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the_Peltier effect. With the Peltier effect a tenperature change results

when current passes through a junction of two different types of

sem conduct ors. General ly such sem conductors are assenbled into

t her noel ectri c nodul es where heat is transferred fromone side of the
nodul e to t heWoPHER8xsi de when 5 current is applied. ThesePGuAdI/e®7can act
as cooling devices where the heat punped fromthe cooling side

di ssipates into a heatsink on the other side. The si des of the nodul es
ark generally conposed of a ceramc material. Locat ed between
the ceram c sides are sem conductor el enents made frombrsmith-——o

telluride, which is conposed of bisnuth, tellurium selenium and 10
anti nony. The sem conductor elenents are doped to create ﬁ*lFﬁéHasaaerﬁﬁe OIS

(n- type) or a deficiency (p-type) of electrons. Typi

this type are described in U S. Patent 4,855,810, Ge ,ﬂ
According to the prior art, these nodul es contain sen1con uc 0

el ements sol dered to conductors using a sol der i ncl udi ng bi smuth and
tin. One such solder is described in U S Patent 15 3,079, 455, Haba. Haba
descri bes a solder formed of tin, antinony, and bi smuth. The bisnuth
i s described as being in an anount from40 to 50 wei ght percent and

the antinogy is described as being in an anount of 1.5 to 3.5

10 FABRICATION OF THERMOELECTRIC MODULES
AND SOLDER FOR SUCH FABRICATION

This is @ Continuation-in-Part of application Serial No. 08/535,449, filed
October 3, 1995, for "Fabrication of Thermoslectric Modules and Solder for
15 Such Fabricator”.
Field of the invention
This invention relates to improved thermoslectric devices and to improved
methods of fabricating such devices. More particularly, the invention reiates to
an improved joining solder, based on an alloy of bismuth and antimony, for use
20 with thermoelectric modules; to thermoelectric elements soldered to a
phosphorus-nicke! surface on a conductor, such as copper, to form

thermoelectric modules; and to the use of such thermoelectric modules.

Background of the Invention
25 Thermoelectric modules are small solid-state devices that can operate as

heat pumps or as electrical power generators. When used to generate
electricity, the modules are called thermoelectric generators {TEG). TEG use the
Seebeck effect to generate a voltage when a temperature differential is applied.

When the modules are used as heat pumps, the modules are calied

30 thermoelectric coolers (TEC) or thermoelectric heaters (TEH) and demonstrate
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wei ght percent. Thernoel ectric nodules built with bisnuth
telluride elenments are used in 20 applications where they are exposed to
t enperatures rangi ng from about -800C to about 2500C. The perfornmance
of such thernoelectric nodules made with a tin-containing sol der
suffers as a Jo.O0f long term exposure to w de te ranges.
In fact, thev{)(gf’#(%"’sﬁance of the nodul es has been found mguggﬁz‘rg@gease
about fifteen percent or nore per year. Thernoel ectric nodul es 25 nade

wi t h ti n- contthe Pehigr ebleder Withe the Peltieu ffectom serdpematlirs axhange akduitsavhen

tenperatures substantially above 8Q0C. \ One reason for the | ack
of oer ol CeapiaUTat Pasta hTadhR 8 futrha o Sifferent PSS STty DS oy
33;3]9C At t'ec?lmfe'%wr eﬁchrﬁbémoﬁﬂﬁg‘toré e tis@ehb!eﬁhhtﬁﬁhdﬁﬁdmr;ﬁﬁc modulléﬁ

i ffuse rapi into the sem conductor el ements apd into the cryst

'St e of 30VRerE ReahiS BARRIETER MO AR SGe GTBp anddiie 4 thesther aitbayiben
reacts W i) hi@ht @ applied. Ofhokl InGRERBAP act'h Boolindudvides! WhERe the'ridath OVer

the surface of the material _ o ) )
pumped from the cooling side dissipates into a heatsink on the other side. The

sides of the modules are generally composed of a ceramic material.

Located between the ceramic sides are semiconductor elemeants made

from bismuth telluride, which is composed of bismuth, tellurium, selenium, and

10 antimony. The semiconductor elements are doped to create either an excess (n-
type} or a deficiency (p-type) of electrons. Typical modules of this type are
described in U.S. Patent 4,855,810, Geib st al. According to the prior art, these
modules contain semiconductor elements soldered to conductors using a soider
including bismuth and tin. One such solder is described in U.S. Patent

15 3,079,455, Haba. Haba describes a solder formed of tin, antimony, and
bismuth. The bismuth is described as being in an amount from 40 to 50 weight
percent and the antimony is described as being in an amount of 1.5 t0 3.5
weight percent,

Thermoelectric modules built with bismuth telluride elements are used in

20 applications where they are exposed to temperatures ranging from about -80°C
to about 250°C. The performance of such thermoelectric modules made with
a tin-containing solder suffers as a result of long term exposure to wide
temperature ranges. In fact, the performance of the modules has been found
to decrease about fifteen percent or more per year. Thermoelectric moduies

25 made with tin-containing solder are not truly considered serviceable at
temperatures substantially above 80°C,

One reason for the lack of serviceability is that the standard bismuth tin
solder melts at 138°C. At temperatures above 80°C, the tin in the sclder tends
to diffuse rapidly into the semiconductor elements and into the crystal lattice of

30 the semiconductor elements, where it acts as a dopant or reacts with material

of the elements. Also, the tin forms a film over the surface of the material
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adjacent to the soldered ends, the_tin acting as a resistor connected
across the el enents causing an IR drop and/or a short. _

Gel b et al. sought to overcome the problems of tin diffusion and resistor
formation by replacing the tin-based solder with a | ead-antinony sol der.

