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Modeling of Thermoelectric Effects in Planar Micromachined
Structures Using SPICE

Veljko Milanovi®*  Matthew Hoperoft,! Christian A Zincke,'

Absiract — This paper presenis am improved model Fer SPRCE-
Thased shmulagon of ibermslociie sruchives which bsclnkes
clrrail elemesis Tur  simulaimg  thermockeoirie  Peltier sl
Vlonisen cfFecls, and shows grealy improved scoaracy sver
previons medels where ibose are negleeted. The eomplere
thermoelectric model is verifiod by comparing with o perimestal
resilts an jempersinee dismribwtions of sespended alunimsum amd
pulysilicon  resisiors  amd  comiacis. Near the comincls.
wemperaiure differences of ugp e 10% of hoilesi kmperaiure ane
lomnil wisen chamging eurvend dirceslon.  This is closely maehed
in the presenged simola e

L INTRODUCTION

Haven slvaneaments il mErnadning amil
mixzroe ke inmmechamical sysiems (MRS have brosgbi shon a
mew pewry of monialure themoskesine devices for o vanely of
pplications. A mew chss of themmoelecinic devices has been
demonstratid  mesmtly m CMOES MEMS  processes [1]]2]
wherehy  posi-processmg micomachinmg  of CMOS  niekds
ellicient thermal and sheimmmgienic snae e, Thess devices
inglute  ihenmocouple-based  ac-de  themmocomeriers [ 3),[4],
mieroweve power seilmors [, chemical sensors 6] ladiened
emilters aml delectors, and even scoelerome bers [ 7).

The design amd chamcierizaon of ihese themmoslecimic
siuglures cemamds  an upderslandiog of  the  vamous
thermoelsctre effects present in the device and a sinulation
emvironment  =uilable  for medeling  these  effecis. Such
similatioes  have  beon porliomssd By different  mmerical
mazthisds. Anather methodidogy, Gl propesal by Potter [B] is w0
maks e ol he sabgis hetween the electrical amd thermal
dkmmries: el v am olixineal simualation ool aech as SPICE,
perliorm thermal  sinsalations. Oihers  have  wiilied s
mizilbdskopy recently o Silferent applications [9]-[15],  Chie
sivantage of asch an approach & the simplicrty, as well as taking
alvantage of present samulaton ooks, Ancther importan! benelil
fior the above meptioned new gewre of thermeelectric devices is
thal koth the electric and theammal phenomena can be simulalsd
simulianamsly in & comumon, already availahle wool, thereby
aimpli vz simalation ol averl] device parfisman e,

Previous approaches neglecied dhemmosleciric Peliier and
Tlhoatison effecis, which mesilt o seeond-ordker  tempssralan:
changes and can in some cases have very litile overall effect. In
alber chesed, Dsveves, lemperanm: ditribuion discrepancies of
up bo 18P are foond between first=order mode] predictions and
enperimental remalis Finally, thers are applicatons such as
thermoelkectric cosders wiere the very prameiple of operation is
hasad on dhe thermoelecirie effeciss. The sccursey of ihe
simulations could be grestly improved by including  these,
pamiculardy in Denmccoovertsr amd cooker applealicns where
these are e==enftial in determimng specificalions.
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Fiyure §. Fouivalent efiecinrad cinud npresmiofios o oo slmusi
recludbing comverion, condveiron, raodiaitow, and ead generaiow, o
well av Pefiser and Thowsow marrenl soareer,

lo this work, we present an iopeoved SEICE modkel Tor
thermoeleciric smulatiom of planar mecromachined  sirmetures
which inchides bath the Peltier and Thomson effects. The mesdel
= applied an two simple fest structures which were abricated
il chmmacterivad useyg o themml paaoscape,  Resalls Gm the
msdedl are shown 1o be in chose agreement with experimental
reEilis for the e snkcuns amder varkal applied ol
condstions.

