woO 20237220244 A1 |0 0000 AP0 0 000 0 0 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
16 November 2023 (16.11.2023)

(10) International Publication Number

WO 2023/220244 Al

WIPO I PCT

(51) International Patent Classification:
HION 10/17 (2023.01) F25B 21/02 (2006.01)
HOI1L 29/66 (2006.01) HOIL 21/28 (2006.01)
HION 10/13 (2023.01)

(21) International Application Number:
PCT/US2023/021843

(22) International Filing Date:
11 May 2023 (11.05.2023)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/340,920 11 May 2022 (11.05.2022) UsS

(71) Applicant: SHEETAK, INC. [US/US]; 4020 S. Industrial
Drive, Suite 100, Austin, TX 78744 (US).

(72) Inventors: GHOSHAL, Uttam; 8419 Galeana Trace Cove,
Austin, TX 78733 (US). KOLLE, Key S; 801 South Walnut
Avenue, Luling, TX 78648 (US).

(74) Agent: GORSKI, David; Clark Hill PLC, 909 Fannin
Street, Suite 2300, Houston, TX 77010 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN,HR,HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, K G,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS§,
ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR,LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU,LV,MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

(54) Title: THERMOELECTRIC DEVICES ON CERAMICS

1020 1040

| /s /i
N N A \

1N N |
N I I I I

{
140

FIG.10C

(57) Abstract: The disclosure is related to structures and method of making thermoelectric devices. The structures include an electrically
nonconductive and thermally conductive substrate with direct bonded or electroplated copper. Thermoelement pairs are formed on
a barrier layer deposited on the outer layers of the substrate in gaps formed from insulator material deposited on the barrier layer.
Openings in the barrier layer may be filled with an insulator to isolate thermoelements, which may then be bridged by a metal layer.
Thermoelement pairs may be combined to form larger devices.
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THERMOELECTRIC DEVICES ON CERAMICS
BACKGROUND OF THE DISCLOSURE

1. Field of the Disclosure
[0001] The present disclosure relates to apparatuses and methods for making thermoelectric
devices, and, in particular, manufacturing thermoelement pairs on ceramics for heating, cooling,
and power generation.
2. Description of the Related Art
[0002] Thermoelectric devices have been used since the 1950s to heat, cool, and generate
power; however, widespread use has been held back due to poor performance and low efficiency
when compared with other available heating, cooling, and power generation technologies. Key
factors in understanding the performance of thermoelectric devices include the coefficient of
performance (COP), which is the ratio of the thermal output power and the electrical input power
of a thermoelectric device, the temperature differential across the hot and cold sides of the
thermoelectric device, and the reliability of the thermoelectric device.
[0003] A shortcoming in prior art thermoelectric devices is backflow of heat which result in
low COP and efficiency. Another shortcoming is low reliability due to heat-related expansion and
contraction of the thermoelements and adjacent structures with dissimilar coefficients of thermal
expansion, including the need for solder between layers, which can result in failures. Another
shortcoming 1s the interdiffusion of thermoelectric materials, solders, and metals for
interconnections. Another shortcoming is the difficulty in assembly and manufacture of

thermoelectric devices that increases the cost of the thermoelectric devices.
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[0004] What are needed are thermoelectric device structures that reduce thermal losses, do not
rely on soldered connections, have low-resistance metal interconnections, can operate over large
temperature range (-200°C to 1000°C), resist diffusion of thermoelements into substrate materials,

and increase performance.

BRIEF SUMMARY OF THE DISCLOSURE
[0005] In aspects, the present disclosure is related to an apparatus and method for making
thermoelectric devices, and, in particular, preparing thermoelements on ceramics for heating,
cooling, and power generation.
One embodiment according to the present disclosure includes a thermoelectric apparatus, the
apparatus including: a first stage including: a direct bond copper substrate that includes: a first
copper layer with an opening; a substrate; and a second copper layer (optional); a barrier layer
disposed on the first copper layer with an opening coterminous with the opening in the first
copper layer; an insulator disposed on the substrate through the opening in the first copper layer
and the opening in the barrier layer and on the barrier layer to form a first insulator gap on one
side of the opening in the barrier layer and a second insulator gap on other side of the opening in
the barrier layer; an n-type thermoelectric layer disposed in the first insulator gap; a p-type
thermoelectric layer disposed in the second insulator gap; and a metal layer disposed on the n-
type thermoelectric layer, the p-type thermoelectric layer, and on the insulator between the n-
type thermoelectric layer and the p-type thermoelectric layer. The apparatus may also include a
plurality of energy filter layers disposed between the n-type thermoelectric layer and the barrier
layer and between the p-type thermoelectric layer and the barrier layer. The plurality of energy

filter layers may include graphene. The substrate may be a ceramic that is not electrically
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conductive and is thermally conductive. The barrier layer may include a plurality of sublayers
and at least one of the plurality of sublayers is made up of at least one of: cobalt, iridium, nickel,
osmium, palladium, platinum, rhenium, ruthenium, and rhodium. The n-type thermoelectric layer
is made of one or more of: Bi-Te-Se, SiGe-P, Mg3;Bi2, Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-
Se, Half-Heusler alloys, full Heusler alloys, Fe-VW-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C,
and Yb-Al; and the p-type thermoelectric layer is made of one or more of: Bi-Sb-Te, Si-Ge-B,
Zintl compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb. The metal
layer is made of a plurality of sublayers and at least one of the plurality of sublayers is made of at
least one of aluminum, cobalt, gold, iridium, nickel, osmium, palladium, platinum, rhenium,
ruthenium, rhodium, and titanium tungsten. A sublayer of the plurality of sublayers that is distal
to the barrier layer is made of at least one of: cobalt, iridium, osmium, palladium, gold,
platinum, rhenium, ruthenium, and rhodium. The apparatus may also include an overcoat layer
disposed on the metal layer with a gap disposed between the n-type thermoelement layer and the
p-type thermoelement layer; a metal pad disposed in the gap and adjacent on the overcoat layer;

a solder layer in contact with metal pad; a surface layer in contact with the solder layer; a
second copper layer disposed on the surface layer; and a second substrate disposed on the second
copper layer; where the surface layer is made of one of Ni/Au, Ni/Pd/Au, and Au; and where the

solder layer is made of one of Au/Sn, Sn-Ag-Cu, and Bi-Sn.

[0006] The apparatus may also include a bonding layer disposed on the metal layer and made
of at least one of: sintered silver, AuSn, eutectic solder, metallic ink, and solder. The apparatus
may have a second direct bond copper substrate disposed on the bonding layer. The apparatus may
include a second stage identical to the first stage and disposed on the first stage in an inverted

position so that complementing thermoelectric n-type and p-type pairs are formed.
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[0007]  Another embodiment according to the present disclosure includes a thermoelectric
apparatus, the apparatus including: a first stage including: a first stage copper substrate including;
a first stage first copper layer with a first stage opening; a first stage substrate; and a first stage
second copper layer (optional), wherein the first stage first copper layer and the first stage second
copper layer (optional) are direct bonded or electroplated onto opposite faces of the first stage
substrate; a first stage barrier layer disposed on the first stage first copper layer with a first stage
opening coterminous with the first stage opening in the first stage copper layer; a first stage
insulator disposed on the first stage substrate through the opening in the first stage first copper
layer and the first stage opening in the first stage barrier layer and on the first stage barrier layer
to form a first stage first insulator gap on one side of the first stage opening in the first stage barrier
layer and a first stage second insulator gap on other side of the first stage opening in the first stage
barrier layer; a thermoelectric layer disposed in the first stage first insulator gap, wherein the
thermoelectric layer one of an n-type thermoelectric material and a p-type thermoelectric material,
a first stage metal layer disposed on the thermoelectric layer in the first stage first insulator gap
and in the first stage second insulator gap; and a first stage bonding layer disposed on the first
stage metal layer; a second stage including: a second stage direct bond copper substrate including;
a second stage first copper layer; a second stage substrate; and a second stage second copper layer
(optional), wherein the second stage first copper layer and the second stage second copper layer
(optional) are direct bonded or electroplated onto opposite faces of the second stage substrate, and
wherein the second stage first copper layer is narrower than the second stage substrate to expose
end surfaces of the second stage substrate; a second stage barrier layer disposed on the second
stage first copper layer; a second stage insulator disposed on the second stage barrier layer with

openings to form a first stage first insulator gap and a second stage insulator gap; a thermoelectric
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layer disposed in the second stage second insulator gap that is the other of the n-type thermoelectric
material and the p-type thermoelectric material disposed in the first stage first insulator gap; and a
second stage metal layer disposed on the thermoelectric layer in the second stage second insulator
gap and in the second stage first insulator gap; and a second stage bonding layer disposed on the
second stage metal layer. The apparatus may also include a plurality of energy filter layers disposed
between each of the thermoelectric layers and their respective barrier layers. The plurality of
energy filter layers may include graphene. The first stage substrate and the second stage substrate
may be ceramic and not electrically conductive and is thermally conductive. Each of the first stage
barrier layer and the second stage barrier layer may include a plurality of sublayers and at least
one of the plurality of sublayers is made up of at least one of: cobalt, iridium, nickel, osmium,
palladium, platinum, thenium, ruthenium, and thodium. The n-type thermoelectric layer is made
of one or more of: Bi-Te-Se, SiGe-P, Mg3Bi,, Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-
Heusler alloys, tull Heusler alloys, Fe-V-W-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al,
and the p-type thermoelectric layer is made of one or more of: Bi-Sb-Te, SiGe-B, Zintl
compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb. The metal layer may
be made of a plurality of sublayers and at least one of the plurality of sublayers is made of at least
one of aluminum, cobalt, gold, iridium, nickel, osmium, palladium, platinum, rhenium, ruthenium,
rhodium, tantalum/tantalum nitride, and titanium tungsten. A sublayer of the plurality of sublayers
that is distal to the barrier layer may be made of at least one of cobalt, iridium, osmium, palladium,
gold, platinum, rhenium, ruthenium, and rhodium. Each of the first stage bonding layer and the
second stage bonding layer may be made of at least one of: sintered silver, AuSn, eutectic solder,

metallic ink, and solder.
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[0008] Another embodiment according to the present disclosure includes a method of
fabricating a thermoelectric device including the steps of: depositing a barrier layer on a first
copper layer of a direct bonded or electroplated copper substrate; removing a portion of the barrier
layer and the first copper layer to form a recess that exposes a substrate of the direct bonded or
electroplated copper substrate; depositing an insulator layer on the substrate in the recess and on
the barrier layer forming a first insulator gap and a second insulator gap; adding an n-type
thermoelectric layer to the first insulator gap; adding a p-type thermoelectric layer to the second
insulator gap; and depositing a metal layer on and between the n-type thermoelectric layer and the
p-type thermoelectric layer. The method may also include the step of depositing an energy filter
layer on the barrier layer in each of the first insulator gap and the second insulator gap or depositing
an energy filter layer on the barrier layer on the first copper layer prior to the deposition of the
insulator layer. The method may also include a step of depositing an overcoat layer on the metal
layer. The method may also include the steps of forming a gap in the overcoat layer between the
n-type thermoelement layer and the p-type thermoelement layer; disposing a metal pad in and
adjacent to the gap; forming a second substrate with bonded copper on at least one side; disposing
a surface layer on the bonded copper; disposing solder on the surface layer; and moving the first
substrate and the second substrate relative to one another to join the solder to the metal pad and
form a solder bond.

