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1
THERMOELECTRIC DEVICES AND
APPLICATIONS FOR THE SAME

FIELD

The present disclosure relates to thermoelectric devices,
materials and methods of making and using the same to
produce efficient thermoelectric devices.

BACKGROUND

The increasing use of portable electronics has driven
research in the area of portable electric generators. Thermo-
electric (TE) power sources have been found to be especially
useful. TE power sources typically comprise three parts: a
heat source, a heat sink, and a thermopile. The thermopile,
consisting of a number of thermocouples connected in series,
serves to convert some of the thermal energy into electrical
energy. TE power sources generate electric power based on
creating a thermal gradient across the thermocouples of the
thermopile. The TE power source operates to convert the
thermal energy to electric power by accepting thermal energy
on a “hot” side or junction, passing it through the thermopile
and rejecting heat to a “cold” side or junction.

Certain TE power sources and TE thermocouples in par-
ticular are formed using semiconductor materials. Semicon-
ductor materials with dissimilar characteristics are connected
electrically in series (to form thermocouples) and thermally
in parallel, so that two junctions are created. The semicon-
ductor materials are typically n-type and p-type. 1n a typical
thermoelectric device, the electrically conductive connection
is formed between the p-type and n-type semiconductor
materials. These materials are so named because of their
structure: the n-type has more electrons than necessary to
complete a perfect molecular lattice structure while the
p-type does not have enough electrons to complete a lattice
structure. The extra electrons in the n-type material and the
holes left in the p-type material are called “carriers.” The
carriers are driven from the hot junction to the cold junction as
a result of thermal diffusion resulting in an electrical current.
For thermoelectric cooling, the electrons and holes transport
heat as a result of imposed electrical current. Prior art F1G. 1a
illustrates a form of such power conversion. Cooling action
results from reversing the process.

A semiconductor TE device’s performance is limited by
the non-dimensional thermoelectric figure of merit (ZT) of
the material, where T is the absolute temperature and Z is the
thermoelectric figure of merit, Z=sa*/k (a—thermoelectric
power, s—electrical conductivity, k—thermal conductivity).
Typically TE devices are preferably formed of TE materials
having relatively high thermoelectric figures of merit. 1n cer-
tain devices, however, the key objective is to produce power at
voltages above 1.0 V in as small or compact a device as
possible. The known TE materials having relatively high ther-
moelectric figures of merit cannot be deposited as thin films
on substrates useful for forming small TE power source
devices. Thus, although more efficient materials (i.e., mate-
rials with high ZT values) are typically better, for many appli-
cations it is more important that the resulting device be
formed on a flexible substrate. As a result, although there may
be some sacrifice of ZT value, using a TE material depositable
on a substrate that allows fabrication of a small device with a
relatively high voltage (without the need for a de-dc con-
verter) is better for certain applications. Unfortunately no
such materials and methods are yet available.

Devices having ZT values of greater than 2.0 have been
reported for Bi—Te/Sb—Te superlattices grown on single
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crystal GaAs. Such devices are not, however, suitable for
many applications where hundreds or thousands of elements
must be placed in a relatively small package.

Despite the potential and promise of TE devices, existing
TE power sources have limited efficiency and electric poten-
tial when relatively small devices are made. Conventional
semiconductor deposition techniques for making TE devices,
such as electrochemical deposition, are not well suited for
building optimally designed TE power sources. Difficult syn-
theses have limited the construction of many TE devices to
bulk materials or minute quantities—each suffering from
shortcomings in size or performance.

For example, currently available TE modules have struc-
tures similar to that depicted in prior art F1G. 15, with each
distinct thermoelement typically having a length and width
on the order of a few millimeters. Such modules are
described, for example, in U.S. Pat. No. 6,388,185 and C. B.
Vining, Nature 413:577 (Oct. 11, 2001). These modules can-
not provide voltages that readily match the input require-
ments of many devices, including power conditioning elec-
tronics.

A practical approach to building high-voltage, thin-film TE
devices capable of microwatt power output in relatively small
packages is needed. 1n addition, TE devices using a tempera-
ture gradient of about 10° C. or less would be helpful as well
as TE devices operating at or near ambient temperatures. A
number of applications require TE devices that operate at
such temperatures and/or on such temperature gradients. For
example, sensors used for building climate control or for
other applications such as military applications where ambi-
ent energy is utilized if possible, operate on only 5 to 20° C.
temperature differences.

