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Abstract

Numerical analysis has been carried out to figure out the performance of the thermoelectric micro-cooler with the three-dimensional
model. A small-size and column-type thermoelectric cooler is considered and Bi,Te; and Sb,Tes are selected as the n- and p-type ther-
moelectric materials, respectively. The thickness of a thermoelectric element considered is 5-20 pm. The effect of parameters such as the
temperature difference, the current, the thickness of a thermoelectric element, and the number of thermoelectric pairs on the performance
of the cooler has been investigated. The predicted results show that the performance can be improved for the thick element with the large
number of thermoelectric pairs or the small cross-sectional area of the element.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoelectric devices are used for both cooling and
power generation using the Peltier and Seebeck effects,
respectively [1]. The thermoelectric device contains over
hundreds of n—p couples connected electrically in series,
but thermally in parallel between two planar substrates.
Because the Peltier and Seebeck effects are directly related,
the best materials for the cooling are also optimized for
power generation. Near room temperature, the most effi-
cient materials are heavily doped p-type and n-type
(Bi,Sb)2T€3.

Advance in the fabrication technique with micro-elec-
tromechanical systems (MEMS) technology has made it
possible to fabricate a lot of micro-devices. Some of such
devices require the precise thermal management and the
compact cooling system for effective cooling within a small
volume. The thermoelectric micro-cooler has become a
promising candidate due to its cooling power density
higher than that of the conventional bulk cooler [2,3].
Thermoelectric micro-cooler can easily be integrated and
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it is a suitable technique for the effective cooling of such
devices as it does not have any moving parts.

The thermoelectric micro-cooler requires a structure dif-
ficult to produce with conventional techniques and the fab-
rication with MEMS techniques has been attempted. Yao
et al. [4,5] developed the analytical model for the in-plain
type thermoelectric micro-cooler and fabricated the cooler
with both Si/Ge superlattice and Bi,Tes for spot cooling.
Snyder et al. [6] reported that they fabricated the thermo-
electric micro-device using the electrochemical deposition
with the photoresist mould. They used 400-pum-thick oxi-
dized silicon as a substrate and formed 20-pm-thick ther-
moelectric elements (Bi,Te; for p-type and Sb,Te; for
n-type). Bottner et al. [7] fabricated the micro-cooler using
their new fabrication technique using the 4 in. wafer and
reported that a net cooling of about 11 K was achieved
using ~800 mA with 3 p/n-junctions. da Silva and Kaviany
[8] carried out the one-dimensional theoretical analysis for
the column-type thermoelectric micro-cooler to be used in
the cooling of the vapor sensor. They also fabricated the
micro-cooler based on the analysis and measured the per-
formance of the cooler [9].

In order to figure out the performance of the thermo-
electric cooler the three-dimensional numerical analysis
has been carried out. The development of the model
follows the one-dimensional approach of da Silva and


mailto:konghoon@kimm.re.kr
mailto:ojkim@kimm. re.kr
mailto:ojkim@kimm. re.kr

K H. Lee, O.J. Kim/ International Journal of Heat and Mass Transfer 50 (2007) 1982—1992 1983

Nomenclature

A cross-sectional area of a single thermoelectric
element (m?)

COP  coefficient of performance

Je electric current (A)

electric current density (A/m?)

thermal conductivity (W/m K)

thickness (m)

number of thermoelectric elements

strength of electron/hole-phonon interaction

(W/m? K)

electric power (W)

cooling rate at the cold-side substrate (W)

heat release rate at the hot-side substrate (W)

heat flux (W/mz)

electrical resistance (Q)

thermal conduction resistance (K/W)

temperature (°C or K)

voltage (V)

coordinate (m)

