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Bausane KOHTaKTHBIX COHpOTI/IBJICHI/Iﬁ Ha BBIXOJHBLIC
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Annomayusa—B craTbe mNpeiCTaBJEH MeETO] pacyera H
pe3yibTAaTbl  HCCIEAOBAHUS  BJIMSAHMS  KOHTAKTHBIX
CONPOTHBJICHUH HA TpaHHLE MeTAI-NOJYNPOBOJIHUK Ha
BBIXO/IHYI0 MOIIHOCTH THOKOT0 MHKPOTEPMO3JIEeKTPHYECKOI0
remeparopa. PacueTbl NPOBOAWINCH € HCHOJb30BaHHEM
nporpammHoii  maargopmbel  ANSYS  Workbench n
WolframMathematica. ¥YcraHoBieHo, 4YT0 KOHTAaKTHbIE
CONMPOTHBJIEHHS]  YMEHBIIAIOT  BBIXOAHYI0  MOINHOCTH
TepMOJIeKTPHYECKOro ycTpoiicrea Ha 67-70%.

Knwuesvle cnoéa—  TepMOIJIEeKTPUYECKHH  TeHepaTop,
KOHTAKTHLIE CONPOTHBJIEHNSI, TepMOdJIEMEHT,
moneaupoBanue, ANSYS.

|. BBEJEHHE

Ha CCFOZ[HSIH.IHI/Iﬁ JACHb CYHICCTBYECT MHOKECTBO
HCTOYHUKOB TIIMTAaHUA JJI1 MaJJOMOIIHBIX HpHMeHeHHﬁ,

OJHAaKO  OCTPO  CTOMT  BONpPOC O  pa3paboTke
IBTEPHATHBHBIX BapHaHTOB HCTOYHHKOB, TSt
oOecriedeHUs] HAJIEKHOITO U  YCTOWYMBOTO IHTAHUSA

MHKPO3JIEKTPOHHBIX YCTPOMCTB, TAKUX KaK OECIPOBOJHBIC
CCHCOPHBIC CETH, MHTEIUICKTyalbHbIC OMa, MOHUTOPHHT
cocTostHusl 00bEKTOB M MOOMITbHBIE ycTpoiicTa [1],[2]. B
NOCIEJHHE  HECKONBKO  JICCATHICTHH  OOJBIIIHHCTBO
HCCIENOBaHMA B 00NACTH  TEPMODIEKTPUYCCKHX
reepatopoB  (TOI')  Obulo  cocpenoTo4eHO  Ha
HEOPraHWYEeCKHX  TEPMOJJIEKTPUYECKHX  Marepuaiax,
OOBEMHBIX M TOHKOIUICHOYHBIX, M, COOTBETCTBYIOIIHX
ycrpoiictBax[3],[4]. OnHuMm U3 NEpPCHEKTHBHBIX BHIOB
TOr, COYETAIOUINX CBOIICTBa HEOPraHUYEeCKUX
TOHKOIUICHOYHBIX IIOJyIIPOBOAHUKOBBIX MATepUaOB U
OpraHHYeCcKOi OCHOBBI, SIBIISTFOTCSI rubKkue
MHKPOTEPMOIJICKTPUUECKHE reHepaTopbl [51-[8]
Pa3pabotka moboro tuma TOI' TpeOGyeT yuera BIUSHHA
MHOKECTBAa  (JaKTOPOB  CBS3aHHBIX C  COYETAHHEM
Pa3INYHBIX MaTEPHATIOB, OCHOBHBIM M3 KOTOPBIX SIBISCTCSI
HAIMYHEe OJCKTPHYECKUX M  TEIUIOBBIX KOHTAKTHBIX
COIIPOTHBIICHUH. MHOXECTBO HCCIIEIOBATENbCKUX PadoT
HOCBAIICHBl  BONPOCY BIMUSHHSA  CONPOTHBJICHUI Ha
rpaHWIax KOHTAaKTa MeTami-moaynpoBoaauk [9]-[18].
Hcnone3yroTes Kak TEOPETUYECKHE, TaK "
9KCIIEPUMEHTAIBHBIE METOIbI  OTPE/ICIICHUS  BEIMINH
conpoTuBieHHHA. Pa3bpoc 3HaueHW W3 JHMTEPATypPHBIX
HCTOYHHKOB TSI SIIEKTPHYECKUX KOHTaKTHBIX
comporusnenmit: 1074107 Om*M? 111  TEmIOBBIX
KOHTaKTHbIX conpotusienuit: 10%-10% K / (Br / m?). TTo
pe3ynbTataM aHalM3a MOXKHO CHEJaTh BBIBOA, 4TO

IIpUMEHEHUE TOI0 WJIM HWHOro METoaa pacuera WIn
U3MEPCHHA  KOHTAKTHBIX COHpOTI/IBHeHI/Iﬁ HampsaMyro
3aBUCUT OT TEXHOJIOTUH CHHTE3a IIOJTYIIPOBOIHUKOBBIX
MaTepurajioB U KOHCTPYKIIUN yCTpOﬁCTBa B IICJIOM.

