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Extends the Refrigeration Limit of a Thermoelectric
Element Through Micro/Nano Scale Cooling

LI Teng LIU Jing
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Abstract A new method was proposed to maximize the effective figure of thermoelectric cooling
device TECD through introducing micro scale cooling at its hot end. A theoretical model was
established to characterize such operational behaviors. Parametric studies were performed to test
the effects of using various possible ways to improve the cooling capability. The results show that
there exists an optimum cooling length for the TECD to realize a maximum temperature difference
between its hot and cold legs. Implementations of the present method to the low temperature en-
vironment and several other specific situations were discussed. Some issues related to the fabrica-
tion of the structure were analyzed. Compared with the strategy of improving Z through innovating
the material properties this approach provides a new physical way of enhancing the cooling effi-
ciency of the thermoelectric cooling element when the material reached its limit.
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1

Introduction

TECD has been widely used as a micro cool-

ing device for electronic module in military

aerospace instrument and industrial or commer-

1-4

cial products . It offers the potential to en-

hance the cooling of electronic module packages
by 1

given module heat load

reducing chip operating temperatures at a
2

ule heat loads at a given temperature level. TECD

allowing higher mod-
also offers the advantages of being compact quiet
and having no moving elements. In addition its
degree of cooling may be readily controlled by
means of the electric current supplied to thermo-
electric element. In general the maximum temper-

has been well known as

ature difference across a one-stage TECD

1

1
—7T?
2 c

is the temperature at cold end of the

AT,

max™

T

c

where
thermoelectric element and Z is the figure of
merit of the element which depends on the mate-

rial properties and can be expressed as
2

7=9 2
kp
where «a is the Seebeck coefficient k£ 1is the

thermal conductivity and p is the electrical resis-
tivity. The limiting factors that to prevent an effi-
cient cooling can be illustrated as follows. First a
good TECD needs junctions with a large Seebeck
coefficient or a large Peltier coefficient since they

! to

Secondly

are proportional to each other
maintain the temperature gradient between hot end
and cold end

T. the thermal conductivity for the thermoelectric

at temperature T, at temperature

materials should be as low as possible. Lastly it
requires that when the electric current runs through
a minimal thermal dissipation Joule

should

achieved by using materials with low resistivity.

the circuit

heating oceur. Generally  this was

Nevertheless  practicability of this technology
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has been limited for many years due to lack of
thermoelectric materials with high figure of merit.
to

For a thermoelectric generator for example

achieve its high efficiency it is desired to operate
the thermoelectric generator device over large tem-
perature differences and also to maximize the ther-
moelectric performance of the materials used to

build the devices.

cooler can produce at most a AT, of about 70 K

A state-of-the-art thermoelectric

when its hot end remains at room temperature.
TECD higher

the maximum AT, currently available is

max

Though  multi-stage achieve

AT‘""E]X
below 120 K when the hot end of the cooler is
kept at 300 K °

ture difference is that the figure of merit usually

can

One limit for higher tempera-

becomes smaller in low temperature. On the other
hand  people believe that a thermodynamic effi-
ciency of thermoelectric cooler can compete with
liquid-compressed refrigeration cycle if its value of
Z has an

level.

increase of four times of the current
Many researches focus on the approach to
improve the physical properties and the manufactur-

ing technique of the thermoelectric material — ai-

ming to realize a higher Z. A variety of promising

strategies such as transport and confinement in

nanowires and quantum dots reduction of thermal

conductivity in the direction perpendicular to su-

perlattice planes and optimization of ternary or

quaternary chalcogenides and skutteridites have

6 But characterization

been investigated recently
of potentially interesting thermoelectric materials
particularly samples consisting of low-dimensional
Even for

structures  imposes a greater challenge.

bulk materials thermal conductivity measurements
are never easy and are prone to large uncertainty.

For low-dimensional structures thermal conductivity

measurements appear rather trick °

In addition to the improvement of the thermo-
electric material ~ physical approach and the sys-
tematical optimization of a thermoelectric cooler are

2006 7



MEMS 2% 55 AR

MEMS Device & Technology

equally important in designing a high-performance
thermoelectric  refrigerator 7 . This is however
sometimes ignored by many researchers. One such
way for improving efficiency by building a seg-
mented device is proposed early in 1960 s *~°

based on that the thermoelectric properties of ma-
terials are temperature dependent. The TECD is
composed of different laminations which are bond-
ed together. Each layer is selected so that its Z
peaks at the temperature as just anticipated there
in that layer. For a given thermoelectric material

its values of Z peak only at one temperature.

