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‘Attorney Docket No. 9510-26

METHODS OF FORMING THERMOELECTRIC DEVICES USING
ISLANDS OF THERMOELECTRIC MATERIAL AND
RELATED STRUCTURES

Related Applications
[0001] This U.S. non-provisional patent application claims the benefit of
priority of U.S. Provisional Application No. 60/779,210, filed on March 3, 2006, the

disclosure of which is hereby incorporated herein by reference in its entirety.

Field Of The Invention
[0002] The present invention generally relates to electronics, and more

particularly, to thermoelectric devices and related methods.

Background

[0003] Thermoelectric materials may be used to provide cooling and/or power
generation according to the Peltier effect. Thermoelectric materials are discussed, for
example, in the reference by Venkatasubramanian et al. entitled "Phonon-Blocking
Electron-Transmitting Structures" (1 8™ International Conference On Thermoelectrics,
1999), the disclosure of which is hereby incorporated herein in its entirety by reference.

[0004] Application of solid state thermoelectric cooling may be expected to
improve the performance of electronics and sensors such as, for example, RF receiver
front-ends, infrared (IR) imagers, ultra-sensitive magnetic signature sensors, and/or
superconducting electronics. Bulk thermoelectric materials typically based on p-BixSb,.
"¢Te3 and n-BiyTe;.,Sey alloys may have figures-of-merit (ZT) and/or coefficients of
performance (COP) which result in relatively poor thermoelectric device performance.

[0005] The performance of a thermoelectric device may be a function of the
figure(s)-of-merit (ZT) of the thermoelectric material(s) used in the device, with the
figure-of-merit being given by:

ZT=(c*0T/K7), (equation 1)
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where o, T, o, Kt are the Seebeck coefficient, absolute temperature, electrical
conductivity, and total thermal conductivity, respectively. The material-coefficient Z can
bé expressed in terms of lattice thermal conductivity (Ky), electronic thermal
conductivity (K.) and carrier mobility (), for a given catrier density (p) and the
corresponding o, yielding equation (2) below:

Z = o?o/(Ky1 + Ke) = a*/[Ke/(ppq)+ LoT)], (equation 2)
where, Ly is the Lorenz number (approximately 1 5x10%V3K2% in non-degenerate -
semiconductors). State-of-the-art thermoelectric devices may use alloys,.such as p-
BixSbyxTesySey (X = 0.5, y = 0.12) and n-Bix(SeyTeiy)z (v = 0.05) for the 200 degree K
to 400 degree K temperature range. For certain alloys, K; may be reduced more strongly
than p leading to enﬁanced ZT.

[0006] A ZT of 0.75 at 300 degree K in p-type Bi,SbyTes (x = 1) was
reported forty years ago. See, for example Wright, D. A., Nature vol. 181, pp.834 (1958).
Since then, there has been relatively modest progress in the ZT of thermoelectric
materials near 300 degree K (i.e., room temperature). A ZT of about 1.14 at 300 degree
K for bulk p-type (BizTes)o2s (Sb2Tes)o72 (SbaSes)o o3 alloy has been discussed for
example, in the reference by Ettenberg et al. entitled "4 New N-Type And Improved P-
Type Pseudo-Ternary (Bi;Tes)(Sb2Tes)(SbaSes) Alloy For Peltier Cooling," (Proc. of 15™
Inter. Conf. on Thermoelectrics, IEEE Catalog. No. 96TH8169, pp. 52-56, 1996), the
disclosure of which is hereby incorporated herein in its entirety by reference.

[0007] Thermoelectric devices are discussed, for example, in U.S. Patent No.
5,837,929 entitled "Mfcroelectronic Thermoelectric Device And Systems Incorporating
" Such Device," the disclosure of which is hereby incorporated herein in its entirety by

-reference. -

[0008] Notwithstanding the above mentioned advances in thermoelectric

materials and devices, there continues to exist a need in the art for improved

thermoelectric device structures and assembly methods.

Summary
[0009] According to some embodiments of the present invention, a method of

forming a thermoelectric device may include forming a plurality of islands of
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thermoelectric material on a deposition substrate. The plurality of islands of
thermoelectric material may then be bonded to a header substrate so that the plurality of
islands are between the deposition substrate and the header substrate.

[0010] More particularly, the plurality of islands of thermoelectric material
may be a plurality of epitaxial islands of thermoelectric material, and crystal structures of
the plurality of epitaxial islands of thermoelectric material may thus be aligned with a
crystal structure of the deposition substrate. In addition, forming the plurality of islands
of thermoelectric material on the deposition substrate may include forming a continuous
___layer of the thermoelectric material on the deposition substrate, and selectively removing

portions of the continuous layer of the thermoeleciric material on the deposition substrate
to expose portions of the deposition substrate between the islands of thermoelectric
material,

[0011] After bonding the plurality of islands to the header substrate, the
deposition substrate may be removed while maintaining the plurality of islands on the
header substrate. Moreover, the header substrate may be a first header substrate, and
after removing the deposition substrate, the plurality of islands may be bonded to a
second header substrate so that the plurality of islands are between the first and second
header substrates. The first and second header substrates may be substrates of different
materials, and one of the first and second header substrates may be removed from the
plurality of islands while maintaining another of the first and second header substrates on
the plurality of islands.

[0012] A support material may be provided between the first and second
headers with the support material providing mechanical coupling between the plurality of

_islands, and the support material may be electrically insulating. After providing the
supp(;rt inaterial, the firstqheader substrate and/or the second header substrate may be
removed from the plurality of islands while maintaining the support material providing
mechanical coupling between the plurality of islands. .

[0013]  The plurality of islands may be a first plurality of islands, the
deposition substrate may be a first deposition substrate, and the header substrate may be a
first header substrate. In addition, a second plurality of islands of thermoelectric material

may be formed on a second deposition substrate. The second plurality of islands of
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thermoelectric material may be bonded to a second header substrate so that the second
plurality of islands are between the second deposition substrate and the second header
substrate. After bonding the second plurality of islands to the second header substrate,
the.second deposition substrate may be removed while maintaining the second plurality
of islands on the second header substrate. After removing the first and second deposition
substrates, the first plurality of islands my be bonded to the second header substrate and
the second plurality of islands may be bonded to the first header substrate so that the first
and second pluralities of islands are between the first and second header substrates. .

[0014] The first plurality of islands of thermoelectric material may have a first
conductivity type, and the second plurality of islands of thermoeleciric material may have
a second conductivity type opposite the first conductivity type. After bonding the first
plurality of islands to the second header substrate and after bonding the second plurality
of islands to the first header substrate, one of the first header substrate and/or the second
header substrate may be removed from the first and second pluralities of islands.
Another of the first and second header substrates may be maintained on the first and
second pluralities of islands after removing the one of the first and second header
substrates.

[0615] A support material may be provided between the first and second
header substrates with the support material providing mechanical coupling between the
first and second pluraliﬁes of islands, and the support material may be electrically
insulating. After providing the support material, the first header substrate and/or the
second header substrate may be removed fror the first and second pluralities of islands
while maintaining the support material providing mechanical coupling between the first

.and sc_econd pluralities of i_slands.

[b016] The first header substrate may include a first plurality of conductive
traces on a surface thereof, and the second header substrate may include a second
plurality of conductive traces on a surface thereof. Bonding the first plurality of islands
to the first header substrate may include bonding the first plurality of islands to the first
plurality of conductive traces, and bonding the second plurality of islands to the second
header substrate may include bonding the second plurality of islands to the second

plurality of conductive traces. Alternating ones of the first and second pluralities of
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islands may be electrically connected in series through the first and second plurality of
conductive traces after bonding the first plurality of islands to the second header substrate
and after bonding the second plurality of islands to the first header substrate.

[0017] Bonding the first plurality of islands of thermoelectric material to the
first header substrate may include solder bonding the first plurality of islands to the first
header substrate, and bonding the second plurality of islands of thermoelectric material to
the second header substrate may include solder bonding the second plurality of islands to .
the second header substrate. Moreover, the deposition substrate and the header substrate
may be substrates of different materials.

[0018] According to some other embodiments of the present invention, a
thermoelectric structure may include a plurality of islands of thermoelectric material on a |
deposition substrate. In addition, a header substrate may be bonded to the plurality of
islands of thermoelectric material so that the plurality of islands are between the
deposition substrate and the header substrate. More particularly, the plurality of islands
of thermoelectric material may be a plurality of epitaxial islands of thermoelectric
material, and crystal structures of the plurality of epitaxial islands of thermoelectric
material may be aligned with a crystal structure of the deposition substrate.

[0019] The deposition substrate and the header substrate may be substrates of
different materials. In addition, a plurality of solder bonds may be provided with a
respective one of the plurality of solder bonds between each of the plurality of islands
and the header substrate. The deposition substrate and the plurality of islands of
thermoelectric material may be substrates of different materials. In addition, a plurality
of conductive traces may be provided on a surface of the header substrate. More

_particularly, the plurality of islands of thermoelectric material may be bonded to the
pIuraiity; of conductive tr;ces so that the plurality of conductive traces are between the
plurality of islands and the header substrate.

[0020]  According to still other embodiments of the present invention, a
method of forming a thermoelectric device may include forming a first plurality of
conductive traces and bonding a first plurality of thermoelectric elements to the first
plurality of conductive traces with the first plurality of thermoelectric elements having a

first conductivity type. A second plurality of thermoelectric elements may be bonded to
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the first plurality of conductive traces with the second plurality of thermoelectric
elements having a second conductivity type opposite the first conductivity type. A
second plurality of conductive traces may be formed on the first and second pluralities of
thermoelectric elements so that the first and second pluralities of thermoelectric elements
are between the first and second pluralities of conductive traces. In addition, surfaces of
the second plurality of conductive traces opposite the first and second pluralities of
thermoelectric elements may be free of materials having a thickness greater than about
100 micrometers, and more particularly, greater than about 50 micrometers, spanning .
multiple ones of the second plurality of conductive traces.