Hempto maHHON pabOTHI SABISACTCSA pacdeT KOHTAKTHBIX
COHpOTI/IBJ'IeHI/Iﬁ Ha TpaHule MCETaUI-TMIOJYINPOBOAHUK U
HCCIIEIOBAaHNE UX BIMSHHA Ha BBIXOJHBIC XapaKTEPUCTUKU
THOKOr0 MHUKPOTEPMOIJIEKTPHIECKOr0 reHepaTopa.

Il.  OBBEKT UCCJIEJOBAHMUS, PACYET KOHTAKTHBIX

COITPOTUBJIEHUI

B kagectBe 00BEKTa MCCIENOBaHHS BHIOpaH THOKHIA
MUKPOTEPMOIJIEKTUYECKUI  TE€HEpaTop Y -CTPYKTYpbl
[19],[20], cocrosimmit w3 depemyrOUMXCS ABAALATH
4yeTbIpex N- u P-TepmorsieMenToB (TD) Ha OcHOBE TBEPABIX
pactBopoB BirTes u SbyTes, Mexay KOTOPBIMH
pacmoyioKeHbl KOHTaKTHble TpoBoaHuKK. Ha puc. 1
npencraBieHa reomerprdeckas 3D moxens rudkoro TOT.
TepmoanemenTsl uMeroT pasmepsl 800 mm X 600 mm x 100
MM, a MeTajmndeckue coequaeHns 600 mm x 600 mm x 300
mMm. OcranbHOE MPOCTPAHCTBO  3amojiHeHo PDMS
ITOJUTOKKOH, 0O0IIasi IUIoIaak MOBEPXHOCTH YCTpOICTBa
cocTasmna 26,04 mm2,

PDMS momioxka

L T ) i >

. =iy T7 =
D- H1l- TEPMOSTEMEHTH g7 /300 o e I‘

000 15000 300,00 (o)

75000 2500

Puc. 1. I'eomerpuyeckas 3D mogens
MHKPOTEPMO3JIEKTPUYECKOI0 TeHepaTopa Y-CTPYKTypbI

IonHOEe BHYTpEHHEE 3JEKTPUYECKOE COMPOTHBIICHHE
TOT MOXKHO MPEICTABHUTH B BHAE CYMMBI [OCIIEIOBATEIBEHO
COCJIMHEHHBIX PE3UCTOPOB:

2N N
RBH i=1 Rn,p + Zi:l Rme + Rcont

rae Rpp — comporuBienue TO; Rme — compoTuBieHue
MeTaia; Reont— KOHTAKTHOE CONPOTHUBIICHUE.

BuyTpennee COIIPOTUBJICHUE reHeparopa u,
CJIEI0BATEIbHO, MAaKCUMallbHas BBIXOJHAs MOLIHOCTb
3aBHCAT OT BEJIMYHNHBI KOHTAKTHBIX COMPOTHBICHHI [21].
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OO0yacTh  KOHTakTa TPOBOAHHWKA (MeTalma) |
TEPMOIJICKTPHYCCKOTO  MaTepuana  (HOJIyIpPOBOIHHUKA)
XapaKTepU3yeTcsi HECOOTBETCTBUEM OOBEMHBIX CBOWCTB U
HCPOBHOCTSMH B TOHKOH 00JacTH BOJH3M TPaHUIIBL.
PaznuuHbple TEIUIOBBIE UM OJIEKTPHYCCKUE HOCHUTEIN
CTAJIKUBAIOTCS C PA3IMYHBIMH CONPOTHBICHUSMHU B 3TOU
o0bJiacTu pasjiena, YTo MPUBOUT K YMEHBIICHHIO BBIXOIHON
MOIITHOCTH ycTpoiicTBa. [lonHOE TpaHMYHOE TEIIOBOE
COTMPOTHUBIICHUE TMPECTABISIET LEMb U3 MapalielibHO
COeIMHEHHBIX conpoTuBieHni, (AxRk)p ompeaenseTcss Kak

[9]:

1 _ 1 4 1 + 1
(AkRk)b (AkRk)b,pp (AkRk)b,ee (AkRk)b,ep
1
+—— (D
(AkRk)b,pe

re Ax — IIomans monepeyHoro cedenus TO;Ri—TemioBoe
conpotusieHne; (AxR)bpp — GOHOHHOE COMPOTHBIICHHE;
(AxRi)b.ce CONPOTHUBIICHUE 3IEKTPOHOB;  (AkRK)b.eps
(AR )b pe 3JIeKTPOH-(DOHOHHOE  COIMPOTHBIICHUE.
[Ipennonaraercst, 9TO HET MPSIMON TEIUIOTIePEeaadd MEXKITY
9NIEKTPOHHOH ¥ (POHOHHOM MOCKCTEMaMHt Yepe3 TPaHHUILy.