5 However, WO&arE¥dk ed tenperatures, |ead al so diffuses aPEIVPSIELOE Wit h

t he thernoel ectric sem conductor material to forma region of poor

t her noel ectri prevent diffusion of |ead

f : . . To
or“tin, the i ﬂ@ﬁ%??t}g§6%gé'gg€?%eﬁgsb§\?ﬁ"l gcting as %Fﬁﬂ%?’ cermercteskasasHer i er

bet ween t he eg§m§§cmgm;ﬁg}aﬁgnd/gpgghaﬁ ni ckel 10 |ayered on the
el enents. Such a systemis shown, for exanple, in U S. Patent

5, 429, 680, Fuschet@¢lb etgluspuaht torpverearne thy pipplams iy diftusisin and redistarost | v,
and does not gHkishehy rBpRYR t el g.fntt%sea QJI érha,.dhe%due% driti rrwrsua@ or e,

el ements made from materi al vered wth nc are structurall’'y weak and
do noP hbpwewpr.iat elgmtﬁdeﬂemsaﬂ-lwsgll&amglsmmﬁusm ambau;]ﬂsovc\inth the
tenperature cypl d d out h and a |rmny
ha;rp been descri lr)ﬂngllectjr& sem:conduc@b?rﬂgfc&g%hﬁocfog&n 3 Eﬁ‘i—)tgc?r é% grm%?r}ﬁ

A., "Ther noel perferimanceol i ng Devi ces,' Foreign Science and T((azgngg(igy
Center, U S. Ar Departnent of the Ar

974), pp 131- 138 (1°98‘B"e"{ d'fﬂ{ifé"é'bf’% ér.finpths) aysyry atw%h"%mwow%

bi smuth and 1é¥pRiytd ditlgiohWardidtdetween the elements and the solder, such as nickel

10 layered on the elements. Such a system is shown, for example, in U. S. Patent

5,429,680, Fuschetti. However, this technology is very complicated, costly,
and does not completely prevent diffusion of the lead or tin. Furthermore,
elements made from material -covered with nickel are structurally weak and do
not hold up in appiications involving long term power or temperature cycling.

15 A solder formed from bismuth and antimony has been described to "tin"
semiconductors. For example, Kolenko, Ye A., "Thermoelectric Cooling
Devices,” Foreign Science and Technology Center, U.S. Army Material
Command, Department of the Army (AD 691 974}, pp 131-138 (1967)
describes, at Table 15, a solder having 90% bismuth and 10% antimony for the

20 tinning of semiconductors and a BiSn joining soider. Also described at Table
15 is a solder having 80% bismuth and 20% antimony for the tinning of
semiconductors. However, there is no suggestion of using this as a joining
solder or in conjunction with a phosphorous -nickel surface for joining to
conductors,

25 it is an object of the invention to provide a solder which does not react
with the thermoelectric material to provide a source of diffusants, dopants, and
reagents.

Another object of the invention is to provide a thermoelectric module
having an improved life-time and low failure rate at elevated temperatures,

30 including temperatures up to 275°C.



20 tinning of sem conductors and a Bi Sn joining solder. Al so described at
Tabl e 15 is a solder having 80% bi smuth and 20% anti nony for the
tinning of sem conductors. However, there is no suggestion of using
this as a joining sol der or in conjunction with a phosphorous -nickel
surface for | to conductors. 25 It is an ' t he

I nvention toh%?@@? e a sol der which does not react P?ﬁb?ﬁgaﬁ§
thernoel ectric material to provide a source of diffusants, dopants, and
reagent s. A furtheobb;ect objtiee invahtiomds 'tmpamdeoa thernioslgutoe inthaiuie

t her noel ectri ow failure
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3 thermoelectric elements.
& Yet a further object is to provide a thermoelectric module which eliminates

5 the need for a costly diffusion barrier.

Summary of the invention
The invention comprises a solder for joining conductors (e.g. buss-bars),
10 such as those made from copper, aluminum and other well-known conductive
materjals, to a conductive material deposited on an end of a thermoelectric
element in a thermoelectric module, wherein said solder comprisas about 50-99
weight percent bismuth and about 1-50 weight percent antimony, where the
combined weight percent of the bismuth and antimony is about 100 percent,
18 particularly when the conductors are provided with a surface of phosphorous-
nickel.
The present invention also provides a method for manufacturing
thermoelectric modules comprising:
1) depositing on each end of a bismuth telluride thermoelectric
20 element a conductive material that does not require a diffusion barrier;
2) forming a surface of phosphorous-nicke! on a conductor, such
as copper or aluminum; and
3) joining said conductive material to said phosphorous-nicke!
surface with a solder comprising about 50 to 99 weight percent bismuth
25 and about 1 to 50 weight percent antimony wherein the combined weight
percent of the bismuth and antimony is about 100,
The conductive material of step 1 is a material comprising about 50 to 100
weight percent bismuth, the remainder being, essentially, antimony.
To generate electricity from a thermal gradient, the device is subjected to
30 atemperature gradient across the thermoelectric elements and the conductive
elements are connected to complete the electrical circuit. To generate a thermal

gradient, as required for thermoelectric cooling or heating, the device is

4
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A further object of the invention is to provide a thernpelectric nodule

having a sol dered structure where the sol der does not formresistors across

the t hernoel ectric el enents. Yet a further object is to
provide a thernoel ectric nodule which elimnates 5 the need for a costly
di f f usi on barwoe/13283 Sunmmary of the Invention PCT/USIE/RETT

inVﬁntion conprises a solder for joining conductors (e.g. buss-bars), 10
such as those nmade from copper um num nd othr wel |-

material s, tosebieediesd f!Ré'B ﬁgf"@ﬂ'ﬁl cHiERs H‘PSH” ) %’ﬁﬁ'“tg?%'?%‘% ltl%fglect ric
el ement in a BILEPRR/UADTthE ciifpsht! fow mau@nmesmadnmmec eleomets doe tatheut