[0021] Surfaces of the second plurality of conductive traces opposite the first
and second pluralities of thermoelectric elements may be arranged within about 10
micrometers of a same plane, and more particularly, within about 5 micrometers of a
same plane, and still more particularly, within about 2 micrometers or even within about
1 micrometer of a same plane. The first plurality of conductive traces may be formed on
a header substrate so that the first plurality of conductive traces are between the header
substrate and the first and second pluralities of thermoelectric elements.

[0022] Surfaces of the first plurality of conductive traces opposite the first and
second pluralities of thermoelectric elements may be free of materials having a thickness
greater than about 100 micrometers, and more particularly, greater than about 50
micrometers, spanning multiple ones of the first plurality of conductive traces. A support
material may be provided between ones of the first plurality of conductive traces and/or
between ones of the second plurality of conductive traces so that the support material

provides mechanical coupling between the first plurality of conductive traces and/or

.between the second plurality of conductive traces wherein the support material is

electrically insulating,

[0023] A support material may be provided between ones of the first and
second pluralities of thermoelectric elements so that the support material provides
mechanical coupling between the first and second pluralities of thermoelectric elements,
and the support material may be electrically insulating. Moreover, surfaces of the second
plurality of conductive traces opposite the first and second pluralities of thermoelectric

elements may be exposed.
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[0024] According to yet other embodiments of the present invention, a
thermoelectric structure may include a first plurality of conductive traces, and a first
plurality of thermoelectric elements bonded to the first plurality of conductive traces with
the first plurality of thermoelectric elements having a first conductivity type. A second
plurality of thermoelectric elements may be bonded to the first plurality of conductive
traces with the second plurality of thermoelectric elements having a second conductivity
type opposite the first conductivity type. In addition, a second plurality of conductive
traces may be provided on the first and second pluralities of thermoelectric elements so
that the first and second pluralities of thermoelectric elements are between the first and
second pluralities of conductive traces. Moreover, surfaces of the second plurality of
conductive traces opposite the first and second pluralities of thermoelectric elements may
be free of materials having a thickness greater than about 100 micrometers, and more
particularly, greater than about 50 micrometers, spanning multiple ones of the second
blurality of conductive traces.

[0025] Surfaces of the second plurality of conductive traces opposite the first
and second pluralities of thermoelectric elements may be arranged within about 10
micrometers of a same plane, and more particularly, within about 5 micrometers of a
same plane, and still more particularly, within about 2 micrometers or even within about
1 micrometer of a same plane. In addition, the first plurality of conductive traces may be
on a header substrate so that the first plurality of conductive traces are between the
header substrate and the first and second pluralities of thermoelectric elements.

[0026] Surfaces of the first plurality of conductive traces opposite the first and
second pluralities of thermoelectric elements may be free of materials having a thickness
greater than about 100 m1crometers, and more particularly, greater than about 50
mlcrometers spanning multlple ones of the first plurality of conductive traces. In
addition, a support material may be between ones of the first plurality of conductive
traces and/or between ones of the second plurality of conductive traces so that the support
material provides mechanical coupling between the first plurality of conductive traces
and/or between the second plurality of conductive traces, and the support material is
electrically insulating. In addition or in an alternative, a support material may be between

ones of the first and second pluralities of thermoelectric elements so that the support
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material provides mechanical coupling between the first and second pluralities of

thermoelectric elements, and the support material may be electrically insulating.

‘ Brief Description Of The Drawings

[0027]  Figure 1 is a block diagram illustrating operations of forming
thermoelectric devices according to some embodiments of the present invention.

[0028]  Figures 2A-B are cross-sectional views illustrating operations of
forming epitaxial islands of p-type thermoelectric material on a deposition substrate
_according to embodiments of the present invention.

[0029] Figure 2C is a plan view of a deposition substrate including modules
and sub-modules of epitaxial islands of p-type thermoelectric material corresponding to
the cross-sectional view of Figure 2B according to some embodiments of the present
invention.

[0030] Figures 3A-C are cross-sectional views illustrating operations of
forming conductive traces on a P-header substrate according to embodiments of the
present invention.

[0031] Figure 3D is a plan view of a P-header substrate including conductive
traces corresponding to the cross-sectional view of Figure 3C according to some
. embodiments of the present invention.

[0032]  Figures 4A-D are cross-sectional views illustrating operations of
transferring p-type thermoelectric elements from a deposition substrate to conductive
traces on a P-header substrate according to some embodiments of the present invention.

[0033]  Figure 5A is a plan view of a P-header substrate including deposition

_substrates bonded thereto corresponding to the cross-sectional view of Figure 4A
accor;iirig to some embod—iments of the present invention.

[0034]  Figure 5B is a plan view of a header substrate including p-type
thermoelectric elements bonded thereto corresponding to the cross-sectional view of
Figure 4D according to some embodiments of the present invention.

[0035]  Figures 6A-B are cross-sectional views illustrating operations of
forming epitaxial islands of n-type thermoelectric material on a deposition substrate

-

according to embodiments of the present invention.
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" [0036]  Figure 6C is a plan view of a deposition substrate including modules
and sub-modules of epitaxial islands of n-type thermoelectric material corresponding to
the cross-sectional view of Figure 6B according to some embodiments of the present
invention.

[0037] Figures 7A-C are cross-sectional views illustrating operations of
forming conductive traces on an N-header substrate according to embodiments of the
present invention.

[0038] Figure 7D is a plan view of an N-header substrate including conductive
. traces corresponding to the cross-sectional view of Figure 7C according to some
embodiments of the present invention.

[0039]  Figures 8A-D are cross-sectional views illustrating operations of
transferring n-type thermoelectric elements from a deposition substrate to conductive
traces on an N-header substrate according to some embodiments of the present invention.

- [0040] Figure 9A is a plan view of an N-header substrate including deposition

substrates bonded thereto corresponding to the cross-sectional view of Figure 8A
according to some embodiments of the present invention.

[0041] Figure 9B is a plan view of an N-header substrate including n-type
thermoelectric elements bonded thereto corresponding to the cross-sectional view of
Figure 8D according to some embodiments of the present invention.

[0042] - Figures 10A and 10B are respective cross-sectional and plan views of
N-header and P-header substrates bonded together according to some embodiments of the
present invention.

[0043] Figures 11A and 11B are respective cross-sectional and plan views of a
thermoelectric device aftef removing the N-header substrate according to some
emboglirflents of the present invention.

[0044]  Figure 12 is a cross-sectional view of a thermoelectric device including
an underfill according to some embodiments of the present invention.

[0045]  Figure 13 is a cross-sectional view of a thermoelectric device afier
removing both N-header and P-header substrates according to some embodiments of the

present invention.
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Detailed Description

[0046]  The present invention is described more fully hereinafter with
reference to the accompanying drawings, in which embodiments of the present invention
are shown. This invention may, however, be embodied in many different forms and
should not be construed as limited to the embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be thorough and complete, and will
fully convey the scope of the present invention to those skilled in the art. In the
drawings, the sizes and relative sizes of layers and regions may be exaggerated.for
_ clarity. Like numbers refer to like elements throughout.

[0047] It will be understood that when an element or layer is referred to as
being "on", "connected to" or "coupled to" another element or layer, it can be directly on,
connected or coupled to the other element, or layer or intervening elements or layers may
be present. In contrast, when an element is referred to as being "directly on," "directly
connected to" or "directly coupled to" another element or layer, there are no intervening
elements or layers present. As used herein, the term "and/or" includes any and all
combinations of one or more of the associated listed items.

[0048] It will be understood that, although the terms first, second, third etc.
may be used herein to describe various elements, components, regions, layers and/or
sections, these elements, components, regions, layers and/or sections should not be
. limited by these terms. These terms are only used to distinguish one element,

component, region, layer or section from another region, layer or section. Thus, a first

element, component, regidn, layer or section discussed below could be termed a second

element, component, region, layer or section without departing from the teachings of the
_present invention.

- [b049] Spatialiy relative terms, such as "beneath”, "below", "lower", "above",
"upper" and the like, may be used herein for ease of description to describe one element
or feature's relationship to another element(s) or feature(s) as illustrated in the figures. It
will be understood that the spatially relative terms are intended to encompass different
orientations of the device in use or operation in addition to the orientation depicted in the
figures. For example, if the device in the figures is turned over, elements described as

"below" or "beneath" other elements or features would then be oriented "above" the other

10
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elements or features. Thus, the exemplary term "below" can encompass both an
orientation of above and below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative descriptors used herein
interpreted accordingly. Also, as used herein, "lateral” refers to a direction that is
substantially orthogonal to a vertical direction.

[0050] The terminology used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting of the present invention. As used
herein, the singular forms "a", "an" and "the" are intended to include the plural forms as _
~well, unless the context clearly indicates otherwise. It will be further understood that the
terms "comprises" and/or "comprising," when used in this specification, specify the
presence of stated features, integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

[0051] Example embodiments of the present invention are described herein
with reference to cross-section illustrations that are schematic illustrations of idealized
embodiments (and intermediate structures) of the invention. As such, variations from the
shapes of the illustrations as a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, embodiments of the present invention should not be
construed as limited to the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from manufacturing. For example,
an implanted region illustrated as a rectangle will, typically, have rounded or curved
features and/or a gradient of implant concentration at its edges rather than a binary
change from implanted to non-implanted region. Likewise, a buried region formed by
_implantation may result in some implantation in the region between the buried region and
the s1-1rfa-1ce through whicI; the implantation takes place. Thus, the regions illustrated in
the figures are schematic in nature and their shapes are not intended to illustrate the
actual shape of a region of a device and are not intended to limit the scope of the present
invention.