Jli1st pac4ETOB CONPOTUBIICHHMH (OHOHOB HCIIONIB3YETCA
Mojenb auddysHoro paccormacoBanus [9], B koTopoit
TPEITIOIIAaraeTesl, UTO Bce (POHOHBI, MMAIAOIINE HA TPAHHMILY,
OyIyT pacceuBaThCS.

I'pannuHoe  compoTuBieHUE (OHOHOB ~ MOXKHO
paccuutaTh 1o hopmyIie:
1 Tio—T,
— te mc (2)
(AkRib,pp q
rage (0 — TelIoBOM IMOTOK, BbI3BAHHBINM YBEJIWYECHUEM

TeMIlepaTypsl IUIEHKH TOJYTPOBOAHUKA [te OTHOCHTEIBEHO
TEMIEPATyPhl TOATOKKH Tme.

Haumnas c¢ oOmero BeIpaXeHWs JIsl SHEPTHH,
MEPEeHOCHMO B €IMHUILy BPEMEHHU OT IOJYIPOBOIHUKA K
MeTaJuly, W TIpefrnoaras, 94ro kodpduiuenTt nepenaun He
3aBUCHT OT TEMIEpaTypbl Ha JI000il CTOpOHE I'paHHUIIbI
paznena (paccMaTpUBaeTCsl TOIBKO OIHA CTOPOHA IPAHUIIBI)
MOJKHO TPEICTaBUTh BBIPAXKEHUE ISl TEIUIOBOTO ITOTOKA
Kak (yHKIUIO (POHOHHO INIOTHOCTH COCTOSIHUM:

hpt 1
_ pTte-mc
q ="y,

fee)
- e Jo Pyp(wp)wp ( Rpop >_
EXP\2nkpTre
1
L |dw, 3)
eXp<27TkBTmc)
rie hy — nocrosunas [InaHka; Tpp_me —KOdDOHUIEEHT

nepenaun Temna; Uy (ce jy — CKOPOCTH (POHOHHBIX MOJ B
TOJTyIPOBOIHHUKE; P p — IUIOTHOCTE (POHOHBIX COCTOSTHUM;
W), — yrioBas 4acTora; Kg— koHcTaHTa bosbimana.

CkopocTr ()OHOHHBEIX BOJIH (JIBE TOITIEpEYHbIE M OHA
MPOJONbHAS) PACCUUTHIBAIOTCS 110 (hopMyIIE:

1 1 2

“

j - =
Up(ter]) Up(te,[) Up(te't)
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Koadduiment
¢bopmye:

nepefayn  anmpoKCHMHpPYETCS  I10

-2
_ ZjUp(mc,j)

Tte—>mc -

%) Uplte ) tpime,) ©)

Bripaxenue (5) BeIBeIeHO [UIs ciydast, Koraa Tt paBHO
Tme, T.€. YypaBHEHME JacT aACKBaTHBIM  IPOrHO3
ko3 dunmenTa nepeaaqn it Masoro Tt -Tme. OOBIUHO 3T
pasHmma cocraBmsier mnpuMepHo 1K, 9to u Oynmer
HCIOJIB30BaHO MPH pacdyérax.

Ckopoctb (oHOHa M Temmneparypa Jlebast cBsi3aHBI C
yTII0BO#t wacToTo# [lebast wp depe3 BRIpakeHHs:

1
wp = (6n?udn)?