[0009] The method may also include a step of depositing a bonding layer on the metal layer.
[0010] Another embodiment of the present disclosure includes a method of fabricating a
thermoelectric device including the steps of: forming a first stage by: depositing a first stage
barrier layer on a first stage first copper layer of a first stage direct bonded or electroplated copper

substrate; removing a portion of the first stage barrier layer and the first stage first copper layer to
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form a first stage recess that exposes a first stage substrate of the first stage direct bonded or
electroplated copper substrate; depositing a first stage insulator layer on the first stage substrate in
the first stage recess and on the first stage barrier layer forming a first stage first insulator gap and
a first stage second insulator gap; adding a thermoelectric layer to the first stage first insulator gap,
wherein the thermoelectric layer is one of: an n-type thermoelectric material and a p-type
thermoelectric material; adding a p-type thermoelectric layer to the second insulator gap; and
depositing a first stage metal layer on the thermoelectric layer in the first stage first insulator gap
and in the first stage second insulator gap; depositing a first stage barrier layer on a first stage first
copper layer of a first stage direct bonded or electroplated copper substrate; removing a portion of
the first stage barrier layer and the first stage first copper layer to form a first stage recess that
exposes a first stage substrate of the first stage direct bonded or electroplated copper substrate;
depositing a first stage insulator layer on the first stage substrate in the first stage recess and on the
first stage barrier layer forming a first stage first insulator gap and a first stage second insulator
gap; adding a thermoelectric layer to the first stage first insulator gap, wherein the thermoelectric
layer in the first stage first insulator gap is one of: an n-type thermoelectric material and a p-type
thermoelectric material; adding a p-type thermoelectric layer to the second insulator gap,
depositing a first stage metal layer on the thermoelectric layer in the first stage first insulator gap
and in the first stage second insulator gap; and depositing a first stage bonding layer on the first
stage metal layer; forming a second stage by: depositing a second stage barrier layer on a second
stage first copper layer of a second stage direct bonded or electroplated copper substrate; removing
a portion of the second stage barrier layer and the second stage first copper layer to form a second
stage recess that exposes a second stage substrate of the second stage direct bonded or electroplated

copper substrate; depositing a second stage insulator layer on the second stage substrate in the
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second stage recess and on the second stage barrier layer forming a second stage first insulator gap
and a second stage second insulator gap; adding a thermoelectric layer to the second stage first
insulator gap, wherein the thermoelectric layer is one of: an n-type thermoelectric material and a
p-type thermoelectric material; adding a p-type thermoelectric layer to the second insulator gap;
and depositing a second stage metal layer on the thermoelectric layer in the second stage first
insulator gap and in the second stage second insulator gap; depositing a second stage barrier layer
on a second stage first copper layer of a second stage direct bonded or electroplated copper
substrate; removing a portion of the second stage barrier layer and the second stage first copper
layer to form a second stage recess that exposes a second stage substrate of the second stage direct
bonded or electroplated copper substrate; depositing a second stage insulator layer on the second
stage substrate in the second stage recess and on the second stage barrier layer forming a second
stage first insulator gap and a second stage second insulator gap; adding a thermoelectric layer to
the second stage first insulator gap, wherein the thermoelectric layer in the second stage second
insulator gap is the other of: the n-type thermoelectric material and the p-type thermoelectric
material in the first stage first insulator gap; depositing a second stage metal layer on the
thermoelectric layer in the second stage first insulator gap and in the second stage second insulator
gap; depositing a second stage bonding layer on the second stage metal layer; and combining the
first stage and the second stage to form a thermoelectric pair. The method may also include the
step of depositing an energy filter layer on the barrier layer in each of the first insulator gap and
the second insulator gap of the first stage and the second stage.

[0011] Another embodiment according to the present disclosure includes a thermoelectric
apparatus, the apparatus including a first stage that includes a copper substrate that includes a first

copper layer with an opening; a substrate; and a second copper layer (optional), wherein the first
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copper layer and the second copper layer (optional) are direct bonded or electroplated onto
opposite faces of the substrate; a barrier layer disposed on the first copper layer with an opening
coterminous with the opening in the first copper layer; an n-type thermoelectric layer disposed on
the barrier layer on a first side of the opening; a p-type thermoelectric layer disposed on the barrier
layer on a second side of the opening; metal layers disposed on and partially covering the n-type
thermoelectric layer and the p-type thermoelectric layer; insulator layers disposed on portions of
the n-type thermoelectric layer and the p-type thermoelectric layer that are not covered by the
metal layers and the barrier layer; electroless plating layers disposed on the meal layers; and a
second stage including: an interconnect fabric; a copper layer disposed on the interconnect fabric;
and an electroless plating layer disposed on the copper layer; wherein bonding layers are disposed
between the first stage electroless plating layer and the second stage electroless plating layer. The
apparatus may also include a plurality of energy filter layers disposed between the n-type
thermoelectric layer and the barrier layer and between the p-type thermoelectric layer and the
barrier layer and the plurality of energy filter layers may include graphene. The substrate may be
a ceramic that is not electrically conductive and is thermally conductive. The barrier layer may
include a plurality of sublayers and at least one of the plurality of sublayers is made up of at least
one of: cobalt, iridium, nickel, osmium, palladium, platinum, rhenium, ruthenium, rhodium, and
tantalum/tantalum nitride. The n-type material may be made of one or more of: Bi-Te-Se, SiGe-
P, Mg3Bi>, Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler alloys, full Heusler alloys,
Fe-V-W-AIl, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al; and the p-type thermoelectric layer
may be made of one or more of: Bi-Sb-Te, SiGe-B, Zintl compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb,
Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb. The metal layer may be made of a plurality of sublayers and

at least one of the plurality of sublayers is made of at least one of aluminum, cobalt, gold, iridium,
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nickel, osmium, palladium, platinum, rhenium, ruthenium, rhodium, tantalum/tantalum nitride,
and titanium tungsten. One of the sublayers of the plurality of sublayers that is distal to the barrier
layer is made of at least one of: cobalt, iridium, osmium, palladium, gold, platinum, rhenium,
ruthenium, and rhodium. The apparatus may include a bonding layer disposed on the metal layer
and made of at least one of: sintered silver, AuSn, eutectic solder, metallic ink, and solder. The
first stage electroless plating layer and the second stage electroless plating layer both include a
first sublayer of at least one of nickel and palladium; and a second sublayer of gold.

[0012] Another embodiment according to the present disclosure includes a method of
fabricating a thermoelectric device including the steps of: depositing a barrier layer on a first
copper layer of a direct bonded or electroplated copper substrate; removing a portion of the barrier
layer and the first copper layer to form a recess that exposes a substrate of the direct bonded or
electroplated copper substrate; adding an n-type thermoelectric layer to the barrier layer on a first
side of the recess; adding a p-type thermoelectric layer to the barrier layer on a second side of the
recess; depositing a metal layer on the n-type thermoelectric layer and the p-type thermoelectric
layer; depositing an insulator layer on the barrier layer, the n-type thermoelectric layer and the p-
type thermoelectric layer, and the metal layer; removing parts of the insulator layers to expose
each of the metal layers; depositing an electroless plating layer on each of the metal layers; and
adding interconnect fabric plated with copper and an electroless plating layer using a bonding layer
between 1) each of the electroless plating layer and insulator layers corresponding to each of the
n-type thermoelectric material and the p-type thermoelectric material and 2) the electroless plating
layer associated with the interconnect fabric. The method may also include a step of depositing an

energy filter layer on the barrier layer on the first side and the second side.
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[0013] Examples of the more important features of the disclosure have been summarized rather
broadly in order that the detailed description thereof that follows may be better understood and in
order that the contributions they represent to the art may be appreciated. There are, of course,
additional features of the disclosure that will be described hereinafter and which will form the

subject of the claims appended hereto.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] For a detailed understanding of the present disclosure, reference should be made to the
following detailed description of the embodiments, taken in conjunction with the accompanying
drawings, in which like elements have been given like numerals, wherein:
FIG. 1A is a diagram of a cross-section of a bonded substrate for a thermoelement according
to one embodiment of the present disclosure;
FIG. 1B is a diagram of a cross-section of the bonded substrate of FIG. 1A with a barrier layer
according to the present disclosure;
FIG. 1C is a diagram of a cross-section of the bonded or electroplated copper substrate of
FIG. 1B after a recess volume has been removed according to one embodiment of the present
disclosure;
FIG. 1D is a diagram of a cross-section of the bonded substrate of FIG. 1C after an insulator
layer has been added to form a pair of insulator layer gaps on the barrier layer according to
one embodiment of the present disclosure;
FIG. 1E is a diagram of a cross-section of the bonded substrate of FIG. 1D after a
thermoelectric material has been added to one of the pairs of insulator layer gaps according to

one embodiment of the present disclosure;

11
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FIG. 1F is a diagram of a cross-section of the bonded substrate of FIG. 1E after a
thermoelectric material has been added to the other of the pair of insulator layer gaps according
to one embodiment of the present disclosure;

FIG. 1G is a diagram of a cross-section of a thermoelement pair made of the bonded substrate
of FIG. 1F with a metal layer deposited on and between the thermoelectric materials according
to one embodiment of the present disclosure.

FIG. 1H is a diagram of a cross-section of the thermoelement pair of FIG. 1G with an overcoat
layer covering one surface according to one embodiment of the present disclosure;

FIG. 11 is a diagram of a cross-section of a thermoelectric device including of a thermoelement
pair of FIG. 1G according to one embodiment of the present disclosure;

FIG. 2 is a diagram of a cross-section of a thermoelectric device including of two
thermoelement pairs of FIG. 1G according to one embodiment of the present disclosure;
FIG. 3A is a diagram of a cross-section of a bottom portion of a thermoelectric device
according to one embodiment of the present disclosure;

FIG. 3B is a diagram of a cross-section of a top portion of a thermoelectric device according
to one embodiment of the present disclosure;

FIG. 3C is a diagram of a cross-section of a thermoelectric device formed by combining the
bottom portion of FIG. 3A and the top portion of FIG. 3B for form a single thermoelectric
pair according to one embodiment of the present disclosure;

FIG. 4A is a flow chart of a method for making a thermoelectric device of FIG. 1H according
to one embodiment of the present disclosure;

FIG. 4B is a flow chart of a method of making at thermoelectric device of FIG. 11 according

to one embodiment of the present disclosure;

12
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FIG. 4C is a flow chart of a method of making at thermoelectric device of FIG. 2 according
to one embodiment of the present disclosure;

FIG. 5 is a flow chart of a method of making at thermoelectric device of FIG. 3C according
to one embodiment of the present disclosure;

FIG. 6A is a diagram of a cross-section of a thermally oxidized silicon substrate according to
one embodiment of the present disclosure;

FIG. 6B is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6A
with a portion of the thermal oxide layer removed according to one embodiment of the present
disclosure;

FIG. 6C is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6B
with a portion of the silicon substrate removed according to one embodiment of the present
disclosure;

FIG. 6D is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6C
with the exposed surface face of the silicon substrate oxidized according to one embodiment
of the present disclosure;

FIG. 6E is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6D
with an atomic-layer deposition seed layer according to one embodiment of the present
disclosure;

FIG. 6F is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6E
with a plating layer according to one embodiment of the present disclosure;

FIG. 6G is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6F
with a barrier layer added to the plating layer according to one embodiment of the present

disclosure;

13
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FIG. 6H is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6G
after a recess volume has been removed according to one embodiment of the present
disclosure;

FIG. 61 is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6H
after an insulator layer has been added to form a pair of insulator layer gaps on the barrier layer
according to one embodiment of the present disclosure;

FIG. 6J is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 61
after a thermoelectric material has been added to one of the pairs of insulator layer gaps
according to one embodiment of the present disclosure;

FIG. 6K is a diagram of a cross-section of the thermally oxidized silicon substrate of FIG. 6J
after a thermoelectric material has been added to the other of the pair of insulator layer gaps
according to one embodiment of the present disclosure;

FIG. 6L is a diagram of a cross-section of a thermoelement pair made of the thermally oxidized
silicon substrate of FIG. 6K with a metal layer deposited on and between the thermoelectric
materials according to one embodiment of the present disclosure;

FIG. 7 is a flow chart of a method for forming a thermoelectric device of FIG. 6K according
to one embodiment of the present disclosure;

FIG. 8A is a diagram of a cross-section of a substrate of FIG. 1C after thermoelectric materials
have been added to the barrier layer on opposite sides of the recess according to one
embodiment of the present disclosure;

FIG. 8B is a diagram of a cross-section of a thermoelement pair of FIG. 8A after metal layers
have been deposited on the thermoelectric materials according to one embodiment of the

present disclosure;
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FIG. 8C is a diagram of a cross-section of a thermoelement pair of FIG. 8B after insulator
layers have been deposited on the barrier layers, metal layers, and thermoelectric materials
according to one embodiment of the present disclosure;

FIG. 8D is a diagram of a cross-section of a thermoelement pair of FIG. 8C after removal of
the insulator layers over the metal layers and addition of electroless plating layers according
to one embodiment of the present disclosure;

FIG. 8E is a diagram of a cross section of a thermoelectric pair of FIG. 8D after its bonding
to an interconnect fabric according to one embodiment of the present disclosure; and

FIG. 9 is a flow chart of a method of making a thermoelectric device of FIG. 8E according to
one embodiment of the present disclosure;

FIG. 10A is a diagram of a cross-section of the overcoated thermoelectric pair of FIG. 1H
with metal pad disposed in and adjacent to a gap in the overcoat according to one embodiment
of the present disclosure;

FIG. 10B is a diagram of a cross-section of the thermoelectric pair of FIG. 10A with a second
substrate and solder positioned opposite the thermoelectric pair according to one embodiment
of the present disclosure;

FIG. 10C is a diagram of a cross-section of the thermoelectric pair of FIG. 10B after soldering
to the metal pad according to one embodiment of the present disclosure; and

FIG. 11 is a flow chart of a method of making a thermoelectric device of FIG. 10C by

furthering the method 400 of FIG. 4A according to one embodiment of the present disclosure.
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DETAILED DESCRIPTION OF THE DISCLOSURE

[0015]  Generally, the present disclosure relates to apparatuses and methods making apparatus
for converting a heat energy to electrical energy and converting electrical energy into heat energy,
and, in particular, generating temperature differentials and generating electrical power. The present
disclosure is susceptible to embodiments of different forms. They are shown in the drawings, and
herein will be described in detail, specific embodiments of the present disclosure with the
understanding that the present disclosure is to be considered an exemplification of the principles
of the present disclosure and is not intended to limit the present disclosure to that illustrated and
described herein. The figures may show exaggerated thicknesses of some of the elements so that
all the elements are easily viewable.