50- 99 wel ght percent bismuth and about 1-50  wei t ,
Share the - Poilenaihecd:AA fnsEPRLHR Cofl 3 K28 Roidnaton Ard et abAYF bEP Al o

100 percent, éﬁ‘ «wBArticularly when the conductors are provi ded W|th a
surfate of ph phorous- ni ckel . resent invention al so
provi des aBret hod The :mnﬂéammdwor a thet’h@?'ﬁﬁé'Pé‘ﬁ@ yle thajrancRe ¥8HI si ng:

1) depositi ngaﬁBlfﬁf\?gnﬁa%{Lg'}n%ar\ﬁ?%a?%g t@hlpdrdtdfest h;’?rtﬁnﬁdeﬁkidtﬂn @bout

el ement a con not require a diffusion barrier;
275°C.

Brief Description Of the Drawings
10 in the accompanying drawings:

Figure 1 is an isometric view of a thermoelectric module with one of the
two ceramic sides removed to more clearly show the module elements;
Figure 2 is a cross-sectional view of a thermoelectric module taken along
line 2-2 of Fig. 1;
15 Figure 3 is a phase diagram of a binary solder alloy system of bismuth and

antimony suitable for use in the present invention.

Detailed Description of the Invention

According to the present invention, a thermoelectric medule is provided
20 comprising an array of n-type and p-type thermoelectric elements formed of a
semiconductive material, particularly a bismuth telluride material. The elements
have a first end and a second end and are arranged in rows and columns of
alternately placed n-type and p-type elements, as known in the prior art.
The elements have a thin coating of a conductive material deposited on
25 each end wherein said coating is substantially free of a diffusion barrier such as
nickel. Suitable materials for the coating are a bismuth-antimony alloy or pure
bismuth. Thus, the conductive material comprises from about 50 to 100 weight
percent bismuth, the remainder being, essentially, antimony. This coating,
which provides a solderable surface, has a thickness of up to 0.001 inch.
30 A conductor, formed on a non-conductive substrate, is used to connect
the elements. This conductor is provided with a surface of phosphorus-nickel
containing at least 3.5% phosphorus. One method of forming the surface is to



2) formng a surface of phosphorous-nickel on a conductor, such

as copper or alum num and 3) joining said conductive
material to said phosphorous-nickel surface with a sol der
conprising about 50 to 99 wei ght percent bisnmuth 25 and about 1 to 50
wei ght perce ny wherein the conbi ned wei ght ent of
the bismuth %%%% gDm)ny I s about 100. The conducti ve Pr%{l’g?ﬁlgpﬁof step
1 is a material conprising about 50 to 100 wei ght percent bismuth, the
remai nder bei mwae%saa%a & bryospmmsnmawez on top of the coIBuéi@F‘e'Tﬁb%nﬂhﬁﬁtdf' city
froma thermal gradient, the device is subjected to 30 a tenperature

gradi ent acr G¥Wspherousepmizineddn F’FQP@SEHEWS"‘MS‘!W%%EHER!P'FWE the range
el ements are (gqggg{:g%ot Ps%orﬁ?&ﬁﬁ@ol? Rfe Bhithink bf Ahosphbrdis' ff;)rﬂl ﬂﬁf‘?ﬁ%t e a

t her mal radient, as required t hernmoel ectric coo or heating,
t hé devi ce i sand, most preferably, from 8 to 12% The thickness of the plzlosp orus-nicke! \\D

97/ 13283 B layer is generally from about 20 to about 400 micro-inches. pﬁ’&l{agﬁ%%&6077
conductor is copper.

The phosphorous-nickel surface is soldered to the thin coating of
conductive material on the thermoelectric elements using a solder comprising
about 50 to 99 weight percent bismuth and about 50 to 1 weight percent

10 antimony. Particularly for high temperature use, the solder is free of elements
that act as dopants, such as tin, copper, silver, gold, lead, zinc, cadmium,
indium, gallium, iodine, chlorine, sodium, and potassium. In a preferred
embodiment of the present invention, the solder comprises about 75 to 96
weight percent bismuth and about 25 to 4 weight percent antimony. In a most

15 preferred embodiment of the present invention the solder comprises about 80
to 95 weight percent bismuth and about 20 to 5§ weight percent antimony.

Referring to the drawings, an improved thermoelectric module (10} (Figs.
1 and 2) is shown having an array of bismuth tsliuride thermoelectric elements
{12, 14) of n-type (Bi,Te; - Bi,Se;) and p-type (Bi,Te; - Sb,Te;). The n-type and

20 p-type elements are shown having deposited on their ends thin coatings {16, 18}
of pure bismuth or a bismuth-antimony alloy. The coatings are shown soldered
to layers of phosphorus-nickel {20, 22) formed on conductors {24, 26).
Connecting joints {28, 30) are formed from a solder of bismuth-antimony. The
conductors are formed on non-conductive or insulating ceramic substrates (32,

25 34), such as sluminum oxide or beryllium oxide.

