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(57) ABSTRACT 

Materials bonded together are separated using electrical 
current, thermal stresses, mechanical force, any combination 
of the above methods, or any other application or removal of 
energy until the bonds disappear and the materials are 
separated. In one embodiment the original bonding was 
composed of two layers of material. In another embodiment, 
the sandwich was composed of three layers. In a further 
embodiment, the parts of the sandwich are firmly maintained 
in their respective positions during the application of current 
So as to be able to Subsequently align the materials relative 
to one another. 
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ELECTRODE SANDWCH SEPARATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a Divisional application of U.S. 
patent application Ser. No. 10/234,498, filed Sep. 3, 2002, 
which application claims the benefit of Provisional Patent 
App. No. 60/316,918, filed Sep. 2, 2001. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to fabrication of 
matching pairs of electrodes. 
0003) WO99/13562 and U.S. Pat. No. 6,417,060 disclose 
applications for which it is beneficial to have two separated 
surfaces which substantially mirror each other, and methods 
for making pairs of electrodes whose Surfaces replicate each 
other are disclosed therein. The methods involve fabricating 
a composite by providing a first electrode with a Substan 
tially flat Surface and placing a sacrificial layer over it. A 
second material, which will form the second electrode, is 
placed over the sacrificial layer. The composite is then split 
into two matching electrodes by removing the sacrificial 
layer by etching, by cooling the sandwich with liquid 
nitrogen, or by heating to evaporate the sacrificial layer. 
0004. A possible drawback of using a sacrificial is that it 
can dull some features of a surface to be matched and 
thereby degrade the quality of the surface matching. Addi 
tionally, incomplete removal of the sacrificial layer, or 
damage to one of both of the Surfaces by the techniques used 
for removing the layer would be deleterious to the quality of 
the Surface matching. 
0005 The present invention offers an improved means 
for providing paired electrodes that dispenses with the need 
for a sacrificial layer. 

SUMMARY OF THE INVENTION 

0006 From the foregoing, it may be appreciated that a 
need has arisen for a method of separating bonded materials 
for use as electrodes or for other uses, to achieve clean 
separation of the two surfaces, which allows the surfaces to 
remain aligned with one another, and which does not involve 
a sacrificial layer. This method may be used to prepare 
matched Surfaces that may be positioned in close proximity 
to each other, with separation distances on an Angstrom 
scale. 

0007. In general terms, the present invention provides a 
method for manufacturing a pair of electrodes comprising 
the steps of: fabricating a first electrode with a substantially 
flat surface; placing a second material over the first elec 
trode, wherein said second material comprises a material 
that is suitable for use as a second electrode; and separating 
the composite so formed along the boundary of two layers 
into two matched electrodes. A technical advantage of the 
present invention is that Surfaces that mirror one another 
may be created without the need for a sacrificial layer. A 
further technical advantage of the present invention is that 
the bonded layers may be separated cleanly, with no rem 
nants of one material on the layer opposing. 
0008. In accordance with one embodiment of the present 
invention, the separation step is achieved by applying an 
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electrical current through the materials to separate the elec 
trodes along the boundary of two layers. A technical advan 
tage of this aspect of the present invention is that bonded 
materials may be easily separated without applying 
mechanical tension to the materials. 

0009. In accordance with a further embodiment of the 
present invention, the separation step is achieved by cooling 
or heating the materials, so that the differential in the 
Thermal Coefficient of Expansion (TCE) between two mate 
rials breaks the adhesive bond between the two materials. 

0010. In accordance with a further embodiment of the 
present invention, the separation step is achieved by forcible 
separation of the two materials to break the adhesion 
between the two materials. A technical advantage of this 
aspect of the present invention is that the method may not 
involve applying or removing heat during the separation 
process. 

0011. In accordance with the present invention, a method 
of separating materials from one another is provided, com 
prising the addition or removal of energy, for example by 
means of an ultrasonic treatment step. 
0012. In accordance with a further embodiment of the 
present invention, the separation step is achieved by com 
bination of two or more of the prior methods. 
0013 The present invention describes a method for sepa 
rating Surfaces. These Surfaces could take many forms, 
including but not limited to electrodes. 
0014. The present invention also describes separating 
bonded surfaces. These surfaces can be bonded through a 
variety of methods as described in the detailed description of 
the invention. 

