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Solid-State Microrefrigeration in
Conjunction With Liquid Cooling

Thermal design requirements are mostly driven by the peak temperatures. Reducing or
eliminating hot spots could alleviate the design requirement for the whole package.
Combination of solid-state and liquid cooling will allow removal of both hot spots and
background heating. In this paper, we analyze the performance of thin film Bi,Te; mi-
crocooler and the 3D SiGe-based microrefrigerator, and optimize the maximum cooling
and cooling power density in the presence of a liquid flow. Liquid flow and heat transfer
coefficient will change the background temperature of the chip but they also affect the
performance of the solid-state coolers used to remove hot spots. Both Peltier cooling at
interfaces and Joule heating inside the device could be affected by the fluid flow. We
analyze conventional Peltier coolers as well as 3D coolers. We study the impact of
various parameters such as thermoelectric leg thickness, thermal interface resistances,
and geometry factor on the overall system performance. We find that the cooling of a
conventional Peltier cooler is significantly reduced in the presence of fluid flow. On the
other hand, 3D SiGe cooler can be effective to remove high power density hot spots up to
500 W/cm?. 3D microrefrigerators can have a significant impact if the thermoelectric
figure-of-merit, ZT, could reach 0.5 for a material grown on silicon substrate. It is
interesting to note that there is an optimum microrefrigerator active region thickness that
gives the maximum localized cooling. For liquid heat transfer coefficient between 5000

and 20,000 W m =2 K™, the optimum is found to be between 10 um and 20 um.
[DOI: 10.1115/1.4001853]

1 Introduction

Thermoelectric cooling is used for temperature stabilization and
control of small area devices. Compared with the traditional heat
pumps, thermoelectric coolers (TECs) have the advantages of
compactness, high reliability, low maintenance, no vibration (be-
cause of no moving parts), no refrigerants, easy control, and direct
thermal to electric energy conversion. Thermoelectric coolers are
currently used in microelectronic and optoelectronic applications.
Because of their low efficiency, their use is limited to small pow-
ers or localized cooling.

Efforts have been made to develop a model that predicts the
cooling performance of a TEC in a real application including the
effect of the heat transfer coefficients at the cold and hot sides, as
well as the effect of thermal contact resistances of ceramic plates
and electrical contact resistances of metallic interconnects; very
interesting and detailed theories can be found in Refs. [1-5]. In
this paper, we expand the previous studies to the case where TECs
are placed inside a microchannel with liquid flow.

The basic thermoelectric energy conversion is determined by
the material’s figure-of-merit ZT. ZT is defined by ZT'=0S?/kT,
where o, S, and k are the electrical conductivity, the Seebeck
coefficient and the thermal conductivity of the thermoelectric ma-
terial, respectively. SiGe is a well known bulk thermoelectric ma-
terial for high temperature power generation applications. Re-
cently, Si/SiGe superlattice structures have been investigated for
room temperature cooling applications [2]. Si-based microrefrig-
erators are attractive for their potential monolithic integration with
Si microelectronics.

Another advantage of thermoelectric devices is their ability to
be combined with other conventional liquid cooling techniques
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[6], which can offer an additional degree of freedom to remove
both background heating and hot spots. Hot spots have become
one of the major problems in the IC industry. Removing them has
become one of the biggest challenges for the thermal management
of the electronic and optoelectronic chips. Hot spots and nonuni-
form temperature distribution in the chip can degrade the perfor-
mance and reduce the reliability. Unfortunately, most of the exist-
ing cooling techniques cannot remove the hot spots selectively
and they have to operate in a suboptimal fashion and overcool the
whole chip [7]. To overcome these difficulties, one solution is to
use hybrid solid-state and liquid cooling.

Two-phase flow is a well known technique that can provide a
high cooling power density, but it has flow instabilities issues due
to the creation and dynamics of gas bubbles inside the microchan-
nel. Integrating thermoelectric coolers will allow condensation of
the bubbles and reduce such flow instabilities. Hybrid solid-state/
liquid cooling is a promising technique to remove both the back-
ground heating and the hot spots.