(6)
(7

rae N— OTHOIICHHWE KOJNWYEeCTBAa NPUMUTHUBHBIX SYEEK K
00beMy 3jIeMeHTapHO# sueiiku. BixTez u SboTes umeror
HETIPUMUTHBHBIC TeKCArOHAJIBHBIC dJIEMEHTApHbIC S4YCHKH,
B TpH pa3a TPEBBIIANONINE O0BEM MPUMHUTHBHOM
pombosapudeckoi stueiiku [1].

hpw
T p@D

2wk
B

JlebaeBckast ~ MIOTHOCTH  ()OHOHHBIX  COCTOSIHHIM
OIIpeAeAeTC s KaK:
2
w
— 14
vaD - anug (8)

I'paHUYHOE CONPOTHBIICHHUE 3JIEKTPOHOB ONPENEIISIIOCH
o hopmyIe:
()
€c

rae (AkRe)o— 3IEKTpHYECKOE IPaHUYHOE CONPOTHBIICHUE:

]

rae Mete— dddexTuBHasT Macca 3IEKTPOHOB/IBIPOK B
TEPMOAIEKTPUUECKOM MaTePHAIIC;e — 3apsi NEKTpoHa;P —
BEPOSTHOCTh TyHHenupoBaHus;Eo BBICOTA
MOTEHIIHAIBHOTO Gapbepa, d — TOJIIMHA TTOTCHIUATBHOTO
Oapbepa.
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(AkRK)b,ee

T
(AkRe)p

©)

1
(AkRe)b

hpEo
812me ted?

__4me®me P
3
hp

(10)

DNeKTpUYECcKOe COIPOTHBIIEHUE KOHTAKTa
paccuuThIBaeTcs 1o popmyie:
_ 4Nte(AgRe)c
Ry = Heeliufiole an
k

rae Nte— KOJIMYECTBO TEPMOIJICMEHTOB.

B Tabmuume 1 mnpuBencHBI YHCICHHBIE 3HAYCHUS
napamMeTpoB JUIsl  pacu€ra TEIUIOBBIX  KOHTaKTHBIX
COTPOTHUBIICHUH.

Pacuer KOHTAaKTHBIX CONPOTHBIEHHH 110 popmynam (1-
11) mposommmcst B makere  WolframMathematica,
pesynbTarel pacuéroB npu Te= 300 K, mpexacraBieHs! B
tabmume 2. Pemenwe 3amadm  ompeneneHus BIUSHASA
KOHTaKTHBIX CONPOTHBIEHUH TOHA BBIXOJHYIO MOITHOCTh
MPOBOJIMTCS HA OCHOBE METOJa KOHEYHBIX JJIEMEHTOB C



MIPUMEHEHUEM pacdeTHOH mIaTGopMbI ANSYS

Workbench.
Ta6muma 1

Csoticmsa mMepMOSIEKMPUUECKUX DTIEMEHMOE

Hapamemp BioTes ShzTes
n, M3 5,95-1027 6,40-10%7
owpparc’ 2,16-1013 2,09-1013
Up, m-ct 3,058 2,888
Trome 0,56 0,54
Tn,C 2,5-1014 9,8-1014
T C 1,0-1012 2,7-1011
Mg te 0,58m, , 1mg,
Eo, 5B 0,15 0,2
d,nm 2,06 2,12
Ta6numa 2

P€3yﬂbmambl pacdemoe KOHMAaKmHbslx conpomueﬂenuﬁ

Tparuunvie Bi,Tes/Memann,K/(Bm/m?) | ShaTes/Memann,
meniogvle K/(Bm/m?)
CONpOMUBTIeHUA
®dononnoe (2), 8,7-108 7,6-101
DIEKTPOHHOE 3,5-107 9,7-107
9
Tomnoe (1) 6.9-10° 7.0-10°
Onexmpuveckue Bi2Tes/Memann, ShaTes/Memann,
conpomuanens. (Om-m?) (Om-m?)
Cu 1,8-10°® 1,9-10°8
Au 2,3-10°8 2,5-10°8
Ti 3,3-10°8 4,1-10°8

I1l.  PE3VJIbTATHEI MOJIEJIMPOBAHNSI

[TpoBeaeHO MOJETMPOBAHUE BBHIXOJHBIX MAPAMETPOB
rHOKOr0 MHUKPOTEPMOIJIEKTPUUECKOTO TeHeparopa  JUis
Tpex paznuuHbix metawioB (Cu, Au, Ti) KOHTaKkToB C
yueToM H 0e3 ydyera KOHTAKTHBIX COMNPOTHBJIECHHH.
Merorka MOIeTMPOBaHus OAPOOHO onucana B [22],[23].