0015. Other technical advantages of the present invention 
will be readily apparent to one skilled in the art from the 
following figures, descriptions, and claims. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE INVENTION 

0016 Embodiments of the invention will now be 
described with reference to appropriate figures, which are 
given by way of example only and are not intended to limit 
the present invention. 
0017 For a more complete explanation of the present 
invention and the technical advantages thereof, reference is 
now made to the following description and the accompany 
ing drawings, in which: 
0018 FIG. 1 is a diagrammatic representation of one 
embodiment of the electrode configuration of a Gap Diode, 
Power Chip or Cool Chip, showing piezo-electric actuators 
at intervals along the under-Surface of an electrode; 
0019 FIG. 2a illustrates two bonded materials undergo 
ing an electrical current application, which breaks the bonds 
between the materials; 
0020 FIG. 2b illustrates two bonded materials undergo 
ing a thermal cycle, which breaks the bonds between the 
materials; 
0021 FIG. 2C illustrates two bonded materials undergo 
ing an application of mechanical force, which breaks the 
bonds between the materials; 
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0022 FIG. 2d illustrates two bonded materials undergo 
ing a combination of two or more of the prior methods, 
which breaks the bonds between the materials; 
0023 FIG. 2e illustrates energy being applied to two 
bonded materials, which breaks the bonds between the 
materials; 
0024 FIG. 3 is a diagrammatic representation of an 
electrode composite on a silicon wafer; 
0.025 FIG. 4a a shows a composite intermediate; and 
0026 FIG. 4b shows a pair of electrodes derived from a 
composite intermediate. 

DETAILED DESCRIPTION OF THE 
INVENTION 

DEFINITIONS 

0027) “Power Chip' is hereby defined as a device that 
uses a thermal gradient of any kind to create an electrical 
power or energy output. Power Chips may accomplish this 
using thermionics, thermotunneling, or other methods as 
described in this application. 
0028 “Cool Chip' is hereby defined as a device that uses 
electrical power or energy to pump heat, thereby creating, 
maintaining, or degrading a thermal gradient. Cool Chips 
may accomplish this using thermionics, thermotunneling, or 
other methods as described in this application. 
0029) “Gap Diode' is defined as any diode which 
employs a gap between the anode and the cathode, or the 
collector and emitter, and which causes or allows electrons 
to be transported between the two electrodes, across or 
through the gap. The gap may or may not have a vacuum 
between the two electrodes, though Gap Diodes specifically 
exclude bulk liquids or bulk solids in between the anode and 
cathode. The Gap Diode may be used for Power Chips or 
Cool Chips, for devices that are capable of operating as both 
Power Chips and Cool Chips, or for other diode applica 
tions. 