SUMMARY

A key parameter affecting the voltage produced by TE
modules (also referred to herein as couples or thermocouples)
is the length-to-area (L./A) ratio of the individual thermoele-
ments, where A is the cross sectional area of a thermoelement.
Current monolithic (or discrete element) modules are char-
acterized by L/A values of less than about 20 cm™". Although
some superlattice TE devices have been proposed that have
L/A values that are much higher than the current monolithic
devices, the superlattice TE devices suffer other shortcom-
ings. Current superlattice TE devices have been proposed to
comprise a n-type superlattice structure having alternating
layers of 50 A in thickness with individual n-type elements
being about 0.0001 cm in total thickness. Although superlat-
tice TEs are relatively efficient with relatively high Seebeck
coefficients, there is no superlattice TE technology where
films are depositable on flexible substrates. Currently, all
superlattice materials are deposited on single crystals; the
films are grown on GaAs substrates and then are removed and
applied to another substrate. Thus, superlattice TEs are not
typically useful for applications requiring small or compact
TE devices.

Accordingly, disclosed are thin film thermoelectric (TE)
modules and power sources. Certain embodiments of the
disclosed thin film TE modules and power sources have rela-
tively large L/A ratio values, greater than about 20 cm™" and
perhaps more typically greater than about 100 cm™*. Certain
embodiments of the disclosed thin film TE modules and
power sources have even larger /A ratio values, for example
up to about 1,000 to about 10,000 cm™" or greater. The L/A
ratio values of certain embodiments of the disclosed TE
power sources allow fabrication of uW to W power supplies
providing voltages greater than 1 volt even when activated by
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relatively small temperature differences, such as 20° C. or 10°
C., and certain embodiments even at temperature differences
as small as about 5° C. The size of the disclosed TE power
sources are relatively small—having volumes in the range of
one to ten cm®>—much smaller than existing devices that
operate in the 1 uW to 1 W range, and certain embodiments
provide voltages of greater than 1 V.

More specifically, the disclosed TE power sources com-
prise, in part, arrays of TE couples having multiple thermo-
elements (e.g., an n-type and a p-type thermoelement pair).
The thermoelements are formed of sputter deposited thin
films of Bi, Te,, Sb,Te, and Bi,Se,, alloys where x is typically
about 2 and y is typically about 3. The thermoelements form
the modules (thermocouples) for converting thermal energy
to electrical energy. Such thermoelements typically comprise
thin films of TE materials having /A ratios greater than
about 500 cm™'. The devices include modules where thin
films of p-type and n-type TE materials are deposited, e.g., on
a suitable flexible substrate and are electrically connected to
one another in series or in series-parallel.

Embodiments of the TE power sources comprise multiple
TE modules, a hot junction (or heat source) and a cold junc-
tion (some mechanism for removing heat). The TE power
source may additionally include one or more ceramic plates
or a ceramic-coated metallic shoe or the like.

Novel methods of constructing such TE elements, modules
and devices, including sputter deposition of Bi,Te,, Sb,Te,
and Bi Se, alloys (where x is typically about 2 and y is
typically about 3) and the use of templates are also disclosed.
The process may be used to deposit n-type and p-type films
that exhibit useful TE properties. In addition, in certain
embodiments, electrically conductive material connecting
the thermoelements of the module are sputter deposited as
well. When deposited onto flexible substrates, such films find
many practical uses where a TE module of almost any con-
figuration is required.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a is a representation of a prior art illustration of a
basic approach to thermoelectric energy conversion.

FIG. 14 is a diagram showing a prior art arrangement of
discrete TE elements.

FIG. 1c is a representation illustrating the [/ A ratio param-
eters for a single prior art TE element as shown in the device
of FIG. 15.

FIG. 2a illustrates a portion of an embodiment of the dis-
closed n-type/p-type TE thin film modules.

FIG. 2b illustrates the /A ratio parameters for a single
p-type thin film TE element of the embodiment of the module
illustrated in FIG. 2a.

FIG. 3 illustrates a portion of an embodiment of the dis-
closed n-type/p-type TE thin film modules.

FIG. 4 illustrates an embodiment of the disclosed TE power
source.

FIG. 5 illustrates an embodiment the disclosed TE power
source in which TE thin film modules, such as those illus-
trated by FIG. 6, are wound about a spindle.

FIG. 6 illustrates an embodiment of the disclosed n-type/
p-type TE thin film modules as deposited on a flexible sub-
strate.

