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Abstract

We describe structured point-contact thermoelectric
devicesthat confine the thermal gradients and electric fields at
the boundaries of the cold end, and exploits the reduction of
thermal conductivity at the interfaces, tunneling properties of
point contacts, and the poor electron-phonon coupling at the
junctions. We propose a theory of the structured cold point
metal -semiconductor contacts and detail the design of cold
point thermoelectric coolers. Temperature and electrical mea-
surements of prototype cold point coolers using bismuth chal-
cogenides in vacuum indicate doubling of the thermoel ectric
figure-of-merit ZT values to the range of 1.4-1.7 at room tem-
perature.

Introduction

Solid-state thermoel ectric coolers can revolutionize thermal
management of electronics and optoelectronic systems, and
small-scale refrigeration if the coolers could attain thermody-
namic efficiency greater than 30% of the ideal Carnot cycle.
The maximum temperature differential and the efficiency of
thermoel ectric coolers are known to depend on material prop-
erties through the thermoelectric figure-of-merit
ZT = S'sTd . Z has units of inverse temperature, and
depends on the Seebeck coefficient S, the electrical conductiv-
ity s, the thermal conductivity | . The efficiency requirements
imply the figure-of-merit needs to be increased from ZT ~1
typical of bismuth chalcogenides at room temperatures to ZT
> 3. The cooling power per unit areais primarily dependent on
the critical transport length of the thermoelement and can eas-
ily exceed 50W/cm? in thin-film cooler structures [1]. A vari-
ety of promising approaches such as transport and
confinement in nanowires and quantum dots, reduction of
thermal conductivity in the direction perpendicular to super-
lattice planes, and optimization of ternary or quaternary chal-
cogenides and skutteridites have been investigated recently
[2,3].

Theory

We have been investigating the scaling properties of thin-
film thermoelectric coolers, and the properties of structured
point contacts at the cold end [4]. In these structured cold
point thermoelectric coolers (Fig.1a), the electric field and
temperature gradients are localized within distances of the
order of theindividual tip radiusrg if the interface and spread-

ing electrical and thermal resistances are much larger than the
bulk (body) resistance of the thermoelements. It can be shown
that a conservative criterionis p>,/2pryt , p being the dis-
tance between the points and t the thickness of the thermoele-
ments. The microscopic structure of the point contacts varies
between the two extreme scenarios depicted in Fig.1b. In one
extreme, the contact is primarily by electronic tunneling
through a gap wherein the phonon coupling via near-field cou-
pling is negligible. In the other extreme, the metal tip com-
presses the surface of the thermoelement and the transport is
dependent on both electronic tunneling and phonon conduc-
tion.

When an electronic current | isinjected through the tunnel-
ing cold point contact (corresponding to the first scenario,
with processes described in Fig. 2), the heat flow/temperature
relations can be obtained by considering purely electronic
conduction by tunneling processes in the gap and a two-fluid
electron-phonon conduction in the semiconductor Sm with
Seebeck coefficient S. If g.(r,) represents the electronic
heat flow into the surface of the semiconductor Sm, the overall
heat balance relations in the tunneling region can be written as
follows:
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Fig.1(a) Vertical and lateral structured cold end thermo-
electric coolers (b) Schematic illustration of two limit-
ing cases for operation of a cold point contact with tip
radius r: first, the electronic tunneling regime with neg-
ligible phonon conduction, and second, the case where
tipisin physical contact with the surface and thereis a
finite phonon conduction.



Uo = F)mt + Pts_ PJm_ PJt + qe(ro) (1)
If S represents the Seebeck coefficient in the tunneling region,
= ST, and P = (S5—&)IT(rp) - The Joule heating
in the metal tip, P, » I"&(j s ro) wheres,isthe electrica
conductivity of the metal M, andj isthe solid-angle subtended
by of the conical tip [5]. (j = p when the half-angle of the
cone is 45°). The Joule heating resulting from the tunneling
process Py, = | R Hence equation (1) can be written as:
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Heat flow balance at the cold end node requires,

Op = Pmi—Pym— Py :2-K[Tu(ro) — Tl -(3)

In the above relation, we have assumed that half of the Joule
dissipation in the tunneling region flows back to the cold end.
This is a conservative estimate for the cooling power qq
because electrons tend to deposit a larger fraction of the Joule
heat at the receiving semiconductor end [5]. We can use equa
tion (3) to express T.(ry) interms of the cold end temperature

