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Enhanced thermoelectric cooling at cold junction interfaces
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We describe a thermoelectric device structure that confines the thermal gradients and electric fields
at the boundaries of the cold end, and exploits the reduction of thermal conductivity at the interfaces
and the poor electron-phonon coupling at the junctions. The measured temperature—current and
voltage—current characteristics of a prototype cold point-contact thermoelectric cooler based on a
p-type BiysSh;, sTe; and n-type B, Te, ¢S, ; material system indicate an enhanced thermoelectric
figure-of-meritZT in the range of 1.4-1.7 at room temperature. 26802 American Institute of
Physics. [DOI: 10.1063/1.1473233

Solid-state thermoelectric coolers can revolutionize therone extreme, the contact is primarily by electronic tunneling
mal management of electronics and optoelectronic system#irough a gap wherein the phonon coupling via near-field
and small-scale refrigeration if the coolers could attain thercoupling is negligible. The electrons injected into the ther-
modynamic efficiency greater than 30% of the ideal Carnomoelements are not in thermal equilibrium with the phonon
cycle. The maximum temperature differential and the effi-system for a finite distanc& from the surface. The coupled
ciency of thermoelectric coolérsare known to depend on equations for heat transfer for the electron-phonon system
material properties through the thermoelectric figure-of-merinear the surface of the thermoelements are
ZT=S?¢T/\. Z has units of inverse temperature, and de- )
pends on the Seebeck coeffici&tthe electrical conductiv- P(Te—T,) — V(A To)— uzo
ity o, the thermal conductivity, and the temperature The e P ee '
efficiency requirements imply the figure-of-merit needs to be
increased fronZT~1 typical of bismuth chalcogenides to P(Tp=Te) = V(A spVTp) =0, @

ZT>3. A variety of promising approaches such as transport . e the parameteP represents the intensity of the

and confinement in nanowires and guantum dots, rGdUCt'OQIectron—phonon interactiotf, J is the local current density,

of thermal conductivity in the direction perpendicular to su-+ 47 genote the electron temperature and phonon tem-
perlattice planes, and optimization of ternary or qua'[ernar)bgra,[urep respectivelyr is the electrical conductivity  is
chalcogenides and skutteridites have been investigategd elec';ronic thermal conductivity, and,, is the SL;reface
recently””*We have been investigating the scaling propertieSatiice thermal conductivity. We have sF())Ived the radially
of thin-film thermoelectric coolers, and the properties Ofsymmetric coupled Eqs(1) subject to zero phonon-based
structured point contacts at the cold énthis letter illus-  paat conduction AT,/dr=0 andT,=Ts at the surface,
trates an example of the latter approach for increasing thg, 4 the constrain%e(rsj, To(r)—Th ate large distances from

thermocouple

thermoelectric figure-of-merit. . the point contact. The solution indicates that the characteris-
In order to confine the thermoelectric problem at the_tic thermalization lengthA can be expressed ad
surfaces, we structured the cold end as an array of metallic
point contacts that are sandwiched betweaetype and
p-type thermoelectric elemengfig. 1(a@)]. The electric field ; Imicrometer v o
and temperature gradients are localized within distances 0 T tip radius f;
the order of the individual tip radius, if the interface and 1
spreading electrical and thermal resistances are much large y | T . :
than the bulkbody) resistance of the thermoelements. It can __ " localized n
. . . . . temperature/potential
be shown that a conservative criteriorpis (271 t, p being fields
the distance between the points anakeing the thickness of (a) (b)
the thermoelements. The field localization to spatial scales or
the order of the tip radius can eliminate the requirement ofIG. 1. (a) The physical structure of a cold point contact thermoelectric
thick substrates and lower the manufacturing cost of a thincooler investigated in the experiments. A thermocouple is attached to the
film process cold end for direct measurement of temperature differeAtiabased on the
P A . . . thermocouple voltage. The voltage—current characteristics are measured us-
The microscopic structure of the point contacts varieSng four leads, two for supplying the currenthrough the cooler and two for
between the two extreme scenarios depicted in Higl. In  the device voltage/. (b) Schematic illustration of two limiting cases for
operation of a cold point contact with tip radiug: first, the electronic
tunneling regime with negligible phonon conduction, and second, the case
dAuthor to whom correspondence should be addressed; electronic mailvhere tip is in physical contact with the surface and there is a finite phonon
ghoshal@us.ibm.com conduction.
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=VAehsp/[ (Nt A P] and the nonequilibrium effects re- IPA;-KOHvietetch P—
sult in a reduced thermal conductivityat the point contact ﬁ sio,
Si wafer
Ne(1+To/A)(1+\e/Ngp , |