[0052] Unless otherwise defined, all terms (including technical and scientific
terms) used herein have the same meaning as commonly understood by one of ordinary

skill in the art to which this invention belongs. Accordingly, these terms can include

11
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equivalent terms that are created after such time. It will be further understood that terms,
such as those defined in commonly used dictionaries, should be interpreted as having a
meaning that is consistent with their meaning in the present specification and in the
context of the relevant art, and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein. All publications, patent applications, patents,
and other references mentioned herein are incorporated by reference in their entirety.
-[0053] According to embodiments of the present invention shown in Figure 1,

a layer of an epitaxial p-type thermoelectric material may be grown on a deposition

_ substrate (such as a gallium arsenide GaAs substrate) and then patterned to provide
epitaxial islands of the p-type thermoelectric material on the deposition substrate as
shown in block 101. At block 103, conductive traces (such as copper traces) may be
formed on a P-header substrate (such as a substrate of copper, beryllium oxide, aluminum
nitride, aluminum oxide, diamond, copper molybdenum, copper tungsten, silicon carbide,
aluminum, etc.). The epitaxial islands of the p-type thermoelectric material may then be
bonded (for example, using solder bonds) to the conductive traces on the P-header so that
the epitaxial islands of the p-type thermoelectric material are between the deposition
substrate and the P-header. The deposition substrat.e may then be selectively removed to
provide a P-wafer at block 105 including the epitaxial islands of the p-type thermoelectric
material on the P-header.

[0054] As used herein, the term "-deposition substrate " refers to a substrate
on which a layer is grown and/or deposited. If an epitaxial layer is grown on a deposition
substrate, crystal structures of the epitaxial layer and the deposition substrate will be
aligned. As used herein, the term "header substrate” (or "header") refers to a substrate to

_whic1_1 previously formed_.thermoelecttic elements are bonded, such as by soldering. The
term "P-.header substrate” (or "P-header") refers to a header substrate to which p-type
thermoelectric elements are bonded (before bonding n-type thermoelectric elements).

The term "N-header substrate" (or "N-header") refers to a header substrate to which n-
type thermoelectric elements are bonded (before bonding p-type thermoelectric
elements).

[0055] Similar o;?erations may be used to form an N-wafer as discussed below

with respect to blocks 121, 123, and 125. More particularly, a layer of an epitaxial n-type

12
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thermoelectric material may be grown on a deposition substrate (such as a gallium
arsenide GaAs substrate) and then patterned to provide epitaxial islands of the n-type
thermoelectric material on the deposition substrate as shown in block 121. At block 123,
conductive traces (such as copper traces) may be formed on an N-header (such as a
substrate of copper, beryllium oxide, aluminum nitride, aluminum oxide, diamond,
copper molybdenum, copper tungsten, silicon carbide, aluminum, etc.). The epitaxial
islands of the n-type thermoelectric material may then be bonded (for example, using
solder bonds) to the conductive traces on the N-header so that the epitaxial islands of the
n-type thermoelectric material are between the deposition substrate and the P-header.
The deposition substrate may then be selectively removed to provide an N-wafer at block
125 including the epitaxial islands of the n-type thermoelectric material on the N-header.

[0056] At block 131, the P-wafer and the N-wafer may be joined to provide a
PN-assembly with the epitaxial islands of p-type and n-type thermoelectric material
betweeﬁ the P-header and the N-header. More particularly, the epitaxial islands of the p-
type thermoelectric material on the P-wafer may be bonded (for example, using solder
bonding) to the electrically conductive traces of the N-wafer, and the epitaxial islands of
the n-type thermoelectric material on the N-wafer may be bonded (for exémple, using
solder bonding) to the electrically conductive traces of the P-wafer. If the P-header and
N-header comprise different materials, one of the P-header or the N-header may be
selectively removed while maintaining both sets of the electrically-conductive traces and
the islands of p-type and n~type thermoelectric materials therebetween on the other of the
P-header or N-header. According to other embodiments of the present invention, both of
the P-header and the N-header may be removed. By removing one or both of the P-

. headcj,r and/or the N—head_c_er, thermal resistance between the islands of thermoelectric
rnaterial. and a surface being heated/cooled may be reduced, and/or thermal resistance
between the islands of thermoelectric material and a heat source/sink may be reduced.
Operations of forming thermoelectric devices and resulting structures are discussed in
greater detail below.

[0057]  P-type islands of thermoelectric material may be formed on deposition
substrates as shown in Figures 2A-C. As shown in Figure 2A, a continuous layer 201 of

epitaxial p-type thermoelectric material may be formed on a deposition substrate 203
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(also referred to as a growth substrate), such as a gallium arsenide (GaAs) substrate. By
way of example, the continuous layer 201 of epitaxial p-type thermoelectric material may
be a superlattice of BiyTes/Sb,.Tes, and a buffer layer 205 may be provided between the
deposition substrate 203 and the continuous layer 201. The buffer layer 205, for
example, may include a layer of Bi,Te; having a thickness of about 0.5 micrometers. By
providing that the deposition substrate 203 has a single crystal structure by growing the
continuous layer 201 as an epitaxial layer, a crystal structure of the continuous layer 201
may be aligned with a crystal structure of the deposition substrate 203: Superlattices of
thermoelectric materials are discussed, for example, in U.S. Patent Publication Nos.
2003/0099279 and 2007/0028956, both to Venkatasubramanian et al., the disclosures of
which are hereby incorporated herein in their entirety by reference.

[0058] The continuous layer 201 of epitaxial p-type thermoelectric material
may have a thickness less than about 100 micrometers, and more particularly, less than
about 50 micrometers, and still more particularly, less than about 20 micrometers.
According to some embodiments of the present invention discussed herein, the
continuous layer 201 of p-type thermoelectric material may be a substantially single
crystal layer of p-type thermoelectric material epitaxially formed on a single crystal
deposition substrate 203 so that crystal structures of the continuous layer 201 and the
deposition substrate 203 are aligned. Accordingly, the islands of thermoelectric material
and the thermoelectric elements formed from the continuous layer 201 may have-
substantially single crystal structures. According to other embodiments of the present
invention, the continuous layer 201 of p-type thermoelectric material may have an
amorphous and/or polycrystalline structure so that the islands of thermoelectric material
.and the thermoelectric elements formed from the continuous layer 201 have an
amorphc;us and/or polycrystalline structure. The continuous layer 201 may thus be
formed, for example, by chemical vapor deposition, sputtering, evaporation, efc.

[0059] As further shown in Figure 2A, an ohmic contact layer 207 may be
formed on the continuous layer 201 of epitaxial p-type thermoelectric material. The
ohmic contact layer 207 may provide a wettable layer for a bonding solder, and/or the
ohmic contact layer 207 may protect the epitaxial p-type thermoelectric material. The

ohmic contact layer 207, for example, may include layers of chromium, titanium, nickel,
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and gold having respective thicknesses of about 50 Angstroms, about 4000 Angstroms,
about 1500 Angstroms, and about 500 Angstroms. For example, the chromium layer may
be provided between the titanium layer and the layer 201, the titanium layer may be
provided between the chromium layer and the nickel layer, and the nickel layer may be
provided between the gold layer and the titanium layer. Accordingly, the chromium,
titanium, and nickel layers may be between the gold layer and the layer 201. The ohmic

" contact layer may also include a relatively thick copper layer (for example, having a -
thickness of about 5 micrometers) so that the chromium, titanium, nickel, and gold layers
are between the copper layer and the continuous layer 201 of epitaxial p-type
thermoelectric material.

[0060] As shown in Figure 2B, the ohmic contact layer 207, the layer 201 of
epitaxial p-type thermoelectric material, and the buffer layer 205 may be patterned to
provide a plurality of epitaxial islands 201' (or mesas) of p-type thermoelectric material
(also referred to as p-type thermoelectric elements) on the deposition substrate 203
together with patterned portions 207" and 205' of the ohmic contact layer 207 and the
buffer layer 205. As shown, all layers of the ohmic contact layer 207, the layer 201 of
epitaxial p-type thermoelectn’c' material, and the buffer layer 205 may be patterned using
a single photolithographic mask. Accordingly, solder used for a subsequent solder bond
may wet to an entire upper surface of the patterned ohmic contact layer 207°'. While the
islands of p-type thermoelectric material may be epitaxial single crystal islands as
discussed herein, the islands 201" of p-type thermoelectric material may be
polycrystalline and/or amorphous according to other embodiments of the present
invention.. ‘

3 [0061] According to other embodiments of the present invention, upper solder
wettable- layers of the ohmic contact layer 207 (such as gold and nickel layers) may be
patterned using a first photolithographic mask, and then the lower solder non-wettable
layers of the ohmic contact layer 207 (such as titanium and chromium layers) and the
layer 201 of thermoelectric material and the buffer layer 205 may be patterned using a
second photolithographic mask (larger than the first photolithographic mask).
Accordingly, lower solder non-wettable layers of the patterned portions of the ochmic

contact layer 207' may cover an entire surface of each epitaxial island 201" of p-type
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thermoelectric material, while edge portions of each epitaxial island 201' may be free of
upper solder wettable layers (such-as gold and nickel layers). Solder used for a
subsequent solder bond may thus be confined to é central portion of each epitaxial island
201" having solder wettable layers thereon.

[0062] As shown in Figure 2B, the epitaxial islands 201' may be free of solder
until bonded to a header as discussed in greater detail below. Stated in other words,
solder may be provided on the header and then bonded to the patterned ohmic contact
layers 207" during a reflow operation. According to other embodiments of the present
invention, solder may be provided on the patterned ohmic contact layers 207" before
bonding to a header. For example, solder may be selectively plated on the continuous
ohmic contact layer 207 of Figure 2A through a plating mask (such as a photoresist
plating mask) using the ohmic contact layer 207 as a plating electrode. The selectively
plated solder may then be used as an etch mask to pattern the ohmic contact layer 207,
the epitaxial islands 201', and/or the buffer layers 205" of Figure 2B. The solder may
thus extend across an entirety of the epitaxial islands 201°.

[0063] According to other embodiments of the present invention, the
selectively plated solder may be used as an etch mask to pattern upper solder wettable
layers (such as gold and nickel layers) of the ohmic contact layer 207, and a photoresist
mask extending beyond edges of the solder may be used to pattern solder non-wettable
layers (such as titanium and chromium layers) of the ohmic contact layer 207 and to
pattern the epitaxial islands 201' and buffer layers 205'. Edge portions of the epitaxial
islands 201" may thus be free of the solder.