N = NE

1

RO v
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N‘ﬂ

Greek symbols

opux  bulk Seebeck coefficient (V/K)
o boundary Seebeck coefficient (V/K)
De electrical resistivity (Q2 m)
Subscripts

b boundary

c cold, contact

cold  cold substrate

e electron

h hot, contact

i index

hot hot substrate

p phonon

te thermoelectric element

Kaviany [8] and extends it to three-dimensional situation.
The COMSOL Multiphysics' is utilized in the analysis,
which is a software package applicable to multiphysics
problems. The small-size and column-type thermoelectric
cooler is considered. It is known that tellurium compounds
currently have the highest cooling performance around
room temperature. Thus, in the present study, Bi,Te; and
Sb,Te; are selected as the n- and p-type thermoelectric
materials, respectively. The thermoelectric element consid-
ered has the thickness of 5-20 um. The thickness of the ele-
ment affects the thermal and electrical transport through
the interface between the thermoelectric element and metal
connector. The effect of parameters such as the tempera-
ture difference, the current, the thickness of the thermoelec-
tric element, and the number of thermoelectric pairs on the
performance of the micro-cooler has also been investigated.
The coefficient of performance (COP) is the primary factor
to evaluate the performance of the cooler and the COP
varies with the parameters.

2. Analysis

The physical domain firstly considered in the present
study is composed of two silicon substrates and 24 thermo-
electric elements sandwiched between two substrates as
shown in Fig. 1. The size of each substrate is 560 um x
380 um x 200 pum. The thermoelectric element is 20 pm
thick and is located between the top and bottom metal con-
nectors of 2 um thick. The thickness of the thermoelectric
element is changed to 5, 10, or 15 um in the analysis to fig-

! See http://www.comsol.com

ure out the effect of the thickness on the cooling
performance.

The analysis is carried out with the different governing
equations for the substrates and thermoelectric elements,
respectively. Heat transfer in the materials which do not
have the thermoelectric features is accomplished by con-
duction of free electrons. However, in the thermoelectric
materials, the electron—-phonon thermal non-equilibrium
is caused near the boundary due to the phonon and elec-
tron boundary resistances at the metal and thermoelectric
interface [8]. The energy conversion mechanisms such as
the Joule heating and Peltier cooling/heating will also con-
tribute to this non-equilibrium [10].

2.1. Model for the thermoelectric element

The model development follows the one-dimensional
approach of da Silva and Kaviany [8] and extends it to
three-dimensional situation. The governing equations are
obtained from the kinetics of electrons and phonons in
an electric field or an temperature field which is described
by the coupled Boltzmann equations for electrons and
phonons [8,10,11]. The equations are generally written as

V- (kY Ty) = P(Te— Ty), (1)
7v’(keVTe):pej§7P(Tepr)v (2)

where j, is the electric current density, P represents the
strength of the electron/hole-phonon interaction, which
is obtained with the density of electrons/holes, Boltzmann
constant, and electron/hole energy relaxation time [8,10].

The electrical and thermal contact resistances at the
interface between the thermoelectric element and metal
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Fig. 1. Schematic of the thermoelectric cooler.

connector are considered in the model. The contact resis-
tances cause the temperature jump through the interface
and this phenomenon is treated with the interface condi-
tions considering the resistances. The interface conditions
for phonon conduction are as follows:

Tl _ % (3)

(AieRo)yp| 1 POz |y

Tp—Th oT,

2 =k, 4

(AICRC)b‘p Le P aZ % ( )
2

The interface conditions for electron conduction are as
follows:

T.—T. oT. 7

- - :—ke— A ‘Te te 1431ze —37 5

(AteRc)b‘e L Oz 7% + A% |*LT ( 4 )b 2 ( )
T

Te — Th aTC j2

TR | T R, T ATy + (AeRe)y 6

(AteRc)b,e L ¢ Oz L# + 0fe e|LT + ( te e)b > ( )

2
where Ao = oy — o, and both oy and oy, are given in
Table 1. The terms in the left hand side of the above equa-

tions represent the heat flow as defined by the phonon
(electron) boundary resistance. The second terms in the

Table 1
Properties of (Panel a) n- and p-type thermoelectric elements [8], (Panel b)
metal connectors and silicon substrates

Property Unit n-Type (Bi,Te;) p-Type (Sb,Tes)
Panel a

P W/m? K 8.61 x 10" 1.761 x 10"
Olbulk V/K —228 x 107° 171 x 1076
o V/K 187 x 107° —252 % 107¢
Pe Qm 1.30 x 1073 1.04 x 1073
(AeRo)b Qm? 2.6 x 10712 6.8 x 10712
ky W/m K 1.5 1.5
(AeRo)op K/(W/m?) 92 %1078 8.0 x 1078
ke W/m K 0.5 0.6
(AeRe)be K/(W/m?) 3.5 %1077 9.3 x 1077
Property Unit Metal connector Substrate
Panel b