FIG. 7 illustrates an embodiment of the disclosed power
source wherein arrays of TE thin film modules, such as those
of FIG. 24, FIG. 3, FIG. 6 or modules with relatively wider
thermoelements are folded in an accordion configuration.
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FIG. 8 illustrates an embodiment of the disclosed power
source device wherein a nuclear heat source is positioned
between arrays of TE thin film modules folded in an accor-
dion configuration.

FIG. 9a is an illustration of disclosed n-type and p-type TE
thin film modules deposited in an array configuration on a
substrate, with representative dimensions for the same.

FIG. 9billustrates representative dimensions of thermoele-
ments in the embodiment of the TE thin film modules
depicted in FIG. 9a.

FIG. 10 illustrates a TE sensor that uses heat from one side
of the thermopile.

FIG. 11 is a graph showing the dependence of the Seebeck
coefficient and electrical conductivity of TE materials depos-
ited on a KAPTON substrate, on sputter deposition condi-
tions.

FIG. 12a is a photograph of a representative mask suitable
for use in depositing n-type thermoelements in the configu-
ration shown in the embodiments of the TE modules of FIG.
2a and FIG. 6.

FIG. 125 is a photograph of a representative mask suitable
for use in depositing p-type thermoelements in the configu-
ration shown in the embodiments of the TE modules of FIG.
2a and FIG. 6.

FIG. 12¢ is a photograph of a representative mask suitable
for use in depositing conducting connectors in the configura-
tion shown in the embodiments of the TE modules of FIG. 2a
and FIG. 6.

FIG. 13 is a photograph of disclosed n-type and p-type TE
thin film modules deposited on a flexible substrate.

FIG. 14 shows an embodiment of the disclosed n-type and
p-type TE thin films deposited on a flexible substrate wherein
the n-type and p-type TE thin films are connected in a series-
parallel arrangement.

DETAILED DESCRIPTION

Disclosed are TE modules comprising pairs of sputter
deposited thin film thermoelements and electrically conduc-
tive members connecting the thermoelements to one another
in series or in series-parallel. Also disclosed are TE power
source devices formed of multiple TE couples such as arrays
of TE couples wherein the thin film thermoelements have an
L/A ratio of greater than at least about 20 cm™" or greater than
about 100 cm™ with certain embodiments having an L/A
ratio of greater than 1000, 10,000 and even higher.

Unless otherwise indicated, all numbers expressing quan-
tities of ingredients, properties such as [ and A values, thick-
nesses, power levels, and so forth used in the specification and
claims are to be understood as being modified by the term
“about” whether explicitly stated or not. Accordingly, unless
indicated clearly to the contrary, the numerical parameters set
forth are approximations.

One embodiment of multiple thin film TE modules 115
utilized to form the disclosed TE power source 100 (see e.g.,
FIG. 4) is shown in FIG. 2a. FIG. 2a depicts a portion 135 of
the TE power source 100, the portion 135 comprising the
multiple TE modules 115 formed on a substrate 140. The TE
modules 115 comprise pairs of n-type thermoelements 110
and p-type thermoelements 120 formed of semiconductor
thin films.

Alternating n-type and p-type thermoelements 110, 120 of
the TE modules 115 may be positioned parallel to one another
as shown in FIG. 2a, in series-parallel as shown in FIG. 14, or
may be placed in other suitable fashions (as mentioned
below). Electrical connection (through electrically conduc-
tive member 105) of one n-type thermoelement 110 with one
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p-type element 120 forms a complete, single TE module 115
(also referred to as a thermocouple or a couple). Electrically
conductive members 105 connect the n-type thermoelements
110to p-type thermoelements 120, for example, alternately at
adjacent thermoelement first ends 125 and adjacent thermo-
element second ends 130 (as shown in FIG. 2a).

The electrically conductive members 105 may be substan-
tially perpendicular to the elements 110, 120 or may be posi-
tioned in any suitable manner so as to electrically connect the
thermoelements in series or in series parallel. In another
possible configuration, there may be no separate electrically
conductive members but instead the TE p-type and n-type
alternating elements may be connected directly to one
another, as for example shown in FIG. 3. Such a device would
reduce the number of deposition steps required to form the TE
module. For example, in another embodiment the n-type and/
or p-type materials may be placed at angles to one another,
connecting at alternating ends so that they come together at
the hot and cold ends—forming a zigzag type configuration.
In another possible alternative embodiment electrically con-
ductive members are formed of the n-type or p-type elements
themselves and are positioned as shown in FIG. 3. Clearly the
individual TE elements and the array of TE elements making
up a module may take a myriad of configurations.