In this paper, we will analyze the cooling performance of a
conventional thin film Bi,Te; TEC and a 3D SiGe-based microre-
frigerator and optimize the maximum cooling and cooling power
density in the presence of liquid flow. According to Ref. [7], spot
cooling inside a microchannel can be used for bubble condensa-
tion and the control of the two-phase flow. In this application, it is
important to study the maximum cooling and cooling power den-
sity of the solid-state cooler as a function of the flow parameters,
heat transfer coefficient, and the liquid temperature. We also study
the impact of various parameters such as thermoelectric leg thick-
ness, Ohmic electrical contact resistance, and ceramic thermal
contact resistance, on the overall spot cooling performance.

2 Thermoelectric Model

In this section, we present the theoretical modeling of the cool-
ing performance of both a conventional thin film Bi,Te; TEC and
the 3D SiGe-based microrefrigerator.

2.1 Conventional Thin Film TEC. Figure 1 illustrates a
schematic diagram of a commercial TEC with heat exchangers at
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Fig. 1 Schematic diagram of a TEC and the corresponding

thermal network model

both the cold and hot sides. It consists of several n-p thermoelec-
tric couples sandwiched between two electrically insulated but
thermally conductive ceramic plates. It is assumed that the ther-
moelectric arms of the TEC, n-type and p-type, have symmetric
structures and properties. Moreover we assumed all thermoelectric
properties to be temperature independent and refer to the normal
values of the commercially available Bi,Te; thin film. The TEC is
assumed to be well insulated from the surrounding except the heat
flows at the cold and hot sides [4,5].

Application of the thermal network model to the TEC, as shown
in Fig. 1, allows us to obtain the heat balance equations from up to
down at positions (a)—(f) as follows [4,5]:

Qc=HA(Tp-T¢)
Qc=KdTc-T¢)
Qc=1.5Tc,~ sRI, — K(Ty,~T¢)
Ou=1,5Ty,+ %ng -K(Ty,-T¢)
On= KC(THJ —Th)

HZHHA(TH_TH) (1)

where Q. and Qp are the cooling rate at the cold side and the heat
rejection rate at the hot side, respectively. Tr and T, are the tem-
peratures of the heat source (fluid) and the heat sink (ambient), T
and T are the temperatures of the cold and hot sides, and 7, and
Ty are the temperatures of the cold and hot junctions (i.e., the
temperatures of the cold and hot metal electrodes). I, is the elec-
trical current. Hy and Hy are the overall heat transfer coefficients
of the heat exchangers at the cold and hot sides. For simplifica-
tion, the effect of fins on the hot side is assumed to be included in
the value of Hy and both heat exchangers are assumed to have the
same surface area A. K denotes the thermal conductance of the
ceramic plate, which is supposed to be the same at the top and
bottom of the TEC. It is given by
koot
Ic

)

where k¢ and 7 are the thermal conductivity and thickness of the
ceramic plate, respectively.

S, R, and K are the total Seebeck coefficient, the electrical
resistance, and the thermal conductance of the TEC, respectively.
They are given by

§=(Sp—S,)N=25,,N

=< LP + Ln
opAp  0A,

T r, 1 r
+2ﬂ+2ﬂ)N=<2 +4 "C>N
AP An 0pn Apn
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Ap A,
K= kp_+kn_ N—ZkPnGN
L, "L, 106
A
G=- (3)
L 107

108
109
110
111
112
113
114

G is called the geometrical factor of the TEC, and N is the total
number of the n-p thermoelectric couples. A,=A,=A,, is the
cross section area of the TEC n-type and p-type legs, and L,
=L,=L,, are their lengths. r,. is the Ohmic electrical contact
resistance at the interface metal/semiconductor, in which we can
include also the electrical resistance of the metal electrode.