0030 The embodiments of the present invention and its 
technical advantages are best understood by referring to 
FIGS. 1-4. While in this description of the present invention 
specific methods are disclosed for separating a composite 
electrode intermediate into two matched electrodes, these 
should not be construed as limiting the scope of the inven 
tion but as merely providing illustrations of some of the 
presently preferred embodiments of this invention. Simi 
larly, although FIGS. 1 and 2 show schematics of various 
diode devices described in U.S. Pat. No. 6,417,060, which 
use actuators, preferably piezo-electric actuators, to control 
the separation of the electrodes, these also should not be 
construed as limiting the scope of the invention but as 
merely providing illustrations of Some of the presently 
preferred embodiments of this invention. 
0031 Further, electrode pairs fabricated according to the 
methods of the present invention may be used in a number 
of devices, as stated herein, including, for example, (i) a 
device which uses a thermal gradient of any kind to generate 
electrical power or energy output using thermionics, ther 
motunneling, or other methods as described herein; (ii) a 
device which uses electrical power or energy to pump heat, 
thereby creating, maintaining, or degrading a thermal gra 
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dient using thermionics, thermotunneling, or other methods 
as described herein; and (iii) as any diode which employs a 
gap between the anode and the cathode, or the collector and 
emitter, and which causes or allows electrons to be trans 
ported between the two electrons, across or through the gap 
(with or without a vacuum in the gap). Alternatively, the 
device of the present invention may be integrated into or 
used for any ordinary diode applications. 
0032. Further, when surface features of two facing sur 
faces of electrodes are described as “matching, it means 
that where one surface has an indentation, the other Surface 
has a protrusion and vice versa. Thus when “matched, the 
two Surfaces are substantially equidistant from each other 
throughout their operating range. 
0033 Referring now to FIG. 1, two electrodes 1 and 5 are 
separated by a region 10 and housed in a housing 15. 
Electrode 1 is attached to a number of piezo-electric actua 
tors 20 at intervals. An electric field is applied to the 
piezo-electric actuators via connecting wires 40 which 
causes them to expand or contract longitudinally, thereby 
altering the longitudinal distance of region 10 between 
electrodes 1 and 5. Electrodes 1 and 5 are connected to 
capacitance controller 29, which both modifies the piezo 
electric actuator 20, and can give feedback to a power 
Supply/electrical load 27 to modify the heat pumping action, 
and generating action, respectively. Applying an electric 
field to piezo-electric actuators 20 controls the longitudinal 
distance of region 10 between electrodes 1 and 5. The 
capacitance between emitter 1 and collector 5 is measured 
and controlling circuitry 29 adjusts the field applied to 
piezo-electric actuators 20 to hold the capacitance, and 
consequently the distance between the electrodes 10, at a 
predetermined fixed value. Alternatively, the controller 29 
may be set to maximize the capacitance and thereby mini 
mize the distance 10 between the electrodes. The diagram 
shown in FIG. 1 can be used as a thermionic device and/or 
as a tunneling device, and can be used to function as a Power 
Chip and/or as a Cool Chip. Capacitance controller 29 may 
be composed of multiple elements, and each piezo-electric 
actuator 20 may receive its own distinct signal, independent 
from the control of Surrounding elements. 
0034. As disclosed in the foregoing, actuator elements 
facilitate the close positioning of the electrodes, and if the 
electrode pairs are matched, then it is possible to move them 
into Sufficiently close proximity to allow tunneling to occur. 
WO99/13562 and U.S. Pat. No. 6,417,060 disclose methods 
for making pairs of electrodes whose surfaces are so 
matched. The present invention further improves on these 
processes. 

