PF 55930 | pglksyagoel ectric material contact Description 5 The invention

relates to the thermally stable contacting of sem conductive alloys for use
in thernoelectric generators and Peltier arrangenments, and to processes for
produci ng thernoelectric nmodul es using T barrier |ayer conposed of bori des,

nitrides, caehlhe8sstric RResRhiéshestand/ or silicides. 10 Thernoel ectric _
generators and Peltier arrangenents as such have been known for sone tine.

p- and n-doped seniconductors which are heated on one side and cooled on
t he ot her dJ9&8$€ripticAnsport el ectrical charges through an external circuit.
These thernoel ectric generators allow electrical work to be perforned by a

| 0ad | n gt Neryialiflibn relfiEL Id @6 1 ARIHBRB{ENE GRehikonahONE HERCor bes
process. 15 good revi ew of thernoelectric eff'ects and nmaterials 1S given,
for exanpl d teymeslelic generatgrs ey elier Srengepmeris FReEio RROCATESHIGE POCHEING t v,
Nov. 8, 199Beruetzcaizanodligsarsing’d barieslapr, comipesed of Beides miljdes; cathides, ar e used

in space prpbeshid afdieiiRide8y direct 20 currents, for cathodic corrosion
protection of pipelines, for energy supply of |light buoys and radio buoys,

and al so for operating radios and tel evision sets. The advantages of

t her nodi0e ctTheonegledriagenasatorsearidPeltiesiarranpementeles sbth haye beeorknowstfemce, they
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whi ch r el edbesgosleclicgeasiatepslaw slesricaavoriuty baperiormned byinisadtn theeireuit t i s

possi bl e t PditRe agraNgdrugits rdveasa thy dbogsdedchbaligbesatl ur al gas, gasol i ne,

ker oseng, di esel fuel up to biologically obtained fuels such as rapeseed oil
met hyl éster. 30 Thernoel ectric energy conversion thus fits extrenely
flexibly iMt@Padseview of RIMPe/RERE sfedy and MRtefiplh 18 GBTN OB RARP B0V Yy
gener at i on H. Mining, ¢T& &hbit €cerserai Bermaelpatritity; dlosar 8,y1 988 tYiolchama Japph.i cati on
woul d be the use for conversion to electrical energy in electrically
operated vehicles, .In rticular, there uld be ng need for .thi ur pose
Bt tinder k<t CHBRGRNE gofiatcks a1y Therate Aok e eratpg sirell PO
Ther noélectouireats) fpr eashodie corsasian pibtectiereot Ripaides derenerey $upphi affightdiusyence to
their effipHeasy bubysc BAd asb & opbiting radiBeaMPRISEI N setdTaheHdddRadds éti s
regard is e%%ob%c#ig%\éﬂer%%rs lie in their high reliability: for instance, they work irrespective

of atmospheric conditions such as atmospheric moisture; there is no fault-prone mass

_ transfer, but rather only charge transfer; the fuel is combusted continuously, and

25 catalytically without a free flame, which releases only small amounts of CO, NO, and

uncombusted fuel; it is possible to use any fuels from hydrogen through natural gas,

gasoling, kerosene, diesel fuel up to biologically obtained fuels such as rapeseed oil

methyi ester.

30  Thermoelectric energy conversion thus fits extremely flexibly into future requirements
such as hydrogen economy or energy generation from renewable energies.

A particularly attractive application would be the use for conversion to electrical energy
in electrically operated vehicles. In particular, there would be no need for this purpose
35 toundertake any change to the existing network of gas stations.