[0016] FIGs. 1A-1G show a series of cross-section diagrams of steps of preparation of a
thermoelement pair 100 on a substrate 105, such as, but not limited to, a ceramic substrate. FIG.
1A shows a cross-section diagram of a substrate 105 bonded to and sandwiched between a first
copper layer 110 and a second copper layer 115. In some embodiments, the second copper layer
115 may be optional. The substrate 105 may be made of a material that is thermally conductive
and not an electrical conductor. Thus, the substrate 105 may be an electrical insulator or
semiconductor that is also thermally conductive. Substrate 105 may be, but is not limited to, one
of: alumina, aluminum nitride, aluminum oxide, beryllium oxide, silicon, silicon carbide,
diamond, boron nitride, sapphire, diamond, polyimide glass, FR4, nylon, and silicon nitride. The
substrate 105 may have its surfaces covered with a thin (about 50 nanometer) electrically
insulating, thermally conducting layers 108, 109. The layers 108, 109 is made of an electrical
insulator and thin enough (around 50 nanometers) to not significantly impede the transmission of

heat across the layer. Suitable materials for the electrically insulating, thermally conducting layer
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include, but are not limited to, silicon dioxide and silicon nitride. The layers 108, 109 are optional
and may be used when the substrate 105 is not an electrical insulator. In some instances, the layer
108, 109 may be grown on the surface of the substrate 105 by exposing the substrate 105 to an
atmosphere with oxygen or nitrogen and using suitable growing techniques as would be understood
by a person of skill in the art. The copper layers 110, 115 may be about 1 micrometer to 1
millimeter in thickness. The exposed surfaces of the copper layers 110, 115 may be smoothed or
planarized to ensure uniform flatness and parallelism. The copper layers 110 and 115 may be direct
bond copper or electroplated copper on ceramics.

[0017]  FIG. 1B shows a cross-section diagram of FIG. 1A after a barrier layer 120 has been
applied to the first copper layer 110 on the side opposite the substrate 105. The barrier layer 120
may be about 1 micrometer to 1 millimeter in thickness. The barrier layer 120 may be made of
multiple sublayers. In some embodiments, the barrier layer 120 may include two or more sublayers
120a, 120d. In one embodiment, the sublayer closest to the copper layer 110 may be made of
nickel or palladium with thickness of about 0.5 micrometers to about 10 micrometers, and the
sublayer distal to the copper layer 110, with a thickness of about 10 nanometer to about 1
micrometer, may be made of one or more of cobalt, iridium, osmium, gold, nickel, platinum,
rhenium, ruthenium, and rhodium. In another embodiment, the sublayers, proceeding closest to
farthest from the copper layer 110, may include a proximal sublayer of nickel 120a, a second
sublayer 120b of titanium tungsten, and a distal sublayer 120c¢ made of one or more of cobalt,
iridium, nickel, osmium, palladium, gold, platinum, rhenium, ruthenium, and rhodium. The nickel
sublayer 120a may have thickness of about 0.5 micrometers to 10 micrometers. The titanium
tungsten sublayer 120b may have a thickness of about 10 nanometers to about 100 nanometers.

The distal sublayer 120¢ may have a thickness of about 0.1 micrometers to about 1 micrometer. In
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some embodiments, the proximal sublayer 120a may be made of tantalum and have a thickness of
about 5 nanometers to about 100 nanometers, a second sublayer 120b of tantalum nitride with a
thickness of about 5 nanometers to about 50 nanometers, a third sublayer 120¢ of ruthenium with
a thickness of about 5 nanometers to about 50 nanometers, and the distal sublayer 120d of iridium
with a thickness of about 5 nanometers to about 50 nanometers.

[0018] FIG. 1C shows a cross-section diagram of FIG. 1B after removal of a portion of the
barrier layer 120 and the first copper layer 110 to form a recess 130. The recess 130 may be formed
by any suitable technique known to those of skill in the art, including, but not limited to, laser
ablation and chemical etching. The recess 130 may have dimensions of about 100 micrometers.
The recess 130 may have a volume of about 1000 cubic micrometers. In some embodiments, such
as when the substrate 105 is made of silicon, the surface of the substrate 105 that is exposed in the
recess 130 may be roughened to increase mechanical connection with layers that will be applied
to the substrate 105. Roughening may involve a layer about 5 micrometers thick and be performed
using single side polish, laser texturing, or other suitable techniques known to a person of ordinary
skill in the art. Roughening may be performed to improve mechanical connection with the substrate
105 during manufacturing processes such as annealing.

[0019] FIG. 1D shows a cross-section diagram of FIG. 1C after an addition of an insulator
layer 140. The insulator layer 140 may be any suitable organic or inorganic electrical insulator
layer. The insulator layer 140 may be made of, but is not limited to, SU-8, parylene, or polyimide,
or glass. The insulator layer 140 may be deposited in the recess 130 and on the surface of barrier
layer 120 in a pattern that leaves insulator layer gaps 145, 150 of predetermined dimensions where
the barrier layer 120 remains exposed. The insulator layer gaps 145, 150, when viewed from above,

may be formed in any shape, including circles, ovals, rectangles, squares, etc. The insulator layer
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140 may be deposited on the barrier layer 120 and the recess 130 to a thickness of about 1
micrometer to about 100 micrometers above the surface of the barrier layer 120, which is also the
depth of the insulator layer gaps 145, 150.

[0020] Insomeembodiments, an optional energy filter layer 155 may be disposed on the barrier
layer 120 in the insulator layer gaps 145, 150. The energy filter 155 may be only a single layer or
few layers of atoms in thickness. The energy filter 155 may be configured to block the movement
of low energy electrons or holes. The energy filter 155 is selected to increase the Seebeck
coefficient of a thermoelectric device. The energy filter layer 155 may be made of one of graphene,
twisted graphene, and 2DEG with a thickness of about 1 nanometer.

[0021] FIG. 1E shows a cross-section diagram of FIG. 1D after an addition of an n-type
thermoelectric material 160 in the insulator layer gap 145. The n-type thermoelectric material 160
may have a thickness of about 0.1 micrometers to about 100 micrometers. In some embodiments,
the n-type thermoelectric material 160 may include one or more of: Bi-Te-Se, SiGe-P, Mg:Bi»,
Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler alloys, full Heusler alloys, Fe-V-W-Al,
Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al. The n-type thermoelectric material 160 may be
deposited on the barrier layer 120 (or optional energy filter layer 155) and the insulator layer 140
in the insulator layer gap 145. In some embodiments, the n-type thermoelectric material 160 may
also be deposited on the surface of insulator layer 140 in proximity to the insulator layer gap 145
as well.

[0022] FIG. 1F shows a cross-section diagram of FIG. 1E after an addition of a p-type
thermoelectric material 165 in the insulator layer gap 150. The p-type thermoelectric material 165
may have a thickness of about 0.1 micrometers to about 100 micrometers. In some embodiments,

the p-type thermoelectric material 165 may include one or more of: Bi-Sb-Te, SiGe-B, Zintl
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compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb. The p-type
thermoelectric material 165 may be deposited on the barrier layer 120 (or optional energy filter
layer 155) and the insulator layer 140 in the insulator layer gap 150. In some embodiments, the p-
type thermoelectric material 165 may also be deposited on the surface of insulator layer 140 in
proximity to the insulator layer gap 150 as well.

[0023] FIG. 1G shows a cross-section diagram of the thermoelement pair 100 including the
elements of FIG. 1F after a metal layer 170 has been deposited on the n-type thermoelectric
material 160, the p-type thermoelectric material 165, and the surface of the insulator layer 140
between the thermoelectric materials 160, 165. As shown, the metal layer 170 provides electrical
conductivity between the thermoelectric materials 160, 165; however, this is optional, and the
metal layer 170 may not continuously cover the insulator layer 140 in all embodiments. The metal
layer 170 may be about 0.1 micrometers to about 100 micrometers in thickness. The metal layer
170 may be made up of one or more of, aluminum, cobalt, gold, iridium, nickel, osmium,
palladium, platinum, rhenium, ruthenium, rhodium, silver, and titanium tungsten. In some
embodiments, the metal layer 170 may be made of multiple sublayers. For example, in one
embodiment, the metal layer 170 may include a sublayer 170a proximal to the thermoelectric
material 160, 165 and insulator layer 140 made of one or more of cobalt, iridium, nickel, osmium,
palladium, platinum, rhenium, ruthenium, and rhodium. Adjacent to the proximal sublayer may be
a second sublayer 170b of tantalum nitride, a third sublayer 170¢ of tantalum, a fourth sublayer
170d of silver, and fifth sublayer 170e of gold. The second sublayer 170b may be about 5
nanometers to about 50 nanometers in thickness. The third sublayer 170¢ may be about 5
nanometers to about 50 nanometers in thickness. The fourth sublayer 170d may be about 50

nanometers to about 5 micrometers in thickness. The fifth sublayer 170e may be about 50-200
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nanometers in thickness. Some of the sublayers may be optional. In some embodiments, the second
sublayer 170b may include platinum subsublayers 170ba divided by alternating subsublayers
170bb, 170bc of aluminum and titanium tungsten, respectively. In other embodiments, alternating
sublayers 170bb, 170bc of aluminum and titanium tungsten may be adjacent to rather than dividing
the platinum sublayer.

[0024] FIG. 1H shows a cross-section diagram of the thermoelement pair 100 of FIG. 1G after
an overcoat layer 175 has been deposited on the exposed surfaces of the insulator layer 140 and
the metal layer 170. The overcoat layer 175 may be made of polyimide, parylene, glass, alumina,
boron nitride or aluminum nitride. The overcoat layer 175 may have a thickness of about 1
micrometer.

[0025]  FIG. 11 shows a cross-section diagram of the thermoelement pair 100 of FIG. 1G in an
alternative embodiment, after a bonding layer 180 is deposited on the irregular surface of the metal
layer 170 to create a flat surface and provide a thickness of about 1 micrometer to 10 micrometers
beyond the peak of the metal layer 170. The bonding layer 180 is deposited to create a gap 181
bordered by the bonding layer 180, a bottom copper layer 190 (once applied as discussed below),
and the metal layer 170/the insulator layer 140 (depending on the continuity of the metal layer 170.
The bonding layer 180 may be made of a thermally conductive and electrically conductive suitable
for the temperatures of operation of the thermoelectric pair 100, including, but not limited to one
or more of sintered silver, AuSn, eutectic solder, metallic ink, and lead-free solder. A direct bond
or electroplated copper ceramic, as in FIG. 1A, may be disposed alongside the bonding layer 180.
The direct bond or electroplated copper ceramic may be made up of a ceramic layer 185
sandwiched between a top copper layer 195 and a bottom copper layer 190. In some embodiments,

the top copper layer 195 may be optional. The bonding layer 180 may be disposed between the
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metal layer 170 and the bottom copper layer 190 and fill available volume between these layers.
The layers 185, 190, 195 may be selected from the similar material suitable for the layers 105, 110,
115. In some embodiments, the layers 185, 190, 195 may have the same thicknesses as their
counterparts in the layers 105, 110, 115. In some embodiments, the bottom copper layer 190 may
be truncated to a width conforming to the highest points of the metal layer 170. The truncation of
the bottom copper layer 190 may be performed using laser ablation or etching or other suitable
techniques known to a person of skill in the art. As would be understood by person of ordinary
skill in the art, the continuity of the metal layer 170 between the thermoelectric materials 160, 165
is optional since electrical continuity is also provided by the bottom copper layer 190.