0035. The present invention describes a method for sepa 
rating materials that have been bonded together (FIGS. 
2a-e). The bonding could take many forms. For example, 
one layer could have been added to another layer by depo 
sition, Sputtering, or other method known in the art. It will 
be appreciated that when the term “bonding is used herein, 
Such term can include any form of adhesion that can be 
separated according to the method of the present invention. 
0036) The method of the present invention may be under 
stood by referring to FIG. 3, which shows a composite 
comprising two thin films deposited one over the other using 
vacuum deposition methods. The composite may be sepa 
rated by the application of current, by cooling or heating, by 
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the application of mechanical force, by a combination of any 
of the above methods or by any other addition or removal of 
energy, Such as by exposure to an ultrasonic source. 
0037. The method of the present invention may be further 
understood by referring to FIG. 3, in which a layer of 
titanium 304 is deposited on substrate 302. A layer of silver 
306 is further deposited on the layer of titanium. A further 
layer of copper 308 is grown electrochemically on the layer 
of silver. In a similar fashion to the processes exemplified in 
FIG. 3b, the composite 310 shown in FIG. 3 is heated or 
cooled, causing it to be split into two a pair of matching 
electrodes. A detailed example is given below. 
0038 Alternatively, the composite may be split by the 
application of electrical current. Typical values are of the 
order of 0.1 amps/cm and 0.1V. 
0039. To facilitate separation of the composite 310 into 
electrode pairs, the composite may be placed in the appa 
ratus shown in FIG. 1, and piezo-electric actuators 20 
attached to one side of the composite, and used to draw the 
two apart as the composite is heated, cooled or exposed to 
an electric curent. This ensures that the two electrodes are 
then in the correct orientation to be moved back into close 
juxtaposition to each other by the piezo-electric actuators. 
The gap may be, for example less than 50 nanometers, less 
than 100 angstroms, or less than 50 angstroms in distance. 
0040. The types of materials that can be separated in this 
manner are many and various. In one experiment, a silicon 
substrate was prepared and thin films of silver and titanium 
deposited upon it. The thin films were separated from one 
another by an electrical current applied through them (FIG. 
2a). In other embodiments, other materials could be substi 
tuted, or the materials could consist of thicker films or be 
bulk materials. Experimentally, it was found that applying 
liquid nitrogen to the materials also successfully separated 
the respective layers (FIG. 2b). 
0041 Experiments were conducted in which the materi 
als began with a relatively low degree of adhesion. However, 
this does not imply that the present invention is not equally 
applicable were the degree of adhesion higher, or were the 
materials adhered in a different manner. Variations in the 
strength and duration of current and Voltage, as well as the 
duration and temperature of thermal cycling will yield 
varying results. 
0042. One particularly useful embodiment involves the 
separation of two intended electrodes from one another, for 
use in vacuum diode applications. The two electrodes, 
initially bonded together, are intended to be positioned 
Substantially opposite one another with a spacing between 
the two on the order of a few nanometers. The two facing 
surfaces must substantially mirror one another. The method 
of the present invention allows the bonding between them to 
be removed without moving them physically and without 
possibly distorting their surfaces by applying heating or 
cooling or chemical methods. In this way they may Subse 
quently be positioned more easily for their use in vacuum 
diode applications. 

0043. In another embodiment, the initial bonded materi 
als consist of more than two layers, for example two layers 
with a sacrificial layer in between. In some events it may be 
desired to separate all three materials from one another. In 
other situations, just one of the layers must be separated 
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from the sacrificial layer by the method of the present 
invention, whilst the second layer is separated from the 
sacrificial layer by a different method. In a further embodi 
ment a mold is first made, and then other materials are 
deposited upon the mold, and Subsequently separated there 
from by the method of applying electrical current or other 
methods of applying or removing energy, as will be 
described. It will be appreciated that the method and mate 
rials involved may vary in their details without departing 
from the basic concepts disclosed herein. 
0044 Another particularly useful embodiment is to pro 
vide a mold for the creation of electrodes or similar surfaces. 
An initial Surface is prepared, of desired configuration. This 
surface is comprised of a material which will not be dam 
aged by Subsequent deposition of other materials upon it. As 
a particularly preferred embodiment, a second durable mate 
rial is deposited upon the initial Surface, and separated 
therefrom by the application of current or thermal stresses, 
as described above. Then, the initial surface is used as a 
mold for the creation of surfaces that mirror it identically. In 
the particularly preferred embodiment, both the initial and 
the second materials surfaces are used as molds, and they 
thus each create new surfaces that mirror each other. If used 
as electrodes, these new Surfaces will still require position 
ing relative to one another, but it will likely prove cost 
effective for surfaces to be formed using a mold in this way. 
0045. The present invention provides for the making of 
electrodes or other matching pairs of surfaces. Methods for 
initially preparing the bonded materials which Subsequently 
require separation include many techniques, such as vacuum 
deposition, sputtering, etc. The present invention does not 
have to be used in isolation from housing electrodes in a 
vacuum. For example, the bonded electrodes could be 
housed in a vacuum, having electrical connections from 
each, and Subsequently brought out of the vacuum. Only 
then, applying an electrical current through the electrical 
connections, would one separate the electrodes from each 
other. 

0046. It is anticipated that in the present embodiment 
example, it will be necessary to bond the housing and the 
electrical connections to the electrodes with a greater degree 
of adhesion than that which exists between the electrodes. 
This is so that upon the application of current, it will be the 
electrodes that separate from one another, and not the 
electrical connections or the housing separating from the 
electrodes. For thermal cycling, the adhesion could be made 
stronger, or alternatively, the TCE between the materials can 
be matched so that thermal cycling introduces little or no 
mechanical stress on the connection. 