When building a TECD

lected thermoelectric materials should have large Z

it is desired that the se-

over the whole temperature scale across the two
ends of the thermoelectric device. Although much
work has been directed at the fabrication of such
segmented structures the segmented devices have
not been very successful in comparison with multi-
stage devices in the early endeavor because of
the bonding problems between different material
layers. High contact resistance at the interfaces of
these segments can dramatically reduce the effi-
ciency of a generator. However the method does
have some new developments recently due to the
improvements of the fabrication capability 2

Another approach reported is thermoelectromechani-
cal refrigeration based on transient thermoelectric
effects. The theoretical work shows that the method
can effectively increase the thermoelectric figure of
merit for maximum temperature difference applica-

13

tions by a factor of 1.8 . Some other optimiza-

tions were also used in practical design of thermo-

14 -16

electric refrigerators Basically all these

methods can be classified into four kinds match-
ing of the property and temperature matching the
performance of the n- and p-doped elements in-
creasing the number of the stages decreasing the
heat flux flow to the cold end of the thermoelectric

element.

2006 7

Note that there exists temperature difference
between the hot ends of thermoelectric elements
and the coolant a possible improvement on the
apparent cooling performance can be achieved by
cooling not only the hot surface of the thermoelec-
tric cooler but also some of its interior parts a
small space. As shown in Fig.1 the coolant with
a temperature of T, was used to cool the hot sur-
face of the thermoelectric refrigerator. One can find
that the temperature at part of thermocouples at
the right hand side of line 1 will be higher than

that of coolant. Therefore the cooler will work
more effectively if certain coolant was particularly
introduced to cool part of the thermocouples. Such
method would reduce the heat flux flowing to the
cold end of the thermoelectric elements. From the
it reduces
which will
therefore enlarge the effective figure of merit see
Eq. 2

this method we will present a theoretical analysis

view of the micro scale heat transfer

the effective thermal conductivity %

To better understand the operation of

on the heat transfer behavior and thus evaluate the

cooling capability of the constructed structure.

Fig.1 A sketch map of temperature changing along the longi-
tudinal direction of the thermoelectric elements

1

2 Physical model and solution

For brevity it is assumed that all the physi-
cal properties for the n- and p-doped elements are

identical except that a,=—a,=a. The thermoelectric
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element has a length [ perimeter P cross-section-

al area S and thermal conductivity k. The length
of the hot part of element to be cooled by the
coolant is prescribed at a. The temperature of the
coolant is fixed at T,. The convection coefficient is

h  see Fig.2

. Assuming that the temperature in

convection coefficient (h)

Fig.2 3D graph demonstrating the local cooling operation at
the hot part of the thermoelectric cooler

2

each cross-section of the n- or p-doped thermoelec-
tric element is uniform then the energy balance
equations along the longitudinal direction of the

bulk elements can be expressed as

ET Fp hP p oy 20 0=x<a  3a

MEMS Device & Technology

tric resistivity of the elements respectively. The
first two terms on the left-hand side of Egs. 3a
b represent thermal diffusion and electrical heat-
The third term in the Eq. 3a

is for the heat removed by the coolant.

ing respectively.

The boundary conditions at the hot and cold
ends of the elements are prescribed as
T‘X:O:Th
T xd:Tc

Since the temperature and thermal flux of the

4

elements are continuous at the section of x=a this

yields
T‘m’:T‘x:a* 5
ar| _ar
dx xm’_dx x=a*

Solution to Egs. 3a and 3b can easily be

obtained as
COeWx+Cle’W*+§ 0=x=a
T= 6
—%xz+C2x+C3 a=x=l
where C, C, C;
4 and Eq. 5

C, can be determined by Eq.