[0026] FIG. 2 shows a cross-section diagram of thermoelectric device 200 that includes two
thermoelement pairs 100a, 100b oriented to form n-type and p-type pairs between the different
thermoelement pairs 100a, 100b. The parts of the top thermoelement pair 100b include a substrate
205, afirst copper layer 210, a second copper layer 215 (optional), a barrier layer 220, an insulator
layer 240, an n-type thermoelectric material 260, a p-type thermoelectric material 265, and a metal
layer 270, which may be made of the same materials as their counterparts (the substrate 105, the
first copper layer 110, the second copper layer 115, the barrier layer 120, the insulator layer 140,
the n-type thermoelectric material 160, the p-type thermoelectric material 165, and the metal layer
170) in the bottom thermoelement pair 100a. The substrate 205 may have its surfaces covered with
a thin (about 50 nanometer) electrically insulating, thermally conducting layer 208, 209. The layer
208, 209 is made of an electrical insulator and thin enough (around 50 nanometers) to not
significantly impede the transmission of heat across the layer. Suitable materials for the electrically
insulating, thermally conducting layer include, but are not limited to, silicon dioxide and silicon

nitride. The layers 208, 209 are optional and may be used when the substrate 205 is not an electrical
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insulator. In some instances, the layer 208, 209 may be grown on the surface of the substrate 205
by exposing the substrate 205 to an atmosphere with oxygen or nitrogen and using suitable growing
techniques as would be understood by a person of skill in the art. In some embodiments, the surface
of the substrate 205 may be roughened to increase mechanical connection with layers that will be
applied to the substrate 205. Roughening may involve a layer about 5 micrometers thick and be
performed using single side polish, laser texturing, or other suitable techniques known to a person
of ordinary skill in the art. Roughening may be performed to improve mechanical connection with
the substrate 205 during manufacturing processes such as annealing. The thicknesses of the parts
205, 210, 215, 220, 240, 2585, 260, 265 of the top thermoelectric pair 100b may be 2-4 times thicker
than their counterparts 105, 110, 115, 120, 140, 160, 165, 170. The space between the top and
bottom portions may be filled with a layer of sintered silver 275. The bonding layer 275 may have
a thickness of between 1 micrometer and 10 micrometers as measured between the narrowest gap
between the metal layer 170 and the metal layer 265. The bonding layer 275 may be deposited to
create a gap 281 bordered by the bonding layer 275, the metal layer 170 and the metal layer 270.
In this embodiment, the metal layers 170, 270 provide electrical continuity between their
respective thermoelectric materials 160, 165 and 260, 265.

[0027]  FIGs. 3A-3C show cross-section diagrams of a thermoelectric pair 380 made up of a
first thermoelement 300 and a second thermoelement 320. FIG. 3A shows a cross-section diagram
of the first element 300, which is similar to FIG. 1E, except that metal layer 305 covers the n-type
thermoelectric material 160 and metal layer 310 fills the gap in the insulator layer 140 where the
p-type element would have been. Thus, the metal layer 310 makes direct contact with the barrier
layer 120. The metal layers 305, 310 are shown as electrically isolated for one another; however,

this is optional, and the metal layers 305, 310 may have electrical continuity as shown by the metal
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layer 170 in FIG. 1G. The metal layers 305, 310 may be selected from the same materials and
have the same structure as the metal layer 170.

[0028] FIG. 3B shows a cross-section diagram of the second thermoelement 320, which
includes a substrate 325 between a first copper layer 330 and an optional second copper layer 335,
similar to the layers 105, 110, 115, respectively. The substrate 325 may have its surfaces covered
with a thin (about 50 nanometer) electrically insulating, thermally conducting layer 328, 329. The
layer 328, 329 is made of an electrical insulator and thin enough (around 50 nanometers) to not
significantly impede the transmission of heat across the layer. Suitable materials for the electrically
insulating, thermally conducting layer include, but are not limited to, silicon dioxide and silicon
nitride. The layers 328, 329 are optional and may be used when the substrate 325 is not an electrical
insulator. In some instances, the layer 328, 329 may be grown on the surface of the substrate 325
by exposing the substrate 325 to an atmosphere with oxygen or nitrogen and using suitable growing
techniques as would be understood by a person of skill in the art. The first copper layer 330 is
truncated on its ends to be shorter than the substrate 325 (and the optional second copper layer
335), leaving part of the substrate 325 exposed. A barrier layer 340 is deposited on the first copper
layer 330 and may have the same composition as the barrier layer 120. An insulator layer 365 may
be applied on portions of exposed surfaces of the barrier layer 340 and the substrate 325. Insulator
layer gaps 345, 350 in the insulator layer 365 corresponding to the gaps 145, 150 shown in the first
thermoelement 300 are present to receive p-type thermoelectric material and metal layers. The p-
type thermoelectric material 165 may be deposited in one of the insulator layer gaps and covered
by a metal layer 360. The other insulator layer gap may have a metal layer 355 deposited on it just
as metal layer 310 is deposited in the first element 300. The metal layers 355, 360 may be selected

from the same materials and have the same structure as the metal layer 170.

24



WO 2023/220244 PCT/US2023/021843

[0029] FIG. 3C shows a cross-section diagram of the thermoelement pair 380, which is a
combination of the first thermoelement 300 and an inverted second thermoelement 320 so that a
single n- and p- thermoelectric pair is formed. The open volume between the first thermoelement
300 and the second thermoelement 320 and proximate to the first insulator layer gap 345 and the
second insulator layer gap 350 may be filled by bonding layers 375 with a thickness of about 1
micrometer to about 10 micrometers. The volumetric gap 381 is formed by the application of the
bonding layers 375 and bordered by the bonding layers 375 and the insulator layers 140, 365.
[0030] FIG. 4A shows a flow chart of a method 400 of making the thermoelement pair 100
with an overcoat layer of FIG. 1H. In step 405, the barrier layer 120 may be deposited on the first
copper layer 110, which, with the second copper layer 115 sandwich the substrate 105. In some
embodiments an optional energy barrier layer 155 may be deposited on the barrier layer 120. In
some embodiments, the first copper layer 110 may be planarized prior to application of the barrier
layer 120. The barrier layer 120 may be about 1 micrometer in thickness. The barrier layer 120
may be made of multiple sublayers, including sublayers of tantalum, tantalum nitride, ruthenium
and iridium of thickness between 5 nanometers and 50 nanometers, in order from the surface of
the first copper layer 110. The substrate 105 may be made of, but is not limited to, alumina,
aluminum nitride, aluminum oxide, beryllium oxide, silicon, silicon carbide, diamond, boron
nitride, sapphire, diamond, polyimide glass, FR4, nylon, and silicon nitride.

[0031] In step 410, a portion of the barrier layer 120 and the first copper layer 110 is removed
to expose the substrate 105 by forming the recess 130. The removal process may include, but is
not limited to, laser ablation or etching. In step 415, the insulator layer 140 is added to fill the
recess 130 and to cover portions of the barrier layer 120 to form a first insulator layer gap 145 and

a second insulator layer gap 150. The insulator layer 140 may be deposited to a thickness of about
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10 micrometers beyond the surface of the barrier layer 120. In step 420, the optional energy filter
layer 155 may be deposited in the first insulator gap 145 and the second insulator gap 150 on the
barrier layer 120 if an optional energy filter layer 155 was not added during step 405. The energy
barrier layer 155 may have a thickness of between about 1 nanometer.

[0032] In step 425, an n-type thermoelectric material 160 may be deposited on the barrier layer
120 (or energy filter layer 155) and the insulator layer 140 in and proximate to the first insulator
layer gap 145. The thickness of the n-type thermoelectric material 160 may be about 5
micrometers. In some embodiments, the n-type thermoelectric material 160 may include one or
more of: Bi-Te-Se, SiGe-P, Mg;Bi2, Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler
alloys, full Heusler alloys, Fe-V-W-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al. In step
430, a p-type thermoelectric material 165 may be deposited on the barrier layer 120 (or the energy
filter layer 155) and insulator layer 140 in and proximate to the second insulator layer gap 150.
The thickness of the p-type thermoelectric material 165 may be about 5 micrometers. In some
embodiments, the p-type thermoelectric material 165 may include one or more of: Bi-Sb-Te,
SiGe-B, Zintl compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb . In
some embodiments, steps 425 and 430 may be performed in reverse order.

[0033] In step 435, the metal layer 170 may be deposited on the thermoelectric materials 160,
165 and the insulator layer 140 between the thermoelectric materials 160, 165 to provide electrical
conductivity. The metal layer 170 may be made of sublayers iridium, tantalum nitride, tantalum,
silver and gold. The metal layer 170 may have a thickness of about 1 micrometer. In step 440, the
overcoat layer 175 may be deposited on the exposed portions of both the metal layer 170 and the
insulator layer 140. The overcoat layer 175 may have a thickness of about 2 micrometers. The

overcoat layer 175 may be made of boron nitride or aluminum nitride.
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[0034] FIG. 4B shows a flow chart of a method 401 of making the thermoelement pair 100
with an inverted double bonded copper substrate portion of FIG. 11. Steps 405-435 are identical
those in the method 400. In step 445, a bonding layer 180 may be added to the metal layer 170 to
create a flat surface beyond the highest point of the metal layer 170. In step 450, the second
substrate 185 with a top bonded copper layer 195 and bottom bonded copper layer 190 may be
deposited on the bonding layer 180. The bottom bonded copper layer 190 may be truncated on its
ends to approximately the same extent as the bonding layer 180 is present.

[0035] FIG. 4C shows a flow chart of a method 402 of making the thermoelectric device 200
as shown in FIG. 2 with a two of thermoelement pairs 100 (designated 100a and 100b) from FIG.
1G, where one is inverted in terms of orientation and thermoelectric material placement. Steps
405-435 and 44S are identical those in the method 401 in forming a thermoelement pair 100a with
the bonding layer 180. In step 455, a second thermoelement 100b with the bonding layer 180 is
created, with corresponding layers 205, 210, 2185, 220, 240, 255, 260 to be mated with the first
thermoelement 100a. In step 460, the second thermoelement 100b may be inverted and disposed
on the first thermoelement 100a to form the thermoelectric device 200.

[0036] FIG. S shows a flow chart of a method 500 of making the thermoelectric element pair
380 that includes the thermoelectric element 300 and the thermoelectric element 320. Steps S05—
535 are for the making of the thermoelectric element 300 shown in FIG. 3A. Steps 540-565 are
for the making for the thermoelectric element 320 shown in FIG. 3B.

[0037] In step 505, the barrier layer 120 and an optional energy filter 155 may be deposited on
the first copper layer 110, which, with the second copper layer 115 sandwich the substrate 105. In
some embodiments, the first copper layer 110 may be planarized prior to application of the barrier

layer 120. The barrier layer 120 may be 1 micrometer in thickness. The barrier layer 120 may be
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made of multiple sublayers, including sublayers of tantalum/tantalum nitride or titanium tungsten,
and iridium, in order from the surface of the first copper layer 110. In some embodiments, the
distal sublayer relative to the first copper layer 110 may be made of one of cobalt, iridium, osmium,
palladium, gold, platinum, rhenium, ruthenium, and rhodium. The substrate 105 may be made of,
but is not limited to, alumina, aluminum nitride, aluminum oxide, beryllium oxide, silicon, silicon
carbide, diamond, boron nitride, sapphire, diamond, polyimide glass, FR4, nylon, and silicon
nitride.

[0038] In step 510, a portion of the barrier layer 120 and the first copper layer 110 is removed
to expose the substrate 105 by forming the recess 130. The removal process may include, but is
not limited to, laser ablation or etching. In step 515, the insulator layer 140 is added to fill the
recess 130 and to cover portions of the barrier layer 120 to from a first insulator layer gap 145 and
a second insulator layer gap 150. The insulator layer 140 may be deposited to a thickness of about
10 micrometers beyond the surface of the barrier layer 120. In step 520, the optional energy filter
layer 155 may be deposited in the first insulator gap 145 on the barrier layer 120 if an optional
energy filter layer 155 was not added during step S0S. The energy barrier layer 155 may have a
thickness of about 1 nanometer.