The TE modules 115 may be formed on a flexible or a rigid
substrate 140.

A TE power source 100 may include any number of TE
couples 115 depending upon the application of the power
source. Certain TE power sources comprise, e.g., from about
500 to 2000 TE modules 115. As a specific example applica-
tion, a TE power source 100 used to power a temperature
sensor or used to power a wireless transmitting device, with a
power of 50 uW at 1.0 V, might utilize 600 to 800 n-p ther-
mocouples (TE modules 115) with each TE element being
about 1 cm long, 0.1 cm wide and 0.0001 cm in thickness. A
nuclear TE power source designed to provide 100 mW at 1.0
V would potentially involve the same number of thermo-
couples, but the elements would more likely be about 0.2 cm
in length, 1 cm wide and 0.0040 cm in thickness. The voltage
required of the TE power source determines the number of
thermocouples (TE modules) necessary and the desirable
current determines the necessary L/A ratio of the thermoele-
ments.

Possible embodiments of a complete TE power source 100
are shown in FIGS. 4, 7 and 8. In addition to the array of TE
modules 135, the TE power source may comprise thermally
conductive plates 150, 160, such as ceramic plates on the
upper and lower edges of the substrate 140 (as shown in FIG.
4), a single ceramic plate, a ceramic shoe or other suitable
enclosure devices. Electrical leads 180 are connected to the
array of TE couples 135 of the TE device 100 to receive and
transmit the electrical energy produced by the device.

The embodiment of the thin film TE power source 100 may
further comprise a hot junction (or heat source) and a cold
junction. The hot junction or heat source may comprise any
suitable source depending upon the application of the device,
for example a chemical energy source, heat from the environ-
ment, or a nuclear heat source as shown in FIG. 8. The cold
junction may comprise any suitable heat removal mechanism
constructed or positioned in a manner that allows heat to be
relieved from or extracted from the TE power source. For
example, the cold junction may comprise a heat pipe arrange-
ment or exposure to the environment by, e.g., convection
cooling.

In another particular embodiment the TE power source 200
comprises multiple TE couples forming an array of modules
235 deposited onto a flexible substrate 240 (FIG. 5). The array
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of couples 235 is wound in a coil like fashion and positioned
between hot and cold junctions 250 and 260. The array mod-
ule 235 may simply form a coil or may be wound about an
apparatus such as a spindle 280. Such a configuration pro-
vides an even smaller TE power source without sacrificing
power output.

If a TE power source application requires relatively large
currents, the internal resistance of the TE array is preferably
made to be relatively low. To do so may involve forming
thermoelement films that have relatively low values of [/A.
To create films with lower L/A values, relatively wide ther-
moelements may be deposited and used. The TE power
source depicted in FIGS. 7 and 8 may utilize thin film ther-
moelements having relatively large widths deposited on a
flexible substrate such as polyimide tape. The TE module
array may then be configured in an accordion-like arrange-
ment and packaged with appropriate feedthroughs, as shown
in FIGS. 7 and 8.

The current density of TE power sources as disclosed
herein will depend on the total number of thermoelements,
and the L and A values for the thermoelements. Put another
way, if particular current densities are desirable for a particu-
lar TE power source, the number of thermoelements and L.
and A values may be manipulated to meet such requirements.
Referring to an embodiment configured as shown in FI1G. 3, if
the thermoelements were deposited to have an L. value of 1
cm, a width of 0.1 cm and a film thickness of 0.0001 cm, a TE
power source based on about 500 of such thermoelements
would produce 10 micro amps, whereas with wider thermo-
elements such as discussed in relation to and illustrated in
FIGS. 7 and 8, a current of 100 milliamps could be produced.
With either such embodiments, a current density of about 1
Amp/cm? would flow.

Thin Film TE Thermoelements

The TE thermoelements, although depicted in most of the
figures as rectangular in shape, may take any suitable shape.
Clearly, with rectangular-shaped thermoelements the dimen-
sions may also be varied depending upon the ultimate appli-
cation of the resulting TE power source being fabricated. For
example, the dimensions of the individual thermoelements
length, width, and thickness as well as the number of elements
and the array configuration may all be changed (see, e.g.,
FIGS. 9a and 95). The resistivity of the n-type and p-type
materials may be different, so if one desires to minimize the
total resistance, the [/A ratios can be manipulated. In addi-
tion, the p-type thermoelements may have different dimen-
sions, such as different widths, than those dimensions of the
n-type elements. Furthermore, for thermoelements of widths
too great to be easily folded or coiled on a flexible substrate,
the thermoelements may be broken up into separate pieces
positioned in parallel to one another and in series with the
opposite type thermoelements, such as, for example, the con-
figuration shown in FIG. 14 (i.e., in series-parallel configu-
rations).