. The aim of the present solution

d? T ESE kS is to find out the maximum temperature difference
&ET Pp over the thermoelectric element. One can obtain
W kS =0 a=x=l 3b the heat flux flowing into the cold end of the ther-
where [ is the electric current and p is the elec- moelectric element  which is
a7 [D TO TA+— )[cosh \/7(1, ] D\/li sinh ( \/7a +T-T,
O=—kS-g-| =kS DI-C, =kS{5 l-a + z "
-a cos (\/Ta>+\/f51nh(\/fa)
7
here be expressed as '?
A= Z{; Qu=adT.~(,. 8
rp where «a is the Seebeck coefficient of the ele-
“ES? ments [ is the electric current and T, is the tem-

According to the theory of the TECD the

quantity of the thermoelectric refrigeration (), can

AT_{aIT Qo _ D l-a } { l-a cosh(\/A a)+

kS

HA +T-T, )[cosh(ﬁ\/fa)—lh

Mseronancelockonse %/2//2041;///// JUly 2006

perature at the cold end of the elements.

Substituting Eq. 7 into Eq. 8  one gets

\/1? sinh(\/A a) }—

D l-a .
NI smh(\/fa)) 9
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It the

difference will be gained when the quantity of

indicates that maximum temperature

thermoelectric refrigeration )y is zero which means

A I-a cosh(\/A a)+\V A sinh(\/A a)

the cold junction is in an adiabatic condition. The
corresponding electrical current for this case is

therefore obtained as

= aST,.
p

10

[244 [-a *]cosh(\/A a)+2 l-a \/ A sinh(\/A a)-2

Then one gets the maximum temperature difference

ATmz{cosh(%\/fW )—1} T-T, +%ZT}

Based on the expression of the maximum tem-
perature difference AT, =f (% AP Z T, To\ one

can analyze its dependence on the variables of

a

2
] Al

7z T,

. and T, etc.

3 Results and discussion

A series of basic physical parameters for the

commercially available thermoelectric cooler are

used in this study. However some parameters were
varied in the calculations for testing their effects
The standard
parameters used in the analysis are listed in Table

1 the

parameters in the calculation are all taken from

on the refrigeration performances.

17 Unless it was particularly mentioned
this table.

Table 1 Geometry and properties of the
thermoelectric elements

1
a/ p/ k/ l/\d/ | T/ h/ T-T, /
pV- K1 em| mW K* em™ [mm|{mm| K | W K m? K
210 [0.001 18 6 2.8(230 100 5

It has been assumed that all physical proper-
ties for the n- and p-doped elements are identical
except a,=—a,=ca. The cross-section for the thermo-
electric element is assumed as square with a side
length d. The effective figure of merit of the ther-

moelectric element can be defined as

2006 7

1= |\/AP cosh| - VAT |ssinh S VAE | |
{2+Al2(1—%)2}cosh(%\/z4l2 [+2[ 1= | /AT sinh | -5-\/AT |-2
1
Z,=2AT./T? 12

The present calculation is to investigate the
trend of the effective figure of merit for the ther-
moelectric  element under different conditions.
Therefore we choose to characterize the cooling a-
bility of improvement by the value of the ratio

Zy/Z 1
11

. Obviously as indicated by Egs. and
a large ratio Z4 corresponds to a maximum
temperature difference when the temperature at the
cold end is fixed. Fig.3~9 present the improvement
of cooling ability of the thermoelectric elements
subject to different conditions. Overall with the
cooling at the part near the hot end of the ther-
moelectric elements there appears a maximum Z./
Z which in most situations is larger than 1. The
ratio of Zg and Z approaches 1 when a/l becomes
close to zero which is true since Zg/Z when no
coolant was applied to cool the elements. This ratio
increases with the increase of the a/l. After reach-
ing its peak value the ratio gradually drops down
when a/l keeps increasing. This is because the
coolant temperature is higher than the thermoelec-
Therefore the

coolant will just serve to heat the TECD there but

tric element this  limit.

beyond

not to cool it. The length a allowing for Z4/Z=1
can be called as effective cooling length. One can
notice that this length does not fall in a narrow

346 Mseronanceloctonse Tockine ﬁ/(///// JUly 2006
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rage. Therefore a possible practical cooling length
is easy to control. For different conditions the im-
provements of Z/Z and effective cooling length
are also different. One note must be pointed out is
that the result given in the figures is not practical
when a/l=1. This is because the “coolant” heating
the cool end must be considered when the whole
thermoelectric ~ element was inserted into the
coolant.