[l. SPICE EQUIVALENT CIRCUIT FOR THERMAL MODEL

Im the work of Sweur and Mothan [10], the thenmal
conduchon, rudzlien, sl conveslion squations ane frnsbated
min eqavakent volisgs controlled cumrent source (VCUR) cirouit
ulmime aml subspgumily salvisl vimgg SPICE. The Rslkewing
prreeelaaniane: {6 e this work, in sgreement e sha o [ 10];
A ek
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Hizal [hiew i meprisinbed ag Comiml, lemparalems ag sillege,
oml heal power ns elecirical power.  COur applicobion of the
methodolegy & thermaelectnc ponar semsors [15] detaile the
smmulnteon ssup. o shon, the two-dimensomal microeme: himed
thermaosloctrie strlime 2 sbadividid mie simall ckmosts within
cich mulenal. 8s for fimee differesce iype of numerical
smulalem. In plice of esch stniciural elemenl, @ epresmilne
glectmcal circuit is inseried Bs given i Fig. 1. The cironit
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inchules four nom-linear resisor elemenis o represent thermal
condudion (R @s 8 fed, 2 pon-limear pesigor Ly represonl
thermal cowvection (8 a tiod-lamer redsknr W repressnl
radition (&1 amd & nos-linear current souree () o represent
Joude heal generation.  The current source fp in Fig, 1 is only
applicable for mesistive elements o e device struciure when:
dlissipated power generates hest, and may Else heve lemperanane
anl other depondimce. The figumy akso shows e shilitional
armren| sources, e amd Ly o mopresgoimg thenmmosleciric ofTists,
which will be demsad i detnl i Sectios 1L and hove mol
hoem mcluded in past madals.

Each of iwss <oeult sheuwts 5 generally & polymomial
VOCS B b limipiraiimy [reproseotal as valtagsh depindime: of
misl marierial proqerises. The form used here s:

f=g,+aF +a,b° + ... in

Hiues the et s s are desipned fin operation <200 °C,
radmtion elfects can be melucked mio he same linear nesisior
tenm with comvecison.  This & coly used for simplalication, while
th made] cloardy allows far o T dirpenckencs by applyiog 1k
approqmate cosficients for the rmdistion ciromi elemeni.

Ol the elendy slale lemperatime selulions are of miemee, &0
thermal conduction equation i given by

V(T )= LR +h AT-T 0 -MT-T}. {2
The first ierm on the nght hend side of (2) represenis Joule
heaving of the element due v cleareal owrem T The
thermistor effect im the given malerizl & represenied by ihe
lemiperaiare co2llicienl ol eeslanee, fm,. The secoml =rm on
the right band side represents the heat losses doe o copvechion.

The thermel comdoction in the kit hond side of (2) 15
repressmind by redisiors Np 8 Mo s ieionad befone, Dn e
simple case where ihere is no varmison in madenal thermal
paTATEIETS i o Chaige in mnperaire:
_ B x e
LADE v A
where A & crosssectional area of e clement, amd ! is
detennins] by the segmertation of the structure, suel thm
Fp=lg=Avd, and i = =02, Thie asaigne e cosllicientz af the
VODHR im (1) with g.=ad, and do=0 amd sets up the four
comlietion resistors whach dilTer Trom element W element by &
and A, The convechion resistar B 13 also represenbed by 2 VOCS
with @ =l i amplement G2, b here 4 B oairface area in he
plang of ihe wafer, Joude heat genemtion, cgual o power
dissipatic, could be modeks] by & consap-curret soune.
[lowewver, as mentioned above the mpul power m many
structures, partcularly in CMOS MEME, is desipaisd by ke
than-fitm podysilicon heater, whoss resislance is o strong, Rmction
of lemperabere. Therebore, the mpul power is enplemenizd as:

T =l + IRy 15 (T =T, )
which sets g o =F R and o, =1 PR

(e analysis in this work is simplified from [10] i the
follvwwing ways.  In the comveciion modsl, cody  patural
comvection = oof mlerest, aml all conveclive losses ane Jumpaal
oo cme ermal resslance . An addnioeal simplifcatoon is
that the vempirratar: dipendence of thermal comcditivity o ke
maleriaks presenl i negleded
1. THERMOFLECTRIC EFFECTS

Iz bt misdde| desonibed in e preveons saction dies ool
st for b themmesshacivie Peltier, Thoomsan, sl Seabeck

&l

4

2

effects |17).  These effects occur dee do the cempermure
derpendomcy of the Fermi level in a malerial, and o some extent
alTead all materzls aml all junciism herieen any D desinlar
maberials.  Pelier and Thomson effects canse nedisiribution of
Bt ammd hemee chrse & JdilRrent kEmperanee: destrilsiion liom
tat proeclicied by the solutson of {2k For this neason, the effecis
e b jnclusfed i b model. Cin che e r hamd, the Sechack
alMect, which 43 related 1 the othar twio, oo pol mesul in a
dafferent solution of tempemire bui weiead offecis elecme
podentials, aml is tharelone med direcihy relavant in this mods,
A, Tie Pettier Efec

[he Peltior effect [IT] & mlamd o eleincal curmend and
teingerstine al & juncthen of e dissmikar mateniels. Whein a
current flows through a junction of two different conduiors,
Beat I8 eather absorbed of released, e elea depemdbing on dhe
darection of the current fow. The mbe of absorbed or released
Pefiier heat g, is proportionsl e the curment flow §, ol the
relstive Felvier cosllicient =

de = w‘T}fn' ik ! 4
wherne Iy g i= passing rom malerial @ 0 malerial & The first
Eelvin relation relaies the Peltier ooefficiem wuth the Secheck
corlTiciont as [ 17T]:

w2, T)=a, T. 1)
I a thenvesvaverter applicatiog, e Pelier eleo can, a1 Bigher
currenls jegr power measgrement above 1 omW mesult in
stgnificamt  devistien o lecarty. w0 high  frequeney
applecativas, the Peltior heal chamges sign much Geter then the
thermal time constant of the sysiem amd the et is therefore
canzalad. The problem still exists inany sach snsors that oiiliz
di calibration, bms. or reference.

I propesel mecks] acooons for the Pelicr beaterg and
coadmig al the junclioms: by iiesocing comenl sounces al circnil
mewkes comespoiding o the comiets. The cumment seupce s
dwwm in Fege | oamd i omly  apphicable  for elemimis
cormespeiiding o material juicions,  These curmenl soirees ane
gnven by:

LR PR R . R e T
v a WOCE aith ooly one cosflicient, a,= el . 85 introdoced.
It shombid be itz that the valoe ol the curment £, that s used in
the cowlTicient cormespomdd o the partion of the sverall carminl
that [lows thraugh el very elemen. s assunks uniliqm
currant dissmbotiom through the re=istor which iz nol e in
general., aild 5 Dol B SCEssary Assumprkn.
K. The Thimaos flfee

Thomesn  effedt ariss i bl mseral dee o e
temgermiune dependence of e Seebeck coefficient [17]. Whena
temgerstune difference, AT, is present along a condoctor of finite
peaistaes i which & curment flew catacs the genersticn of Jos
heal, am sdiditinal amount of heal gy i= absorbed oo or
ek depanding oo e melative dwedticn of the curment flow
aml the femperabare gradent direcion.  The Thomson heat
R TR O AbSOTplion Faks gy 8 defined &5

do =¥l -1, -¥T. 18}
whare @ denotes the Thomson coeflicient. The second Kelvin
peletio connects the Seehack effect with the Thomson affect as:
ool

%
T

Ta=T



Airgap | opam area

B
2 pm

Frgere I Tewt wimciuves for fhermesieomc et wodeling anad
e gaurement (o) angle meraltpolisticon contand Sedse aml ()
dopnrle pomtocd wetal-peliificon hradee.