De Qm 1.7 x 1078 -

k W/m K 400 163

right hand side of Egs. (5) and (6) represent the Peltier
cooling and heating, respectively. The third terms represent
the Joule heating at the interfaces. Adiabatic boundary
conditions are applied to all the boundary surfaces except
for the interfaces indicated in Eqgs. (3)—(6).
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2.2. Model for the substrate and the metal connector

Thermal energy is transferred only by conduction in the
substrates and metal connectors and is described by Fou-
rier’s law

—V - (kVT) = pj, (7)

where k; is k. for the metal connector, k.,q for the cold-side
(top) substrate and ki, for the hot-side (bottom) substrate.
The term related to the Joule heating of the right hand side
is considered only in the metal connectors and not in the
substrates since the substrates should be insulated for the
electricity.

The boundary conditions at the cold-side and hot-side
surfaces will be the constant temperature or heat flux con-
ditions. The interface condition between the cold-side con-
nector and the thermoelectric element is

or
_kcold ~_

Oz

_ T — Tp
Lie (AteRC)b,p

2

n T.—T.
L (AteRC)b,e
2

(8)

_Lte
2

and the condition between the hot-side connector and the
thermoelectric element is

or
_khot E

Te - Th
(AteRC)b,e

T,—T,
L% (AteRc)

©)

Lie

b,p Le
2

Le
2
In order to solve Eq. (7), adiabatic boundary conditions are
applied to the surfaces except for the top and bottom
surfaces.

2.3. Model for the thermal equilibrium

The non-equilibrium is characterized by the cooling
length which is defined in terms of the electron/hole energy
relaxation time, electron/hole concentration, Boltzmann
constant, and electron/phonon thermal conductivities of
a thermoelectric element [8]. The estimated cooling length
is typically less than 1 pum so that the bulk thermoelectric
element can be treated as if it is in the thermal equilibrium
since the thickness of the element is much thicker than the
cooling length.

The bulk type thermoelectric cooler is generally studied
with thermal equilibrium condition [12] and the equilib-
rium model is introduced here for the comparison with
the non-equilibrium model described in the previous sec-
tion. In the equilibrium model, the thermal conduction
within thermoelectric elements is analyzed with one equa-
tion for the equilibrium temperature. If the thermoelectric
element is in thermal equilibrium (7}, = T¢), the equations
can be derived by adding Egs. (1) and (2) in terms of the
equilibrium ‘[emperature,2 T, defined by kT = k, T, + kT,

2 The equilibrium temperature is called as a center-of-thermal-conduc-
tivity temperature which is used to match both phonon and electron
temperatures of the interface in non-equilibrium with the temperature of
metal connector in equilibrium [10].

in which k = k, + k. [10]. Thus, the energy equation can be
written as

V- (kVT) = pJ2 (10)

The interface conditions for thermoelectric elements are
similarly written as follows:

TC - T aT j2
=—k— Aoj. T| 1o — (AeRe),, =2, 11
(AleRc)b 7% Oz he +AYe |*L7 ( t )b P ( )
T—Ty 76T +Aoc'T| +(AR)J£ (12)
(AleRc)b L% Oz L% Je % tefre/p )
and for the metal connectors,
oT T.—T
koot —| @ =——| 13
475, e (AieRe)y | s (13)
oT T—T,
ot T AR | 14
hot e (AieRe)y e (14)

3. Solution method

The equations described in the previous section are
solved using the COMSOL Multiphysics which is the com-
mercial software package based on the finite element
method and is applicable to multiphysics problems.

The thermophysical properties related to the thermo-
electric element are evaluated by referring to the values
reported in the literature [8] and are given in Table 1.
The material of the metal connector is assumed to be cop-
per for the sake of convenience. The thermal conductivities
of copper and silicon are adopted from the material library
of the COMSOL software.