B kauecTBe MaTepuasoB ISl TEPMOIIEMEHTOB MUKPO-
TOT ucnonp30BaHbI TEIUTYPHBI BUCMYTA U CYpPbMBI N-THIIA
M p-TANAa  T[POBOJMMOCTH, Kak  oOOecIieuuBaroIine
MaKCHMAaJIbHYI0 TEPMOXJIEKTPUUECKYI0 3(P(eKTHBHOCTD B
paccMaTpuBaeMOM JMaria3oHe Temreparyp. VicxomHbie
JaHHBIE [UI MOJENMPOBAHMS BKIIIOYAIOT CIIEAYFOIIHE
(usnueckue napamerpsl: KodhpuureHT 3eedeka, yaenbHoe
JNEKTPHUYECKOE CONPOTHBIICHHE, YCIBHYIO
TEIJIONPOBOJHOCTh. JlaHHBIE mHapaMeTpbl BO MHOTOM
3aBUCAT OT TEXHOJOTMM H3TOTOBICHUS M  HMEIOT
CyIIECTBEHHBIN pa3bpoc. B oToil cBsi3u B KauecTBe
UCXOAHBIX JaHHBIX OBUIM HCIIOJB30BaHBl PE3yJIHTATHI
OLIEHKH MapaMeTpoB O3THX METOJOM HaWMEHbBIIHX
kBangparoB [24]. IlapameTpsl MaTepHanoB MOJIOXKKH U
MeTaJuIoB ObUTH BEIOpaHs! n3 6nbmmotexku ANSYS. B taba.
3 npuBeeHbl 3HaYeHUs ~(U3MYECKUX  I1apaMeTpOB
MaTepuajioB  COCTaBHBIX  dYacteli  rmbkoro  TOT,
UCIIONIb30BaHHBIE TPH  MOJGIMPOBAaHMM B JWAana3oHe
temnepartyp 300-400 K.

TemriepaTypHble TpaHHYHBIC YCIOBHUS OIpPEACIISUTHUCH
TeMIlepaTypoil HIKHEH MOIOKKH Th M TeMIepaTypon
BEpXHEW TOMIOKKH Tc. PaccMoTpeHbl —cremyromme
sHayeHus temmepatyp: T1h=318 K,310 K, 303K, Tc=
283K,288 K, 278 K. [aHHple Temmeparypsl
COOTBETCTBYIOT pa3HMILIE TeMIepaTyp Tropsueit U X010 HON
cropor AT=22 K, 25 K, 30 K u 35 K cooTBeTcTBEeHHO.

PesynpraroM MoOmenMpoOBaHHS SIBISIOTCS 3HAUCHMS
BEIXOMHON MomHOocTH TOIT Ha BHemHedl Harpyske.
MopenupoBanie TPOBOAWIOCH C ydeToM M 0e3 yuera
pPAacCUMTAaHHBIX  KOHTAKTHBIX  CONPOTHBICHHH  IIpH
3HA4YECHUSX BHEIIHEeH Harpysku B auamnasoHe oT 0,5 mo 30
Owm. Pesynbrathl pacyeTa mpeacTaBiIeHBl Ha pUCYHKaxX 2, 3
u Tabi. 4.

Tabmuma 3

Qusuueckue napamempsbl Mamepuailos
cocmasnwlx yacmeui 2ubxozo TOI

Kooghgh. yoenvHoe yoenvHas
TK 3eebexa, conpomuenenue, MenionposooHOCmb,
uV*Kt #Qm W/m-K
NOAYNPOBOOHUKOSbII Mamepuan N-muna (Biz2Tes)
300 -148,24 12,02 1,03
350 -152,59 13,48 1,11
400 -156,89 15,05 1,18
ROAYNPOBOOHUKOSYI Mamepuan P-muna (ShaTes)
300 208,25 13,33 1,07
350 220,21 16,78 1,06
400 219,52 19,74 1,13
Konmaxmmuoie niowaoxu (Cu)
300 ] - [ o017 ] 406
Konmaxmmuoie nrowaoxu (Au)
300 | - | o002 | 317
Konmaxmmuoie niowaoxu (Ti)
300 | - | o500 | 18
Toonooscka (PDMS)
30 | - ] - | 0,15
Tabmuna 4

Maxcumanvuas évixoonas mownocmsTOI a 05
PA3IUYHBIX MEMALI08 C YYemom u 6e3 yuema
PACCUUMAHHBIX KOHMAKMHbIX CONPOMUGLEHUU

Memann bes yuéma C yuémom 4, %
KOHMAKMHBIX KOHMAKNHBIX
CONpomueneHull CONpOmMuGIeHull
Pmax, Pmax/S, Pmax, Pmax/S,
MKBm | mxBm/m | mxBm | mxBm/m
M M
Cu 53,8 2,1 19,3 0,7 64
Au 53,8 2,1 19,3 0,7 64
Ti 53,8 2,1 16,3 0,6 70
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Puc. 2. 3aBucumocthb yaeabHoii BbIX0AHOH MomHOCTH TII" oT TOKa 1Is1 Me/IM, 30710Ta M TUTaHA (a) 0e3 yuyeTa KOHTAKTHBIX
CONMPOTHBJIEHHUIH, (0) ¢ y4eTOM KOHTAKTHBIX CONPOTHBJIEHHIT

