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Effect of contact resistance in solid-state thermionic refrigeration
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An analytical model of thermionic emission cooling that includes contact resistance is presented.
The electrical current density necessary for peak operation of thermionic emission coolers is such
that even the slightest resistance in the contacts to the devices will significantly reduce the cooling
and coefficient of the performance. The effect of contact resistance is analyzed numerically using a
model of thermionic emission cooling based on Fermi—Dirac statistics. The cooling and coefficient
of performance are shown to be reduced dramatically by even the slightest contact
resistance. ©2002 American Institute of Physic§DOI: 10.1063/1.1481777

I. INTRODUCTION ) " T qV
. . . Je=A*TLF —A*THF| n=———/|, 2.1
Although several models of thermionic emission cooling E cFa(m) H 1( 77TH kTH) e
have been developéd?® none has analytically modeled the
effect of contact resistance. This is an important consider- K
ation because ohmic contacts to a thermionic emission de- JQ=A* T%a[Z}‘z( n)— nF1(n)]

vice will have non-zero electrical resistarfcBue to the high

electrical current densities necessary for the operation of 3 T qV

thermionic emission coolefs: Joule heating at the contacts + _A*THE[Z}E( T m)

will have a significant effect on the cooling ability of a ther-

mionic devices. To the knowledge of the authors, the only Tc Tc qVv K|

consideration of contact resistance in thermionic emission A TREI R S i 2.2

cooling has been by LaBountgt al. through numerical
i iond8 i i . . . ,

simulation$® and experimental results by Fanal.thatin-  \yhereA* is the effective Richardson constant defined as
dicated the importance of contact resistafice.

For comparison, consider the effect of contact resistance 4 12

; . 10-13 C . . wqm* Kk

on thermoelectric devicé§-*3 Cooling in a BjTe; device A= —a—,
with a thermoelement length of half a millimeter will be h
reduced less than 5% by a contact resistance of 1D cn?. _ _
Larger devices are affected even less. Thus contact resistane@ierek is the Boltzmann constanty™ is the electron effec-
has only a minor effect on thermoelectric devices. In contive mass and is Planck’s constanty is referred to as the
trast, it will be shown in this article that the contact resis-reduced Fermi energy and is exactly defined as
tance can dramatically reduce the cooling capability of ther-
mionic devices. gfmittef—sga”ief

(RS B

(2.3

(2.9
Il. IDEAL CURRENT CHARACTERISTICS

Figure 1 shows a band diagram of a thermionic emissioras shown in Fig. 1 whereS™"" is the Fermi level in the
cooler with an applied bias[ refers to the temperature of emitter and=2*""*"is the conduction band edge of the barrier
the emitter—barrier junction, the cold side, ahg refers to  at the emitter—barrier junctiolV. is the applied voltagey, is
the temperature of the barrier—collector junction, the hothe lattice thermal conductivity of the barrier materialjs
side. Other variables shown in Fig. 1 are explained below. the width of the barrier layer, andT=T,—Tc. It is as-

The electrical current densityg, and the heat current sumed that the chemical potential of the barrier is indepen-
density,Jq, in terms of the Fermi—Dirac integrals,(»), dent of the temperature.
through a thermionic emission device ‘are To determine an upper limit of thermionic performance,
the barrier width is set to one mean free path. This is the

@Electronic mail: mdulrich@unity.ncsu.edu; work completed while authors UPPET "mi_t fgr the assumpti_on that trgnspo'rt thrOUgh the bar-
were at Auburn University. rier is ballistic, an assumption on which this model is based.
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FIG. 1. Band diagram of a thermionic emission cooler with a voltage ap-

plied showing the reduced Fermi energy at either side of the barrier region.

Reduced Fermi Energy, n

I1l. INCLUSION OF CONTACT RESISTANCE . ) . . . .
FIG. 3. Maximum cooling as a function of the chemical potential with

Figure 2 shows an electrical circuit for a thermionic de-contact resistances of @olid line), 10~ (dashed ling 10~" (dotted ling,
vice with resistive contacts as well as a schematic describingd 10° @ cn? (dash-dotted lingfor a Bi;Te; device.
the thermal environment.

The electrical current density is modified by a difference AT, )=0 3.3
in voltage across both the emitter and collector contacts. The “° m ' '
applied voltageV ,pp, is Figure 3 shows the maximum cooling as a function of

the reduced Fermi energy for the ideal case and for three

Vapp= Vb2l oJe(Vo), BD  Contact resistancgd0 8, E%‘7 and 10 Q cn?) in a ther-
whereV,, is the voltage drop across the barrigg(Vy) is the  mionic device with a BjiTe; barrier. With a resistance of
electrical current density defined by E@.1) for forward 10 © Q cn?, the cooling capability of a Bife; thermionic
bias and . is the contact resistance, taken to be the same fogmission cooler is reduced from nearly 140 to about 2 K.
both the emitter and collector contacts. The coefficient of performancéCOP), defined as the

It is assumed that the thermionic device is ideally packratio of the heat removed from the cold junction to the elec-
aged, meaning that the emittéhe cold sidg¢ is in perfect trical power used in the device,

thermal isolation from the environment and the collector is in Jhet
perfect thermal contact with the environment. With this ide-  cop= —° ' (3.4)
alization, any heat generated at the emitter contact flows to JEVapp

the emitter—barrier junction where the cooling occurs,is |ikewise effected. Figure 4 shows the maximum COP and
whereas heat generated at the collector contact freely flowge percentage of Carnot COP for the ideal case and for three
to the environment without affecting device performance.contact resistanced0 8, 107 and 10 ¢ Q cn?) in a ther-
Thus the net heat current density”, is affected by only the  mionic device with a BiTe; barrier. All four curves appear,
emitter contact: however, the curve for I¢ Q cn? is barely visible. Such
JnQet: Jo(Ve) = Ie(Vp)?re, (3.2  contact resistance reduces the COP to 0.3% of the ideal COP.

where Jo(V)y,) is the heat current density through the ideal |y, concLUSION
device defined by Eq2.2).

Maximum cooling is determined by setting the net heat, An analytical mogiel of thermionic emission cooling that
current density to zero and numerically solving for the tem-includes contact resistance was presented and has revealed

perature difference: that the effect of contact resistance is severe. Whereas even
moderate contact resistantfer example, 10° Q cn?) has
virtually no effect on a bulk thermoelectric device, it reduces
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VApp FIG. 4. Maximum COP as a function of the reduced Fermi energy with

contact resistances of @olid line), 108 (dashed ling 10~7 (dotted ling,
FIG. 2. Thermal environment and electrical circuit for a thermionic emis-and 10 ¢ Q cn? (dash-dotted lingfor a Bi,Te; device with a temperature
sion cooler with contact resistance. difference 6 2 K operating at room temperature.
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