One group of thermoelectric materials for power genera-
tion in the 0° C. to the 100° C. temperature range are semi-
conductors and related alloys based on Bi,Te,, Sb,Te, and
Bi, Se, where x is typically about 2 and y is typically about 3.
The values of x and y may vary depending upon the power
supplied to the sputter deposition targets (or equivalently the
flux coming from each target). Such thin film thermoelement
materials can be sputtered onto a variety of substrates, such as
very useful flexible substrates (e.g., polyimide films such as
those currently manufactured by the DuPont Corporation
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under the KAPTON trademark) which allow for fabricating
very compact TE power sources.

The films forming the thermoelements 110, 120 may vary
in thickness, but certain embodiments of the disclosed TE
devices include thermoelements having thicknesses of at least
0.1 mm. The desirable thickness depends on the ultimate
application of the TE power source being fabricated. In addi-
tion, the thickness variation will depend on the sputtering
system arrangement, but typically fall within +/-5%.

The thermoelements 110, 120 may vary in area but certain
embodiments of the disclosed TE devices include thermoele-
ments having an [/A ratio of greater than about 50 cm™". Of
course, as mentioned above, the L and A values and/or other
dimensions of the thermoelements may be varied as desired
according to the desired application of the resulting TE
device. The range for the L, A and thickness values depend on
the power requirements of the ultimate TE power source
being made. If it is desirable to have a power source having a
voltage of 1.0 or 2.0 volts, then the choice of L/A values
depends on the current requirements. For example, in the first
two specific embodiments described above, the /A value for
a TE power source for a sensor is 100,000 and for a nuclear
battery the [/A ratio is 50. The third specific embodiment
involves an array of TE thermoelement modules having an
L/A value about in the range of prior art discrete elements.

An advantage of the present methods for fabricating TE
thermoelements is that the thermoelements are being sputter
deposited and thus are more controllable and easily manipu-
lated than are thermoelements made by standard approaches
involving the growth of crystalline boules followed by cut-
ting. Such prior approaches 1o defining the thermoelement
L/A ratios are impractical on a small scale, let alone on a
commercial scale. The templates used in the deposition of the
thermoelement thin films are simply varied accordingly; see,
for example, FIGS. 12a-12c¢.

Sputter deposited thin films based on superlattice struc-
tures can also be used to fabricate the thermoelectric power
sources. Each n-type and p-type film could consist of a mul-
tilayer film structure with the individual layers being approxi-
mately 10 A to 200 A thick, and the total film thickness
varying as described for the homogeneous films described
herein. For example, and not meant to be limiting, a n-type
superlattice film might consist of alternating Bi,Te, and
Sb,Te, layers with thicknesses of 50 A and 150 A, respec-
tively, which are deposited at ambient conditions. A p-type
superlattice structure may involve a similar structure, but
grown with a different substrate temperature. These film
structures can have larger values of electrical conductivity
and Seebeck coefficient, and lower values of thermal conduc-
tivity, all of which allow improved power source efficiency.

Substrate Materials

In certain embodiments, the p-type and n-type TE thermo-
elements are deposited onto a flexible substrate. The flexible
substrate may be, e.g., a polyimide, such as KAPTON, how-
ever, any suitable flexible substrate may be used. The sub-
strate should be able to withstand sputter deposition condi-
tions without undue deterioration. In other embodiments TE
materials are deposited on a substrate comprising any suitable
sufficiently rigid substrate (e.g., glass or other electrically
insulating materials that possess relatively low thermal con-
ductivities). Essentially any electrically insulating substrate
140 (FIG. 2a) (or substrate coated with an insulating material)
may be utilized for the rigid or flexible TE device as long as
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the substrate can withstand the deposition conditions and can
meet required thermal conductivity levels.

Electrically Conductive Members

As discussed above, TE modules are formed by electrically
connecting a thin film n-type thermoelement to a p-type ther-
moelement through electrically conductive members. The
electrically conductive members may comprise any suitable
electrically conductive material. For example, the electrically
conductive members may comprise a metal, such as alumi-
num, gold, nickel, and mixtures thereof. In one particular
embodiment the conductive members comprise a nickel layer
formed on the substrate and a gold layer formed on the nickel
layer

Methods for Constructing Thin Film TE Elements

TE thin film thermoelements and TE modules are formed
by sputter deposition. In particular embodiments a mask or
template is used as shown in FIGS. 12¢-12¢. The masks may
be formed by standard lithography and/or etching techniques
to control the shape and position of each TE thermoelement
and conductive member on a substrate.