The invention is an improvement over standard modules as it provides a
module that is capable of withstanding high temperatures, such as up to 275°C.
This improvement allows the module to be used, for example, at 200°C in
autoclaves and other types of sterilization equipment. At temperatures above

30 200°C the modules can be used in downhole oil well equipment and in

automobile engines.



subjected to a flow of electric current. A tenperature gradient is created
al ong the direction of the current flow through the thernpelectric

el ements due to the Peltier effect and this functions to cool at the
cold junction and heat at the hot junction. 5 The invention
provides for a thernoel ectric nodule that can be used in aJD})l | cations
havi ng wi de oWerP#t328%y tenperatures up to and i ncl udi ng aboRET/USS616037%50C,
Brief Description O‘ the Dr aw ngs 10 In the accorrpanyi ng draw ngs:
Figure 1 is anis W I r MoTal=y t he
twd ceram c sides tg’ r%?’ C%cqt'ggé W;'% %%t ﬁggﬁoﬁjﬁ? %Fren s?%al
Figure 2 is agﬁdmiﬁaﬁebt'pmﬂdimgelmatrﬂfal aonrhetmmedalemt\giﬂme dmdm@seahewwal ong

line 2-2 of Fig. 1, 3 of
Sol.der al | oy 3JARCEHRRIMESSOHTRon RV conversiri By e sffert gD ofefieRel

present | ”Vem&maQ Bhe thermoele&ific@idniéhtPaRLAll ﬁrblwﬂt&éa&hﬂhéﬂn@ﬁb ith@direction
Accor di ng to the present invention, a thernoelectric nodule is 'Earow ded 20

conpri si ng5ancha thaymet gnadiepbeelentricity willkke suralind g & laadiar sepesed ths iUt of
a sem copgdyatd Ye P ehiperaturd’grabiieht idmatht@ndd.STuth tel luride material.

The el ements

In a similar manner, if a current is applied to the device, it will generate
a thermal gradient via the Peltier effect. Proper orientation of the device and
current direction will result in either heating or cooling as desired.
10 The following Example illustrates manufacture of a preferred embodiment
in accordance with the present invention:
Example
Thermoetectric modules were fabricated using aluminum oxide plates
having copper metallizations with a phosphorous-nickel layer containing
15 approximately 10% (8% to 12%) phosphorous. The copper metallizations were
connected to n-type and p-type elements as described below.
Semiconductor elements made from Bi,Te;-Bi,Se; (n-type) and Bi,Te;-
Sb,Te, (p-type) were provided. The ends of the semiconductor elements were
coated with a thin layer, approximately 0.001 inch in thickness, of a 95%
20 bismuth: 5% antimony alloy. The coated layer on the semiconductor element
was connected to the phosphorous nickel layer using a bismuth-antimony joining
solder. A standard acid base flux and standard soldering techniques well known

in the art were used.



have a first end and a second end and are arranged in rows and col ums of

alternately placed n-type and p-type el enents, as known in the prior art.

The el ements have a thin coating of a conductive material deposited on 25

each end wherein said coating is substantially free of a diffusion barrier

such as ' . Suitable materials for the coating

bi smut h- ant iwrr(g?]@ﬁasl oy or pure bi smuth. Thus, the cg‘% lﬂl%tgfl{fgwnateri al

conprises fromabout 50 to 100 wei %ht. percent bisnuth, the renainder

bei ng, essenti al Mpinirgsoidenyas pspd haviag ithe following Rismuthphmsimenss waight

sol der abl e .a thickness of up to 0.001 inch. 30 A

conduct or, fs%g;'%e e""'()Or'ftegrﬁf]on-conductive substrate, is used to connect

the el ements. Thi98.8:dnBluctor is provided with a surface of

phosphor us- ni ckelgg 5,25cont ai ning at |east 3.5% phosphorus. One nethod of
& 18" to

formng the surf 5 -
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Further, in place of the bismuth-antimony coating on the semiconductor
10 elements, a pure bismuth coating was formed on the semiconductor slements
before applying the joining solder.

The modules using the 95:5 joining solder were tested at 165°C to
200°C for 7000 hours with acceptable performance and no drastic changes in
thermoelectric properties. The modules passed through 75,000 cycles in instant

15 power reversal testing and 1000 temperature cycles without any failures.
Improved results, compared to the prior art, are obtained with other bismuth,
antimony ratios within the disclosed range for the joining solder along with the
bismuth or bismuth-antimony coating on the semiconductor elements.

Results superior to prior art products are obtained with a phosphorus

20 content betwsen 7 and 13% and improved results, compared with the prior art,
are obtained with a phosphorous content between about 3.5 and 18%.

In comparison, standard modules containing the nickel barrier and tin-
containing solder did not pass even a limited number of power cycles.

The foregoing description is merely illustrative of the preferred

25 embcedimsnts and examples of the present invention and the scope of the
invention is not to be limited thereto. Additional modifications of the invention
will readily occur to one skilled in the art without departing from the scope of

the invention.



provi de a | ayer of phosphorus-nickel on top of the conductor. The anount of
phosphorous contained in the phosphorus-ni-ckel—surface is._generally in the

range of about 3.5 to 18% Preferabl t he agppunt of phosphorous is
from7 to 13% and, m)st prefﬁlmu j“!ljlm LﬂF 12% The thi ckness of
t he phosphor us- ni ckel | ayer about 20 to about 400
m cr o- i nches. wPsaiasnbl y t he tonductor is copper. PCT/US96/1607TH o

phosphor ous-ni ckel surface is soldered to the thin coating of
conductive material on the thernoelectric elenments using a sol der
conprising Whads.Claimeddsioo wei ght percent bismuth and about 50 to 1

wei ght pergent 10 ant ifony s Reihédibiit niodulé cbinghsingmer ature use, the

solder is free of elenents that act as ants, such as tin, co er
silver, gold, |ead, zimeanegawpfintype ang ndvmrf hegmpelegtiic eleraents f"’(E‘I’ﬁ fine,
sodi um and p ferred enbodi rrent of the present

I nvention, gt hgérggﬁéer ctub@n?atgl{ﬁ about 75 to 96 wei ght percent bisnuth

and about 25 to 4 wei gl aplmnoeat ofsneantustive materiakdenosited opreac epdgf the

i gt per Gonplelect e hateA i oot 03 1O8 Up et artltn, the 10 55

Referring 0 téiRaifldenbens., es&énﬂnaﬂgrammbnyher m)el ectric nodul e (10) (Fi gs.