In the calculation considering the thermal non-equilib-
rium near the interfaces of the thermoelectric elements,
the domain for calculation is divided into two subdomains
as shown in Fig. 1. The first subdomain is used for thermo-
electric elements with Egs. (1) and (2) and the second sub-
domain is used for metal connectors and substrates with
Eq. (7). The first subdomain has two different dependent
variables such as T, T, and the second subdomain has
only 7. In the first subdomain, the equations are separately
applied to the n-type and p-type elements with their own
properties indicated in Table 1. The temperatures for two
subdomains are connected with interface conditions, Eqgs.
(3)(6) and Egs. (8) and (9). If the thermal equilibrium is
considered, the equations described as Eqs. (10)—(12) are
used in the first subdomain and Eqgs. (13) and (14) are used
as interface conditions of metal connectors.

4. Results and discussion
4.1. Validation of the analysis
The analysis has firstly been validated with the one-

dimensional analytic solution reported in the literature
[8]. The analysis for validation is carried out in the
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Fig. 2. Schematic of the two-dimensional geometry.

two-dimensional geometry as shown in Fig. 2. The dimen-
sion of the geometry is arbitrarily determined but the thick-
ness of thermoelectric element is fixed to 4 pm so that the
predicted results can be compared with the one-dimen-
sional analytic solutions. The thickness of the metal con-
nector is fixed to 1 um and the width of the legs is fixed
to 7 um, but those dimensions are not important here since
the vertical surfaces are assumed to be thermally insulated
so that the temperature varies little in the x-direction. The
properties of materials shown in Table 1 are used in the
analysis for validation.

The solutions indicated as symbols in Fig. 3 are
obtained from the one-dimensional analytic formulation
[8]. The predicted temperatures are nearly identical to the
one-dimensional analytic solutions as indicated in Fig. 3.
The result shows that the thermal non-equilibrium near
the interface causes the different temperatures for the elec-
tron and the phonon. The temperature jump for electron
conduction is larger than that for phonon conduction
due to the relatively large boundary resistance for electron
conduction, (AR.)pe, as indicated in Table 1. When the
electric current does not flow, the Peltier effect does not
take place and then the temperatures for the electron and
phonon are identical to each other.

The analysis to compare the results for the electron—
phonon thermal equilibrium and non-equilibrium near
the interface is also carried out in the two-dimensional

330 ; . . . .
Tp o
320 T 1
e Jp=30mA ¢
o T,(1-D analytic)
310 P , ° ¢
< T, (1-D analytic) !
(0]
g 300
IS
(]
Q 290
£
(0]
l_
280 io
270} 1
)
260 1 1 1 1 1
-3 -2 -1 0 1 2 3

Thickness (um)

Fig. 3. Comparison of predicted temperature distributions with one-
dimensional analytic solutions regenerated from the literature [8].

geometry as shown in Fig. 2. Fig. 4 compares the results
for the thermal equilibrium and non-equilibrium analyses.
For the comparison, the equilibrium temperature,
T (kT = kpTp + k.T¢), is used for the non-equilibrium solu-
tion. The properties for the equilibrium model such as the
boundary resistances and thermal conductivities of thermo-
electric elements are averaged with values given in Table 1.
The boundary resistance is written by considering the ther-
mal conduction through the interface,

(AleRc)b,e (AICRC)b,p

ALR.), =
( s )b (AleRC)bae + (A‘eRc)b,p

(15)

and the thermal conductivity is written as k = k. + k;, for
T.=T,=T.

The temperatures for the n-type thermoelectric element
are nearly identical for different currents but the tempera-
tures for the p-type thermoelectric element show different
variations for the two models as shown in Fig. 4. The
average thermal conductivities are 2.0 and 2.1 W/m K,
and the averaged boundary resistances are 7.29 x 10~°

a 305 T T T - -
Non-eq. (p-type)
300 ——— Non-eq. (n-type)
—————— Eq. (p-type)
- | T Eq. (n-type)
<
o 295
3
o
()
Q.
£ 290
(6
|_
285
280 1 1 1 1 1
-3 -2 -1 0 1 2 3
Length, z (um)
b 315
310 ——  Non-eq. (p-type)
— —— — Non-eq. (n-type)
305 ————— Eq. (p-type)
o | ¢ Eq. (n-type)
= 300

295

290

Temperature

285

280

275 . . . . .
-3 2 -1 0 1 2 3
Length, z (um)

Fig. 4. Temperature distribution for the two-dimensional geometry:
(a) Jo=15mA and (b) J. =30 mA.