Thermoelectrically active materials are rated essentially with reference o their
efficiency. A characteristic of thermoelectric materials in this regard is what is known as
the Z factor (figure of merit): '



the Z factorFéfigure of merit): PF 55930 2 S20 Z= K 5 with the Seebeck
coef fici entPFPIBY degree], the electrical conductivity a [S2-' - cm1] and
the thermal conductivity K [mWcm degree]. Thernoelectric nmaterials are
being sought which have a very |ow thermal conductivity,. a very large

el ectrical condyctivity and a very |arge Seebeck coefficient, so that the
figure of nerit ASsumes a very high value. 10 For the conversion of thernal
into el ectiA<al—enrergy, the efficiency rl is: Thigh - TimM1rl= Thigh M
+ Tlow Thigh ere M= 1 + 2 (Thigh + Tiow] 2 Thigh = tenperature of
the heated side of the sem conductor 15 Tipp, = tenperature of the cool ed
side of the sem conductor (see also Mat. Sci. and Eng. B29 (1995) 228). It
i s evidgnt withane Ebélseck ebafficions [/ ddipéc] eibpeddcticaycandacirig bgat' icar'paner at or s

work with hi fficie en [ r ifferential between
ot and codrefeuralgoricylbl FN L Aeded. TERIRERBLME ML AR D |\ o

t her mal st &bughtmpichihava@ veRelowdberawl eprdugtivityr @ dery large eleciiopbeapdueipyffy mel ti ng
poi nt and agd baeryaiBrgeosdabbbiecauliqise thé’ﬁ'ﬁ_éiﬁﬂlhr@raﬁ mefit bnfR verphigan
tenperatur@ahgnge,'and al so particularly high demands on the contacting of
the thernoel'éctric materials. 25 To prevent | osses, the contact materi al
shoul d'Rave very high electrical and thermal conductivity. The nechani cal
stability sptHectobgergionyf theghal ittbeletitbeierghties éftientisy is; not become
detached in the course of operation; it must not flake off. 30 Also, it nust
not - and this is critical particularly at high working tenperatures -

di f fuse Thigh = Tiow M- 1 -
m = L
Thigh M+ Tlow
Thigh
where

1

Z —
M= [ 1+ E—- (Thigh + Tlow)]2

Thigh = temperature of the heated side of the semiconductor
15 T = temperature of the cooled side of the semiconductor

(see also Mat. Sci. and Eng. B29 (1995) 228).

It is evident from this relationship that especially thermoelectric generators work with a
20 high efficiency when the temperature differential between hot and cooled side is very
large. This requires firstly a very high thermal stability of the thermoelectric material, i.e.
a very high melting point and as far as possible no phase transitions in the application
temperature range, and also particularly high demands on the contacting of the
thermoelectric materials.
25
To prevent losses, the contact material should have very high electrical and thermal
conductivity. The mechanical stability should be very high; the contact material must
not become detached in the course of operation; it must not flake off.

30 Also, it must not — and this is critical particularly at high working temperatures — diffuse
fully or partly into the semiconductors. In this case, the composition would be changed
there and the thermoelectric properties would be degraded in a highly adverse manner.



fully or p@;t%épinto t he sem conductors. In this case, the conposition would
be ‘changed "'t 8 and the thernoel ectric properties would be degraded in a
hi ghly adverse nmanner. PF 55930 3 These probl ens mani fest thenselves, for
exanple, in the case of lead telluride @& a thernoelectric material (cf.

Revi ew of ad- Tel | uri de .Bondi ng Congepts, Mat. Res. ocC. . Proc., Vol.
D50 “Too1, TERGREmplee ey LR Re (BT TG S mAlF. o bhdae BHESS IING52%2 cof der
conponent rteeioeslegiricimatential (ufi Reniew of bead-Egllulide Bonding Eaneants. MaisRes.ve Pb : Te
ratio i s algoer sgnp.mecn/sspeiM yiooThhmealisp-1re).ates to dopants, as a result
of which, for exanple, an n-conductive material is converted to a
p-conductive material and vice versa. 10 Sol utions which have been discussed
i ncluded f ofirtualy &yery clement RFIMIARE P SoIdgh cemponess reactsvitcigiiriet.ias@ neans, but
t hese are bedut of whithdhe eerssiitre Al €T ato & ddeecd impehaissiblgeEhit nkse relatesdct

itself. Wel i I | ] is the
advant age ChRE NG a’?@e@a@gf\?.h@%i?% fo gt R e T e

material aRfFOERFVERRIBTHE AN VIIGWEREr | the semiconductor is at |east briefly
partly nelted, with the di sadvantages that, in the course of cooling, the
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of contact terial 1nto the It 1s extrenely.large. 20 Accordi to the
orior art, R PANRENOIealE Ok 2% DUBIERTI PRbLueRedughle i (e