By eliminating T; and Ty from the system of Eq. (1), the

latter could be written as 115
Qc=HA(Tp-T¢) 116

Qc=15qTc~ sRele ~ Keg(Ty=Tc) 17
QH=1eSZ1TH+ %qulﬁ—Keq(TH- T¢) 118
Ou=HuA(Ty—T,) (4) 119

where equivalent impedances have been introduced, Secq, qu, qu, 120

qu, and Keq to include the effect of the thermal conductance of 121
the ceramic plates and the electrical contact resistance of the metal 122

electrodes. They are, respectively, given by 123
c_ 1-J, H_ 1+J,
R B Py e S P 124
c_ 1+2k-J, H_ 14+2k+J,
AT 4 2k=J T 42k 02 125
% K
eq_1+2K—]§ 126
LS K
Jo=——, Kk=_- )

The second and third equations of system (4) resemble the ones of 128
an ideal TEC except for the equivalent impedances. This proce- 129
dure has been first introduced by Xuan [5]. Xuan gave the same 130
equivalent Seebeck coefficient and electrical resistance felt by the 131
cold and hot sides of the TEC. However, we found that the cold 132
and hot sides have slightly different expressions of the equivalent 133
Seebeck coefficient and electrical resistance, but the equivalent 134
thermal conductance is the same. 135

Solving the system of Eq. (4) is straightforward, from which we 136
can get the expressions of different parameters 7, Ty, Qc, and 137
Oy, as well as the expression of the coefficient of performance 138
COP=Q¢/(Qy—0Qc). The temperature at the cold side of the TEC 139

is given by 140
To=H A—q—? T,—H A—“—Ke T
c—HF 2 C F— 1h ) a
Ko+ KS X KL Ko, + K5 X K, 141
c H _ pH
lReq X Keq _Req X Keq 2 6
+ 2 KC H e ( )
2 Keq +tKeq x Keq 142

In expression (6), two more equivalent thermal conductances have 143

been introduced, namely, Kecq, and Kg], which are given by 144
K¢ = 1,85+ Keg + HpA 145
Kl =150 — Kog— HyA (7) 146

147
148
149

The cooling power density (CPD) of the TEC is defined as the
needed thermal load to be put on the cold side to make the tem-
perature at this location equals ambient temperature 7,. By com-
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Fig. 2 Schematic diagram of the 3D SiGe-based microrefrig-
erator (a) and its corresponding thermal quadrupole circuit (b)

bination of the two first equations of the system of Eq. (4), the
CPD could easily be derived as

CPD=1,S,T,— 5RS]: — Ko(Ty = T,) = HAA(Ti— T,)

(8)

2.2 3D SiGe-Based Microrefrigerator. Modeling of the
cooling performance of the 3D SiGe-based microrefrigerator is
based on thermal quadrupole method (TQM) [8—10]. The TQM is
a general analytical model that can be used to calculate electrical
and thermal responses in a 3D geometry and in the ac regime, thus
making it possible to distinguish, in some cases, the Peltier effect
from the Joule effect. In the case of a pure sine wave electrical
excitation, the Peltier effect appears at the same frequency as the
operating current, whereas the Joule effect appears at the double
frequency. The precision of TQM allows its application in the
detailed characterization of thermoelectric material properties
[11]. This method has been used to model the behavior of a con-
ventional thermoelectric couple (Bi,Tes) [12], and recently it has
been applied to Si/SiGe microrefrigerator [13]. The model pre-
sented here uses the limit of the TQM at long times (i.e., steady-
state behavior).

We consider a simple structure of the SiGe microrefrigerator, as
illustrated in Fig. 2(a). The device is made of a thin film SiGe
active layer grown on top of a silicon substrate and on top of
which a metal layer is deposited. There is no cap layer and no
buffer layer as different from former configurations [9,10]. Also,
to capture the intrinsic cooling performance of the SiGe microre-
frigerator, we neglect all thermal leakages due to the top metal
lead. Thermophysical properties of the microrefrigerator are as-
sumed to be temperature independent.