T, and the cooling power gp:
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The three tunneling parameters: zero-current electronic ther-
mal conductance K;, the tunneling resistance R;, and the See-
beck coefficient S, are strongly dependent on the tunneling
gap d; between the tip and the semiconductor, and the energy
barrier height V,, at the interface [6]. If we define dg as the
decay length for the tunneling process, the equivalent Mott’s
expression for the Seebeck coefficient § has the form:
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Fig.2 Thermal heating and cooling processes in the cold
point structure. P, and P denote the Peltier cooling at
the metal tip and semiconductor surface respectively,
while Pg,, denotes the Peltier heat released at the distant
semiconductor-metal boundary. P, Py and P;q repre-
sent the Joule heating in the metal tip, tunneling region,
and the semiconductor respectively. K; and R; represent
the zero-current thermal conductance and tunneling
resistance of the tunneling region. The electrons and the
phonon systems have different temperatures (T(r)
and T,(rq) ) near the surface of the semiconductor but
are in equilibrium at distances r » L. qg denotes the
cooling power at the cold end and h is the coefficient of
performance for the single cold point cooling structure.
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The tunneling resistance R; for a cross sectional area pré
has the generic form:

a@to £ (6)
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wherer” is a parameter that can be extracted from measure-
ments, and is dependent on local density-of-states and the
direct or indirect phonon-assisted nature of tunneling. The
zero-current electronic thermal conductance K, can be derived
from the relation:
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where L, = (p2 3) (kg ne)2 = (156 m\//K)2 is the Lorentz
number for ballistic transmission. Note that the above relations
for the tunneling parameters are derived under the assumption
kgT. « Vp(dg £d,) that implies § <Lg. Also note that the
band gaps and the barrier heights V, for the thermoelectric
materials of interest such as Bi,Tez and InSh are small i.e. of
the order of 6-8 kgT.

The electrons injected into the semiconductor Sm are not in
thermal equilibrium with the phonon system for a finite dis-
tance L from the surface. The coupled equations for heat trans-
fer for the electron-phonon system near the surface within the
semiconductor Sm are:
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P(Tp—Te)—N- (1 SpNTp) =0
where the parameter P represents the intensity of the electron-
phonon interaction [6,7], J is the local current density, T, and
T, denote the electron temperature and phonon temperature
respectively, s is the electrical conductivity, | ¢ is the elec-
tronic thermal conductivity, and | o, is the surface lattice ther-
mal conductivity. We have solved the radially-symmetric
coupled equations (8) subject to zero phonon-based heat con-
duction | ., dT, «dr = Oat the surface, and the constraint
To(r), T (r§® T, at large distances from the point contact.
The sol utlon indicates that the characteristic thermalization
length L can be expressed as L JI n{(l +1 p )P]
and the nonequilibrium effects result in areduced thermal con-
ductivity | at the point contact:
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The characteristic thermalization length L is about 300 nm for
our material system. The heat flow g.(roy) can be expressedin
termsof T(ry), Ty, and the current |:
2
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The back-flow of Joule heat from the semiconductor Smto the
cold end is reduced by afactor x given by:
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We can use equations (4) and (11) to eliminate T.(r,) and

0q(ry) from equation (2), and express the cooling power gg in
terms of T, Ty, and the current |:
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The electrical power supplied by the external sourceissim-
ply the total power Q dissipated in the system:
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The coefficient of performance (COP) of a single point
cooler is h = ¢, £Q.The thermodynamic efficiency e, of the
cooling process at a single cold point in the first scenario of
Fig. 1b can be calculated from the relation:
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In the other extreme scenario of Fig. 1b, the metal tip com-
presses the surface of the thermoelement and the transport is
dependent on both electronic tunneling and phonon conduc-
tion. The finite heat conduction by phonons at the tip resultsin
lowering of the phonon temperature at the surface, and
[ »I p +1 . Note that the surface | attice thermal conductivity
|  islower than the bulk thermal conductivity due to Kapitza
boundary effects and less understood pressure/stress effects
that affect phonon scattering at point contacts. Pressure effects
could also increase the local Seebeck coefficientsin p-type
BigsSby sTes [9].

We have also analyzed the effects of few-molecular-layer
thermoelectric overcoats over the metal tips, and the effect of
finite phonon conduction at the tip. These results are beyond
the scope of this paper and will be published elsewhere. Fig. 3
shows the numerically modelled performance of BisTe, gSey 5
point junctions as a function of the tip radius and the tip-sur-
face separation that indicate ZT ~ 3.
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Fig.3 Numerically modelled performance of metal-
Bi,Te, gSeq » point junctions as a function of tip radius
ro and the tunnelling gap d;. Thermoelectric overcoats
on the tips can reduce the dependency of ZT on the tip-
surface separation.