Taxum 06pa30M, MOJXKHO CACJIaTh CJICAYIOIIUEC BBIBOAbI:

- KOHTAKTHBIC DJICKTPHUUCCKUEC u TCIIJIOBBIC
COIIPOTUBJICHUSA JOCTaTO4YHO CHUJIBHO BJIIUMAKOT Ha
BBIXOIHBIC XapaKTCPUCTHUKH yCTpOﬁCTBa,yMeHBmaIOT

BBIXOJIHYFO MOITHOCTh TEPMOIJICKTPHUUECKOTO YCTPOICTBA
Ha 67-70% B 3aBHCHMMOCTH OT THIIa METAJUIa KOHTAKTHOM
Mapbl METAIUT-TIOIYIIPOBOTHIK;

HAMOOJBINNX BKJIAJ B YMEHBIICHHE BBIXOIHOM
MOIIHOCTH ITOCJIC BBEICHUS KOHTAKTHBIX COMPOTHBICHHUN
Ha rpaHuIe METaJLT/TIOTYTIPOBOIHUK BHOCHUT
JIEKTPUUYECKOE KOHTAKTHOE COMPOTHBIICHHE;
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- BEIMYMHA IIEKTPUIECKOTO KOHTaKTHOTO
COTIPOTHBIICHUSI yBeTMuMBaeTcst B psimy Cu, Au, Ti;
- BEITMYUHBI TEIUIOBOTO KOHTaKTHOTO

COIPOTUBJICHUS 3aBUCAT OT TUIA TEPMOAIEKTPUYECKOTO
TIOJTYTIPOBOTHUKOBOTO MaTephajia W HE 3aBHCST BbIOOpa
MeTajjla KOHTaKTHOM Iaphl.

IV. 3AKJIOYEHUE
HpClICTaBJ'IeHHLIe Ppe3yJibTaTbl PACHYCTOB KOHTAKTHBIX
COHpOTI/IBHCHI/If/'I COOTBeTCTBy}OT 3KC1‘[epI/IMeHTaJTI:.HBIM

u3MepeHusiM [14,17], 4To Mmo3BONAIOT claenaTrh BBIBOA, O
MPUMEHUMOCTH JAHHOW METOMKH pacueTa dJIeKTPUIECKIX



W TEIJIOBBIX KOHTAKTHBIX COMPOTHUBICHUHA B CIydae
MUKPOIJIEKTPOHHOTO CUHTE3a TEPMODJIEKTPUUECKUX
MarepuanoB. MoJenupoBaHUE BBIXOJHOM  MOIIHOCTH
MIPOBEJICHO C YYETOM BIIUSTHUS KOHTAKTHBIX AJIEKTPUUECKUX
W TEIUIOBBIX HA  TpaHWIE  pasfela  «MeTal-
MOJYIPOBOJHUKY» JJISi LIECTH KOHTAaKTHBIX map (Tpu
MeTajula, JABa TONymnpoBonmHWKa). [lokasaHo, 4YTO yder
KOHTEHTHBIX CONPOTHUBIICHUI 3HAYUTEIHHO YMEHBILIAET
BBIXOJHYIO MOITHOCTh. [IpencraBieHHBIE OCOOEHHOCTH
MOJICJIH MO3BOJIAIOT HE TOJIBKO OMPEACTUTH ONTUMAJbHbBIE
KOHTAaKTHBIE TIApel, HO W 3HA4YCHHWE BHYTPEHHETO
COTPOTUBJICHHSI, YTO B CBOIO OYEHb, JAE€T BO3MOXHOCTH
pa3pabaTeIBaTh MHUKPOIIEKTPOHHBIC TEPMOIJICKTPHUECKIE
YCTpOMCTBA C yYeTOM YCJIOBHH JKCIUTyaTalldd IO
noTpedsieMoit MOIIIHOCTH npu HM3BECTHBIX
COTPOTUBJICHUSIX BHEIIHEH HATPY3KH.
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Abstract — The article explains the calculation method and
presents the results of the influence of contact resistances of
the metal-semiconductor interface on the output power of a
flexible microthermoelectric generator. The calculations were
carried out using the software platform ANSYS Workbench
and Wolfram Mathematica.