0047. This feature may be used to an advantage in other 
embodiments. For example, two insulating Substrates can be 
prepared with an indentation in the center. Two types of 
filling material are prepared, and one type is deposited in 
each of the substrates, to fill the indentations. The two 
substrates are then sealed, in a manner which effectively 
bonds together the two filling materials to one another. 
However, the substrates and filling materials have been 
chosen so that the degree of adhesion between the filling 
materials will be less than that between the two substrates. 
Electrical current, cooling or heating or other energy is 
applied to the entire device, to the degree that the filling 
materials separate from one another but the outer Substrates 
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maintain their seal. The result is a vacuum with two sepa 
rated filling materials. One use for such a device is in 
vacuum diode applications. 
0.048. A triode comprising three electrodes in series can 
similarly be prepared, beginning as three materials initially 
bonded together. In other embodiments, for use as elec 
trodes, or for a variety of uses, a larger plurality of initially 
bonded materials may be separated according to the method 
of the present invention. 
0049. A related embodiment is that a substrate may be 
prepared, with one or more thin films on top of it. The thin 
films match the TCE of the substrate beneath it. Subsequent 
thin films may be deposited before a thicker layer, compris 
ing the bulk of the second material. One pair of layers within 
the sandwich will have a low adhesion, and the two surfaces 
may be moved away from each other after that adhesion is 
broken, either by passing an electrical current, by cooling or 
heating and/or by other method of applying or removing 
energy to or from part of all of the materials. It has been 
observed that when this occurs, it results in an audible 
Sound. 

0050. Thin films of materials have been experimentally 
separated by the method of the present invention. However, 
it is anticipated that thick films or bulk materials will also be 
separable. 

EXAMPLE 

0051 Referring to FIG. 4a, which shows a composite 
intermediate 410, a doped silicon wafer is used as the 
substrate. The dopant is n type, and the conductivity of the 
doped silicon is on the order of 0.05 Ohm cm. A 0.1 Om 
thick titanium film is deposited over the silicon substrate 
using DC magnetron sputtering method. A round metallic 
mask with a diameter of 28 mm is used for the titanium film 
deposition. After deposition, the titanium is backed with 
silicon to achieve maximum adhesion of the titanium film to 
the silicon substrate. Next is the in situ deposition of 1 Om 
thick silver film using the same method. Deposition regimes 
for silver are chosen to achieve optimum adhesion of silver 
to the titanium film. (The optimum adhesion is much less 
than the adhesion usually used in microelectronics pro 
cesses.) A layer of copper 500 Om thick is grown electro 
chemically on the silver film. The copper is grown using 
ordinary electrochemical growth. 
0.052 Next, the sandwich on the border of titanium and 
silver films is opened (FIG. 4b). Once we have low adhesion 
between the titanium and silver films, the sandwich opens 
without considerable deformation of the electrodes. In this 
way, two conformal electrodes are fabricated. With confor 
mal electrodes it is then possible to achieve tunneling 
currents over broad areas of the electrodes. 

0053. The process uses metallic masks to define the shape 
of the films to avoid exposing the samples to the atmosphere. 
This simplifies sample preparation and avoids problems 
connected with the cleaning of the electrode surfaces. 
0054 The sandwich is opened after the sandwich is 
placed in a sealed area and it is pumped down. By not 
exposing the electrode Surfaces to the atmosphere, oxidation 
is avoided. The sandwich is opened by cooling it down in a 
vacuum from room temperature to approximately 0° C. or 
heating it up to 40° C. Because copper and silicon have 
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different Thermal Expansion Coefficients (TEC) the two 
electrodes separate in the process of cooling or heating. If 
the adhesion between the titanium and silver films is low 
enough, the sandwich opens without leaving considerable 
deformation in the electrodes. On the other hand, the adhe 
sion of silver to titanium must be high enough to prevent 
electrochemical liquid from entering between the films 
during the electrochemical growth of copper. Precise adhe 
sion control between the titanium and silver films is there 
fore important. 
0055 Thus, it is apparent that there is provided, in 
accordance with the present invention, a method for sepa 
rating materials that have been bonded together, that satisfies 
in each embodiment one or more of the advantages set forth 
above. 