Design Considerations

The design of the cold point coolers are similar to that of
conventional thermoelectric coolers. In order to match the I-V
characteristics of the cold point thermoelectric coolers to the
characteristics of the dc supply source, we need to group N,,
cold points per (n-type or p-type) thermoelement such that the
total current through the /N,* /N, array equals the design-
specified maximum source current |, and the COP meets the
application requirements (say, h = h). Each group of cold
points in athermoelement is electrically connected in seriesto
complementary thermoel ements at the cold end and the hot end
using metal links of thickness t,,,. The spacing between the
thermoelements can be small compared to the dimensions of
the cold point array, so that the link resistance R, equals two
squares of sheet resistancei.e., R, = 2«(st,) . The reduc-
tionin coollng power per cold point due to the link resistance
isqgy = 12 m XS mtmN,) , while the additional power required
from the external source equals 2qy. If the cold point coolers
operate in partial vacuum between specified cold end and hot
end temperatures, the number N, is obtained by solving the
relation:
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The number of thermoelements N, that need to be connected
in the electrically-series, thermally parallel circuit to produce a
total cooling power Qg is N; = Qq £(N,yd,) The total voltage

V; across the QCP cooler that cools Qg watts at a COP = hg is
givenby V; = Qqe(hgl).

..(16)



M easurements

We have recently fabricated and measured the temperature-
current and voltage-current characteristics of a prototype cold
point thermoelectric cooler based on a p-type Big5Sby 5Tes
and n-type Bi,Te, gSeg 1 material system [10]. The cold point
coolers operated in vacuum (~3 mTorr) bell jar housing atwo-
axis micrometer. The heat load at the cold end consisted of
conduction loss due to the two leads of the thermocouple and
radiation loss due to a thermocouple |eads and a peripheral
overhang. Fig. 4a shows the typical maximum temperature dif-
ferential-current and four-point voltage-current data for an 80
"~ 80 array of cold points at a pitch of 20 nm with tip radius of
0.6 mm. A nonlinear curve fit to the DT-I and V-I data resulted

100 250

Cu Cold Points with it
80 1 Tip Radius ~ 0.6 m

r 200
3mTorr; ZT=14

60

=~ Marlow Cooler_
3 mTorr
ZT=0.84

150
40 1

Voltage (mV)

20 A
Cu Cold Points
r 50

Temperature Differential (K)

-20 o T T T T " " 0
0 200 400 600 800 1000 1200 1400

Current (mA)

@
;g 2.00 2.00
% 175 .\'\-/”'/.H b175
§ 150 ? * ? b 150
2 1o /r\ A I\ I / 105
. A A A
T 100 /o [ \ j b 1.00
§ 0.75 / \ / \ / \ / \ / F0.75
% 0.50 \'/ v \'/ \1 0.50

A B A B A B A B A B

(©) (d)

Fig.4 (a) Performance of cold point thermoelectric cool-
ers with pyramidal all-metal points (c). (b) Direct deter-
mination of intrinsic Z,;T, ~ 1.7 by measuring the
differential resistance at small currentsin vacuum and in
ambient. (d) Alternative Si-based cold point structures
with thermoelectric overcoats

in ZT, = 1.4. At low current density and smaller temperature
differentials, the coolers operate at thermodynamic efficiency
of 17-21% — significantly better than conventional ones. We
do not yet fully understand the factors that limit the tempera-
ture differential in the cold point coolersto 70-75K at high cur-
rents. Fig. 4a also compares the performance of the cold point
coolers to a 2-element thermoel ectric cooler fabricated by
Marlow Industries, Inc. and tested in the same setup under sim-
ilar conditions. The length of the Marlow thermoel ements was
1.52 mm and the cross section areawas 0.63" 0.63 mm?. The
intrinsic Z,;T, discounting the effects of heat loading was
measured by another independent experiment that exploited
the fact that thermal conduction by air suppresses the cooling
effects in arrays with low density of cold points. The differen-
tial electrical resistance for small currentsis given by,

vVoll}, o, = R+SIDT A, o, = R+ SzTanK ..(17)
where R, K, and Srepresent the total electrical resistance, the
total thermal conductance, and the net Seebeck coefficient of
the prototype cooler. For a sparse array in which thermal con-
duction by air is the dominant contributor to K, the differential
resistance for small currents is simply the ohmic resistance R.
Hencein such cases,

ZT, = (Ve

—V e, ) £(TV | ..(18)

vacuum air)

Fig. 4b shows the differential resistance at low currents and
the Z,;T, extracted from acold point cooler with a40 =~ 40
array of cold points at a pitch of 40 mm subjected to pressure
cycles between ambient atmospheric pressure and vacuum,
with an optimized adjustment of the micrometer. The cold end
structure did not include the thermocouple or the overhang,
and minimized the radiation parasitics. Z;T, ~ 1.7 measured
by this method agrees well with the estimates for parasiticsin
the DT-1 and V-1 experiments. Reference [10] discusses the
experiments in greater detail .

Conclusions

We have presented the first-order design and the DT-I and V-
| characterization of prototype cold point thermoel ectric device
structures. The preliminary experiments indicate doubling of
thermodynamic efficiencies of coolers with bismuth chal co-
genides. The cold point thermoelectric coolers promise
enhanced figure-of-merit ZT ~ p inidea point configurations.
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