The disclosed process allows for the deposition of many
(e.g., hundreds, thousands, or more) TE thermoelement
couples on flexible materials such as KAPTON polyimide
(available from DuPont). A representative individual p-type
TE thermoelement 190 is shown in FIG. 25, which also illus-
trates the /A ratio. High voltage, uW to mW (or greater, e.g.,
W) TE power sources comprising hundreds or thousands of
TE modules can be made with the disclosed process.

With reference to FIG. 11 and Table 1 below, a wide range
of sputter deposition process parameters were used to obtain
TE thermoelement materials having desirable properties. In
particular, a myriad of sputtering gas pressures, target pow-
ers, deposition rates, target-substrate distances and substrate
temperatures were tested. Certain exemplary sputter deposi-
tion methods are specifically disclosed below but clearly
other sputter deposition parameters may produce suitable thin
films for forming the TE thermoelements disclosed herein.

The thin films forming the TE elements may be sputter
deposited using, for example, RF magnetron sputtering. The
films may be deposited simultaneously from two of three
possible sources, for example, and not meant to be limiting,
Bi,Te,, Sb,Te; and Bi,Se; alloys, or combinations thereof.
The amount of RF power supplied to each of the targets,
substrate temperature and sputtering gas pressure are varied
for deposition conditions that result in films with desired
properties which in turn depend upon the application of the
device. Representative thin film material parameters and
sputtering conditions are shown in FIG. 11. The specific
examples given below are not to be considered limiting of the
present disclosure but merely representative.

Example 1
Sputter Deposition of n-Type Thermoelements

A substrate comprising KAPTON (as well as a glass sub-
strate) was positioned 5 inches from both a Sb,Te, (Sb—Te)
and a Bi,Te; (Bi—Te) target in a standard sputter deposition
chamber. Each target measured 2 inches in diameter. The
sputter deposition chamber was evacuated to a pressure of
1076 Torr and the system was then filled with purified argon
adding to the system sputtering gas pressure (e.g., 3.0 mTorr).
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The substrates and the targets were each ion cleaned for 3
to 5 minutes. Plasmas were established above the targets with
30 watts of power being supplied to the Sb—Te target and 20
watts of power to the Bi—Te target. The deposition was
carried out with the substrates at ambient temperature. Under
these conditions, the deposition rate was 3.5 A/s. Thus, to
deposit a one micron thick film required approximately 47
minutes.

After deposition, the thermoelement thin films were char-
acterized. The thickness was measured with a profilometer.
The resistivity and Seebeck coefficient also were determined
for the deposited thermoelement thin films, as shown in F1G.
11. Resulting values are provided in Table 1.

TABLE 1

Exemplary Parameters For Deposition On KAPTON*

Sb,Te;  BiyTes
Substrate Target Target  Growth Seebeck
Temperature ~ Power Power Rate  Resistivity Coefficient
(°C) (Watts)  (Watts) (A/s)  (chm-ecm)  (uV/°C.)
Ambient 30 20 35 0.0122 -131
300 30 10 3.0 0.00325 +158

*Sputtering Gas Pressure was 3.0 mTorr; Targets had 2.0 inch diameters; Sb—Teand Bi—Te
targets were positioned 5 inches from substrate platform.

Example 2
Sputter Deposition of p-Type Thermoelements

A substrate comprising KAPTON (as well as a glass sub-
strate) was positioned 5 inches from both a Sb,Te; (Sb—Te)
and a Bi,Te; (Bi—Te) target in a standard sputter deposition
chamber. Each target measured 2 inches in diameter. The
sputter deposition chamber was evacuated to a pressure of
107° Torr and the system was then filled with purified argon
adding to the system sputtering gas pressure (e.g., 3.0 mTorr).

The substrates were ion cleaned for 3 to 5 minutes. The
substrate temperature was then raised to 300° C. The target
surfaces were then ion cleaned for 3 to 5 minutes. Plasmas
were established above the targets with 30 watts of power
supplied to the Sb—Te target and 10 watts of power to the
Bi—Te target. The deposition was carried out with the sub-
strates at 300° C. The deposition rate was 3.0 A/s. Thus, to
deposit a one micron thick film required approximately 55
minutes.