[0064] As shown in Figure 2A, the ohmic contact layer 207 may extend

-continuously across the layer 201 of epitaxial p-type thermoelectric material. Sucha
continu(;us ohmic contact layer 207, for example, may be formed by sputtering and/or
evaporation. According to other embodiments of the present invention, patterned ohmic
contact layers 207" may be selectively formed, for example, by sputtering and/or
evaporating through a shadow mask. Such selectively formed ohmic contact layers may
then be used to pattern the epitaxial islands 201" (also referred to as p-type thermoelectric

elements) and buffer layers 205' without requiring another masking operation.
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[0065] Figure 2C is a plan view of a deposition substrate 203 including a
plurality of epitaxial islands of p-type thermoelectric material with patterned ohmic
contact layers 207" thereon as discussed above with respect to Figure 2B. The epitaxial
islands are not visible in the plan view of Figure 2C, because each epitaxial island is
covered by a respective patterned ohmic contact layer 207'. As shown in Figure 2C, the
epitaxial islands of p-type thermoelectric material may be grouped into modules 221a-h,
and each module 221a-h may include three sub-modules (221ay.3, 221by.3, ...221hy.3)
with each sub-module including an arrangement of 24 epitaxial islands of p-type
thermoelectric material for one thermoelectric device. More particularly, an arrangement
of the epitaxial islands of p-type thermoelectric material in a sub-module may define an
arrangement of the p-type thermoelectric elements in a subsequently formed
thermoelectric device. Accordingly, separate handling of individual p-type
thermoelectric elements may be reduced and/or avoided.

[0066] As shown in Figure 3A, a P-header may include a plurality of
conductive traces 301 on a substrate 303 such as an aluminum nitride (AIN) substrate
having a thickness of about 20 mils. While aluminum nitride is discussed by way of
example, other substrate materials such as beryllium oxide, copper, aluminum oxide,
diamond, copper molybdenum, copper tungsten, silicon carbide, silicon, and/or aluminum
may be used. If a conductive material is used for the substrate 303, a dielectric layer may
be provided between the substrate 303 and the conductive traces 301.

[0067] The P-header may be formed by providing a continuous seed layer 305
on the substrate 303, as shown in Figure 3A. The seed layer 305, for example, may .
include a first titanium layer having a thickness of about 300 Angstroms on the substrate

-303, a gold layer having a thickness of about 5000 Angstroms on the first titanium layer,
and a sec‘:ond titanium layer having a thickness of about 300 Angstroms on the gold layer,
so that the gold layer is between the first and second titanium layers. A plating mask 307
may be formed on the seed layer 305, and portions of the seed layer 305 exposed through
the plating mask 307 may define portions of the seed layer 305 on which the conductive
traces 301 are plated.

[0058] The conductive traces 301 may be formed by plating a first layer of

nickel having a thickness in the range of about 0.5 micrometers to about 1 micrometer on
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the seed layer 305; by plating a layer of copper having a thickness in the range of about
10 micrometers to about 15 micrometers on the nickel layer; by plating a second layer of
ni(;kel having a thickness in the range of about 0.5 micrometers to about 1 micrometer on
the copper layer; and by plating a flash layer of gold on the second layer of nickel.
Accordingly, the copper layer may be between the first and second nickel layers, and
both nickel layers and the copper layer may be between the flash layer of gold and the
seed layer 305.
[0069] After plating the conductive traces 301, the plating mask 307 may be .
. removed, and a second plating mask 315 may be formed as shown in Figure 3B. The
plating mask 315 may expose portions of the conductive traces 301 on which solder is to
be plated. Before plating solder, barrier layers 319 (such as layers of nickel having a
thickness in the range of about 0.5 micrometers to about 1 micrometer) may be plated on
portions of the conductive traces 301 exposed through the plating mask 315. After
plating the barrier layers 319, solder layers 317 may be plated on the barrier layers 319.
The solder layers 317, for example, may be layers of tin solder having a thickness in the
range of about 8 micrometers to about 9 micrometers. While tin solder is discussed by
way of example, other solders such as tin silver solder, lead tin solder, indium solder,
and/or other single and/or multiple element solders may be used.
[0070] After plating the barrier layers 319 and the solder layers 317, the mask
layer 315 may be removed, as shown in Figure 3C. If the substrate 303 includes a
conductive material, a dielectric layer may be provided at a surface of the substrate 303 to
provide electrical isolation between the electrically conductive traces 301.
[0071] Figure 3D is a plan view of a P-header including substrate 303 and
-conductive traces 301 thereon as discussed above with respect to Figure 3C. Due to the
scale of figure 3D, the solder layers 317 are not separately shown in Figure 3D. The
pattern of conductive traces 301 of Figure 3D corresponds to the pattern of epitaxial
islands of Figure 2C. As shown in Figure 3D, the conductive traces 301 may be grouped
into modules 321a-f, and each module 321a-f may include three sub-modules (321ay.3,
321by.3, ...321f}.3) with each sub-module including an arrangement of conductive traces

301 for one thermoelectric device. More particularly, an arrangement of the conductive
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traces 301 in a sub-module may define an arrangement of the conductive traces in a
subsequently formed thermoelectric device.

[0072]  The epitaxial islands 201" of p-type thermoelectric material (also
referred to as p-type thermoelectric elements) on the deposition substrate 203 of Figure
2B may then be bonded to the conductive traces 301 of Figure 3C using solder layers 317
as shown in Figure 4A. More particularly, the solder layers 317 may be brought into
contact with the solder wettable portions of ohmic contact layers 207' and subjected to a
reflow operation. As discussed above; the solder layers 317 may be formed on the
. conductive traces 301 and then bonded to the ohmic contact layers 207'. According to

other embodiments of the present invention, the solder layers 317 may be formed on the
ohmic contact layers 207" and then bonded to the conductive traces 301.

[0073] As shown in Figure 4A, edge portions of the ohmic contact layers 207"
may remain free of the solder layers 317 after the bonding operation. For example, edge
portions of the ohmic contact layer 207' may have solder Wettable layers (such as layers
of gold and/or nickel) removed there from so that solder non-wettable layers (such as
layers of chromium and/or titanium) are exposed. Accordingly, the solder layers 317
may wet to central portions of the ohmic contact layer 207" where solder wettable layers
are maintained without wetting to edge portions of the ohmic contact layer 207" where
solder non-wettable layers have been removed. According to other embodiments of the
preseﬁt invention, solder wettable layers may extend across an entirety of the ohmic
contact layers 207" so that solder layers 317 wet to entire surfaces of respective ohmic
contact la};ers 207",

[0074] Figure 5A is a plan view of a plurality of deposition substrates 203

~bonde‘:d to a single P-header substrate 303, corresponding to the cross-sectional view of
Figure 4'A. As shown in Figure 5A, each deposition substrate 203 may include epitaxial
islands of p-type thermoelectric material for three thermoelectric devices diced, for
example, from the deposition substrate 203 of Figure 2C., By dicing modules from a
larger deposition substrate, before bonding to the P-header substrate 303, thermal
stress/strain resulting from different coefficients of thermal expansion of the P-header
substrate 303 and the deposition substrate(s) 203 may be reduced. According to other
embodiments of the present invention, the deposition substrate 203 of Figure 2C may be
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diced so that each sub-module of epitaxial islands for a single thermoelectric device are
separate so that 18 different deposition substrates 203 are bonded to the P-header
substrate 303 of Figure SA to further reduce stress/strain due to different coefficients of
thermal expansion. According to still other embodiments of the present invention, a
single deposition substrate including epitaxial islands for all conductive traces on the P-
header may be bonded to the P-header substrate 303 to reduce handling of separate
deposition substrates.

[0075] The deposition substrate 203 may then be selectively removed while

- maintaining the P-header substrate 303 as shown in Figure 4B. If the deposition substrate
203 is a gallium arsenide substrate, for example, the deposition substrate 203 may be
selectively removed using a mixture of NH4OH, H,O,, and water.

[0076] As shown in Figure 4C, the buffer layers 205' may be removed from
the p-type thermoelectric elements 201°, and contact metal layers 415 may be formed on
exposed portions of the p-type thermoelectric elements 201'. The contact metal layer
415, for example, may include a layer of chromium having a thickness of about 50
Angstroms and a layer of gold having a thickness of about 500 Angstroms, with the layer
of chromium between the layer of gold and the p-type thermoelectric elements 201"'.
Moreover, the contact metal layer may be formed using evaporation and/or sputtering.
While not shown in Figure 4C, contact metal may also be formed on exposed portions of
substrate 303, seed layer 305, and/or traces 301.

[0077]) A plating mask 417 may be formed on the contact metal layers 415
with portions of the contact metal layers 415 on the p-type thermoelectric elements 201’
exposed through the plating mask 417. Layers of copper 419 and layers of solder 421

-may be plated on the exposed portions of the contact metal layers 415, for example, using
the seed'layér 305 as a plating electrode so that plating current passes through
thermoelectric elements 201'. Each of the layer of copper 419 and the layer of solder 421
may have a thickness in the range of about 4 micrometers to about 12 micrometers.
Moreover, the layer of solder 421 may include tin solder, tin silver solder, lead tin solder,
indium solder, and/or other single and/or multiple element solders.

[0078] The plating mask 417 may be removed as shown in Figure 4D. As
shown in Figure 4D, portions of the p-type thermoelectric elements 201' may extend

20



WO 2007/103249 PCT/US2007/005490

beyond the copper layers 419, and/or the solder layers 421. According to other
embodiments of the present invention, the copper layers 419, and/or the solder layers 421
may éxtend substantially to edges of the respective p-type thermoelectric elements 201°.
As further shown in Figure 4D, portions of the seed layer 30S not covered by traces 301
may be removed to electrically isolate traces 301.

[0079] Figure 5B is a plan view of a P-header including substrate 303 aﬁd
conductive traces 301 thereon as discussed above with respect to Figure 3D with the

addition of p-type thermoeleciric elements and solder layers 421 as discussed above with

. respect to Figure 4D. Due to the scale of Figure 5B, the p-type thermoelectric elements

201' are not separately shown in Figure 5B. As shown in Figure 5B, the conductive
traces 301 and respective p-type thermoelectric elements and solder layers 421 may be
grouped into modules 321a-f, and each module 321a-f may include three sub-modules
(321a,.3, 321by.3, ...321£;.3) with each sub-module including an arrangement of
‘conductive traces 301 and p-type thermoelectric elements for one thermoelectric device.
More particularly, an arrangement of the conductive traces 301 and p-type thermoelectric
elements in a sub-module may define an arrangement of the conductive traces and p-type
thermoelectric elements in a subsequently formed thermoelectric device.