- 1_’_()\9/)\5’))(1_’_',0/[\) . ( ) Buiferedl-l:etch
As ro/A—o, N—Ngpt e and asrg/A—0, A—\,. The e
characteristic thermalization length is about 300 nrm for /A!J slsetioctislial
our material system. The equations indicate that sharp colc __v__v__ég; deposition
point contacts in the tunneling mode operate in the phonon- [ |
glass-electron-crystal limitZT—S?cT/N.=S%/L,, Where | thermocouple
Lo is the Lorenz number for the thermoelectric materials =
under consideratiofyLy~125uV/K for BiysSh, sTe;). In -
the other extreme, the metal tip compresses the surface of th
thermoelement and the transport is dependent on both elec (a)  foldedcoldpointfoll

tronic tunneling and phonon conduction. The finite heat con-
duction by phonons at the tip results in lowering of the pho-FIG. 2. (8 The process flow for the fabrication of the metal cold point
non temperature at the surface. ane\..+\.. Note that structure investigated in the experimer{ts. Scanning electron microscope
the surface lattice thermal conductivik S?s I0\e/ver than the micrograph of a cold point array with a pitch of 4n, tip radius of 0.gum.

o 3_59 and a square base of X0 um?.
bulk thermal conductivity due to Kapitza boundary effects

and less understood pressure/stress effects that affect phon Dint array with a pitch of 4Qum. The individual pyramid

scattering at point contacts. Pressure gffects cquld also irs . tures had a tip radius of O&m with a square base of
crease the local Seebeck coefficients ip-type 10X 10 um?

. 7 . g .
BigsSh, sTe;.” The metal point contacts utilized in these ex- We measured the performance pf-n coolers [Fig.

E%'T;%? Khid _rizz(%VG/'“E g‘isf?(;gg Ne=0bLoTa  1(1in a vacuum(~3 mTory bell jar housing a two-axis
-~ MK, Asp= 1. MK, andi = nm(or equiva- micrometer. The use of vacuum is not fundamental to the

Lﬁntly, .)‘?[/)‘SP:O':L ro/|1332) the thfermaLcoPdgc;lg/;fy\ at operation of the cold point coolers, but it was necessary to
the Fom lcpn act wou f('a:(_:re(g)seHrom él’t(:] ' Slp'n avoid thermal shorting due to air conduction for the array
€ tunneling scenario of FIg{th. HOWEVEr, e nonpianar- - ;. density explored in this set of experiments. The heat

ity of the thermoelectric surfaces and the variations in th ad at the cold end consisted of conduction loss due to the

heights of the point contacts result in a substantial number Qtﬁlo leads of the thermocouple and radiation loss due to a
points physically contacting the surface as in the second Sc?ﬁermocouple leads and a peripheral overhang. Figure 3

nario of Fig. 1b). shows typical maximum temperature differential—current

The p-type substrates l_Jsed n the experiments WeTGnd four-point voltage—current data for an>880 array of
cleaved from a polycrystaliine BiSh sTe; alloy sample cold points at a pitch of 2Qum with tip radius of 0.6um.

while th? surface_ of thertype Bi; Te; 5581 sgpstrates WETE With the hot end constrained at ambient temperaflyge
mechfamcally poh;h_ed. The Seebeck coefficiefysand the . =296.5 K, the heat balance at the cold end for a temperature
electrical conductivityo of the thermqelements Were NOMi- jicerervial AT is achieved when S(T,—AT)I - 1I2R
nally 210V/K and 0.1 Sium, respectively, and the nominal KAT=0, where S=S,+|S,/, R=R,+R,, and K=K
thicknesseg were 100um. Before assembly of the cooler, ' P ’ neoe n
the surfaces were cleaned by a solution of hydrochloric acid

and nitric acid (HCI:HNO5:H,0::1:1:2 by volume, and < 100 250
rinsed with de-ionized water. The hot ends of the thermoele-= g | g;%z;g::-_nasevm A

; . 200
ments were soldered to Ni-coated copper strips by OstalloyE amTom; ZV=14 o _ .
(50% Bi, 26.7% Pb, 13.3% Sn, 10% Cthat melted at 343 g 60 - ' o ariow Coole E
K. The process flow utilized for the fabrication of the metal £ 3 mTorr [ 150 -
cold points is outlined in Fig. @). A Si mold for the metal '3 40 1 P >
cold points is first fabricated by patterning oxidized Si wafer, 3 20 | [ 100 =
wet etching in alchohol-rich phase of a isopropyl alchohol g >
KOH bath to create Si pits, and then removing the oxide E— 0 r 50
layers by etching in buffered HF solution. A 100 nm Cu seed 2 )
layer is sputtered onto the pits without any intermediate ad-  -20 ¥ : : . . : . 0
hesion layer. Next, a 2am layer of Cu, a 5um layer of Ni, O 200 400 600 800 1000 1200 1400
and a 5um layer of Au are electroplated on the seed layer. Current (mA)