K H. Lee, O.J. Kim/ International Journal of Heat and Mass Transfer 50 (2007) 1982—1992

and 7.37 x 1073 m? K/W, respectively for the n- and p-type
elements. Those properties do not differ much from each
other and then the temperatures for n- and p-type elements
in the equilibrium condition do not also differ much from
each other. However, in the non-equilibrium condition,
the temperature jump near the interface for electron con-
duction is much higher than for phonon conduction. This
is primarily due to the difference between the boundary
resistances for electron and phonon conduction. For the
n-type element with relatively small electron boundary
resistance, the temperature obtained from the non-equilib-
rium analysis is similar to the temperature from the equilib-
rium analysis.

The differences in temperatures obtained from two anal-
yses are large for the p-type element with relatively large
electron boundary resistance. It seems to be due to the elec-
tron—phonon interaction near the interface related to the
boundary resistance because average conductivities differ
a little and other properties are identical in the two different
analyses. Thus, the electron—phonon thermal non-equilib-
rium near the interface is considered in the analysis of
the present study.

4.2. Effect of the element thickness

The three-dimensional analysis is carried out with the
geometry shown in Fig. 1 but the thickness of thermo-

1987

electric elements is changed to investigate the cooling
performance of the proposed thermoelectric cooler with
thickness. The thicknesses considered in the present study
are 5, 10, 15, 20 um.

In order to figure out the performance of the micro-
cooler, the calculation has been carried out when the hot-
side temperature is varied from 45 °C to 125 °C with the
cold-side temperature fixed to 25 °C. Thus the difference
between the hot-side and cold-side temperatures is varied
from 20 °C to 100 °C and the predicted results are shown
in Figs. 5 and 6.

The cooling rate of the cooler increases with the electric
current but the rate decreases after it meets its maximum
value at a certain current and the cooling rate also
decreases as the temperature difference increases as shown
in Fig. 5a. It is not efficient if the cooler is used at the cur-
rent greater than 1.12 A since the cooling rate decreases
even though the current increases. When L. = 20 pm, the
maximum cooling rate occurs at J. = 1.12 A regardless of
the hot-side temperature. The maximum cooling rate
decreases at the constant rate by 0.113 W when the temper-
ature difference increases by 20 °C. This trend can be found
for the cases with the different thickness of the thermo-
electric element shown in Fig. 7. For example, when
L =15 pm, the maximum cooling rate occurs at J, =
1.41 A and the rate decreases by 0.148 W when the temper-
ature difference increases by 20 °C.

C 20 .
a 14+ AT=10°C
— — AT=20°C )
12} ———- AT=40°C ///
=S F] IR AT=60°C //;/
S Tr g —— AT=80°C ///
g g —— AT=100°C 7
908 3 1ol %
S Q.
(]
(o)) =
gos =
: 3
8 o4t 5|
0.2
o . . . .
0 0 05 1 15 2
Current, J, (A)
b 20 . . . . d’
—_ 6}, AT=10°C
=3 — — AT=20°C
s 5 —— - AT=40°C
s | ——ar=s0c 222 | |\ AT=60°C
= a 4] — — AT=80°C
o 10f Q —— AT=100°C
2 ©ap A
(3]
9
o
T 5
()
T
0 2

Current, J, (A)

Current, J, (A)

Fig. 5. Variation of (a) cooling rate at the cold side, (b) heat release rate at the hot side, (c) power, and (d) COP of the cooler (L = 20 um).
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Fig. 6. Maximum coefficient of performance with the thickness of
thermoelectric element.
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Fig. 7. Cooling rate and electric power corresponding to the maximum
COP with the thickness of thermoelectric element.