Today, there are multiple power sources for low energy
consumption applications, but there arises a desire to design
improved alternative sources, and provide reliable and stable
power supplies for micro electronic devices such as wireless
sensor networks, smart homes, objects monitoring and mobile
devices. Lately, the majority of research on thermoelectric
generators (TEG) has focused on inorganic thermoelectric
materials, volume and thin film ones and corresponding
devices. One of the most promising TEGs that combine
properties of inorganic thin film semiconductor materials and
an organic base is flexible microthermoelectric generators.
The design of any type of a TEG requires considering multiple
factors related to the combination of different materials, the
main of which are electric and thermal contact resistances. A
number of research studies focuses on the influence of
resistances on ‘metal-semiconductor’ border. Both theoretical
and experimental methods to measure resistances values are
used. The values from the references range for electric contact
resistances: 10-%4-107 Ohm*m2, for thermal contact
resistances: 10-1°-10- K/ (W / m2). It may be concluded from
the analysis results that application of this or that calculation
method or measurements of contact resistances depend
directly on synthesis technology of semiconductor materials
and device structure on the whole.

The research aims at calculating contact resistances on the
‘metal-semiconductor’ border and understanding their
influence on output characteristics of a flexible
microthermoelectric generator.

The flexible microthermoelectric generator of Y-structure
consisting of twenty four intermittent n- and p-thermal
elements (TE) based on solid solutions Bi>Tes and Sh2Tes
between which the contact conductors are placed, has become
the research focus.

The simulation of output parameters of a flexible
microthermoelectric generator for three different metals (Cu,
Au, Ti) and contacts with/without taking into account contact
resistances was carried out.

The following results have been achieved:

contact electric and thermal resistances influence
output characteristics of devices, and reduce output power of
a thermoelectric device by 67-70% depending on metal type
of the ‘metal-semiconductor’ contact couple;
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electric contact resistance contributes most to
decreasing the output power after introducing contact
resistances on the ‘metal-semiconductor’ border;

the value of electric contact resistance increases in
the row of Cu, Au and Ti;

the values of thermal contact resistance depend on
the material type of thermoelectric semiconductor and do not
depend on the choice of a metal for a contact couple.

The presented calculation results of contact resistances
correlate with the experimental measurements, thus allowing
us to conclude that such a calculation method of electric and
thermal contact resistances can be wused in case of
microelectronic synthesis of thermoelectric materials. Output
power simulation has been carried out by taking into account
contact electric and thermal influence on the ‘metal-
semiconductor’ border for six contact couples (three metals,
two semiconductors). It has been proven that taking into
account content resistances significantly decreases output
power. The described model peculiarities allow not only to
define the optimal contact couples, but also the internal
resistance, that in its turn, allows designing microelectronic
thermoelectric devices and take into account operation
conditions of consumed energy with known resistances of
internal load.

Keywords — thermoelectric generator, contact resistances,
thermoelement, simulation, ANSYS, output power.

REFERENCES

[1] Champier D. Thermoelectric generators: A review of
applications // Energy Conversion and Management. 2017.
V. 140. P.167-181.

[2] R. Rodriguez; M. Preindl; J. S. Cotton; A. Emadi, “Review
and Trends of Thermoelectric Generator Heat Recovery in
Automotive Applications,” IEEE Trans. Vehicular Tech.,
vol. 68, issue 6, pp. 5366 — 5378, June 2019.

[3] Jiabin Yan, Xiaoping Liao, Deyang Yan, Youguo Chen,
“Review of Micro Thermoelectric Generator,” .
Microelectromechanical Syst., vol. 27, issue 1, pp. 1 — 18,
Feb. 2018.

[4] S. M. Pourkiaei, M. H. Ahmadi, M. Sadeghzadeh,
S. Moosavia, F. Pourfayaz, L.Chen, M. A.P. Yazdi,
R. Kumar, “Thermoelectric cooler and thermoelectric

generator devices: A review of present and potential
applications, modeling and materials,” Energy, 186, 115849,
pp.1-17, 2019.

[5] Deng F., Qiu H., Chen J., Wang L., Wang B. Wearable
Thermoelectric Power Generators Combined With Flexible
Supercapacitor for Low-Power Human Diagnosis Devices //
IEEE Transactions on Industrial Electronics. February 2017.
V. 64. Ne 2. pp. 1477-1485.



[6] Du Y., Xu J., Paul B., EKlund P. Flexible thermoelectric
materials and devices // J. Applied Materials Today. 2018.
12. pp. 366-388.

[7] Wang Y., Yang L., Shi X., Shi X., Chen L., Dargusch M.S.,

Zou J., Chen Z. Flexible Thermoelectric Materials and

Generators: Challenges and Innovations // J. Advanced

Materials — 2019. — 31 — 1807916.

