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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 Bi0.5Sb1.5Te3 andn-type Bi2Te2.9Se0.1 material system indicate an enhanced thermoelectric
figure-of-meritZT in the range of 1.4–1.7 at room temperature. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1473233#
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Solid-state thermoelectric coolers can revolutionize th
mal management of electronics and optoelectronic syste
and small-scale refrigeration if the coolers could attain th
modynamic efficiency greater than 30% of the ideal Car
cycle. The maximum temperature differential and the e
ciency of thermoelectric coolers1 are known to depend on
material properties through the thermoelectric figure-of-m
ZT5S2sT/l. Z has units of inverse temperature, and d
pends on the Seebeck coefficientS, the electrical conductiv-
ity s, the thermal conductivityl, and the temperatureT. The
efficiency requirements imply the figure-of-merit needs to
increased fromZT;1 typical of bismuth chalcogenides t
ZT.3. A variety of promising approaches such as transp
and confinement in nanowires and quantum dots, reduc
of thermal conductivity in the direction perpendicular to s
perlattice planes, and optimization of ternary or quatern
chalcogenides and skutteridites have been investig
recently.2,3 We have been investigating the scaling propert
of thin-film thermoelectric coolers, and the properties
structured point contacts at the cold end.4 This letter illus-
trates an example of the latter approach for increasing
thermoelectric figure-of-merit.

In order to confine the thermoelectric problem at t
surfaces, we structured the cold end as an array of met
point contacts that are sandwiched betweenn-type and
p-type thermoelectric elements@Fig. 1~a!#. The electric field
and temperature gradients are localized within distance
the order of the individual tip radiusr 0 if the interface and
spreading electrical and thermal resistances are much la
than the bulk~body! resistance of the thermoelements. It c
be shown that a conservative criterion isp.A2pr 0t, p being
the distance between the points andt being the thickness o
the thermoelements. The field localization to spatial scale
the order of the tip radius can eliminate the requiremen
thick substrates and lower the manufacturing cost of a th
film process.

The microscopic structure of the point contacts var
between the two extreme scenarios depicted in Fig. 1~b!. In
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one extreme, the contact is primarily by electronic tunnel
through a gap wherein the phonon coupling via near-fi
coupling is negligible. The electrons injected into the th
moelements are not in thermal equilibrium with the phon
system for a finite distanceL from the surface. The couple
equations for heat transfer for the electron-phonon sys
near the surface of the thermoelements are

P~Te2Tp!2¹~le¹Te!2
uJu2

s
50,

P~Tp2Te!2¹~lsp¹Tp!50, ~1!

where the parameterP represents the intensity of th
electron-phonon interaction,5,6 J is the local current density
Te andTp denote the electron temperature and phonon te
perature, respectively,s is the electrical conductivity,le is
the electronic thermal conductivity, andlsp is the surface
lattice thermal conductivity. We have solved the radia
symmetric coupled Eqs.~1! subject to zero phonon-base
heat conductionlspdTp /dr50 and Te5TS at the surface,
and the constraintTe(r ), Tp(r )→Th at large distances from
the point contact. The solution indicates that the characte
tic thermalization length L can be expressed asL

il:

FIG. 1. ~a! The physical structure of a cold point contact thermoelect
cooler investigated in the experiments. A thermocouple is attached to
cold end for direct measurement of temperature differentialDT based on the
thermocouple voltage. The voltage–current characteristics are measure
ing four leads, two for supplying the currentI through the cooler and two for
the device voltageV. ~b! Schematic illustration of two limiting cases fo
operation of a cold point contact with tip radiusr 0: first, the electronic
tunneling regime with negligible phonon conduction, and second, the c
where tip is in physical contact with the surface and there is a finite pho
conduction.
6 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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5Alelsp/@(le1lsp)P# and the nonequilibrium effects re
sult in a reduced thermal conductivityl at the point contact

l5
le~11r 0 /L!~11le /lsp!

11~le /lsp!~11r 0 /L!
. ~2!