[0080] As discussed above with respect to Figures 4A-D and 5A-B, solder
may be provided on p-type thermoelectric elements 201’ for subsequent bonding to
conducﬁve traces on an N-header substrate. According to other embodiments of the
present invention, solder may instead be provided on conductive traces of an N-header so
that solder layers 421 may be omitted from the p-type thermoelectric elements 201* of
Figures 4D and 5B. If the solder layers 421 are omitted from Figures 4D and 5B, contact

..metal’ layers 415' and/or copper layers 419 may provide solder wettable surfaces for
subsequé:nt solder bonding.

[0081} An N-header including n-type thermoelectric elements may be formed
using operations similar to those discussed above with respect to Figures 2A-C, 3A-D,
4A-D, and 5A-B. Operations of forming an N-header are discussed in greater detail
below.

[0082]  N-type islands of thermoelectric material may be formed on deposition
substrates as shown in Figures 6A-C. As shown in Figure 6A, a continuous layer 601 of
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epitaxial n-type thermoelectric material may be formed on a deposition substrate 603
(also referred to as a growth substrate), such as a gallium arsenide (GaAs) substrate. By
way of example, the continuous layer 601 of epitaxial n-type thermoelectric material may
be a superlattice of Bi;Tes/Bi;Te;xSex (0<x<1) and a buffer layer 605 may be provided
between the deposition substrate 603 and the continuous layer 601. The buffer layer 605,
for example, may include a layer of BixTe; having a thickness of about 0.5 micrometers.
By providing that the deposition substrate 603 has a single crystal structure by growing
the continuous layer 601 as an epitaxial layer, a crystal structure of the continuous layer.
601 may be aligned with a crystal structure of the deposition substrate 603. Superlattices
of thermoelectric materials are discussed, for example, in U.S. Patent Publication Nos.
2003/0099279 and 2007/0028956, both to Venkatasubramanian et al., the disclosures of
which are hereby incorporated herein in their entirety by reference.

[0083] More particularly, the continuous layer 601 of epitaxial n-type
thermoelectric material may have a thickness less than about 100 micrometers, and more
particularly, less than about 50 micrometers, and still more particularly, less than about
20 micrometers. According to some embodiments of the present invention discussed
herein, the continuous layer 601 of n-type thermoelectric material may be a substantially
single crystal layer of n-type thermoelectric material epitaxially formed on a single
crystal deposition substrate 603 so that crystal structures of the continuous layer 601 and
the deposition substrate 603 are aligned. Accordingly, the islands of thermoelectric
material and the thermoelectric elements formed from the continuous layer 601 may have
substantially single crystal structures. According to other embodiments of the present
invention, the continuous layer 601 of n-type thermoelectric material may have an

-amorphous and/or polycrystalline structure so that the islands of thermoelectric material
and the ’Ehermoelectric elements formed from the continuous layer 601 have an
amorphous and/or polycrystalline structure. The continuous layer 601 may thus be
formed, for example, by chemical vapor deposition, sputtering, evaporation, efc.

[0084] As further shown in Figure 6A, an ohmic contact layer 607 may be
formed on the continuous layer 601 of epitaxial n-type thermoelectric material. The
ohmic contact layer 607 may provide a wettable layer for a bonding solder, and/or the
ohmic contact layer 607 may protect the epitaxial n-type thermoelectric material. The
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ohmic contact layer 607, for example, may include layers of chromium, titanium, nickel,
and gold having respective thicknesses of about 50 Angstroms, about 4000 Angstroms,
about 1500 Angstroms, and about 500 Angstroms. For example, the chromium layer may
be provided between the titanium layer and the layer 601, the titanium layer may be
provided between the chromium layer and the nickel layer, and the nickel layer may be -
provided between the gold layer and the titanium layer. Accordingly, the chromium,
titanium, and nickel layers may be between the gold layer and the layer 601. The ohmic
contact layer may also include a relatively thick copper layer (for example, having a
. thickness of about 5 micrometers) so that the chromium, titanium, nickel, and gold layers
are between the copper layer and the continuous layer 601 of epitaxial n-type
thermoelectric material.

[0085] As shown in Figure 6B, the ohmic contact layer 607, the layer 601 of
epitaxial n-type thermoelectric material, and the buffer layer 605 may be patterned to
provide a plurality of epitaxial islands 601' (or mesas) of n-type thermoelectric material
(also referred to as n-type thermoelectric elements) on the deposition substrate 603
together with patterned portions 607' and 605" of the ohmic contact layer 607 and the
buffer layer 605. As shown, all layers of the ohmic contact layer 607, the 1ayer 601 of
epitaxial n;type thermoelectric material, and the buffer 1ayér 605 may be patterned using
a single photolithographic mask. Accordingly, solder used for a subsequent solder bond
may wet to an entire upper surface of the patterned ohmic contact layer 607'. While the
islands of n-type thermoelectric material may be epitaxial single crystal islands as
discussed herein, the islands 601' of n-type thermoelectric material may be
polycrystalline and/or amorphous according to other embodiments of the present

- inven_tion. _
i0086] According to other embodiments of the present invention, upper solder
wettable layers of the ohmic contact layer 607 (such as gold and nickel layers) may be
patterned using a first photolithographic mask, and then the lower solder non-wettable
layers of the ohmic contact layer 607 (such as titanium and chromium layers) and the
layer 601 of thermoelectric material and the buffer layer 605 may be patterned using a,
second photolithographic mask (larger than the first photolithographic mask).
Accordingly, lower solder non-wettable layers of the patterned portions of the ohmic
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contact layer 607' may cover an entire surface of each epitaxial island 601" of n-type
thermoelectric material, while edge portions of each epitaxial island 601' may be free of
upper solder wettable layers (such as gold and nickel layers). Solder used for a
subsequent solder bond may thus be confined to a central portion of each epitaxial island
601" having solder wettable layers thereon.

[0087]  As shown in Figure 6B, the epitaxial islands 601' may be free of solder
until bonded to a header as discussed in greater detail below.: Stated in other words,
solder may be provided on the header and then bonded to the patterned ohmic contact

_layers 607" during a reflow operation. According to other embodiments of the present
Invention, solder may be provided on the patterned ohmic contact layers 607° before
bonding to a header. For example, solder may be selectively plated on the continuous
ohmic contact layer 607 of Figure 6A through a plating mask (such as a photoresist
plating mask) using the ohmic contact layer 607 as a plating electrode. The selectively
plated solder may then be used as an etch mask to pattern the ohmic contact layer 607',
the epitaxial islands 601, and/or the buffer layers 605' of Figure 6B. The solder may
thus extend across an entirety of the epitaxial islands 601".

[0088]  According to other embodiments of the present invention, the
selectively plated solder may be used as an etch mask to pattern upper solder wettable
layers (such as gold and nickel layers) of the ohmic contact layer 607, and a photoresist
mask extending beyond edges of the solder may be used to pattern solder non-wettable
layers (such as titanium and chromium layers) of the ohmic contact layer 607 and to
pattern the epitaxial islands 601' and buffer layers 605'. Edge portions of the epitaxial
islands 601' may thus be free of the solder.

- _ [0089] As shown in Figure 6A, the ohmic contact layer 607 may extend
continu(;usly across the layer 601 of epitaxial p-type thermoelectric material. Such a
continuous ohmic contact layer 607, for example, may be formed by sputtering and/or
evaporation. According to other embodiments of the present invention, patterned ohmic
contact layers 607' may be selectively formed, for example, by sputtering and/or
evaporating through a shadow mask. Such selectively formed ohmic contact layers may
then be used to pattern the epitaxial islands 601' (also referred to as p-type thermoelectric

elements) and buffer layers 605' without requiring another masking operation.
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[0090] Figure 6C is a plan view of a deposition substrate 603 including a
plurality of epitaxial islands of n-type thermoelectric material with patterned ohmic
contact layers 607' thereon as discussed above with respect to Figure 6B. The epitaxial
islands are not visible in the plan view of Figure 6C, because each epitaxial island is
covered by a respective patterned ohmic contact layer 607'. As shown in Figure 6C, the
epitaxial islands of n-type thermoelectric material may be grouped into modules 621a-h,
and each module 621a-h may include three sub-modules (621a3.3, 621by.3, ...621h,.3)
with each sub-module including an arrangement of 24 epitaxial islands of n-type
thermoelectric material for one thermoelectric device. More particularly, an arrangement
of the epitaxial islands of n-type thermoelectric material in a sub-module may define an
arrangement of the n-type thermoelectric elements in a subsequently formed
thermoelectric device. Accordingly, separate handling of individual n-type
thermoelectric elements may be reduced and/or avoided.

[0091] As shown in Figure 7A, an N-header may include a plurality of
conductive traces 701 on a substrate 703 such as a silicon (Si) substrate. While silicon is
discussed by way of example, other substrate materials such as beryllium oxide, copper,
aluminum oxide, aluminum nitride, diamond, copper molybdenum, copper tungsten,
silicon carbide, and/or aluminum may be used. If a conductive material is used for the
substrate 703, a dielectric layer may be provided between the substrate 703 and the
conductive traces 701. By using different materials for the N-header substrate 703 and. -
the P-header substrate 303, one or the other of the N-header substrate 703 and the P-
header substrate 303 may be removed after bonding the two together.

[0092] The N-header may be formed by providing a continuous seed layer 705

-on the substrate 703, as shown in Figure 7A. The seed layer 705, for example, may
include ;1 first titanium layer having a thickness of about 300 Angstroms on the substrate
703, a gold layer having a thickness of about 5000 Angstroms on the first titanium layer,
and a second titanium layer having a thickness of about 300 Angstroms on the gold layer,
so that the gold layer is between the first and second titanium layers. A plating mask 707
may be formed on the seed layer 705, and portions of the seed layer 705 exposed through
the plating mask 707 may define portions of the seed layer 705 on which the conductive
traces 701 are plated.
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[0093] The conductive traces 701 may be formed by plating a first layer of
nickel having a thickness in the range of about 0.5 micrometers to about } micrometer on
the seed layer 705; by plating a layer of copper having a thickness in the range of about
10 micrometers to about 15 micrometers on the first layer of nickel; by plating a second
layer of nickel having a thickness in the range of about 0.5 micrometers to about 1
micrometer on the copper layer; and by plating a flash layer of gold on the second layer
of nickel. Accordingly, the copper layer may be between the first and second nickel
layers, and both nickel layers and the ‘copper layer may be between the flash layer of gold

_ and the seed layer 705.