The maximum cooling rate occurs when the Peltier cool-
ing is maximized and the joule heating is minimized at the
interface between the thermoelectric element and metal
connector. The current density at which the maximum
cooling rate occurs can be estimated from Eq. (5) and it

can be written as je max = AoT/(AeRe)b. Since the Seebeck
coefficients, Aa, and boundary resistance, (A R.)p, are con-
stant in the present work, the current density depends only
on T, at the interface. Moreover, since the cold-side tem-
perature is fixed in the present work, T, at the cold-side
interface does not vary much with the hot-side temperature
so that the current density is nearly constant and the cur-
rent (Jemax = Je.maxAte) varies only with the cross-sectional
area of the thermoelectric element. As the thickness of the
element decreases, 7. at the cold-side interface increases
and then J. max increases for the fixed value of the cross-
sectional area of the element.

The heat release rate gradually increases with the cur-
rent even after the current (J, = 1.12 A) at which the cool-
ing rate reaches its maximum value as shown in Fig. 5b. It
is not efficient that the cooler is used at the current greater
than 1.12 A since the cooling rate decreases even though
the current increases. The heat release rate gradually
increases with the electric current applied to the cooler.
In addition, the heat release rate decreases with the increase
of the temperature difference for the current less than
0.77 A but the rate increases with the temperature differ-
ence for the current greater than 0.77 A.

The electric power required is evaluated by considering
the thermal energy balance in the cooler as P, = QO — Q..
It is reasonable because all the boundaries except for the
hot-side and cold-side surfaces are assumed to be thermally
insulated. Since the cooling rate is fairly less than the heat
release rate though the cooling rate initially increases and
decreases after its maximum value with the current, the
electric power required in the cooler increases with the cur-
rent as like the heat release rate as shown in Fig. 5c. The
power also increases as the temperature difference of the
cooler increases.

Fig. 5d shows the variation of the COP of the cooler
with electric current. The COP increases as the temperature
difference decreases so that the smaller temperature differ-
ence gives the higher COP. The COP has its maximum
value at the relatively small current in comparison to the
cooling rate. When L, =20 pum, the maximum COP
decreases from 6.72 to 0.40 and the current increases from
0.052 to 0.48 A as the temperature difference of the cooler
increases from 10 to 100 °C. The maximum COP decreases
quickly as the temperature difference increases. At the cur-
rent at which the maximum COP occurs, the cooling rate
increases from 0.082 to 0.44 W with the temperature differ-
ence as indicated with small circles in Fig. 5a. The cooling
rate is less than the maximum cooling rate obtained for the
current of 1.12 A. However, in order to increase the energy
efficiency of the cooler, the cooler should be operated at the
condition for which the maximum COP can be obtained.

Figs. 6 and 7 show variations of the maximum COP, the
corresponding cooling rate and electric power for the cool-
ers with the thermoelectric elements of different thickness.
As the thickness of the element decreases, the maximum
COP decreases so that the power required increases as
shown in Figs. 6 and 7. The current at which the maximum
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Fig. 8. Geometries of micro-coolers considered in the analysis: (a) 12
pairs, (b) 24 pairs, and (c) 48 pairs.

COP occurs also increases with the decrease of the
thickness. When AT = 10°C, the maximum COP’s are
6.72, 6.41, 5.79, and 4.4 at the current of 0.052, 0.068,
0.1, and 0.2 A for L, =20, 15, 10, and 5 um, respectively.
For the same thickness, the maximum COP decrease more
quickly with the electric current. When the thickness is
small and temperature difference is large, the current for
the maximum COP largely increases. When the thickness
is large, the maximum COP occurs at the relatively small
current and the corresponding electric power is also small
so that it may be of practical use.

The cooling rate corresponding to the maximum COP
increases little by little and the operating current increases
as the thickness of the element decreases for the same tem-
perature difference. The cooling rate also increases with the
increase of the temperature difference but the electric power
increases much due to the decrease of the COP.