[0039] In step 525, an n-type thermoelectric material 160 may be deposited on the barrier layer
120 (or the energy filter layer 155) and the insulator layer 140 in and proximate to the first insulator
layer gap 145. The thickness of the n-type thermoelectric material 160 may be about 5
micrometers. In some embodiments, the n-type thermoelectric material 160 may include one or
more of: Bi-Te-Se, SiGe-P, Mg3Bi>, Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler

alloys, full Heusler alloys, Fe-V-W-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al.
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[0040] In step 530, the metal layer 305 may be deposited on the n-type thermoelectric material
160. In step 535, the metal layer 310 may be deposited on the barrier layer 120 in the second
insulator layer gap 150. The metal layers 305, 310 may be made of sublayers iridium, tantalum,
tantalum nitride, silver, and gold. The metal layers 305, 310 may have thicknesses of about 1
micrometer. This completes the formation of the first thermoelectric element 300.

[0041] In step 540, the barrier layer 340 and an optional energy filter 155 may be deposited on
the first copper layer 330, which, with the second copper layer 335 sandwich the substrate 325. In
some embodiments, the first copper layer 330 may be planarized prior to application of the barrier
layer 340. The barrier layer 340 may be 1 micrometer in thickness. The barrier layer 340 may be
made of multiple sublayers, including sublayers of tantalum/tantalum nitride or titanium tungsten,
and iridium, in order from the surface of the first copper layer 330. In some embodiments, the
distal sublayer relative to the first copper layer 330 may be made of one of cobalt, iridium, nickel,
osmium, palladium, platinum, rhenium, ruthenium, and rhodium. The substrate 325 may be made
of, but is not limited to, alumina, aluminum nitride, aluminum oxide, beryllium oxide, silicon,
silicon carbide, diamond, boron nitride, sapphire, diamond, polyimide glass, FR4, nylon, and
silicon nitride.

[0042] In step 545, a portion of the barrier layer 340 and the first copper layer 330 is removed
to expose the substrate 325 at its ends. The removal process may include, but is not limited to,
laser ablation or etching. In step 550, the insulator layer 365 is added on the exposed substrate 325
and portions of the barrier layer 340 to form the first insulator layer gap 345 and the second
insulator layer gap 350. The insulator layer 365 may be deposited to a thickness of about 10
micrometers beyond the surface of the barrier layer 340. In step 555, the optional energy filter

layer 155 may be deposited in the second insulator gap 350 on the barrier layer 340 if the optional
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energy filter layer 155 was not deposited during step 540. The energy barrier layer 155 may have
a thickness of between about 1 nanometer.

[0043] In step 560, a p-type thermoelectric material 165 may be deposited on the barrier layer
120 (or the energy filter layer 155) and insulator layer 365 in and proximate to the second insulator
layer gap 350. The thickness of the p-type thermoelectric material 165 may be about 5
micrometers. In some embodiments, the p-type thermoelectric material 165 may include one or
more of: Bi-Sb-Te, SiGe-B, Zintl compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-
Te, and Zn-Sb.

[0044] In step 565, the metal layer 360 may be deposited on the p-type thermoelectric material
165. In step 570, the metal layer 355 may be deposited on the barrier layer 340 in the first insulator
layer gap 345. The metal layers 355, 360 may be made of sublayers iridium, tantalum, tantalum
nitride, silver, and gold. The metal layers 355, 360 may have thicknesses of about 1 micrometer.
This completes the formation of the second thermoelectric element 320.

[0045] In step 575, the second thermoelectric element 320 may be inverted and positioned on
the first thermoelectric element 300 to the thermoelement pair 360. In step S80, the volume
between the metal layers 305, 355 and between the metal layers 310, 360 are filled with sintered
silver 375. In some embodiments, the bonding layer 375 may be applied to the first thermoelement
300 and the second thermoelectric element 320 prior to positioning to form the thermoelectric
element pair 380.

[0046] FIGs. 6A-6F show cross-section diagrams of silicon starting substrates in various stages
of development, culminating in a plated substrate 600 in FIG. 6F. FIG. 6A shows a cross-section

diagram of a silicon substrate 605 with a thermal oxide layer 610. The thermal oxide layer 610
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may be about 250 nm in thickness and composed of silicon dioxide. The thermal oxide layer 610
may be present on one or both surfaces of the silicon substrate 605.

[0047]  FIG. 6B shows a cross-section diagram of FIG. 6A after the removal of a portion of the
thermal oxide layer 610 to form a recess 615 and expose a portion of the silicon substrate 605. The
removal of thermal oxide material may be performed by wet etching using buffered hydrofluoric
acid or by plasma reactive ion etching (RIE) using suitable techniques known those of skill in the
art.

[0048] FIG. 6C shows a cross-section diagram of FIG. 6B after a volume of the silicon
substrate 605 has been removed to form volume 620. The volume 620 may be formed by wet-
etching methods, such as etching with potassium hydroxide. The volume 620 may extend beneath
the thermal oxide layer 610 in at least one dimension. The volume 620 may have a depth of about
10 to 25 micrometers.

[0049] FIG. 6D shows a cross-section diagram of FIG. 6C after a re-oxidation layer 625 is
formed on the exposed portion of the silicon substrate 605 adjacent to the volume 620. The re-
oxidation layer 625 may be added by a process of thermal oxidation. The re-oxidation layer 625
may be composed of silicon dioxide. The layer 625 may be substituted by silicon nitride deposited
by low pressure chemical vapor deposition (LPCVD).

[0050] FIG. 6E shows a cross-section diagram of FIG. 6D after the addition of an atomic-layer
deposited (ALD) seed layer 630 the re-oxidation layer 625 and the exposed surfaces of the thermal
oxide layer 610. The ALD seed layer 630 may have a thickness of about 10 nanometers to about
100 nanometers. The ALD seed layer 630 may be made of platinum, cobalt, or conductive carbon.
[0051] FIG. 6F shows a cross-section diagram of the plated substrate 600, which include the

elements shown in FIG. 6E and a plating layer 635. The plating layer 635 may be made of gold,
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nickel, palladium, silver, or copper. The plating layer 635 may be deposited to fill the volume 620
and cover ALD seed layer 630. The plating layer 635 may have a thickness of at least 5
micrometers. The plated substrate 600 may be used in place of the substrate 105 and copper layers
110, 115 in the methods 400, 401, 402, 403. The plating layer 635 fills the volume 620 to form an
attachment between the plating layer 635 and the silicon substrate 605.

[0052] FIG. 6G shows a cross-section diagram of the plated substrate 600 shown in FIG. 6F
after the addition of a barrier layer 640 and an optional energy filter 155. The barrier layer 640
may be selected from the same materials and thicknesses as the barrier layer 120 and energy filter
layer 155.

[0053] FIG. 6H shows a cross-section diagram of the plated substrate 600 in FIG. 6G after the
formation of a recess 645. The recess 645 exposes the thermal oxide layer 610 after removal of
portions of the barrier layer 640, the plating layer 635, and the ALD seed 630.

[0054] FIG. 61 shows a cross-section diagram of the plated substrate 600 in FIG. 6H after the
addition of an insulator layer 650 in the recess 645 and on the barrier layer 640 to form a first
insulator layer gap 655 and a second insulator layer gap 660. The insulator layer 650 may be made
of the same material as the insulator layer 140. In some embodiments, an optional energy filter
layer 665 may be deposited on the barrier layer 640 in one or both of the first insulator gap 655
and the second insulator gap 660. The energy filter 665 may be only a single layer or few layers
of atoms in thickness. The energy filter 665 may be configured to block the movement of low
energy electrons or holes. The energy filter 665 is selected to increase the Seebeck coefficient of
the thermoelectric device.

[0055]  FIG. 6J shows a cross-section diagram of the plated substrate 600 in FIG. 6l after the

addition of an n-type thermoelectric material 670 in and proximate to the first insulator layer gap
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655. The n-type thermoelectric material 670 may be selected from any of the materials suitable for
the n-type thermoelectric material 160.

[0056] FIG. 6K shows a cross-section diagram of the plated substrate 600 in FIG. 6J after the
addition of an p-type thermoelectric material 675 in and proximate to the insulator layer gap 660.
The p-type thermoelectric material 675 may be selected from any of the materials suitable for the
p-type thermoelectric material 168.

[0057] FIG. 6L shows a cross-section diagram of the plated substrate 600 in FIG. 6K after the
addition of a metal layer 680 on the n-thermoelement material 670, the p-thermoelement material
675, and on the exposed surface of the insulator layer 650 between the insulator layer gaps 655,
660 to provide electrical continuity between the n-thermoelement material 670 and the p-
thermoelement material 675 and form a thermoelectric pair 680. The metal layer 680 may be made
of the same materials and have the same thicknesses as the various embodiments of the metal layer
170. While this figure shows the n-type thermoelement material 670 and the p-type thermoelement
material 675 similar to the configuration in FIG. 1G, a person of skill in the art would appreciate
that the thermoelectric pair 680 may be used as a substitute for the direct bond or electroplated
copper substrate (105, 110, 115) in any of its embodiments, including FIGs. 1H, 11, 2, and 3.
[0058] FIG. 7 shows a flow chart for a method 700 of making the thermoelectric pair 680 of
FIG. 6L. In step 705, a silicon substrate 605 may be thermally oxidized to form a thermal oxide
layer 610 of silicon dioxide that is about 100 nanometers to about 1 micrometer in thickness. In
step 710, the recess 615 is formed by removing part of the thermal oxide layer 610 to expose the
silicon substrate 605. The recess 615 may be formed or shaped to increase mechanical grip between
the silicon substrate 605 and the plating layer 635 (see step 730). The increased grip reduced the

risk of delamination between the silicon substrate 605 and the plating layer 635 during
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manufacturing, such as during annealing. In step 715, a volume 620 of the silicon substrate 605
may be removed in a shape that has at least one dimension greater than the cross-section of the
recess 615. The volume 620 may be removed through laser ablation, chemical etching, reactive
ion etching, or other suitable techniques known to a person of skill in the art.

[0059] In step 720, the exposed surface of the silicon substrate 605 adjacent to the volume 620
may be thermally oxidized to form a re-oxidation layer 625, which may have at thickness of about
50 nanometers to about 500 nanometers. In step 725, the ALD seed layer 630 may be deposited
on the re-oxidation layer 625. In step 730, the plating layer 635 may be deposited on the ALD seed
layer 630. Once solidified, the plating layer 635 will form a structure that holds fast to the thermal
oxide layer 610 in the constriction made from the opening 615 being smaller than the volume 620
in at least one cross-sectional dimension.

[0060] In step 735, the barrier layer 640 may be deposited on the plating layer 635. In some
embodiments, the plating layer 635 may be planarized prior to application of the barrier layer 640.
The barrier layer 640 may be about 1 micrometer in thickness. The barrier layer 640 may be made
of multiple sublayers, including sublayers of tantalum/tantalum nitride or titanium tungsten, and
iridium, in order from the surface of the plating layer 63S. In some embodiments, the distal
sublayer relative to the plating layer 635 may be made of one of cobalt, iridium, nickel, osmium,
palladium, platinum, rhenium, ruthenium, and rhodium, which may vary in thickness from about
50 nanometers to about 1 micrometer depending on which of the elements is used.

[0061] n step 740, a portion of the barrier layer 640, the plating layer 635, the ALD seed layer
630, the thermal oxide layer 610, and the substrate 605 is removed to expose the substrate 605 by
forming the recess 64S5. The removal process may include, but is not limited to, laser ablation or

etching. In step 745, the insulator layer 650 is added to fill the recess 645 and to cover portions of
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the barrier layer 640 to form a first insulator layer gap 655 and a second insulator layer gap 660.
The insulator layer 650 may be deposited to a thickness of about 25 micrometers beyond the
surface of the barrier layer 640. In step 750, the optional energy filter layer 665 may be deposited
in the first insulator gap 655 and the second insulator gap 660 on the barrier layer 640. The energy
barrier layer 665 may have a thickness of between about 500 picometers and about 5 nanometers
and selected from the same materials as the energy barrier layer 155.

[0062] In step 755, an n-type thermoelectric material 670 may be deposited on the barrier layer
640 (or the energy filter layer 665) and the insulator layer 650 in and proximate to the first insulator
layer gap 655. The thickness of the n-type thermoelectric material 670 may be about 5
micrometers. In some embodiments, the n-type thermoelectric material 655 may include one or
more of: Bi-Te-Se, SiGe-P, Mg;Bi2, Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler
alloys, full Heusler alloys, Fe-V-W-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al. In step
760, a p-type thermoelectric material 675 may be deposited on the barrier layer 640 (or the energy
filter layer 665) and insulator layer 650 in and proximate to the second insulator layer gap 660.
The thickness of the p-type thermoelectric material 675 may be about S micrometers. In some
embodiments, the p-type thermoelectric material 675 may include one or more of: Bi-Sb-Te,
SiGe-B, Zintl compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb. In some
embodiments, steps 755 and 760 may be performed in reverse order.