[0094] Afier plating the conductive traces 701, the plating mask 707 may be
removed, and a second plating mask 7 15 may be formed as shown in Figure 7B. The
plating mask 715 may expose portions of the conductive traces 701 on which solder is to
be plated. Before plating solder, barrier layers 719 (such as layers of nickel having a
thickness in the range of about 0.5 micrometers to about 1 micrometer) may be plated on
portions of the conductive traces 701 exposed through the plating mask 715. After
plating the barrier layers 719, solder layers 717 may be plated on the barrier layers 719.
The solder layers 717, for example, may be layers of tin solder having a thickness in the
range of about 8 micrometers to about 9 micrometers. While tin solder is discussed by
way of example, other solders such as tin silver solder, lead tin solder, indium solder,
and/or other single and/or multiple element solders may be used.

[0095] After plating the barrier layers 719 and the solder layers 717, the mask
layer 715 may be removed, as shown in Figure 7C. If the substrate 703 includes a
conductive material, a dielectric layer may be provided at a surface of the substrate 703 to

-provide electrical isolation between the electrically conductive traces 701.

f0096] Figure 7D is a plan view of an N-header including substrate 703 and
conductive traces 701 thereon as discussed above with respect to Figure 7C. Due to the
scale of Figure 7D, the solder layers 717 are not separately shown in Figure 7D. The
pattern of conductive traces 701 of Figure 7D corresponds to the pattern of epitaxial
islands of Figure 6C. As shown in Figure 7D, the conductive traces 701 may be grouped
into modules 721a-f, and each module 721a-f may include three sub-modules (721a;.3,

721b,.3, ...721£; 3) with each sub-module including an arrangement of conductive traces
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701 for one thermoelectric device. More particularly, an arrangement of the conductive
traces 701 in a sub-module may define an arrangement of the conductive traces in a
subsequently formed thermoelectric device.

[0097] The epitaxial islands 601' of n-type thermoelectric material (also
referred to as n-type thermoelectric elements) on the deposition substrate 603 of Figure
6B may then be bonded to the conductive traces 701 of Figure 7C using solder Iayefs 717
as shown in Figure 8 A. More particularly, the solder layers 717 may be brought into
contact with the solder wettable portions of ohmic contact layers 607' and subjectedto a - -

“reflow operation. As discussed a'bove, the solder layers 717 may be formed on the
conductive traces 701 and then bonded to the ohmic contact layers 607'. According to
other embodiments of the present invention, the solder layers 717 may be formed on the
ohmic contact layers 607' and then bonded to the conductive traces 701.

[0098] As shown in Figure 8 A, edge portions of the ohmic contact layers 607"
may remain free of the solder layers 717 after the bonding operation. For example, edge
portions of the ohmic contact layer 607' may have solder wettable layers (such as layers
of gold and/or nickel) removed therefrom so that solder non-wettable layers (such as
layers of chromium and/or titanium) are exposed. Accordingly, the solder layers 717
may wet to central portions of the ohmic contact layer 607" where solder wettable layers
are maintained without wetting to edge portions of the ohmic contact layer 607' where
solder non-wettable layers have been removed. According to other embodiments of the
present invention, solder wettable layers may extend across an entirety of the ohmic
contact layers 607' so that solder layers 717 wet to entire surfaces of respective ohmic

" contact layers 607", ,

. [0099] Figure 9A is a plan view of a plurality of deposition substrates 603
bonded to a single N-header substrate 703, corresponding to the cross-sectional view of
Figure 8A. As shown in Figure 9A, each deposition substrate 603 may include epitaxial
islands of n-type thermoelectric material for three thermoelectric devices diced, for
example, from the substrate 603 of Figure 6C. By dicing modules from a larger
deposition substrate, before bonding to the N-header substrate 703, thermal stress/strain
resuiting from different coefficients of thermal expansion of the N-header substrate 703

and the deposition substrate(s) 603 may be reduced. According to other embodiments of
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the present invention, the deposition substrate 603 of Figure 2C may be diced so that each
sub-module of epitaxial islands for a single thermoelectric device are separate so that 18
different deposition substrates 603 are bonded to the N-header substrate 703 of Figure 9A
to further reduce stress/strain due to different coefficients of thermal expansion.
According to still other embodiments of the present invention, a single deposition
substrate including epitaxial islands for all conductive traces on the N-header may be
bonded to the N-header substrate 703 to reduce handling of separate deposition
substrates. .

[0100] The deposition substrate 603 may then be selectively removed while
maintaining the N-header substrate 703 as shown in Figure 8B. If the deposition
substrate 603 is a galli{lm arsenide substrate, for example, the deposition substrate 603
may be selectively removed using a mixture of NH4OH, H>0O,, and water.

[0101] As shown in Figure 8C, the buffer layers 605' may be removed from
the n-type thermoelectric elements 601', and contact metal layers 815 may be formed on
exposed portions of the n-type thermoelectric elements 601'. The contact metal layer
815, for example, may include a layer of chromium having a thickness of about 50
Angstroms and a layer of gold having a thickness of about 500 Angstroms, with the layer .
of chromium between the layer of gold and the p-type thermoelectric elements 601'.
Moreover, the contact metal layer may be formed using evaporation and/or sputtering.
While not shown in Figure 8C, contact metal may also be formed on exposed portions of
substrate 703, seed layer 705, and/or traces 701.

[0102] A plating mask 817 may be formed on the contact metal layer 815 with
portions of the contact metal layer 815 on the n-type thermoelectric elements 601’

- exposed through the plating mask 817. Layers of copper 819 and layers of solder 821
may be .plated on the exposed portions of the contact metal layer 815, for example, using
the seed layer 705 as a plating electrode so that plating current passes through
thermoelectric elements 601'. Each of the layer of copper 819 and the layer of solder 821
may have a thickness in the range of about 4 micrometers to about 12 micrometers.
Moreover, the layer of solder 821 may include tin solder, tin silver solder, lead tin solder,

indium solder, and/or other single and/or multiple element solders.
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[0103] The plating mask 817 may be removed as shown in Figure 8D. As
shown in Figure 8D, portions of the n-type thermoelectric elements 601' may extend
beyond the copper layers 819, and/or the solder layers 821. According to other
embodiments of the present invention, the copper layers 819, and/or the solder layers 821
may extend substantially to edges of the respective n-type thermoelectric elements 601°.
As further sﬁown in Figure 8D, portions of the seed layer 705 not covered by traces 701
may be removed to electrically isolate traces 701.

[0104] Figure 9B is a plan view of an N-header including substrate 703 and
_ conductive traces 701 thereon as discussed above with respect to Figure 7D with the

addition of n-type thermoelectric elements and solder layers 821 as discussed above with
respect to Figure 8D. Due to the scale of Figure 9B, the p-type thermoelectric elements
601’ are not separately shown in Figure 9B. As shown in Figure 9B, the conductive '
traces 701 and respective n-type thermoelectric elements and solder layers 821 may be
grouped into modules 721a-f, and each module 721a-f may include three sub-modules
(721a,.3, 721by.3, ...721f;3) with each sub-module including an arrangement of
conductive traces 701 and n-type thermoelectric elements for one thermoelectric device.
More particularly, an arrangement of the conductive traces 701 and n-type thermoelectric
elements in a sub-module may define an arrangement of the conductive traces and n-type
thermoelectric elements in a subsequently formed thermoelectric device.

[0105] As discussed above with respect to Figures 8A-D and 9A-B, solder
may be provided on n-type thermoelectric elements 601' for subsequent bonding to
conductive traces on a P-header substrate. According to other embodiments of the
present invention, solder may instead be provided on conductive traces of a P-header so

-that solder layers 821 may be omitted from the n-type thermoelectric elements 601' of
Figures éD and 9B. If the solder layers 821 are omitted from Figures 8D and 9B, contact
metal layers 815' and/or copper layers 819 may provide solder wettable surfa(.:es for
subsequent solder bonding.

[0106] The P-header of Figure 4D (including substrate 303 and p-type
thermoelectric elements 201") and the N-header of Figure 8D (including substrate 703
and n-type thermoelectric elements 601") may be bonded using solder layers 421 and 821

as shown in Figure 10A. Figure 10B is a plan view of a plurality of N-header substrates
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703 bonded to a P-header substrate 303. As shown in Figure 10B, each N-header
substrate 703 may include n-type thermoelectric elements for three thermoelectric
devices diced, for example, from the substrate 703 of Figure 9B.

[0107] By dicing modules from a larger N-header substrate, before bonding to
the P-header substrate 303, thermal stress/strain resulting from different coefficients of
thermal expansion of the P-header substrate 303 and the N-header substrate(s) 703 may
be reduced. ‘According to other embodiments of the present invention, the N-header
substrate 703 of Figure 9B may be diced so that each sub-module of n-type .

 thermoelectric elements for a single thermoelectric device are separate so that 18
different N-header substrates 703 are boﬁded to the P-header substrate 303 of Figure 10B
to further reduce stress/strain due to different coefficients of thermal expansion.
According to still other embodiments of the present invention, a single N-header
substrate 703 including n-type thermoelectric elements for all thermoelectric devices of
the P-header substrate 303 may be bonded to the P-header substrate 303 to reduce
handling of separate N-header substrates. According to still other embodiments of the
present invention, the P-header substrate may be diced into a plurality of modules and/or
sub-modules and bonded to a single N-header substrate. According to yet other
embodiments of the present invention, both the N-header and P-header substrates may be
diced into modules and/or sub-modules before bonding.