0056) While this invention has been described with ref 
erence to numerous embodiments, it is to be understood that 
this description is not intended to be construed in a limiting 
sense. Various modifications and combinations of the illus 
trative embodiments will be apparent to persons skilled in 
the art upon reference to this description. It is to be further 
understood, therefore, that numerous changes in the details 
of the embodiments of the present invention and additional 
embodiments of the present invention will be apparent to, 
and may be made by, persons of ordinary skill in the art 
having reference to this description. It is contemplated that 
all Such changes and additional embodiments are within the 
spirit and true scope of the invention as claimed below. 
0057 All publications and patent applications mentioned 
in this specification are indicative of the level of skill of 
those skilled in the art to which this invention pertains. All 
publications and patent applications are herein incorporated 
by reference to the same extent as if each individual publi 
cation or patent application was specifically and individually 
indicated to be incorporated by reference. 

1. A method of creating two or more pairs of Surfaces that 
Substantially mirror one another, comprising the steps of: 

a) providing a first Substrate; 
b) applying thereupon a second Substrate; 
c) separating the first and second Substrates, thereby 

creating a first and a second mold that mirror each 
other; 

d) applying a first material to a Surface of said first mold; 
e) applying a second material to a surface of said second 

mold; 
f) Separating the materials applied in step d) and step e) 

from the molds whereby the materials applied in step d) 
and step e) comprise facing Surfaces that Substantially 
mirror one another; and 

g) repeating steps d) through f) as desired. 
2. The method of claim 1 wherein said separating step 

comprises applying an electric current between the materials 
and the molds. 

3. The method of claim 1 wherein said separating step 
comprises applying an electric current between the materials 
and the molds. 

4. The method of claim 1 wherein said separating step 
comprises heating. 
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5. The method of claim 4, wherein said heating step 
comprises heating to a temperature of 40° C. or more. 

6. The method of claim 1 wherein said separating step 
comprises cooling. 

7. The method of claim 6, wherein said cooling step 
comprises cooling to a temperature of 0° C. or less. 

8. The method of claim 1 wherein said separating step 
comprises applying or removing energy. 

9. The method of claim 8 wherein said step of applying 
energy comprises exposing to an ultrasonic energy source. 

10. The method of claim 1 wherein said separating step 
comprises applying a mechanical force. 

11. The method of claim 1 wherein said separating step 
comprises using any combination of the following methods: 

a) applying an electrical current; 
b) cooling; 
c) heating; and 
d) forcibly separating. 
12. The method of claim 1, further comprising the steps 

of: 

a) attaching said first or second material to one or more 
actuators; and 

b) using said actuator to apply a mechanical force, thereby 
separating said mold and said material. 

13. The method of claim 1 in wherein said step of 
applying a material to a surface of a mold comprises the 
steps of 
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a) applying a material from which a surface is to be made 
to the mold, so that said material takes the shape of said 
mold, where both said material and said mold are 
conductors of electricity; and 

b) hardening said material; and 
c) separating said material from the mold by breaking the 

adhesive bond between said material and said mold. 
14. Surfaces mirroring the structure of a mold made 

according to the method of claim 13. 
15. A pair of matching electrodes made according to the 

method of claim 1. 
16. The pair of electrodes of claim 15 wherein said first 

electrode comprises titanium. 
17. The pair of electrodes of claim 15 wherein said second 

electrode comprises silver. 
18. A method of creating four Surfaces, each pair of facing 

Surfaces mirroring one another, comprising: 

a) preparing a first material; 
b) depositing thereupon a second material; 

c) depositing upon the second material, or on the other 
side of the first material, a third material; and 

d) applying a method to separate the three materials. 
19. Electrodes for a triode device made according to the 

method of claim 18. 