The metal Cu/Ni/Au Iay(.ars-are .peeled out from the Si mOIdFIG. 3. The temperature differentialT and the device voltag¥ plotted as

by ultrasound wave agitation in alchohol. The metal COIda function of the device currert The measurements were performed in
point foils were then diced and folded around the junction ofvacuum to avoid the thermal conduction by air and condensation effects.
a thermocoupl%with a wire diameter of 5Qum to form the  The solid lines correspond to the measured data while the dotted lines rep-

cold end. The cold points were then sandwiched between t sent the best fit to E@3). The 80<80 array of cold points had a pitch of
’ pm and tip radius of 0.eum. The performance of a two-elememt-p

thermoelements using micropositioners. Figui@®) 2llus- conventional thermoelectric cooler fabricated by Marlow Industries, Inc. is

trates a scanning electron microscopy micrograph of a coldhown for reference.
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+Ky+Kppagare the sum of the Seebeck coefficients, electricalg 2:00 2.00
resistances, and thermal conductances of rittgpe and _E u
ptype thermoelements, respectively. The maximum tem-& %1 ""7—a . = o > [
. . [}
perature differential and the voltage across the thermoeleg 1,50 ' ' " f L 1.50
ment are 8 ' \
B 125 /\ \ \ / | iz =
op ST-HR e AR EE S j
=TS s 1.00 {* | \ / VLo \\ | - 1.00
e
V=IR+SAT. @ 8| | \/ \/ \/ o o
A nonlinear curve fit to theAT—I andV-I data using the a 0.50 I , \ ey % i : 0.50
Egs. (3) results in the following parameterS= 440 uV/K, A B A B A B A B A B

R=76mQ, and K=0.54mW/K or ZT,=S°T,/(KR)
=1.4. The fit has less than 0.1% error 8T <60 K. The
extracted value of the Seebeck coeffici@#2S,. At low
current density and smaller temperature differentials, th

Pressure Cycles

FIG. 4. Direct determination of intrinsig; T, by measuring the differential
resistance at small currents of a structure incorporating>ad@0array of
@old points at a pitch of 4@m. The measurement corresponding to ambient

coolers operate at thermodynamic efficiency of 17%_21%_atmospheric pressure is denoted by A and that in vac(a® mTorn is

significantly better than conventional ones. We do not ye
fully understand the factors that limit the temperature differ-

ential in the cold point coolers to 70—75 K at high currents
Figure 3 also compares the performance of the cold poi
coolers to a two element+p thermoelectric cooler fabri-

under similar conditions. The length of the Marlow thermo-
elements was 1.52 mm and the cross section area was 0.
X 0.63 mnf.

The thermal parasitics due to radiation losses need to b

accounted to estimate the intrinsdd. The major contribu-
tors to radiation loss were the 2 cm long odn diameter
wires of the thermocouple, and the 8.88 faverhang that

sitic radiation conductance by the relati<t*t}=4aBArT§’1
whereoyg is the Stefan—Boltzmann constant aldis the net
surface are,=92.8 uWIK for the device geometry tested.
Hence, we estimate the intrinsi&; T,=S*T,/[(K—K,)R]
=1.69. This value of the intrinsiZ; T, was supported by

another independent experiment that exploited the fact that

thermal conduction by air suppresses the cooling effects i
arrays with low density of cold points. The differential elec-
trical resistance for small currents is given by

oV ST,
al K

R+S<9AT
1—0 al

(4)

1—0

{;ienoted by B.

between ambient atmospheric pressure and vacuum, with an
‘'optimized adjustment of the micrometer. The cold end struc-

Yure did not include the thermocouple or the overhang, and

minimized the radiation parasiticZ;T,~1.7 measured by

Yhis method agrees well with the estimates derived earlier.

f-%]e effective pressure on the points is an issue that is not yet
solved, but we estimate that the pressure is about the same
in both the AT—1 experiment and the differential conduc-
fance experiments.

Issues of surface planarity, interpretation of the effective
number of contact points, and the difficulty of ascertaining
contact pressure and contact tip radius, make quantitative
?)‘redictions of microscopic single point parameters very dif-
ficult. Further investigations in quantifying these parameters
are in progress. We are also studying the effects in sharp tips
with tip radius that are much smaller than the electron-
phonon thermalization lengths.

The authors would like to thank M. Ketchen and J.
iBpeidell at the IBM T. J. Watson Research Center for their
technical advice and guidance that enabled an expeditious
completion of this experiment. The authors would also like
to thank J. Sharp at Marlow Industries, Inc. for providing the
tiny thermoelectric cooler.

For a sparse array in which thermal conduction by air is thelG' Nolas, J. Sharp, and H. Goldsmithermoelectrics: Basic Principles

dominant contributor toK, the differential resistance for
small currents is simply the ohmic resistarReHence, in
such cases

) :‘9\//(9||vacuum_ aV/(9||air
e VI | 4ir
Figure 4 shows the differential resistance at low currents an

thez; T, extracted from @+ n cooler with a 40< 40 array of
cold points at a pitch of 4@m subjected to pressure cycles
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