After deposition, the thermoelement thin films were char-
acterized. The thickness was measured with a profilometer.
The resistivity and Seebeck coefficient also were determined
for the deposited thermoelement thin films. Resulting values
are provided in Table 1.

As shown in F1G. 11, the temperature of the substrate
effectively determines the Seebeck coefficient for each of the
deposited thermoelement thin films in the foregoing
examples 1 and 2. The curves in F1G. 11 show the results as
the temperature of the substrate was increased from ambient
(approximately 20° C.) to a final temperature of about 300° C.
for both the resultant p-type material and the resultant n-type
material. As shown in F1G. 11, the p-type material having a
Seebeck coefficient of +158 and resistivity of 0.00325 ohm-
cm was formed when Sb,—Te, and Bi,—Te; were simulta-
neously sputtered at a temperature of 300° C. using 30 Watts
of power to the Sh,—Te; and 10 Watts of power to the Bi,—
Te,. Conversely, the n-type material, having a Seebeck coef-
ficient of =131 and resistivity of 0.0122 ohm-cm, was formed
when Sb,—Te; and Bi,—Te; were simultaneously sputtered
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at ambient temperature (approximately 20° C.) using 30
Watts of power to the Sb,—Te; and 20 Watts of power to the
Bi,—Te;.

While the end points are described as “desirable” in F1G.
11, as shown in the respective curves of F1G. 11, each of these
materials fluctuated across a wide range of Seebeck coeffi-
cients depending on the substrate temperature. Those skilled
in the art will recognize that intermediate points to those
shown in the curves will produce satisfactory TE elements.
Further, while those skilled in the art will recognize that
having one thin film with a positive Seebeck coefficient and
the other thin film with a negative Seebeck coefficient will
generally produce thermoelectric devices having higher
power densities, since it is the delta in the Seebeck coeffi-
cients between any two thin films that produces the thermo-
electric effect, given a sufficient delta between any two thin
films the thermoelectric effect is nevertheless expected, and it
is therefore not absolutely critical that one be positive and the
other be negative. For example, and not meant to be limiting,
most metals, e.g., copper, will have a Seebeck coefficient of
about 0. Since copper is highly conductive, using copper as
one of the thin films will produce a thermoelectric effect,
provided that the other thin film has either a sufficiently high
ora sufficiently low Seebeck coefficient. Since metals such as
copper are generally highly conductive, an effective TE
device could be produced using just such an arrangement.
Therefore, the use of the terms “n-type” and “p-type” in the
present application should be understood to be relative in
nature; and any configurations wherein two highly conduc-
tive thin films having a sufficient delta in their Seebeck coef-
ficients should be understood to be included in the applicant’s
use of the terms “n-type” and “p-type.”

Example 3
Fabrication of a Thermoelectric Array on KAPTON

A TE module array like those shown in F1G. 1a or 9a was
fabricated on a substrate comprising KAPTON using masks
such as those depicted in F1GS. 12a-12¢. The p-type thermo-
elements were deposited first because they are deposited at
300° C. The n-type thermoelements were deposited next and
then the electrically conductive members were deposited.

Specifically, a KAPTON substrate sheet using a mask as
shown in F1G. 125 was positioned into a deposition chamber.
The mask was securely positioned over the KAPTON sheet
using round holes at each end of the mask (see F1G. 125).
Target choices and positioning and other deposition condi-
tions and parameters were as described in Example 2.

Once the desired p-type elements were deposited, the pro-
cess was stopped and the sputter deposition system opened to
replace the p-type mask of F1G. 125 with an n-type mask such
as the mask depicted in F1G. 12a4. The n-type mask was
carefully positioned over the KAPTON sheet, again using the
round holes in the mask as guides. Target choices, positioning
and other deposition conditions were as described in Example
1.

The process was again stopped once the n-type thermoele-
ments were deposited to replace the n-type mask and with a
metallization mask such as the mask depicted in F1G. 12¢ to
form the electrically conductive members. The metallization
mask was positioned and secured over the KAPTON sheet
using round holes in the mask as guides. By standard sputter
deposition procedures, 1.0 pm of aluminum was first depos-
ited, followed by 0.1 um of nickel.
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These deposition processes produced an array of p-type
and n-type thermoelement modules on a flexible substrate in
the configuration shown in F1GS. 2a, 12a-12¢, and 13.