advant ages shéeltiket ¢grntandtelic i ng t akes place from 100 to 200C bel ow t he nelting
point of the sem conductors and that the liquid solder also fills in small

fract .' t . whi LS | hi gh
ook o5 Wl obRE FRRRR LSS0, T B 2850 B R NG s L BB A P,
al | oys 1’hi eddidens) maderiahisdptediced hetwashyontactmatedaland seapgaedudae/ or si | ver.
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are sal t
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) .0 ]
conponent it E‘ﬂ'%?fa‘ﬁ’ig?%g‘@ge”?h‘f’@tgﬁ@%? @?‘W%W%yfaég%e bonded. It can

thus be stated fromthe outset that there are no high tenperature-stable,
di ff usihan- iRsheingnd 1ROPriR GrilRREFencdds thus given to soldering processes with the

advantages that the soldering takes place from 100 to 200°C below the melting point of

the semiconductors and that the liquid solder also fills in small fractures and

unevenness in an advantageous manner, which resulis in a high electrical and thermai

conductivity. '

25
Prior art solders are typically alloys which comprise bismuth, antimony, tin, lead,
copper and/or silver. The melting points are typically below 400°C.

No solder bonds are known which are said to be diffusipn-resistant above 400°C. On
30 the contrary, a boundary condition for a good solder bond is that at least one alloy
component of the solder diffuses into the materials fo be bonded.

it can thus be stated from the outset that there are no high temperature-stable,
diffusion-resistant solder bonds. '

35
Apparently for this reason, it has already been proposed to introduce a barrier layer
between the contact material and the semiconductors (JP 2000-043637). Barrier layers
composed of nicke! phosphides, nicke! borides and an additional layer of gold are
discussed.

40



Apparently for this reason, it has already been proposed to introduce a
bar-ri er | ayrr 55936t ween the contact material and the sem conductors (JP
2000- 043637). Barrier layers conposed of nickel phosphides, nickel borides
and an additional .l ayer of gold are discussed. 40 PF 55930 4 Neverthel ess,
barrier layers for bonding to the conta® material also require an

addi ti onal MNeokdeslesshbefichagershier bansllogdd theocohitand netterisbalso requirkayer firmy to

the contac taddﬁ‘@ﬁﬁrsb%br wRich 1'haé heABsIObY tﬁs%m@fthé B&rxbﬂf\éf»‘éﬁﬂrﬁ@ hodPEMNEEE a
suitable co tion of solder and barrier materia ensures both

secure mechH% ?é bondi ng and constant, good |ong-term properties of the
t hernoel ectric materi al even at el evated tenperatures of above 400C. 10 The
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material Wit O\Prfﬂérf {er‘?&ur%saé(o‘?ﬁ s&%ﬂ@ﬁ%"cﬂarﬁ%ﬁai%%uﬂﬁ%nd %Mtérﬂe@ood‘i?ﬁug o

phosphi des- "an cont act
materi al byPreRsIiRsaf g thereoslesiisnateRat e1es abﬁ@vafeééemmﬁm d@PYR nodul es,
wher ei n t hetoot@r noel ectrically 15 sem conductive material has been provi ded
with a barrier |ayer corrposed of bori des, nitrides, carbides, phosphides
~and/or sili %I des, and t% %‘) E been bonded to the actual contact
materi 4P byrhedbiest saghieyedby p é&ﬁ't"!gé e fRAMMREECHFRVisgaucondyriye daaterigwith
produci ng susEtrigrimremoeinpotad o botded, eﬂndesZGaralddstdrr@spfméésearw/mrcsﬂmrarncbrs or
Pel ti er ar LARGRARIE SayhieMoCRITRY boifiact Willerdl BGOmEh gEL 1T C modul es. The

i nvention can be applied with all known thernoel ectTically sem conductive
materials. Suitable materials are for exanple, described in Mat. Sci. and
Eng. B29 ZJhe(meolyn maprqwderséhqrmosle@mcamquI@dwaﬁm@g@@d@erm@em@ceme of
sem conguciseiicopas@ile erntérell hus b@@'sprom@wnaraaaa@%m k bymisosaanofbetiday, i des,