[0108] The N-header substrate(s) 703 may then be removed as shown in
Figures 11A and 11B. Accordingly, the p-type thermoelectric elements 201’ and the n-
type thermoelectric elements 601' may be sandwiched between the conductive traces 301
and 701. As shown in the plan view of Figure 11B, a plurality of completed

-thermoelectric devices 1100a-r may be formed on a single P-header substrate 303. The
P—heade;r substrate 303 may then be diced to separate each of the separate thermoelectric
devices 1100a-r, and the exposed conductive traces, such as conductive traces 701
(including patterned seed layers 705') may be thermaily coupled to a surface (such as an
integrated circuit substrate) to be heated and/or cooled. By providing that the P-header
substrate 303 and the N-header substrate 703 comprise different materials, one of the P-

header or N-header substrates may be selectively removed while maintaining the other.
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[0109] As discussed herein, the electrically conductive traces 701 may be
defined to include the patterned seed layers 705' thereon. According to embodiments of
the present invention, exposed surfaces of the thermally conductive traces may have a
planarity defined by a planarity of a surface of the sacrificial N-header substrate 703 on
which the electrically conductive traces 701 are formed. Accordingly, exposed surfaces
of the electrically conductive traces 701 of a completed thermoelectric device 1100a-r
may be within about 10 micrometers of a same plane, and more particularly, within about
5 micrometers of a same plane, and still more particularly, within about 2 micrometers or
~ even within about 1 micrometer of a same plane. Moreover, exposed surfaces of

electrically conductive traces 701 of different ones of the completed thermoelectric
devices 1100a-r may be within about 10 micrometers of a same plane, and more
particularly, within about 5 micrometers of a same plane, and still more parti(':ularly,'
within about 2 micrometers or even within about 1 micrometer of a same plane.

[0110] In addition or in an alternative, the P-header substrate may be removed
so that the electrically conductive traces 301 (defined to include the patterned seed layers
305'") are exposed. If the P-header substrate is removed, exposed surfaces of the
electrically conductive traces 301 of a completed thermoelectric device 1100a-r may be
within about 10 micrometers of a same plane, and more particularly, within about 5
micrometers of a same plane, and still more particularly, within about 2 micrometers or
even within about 1 micrometer of a same plane. Moreover, exposed surfaces of
electrically conductive traces 701 of different ones of the completed thermoelectric
devices 1100a-r may be within about 10 micrometers of a same plane, and more
particularly, within about 5 micrometers of a same plane, and still more particularly,

-within about 2 micrometers or even within about 1 micrometer of a same plane. By
removing one or both of the P-header and/or N-header header substrates, a thermal
resistance between the thermoelectric elements and a surface being heated/cooled may be
reduced, and/or a thermal resistance between the thermoelectric elements and a heat
source/sink may be reduced. In addition, a space required to accommodate the
thermoelectric device may be reduced. Moreover, by providing a high degree of
planarity of exp;)sed surfaces of thermally conductive traces, improved thermal and/or

mechanical contact may be provided.
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[0111] According to additional embodiments of the present invention, an
underfill material (also referred to as a support material) may be provided-between the P-
header substrate 303 and the N-header substrate 703 of Figure 10A before removing one
or both of the P-header substrate 303 and/or the N-header substrate 703. More
particularly, the underfill material may fill spaces between the conductive traces 701
(defined to include patterned seed layers 705"), between the conductive traces 301
(defined to include patterned seed layers 305'), and/or between the n-type-and p-type
thermoelectric elements 601' and 201' and the solder-layers 317, 717, 421, and 821. As
~ shown in Figure 12, the underfill material 1201 may thus fill gaps between exposed

surfaces of the conductive traces 701. Moreover, a planarity of the surface including the
exposed conductive traces 701 (defined to include the patterned seed layers 705") and the
underfill material may be defined by a surface of the N-header substrate 703.
Accordingly, an exposed surface defined by the electrically conductive traces 701 of a
completed thermoelectric device and underfill material therebetween may be within about
10 micrometers of a same plane, and more particularly, within about 5 micrometers of a
same plane, and still more particularly, within about 2 micrometers or even within about

1 micrometer of a same plane. .

[0112] In addition or in an alternative, the P-header substrate 303 may be
removed after providing the underfill material 1201. Accordingly, a planarity of the
surface including the exposed conductive traces 301 (defined to include the patterned
seed layers 305") and the underfill material 1201 may be defined by a surface of the P-
header substrate 303. Accordingly, an exposed surface defined by the electrically
condu;:tive traces 301 of a completed thermoelectric device and underfill material 1201

-therebetween may be within about 10 micrometers of a same plane, and more
particule;rly, within about 5 micrometers of a same plane, and still more particularly,
within about 2 micrometers or even within about 1 micrometer of a same plane. If both
of the P-header substrate 303 and the N-header substrate 703 are removed after providing
the underfill material 1201 as shown in Figure 3, the underfill material 1201 may provide
increased strength for the thermoelectric device.

[0113] The underfill material 1201 may be an epoxy material that is provided
between the P-header substrate 303 and the N-header substrate 703 of Figure 10A as a
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liquid and then cured before removing either of the header substrates 303 and/or 703.
Moreover, the underfill material 1201 may be electrically and thermally insulating.

[0114] According to still other embodiments of the present invention, an
electrically insulating matrix may be provided between the conductive traces 301 and/or
between the conductive traces 701. Electrically insulating matrixes between conductive
traces are discussed in U.S. Patent Publication No. 2006/0289050 to Alley et al., the
disclosure of which is hereby incorporated herein in its entirety by reference. Such
electrically insulating matrixes may be provided between traces 301 and/or-701 without
providing the electrically insulating matrix or other underfill between thermoelectric
elements. According to still other embodiments of the present invention, electrically
insulating matrixes may be provided between traces 301 and/or 701, and the same or
another underfill material may be provided between thermoelectric elements. As used
herein, such electrically insulating matrixes between traces 301 and/or 701 may provide
planarity as discussed above with respect to underfill material 1201 and may be referred
to as underfill. '

[0115] As shown in Figures 104, 11A, 12, and 13, a thermoelectric device
according to embodiments of the present invention may include pluralities of p-type
thermoelectric elements 201" and pluralities of n-type thermoelectric elements 601' that
are electrically connected in series and that are thermally connected in parallel.
Accordingly, electrical current passes through the p-type thermoelectric elements 201" in
a first direction and through the n-type thermoelectric elements 601’ in a second
direction, and the first and second directions are opposite directions. Thermoelectric
devices according to embodiments can thus pump heat from one side or the device to the

-other, and/or convert a temperature differential on opposite sides of the thermoelectric
device into electrical energy.

[0116] While not shown in Figures 12 and 13, a thin dielectric layer may be
provided on the exposed surfaces of the electrically conductive traces 701 (defined to
include the patterned seed layers 705') and the underfill material 1201. In addition, a thin
metal layer may be provided on the thin dielectric layer so that the thin dielectric layer is
between the thin metal layer and the electrically conductive traces 701. The thin metal

layer may provide improved thermal contact with a surface being heated and/or cooled
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and/or with a heat sink/source, and the thin dielectric layer may provide electrical
isolation between the electrically conductive traces 701. Thin dielectric and metal layers
may similarly be provided on exposed surfaces of the electrically conductive traces 301
(defined to include patterned seed layers 305') and underfill material 1201 if the header
substrate 303 is removed as shown in Figure 13. Moreover, a combined thickness of
such a thin dielectric layer and thin metal layer may be less than about 100 micrometers,
and more particularly, greater than about 50 micrometers. Stated in other words, surfaces
of the electrically conductive traces opposite the thermoelectric elements may be free of
_ materials having a thickness greater than about 100 micrometers (and more particularly
about 50 micrometers) spanning multiple ones of the conductive traces.

[0117] According to some embodiments of the present invention, thin
dielectric and metal layers may be formed on exposed conductive traces after removing
the respective header substrate. According to other embodiments of the present
invention, thin dielectric and metal layers may be formed on a surface of the respective
header substrate before forming the conductive traces thereon. After bonding the two
header substrates with the thermoelectric elements therebetween, the header substrate
with the thin dielectric and metal layers previously formed thereon may be selectively
removed while maintaining the thin dielectric and metal layers thereon.

[0118] According to some additional embodiments of the present invention,
metal posts (also referred to as metal studs) may be provided between ohmic contact
layers 207" (on p-type thermoelectric elements 201') and solder layers 317, and between
ohmic contact layers 607" (on n-type thermoelectric elements 601") and solder layers 717.
The metal posts may be copper posts having a thickness, for example, of about 5

-micrometers or greater. Metal posts on the ohmic contact layer 207", for example, may
be selec';ively plated on the ohmic contact layer 207 of Figure 2A before patterning the
layer 201 of thermoelectric material. Similarly, metal posts on the ohmic contact layer
607" may be selectively plated on the ohmic contact layer 607 of Figure 6A before
patterning the layer 601 of thermoelectric material. According to other embodiments of
the present invention, metal posts may be formed on ohmic contact layers 201' and/or
601’ after patterning layers 201 and/or 601. Metal posts, for example, may isolate

thermoelectric elements 201' and/or 601" from respective solder layers 317 and/or 717.
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[0119] While the present invention has been particularly shown and described
with reference to embodiments thereof, it will be understood by those of ordinary skill in
the art that various changes in form and details may be made therein without departing

from the spirit and scope of the present invention as defined by the following claims.
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That Which Is Claimed Is:

1. A method of forming a thermoelectric device, the method comprising:

forming a plurality of islands of thermoelectric material on a deposition substrate;
and

bonding the plurality of islands of thermoelectric material to a header substrate so

that the plurality of islands are between the deposition substrate and the header substrate.

2. A method according to Claim 1 wherein the plurality of islands of
thermoelectric material comprise a plurality of epitaxial islands of thermoelectric material
and wherein crystal structures of the plurality of epitaxial islands of thermoelectric
material are aligned with a crystal structure of the deposition substrate.

3. A method according to Claim 1 wherein forming the plurality of islands of
thermoelectric material on the deposition substrate comprises,

forming a continuous layer of the thermoelectric material on the deposition

substrate, and
selectively removing portions of the continuous layer of the thermoelectric

material on the deposition. substrate to expose portions of the deposition substrate

~ between the islands of thermoelectric material.