[0063] In step 765, layer the metal layer 680 may be deposited on the thermoelectric materials
670, 675 and the insulator layer 650 between the thermoelectric materials 670, 675 to provide
electrical conductivity and complete the thermoelement pair 680. The metal layer 680 may be
made of sublayers iridium, tantalum, tantalum nitride, silver, and gold. The metal layer 680 may

have a thickness of about 1 micrometer.
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[0064] FIGs 8A-8F show a series of cross-section diagrams of steps of preparation of another
embodiment of a thermoelement pair 800 according to the present disclosure. FIG. 8A builds on
FIG. 1C and includes an n-type thermoelectric material 860 deposited on the barrier layer 120 and
a p-type thermoelectric material 865 deposited on the barrier layer 120. The thermoelectric
materials 860, 865 are on separate sides of the recess 130. The n-type thermoelectric material 860
may be selected from the same materials using in the n-type thermoelectric material 160, and the
p-type thermoelectric material 865 may be selected from the same materials using in the p-type
thermoelectric material 165.

[0065] FIG. 8B shows a cross-section diagram of FIG. 8A after the addition of metal layers
870, which may have the same construction and materials as the metal layer 170. Each of the metal
layers 870 is deposited on the respective thermoelectric material layers 860, 865. As shown, the
metal layers 870 leave at least some of the surface of the thermoelectric layers 860, 865 exposed.

[0066] FIG. 8C shows a cross-section diagram of FIG. 8B after the addition of insulator layers
840 on both sides of the recess 130. The insulator layers 840 cover the respective thermoelectric
layers 860, 865, the metal layers 870, the barrier layers 120, and the exposed portions of the first
copper layer 110 in the recess 130. The insulator layers 840 may be made of the same materials as
the insulator layer 140.

[0067] FIG. 8D shows a cross-section diagram of FIG. 8C after the etching of the insulator
layers 840 to the metal layers 870 and the deposition of electroless plating layers 880 on the metal
layers 870. The electroless plating layers 880 are deposited to be flush with the unetched portions
of the insulator layers 840. The electroless plating layers 880 may each be made up of two
sublayers 880a, 880b. The first sublayer 880a, adjacent to the metal layer 870, is made of

electroless nickel or palladium with a thickness of about 1 to about 5 micrometers. The second
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sublayer 880b, distal to the metal layer 870, is made of electroless (immersion) gold with a
thickness of about 100 nanometers to about 3 micrometers.

[0068] FIG. 8E shows a cross-section diagram of the FIG. 8D after the addition of bonding
layers 875 on the insulator layers 840 and the electroless plating layers 880 and the addition, on
the bonding layers 875 of an interconnect fabric 885. The interconnect fabric 885 may be covered
by a plated copper layer 895 and an electroless plating layer 882. The bonding layers 875 are
between the electroless plating layer 882 on one side and the electroless plating layer 880 and the
insulator layers 840 on the other. The electroless plating layer 882 may be made of the same
materials and have the same sublayers as the electroless plating layer 880.

[0069] FIG. 9 shows a flow chart of a method 900 of making the thermoelement pair 800 based
on FIG. 1B. In step 910, a portion of the barrier layer 120 and the first copper layer 110 are
removed to form the recess 130. The removal process may include, but is not limited to, laser
ablation or etching. In step 920, an n-type thermoelectric material 860 may be deposited on the
barrier layer 120 (or energy filter layer 155) on one side of the recess 130. The thickness of the n-
type thermoelectric material 860 may be about 5 micrometers. In some embodiments, the n-type
thermoelectric material 860 may include one or more of: Bi-Te-Se, SiGe-P, Mg3Bi,, Mg-Sb-B-
Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler alloys, full Heusler alloys, Fe-V-W-Al, Yb-Ba-
Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al. In step 930, a p-type thermoelectric material 865 may
be deposited on the barrier layer 120 (or the energy filter layer 155) on the other side of the recess
130. The thickness of the p-type thermoelectric material 865 may be about 5 micrometers. In some
embodiments, the p-type thermoelectric material 865 may include one or more of: Bi-Sb-Te,
SiGe-B, Zintl compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb. In some

embodiments, steps 920 and 930 may be performed in reverse order. In step 940, metal layers 870
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may be deposited on the thermoelectric materials 860, 865. The metal layers 870 may leave
portions of the surface of the thermoelectric materials 860, 865 exposed. The metal layer 870 may
be made of sublayers iridium, tantalum nitride, tantalum, silver and gold. The metal layer 870 may
have a thickness of about 1 micrometer. In step 950, insulator layers 840 may be deposited on the
metal layers 870, the thermoelectric materials 860, 865, and the barrier layers 120. The insulator
layers 840 may cover part of first copper layer 110 and the substrate 105. The insulator layers 840
may be made of the same material as the insulator layer 140. In step 960, portions of the insulator
layers 840 may be removed to expose the surfaces of the metal layers 870. In step 970, electroless
plating layers 880 may be deposited on each of the metal layers 870. The electroless plating layers
880 may each be made up of sublayers 880a, 880b as discussed above. In step 980, an interconnect
fabric 885 with at least one side plated with copper 895 and an electroless plating layer 882 is
bonded to the electroless plating layers 880 and the insulator layer 840 using a bonding layer 875.
The bonding layer 875 may be sintered silver or any other material using in the bonding layers
275, 375.

[0070] FIG. 10A shows a cross-section diagram of the thermoelement pair 100 of FIG. 1H
after the removal of portion of the overcoat layer 175 to expose a portion 1010 of the metal layer
170 between the n-type thermoelectric material 160 and the p-type thermoelectric material 165
and the application of a metal pad 1020 on the exposed metal layer 170 and parts of the overcoat
layer 175 adjacent to the exposed portion 1010. The metal pad 1020 may be made of 1) TiW/Pt/Au
with thicknesses of 100 nanometers/100 nanometers/200 nanometers with the TiW layer proximate
to the metal layer 170, Ni/Au with thicknesses of 3 micrometers/15 nanometers with the Ni layer
proximate to the metal layer 170 or 3) Ni/Pd/Au with thicknesses of 1 micrometer/200

nanometers/50 nanometers with the Ni layer proximate to the metal layer 170.

38



WO 2023/220244 PCT/US2023/021843

[0071] FIG. 10B shows a cross section diagram of the thermoelement pair 100 of FIG. 10A
with a direct bond or electroplated copper on silicon layer disposed proximate to it. The direct
bond or electroplated copper on silicon may be made up of a silicon layer 185 with its surfaces
covered with thin (about 50 nanometer) electrically insulating, thermally conducting layers 188,
189. The layers 188, 189 are made of an electrical insulator and thin enough (around 50
nanometers) to not significantly impede the transmission of heat across the layers. Suitable
materials for the electrically insulating, thermally conducting layer include, but are not limited to,
silicon dioxide and silicon nitride. The silicon layer 185 is sandwiched between a top copper layer
195 and a bottom copper layer 190. In some embodiments, the top copper layer 195 may be
optional. The layers 185, 190, 195 may be selected from the similar material suitable for the layers
105, 110, 115. In some embodiments, the layers 185, 190, 195 may have the same thicknesses as
their counterparts in the layers 105, 110, 115. In some embodiments, the bottom copper layer 190
may be truncated to a width conforming to the highest points of the metal layer 170. The truncation
of the bottom copper layer 190 may be performed using laser ablation or etching or other suitable
techniques known to a person of skill in the art. A surface layer 1030 may be deposited on the
bottom copper layer 190. The surface layer 1030 has the same composition, thickness, and order
as the metal pad 1020. Solder 1040 may be disposed on the surface layer 1030 for bonding to the
metal pad 1020. As would be understood by person of ordinary skill in the art, the continuity of
the metal layer 170 between the thermoelectric materials 160, 165 is optional since electrical
continuity is also provided by the bottom copper layer 190. Solder 1040 may be made of a
thermally conductive and electrically conductive suitable for the temperatures of operation of the
thermoelectric pair 100. The composition of the surface layer 1030 and the solder 1040 may be

selected in specific combinations. When the solder 1040 is made of AuSn, the surface layer 1030
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may be TiW/Pt/Au, Ni/Au or Ni/Pd/Au. When the solder 1040 is made of Sn-Ag-Cu, the surface
layer 1030 may be made of Ni/Au, Ni/Pd/Au, or (optionally) there may be no surface layer 1030,
and the solder 1040 may be in direct contact with the bonded copper 190. When the solder 1040
is made of Bi-Sn, the surface layer 1030 may be Ni/Au or Ni/Pd/Au. In all cases where there is a
metal pad 1020 and a surface layer 1030, as shown in FIG. 10C, the solder 1040 will be between
the metal pad 1020 and the surface layer 1030 and in contact with the Au side of both. For example,
if the solder 1040 is AuSn with metal pad 1020 and surface layer 1030 being Ni/Pd/Au, then the
Ni sides will be proximate to the metal layer 170 and the bonded copper 190, respectively, and
the Au sides will be facing the solder 1040.

[0072]  FIG. 10C shows a cross-section diagram of the thermoelement pair 100 of FIG. 10B
after the solder 1040 has been bonded to the metal pad 1020. The solder 1040 volume may be
selected to fill the metal pad 1020 to approximately the same level as the surface layer 1030 resting
on the high point of the coating 1785.

[0073] FIG. 11 shows a flow chart of a method 1100, which continues after step 440 of method
400. In step 1110, a portion 1010 of the overcoat 175 deposited in step 440 is removed to the metal
layer 170 from a position between the n-type thermoelectric material 160 and the p-type
thermoelectric material 165. In step 1120, a metal pad 1020 is formed on the metal layer 170 in
the portion 1010 and adjacent on the overcoat 175. In step 1130, a small amount of solder 1040 is
disposed on the surface layer 1030. In step 1140, the solder 1040 and metal pad 1120 are moved
relative to one another so that the solder 1040 is flattened into a bonding layer.

[0074] While the disclosure has been described with reference to exemplary embodiments, it
will be understood that various changes may be made, and equivalents may be substituted for

elements thereof, without departing from the scope of the disclosure. In addition, many
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modifications will be appreciated to adapt a particular instrument, situation, or material to the
teachings of the disclosure without departing from the essential scope thereof. Therefore, it is
intended that the disclosure not be limited to the particular embodiment disclosed as the best mode
contemplated for carrying out this disclosure, but that the disclosure will include all embodiments

falling within the scope of the appended claims.
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CLAIMS
What is claimed is:

1. A thermoelectric apparatus, the apparatus comprising:

a first stage comprising:

a copper substrate comprising:
a first copper layer with an opening; and
a substrate;
wherein the first copper layer is direct bonded or electroplated onto one

face of the substrate;

a barrier layer disposed on the first copper layer with an opening coterminous
with the opening in the first copper layer;

an insulator disposed on the substrate through the opening in the first copper layer
and the opening in the barrier layer and on the barrier layer to form a first
insulator gap on one side of the opening in the barrier layer and a second
insulator gap on other side of the opening in the barrier layer;

an n-type thermoelectric layer disposed in the first insulator gap;

a p-type thermoelectric layer disposed in the second insulator gap; and

a metal layer disposed on the n-type thermoelectric layer, the p-type
thermoelectric layer, and on the insulator between the n-type
thermoelectric layer and the p-type thermoelectric layer.

2. The apparatus of claim 1, further comprising:

a plurality of energy filter layers disposed between the n-type thermoelectric layer and

the barrier layer and between the p-type thermoelectric layer and the barrier layer.
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3. The apparatus of claim 2, wherein the plurality of energy filter layers comprises graphene.

4. The apparatus of claim 1, where the substrate is a ceramic that is not electrically conductive

and is thermally conductive.

5. The apparatus of claim 1, wherein the barrier layer comprises a plurality of sublayers and at
least one of the plurality of sublayers is made up of at least one of: cobalt, iridium, nickel,

osmium, palladium, platinum, rthenium, ruthenium, rhodium, and tantalum/tantalum nitride.

6. The apparatus of claim 1, wherein

the n-type thermoelectric layer is made of one or more of: Bi-Te-Se, SiGe-P, Mgs3Bi»,
Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler alloys, full Heusler
alloys, Fe-V-W-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al; and

the p-type thermoelectric layer is made of one or more of: Bi-Sb-Te, SiGe-B, Zintl

compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb.
7. The apparatus of claim 1, where the metal layer is made of a plurality of sublayers and at
least one of the plurality of sublayers is made of at least one of aluminum, cobalt, gold, iridium,
nickel, osmium, palladium, platinum, rthenium, ruthenium, rhodium, tantalum/tantalum nitride,

and titanium tungsten.