Bircause The bast generalion @ proportional b e dol prochoc of
the tempemiure gradien 1o elecincal current, the model element
i @ wurnent soura: wilh dieposchencs an diTenent voltages fnom
nzighboring nodes. Mamely, if e.p. corrent was flowing from
il Lo e B oin Fig 1 Knewledpe of tempseratnne a1 Bsth
nades and the cemier pode is regmred Too simplify
ipkemnentation ol ega, (3hamd (9], we milized the "8 ammand
in BPICE 51k nhich alkows for an arbstrary funclion stalemeni.
The command for element Fy of Fig. | is

Bik O cemder I=vicemter O ivi Li=viRiL
g i)
wiham =
R TT
I FABRICATION AND MEASUREMENT SETUR

The best siruciures were  fabricated ab the Berkeley
Miralabrication Fesdlity in o CMOS-compatibles procees tha
includied ooty polysilicon, absninum, and dielecine layers for the
purpoes af Eibricating the themmesleoinic s siruciupss,

Back=de eiching was then used 10 remove the bulk slican
substrate froms benzath the thermoskatric 15t simuctures and
achieve thenmal isolabon, Examples of hdly fabocsted devices
are shown in Fip. 2. The deamce i Fig. Za & a suspeilad
membrane encapsalating an alaminum resistor o costact with a
prelymilicon resistor, e simietine @ Fig, Ihinchides o aich
Al-paly vonlacts and is gnsclumlly sammetric. s sm = e
charsierize the asymemerry of wingerstune dsmibucon dus o
bt Thermmseledinic elRais,

Thermal mensuremenits of the s siruciuness were perfommed
wsmg & Ihermal mmaging micnescope with o empersiire-
commolled sage. Sespended fest sinacares were packaged i 40
pim DIF apd medmied oo 2 copper blick altached o the
mezrmscope siege. Power was appled wothe devices using o

ca R ¥
Figune T [hlervemee of meameed emperaiere dsinfoivias e
wireecure i Fag 2l wallh paeilive ale ayppbed’ amal’ negaieee o ol
af ganse pomwy 8 i
wirlehde vollnge somoe i thres ways: pesiive o v,
mepative do wolape, and ac voltage. Care was taken o apply
mime povwer under oll three conifiitions, © ofgin o pood
winmparison of emperaiure distnbations

P thermel meging microscope reords 2-10 ages ol
mdisnce in k= infared wavelenpih mmge. Belore  the
imensnpETRTes were tken, the inlerent radismes of s olip was
recowilod, This dlatn wos vsel by the microscope o compensale
for the inheras millance of the device, A Fem-inpe mdianes
mnage was el G oalsgn the thermal mages with The acnml
devices.  Temperamare disributions chinmed from the same
fevice under three apphiad power comBlions were comparal
Figure ¥ shoows the difference beiween two obiained temaperature
tssiribubiams for ther struciurs o Fig. Zh b posdtive amd
mepative de applied.  This result is o pood example of large
Leitpeeatiing deerepancios of =10 ol matimi Biperaling al
caninots thal cannol be predicted by previons medels.

[V, SIMULATION RESULTS ANT DISCUSSION

Ihe ibree-dimersional structure of eitber device in Fig- 2 is
rzsbal a3 200 in The By plare, due o the el dal oaly air is
presemi above amd helow the structune, and the comvectne losses
m Ahoss dinsctions e be comabited inio one peEislive cirenil
element &l each element in the plane. The 2IF layot is further
aslivided iopo smaller elemenis, cach being one of e pes
temcapsulated  polyslicon,  eocapsuloied metal,  menbmmel
Elemenis of Ax=2 rm and Ay=2 gm were uzeil. Bach element is
e represenia] as the equivalent circil of Fig. 4, wilh
particular values dependimg on the clemend type, and size.