It is clear that the thickness of thermoelectric element
affects the cooling performance of the micro-cooler. As
the thickness of the element decreases, the maximum
COP decreases and the corresponding current increases.
Even though the cooling rate increases with the decrease
of the thickness, the electric power required greatly
increases due to the relatively low COP.

a4 ' ' : ' ' 1
_12p 1
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% o4 /é/ ———-aT=40°Cc  \\!
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© s /) —— AT=80°C \\\}
0.2F ,// —— AT=100°C \\ :
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0 L // 1 |O at 1 max 1 I\\‘
0 0.2 0.4 0.6 0.8 1 1.2
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b 1.4} 1
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g 08} .
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8 o4t Jigp) - 1
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% 0.1 0.2 0.3 0.4 0.5 0.6
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Fig. 9. Cooling rate with temperature difference between the hot- and
cold-side surfaces: (a) 24 pairs and (b) 48 pairs.
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4.3. Effect of the number of pairs

In order to investigate the effect of the number of pairs,
the analysis has been carried out for the geometries illus-
trated in Fig. 8. The thickness of the elements is fixed to
20 um and the size of each substrate is 560 pm x
380 pm x 200 pym. Any other dimensions are the same as
those shown in Fig. 1. Each geometrical configuration
has been constructed that the sum of cross-sectional areas
of thermoelectric elements should be equal to that of other
configuration. The sum of cross-sectional areas is
60,000 pm?. Thus when the number of pairs is small, each
thermoelectric element is large cross-sectional area. The
cooler with 12 thermoelectric pairs has the same geometry
shown in Fig. 1 so that the result for the cooler is referred
to figures shown in the previous subsection. The cold-side
substrates in Fig. 8 are detached from others for visual
effect and those are attached in the analysis. The tempera-
ture conditions are the same as those described in the
previous subsection.

The cooling rate of the cooler increases with the electric
current but the rate decreases after it meets its maximum
value at a certain current, and the rate decreases as the
hot-side surface temperature (or temperature difference)
increases as shown in Fig. 9. For the cooler with 12 ther-
moelectric pairs, the maximum cooling rate varies in the
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Fig. 10. Coefficient of performance with temperature difference between
the hot- and cold-side surface: (a) 12 pairs and (b) 48 pairs.

range from 0.9 to 1.41 W and it occurs at J,=1.12 A
regardless of the temperature difference as shown in
Fig. 5a. The maximum cooling rates for 24 and 48 pairs
are nearly identical to those for 12 pairs since the sum of
cross-sectional areas of the thermoelectric elements is the
same regardless of the number of pairs and the same
boundary conditions are used for all the cases. The maxi-
mum rate occurs at J,=0.56 A for 24 pairs and J.=
0.28 A for 48 pairs. When the number of pairs is large,
the maximum cooling rate occurs at a relatively small cur-
rent since the cross-sectional area of the thermoelectric ele-
ment is relatively small and then the current density
becomes large for the same current.

Fig. 10 shows the variation of the COP of the cooler
with the current and the temperature difference. The max-
imum COP increases from 0.4 to 6.7 as the temperature dif-
ference decreases. The maximum COP occurs in the range
from 0.052 to 0.48 A for the case of 12 pairs in Fig. 5d, in
the range from 0.028 to 0.24 A for the case of 24 pairs and
in the range from 0.013 to 0.12 A for the case of 48 pairs in
Fig. 10. It indicates that the maximum COP occurs at the
same current density regardless of the number of pairs.
The cross-sectional area of each thermoelectric element
for the cooler with 12 pairs is 4 times larger than that for
the cooler with 48 pairs so that the current density in the
cooler with 12 pairs is one-fourth as large as that in the
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Fig. 11. Maximum temperature variations with electric current: (a) 12
pairs and (b) 48 pairs.
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cooler with 48 pairs for the same current applied. Thus, the
result shows that the cross-sectional area of the element is
an important factor to determine the operating current and
the area directly affects the Peltier cooling/heating through
the current density.

The maximum temperature is observed in the interface
between the element and the hot-side connector where the
Peltier heating takes place as shown in Fig. 3. Fig. 11 shows
that the maximum temperature slowly increases in the range
of 30-150 °C with the current less than that where the
maximum cooling rate occurs, but after the current the tem-
perature promptly increases. The maximum temperature
quickly increases at the smaller current when the tempera-
ture difference is small. Thus, Fig. 11 explains that the cooler
can be damaged due to high temperature when the operat-
ing current of the thermoelectric micro-cooler is large.