1 and 2) is shown havi ng a r of . bis th telluride thernoe
el enent’s 7 (12 14) ofa FP@¥('\§| g3 ol °§?b2“§8§3" g PRFE M %' g%
Sb2Te3) . Tige Bnb r@rwcaﬁenpgﬁmeg@}aemhﬂeageamm haV| ng dep05| ted on

their ends thin coatl ngs (116, ur |
bi smut h-an® nony al | oy. ?Wé"%&?ﬂﬁ’&?"&r@ E"n@%\n‘i"%@! (P@F"@d'tg'sm“tt'(?"pa%?"s of

phosphor Ugt)”' glﬂﬁénﬁégpercga t}tﬂﬁé‘ﬁﬁdﬂﬂnﬁ@ﬂﬂ%@é@tfﬁ%oe@@&w eiemanrt@hﬂ%ﬁlbt i ng

joints (2 ornmed froma sol der of bisnuth-antinony
1 phosphorous -nickel on said buss bar.

1 2. The module of claim 1, wherein the soider comprises about
1 75 to 96 weight percent bismuth and about 25 to 4 weight percent antimony.

1 3. The module of claim 2, wherein the soldar comprises about

2 80 to 95 weight percent bismuth and about 20 to 5 weight percent antimony.

3 4, The module of claim 1, wherein the phosphorous content is
4 about 3.5 t0 18%.

1 5. The module of claim 4, wherein the phosphorous content is
2 about 7 to 13 weight percent.

1 8. The module of claim 5, wherein the phosphorus content is
2 about B to 12 weight percent.

1 7. The module of claim 1, wherein the buss bar is formed of

2 copper.
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(32, 25 34), such as al um num-exi-de—or—beryl i um oxi de. The

i nvention is an inprovenment over r _ as it provides a

nodul e that is capabl e of vvithstgm“ﬁm}lmm“mnﬁratures, such as up to
2750C. This inprovenent all e medufe to be used, for exanple, at
2000C in woasl]'fwg?aves and ot her types of sterili zation?gaﬁlp%fﬁﬁ%”. At

t enper atures above 30 2001C the nodul es can be used in downhole oil well

gqyi pent 4and {/\?) 97/ 1 S%EEO?RQiHu@dﬁQQHf”ﬁﬁim 1, wherein the phosphorous nickel

PCT/ US96/ 26080rface on the buss bagyjs & tayenof paoaphorusenickel formaseen the bisstbare t o
the actual or desired thernal

9. A method of manufacturing thermoslectric modules capable
of withstanding high temperature use comprising:

a. depositing on each end of a thermoelectric element a conductive
material, said material comprising about 50 to 100 weight percent bismuth, the
remainder being, essentially, antimony;

b. forming a surface of phosphorous-nickel onto a buss bar;

¢. joining said conductive material to said phosphorous-nickel

surface with a solder comprised of about 50 to 99 weight percent bismuth and

© 0 N O O b WN -

about 50 to 1 weight percent antimony wherein the combined weight percent

-
Q

of the bismuth and antimony is about 100 percent.

10. The method of claim 9 wherein the solder comprises about
2 75 to 896 weight percent bismuth and about 25 to 4 weight percent antimony.

1 11. The method of claim 10 wherein the solder comprises about
2 80 to 95 weight percent bismuth and about 20 to 5 weight percent antimony.

1 12. The method of claim 9 wherein the phosphorous-nicke!layer
2 comprises at least 3.5 weight percent phosphorous.

3 13. The method of claim 12 wherein the phosphorous content
4 is about 3.5 to 18%.

1 14. The method of claim 13 wherein the phosphorous content
2 is about 7 to 13 weight percent.

1 15. The method of claim 14 wherein the phosphorous content
2 is about 8 to 12 weight percent.
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gradi ent and by providing electrical connections placing the device in
series with a |l oad or power source;—erergy—conversi on nmay--he _effected.
When oriented so that the therno ' nts are all parallel to
each other and to the direction 3'“‘; ﬁgﬂi“ﬁhﬁa‘ﬂiﬁradl ent, electricity wll
be supplied to a |l oad or source in'y s so long as the

t emperature gvadYisasd i s nmi nt ai ned. In a sim| FCHENRHETT if a
current is applied to the device, it will generate a thermal gradient

via the Peltier effect. _Proper orientation of . the Vi : rent
diFection hill result i'f: e?BPFeWGMPﬁﬁf"BP éé%‘larﬂﬁqﬁ%bggss?rgg' _foiwaﬁ% The
fol | ow ng BExaggpgeri | | ustrates manufacture of a preferred enbodi ment I n
accordance with the present invention:

Exangl e Ther noel ectric nodul es were fabricated using al um num
oxi de platgs havi Rg. COPRE mdtRbE! dfi Aainh @ Svivdréin thePpRGEPMRFSUS nigketk el

| ayer containing 15 approximately 10% (8% to 12% phosphorous. The copper
met al | i zat Aonsurfageds a layerciormed oa@aicbbyssiBafe and p-type el enents as

descri bed bel ow. Sem conduct or el enents made from Bi 2Te3- Bi 2Se3
(n-type) and Bi 2Te3- Sb2Te3 (p-type) were provided. The ends of the
sem conductior el emrent s 18er eA method toageveratingelactricity compasing spbiectingithec| y

0.001 inch.in thick , . of % 2Q . bi smut h:, 59 ' | .
Coay sl 1oy "ePrRHOSE s e R gk b Hen G AR RN o e
phosphor oug niegsgttiverdstidudtive gletneits taitdmplets appiectrdah cinguit. sol der. A

standard acid base flux and standard sol dering techni ques well known
in the art were used.