such as 1 eaiAal Lihidle PRl o0 dheaidasal P RicRler r{aﬁyggﬁeoﬁ ohas been

repl aced by iUt um y Sel'enrum 30 It
is also possidl eontact maderialiBY 89/88ANSY seni conduct or materials for exanpl e,
tellurides in which the positively polarized atonms of the crystal lattice

of the tel 'TXE'.R%nh&T’ \%rth@reﬁ}owtﬁé@é Tpfc%c\'—l&?fé)r P?chubl?\b lsYiciP¥hefthbdIEQRC HOALRS,
ger n'anl um and ﬂ¥eﬁ)'moelectrlc ger?esrlators or Peltier arrangements WhICh comprise such

thermoelectric modules.

The invention can be applied with all known thermoelectrically semiconductive
materials. Suitable materials are, for example, described in Mat. Sci. and Eng. B29

25 (1995) 228, ltis particularly advantageous in the case of semiconductors based on
tellurides. These are generally known tellurides, such as lead telluride, and
modifications thereof in which lead has been replaced by elements such as tin, and
tellurium partly by selenium.

30 Itis also possible to use substituted semiconductor materials for example, tellurides in
which the positively polarized atoms of the crystal lattice of the telluride have been
substituted partially by silicon and/or germanium. A typical composition of a material in
this sense is, for example, PbTe - (SizTes)oqs. In this case, “partial® refers to a degree of
substitution of preferably from 0.002 to 0.05 mol, more preferably from 0.003 to

35  0.02 mol, in particular from 0.008 to 0.013 mol, per mole of telluride formula unit. Such
substituted tellurides, their preparation and properties are described, for example, in
the DE patent application No. 102004025066.9 which was yet to be published at the

priority date of the present application.

40  The unsubstituted or substituted semiconductor materials described'may be used
without further doping. However, they may also comprise further compounds, in
particular other customarily used dopants.



this sense is, for exanple, PbTe (Si2Te3)0.01 In this case, "partial™
refers to £Fef3e of substitution of preferably from0.002 to 0.05 not,
nore preferably fromO0.003 to 35 0.02 nol, in particular fromO0.008 to 0.013
mol., per nole of telluride formula unit.5 Such substituted tellurides, their
preparation_and properties are described, exanple, in the DE patent

for _
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dopi ng el emmipirsy ik ef0cted fitRleynahts Waick bAn@hsuiitah ieleeirod Bxdesk @r 48dencgti®Ns per
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el ement,g: | ] m potassium magnesium calcium strontium barium
and al J?‘I n&ﬁérﬂ{gg{%"gz%ééopi ng netals for n-sem conductors are the el enents
chlorine, 10 bromine and iodine. It is possible by doping to convert the
conduct i on Itiy pesdilde bpeopiogitd esryarttthe ddreiutticer type teetbie coosteipartsem conduct i ve
materials used in accordance with the invention 15 have been provided with

o octri cal TG REERRAT Al e TP eCTaler R e f Ses e wip e Brrgon 9°°¢
di f fusilén thavebgen plozided With erbarriexdayer.dihegbardertiayer icansisis obeompdumdbar ri er
| ayer consinglihg ¥eryRtfoddfsetridal &driddefiity @8 BirdRSerystdCatibo sithitig@vang/ or

silicides. ecific e es _of useful conpound classes for this purpose are
the foll omdﬁg{s'onﬁbépgﬁ&gg?ﬂﬁ%&s TiN, TaN, &N, ZrN, AITiN, 25 carbides such

as TiC, TiCN, TaC, MbC, WC, VC, Cr3C2; phosphides such as N 2P, Ni 5P2;
bori des su@gcasing tBihe idvdition HhBbarrBRyeNbdBRistsT&Boridés, Bariddd) 2B8hide¥pB5, FeB,

CoB, Ni28’ phosphides and/or silicides.
Specific examples of useful compound classes for this purpose are the following:

nitrides such as TiN, TaN, CrN, ZrN, AITiN;
25  carbides such as TiC, TiCN, TaC, MoC, WC, VC, CrsC,;
phosphides such as NixP, NisPa;
borides such as TiBz, ZrB,, HiB,, VB,, NbB,, TaB,, CrB,, Mo,Bs, W.Bs, FeB, CoB, NiB,
Ni-B, NisB;
or
30 silicides such as VSi,, NbSi,, TaSi,, TiSi,, ZrSis, MoSi,, WSi,.