8. The apparatus of claim 7, wherein a sublayer of the plurality of sublayers that is distal to the
barrier layer is made of at least one of: cobalt, iridium, osmium, palladium, gold, platinum,

rhenium, ruthenium, and rhodium.

9. The apparatus of claim 1, further comprising:
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an overcoat layer disposed on the metal layer with a gap disposed between the n-type

thermoelement layer and the p-type thermoelement layer;

a metal pad disposed in the gap and adjacent on the overcoat layer;

a solder layer in contact with metal pad;

a surface layer in contact with the solder layer;

a second copper layer disposed on the surface layer; and

a second substrate disposed on the second copper layer;

where the surface layer is made of one of TiW/Pt/Au, Ni/Au, and Ni/Pd/Au; and where

the solder layer is made of one of Au/Sn, Sn-Ag-Cu, and Bi-Sn.

10. The apparatus of claim 1, further comprising a bonding layer disposed on the metal layer and

made of at least one of: sintered silver, AuSn, eutectic solder, metallic ink, and solder.

11. The apparatus of claim 10, further comprising a second direct bond copper substrate disposed

on the bonding layer.

12. The apparatus of claim 10 further comprising a second stage identical to the first stage and
disposed on the first stage in an inverted position so that complementing thermoelectric n-type

and p-type pairs are formed.

13. A thermoelectric apparatus, the apparatus comprising:

a first stage comprising:

a first stage copper substrate comprising:
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a first stage first copper layer with a first stage opening; and

a first stage substrate;

wherein the first stage first copper layer is direct bonded or electroplated
onto one face of the first stage substrate;

a first stage barrier layer disposed on the first stage first copper layer with a first
stage opening coterminous with the first stage opening in the first stage
copper layer;,

a first stage insulator disposed on the first stage substrate through the opening in
the first stage first copper layer and the first stage opening in the first stage
barrier layer and on the first stage barrier layer to form a first stage first
insulator gap on one side of the first stage opening in the first stage barrier
layer and a first stage second insulator gap on other side of the first stage
opening in the first stage barrier layer;

a thermoelectric layer disposed in the first stage first insulator gap, wherein the
thermoelectric layer one of an n-type thermoelectric material and a p-type
thermoelectric material,

a first stage metal layer disposed on the thermoelectric layer in the first stage first
insulator gap and in the first stage second insulator gap; and

a first stage bonding layer disposed on the first stage metal layer;

a second stage comprising:

a second stage direct bond copper substrate comprising:

a second stage first copper layer; and

a second stage substrate;
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wherein the second stage first copper layer is direct bonded or
electroplated onto one face of the second stage substrate, and
wherein the second stage first copper layer is narrower than the
second stage substrate to expose end surfaces of the second stage
substrate;

a second stage barrier layer disposed on the second stage first copper layer;

a second stage insulator disposed on the second stage barrier layer with openings
to form a first stage first insulator gap and a second stage insulator gap;

a thermoelectric layer disposed in the second stage second insulator gap that is the
other of the n-type thermoelectric material and the p-type thermoelectric
material disposed in the first stage first insulator gap; and

a second stage metal layer disposed on the thermoelectric layer in the second
stage second insulator gap and in the second stage first insulator gap; and

a second stage bonding layer disposed on the second stage metal layer.

14. The apparatus of claim 13, further comprising:

a plurality of energy filter layers disposed between each of the thermoelectric layers and

their respective barrier layers.

15. The apparatus of claim 14, wherein the plurality of energy filter layers comprises graphene.

16. The apparatus of claim 13, where the first stage substrate and the second stage substrate are

ceramic and not electrically conductive and is thermally conductive.

17. The apparatus of claim 13, wherein each of the first stage barrier layer and the second stage

barrier layer comprises a plurality of sublayers and at least one of the plurality of sublayers is
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made up of at least one of: cobalt, iridium, nickel, osmium, palladium, platinum, rhenium,

ruthenium, rhodium, and tantalum/tantalum nitride.

18. The apparatus of claim 13, wherein

the n-type thermoelectric layer is made of one or more of: Bi-Te-Se, SiGe-P, Mg3Bi»,
Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler alloys, full Heusler
alloys, Fe-V-W-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al; and

the p-type thermoelectric layer is made of one or more of: Bi-Sb-Te, SiGe-B, Zintl
compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb.

19. The apparatus of claim 13, where the metal layer is made of a plurality of sublayers and at
least one of the plurality of sublayers is made of at least one of aluminum, cobalt, gold, iridium,
nickel, osmium, palladium, platinum, rhenium, ruthenium, rhodium, tantalum/tantalum nitride

and titanium tungsten.

20. The apparatus of claim 19, wherein a sublayer of the plurality of sublayers that is distal to the
barrier layer is made of at least one of: cobalt, iridium, osmium, palladium, gold, platinum,

rhenium, ruthenium, and rhodium.

21. The apparatus of claim 13, wherein each of the first stage bonding layer and the second stage
bonding layer is made of at least one of: sintered silver, AuSn, eutectic solder, metallic ink, and

solder.

22. A method of fabricating a thermoelectric device comprising the steps of:

depositing a barrier layer on a first copper layer of a direct bonded or electroplated

copper substrate;
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removing a portion of the barrier layer and the first copper layer to form a recess that

exposes a substrate of the direct bonded or electroplated copper substrate;

depositing an insulator layer on the substrate in the recess and on the barrier layer

forming a first insulator gap and a second insulator gap;
adding an n-type thermoelectric layer to the first insulator gap;
adding a p-type thermoelectric layer to the second insulator gap; and

depositing a metal layer on and between the n-type thermoelectric layer and the p-type

thermoelectric layer.

23. The method of claim 22, further comprising;

depositing an energy filter layer on the barrier layer in each of the first insulator gap and

the second insulator gap.

24. The method of claim 22, further comprising;

depositing an overcoat layer on the metal layer.

25. The method of claim 24, further comprising:

forming a gap in the overcoat layer between the n-type thermoelement layer and the p-

type thermoelement layer,

disposing a metal pad in and adjacent to the gap;

forming a second substrate with bonded copper on at least one side;

disposing a surface layer on the bonded copper;

disposing solder on the surface layer; and
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moving the first substrate and the second substrate relative to one another to join the

solder to the metal pad and form a solder bond.

26. The method of claim 22, further comprising:

depositing a bonding layer on the metal layer.

27. A method of fabricating a thermoelectric device comprising the steps of:

forming a first stage by:

depositing a first stage barrier layer on a first stage first copper layer of a first
stage direct bonded or electroplated copper substrate;

removing a portion of the first stage barrier layer and the first stage first copper
layer to form a first stage recess that exposes a first stage substrate of the
first stage direct bonded or electroplated copper substrate;

depositing a first stage insulator layer on the first stage substrate in the first stage
recess and on the first stage barrier layer forming a first stage first
insulator gap and a first stage second insulator gap;

adding a thermoelectric layer to the first stage first insulator gap, wherein the
thermoelectric layer is one of: an n-type thermoelectric material and a p-
type thermoelectric material;

adding a p-type thermoelectric layer to the second insulator gap; and

depositing a first stage metal layer on the thermoelectric layer in the first stage

first insulator gap and in the first stage second insulator gap;
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depositing a first stage barrier layer on a first stage first copper layer of a first
stage direct bonded or electroplated copper substrate;

removing a portion of the first stage barrier layer and the first stage first copper
layer to form a first stage recess that exposes a first stage substrate of the
first stage direct bonded or electroplated copper substrate;

depositing a first stage insulator layer on the first stage substrate in the first stage
recess and on the first stage barrier layer forming a first stage first
insulator gap and a first stage second insulator gap,

adding a thermoelectric layer to the first stage first insulator gap, wherein the
thermoelectric layer in the first stage first insulator gap is one of: an n-
type thermoelectric material and a p-type thermoelectric material;

adding a p-type thermoelectric layer to the second insulator gap;

depositing a first stage metal layer on the thermoelectric layer in the first stage
first insulator gap and in the first stage second insulator gap; and

depositing a first stage bonding layer on the first stage metal layer;

forming a second stage by:

depositing a second stage barrier layer on a second stage first copper layer of a
second stage direct bonded or electroplated copper substrate;

removing a portion of the second stage barrier layer and the second stage first
copper layer to form a second stage recess that exposes a second stage
substrate of the second stage direct bonded or electroplated copper

substrate;
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depositing a second stage insulator layer on the second stage substrate in the
second stage recess and on the second stage barrier layer forming a second
stage first insulator gap and a second stage second insulator gap;

adding a thermoelectric layer to the second stage first insulator gap, wherein the
thermoelectric layer is one of: an n-type thermoelectric material and a p-
type thermoelectric material;

adding a p-type thermoelectric layer to the second insulator gap; and

depositing a second stage metal layer on the thermoelectric layer in the second
stage first insulator gap and in the second stage second insulator gap;

depositing a second stage barrier layer on a second stage first copper layer of a
second stage direct bonded or electroplated copper substrate;

removing a portion of the second stage barrier layer and the second stage first
copper layer to form a second stage recess that exposes a second stage
substrate of the second stage direct bonded or electroplated copper
substrate;

depositing a second stage insulator layer on the second stage substrate in the
second stage recess and on the second stage barrier layer forming a second
stage first insulator gap and a second stage second insulator gap;

adding a thermoelectric layer to the second stage first insulator gap, wherein the
thermoelectric layer in the second stage second insulator gap is the other
of: the n-type thermoelectric material and the p-type thermoelectric

material in the first stage first insulator gap;
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depositing a second stage metal layer on the thermoelectric layer in the second
stage first insulator gap and in the second stage second insulator gap;
depositing a second stage bonding layer on the second stage metal layer; and
combining the first stage and the second stage to form a thermoelectric pair.

28. The method of claim 27, further comprising:

depositing an energy filter layer on the barrier layer in each of the first insulator gap and

the second insulator gap of the first stage and the second stage.

29. A thermoelectric apparatus, the apparatus comprising:

a first stage comprising:

a copper substrate comprising;:
a first copper layer with an opening; and
a substrate;
wherein the first copper layer is direct bonded or electroplated onto one

face of the substrate;

a barrier layer disposed on the first copper layer with an opening coterminous
with the opening in the first copper layer;

an n-type thermoelectric layer disposed on the barrier layer on a first side of the
opening;

a p-type thermoelectric layer disposed on the barrier layer on a second side of the
opening;

metal layers disposed on and partially covering the n-type thermoelectric layer

and the p-type thermoelectric layer
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insulator layers disposed on portions of the n-type thermoelectric layer and the p-
type thermoelectric layer that are not covered by the metal layers and the
barrier layer;

electroless plating layers disposed on the meal layers; and

a second stage comprising:

an interconnect fabric;

a copper layer disposed on the interconnect fabric; and

an electroless plating layer disposed on the copper layer;

wherein bonding layers are disposed between the first stage electroless plating layer and
the second stage electroless plating layer.

30. The apparatus of claim 29, further comprising:

a plurality of energy filter layers disposed between the n-type thermoelectric layer and

the barrier layer and between the p-type thermoelectric layer and the barrier layer.

31. The apparatus of claim 30, wherein the plurality of energy filter layers comprises graphene.

32. The apparatus of claim 29, where the substrate is a ceramic that is not electrically conductive

and is thermally conductive.

33. The apparatus of claim 29, wherein the barrier layer comprises a plurality of sublayers and at
least one of the plurality of sublayers is made up of at least one of: cobalt, iridium, nickel,

osmium, palladium, platinum, rhenium, ruthenium, rhodium, and tantalum/tantalum nitride.

34. The apparatus of claim 29, wherein
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the n-type thermoelectric layer is made of one or more of: Bi-Te-Se, SiGe-P, Mg3Bi»,
Mg-Sb-B-Te, In-Sb, Bi-Sb, Pb-Se, Sn-S-Se, Half-Heusler alloys, full Heusler
alloys, Fe-V-W-Al, Yb-Ba-Co-Sb, La-Te, Pr-Te, SiGe-C, and Yb-Al; and

the p-type thermoelectric layer is made of one or more of: Bi-Sb-Te, SiGe-B, Zintl

compounds, Yb-Mn-Sb, Ce-Fe-Co-Sb, Ce-Pd, Cs-Bi-Te, Pb-Te, and Zn-Sb.
35. The apparatus of claim 29, where the metal layer is made of a plurality of sublayers and at
least one of the plurality of sublayers is made of at least one of aluminum, cobalt, gold, iridium,
nickel, osmium, palladium, platinum, rhenium, ruthenium, rhodium, tantalum/tantalum nitride,

and titanium tungsten.