1 19. A method for generating electricity from a thermal gradient,
2 comprising:

3 (a}  orienting the device of Claim 1 so that the direction of the
4 thermal gradient is parallel to the dssired direction of current
b flow through the thermoelectric elements;

6 {b)  maintaining said thermal gradient;

7 {c) completing an electric circuit whereby an electrical current
8 is generated.

1 20. A method of generating a thermal gradient comprising
2 subjecting the thermoelectric device of Claim 1 to the flow of an electric current,
3 thereby creating a temperature gradient due to the Peltier effect along the
4 direction of current fiow in the thermoelectric element.

1 21. A method of effecting refrigeration comprising thermally
2 connecting the cold junction of the thermoelectric device of Claim 1 to an object
3 to be refrigerated, thermally connecting the hot junction to a heat sink, and
4 applying a direct current through the semiconductor elements of the device in
% a direction parallel to the temperature gradient in a direction so as to maintain
6 the desired thermal gradient.
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22. A method of effecting thermoelectric heating comprising
connecting the hot junction of the thermoelectric device of Claim 1 to an object
to be heated, connecting the cold junction to a heat sink and applying a direct
current through the semiconductor elements of the device in a direction paralle!

to the temperature gradient in a direction so as to maintain the desired thermal

(=) S S LR 45 T S B

gradient.
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Joi ni ng sol der was used having the felowng Bi snut h: Anti nony MEIght

percent content: 98.5:1.5 97.5:2.5 5 L
94.25:4.75 Tmssneetnasse»nmﬂace 80: 20. Furt her,
in place of the blsnuth antlnn he sem conductor 10 el enents,
a pure bisnuth coating was forn¥““ conductor el enent s bef ore
appl yi ng t he W@ %1383 sol der. m)dul es usi ng PEBUSBIAST oi ni ng
sol der were tested at 1650C to 2000C for 7000 hours with acceptabl e
performance and no drastic changes in t hermoel ectric properties. The

nodul es passed through 75,000 cycles
and 1000 tenperature cycles w thout
conpared to the prior art, are tal'
rattos within the disclosed ran

bi smut h or bi snut h-antinony coati
Resul ts superior to prior artZég

content between 7 and 139

fstant 15 power reversal testing
ai lures. | npr@ved results,
24t her bisnmu anti nony
\0i ng sol der along with the

$,jd@nduct24 el enent s.
: a phosphorus 20
> h the prior an,

1
f

are obtained with a phost#fokgys Tedt ent| pedbgemallit e %
I n conparison, JPeE>sant et My W d tin-
cont ai ni ng sol d i d_fol poes DT el gynbesa of Spbwel] cycl es.
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The foregoing description is nerely illustrative 2

enbodi nents and exanpl es of the—p#esem«—Lmem—l—on?jaqufh 9 gpéeﬁé ahz 7
inverition is not to be linted thereto. Addi ti onal lb Lons of t he

i nvention will readily OCCHSSHA H MRerSikdphic8d i N th wu u CT 1997

departing fromthe scope of Hmlm“ﬂmmlmn
8 111 1lim 1111 ' .
z9Y140I 6P hi UL~ ~1111 s‘?Hgﬁzgjg%v%&Z DC

0 VWhat is Clained is: : A thernoel ectric nodul e
conprising: 2 a an array of n type and p-type thernoel ectric

el ements forned of 3 sem -conductive mate
FABRICATION OF THERMOELECTRIC MODULES

AND SOLDER FOR SUCH FABRICATION

This is a Continuation-in-Part of application Serial No. 08/535,449, filed
5 October 3, 1985, for "Fabrication of Thermoeliectric Modules and Solder for

Such Fabrication”.

Field of the Invention
This invention relates to improved thermoelectric devices and to improved
10 methods of fabricating such devices. More particularly, the invention relates to
an improved joining solder, based on an alioy of bismuth“and antimony, for use
with thermoslectric modules; to thermoelectric elements soldered to a
phosphorus-nickel surface on a conductor, such as copper, to form
thermoelectric modules; and to the use of such thermoelectric modules.
15
Background of the Invention
Thermoelectric modules are small solid-state devices that can operate as
heat pumps or as electrical power generators. When used to generate
electricity, the modules are called thermoelectric generators (TEG). TEG use the
20 Seebeck effect to generate a voltage when a temperature differential is applied.
When the modules are used as heat pumps, the modules are called
thermoelectric coolers (TEC) or thermoelectric heaters (TEH) and demonstrate
the Peltier effect. With the Peltier effect a temperature change resuits when
current passes through a junction of two different types of semiconductors.
25 Generally such semiconductors are assembled into thermoelectric modules
where heat is transferred from one side of the module to the other side when
current is applied. These modules can act as cooling devices where the heat
pumped from the cooling side dissipates into a heatsink on the other side. The

sides of the modules are generally composed of a ceramic material.
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4 i of oh c bI a thin coat of a a conductive naterial de805|ted on_each
end of the el ements, sai i Si ng abyut t | ht.
percent bisnmuth, the 6 remaﬂlmmuum ntlglly g;m;tg ? @