In the modeling, the microrefrigerator top surface temperature
variation is calculated by taking into account all possible mecha-
nisms of heat generation and conduction within the entire device.
3D heat and current spreading in the substrate are taken into ac-
count using analytic formulas. A detailed description of TQM to
model the steady-state cooling performance of 3D SiGe-based mi-
crorefrigerators is presented in Ref. [10]. In the following, we
present the TQM modeling for the simple proposed SiGe microre-
frigerator in the presence of fluid flow.

Both the top metal layer and the active SiGe layer are several
orders of magnitude larger than the mean free path of both elec-
trons and phonons [14]. We can hence assume a diffusive trans-
port regime, and the Fourier heat equation can then be used. When
the active layer is a superlattice because individual layers within it
are very thin, on the order of nanometers, the superlattice is con-
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sidered as an effective medium.

The thickness of the active SiGe layer is very small compared
with that of the substrate; Moreover, all Peltier sources are uni-
form at all junction plans. We thus consider the heat transfer
across the microrefrigerator to be one dimensional in the cross-
plane direction of the device. Heat transfer at the side surface area
around the mesa due to convection by the fluid is also taken into
account. Our structure is formed of two essential layers; solving
the heat equation using the fin approximation allows writing the

heat transfer matrix of each layer in the form
=@ o)) (o
¢in Ci D i d)oul 1
The matrix coefficients are, respectively, given by
h(g;t;
A; B, ch(git;) shigi)
M;= = kg% (10)
Ci D,
kiqiZsh(git;) ch(qit;)
where in=2H rlk;r, r being the equivalent radius of the microre-

frigerator and 3 its cross section area 3 =72, k; is the thermal
conductivity of layer i and ¢; its thickness. The heat transfer coef-
ficient of the fluid is described by Hy.

Z, is one of the three thermal impedances by which the heat
transfer within each layer can be represented (Fig. 2(b)). These
thermal impedances are function of the matrix coefficients, and
they are given by

“1_ 7 and 7= (11)
2T _ 7 oan .

¢ e

The term J; represents the internal Joule heating source inside

each layer that takes the fluid flow into consideration, this is given
by
sh(qt;
Jy= Reep et (12)
i
RS* is the electrical resistance of each layer, and I is the ampli-
tude of an effective electrical current given by
2wHpt;r

lr=I+ — (T~ T,) (13)

Tr and T, are the fluid and ambient temperatures, respectively.

The subscripts i=M and AL stand for the metallic layer and the
active SiGe layer, respectively.

Regarding the local character of the microrefrigerator, the sili-
con substrate underneath it is considered thermally thick and its
effect will be contained in what is called resistance of constriction
or spreading. Constriction and spreading resistances exist when-
ever heat flows from one region to another of different cross-
sectional area. The term constriction is used to describe the situ-
ation where heat flows out from a large cross-sectional region into
a narrower one, and the term spreading is used to describe the
opposite case where heat flows out of a narrow region into a larger
cross-sectional area.

Approximating both the microrefrigerator and the substrate
with a cylindrical geometry, it is easy to show that the 3D thermal
constriction/spreading resistance of the semi-infinite silicon sub-
strate is given by [8]

the

R 8 ith \/g
= ——— with r=+/—
ST 32k T T

where r is the radius of the contact disk between the two media, >,
is the cross-sectional area of the microrefrigerator, and kg, is the
thermal conductivity of the substrate.

In fact, the expression of this constriction/spreading resistance
depends on the form of temperature and heat flux distributions in
the [0, r] interval. Equation (14) is valid in the case of uniform
heat flux distribution in this interval, which should match better

(14)
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the physics. One should note, however, that the difference in the
expressions of the constriction/spreading resistances between the
case of uniform heat flux distribution and the case of uniform
temperature distribution in the [0, r] interval is only 8% [8]. In
addition to the thermal spreading inside the substrate, there is an
electrical current spreading. This electrical spreading is character-
ized by a spreading of the electrical current density lines in the
substrate. Heat current flow is different from electrical current
flow due essentially to the notion of skin effect related to electrical
current. However, this notion has no significance in the dc regime
and the electrical constriction/spreading resistance can be calcu-
lated in analogy with the thermal resistance, and is given by the
equation

8
R =5
U 3 o

(15)
where r is the radius of the contact disk between the microrefrig-
erator and the semi-infinite substrate, and oy, is the electrical
conductivity of the substrate.