4. A method according to Claim 1 further comprising:
after bonding the plurality of islands to the header substrate, removing the

- deposition substrate while maintaining the plurality of islands on the header substrate.

5. A method according to Claim 4 wherein the header substrate comprises a first
header substrate, the method further comprising: .

after removing the deposition substrate, bonding the plurality of islands to a
second header substrate so that the plurality of islands are between the first and second

header substrates.
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6. A method according to Claim S wherein the first and second header substrates
comprise different materials, the method further comprising:

removing one of the first and second header substrates from the plurality of
islands while maintaining another of the first and second header substrates on the

plurality of islands.

7. A method according to Claim 5 further comprising:

providing a support material between the first and second headers wherein the -
support material provides mechanical coupling between the plurality of islands, and
wherein the support material is electrically insulating; and .

after providing the support material, removing the first header substrate and/or the
second header substrate from the plurality of islands while maintaining the support
material providing mechanical coupling between the plurality of islands.

8. A method according to Claim 4 wherein the plurality of islands comprises a
first plurality of islands, wherein the deposition substrate comprises a first deposition
substrate, and wherein the header substrate comprises a first header substrate, the method
further comprising:

forming a second plurality of islands of thermoelectric material on a second
deposition substrate;

bonding the second plurality of islands of thermoelectric material to a second
header substrate so that the second plurality of islands are between the second deposition
substrate and the second header substrate;

- qfter bonding the second plurality of islands to the second header substrate,
removing the second deposition substrate while maintaining the second plurality of
islands on the second header substrate; and

after removing the first and second deposition substrates, bonding the first
plurality of islands to the second header substrate and bonding the second plurality of
islands to the first header substrate so that the first and second pluralities of islands are

between the first and second header substrates.
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9. A method according to Claim 8 wherein the first plurality of islands of
thermoelectric material have a first conductivity type and wherein the second plurality of
islands of thermoelectric material have a second conductivity type opposite the first

conductivity type.

10. A method according to Claim 8 further comprising:

after bonding the first plurality of islands to the second header substrate and after
bonding the second plurality of islands to the first header substrate, removing one of the
first header substrate and/or the second header substrate from the first and second

pluralities of islands.

" 11. A method according to Claim 10 further comprising:
maintaining another of the first and second header substrates on the first and
second pluralities of islands after removing the one of the first and second header

substrates.

12. A method according to Claim 8 further comprising:
providing a support material between the first and second header substrates
wherein the support material provides mechanical coupling between the first and second

pluralities of islands, and wherein the support material is electrically insulating.

13. A method according to Claim 12 further comprising:
after providing the support material, removing the first header substrate and/or the
-second header substrate from the first and second pluralities of islands while maintaining
the support material providing mechanical coupling between the first and second

pluralities of islands.

14. A method according to Claim 8 wherein the first header substrate comprises a
first plurality of conductive traces on a surface thereof, wherein the second header
substrate comprises a second plurality of conductive traces on a surface thereof, wherein

bonding the first plurality of islands to the first header substrate comprises bonding the
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first plurality of islands to the first plurality of conductive traces, and wherein bonding
the second plurality of islands to the second header substrate comprises bonding the

second plurality of islands to the second plurality of conductive traces.

15. A method according to Claim 14 wherein alternating ones of the first and
second pluralities of islands are electrically connected in series through the first and
second plurality of conductive traces after bonding the first plurality of islands to the
second header substrate and after-bonding the second plurality of islands to the first
~header substrate.

16. A method according to Claim 8 wherein bonding the first plurality of islands
of thermoelectric material to the first header substrate compriseé solder bonding the first
plurality of islands to the first header substrate, and wherein bonding the second plurality
of islands of thermoelectric material to the second header substrate comprises solder

bonding the second plurality of islands to the second header substrate.

17. A method according to Claim 1 wherein the deposition substrate and the

header substrate comprise different materials.

18. A thermoelectric structure comprising:
a plurality of islands of thermoelectric material on a deposition substrate; and
a header substrate bonded to the plurality of islands of thermoelectric material so

that the plurality of islands are between the deposition substrate and the header substrate.

19. A thermoelectric structure according to Claim 18 wherein the plurality of
islands of thermoelectric material comprise a plurality of epitaxial islands of
thermoelectric material and wherein crystal structures of the plurality of epitaxial islands
of thermoelectric material are aligned with a crystal structure of the deposition substrate.

20. A thermoelectric structure according to Claim 18 wherein the deposition

substrate and the header substrate comprise different materials.
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21. A thermoelectric structure according to Claim 18 further comprising:
a plurality of solder bonds with a respective one of the plurality of solder bonds
between each of the plurality of islands and the header substrate.

22. A thermoelectric structure according to Claim 18 wherein the deposition
substrate- and the plurality of islands of thermoelectric material comprise different

materials.

23. A thermoelectric structure according to Claim 18 further comprising:
a plurality of conductive traces on a surface of the header substrate, wherein the
plurality of islands of thermoelectric material are bonded to the plurality of conductive

traces so that the plurality of conductive traces are between the plurality of islands and
the header substrate.

24. A method of forming a thermoelectric device, the method comprising:

forming a first plurality of conductive traces;

bonding a first plurality of thermoelectric elements to the first plurality of
conductive traces, wherein the first plurality of thermoelectric elements have a first
conductivity type;

bonding a second plurality of thermoelectric elements to the first plurality of
conductive traces, wherein the second plurality of thermoelectric elements have a second
conductivity type opposite the first conductivity type; and

- _ forming a second plurality of conductive traces on the first and second pluralities

of therm.oelectric elements so that the first and second pluralities of thermoelectric
elements are between the first and second pluralities of conductive traces, wherein
surfaces of the second plurality of conductive traces opposite the first and second
pluralities of thermoelectric elements are free of materials having a thickness greater than

about 100 micrometers spanning multiple ones of the second plurality of conductive

traces.
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25. A method according to Claim 24 wherein surfaces of the second plurality of
conductive traces opposite the first and second pluralities of thermoelectric elements are
free of materials having a thickness greater than about 50 micrometers spanning multiple

ones of the second plurality of conductive traces.

26. A method according to Claim 24 wherein surfaces of the second plurality of
conductive traces opposite the first and second pluralities. of thermoelectric elements are

arranged within about 10 micrometers of a same plane.

27. A method according to Claim 24 wherein surfaces of the second plurality of
conductive traces opposite the first and second pluralities of thermoelectric elements are

arranged within about 5 micrometer of a same plane.

28. A method according to Claim 24 wherein forming the first plurality of
conductive traces comprises forming the first plurality of conductive traces on a header
substrate so that the first plurality of conductive traces are between the header substrate

and the first and second pluralities of thermoelectric elements.

29. A method according to Claim 24 wherein surfaces of the first plurality of
conductive traces opposite the first and second pluralities of thermoelectric elements are
free of materials having a thickness greater than about 100 micrometers spanning

multiple ones of the first plurality of conductive traces.

- _30. A.meAthod according to Claim 29 further comprising:
i)roviding a support material between ones of the first plurality of conductive
traces and/or between ones of the second plurality of conductive h‘aées so that the support
material provides mechanical coupling between the first plurality of conductive traces
and/or between the second plurality of conductive traces wherein the support material is

electrically insulating.

31. A method according to Claim 29 further comprising:
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providing a support material between ones of the first and second pluralities of
thermoelectric elements so that the support material provides mechanical coupling
between the first and second pluralities of thermoelectric elements, wherein the support

material is electrically insulating.

32. A method according to Claim 24 wherein surfaces of the second plurality of
conductive traces opposite the first and second pluralities of thermoelectric elements are

exposed.

33. A thermoelectric structure comprising:

a first plurality of conductive traces;

a first plurality of thermoelectric elements bonded to the first plurality of
conductive traces, wherein the first plurality of thermoelectric elements have a first
conductivity type;

a second plurality of thermoelectric elements bonded to the first plurality of
conductive traces, wherein the second plurality of thermoelectric elements have a second
conductivity type opposite the first conductivity type; and

a second plurality of conductive traces on the first and second pluralities of
thermoelectric elements so that the first and second pluralities of thermoelectric elements
are between the first and second pluralities of conductive traces, and wherein surfaces of
the second plurality of conductive traces opposite the first and second pluralities of
" thermoelectric elements are free of materials having a thickness greater than about 100

micrometers spanning multiple ones of the second plurality of conductive traces.

34. A thermoelectric device according to Claim 33 wherein surfaces of the
second plurality of conductive traces opposite the first and second pluralities of
thermoelectric elements are free of materials having a thickness greater than about 50

micrometers spanning multiple ones of the second plurality of conductive traces.
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35. A thermoelectric structure according to Claim 33 wherein surfaces of the
second plurality of conductive traces opposite the first and second pluralities of

thermoelectric elements are arranged within about 10 micrometers of a same plane.

36. A thermoelectric structure according to Claim 33 wherein surfaces of the
second plurality of conductive traces opposite the first and second pluralities of

thermoelectric elements are arranged within about 5 micrometer of a same f:lane.

37. A thermoelectric structure according to Claim 33 further comprising:
a header substrate with the first plurality of conductive traces on the header
substrate so that the first plurality of conductive traces are between the header substrate

and the first and second pluralities of thermoelectric elements.

38. A thermoelectric structure according to Claim 33 wherein surfaces of the first
plurality of conductive traces opposite the first and second pluralities of thermoelectric
elements are free of materials having a thickness greater than about 50 micrometers

spanning multiple ones of the first plurality of conductive traces.

39. A thermoelectric structure according to Claim 38 further comprising:

a support material between ones of the first plurality of conductive traces and/or
between ones of the second plurality of conductive traces so that the support material
provides mechanical coupling between the first plurality of conductive traces and/or
between the second plurality of conductive traces wherein the support material is

-electrically insulating.

40. A thermoelectric structure according to Claim 38 further comprising:

a support material between ones of the first and second pluralities of
thermoelectric elements so that the support material provides mechanical coupling
between the first and second pluralities of thermoelectric elements, wherein the support

material is electrically insulating.
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