c. a buss bar havi ng a phosphbrous-tni ¢tke surface wher’ 99/
phosphorou% ont R fdt ne surface is at |east 3.5 weight percent

d. a sol de&é@ﬂﬁ-&g—%&—é@' to 99 wei ght percent bismuth and 50 to 10 1

wei ght percent anti nony quém@afeﬂn@qaqu:etm;mghgctri c eI enents to said
11 phosphorous-ni ckel on said buss bar. The nodul e

of clai@1, wherein th@nasrawef @ﬁvm pBd®- mahenmoslestn@@eWérﬁﬁforﬁé%eﬁt
bi smut h nd about 25 to 4 V\BJ ht percent antinony. 1
The nodul e 81‘“'(5“!05\'% ?Ve\ma‘?eé'ia t he sol der conprises about 2 80 to 95 wei ght

percent i smuth and 3@uhirtfodtofa mcﬁjutw@eﬁsﬁmi asypésiwthon each end of the
4. The nmodul e of claim 1, wherein the phosphorous content is 4 about 3.5

to 18 wé glelempentsersaid material comprising abaut 50 T 20GyWeiDBt Bercenibismuthnthg ei n
the phOSBOh?'trar?'u%?mferrgeei‘%, éssse%tgﬁ\?%tntaménoy,ls wei ght  per cent.
7 c. a buss bar having a phosphorous-nickel surface wherein the
8 phosphorous content of the surface is at least 3.5 weight percent.
9 d. a solder comprising 50 to 99 weight percent bismuth and 50 to
~ 10 1 weight percent antimony joining said coated thermoelectric elements to said

11 phosphorous-nickel on said buss bar.

1 2. The module of claim 1, wherein the solder comprises about
1 75 to 96 weight percent bismuth and about 25 to 4 weight percent antimony.

3. The module of claim 2, wherein the solder comprises about
2 80 to 95 weight percent bismuth and about 20 to 5 weight percent antimony.

3 4. The module of claim 1, wherein the phosphorous content is

about 3.5 to 18 weight percent.

1 5. The module of claim 4, wherein the phosphorous content is

2 about 7 to 13 weight percent.

6. The module of claim 5, wherein the phosphorus content is

2 about 8 to 12 weight percent.

7. The module of claim 1, wherein the buss bar is formed of

2 copper.



1 6. The nodul e 6f crairm5—wher ei n the phosphorus content

o weret 0 oiss AN 2 copoer o T 00T

* LMI A cg.L ule of clai rn?i“”mhe?e& nifHe1097

phosphor qus nlckel 2 surface on the buss bar is a Ia¥
phosphor Us- ni ckel forfed od henBasiwe afa¢laim 1,1 wherein the phosghoroqg Rigkebd

of, manu! 9t Ui Be!IPIIPELECHILE JRYUH SPpRBRAR By ol IrhP LA Bkl

t enper at ure use conp on each en
t her noel ectric el errent a conduct ive 4 material, sal d materl al conprising
about 50 to 100 wei ght percent bisnuth, the
9. A method of manufacturing thermoslectric modules capable
of withstanding high temperature use comprising:

a. depositing on each end of a thermoelectric element a conductive
material, said material comprising about 50 to 100 weight percent bismuth, the
remainder being, essentially, antimony;

b. forming a surface of phosphorous-nickel onto a buss bar;

c. joining said conductive material to said phosphorous-nickel
surface with a solder comprised of about 50 to 99 weight percent bismuth and

about 50 to 1 weight percent antimony wherein the combined weight percent

O W W ~N O O b W N =

—

of the bismuth and antimony is about 100 percent.

10. The method of claim 9 wherein the soider comprises about
2 75 to 96 weight percent bismuth and about 25 to 4 weight percent antimony.

11. The method of claim 10 wherein the solder comprises about

2 80 to 95 weight percent bismuth and about 20 to 5 weight percent antimony.

- 1 12. The method of claim 9 wherein the phosphorous-nickel layer
2 comprises at least 3.5 weight percent phosphorous.

3 13. The method of claim 12 wherein the phosphorous content
4 is about 3.5 to 18 weight percent.

14.. . The method of claim 13 wherein the phosphorous content
2 is about 7 to 13 weight percent.

15. The method of claim 14 wherein the phosphorous content
2 is about 8 to 12 weight percent.

10
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5 remmi nder being, essentially, antinony, 6 1. r i %ﬂ
surface ‘of phosphorous-nic ﬂl]“m"ﬂm ﬁmar; 7 PC‘WUS q%cwl ZgY
sai d ‘conductive material t s- ni ckel iPEMgSaQeLIV\QM 2007
sol der conprised of about 50 t6 99 Wei §ht “percent bisnuth and 9 about 50
to 1 weiqght percent | Moyfhe I ), et ' | t he
bi smut h 1gnd ant i m)nyafés' about Mllegg@%;brfcaeﬁpf@W{ﬁ?&#n%e%ﬁssoﬁéﬁg’?or#%e@%t hod
of clairg 9odppeei n the sol der conprises about 2 75 to 96 wei ght percent

bi snmuth and about 25 to 4 wei ght percent antinony. 1 11.

The nethod of claim 10 wherein the sol der conprises about 2 80 to 95 wei ght
percent i snmuth and ut | : C t | :
12. Thgonet hod of cﬁg?m %ﬁgﬁg&fﬁ%*&h@ighg{f%eﬁi[ﬁmﬂﬁzgholsg?gouzs nickel
conpri ses aurfazess B3layenéomidd parsaidhbupsbdaphor ous. 3 13.
The nethod of claim 12 wherein the phosphorous content 4 is about 3.5 to 18
wei ght percent.