Also suitable are mixtures of these compounds with one another.

Advantagecusly, NizB, Ni;B, Ni,P and/or NisP; or else other nickel phosphides and
35 borides are used. The very strong binding of nickel to phosphorus or boron virtually
' completely nullifies the diffusion capability of nickel. Boron and phosphorus additionally
do not form any tellurides.

Before or after they are divided to the use dimensions, the semiconductors are

40 provided on both sides with the above-described barrier layer. This may be applied by
various processes, for example by sputtering starting from a target of the same
composition, as described, for example, in J. Appl. Phys., Vol. 79 No. 2, 1109-1115,



Ni 2B, Ni3B; or 30 silicides such as VSi2, NbSi 2, TaSi2, TiSi 2, ZrSi?2,

MbSi 26 Wi 2PF 539Hb suitable are mixtures of these conpounds with one

anot her. Advant ageously, Ni 2B, N 3B, N 2P and/or N 5P2 or el se other nickel
phasphi des and 35 borides are used. Thegvery strong binding of nickel to
phosphorus or boron virtually conpletely nullifies the diffusion capability
of nickel . B56ofr - Epl:ﬂ?@'ﬁ’ﬁ%lehé' é’dl&' MUHH%’PI knterernngelions @PHeEATE t el | ur i des.

Bef ore or afroesedidyzy FithéntdiBEE] €688, @r gbreratke tyi phgsisalonpor ddpessieniasonduct or s

are 40 provdé%%ﬁbé?ﬁfo@%&&m fedfD Vd td?ckte %b%ﬁhgﬁé%deﬁ&d@fﬁacsrcéaﬁMg . This

may be appl Sput t g startl ng
froma tar g%"’f‘q%ﬁ‘ Q'ﬂ%gog"aﬁé& g’i‘)‘ﬂ% Br?f Bégsu@i%p@rb@%oosﬁl (,gyg in J.
Appl . PHys.Rrovessing7 S5Eb O- 8255-11%01115 PF 55930 6 1996, or by M E. Thonas
et al., VLSI Multilevel Interconnection Conference Proceedings, Fifth Int.

| EEE, 1988,_.0r, generated b hysical . vapor deposition, as described, for
exanpl e, i nﬂﬁ b%ierﬁfﬁésr%ﬁegtalﬁ)&tctoﬂaﬁg&ak&'\?a & éfse§|5'9f ace Coati ngs,
Bl acki e, d asgow, 1991 and Handbook of Physical Vapor Deposition (PVD) 5

Processi ng, Advsamgao@@%elécﬂ@er%a@m ubad EbrBprided)@bys &F kel egpdomlll Rowont act

mat er i by ageously, the sol der material used conpri ses
al | oysa{ n?fz]ﬁékfg’m'ép %/“al | oys 10 of nickel with My, Sn or Zn.

Particul arly good resul ts are exhi bited by conbinations with the foll ow ng
al l oys as Raticlgdaryrguiodresllts ateMiiiidd byroehibirnagopowitt trefpiaming ZE€es N 3SN
(el ting poéd‘ti]rﬂ%?ér% 794C), Zn/Ni with from70 to 95% by wei ght of Zn (for
exanpl e, e case of 90% by weight of Zn, nmelting point approx. 800C).
20 To increase the nelting point, the Ni content is increased and to | ower
it, comber ddgaNi (melhimg ptbint:anplr@m?GO”s‘J)l owered. OMng to their Ni content, the

sol der nat el SnRMngpdiMtepxdeRdchond with the barrier layers. 25
Zn/Ni with from 70 to 95% by weight of Zn (for example, in the case of 90% by weight
of Zn, meiting point approx. 800°C).

20 Toincrease the melting point, the Ni content is increased and to lower it, conversely,
the Ni content is lowered.

Owing to their Ni content, the solder materials enter into a good bond with the barrier

layers.