The length [ has important effect on the ratio
the higher

maximum of Zg/Z and the shorter effective cooling

which is shown in Fig.3. The longer [

length. So the method proposed in this paper is
more effective when thermoelectric element has a
long leg. Another important parameter to determine
the performance of TECD is k. As shown in Fig.4
a higher Z4/7Z can be gained when k increases.
The ratio Zg/Z has the same dependence on the
parameter p as indicated in Fig.5 but appears
much evident. Z4/Z increases 20 percent when re-
sistivity p increases by ten times. And the oppo-
site dependence on the parameter « is shown in

0(2

kp
in Figs. 4 5 6. it can be concluded that for a

Fig.6. For Z=

and the electric current exhibited

smaller Z the method has the advantage of im-
proving cooling ability. The method proposed here

is not as effective as the approach by improving

1.1
1.0
N0.9-
R} A
N 0.8 e
07} --1I=10
- -l=15
06 —I=20 \
00 02 04 06 08 10

o/l

Fig3 Z4/Z as a function of dimensionless element length

cooled by the coolant and wunder different element
length

Za/Z
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10}
09}
N .
N 08 - k=1.8 mW-K'eem™ \-\
N7 - -k=18 mW-K'-em® '\
’ o+ k=36 mW-K'-cm™ \
06F --k=9%0mW-K'-em™ A
— k=180 mW-K"'-cm™ '
0.5 .

00 02 04 06 08
a/l

1.0

Figd Zw/7Z as a function of dimensionless element length
cooled by the coolant and under different thermal con-

ductivities for the thermoelectric element

4 Zy7Z
121
10}
N
t:?l 08t ---p=5x10%Q-cm \"‘-\;.-.
-+ p=1x107 Q+cm ¥
- - p=5x10°Q-cm '
06 — =1x102Q-cm

00 02 04 06 08 1.0
a/l

Fig5 ZwZ as a function of dimensionless element length
cooled by the coolant and under different resistivities

of the thermoelectric element

5 Zy/Z
1.1¢
10} =X
."U""il\
N — a=100 pV-K* ">
Q09T oam1r0pvekt A
a=210 pV-K"! ‘v\,‘\
08| ---a=250 uV-K" S\
-+ =300 uv X" <!
07} :

00 02 04 06 08 10
a/l

Fig.6 Zw/7Z as a function of dimensionless element length
cooled by the coolant and under different Seebeck co-
efficients

6 ZiZ Seebeck

Z but seems to be appropriate for the current
level of the Z. A big problem in a thermoelectric
cooling at very low temperatures is the falling

down of the figure of merit of the thermoelectric

18-20

material . In such case innovating the mate-

2006 7



MEMS 2% 55 AR

MEMS Device & Technology

rial property often helps little. However incorporat-
ing the increased cooling at the hot end of the
thermoelectric element will definitely improve its
figure of merit. Therefore the present method pro-
vides an alternative way for this situation.

The parameter h reflects the heat exchange
between the coolant and the thermoelectric ele-
ments. It can vary in a wide range for the forced
convection. And for micro/nano channel heat ex-

21

change h can be even higher For the pre-

sent method improving h is a valuable way as
seen from the Fig.7. This can be expected from
our model since the target here is to cool the part
hotter than the coolant and thus to decrease the

heat flux flow to the cold end of the thermoelectric

element. Another parameter has the same influ-

ld
S
ence as that of h because both of them are parts
of the dimensionless parameter A/% If cross-section
is the shape of a gear or a strip or even complex
it will

fractal  the % may increase significantly

be valuable for increasing cooling temperature dif-

ference. The multiplication of the h and P ould

S

. | hP .
be considered as one parameter(?) which re-
flects the overall heat exchange between the

coolant and the thermoelectric elements.

Ll

10
S 09}
O8] - hP/S=142.86 kW -K-'-m ™\
07l BP/SSTIAZ KW K A}
T - - hP/S=1428.6 kW-K--m?
0.6 | —hP/S=T143 kW -K"+m’

00 02 04 06 08 1.0
a/l
Fig.7 Zw/7Z as a function of dimensionless element length
cooled by the coolant and under different thermal and

geometrical parameters

UAA
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The higher temperature difference between the
coolant and the elements the more sufficient heat
exchange will be between them. Fig.8 depicts this
effect to improve the refrigeration performance of

TECD. With a higher T,-T,

increases evidently. In fact

the maximum of Z
T.,-T,>0 is the basic
request for the present method. Otherwise if 7,=T,
the “coolant” will heat the whole thermoelectric el-
ements and the method will not be useful. But for
a real thermoelectric cooler

it is impossible for

T,=T, since heat resistance always exists in the

junction  hot plate and the boundary layer of
convection.
W e
—T,-T=18K -
NPT - - neren2k Y,
N - T,-T=8 K W
08F - -T-T=SK W
- T-T=3K %
0.7 o