Smnulateas wore sl up by Jorcing  coustand curminl
excitmion £, through resisior, therefore pomimally Foncing input
[RELTI | IAL:R",.. Tl ety A% imlry ommliliog S rods T SilE a-
' as oallined m g 2, was set up by dowbling valwes of resisiors
M and Mg inthe besam eew, amd culting ofF lewer resisions B in
that gama row.  The comstanl input curment L2 was thanefore
forced o the (ally resistor, which enters (2. Afler the
metwork of YOUSs s crealed apd simulated o SPFICLL the
resuling nivle voltages sre ireated as teaperatures, and che bemer
temgerstunes are find back to chiain the adjusied resastance:

R =¥ va (T -1

s each -tk subdivazion bas mereasad resistance. Hence, the

{00
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Figre 4. Compared  weaswred  and  smodidad  fespessiens

dinvlunion aorasy nadint vewdsiors (o) deviee of Mg Ja ar nio

ac sigwals appfivd 5 m@ and F0 @ IF, (b devior of Fig, Jh for meafed

Al el al T ai sipaals appiied. T8 a0V awd 14wl

sl power dissipated in e lenmemation resisions is:

P =T R o i
Aler minning the SPRE simuilations, we identilied the nodes
ihat belong o the cemier om throisgh the resision (a-a” in Fig 2).
The mesdekald results were copara] wvih measonad ones also
inkem fromn the cemter cut through resistor themmal image.  The
v pariaon ol mede] snd simnlatsons ko ke a-a" ol throigh ihe
structures of Fig- 2 are showm in Fig. 4 for too applied powers
M. In fhe Figures, il can ke sszn thal the modeled lemperabare
distmbuticm  with convection included  closely resembles  the
mossnmal dEribmion. Al e ceiacis, doe m e limicd
resalutiom of the thermal microscope @~ 10 pmi, the measonsd
lemperatire distribation shoms slow mansitions From polysalicon
1l metal. This &= hikely ot the acoml lemperature profile in that
vielmty, b & coiwolimics ol ihe  lemperanoe wd e
macroszape's resolubion-lmmied spot size. The measurements and
sivilatioss compared in Fig. 4 were done with appled ac signal
af Lk Ellr, well beyomd the thermal response of the device,
namely they div moad exhibit thenmoeleciric effecis. Similarly,
mezsurement= and simulalices wene done with applisd posilive
e megative de signal.  For companison, and venfication of ihe
midel. the messurements wernp sibirackad  botwam The Twa
applied condidions %0 obimin asymetry from  thermoslecinic
alfecta, @8 in Fig 3. Sanke wad Qoo witly simnlsted lempseraian:
disribuins o which Pelver effect was included, in oo
Thinesom. This comgerians i shoam in Fig, Sa. [0 evident that
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Figure 8 Cowpaved remolis of fewperaiure distnbubion aoross

restannt detdlze o Fre 0 e model awd meassanens & free g
stgeaty appfied 78 B g 74 sl

e Peltier macke] alome i= pol sullicient %o accumlely mosdel the
peak difference vahie and the simnsaidad shape of the diffsrence.
With the comphele model. mehding both @iTects, much baler
match was ohserved herween measurements amd simualation, as
pived i Feg. 5b o] Fog, 5 The data 53 soniewhsl o8y dines
dilferences of oaly several degrees ame being observed b the
orendle amd the mwaich with mesde] ane clear. e Bencti ol



comparing  difference curves is than much of ke usaanied
smaonlhing de o microscope's 10 gm spol siee i= climinatad

V. CoNCLUSIONS

e presenied mobilieation el thenms] SPICE mode] shows
vory goisl porlommance when applied 0 measured  plamar
thermoekeime devices. This work completes the previcasly
propossd mithodolagy for thermal modeling waing SMCE, mch
thai &n inegrated, common, ool for coupled elecoricnl amd
thermal smulation can be created bassd on present simulakors,
[ the fulure, more sccurate mensuremenis wilh hegher resolution
shoukd he otiltred 1o determime the accurscy of the made].
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