The specific templates or masks shown in F1GS. 12a¢-12¢in
the foregoing procedure were used to produce two arrays of
six thermocouples deposited on two different strips of KAP-
TON substrate. Such arrays of TE modules were, for
example, assembled into a TE power source such as shown in
F1G. 5. The fabrication of arrays of six TE modules would
allow for production of, e.g., a 25 uW TE power source with
a 1.0V output at a temperature gradient of only 20° C.

Whereas the TE thermoelements, modules, arrays and
power sources as well as the methods for making the same
have been described with reference to multiple embodiments
and examples, it will be understood that the invention is not
limited to those embodiments and examples. On the contrary,
the invention is intended to encompass all modifications,
alternatives, and equivalents as may be included within the
spirit and scope of the invention as defined by the appended
claims.

We claim:

1. A thermoelectric power source comprising:

a flexible substrate having an upper surface; and

a plurality of thermoelectric couples with the plurality

thermoelectric couples comprising:

(a) a co-sputter deposited thin film p-type thermoele-
ment positioned on the upper surface of the flexible
substrate;

(b) a co-sputter deposited thin film n-type thermoele-
ment positioned on the upper surface of the flexible
substrate adjacent the thin film p-type thermoele-
ment;

(c) an electrically conductive member positioned on the
flexible substrate, and electrically connecting a first
end of the thin film p-type thermoelement with a
second end of the thin film n-type thermoelement,
wherein the thin film p-type or the thin film n-type
thermoelements comprise Bi, Te,, Sb, Te,, and Bi,Se ,
wherein x is about 2 and y is about 3; and

wherein the thermoelectric couples are formed on a single

substrate and the flexible substrate is in a coil configu-

ration or an accordion configuration.

2. The thermoelectric power source of claim 1 wherein the
thermoelectric power source has a power output of from 50
uWto 1 W.

3. The thermoelectric power source of claim 1 further
comprising at least about 1000 thermoelectric couples,
wherein the thermoelectric power source has a power output
of'about 1 W with a voltage of at least about 1 volt.

4. The thermoelectric power source of claim 1 wherein the
thin film p-type thermoelements each have a first width, the
thin film n-type thermoelements each have a second width,
and the first width is different from the second width.

5. The thermoelectric power source of claim 1 wherein two
or more thin film p-type thermoelements are positioned and
electrically connected in parallel with one another and the
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parallel positioned thin film p-type thermoelements are elec-
trically connected in series to thin film n-type thermoele-
ments.

6. The thermoelectric power source of claim 1 wherein the
volume of the thermoelectric power source is less than about
10 cm® and has a power output of from about 1 pW to about 1
W.

7. The thermoelectric power source of claim 1 wherein two
or more thin film n-type thermoelements are positioned and
electrically connected in parallel with one another and the
parallel positioned thin film n-type thermoelements are elec-
trically connected in series to thin film p-type thermoele-
ments.

8. The thermoelectric power source of claim 1 wherein the
volume of the thermoelectric power source is less than about
10 cm® and provides voltages of greater than about 1 volt.

9. The thermoelectric power source of claim 8 wherein the
thermoelectric power source produces power at temperature
differences of about 20° C. or less.

10. The thermoelectric power source of claim 1 further
comprising at least about 50 thermoelectric couples, wherein
the thermoelectric power source has a power output of at least
about 1 uW with a voltage of at least about 0.25 volt.

11. The thermoelectric power source of claim 10 wherein
the p-type or the n-type thermoelements are at least about 1
mm in length and at least about 0.1 mm in width.

12. The thermoelectric power source of claim 10 wherein
the thin film p-type or the thin film n-type thermoelements are
at least about 0.1 mm in thickness.

13. A thermoelectric power source comprising:

a flexible substrate having an upper surface; and

a thermoelectric couple comprising:

(a) alternating thin film p-type and thin film n-type ther-
moelements positioned on the upper surface of the
flexible substrate;

(b) an electrically conductive member positioned on the
flexible substrate, and electrically connecting a first
end of the thin film p-type thermoelement with a
second end of the thin film n-type thermoelement,
wherein the thin film p-type or the thin film n-type
thermoelements comprise Bi, Te , Sb,Te , and Bi,Se,,
wherein x is about 2 and y is about 3; and

(c) wherein the flexible substrate is in a coil configura-
tion.

14. The thermoelectric power source of claim 13 wherein
the thin film p-type thermoelements or the thin film n-type
thermoelements are at least about 1 mm in length and at least
about 0.1 mm in width.

15. The thermoelectric power source of claim 13 wherein
the volume of the thermoelectric power source is less than
about 10 cm® and has a power output of from about 1 uW to
about 1 W.
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