We also demonstrated in previous works [9,10] that the Ohmic
contact resistance Rghm between the active layer and the metallic
layer is another important limiting factor on the performance of
the microrefrigerator.

Figures 2(a) and 2(b) illustrate, respectively, a schematic dia-
gram of the SiGe microrefrigerator surrounded by the fluid and its
corresponding thermal quadrupole circuit in the dc regime.

Application of Kirchhoff laws to this circuit allows us to get a

matrix relation, which represents the dc heat transfer in the entire

T, T,
structure between ( 45?1) and ( dfi), the temperature-heat flux vec-

tors at the top metallic layer and the interface active layer/
substrate, respectively,

TCl TC2 0
( )=MMMAL< ~MyMaL
¢Cl ¢C2 PAS
2

i )7 oo
. JAL+PMA+Jghm Iy

where

Pyp= (SM - SAL)IeTO’ Pas= (SAL - Ssub)leTO

Jan=RSpk,  J&™ = R™
Tey, 1
bc2= "o — 7Y sub (17)

sub 2
Sw» Sar. and Sgy;, being the absolute Seebeck coefficients of the
metal layer, active SiGe layer, and substrate, respectively. The
effective active layer Seebeck coefficient, S,;, include both ther-
moelectric and thermionic contributions in the case where the ac-
tive layer is a Si/SiGe superlattice [15,16]. T, is the average tem-
perature of the junction. Previous simulations in the general case
of the ac regime have shown that for small excitation current
amplitudes, linear approximation is still possible and approximat-
ing the interface temperature with the room temperature is still
reasonably correct [10,12]. For this reason, in the whole simula-
tion, we keep the average temperature of the junction equal to the
room temperature 300 K [10,12].

Combining Egs. (16) and (17) allows us to get the expression of
the microrefrigerator top surface temperature variation T as
function of the excitation current amplitude /,, as well as all
physical and geometrical parameters of the whole device. The
expression of Ty is given by

1-4 / Vol. 132, JUNE 2010
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1 1
Tey=— X {(AD - BC)(PAS + EJS“b) + [(AD,,, -B,C)
tot
BD,,—B,,D n B
RtT](PMA +Jgh )+ (A + Ribe )(A +0r+0p)
sub sub
D
- C+ —S>F} (18)
(o7
Giot» Op, A, and T are defined by
B D
G =2Hp| A+ R +C+ R
Qp=3HHTp~-T,)
A=(CZ¥+ D)y + Ty
[=AzM,+B)J, +2My, (19)

where A, B, C, and D represent the coefficients of the matrix
product MM ;.
Qp describes the thermal load at the top surface of the microre-

299

300

301
302

303
304

305

306
307
308
309

frigerator. In our case, Qy is supposed to be the power density of 310

a hot spot or what is needed to condense a bubble.

The CPD of the microrefrigerator top surface is defined by the
thermal load that has to be put on this surface to make the tem-
perature variation Ty equals zero. According to this definition,
we found the following expression for the CPD of the 3D SiGe-
based microrefrigerator:

1
CPD = > X {(BC—AD)(PAS+£Jsub)

1
B
At —
sub

B,D-BD,,
the
sub

+ [(Bmc -AD,) + ](PMA +J2M)

+ (C+ %)F - (A + %)(A +Qp+ QH)} (20)
Rsub RSUb

3 Results and Discussion

We start our discussion by first analyzing the temperature varia-
tion of both the 3D SiGe-based microrefrigerator and the conven-
tional Bi,Tes thin film TEC. Figures 3(a) and 3(b), respectively,
show these behaviors.