As r 0 /L→`, l→lsp1le and asr 0 /L→0, l→le . The
characteristic thermalization lengthL is about 300 nm5 for
our material system. The equations indicate that sharp
point contacts in the tunneling mode operate in the phon
glass-electron-crystal limit:ZT→S2sT/le5S2/L0 , where
L0 is the Lorenz number for the thermoelectric materi
under consideration~AL0;125mV/K for Bi 0.5Sb1.5Te3!. In
the other extreme, the metal tip compresses the surface o
thermoelement and the transport is dependent on both e
tronic tunneling and phonon conduction. The finite heat c
duction by phonons at the tip results in lowering of the ph
non temperature at the surface, andl'lsp1le . Note that
the surface lattice thermal conductivitylsp is lower than the
bulk thermal conductivity due to Kapitza boundary effec
and less understood pressure/stress effects that affect ph
scattering at point contacts. Pressure effects could also
crease the local Seebeck coefficients inp-type
Bi0.5Sb1.5Te3 .7 The metal point contacts utilized in these e
periments had r 050.6mm. Assuming le5sL0Ta

50.47 W/mK, lsp51.2 W/mK, andL5300 nm~or equiva-
lently, le /lsp;0.4, r 0 /L;2! the thermal conductivityl at
the point contact would decrease from 1.4lsp to 0.76lsp in
the tunneling scenario of Fig. 1~b!. However, the nonplanar
ity of the thermoelectric surfaces and the variations in
heights of the point contacts result in a substantial numbe
points physically contacting the surface as in the second
nario of Fig. 1~b!.

The p-type substrates used in the experiments w
cleaved from a polycrystalline Bi0.5Sb1.5Te3 alloy sample
while the surface of then-type Bi2Te2.9Se0.1 substrates were
mechanically polished. The Seebeck coefficientsS0 and the
electrical conductivitys of the thermoelements were nom
nally 210mV/K and 0.1 S/mm, respectively, and the nomina
thicknessest were 100mm. Before assembly of the coole
the surfaces were cleaned by a solution of hydrochloric a
and nitric acid ~HCl:HNO3:H2O::1:1:2 by volume!, and
rinsed with de-ionized water. The hot ends of the thermoe
ments were soldered to Ni-coated copper strips by Osta
~50% Bi, 26.7% Pb, 13.3% Sn, 10% Cd! that melted at 343
K. The process flow utilized for the fabrication of the me
cold points is outlined in Fig. 2~a!. A Si mold for the metal
cold points is first fabricated by patterning oxidized Si waf
wet etching in alchohol-rich phase of a isopropyl alchoh
KOH bath to create Si pits, and then removing the ox
layers by etching in buffered HF solution. A 100 nm Cu se
layer is sputtered onto the pits without any intermediate
hesion layer. Next, a 25mm layer of Cu, a 5mm layer of Ni,
and a 5mm layer of Au are electroplated on the seed lay
The metal Cu/Ni/Au layers are peeled out from the Si m
by ultrasound wave agitation in alchohol. The metal co
point foils were then diced and folded around the junction
a thermocouple8 with a wire diameter of 50mm to form the
cold end. The cold points were then sandwiched between
thermoelements using micropositioners. Figure 2~b! illus-
trates a scanning electron microscopy micrograph of a c
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point array with a pitch of 40mm. The individual pyramid
structures had a tip radius of 0.5mm with a square base o
10310mm2.

We measured the performance ofp1n coolers @Fig.
1~a!# in a vacuum~;3 mTorr! bell jar housing a two-axis
micrometer. The use of vacuum is not fundamental to
operation of the cold point coolers, but it was necessary
avoid thermal shorting due to air conduction for the arr
point density explored in this set of experiments. The h
load at the cold end consisted of conduction loss due to
two leads of the thermocouple and radiation loss due t
thermocouple leads and a peripheral overhang. Figur
shows typical maximum temperature differential–curre
and four-point voltage–current data for an 80380 array of
cold points at a pitch of 20mm with tip radius of 0.6mm.
With the hot end constrained at ambient temperatureTa

5296.5 K, the heat balance at the cold end for a tempera
differential DT is achieved when S(Ta2DT)I 2 1

2I
2R

2KDT50, where S5Sp1uSnu, R5Rn1Rp , and K5Kn

FIG. 2. ~a! The process flow for the fabrication of the metal cold poi
structure investigated in the experiments.~b! Scanning electron microscop
micrograph of a cold point array with a pitch of 40mm, tip radius of 0.5mm,
and a square base of 10310mm2.