4.4. Relationship of parameters

The results in the previous subsection are obtained for
different number of pairs but the element thickness and
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Fig. 12. Relationships of (a) COP and cooling rate with current density
and operating current density, and (b) voltage and cooling rate with
temperature difference and current density (L. =20um, > A=
60,000 pm?).

the sum of cross-sectional areas are fixed. The results shows
that the parameters obtained from the analysis are identical
when those are plotted with current density (j. = Jo/A =
JeN/> " Aye) regardless of the number of pairs. The rela-
tionships shown in Fig. 12 can be drawn when the thick-
ness of thermoelectric elements is 20 um and the sum of
the cross-sectional areas of thermoelectric pairs are fixed
to 6000 um”. The operating current can be obtained from
the current density and the cross-sectional area of a ele-
ment. For a given current density, a small cross-sectional
area of a element (A4) results in the large number of ther-
moelectric pairs (V) since the sum of cross-sectional areas
(> A,) is fixed in the present results.

Fig. 12a shows that the relationship of the COP and
cooling rate with the current density and temperature dif-
ference of the cooler. If the current density and tempera-
ture difference are selected, the COP and cooling rate are
determined with this figure. Fig. 12b shows that the rela-
tionship of the voltage and cooling rate with temperature
difference and current density. This figure gives the voltage
and cooling rate for given temperature difference and cur-
rent density. The voltage has the similarity when it is
divided by the cross-sectional area of a element as the cur-
rent does. If the voltage is determined, the power required
in the cooler is easily estimated and the heat release rate
can sequentially be estimated.

5. Conclusion

The three-dimensional numerical analysis has been
carried out using the COMSOL Multiphysics software
package to figure out the cooling performance of the ther-
moelectric micro-cooler. The small-size and column-type
thermoelectric cooler is considered and Bi,Te; and Sb,Tes
are selected as the n- and p-type thermoelectric materials,
respectively. The thickness of the thermoelectric element
considered is 5-20 pm.

The validation has been carried out with the two-dimen-
sional geometry and the predicted temperature is in good
agreement with the one-dimensional analytic solution given
in the literature. The electron—phonon thermal equilibrium
and non-equilibrium is considered in the two-dimensional
analysis near the interface between the connector and the
thermoelectric element. In this case, the temperatures
obtained from two types of analyses differ especially in
the p-type element.

The effect of parameters such as the temperature differ-
ence, the current, and the thickness of the thermoelectric
element on the performance of the cooler has been investi-
gated. The COP has the maximum value at a certain cur-
rent and the value increases with the decrease of
temperature difference or the increase of the thickness.
The predicted results show that the performance can be
improved more for thick thermoelectric elements at the
small temperature difference and small current.

The maximum cooling rate occurs at a certain current
and the rate is large when the temperature difference is
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relatively small. The current at which the cooling rate is
maximized is relatively small when the thickness of thermo-
electric element is large. The COP has the maximum at the
current less than that where the cooling rate is maximized.
The maximum COP is also large when the temperature dif-
ference is small but the current corresponding to the maxi-
mum COP is large when the temperature difference is large.

It is clear that the thickness of thermoelectric element
affects the cooling performance of the micro-cooler. As
the thickness of the element decreases, the maximum
COP decreases and the corresponding current increases.
Even though the cooling rate increases with the decrease
of the thickness, the electric power required greatly
increases due to the relatively low COP.

The maximum COP occurs at the same current density
regardless of the number of pairs and thus the current cor-
responding to the maximum COP decreases as the number
of pairs increases since the cross-sectional area of the ther-
moelectric element decreases with the number of pairs. The
cross-sectional area of the element is an important factor to
determine the operating current since the area directly
affects the Peltier cooling/heating through the current
density.

The cooling rate is fairly less than the heat release rate,
the electric power increases with the current. The device
would be operated at the small current where the COP is
maximized. The maximum temperature which is observed
in the interface between the thermoelectric element and
the hot-side connector slowly increases at the small current
but the temperature promptly increases as the current
increases.

Finally, the relationships of the parameters related to
the performance and design of the micro-cooler are drawn
and it can be utilized to figure out its performance or to
design the micro-cooler.
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