36. The apparatus of claim 35, wherein a sublayer of the plurality of sublayers that is distal to the
barrier layer is made of at least one of: cobalt, iridium, osmium, palladium, gold, platinum,

rhenium, ruthenium, and rhodium.

37. The apparatus of claim 29, further comprising a bonding layer disposed on the metal layer

and made of at least one of: sintered silver, AuSn, eutectic solder, metallic ink, and solder.

38. The apparatus of claim 29, wherein the first stage electroless plating layer and the second

stage electroless plating layer both comprise:

a first sublayer of at least one of nickel and palladium; and

a second sublayer of gold.

39. A method of fabricating a thermoelectric device comprising the steps of

depositing a barrier layer on a first copper layer of a direct bonded or electroplated

copper substrate;
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removing a portion of the barrier layer and the first copper layer to form a recess that

exposes a substrate of the direct bonded or electroplated copper substrate;
adding an n-type thermoelectric layer to the barrier layer on a first side of the recess;
adding a p-type thermoelectric layer to the barrier layer on a second side of the recess;

depositing a metal layer on the n-type thermoelectric layer and the p-type thermoelectric

layer;

depositing an insulator layer on the barrier layer, the n-type thermoelectric layer and the

p-type thermoelectric layer, and the metal layer;
removing parts of the insulator layers to expose each of the metal layers;
depositing an electroless plating layer on each of the metal layers; and

adding interconnect fabric plated with copper and an electroless plating layer using a
bonding layer between 1) each of the electroless plating layer and insulator layers
corresponding to each of the n-type thermoelectric material and the p-type
thermoelectric material and 2) the electroless plating layer associated with the

interconnect fabric.

40. The method of claim 39, further comprising;

depositing an energy filter layer on the barrier layer on the first side and the second side.
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400~
405~

Add a barrier layer and an optional energy filter to a first copper layer
of a ceramic substrate bonded to or electroplated with the first copper
layer and a second copper layer

410~ v
Remove a portion of the barrier layer and first copper layer
415~ v

Add an insulator on the exposed ceramic substrate and a portions of
the barrier layer to form a first insulator gap and a second insulator

gap

420~ v

Add an optional energy filter layer to the barrier layer in the first and
second insulator gaps

425~ v
Add an n-type thermoelectric material to the barrier layer in the first
insulator gap
430~ v

Add a p-type thermoelectric material to the barrier layer in the
second insulator gap

435~ 4

Add a metal layer on the thermoelectric materials and the insulator
between the thermoelectric materials to form an electrical conduction
path

440~ v

Add an overcoat layer to the surface of the metal layer and the
exposed insulator

FIG. 4A
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401~
405~

Add a barrier layer and an optional energy filter to a first copper layer
of a ceramic substrate bonded to or electroplated with the first copper
layer and a second copper layer

410~ v
Remove a portion of the barrier layer and first copper layer
415~ 4

Add an insulator on the exposed ceramic substrate and a portions of
the barrier layer to form a first insulator gap and a second insulator

gap

420~ v

Add an optional energy filter layer to the barrier layer in the first and
second insulator gaps

425~ v
Add an n-type thermoelectric material to the barrier layer in the first
insulator gap
430~ 4

Add a p-type thermoelectric material to the barrier layer in the
second insulator gap

435~ v

Add a metal layer on the thermoelectric materials and the insulator
between the thermoelectric materials to form an electrical conduction
path

445~ 4

Add a sintered silver layer on the metal layer to create a level surface
across the insulator gaps

450~

Add a second ceramic substrate on the sintered silver layer

FIG. 4B
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402~
405~

Add a barrier layer and an optional energy filter to a first copper layer
of a ceramic substrate bonded to or electroplated with the first copper
layer and a second copper layer

410~

Y
Remove a portion of the barrier layer and first copper layer

415~ 4

Add an insulator on the exposed ceramic substrate and a portions of
the barrier layer to form a first insulator gap and a second insulator

gap

420~ v

Add an optional energy filter layer to the barrier layer in the first and
second insulator gaps

425~ v
Add an n-type thermoelectric material to the barrier layer in the first
insulator gap
430~ v

Add a p-type thermoelectric material to the barrier layer in the
second insulator gap

435~

Add a metal layer on the thermoelectric materials and the insulator
between the thermoelectric materials to form an electrical conduction
path and to complete the first thermoelectric portion

445~ |

Add a sintered silver layer on the metal layer to create a level surface
across the insulator gaps

455~ !

Prepare a second thermoelectric portion by performing steps 405-435
and 445 with the first and second insulator gaps switched

460~ v

Dispose the second thermoelectric portion, in an inverted form,
on the first thermoelectric portion

FIG. 4C
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205~

Add a barrier layer and an optional energy filter layer to a first copper
layer of a ceramic substrate bonded to or electroplated with the first
copper layer and a second copper layer

910~ v
Remove a portion of the barrier layer and first copper layer
915~ v

Add an insulator on the exposed ceramic substrate and a portions of
the barrier layer to form first and second insulator gaps

920~ v
Add an optional energy filter layer to the barrier layer in the first
insulator gap
925~ v
Add an n-type thermoelectric material to the barrier layer in the first
insulator gap
930~

\ 4
Add a metal layer on the n-type thermoelectric material

935~

Y
Add a metal layer in the second insulator gap

940~ v

Add a second barrier layer and optional energy filter layer to a first
copper layer of a second ceramic substrate bonded to or
electroplated with the first copper layer and a second copper layer

945~ v

Remove a portion of the barrier layer and first copper layer over the
second ceramic substrate

6

FIG. 5
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550~ ?

Add an insulator on the exposed second ceramic substrate and a
portions of the second barrier layer to form a first insulator
gap and a second insulator gap

555~ v

Add an optional energy filter layer on the barrier layer in the second
insulator gap of the second substrate

o960~ v

Add a p-type thermoelectric material to the second barrier layer
in the second insulator gap

565~ 4

Add a metal layer on the p-type thermoelectric material adjacent to
the second barrier layer

970~ v
Add a metal layer on the second barrier layer in the first insulator gap
o975~ v

Invert the second thermoelement containing the second ceramic
substrate and position it over the first thermoelement containing
the first ceramic substrate

980~ v

Add a sintered silver layer between the oppositely positioned metal
layers of the first thermoelement and the second thermoelement
to form a conductive path

FIG. 5
(Continued)
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709~
Thermally oxidize a silicon substrate to form a thermal oxide layer
710~ v

Remove a portion of the thermal oxide layer to expose a portion of the
silicon substrate

719~ v

Remove a volume of the silicon substrate to form a recess with a
cross section dimension larger than the opening in the
thermal oxide layer

7120~ v
Thermally oxidize the expose silicon substrate in the recess
125~ v

Add an ALD seed layer on the exposed surface of the thermally
oxidized layers
730~ v

Add a plating layer to fill in the recess and cover the thermally
oxidized silicon

739~

\ 4
Add a barrier layer to the plating layer

740~ v

Form a recess by removing portions of the barrier layer, the
plating layer, ALD seed layer, the thermal oxide layer, and
the silicon substrate

6

FIG. 7
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745~ ?

Add an insulator on the exposed silicon substrate and a portions of
the barrier layer to form a first insulator gap and a second
insulator gap

790~ v

Add an enerqgy filter layer (optional) to the barrier layer in the first
and/or second insulator gaps

7195~ v

Add an n-type thermoelectric material to the barrier layer/energy
filter layer inthe first insulator gap

760~ v

Add a p-type thermoelectric material to the barrier layer/energy
filter layer in the second insulator gap

769~ v

Add a metal layer on the thermoelectric materials and the insulator
between the thermoelectric materials to form an
electrical conduction path

FIG. 7
(Continued)
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Remove a portion of the barrier layer and first copper layer from
a ceramic substrate to form a recess where the ceramic
substrate is bonded or electroplated with a first copper layer
and second copper layer and there is a barrier layer and,
optionally, an energy filter on the first copper layer

920~ v

Add an n-type thermoelectric material to the barrier layer on
a first side of the recess

930~ v

Add an p-type thermoelectric material to the barrier layer on
a second side of the recess

940~ v
Add metal layers on portions of each of the thermoelectric
materials
950~ v

Add insulator layers on the exposed thermoelectric materials,
the metal layers, and the barrier layer

960~ 4
Remove portions of the insulator layers to expose each of the
metal layers
970~ v

Add electroless layers to each of the metal layers until flush with
each of the insulator layers

980~ 4

Add interconnect fabric with plated copper layer and electroless
layer using bonding layer between the electroless layer
and the electroless layers and insulation layers of the
thermoelectric pair

FIG.9
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1100-\‘
1110~

Remove a portion of the overcoat layer between the n-type thermoelectric
material and the p-type thermoelectric material down to the metal layer

1120~ v
Form a metal pad by depositing a metal on the metal layer where the

overcoat was removed and adjacent on the overcoat

1130~ v
Dispose a solder on a second bonded or electroplated silicon substrate

1140~ v
Bond the second bonded or electroplated silicon substrate to the metal
pad with the solder

FIG. 11
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because they relate to subject matter not required to be searched by this Authority, namely:

2. I:] Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically: .

3. I:I Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this 1ntemat10nal apphcatlon as follows:
-***-Please See Supplemental Page-***-

L. D As all required additional search fees were timely paid by the applicant, this international search repon covers all searchable
claims.

2. I:] As all searchable claims could be searched w1thout effort Justlfymg additional fees, this Authorxty dxd not invite payment of
additional fees.

D As only some of the required additional search fees were timely paid by the applicant, this international search report covers

3.
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely pald by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.: .
1-28

Remark on Protest I:] The additional search fees were accompanied by the applicant’s protest and, where applicable, the

payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation. .

l:] No protest accompanied the payment of additional search fees.
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-Continued From Box No. I!l: Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate -additional examination fee must be paid.

Group |: Claims 1-28 are directed towards a thermoelectric apparatus and method of fabricating.
Group li: Claims 29-40 are directed towards a thermoelectric apparatus with electroless plating layers.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special téchnical features for the. following reasons:

The special technical features of Group | include at least, an insulator disposed on the substrate through the opening in the first copper
layer and the opening in the barrier layer and on the barrier layer to form a first insulator gap on one side of the opening in the barrier
layer and a second insulator gap on other side of the opening in the barrier layer; an n-type thermoelectric layer disposed in the first
insulator gap; a p-type thermoelectric layer disposed in the second insulator gap; and a metal layer disposed on then-type thermoelectric
layer, the p-type thermoelectric layer, and on the insulator between the n-type thermoelectric layer and the p-type thermoelectric layer,
which are not present in Group II.

The special technical features of Group Il include at least electroless plating layers disposed on the meal layers; and a second stage
comprising: an interconnect fabric; a copper layer disposed on the interconnect fabric; and an electroless plating layer disposed on the
copper layer; wherein bonding layers are disposed between the first stage electroless plating layer and the second stage electroless
plating layer, which are not present in Group .

The ¢ommon technical features shared by Groups | and || are a thermoelectric apparatus, the apparatus comprising: a first stage
comprising: a copper substrate comprising: a first copper layer with an opening; and a substrate; wherein the first copper layer is direct
bonded or electroplated onto one face of the substrate; a barrier layer disposed on the first copper layer with an opening coterminous
with the opening in the first copper layer.

However, these common features are previously disclosed by US 2006/0086118 A1 to Venkatasubramanian, R. et al. (hereinafter
“VENKATASUBRAMANIAN"). VENKATASUBRAMANIAN discloses a thermoelectric apparatus (abstract; fig 1; para [0038]), the
apparatus comprising: a first stage (medium 8; fig 1; para [0038]) comprising: a copper substrate (copper; para [0046]) comprising: a first
copper layer with an opening (copper along heat sink 5; fig 1; para [0040], [0046]); and a substrate (a film 8; fig 1; para [0044]); wherein
the first copper layer is direct bonded or electroplated onto one face of the substrate (copper with heat sink 5 allows for electroplating
onto one face of the film 9; fig 1; para [0044], [0081]); a barrier layer disposed on the first copper layer with an opening coterminous with
the opening in the first copper layer (lower side header 4 (barrier layer) shown disposed on the copper along heat sink 5 with an opening
along the opening in the copper with heat sink 5; fig 1; para [0040], [0046]).

Since the common technical features are previously disclosed by the VENKATASUBRAMANIAN reference, these common features are
not special and so Groups | and 1l lack unity. )
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