FIG. 3. The temperature differentialDT and the device voltageV plotted as
a function of the device currentI. The measurements were performed
vacuum to avoid the thermal conduction by air and condensation effe
The solid lines correspond to the measured data while the dotted lines
resent the best fit to Eq.~3!. The 80380 array of cold points had a pitch o
20 mm and tip radius of 0.6mm. The performance of a two-elementn1p
conventional thermoelectric cooler fabricated by Marlow Industries, Inc
shown for reference.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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1Kp1Kload are the sum of the Seebeck coefficients, electr
resistances, and thermal conductances of then-type and
p-type thermoelements, respectively. The maximum te
perature differential and the voltage across the thermo
ment are

DT5
STaI 2 1

2I
2R

K1SI
,

~3!
V5IR1SDT.

A nonlinear curve fit to theDT– I and V– I data using the
Eqs. ~3! results in the following parameters:S5440mV/K,
R576 mV, and K50.54 mW/K or ZTa5S2Ta /(KR)
51.4. The fit has less than 0.1% error forDT,60 K. The
extracted value of the Seebeck coefficientS'2S0 . At low
current density and smaller temperature differentials,
coolers operate at thermodynamic efficiency of 17%–21%
significantly better than conventional ones. We do not
fully understand the factors that limit the temperature diff
ential in the cold point coolers to 70–75 K at high curren
Figure 3 also compares the performance of the cold p
coolers to a two elementn1p thermoelectric cooler fabri-
cated by Marlow Industries, Inc. and tested in the same s
under similar conditions. The length of the Marlow therm
elements was 1.52 mm and the cross section area was
30.63 mm2.

The thermal parasitics due to radiation losses need to
accounted to estimate the intrinsicZT. The major contribu-
tors to radiation loss were the 2 cm long 50mm diameter
wires of the thermocouple, and the 8.88 mm2 overhang that
held the thermocouple at the cold end. We estimate the p
sitic radiation conductance by the relationKr54sBArTa

3

wheresB is the Stefan–Boltzmann constant andAr is the net
surface area.Kr592.8mW/K for the device geometry tested
Hence, we estimate the intrinsicZiTa5S2Ta /@(K2Kr)R#
51.69. This value of the intrinsicZiTa was supported by
another independent experiment that exploited the fact
thermal conduction by air suppresses the cooling effect
arrays with low density of cold points. The differential ele
trical resistance for small currents is given by

]V

]I U
I→0

5R1S
]DT

]I U
I→0

5R1
S2Ta

K
. ~4!

For a sparse array in which thermal conduction by air is
dominant contributor toK, the differential resistance fo
small currents is simply the ohmic resistanceR. Hence, in
such cases

ZiTa5
]V/]I uvacuum2]V/]I uair

]V/]I uair
. ~5!

Figure 4 shows the differential resistance at low currents
theZiTa extracted from ap1n cooler with a 40340 array of
cold points at a pitch of 40mm subjected to pressure cycle
Downloaded 01 Jul 2002 to 129.116.234.248. Redistribution subject to A
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between ambient atmospheric pressure and vacuum, wit
optimized adjustment of the micrometer. The cold end str
ture did not include the thermocouple or the overhang, a
minimized the radiation parasitics.ZiTa;1.7 measured by
this method agrees well with the estimates derived ear
The effective pressure on the points is an issue that is no
resolved, but we estimate that the pressure is about the s
in both theDT– I experiment and the differential conduc
tance experiments.

Issues of surface planarity, interpretation of the effect
number of contact points, and the difficulty of ascertaini
contact pressure and contact tip radius, make quantita
predictions of microscopic single point parameters very d
ficult. Further investigations in quantifying these paramet
are in progress. We are also studying the effects in sharp
with tip radius that are much smaller than the electro
phonon thermalization lengths.

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