1 18. A method for generating electricity comprising subjecting the

2 thermoelectric module of Claim 1 to a temperature gradient and connecting the

3 respective buss bars to complete an slectrical circuit.

R 1 19. A method for generating electricity from a thermal gradient,
2 comprising:
3 (a)  orienting the module of Claim 1 so that the direction of the
4 thermal gradient is paraliel to the desired direction of current
5 flow through the thermoeiectric elements; |
6 (b}  maintaining said thermal gradient;
7 (c) completing an electric circuit wherein an electrical current is
8 generated.
1 20. A method of generating a thermal gradient comprising
2 subjecting the thermoelectric module of Claim 1 to the flow of an electric
3 current, thereby creating a temperature gradient due to the Peltier effect along
4 the direction of current flow in the thermoelectric element.
1 21. A method of effecting refrigeration comprising thermally
2 connecting a cold junction of the thermoelectric module of Claim 1 to an object
3 to be refrigerategi, thermally connecting a hot junction to a heat sink, and
4 applying a direct .dﬁr"réht through the semiconductor elements of the module in
5 a direction parallel to a temperature gradient in a direction so as to maintain the
6 desired thermal gradient.
1 22. A method of effecting thermoelectric heating comprising

2 connecting a hot junction of the thermoelectric module of Claim 1 to an object

1



1 | _ b14. B T?g rret hod of. -cI alrm 13 V\,herel nPﬂeBJlSRhX_Vz T
con et 215 20007 L SIONTHE ", o0t NG %#gg’;

per cent .
~US 96/ 4 | .
PEUS 00 &1:1_% be heated, connecting a geld j\%?TlOﬂ to, (ﬂeg# S(':'Jlﬂg F#Ejg%'%'?’éla; dtirﬁlza:t

buss bar 4 s cm)rrermdhmgh theseenicondiictor elements of the inbduld trea direttion phratlehi m

9 wher ei % t he Johos horous ni ckel 4 surface is a |layer forpmed on said buss
bar . to @ temperature gradient in a d;rectlon so as to maintain the desired thermal

6 gradient.
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1° 18. A nethod for generating electricity conprising
subj ecticng the 2 thernoelectric nodule of daiml to ‘pégpgrgf r§-gvaggang
and connecting the 3 respective buss bars to conpleté dn’ ¥léc rgoaLaO(Jz {

circuit. 1 19. A nethod for generatingRgl I igCigt
thermal gradient, 2 conprising: 3 (a) oga§$a$Sggféeagigagg?
of Claiml so that the direction of the 4 t her mal

gradient is parallel to the desired direc‘%gn of current 5
flow t hrough the thernoel ectric el ements;

(b) maintaining

said thermal gradient; 7 (c) conpleting an electric circuit
wherein an electrical current is 8 gener at ed. 1
20. A nethod of generating a thernmal 6aent gonprising 2 subjecting the

thernoel ectric nodule of Claim1l to e} Qw of Jan electric 3 current,
thereby creating a tenperature gradient due to the Peltier effect along 4
the direction of current flowin the thernoelectric el enent. 1

21. A nethod of effecting refrigeration conprising thermally 2 connecting
a cold junction of the thernoelectric ggotle of Claiml1l to an object
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3&to be refrigerated, thermally connecting a hot Jm.tl on to a heat sink,
and 4 applying a direct current through the semco AO0 Q?WE% écQ 7?9
nodul‘e in 5 a direction parallel to a tenperature gradient

so as to maintain the 6 desired thernmal gradient. 1 rome

met hod of effecting thernoel ectric heating conprising & ’oo‘fﬁwec@ dgug‘]h?g 5
junction of the thernoel ectric nodule of29|ga| m 1l to an object o gf
11 L M S PEAJS

97 3 to be heated, connecting a cold junction to a heat sink and applying
a direct 4 current through the sem conductor elenents of the nodule in a
direction parallel 5 to a tenperature gradient in a direction so as to

mai ntain the desired thermal 6 gradient.

FIG. 3
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FABRICATION OF THERMOELECTRIC MODULES
AND SOLDER FOR SUCH FABRICATION

This is a Continuation-in-Part of application Serial No. 08/535,449, filed
October 3, 1995, for "Fabrication of Thermoelectric Modules and Solder for

~Such Fabrication®.

Field of the lnyepﬁon

This éhvérifion relates to improved thermoelectric devices and to improved

methodé of fabricating such devices. More particularly, the invention relates to
an improved joining solder, based on aﬁ alloy of Eismuth and antimony, for use
with thermoelectric modules; to thermoelectric elements soldered to a
phosphorus-nickél surface on a conductor, such ‘as copper, to form
thermoelectric modules; and to the use of such thermoelectric modules.

Background of the invention

- Thermoelectric modules are small solid-state devices that can operate as

heat pumps or as electrical power generators. When used to generate

" electricity, the modules are called thermoelectric generators (TEG). TEG use the

Se_ebeck effect to generate a voitage when a temperature differential is applied.

When the modules are used as heat pumps, the modules are called
thermoelectric coolers iTEC) or thermoelectric heaters {TEH) and demon_strate
the Peltier effect. With the Peltier effect a temperature change results when
current passes through a junction of two different types of semiconductors.

. Generally such semiconductors are assembled into thermoelectric modules

where heat is transferred from one side of the module to the other side when

current is applied. These modules can act as cooling devices where the heat

pumped from the cooling side dissipates into a heatsink on the other side. The

sides of the modules are generally composed of a ceramic material.
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