00 02 04 06 08 10
o/l

Fig8 Z4/Z as a function of dimensionless element length
cooled by the coolant and under different temperature
differences between the hot end of the element and
the coolant

8 Za/Z

Fig.9 seems present a very attractive result for
the ratio reaching the 1.41 when 7,=80 K. In the
calculation we assume that the physical properties
keep unchanged. But Z usually is smaller in low
temperature and a better result will therefore be
if Z becomes high-

er the maximum of Zg4/7Z is decreased which is

achieved. On the other hand

shown by the dashed curve in Fig.9. One must no-
tice that in low temperature the maximum tempera-
ture difference between the hot end and the cold

end is lower. For example at 7,=80 K Th—TC:%

ZT.2=0.5%0.00245x80*~7.8 K. So T,-T,=5 K in our

Moreronanoctoctions //;(/z//méy///// Ju |y 2006
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calculation is a comparatively larger value in this cooler system. And the choice for the coolant is
low temperature condition. One can say that the also a problem. The coolant must be clean and
present method is a solution to improve the current insulating.  Despite of those disadvantages the

cooling level of the TECD. Applying thermoelectric method could still be tried in the situation re-

materials with a higher Z is a very efficient way questing a high temperature difference such as in
but it is limited by the currently available materi- superconducting magnet systems *72* . Another
als. advantage of this method is to decrease the current

of the TECD. If a=0 [ in Eq. 10 can be sim-

14}
plified as O;{T“ which can be easily proved to be
1.2
%10 = larger than its value in the original expression.
N { Here R is the resistance of the element.
0.8 .
=100 O
ool —T280K, z245a0° ™ The present concept can also be useful for the
O [ -Ti=80K, Z=bxi0® multi-stage TECD. For example assuming a two-
00 02 04 06 08 10 . . .
o/l stage TECD with coolant applied on the first stage

and the thermocouples at two stages are electrically
Fig9 Zg/Z as a function of dimensionless element length

separated  the temperature difference is then ob-
cooled by the coolant and under different temperatures p p

at the cold end of the thermoelectric element tained as
9 Zuw/Z AT=AT+AT, 13
and
A shortcoming of the present method is that it
. . . AT — CYI]TU _ l 14
may increase the complexity of the thermoelectric kS
1 . ‘
ATZZ{ al, AkgﬁT( Z; CYI1A§;§-I1R1 Dz L-a } { bL-a Cosh(\/Aza)+ ms]nh(\/Aza) _
‘(D2+TO —AT.)[cosh(\/Aza)— |+ D, lra sinh(\/A,a) 15
2VA,
where subscript “ 2" represents the parameters of the thermocouples in a thermoelectric refrigerator is

the base stage of the TECD  subscript “ 17 the proposed. Its potential implementations in different

parameters of the other stage and n the number of conditions were analyzed by establishing a theore-
the elements in each stage. Since AT is a function tical model. The results indicate that improvement
of the current Iy and I; the maximum temperature can be achieved in different degrees. There is an
difference can be obtained through mathematic optimum cooling length under various conditions for
analysis and a more evidently improved refrigera- the maximum temperature difference. Thermoelectric
tion limit can be expected. Detailed analysis can elements with long leg-length small Z and high
be performed in future research and more complex convection coefficient h are beneficial for realizing
cooling patterns such as cooling more than one a high temperature difference. The most possible
stage’s hot parts can be discussed. application of the present TECD structure is for

. the low temperature environment. For a high-perfor-
4 Conclusion : o .
mance thermoelectric cooler  designing is as im-

Improvement of cooling efficiency of the TECD portant as seeking new thermoelectric materials es-

by selectively cooling the micro scale hot part of pecially for practical purpose. Compared with im-

Mseronancelockonse .%//mé'/(///// J Uly 2006 349 2006 7
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proved Z the present method offers a new alter-
native way to improve cooling efficiency of the
TECD. Meanwhile

issues in micro/nano scale heat and fluidic sci-

it also opens many interesting

ences.

The authors also wish to thank Prof. Gang

Chen at MIT for constructive suggestions.
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