Korotkov A.S., Loboda V.V., Dzyubanenko S.V., Bakulin

E.M. Thermoelectric Generator for Human Body Monitoring

Systems //  Problems of Perspective Micro- and

Nanoelectronic Systems Development - 2018. Issue 4. P. 57-

62. doi:10.31114/2078-7707-2018-4-57-62

Da Silva L.W., Kaviany M. Micro-thermoelectric cooler:

interfacial effects on thermal and electrical transport // J.

International Journal of Heat and Mass Transfer. — 2004. —

47. —P. 2417-2435.

[10] Kim C.H. Development of a numerical method for the
performance analysis of thermoelectric generators with
thermal and electric contact resistance // J. Applied Thermal
Engineering. — 2018. — 108. — P. 408-417.

[11] Chen B., Kruse M., Xu B., Tutika R., Zheng W., Bartlett
M.D., Wu Y., Claussen J.C. Flexible thermoelectric
generators with inkjet-printed bismuth telluride nan-owires
and liquid metal contacts // J. Nanoscale. — 2019. — 11. —
P. 5222-5230.

[12].Luo Y., Kim C.H. Effects of the cross - sectional area ratios
and contact resistance on the performance of a cascaded
thermoelectric generator // J. International Journal of Energy
Research. — 2019. — 43 N.3. — P. 572 - 5096.

[13] Ashcheulov A.A., Dobrovolskiy Yu.G., Romanyuk I.S.,
Fotiy V.D.Transitional contacts of TEM branches of
increased strength based on crystals of Bi-Te-Se-Sb solid
solutions // Zh.Applied Physics — 2018. — 1 - pp. 88-88.

[14] Lahmar A., Nguyenb T.P., Sakamia D., Oraina, Scudeller Y.,
Danesa F. Experimental investigation on the thermal contact
resistance between gold coating and ceramic substrates //J.
Thin Solid Film — 2001. — 389 — P. 167-172.

[15] Sim M., Park H., Kim S. Modeling and Extraction of Parasitic
Thermal Conductance and Intrinsic Model Parameters of

(8]

9]

175

Thermoelectric Modules //J. Journal of Electronic Materials,
—2015. — 44 N.11 — P. 4473-4481.

[16] Gao Y., Marconnet A.M., Panzer M.A,, Leblanc S., Dogbe
S., Ezzahri Y., Shakouri A., Goodson K.E. Nanostructured
Interfaces for Thermoelectrics// J. Journal of Electronic
Materials — 2010. — 39 — P. 1456-1462.

[17] Gupta R.P., Mccarty R., Sharp J. Practical Contact
Resistance Measurement Method for Bulk Bi2Te3-Based
Thermoelectric Devices // J. Journal of Electronic Materials
— 2014, — 43 N.6 — P. 1608-1612.

[18] Hodes M. Optimal Design of Thermoelectric Refrigerators
Embedded in a Thermal Resistance Network//J. IEEE
Transactions on Components, Packaging And Manufacturing
Technology— 2012. — 2 N.3 — P. 483-495.

[19] Nguyen H.T., Nguyen V.T., Takahito O. Flexible
thermoelectric power generator with Y-type structure using
electrochemical deposition process // Applied Energy. 15
January 2018. V. 210. P. 467-476.

[20] Galitskaya A.O., Buslaev R.D. Simulation of flexible
thermoelectric generators with different geometry // 10P
Conf. Series: Journal of Physics: Conf. Series 1326 (2019)
012033.

[21] Loboda V.V. Buslaev R.D. Thermoelement Linear
Dimensions Influence on Output Characteristics of
Thermoelectric Generator // Problems of Perspective Micro-
and Nanoelectronic Systems Development - 2020. Issue 3. P.
230-236. doi:10.31114/2078-7707-2020-3-230-236

[22] Loboda V.V., Korotkov A.S. Simulations and Experimental
linvestigation of Thermoelectric Generators // Electronic
Engineering. Series 3. Microelectronics. Nel(161) 2016.
pp.53-57.

[23]Korotkov A.S., Loboda V.V. Simulation of MEMS
Technology Based Thermoelectric Generators // Problems of
Perspective  Micro- and  Nanoelectronic ~ Systems
Development 2016. Proceedings / edited by A.
Stempkovsky, Moscow, IPPM RAS, 2016. Part 4. P. 71-76.

[24] Korotkov A.S., Loboda V.V., Dzyubanenko S.V., and
Bakulin E.M. Design of a Thin-Film Thermoelectric
Generator for Low-Power Applications // Russian
Microelectronics, 2019, Vol. 48, No. 5, pp. 326-334.



