of claim 25, wherein actuating one or more of
the plurality of  piezoelectric elements is operable to reduce a velocity
of the slug. 33. The method of claim 25, wherein the one or more
piezoelectric elements are  located at an end of the chamber 



20 34. The method of claim 25, wherein the plurality of piezoelectric
elements are actuated in an adjacent manner. .22  Attorney Docket No.
10020540-1 