25
The solder material serves to bond the barrier layers to the actual contact sheets. The
appiication of the solder material may be effected in any suitable manner. Itis
advantageous to apply the solder material to the actual contact sheet by thermal
spraying.

30

For the soldering, in this case, the contact sites are either brought to the necessary
temperature thermally by external means or resistance soldering is carried out, in
which the unsoldered contacts are brought to the solder temperature by current flow.
Resistance to soldering has the advantage of self-reguiation: as long as the solder site

35 is not soldered over the full surface, it has increased electrical resistance, and there is
a greater drop in voltage and a 'greater‘drop in power at constant current. This makes
the solder site hotter. When the solder has a flat profile, the resistance and thus the
temperature fall. '

40 However, itis also possible to use other prior art processes for applying the solder
material and for the soldering. A good overview of currently empioyed solder processes



The sol der material serves to bond the barrier layers to the actual contact
sheets. Th®F &880i cati on of the solder material may be effected in any
suitabl e manner. It is advantageous to apply the solder material to the -
actual contact sheet by thermal sprayigg. 30 For the soldering, in this
case, the contact sites are either brought to the necessary tenperature

t hermal | y lpygiest by thelcompamsialgnubliesdios tlaiteefabodrd §iSofigr procesgasiidenout , in

whi ch the wnsel Ty ebRRvAESzeTR. djought to the sol der tenperature by
current flow Resistance to soldering has the advantage of self-regul ation:
as long as the solder site 35 is not soldered over the full surface, it has
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processes FBMUEHYIYyi ng the solder material and for the sol dering. A good
overview of currently enployed sol der processes PF 55930 7 is given by the
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conpar i son9e¥FrPRe SEe PRECYRYIYHHIRR fPraisg et plavaied femegratuees of mreaiethaR| ectric
generators300°Rel ti er arrangenents with the thernoel ectric nodul es
described are particularly suitable for use at el evated tenperatures of
greater than 300C '



PF 55930 8 What is clainmed is: 1. A thernoelectric nodule, wherein the

t het noel ect PF@8P#Y seni conductive material has been provided with a barrier
| ayer conposed of borides, nitrides, carbides, 5 phosphides and/or
silicides, and this |ayer has been bondeg to the actual contact material by
soldering. 2. The thernoelectric nodule according to claim1, wherein the
barrier [aybihat EGAMeY & of Ni 2B, Ni 3B, Ni 2P and/or Ni5P2. 10 3. The

t hernoel ectric nodul e according to claim1l or 2, wherein the solder nmaterial

f IOIr t he Pon‘f’.i nEAQﬁerﬁ%le‘éﬁffcrrﬁ&fulé,%Feiﬂ@hé%%@% séﬁiﬁ@ﬁd@tivé’%@riaﬁes
alloys of nic

| ., 15 4. The thernpoel ectric nodul e accordin 0 of
Claiis 1 to 3, HRePETPPHASCYINE o re P SImED DAL MBS RRERel wi t h
My, Sri ®r ZzZn. phosphisies @adior siligides, and dinlgyethasrmeendondetiotneartus! camtagtei n a
barrier layer gRRRSGIsOdertgrides, nitrides, carbides, phosphides and/or
silicides is applied to the thernoelectrically sem conductive material and
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15 4, The thermoelectric module according to any of claims 1 te 3, wherein the solder
material comprises alloys of nickel with Mg, Sn or Zn.

5. A process for producing thermoelectric modules, wherein a barrier Iayer
composed of borides, nitrides, carbides, phosphides and/or silicides is applied to
the thermoelectrically semiconductive material and this layer is subsequently

20 bonded to the actual contact material by soldering.

6. The process according to claim 5, wherein the solder material used comprises
alloys of nicke!l.

25 7. The process according to claim 5 or 6, wherein the solder material is applied fo
the contact sheet by thermal spraying.

8. The process according to any of claims 5 to 7, wherein the barrier layer is
bonded to the contact material by resistance soldering.
30 _
9. A thermoelectric generator or Peltier arrangement comprising thermoelectric
modules according to any of claims 1 to 4.