In these figures and all coming figures Hry, Hp,, and Hpgy refer
to 5000 W m2 K™, 10,000 W m™2 K™, and
20,000 W m~2 K~!, respectively. In the case of the conventional
TEC, the heat exchanger at the hot side is supposed to have a high
value of heat transfer coefficient of Hy=10> W m™2 K~'. This
value is kept constant for all simulation results. Tables 1 and 2
recapitulate the parameter values used for the simulation results
given in the paper for both the 3D microrefrigerator and the con-
ventional TEC, respectively.

As we can see in Fig. 3, the effect of the fluid heat transfer
coefficient at the cold side of the conventional TEC is obvious; for
the same temperature of the fluid, the minimum temperature at the
cold side of the TEC increases by increasing the heat transfer
coefficient Hp. The same behavior is observed when Hp is fixed
and we increase the fluid temperature 7.

On the other hand, the minimum temperature at the cold side
(maximum cooling) of the 3D microrefrigerator is not very sensi-
tive to the variation of Hy for a fixed value of the thermal load
Qp. This makes the 3D microrefrigerator more attractive than the
conventional thin film TEC to be used in the hybrid solid-state/
liquid cooling techniques.

In Figs. 4(a) and 4(b) the behaviors of the minimum tempera-
ture 7 and the maximum CPD of the conventional Bi,Te; TEC
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Fig. 3 Temperature variation at the cold side of the 3D SiGe-

based microrefrigerator (a) and the conventional Bi,Te; thin
film TEC (b)

as a function of the Ohmic electrical contact resistance at the
interface metal/semiconductor, respectively, are reported. To gen-
erate these curves, the rest of the properties of the TEC are kept
constant (Table 2). As it is seen in Figs. 4(a) and 4(b), increasing
the Ohmic contact resistance increases the minimum 7 and re-
duces the maximum CPD since it causes an additional Joule heat-
ing source. We can also see that the effect of this electrical inter-
face resistance diminishes by increasing the value of Hp.
Increasing Hy degrades more the cooling performance of the TEC.

Also we can see in Fig. 4(b) that the maximum CPD is not
sensitive to the value of Hp when the temperature of the heat
exchanger at the cold side (fluid in our case) is taken equal to the
ambient temperature (7x=7,=300 K). The negative values of the

Table 1 Physical and geometrical properties used for the
simulation of the 3D SiGe-based microrefrigerator cooling per-
formance. The microrefrigerator size is 50X50 um?, and the
ZT of the active layer is ZT=0.1. The electrical contact resis-
tance at the interface metal layer/active layer was assumed to
be r,.=107 Q cm? Ly refers to Lorenz number (Ly~2.44
X108 V2 K-2?).

Layer Metal Active SiGe layer Substrate
S (uV/K) 8 235 445
o (Q'm™) 150/To/ /Ly 3.65%x10* 3.1x10*
K (Wm™ K™ 150 6 130
¢ (um) 1 8 500

thermally and
electrically thick
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Table 2 Physical and geometrical properties used for the
simulation of the conventional Bi,Te; thin film TEC cooling per-
formance. i; is the thickness of the AIN ceramic plates at both
the top and the bottom of the device. k; is the bulk thermal
conductivity of AIN. The electrical contact resistance at the in-
terface metal layer/active layer was assumed to be r,

=0 Q cm?

Parameter Value
A (mm?) 9.6X9.6
A,=A,=A,, (mm?) 0.16
L,=L,=L,, (um) 200
te (um) 250
k,=k,=k,, (W m™ K™ 1.45
0,=0,=0,, (7' m™) 1.065 X 10
S,==8,=S,, (uV/K) 200
ke (Wm™ K1) 285
N 60

CPD means that the TEC stops cooling because of the large ther- 361
mal load introduced by the high value of the fluid temperature 7 362
and/or its heat transfer coefficient Hp. 363

On the other hand, both the minimum 7 and the maximum 364
CPD are not very sensitive to the variation of the thermal con- 365
ductance of the ceramic plate when we changed its thickness from 366
100 wm to 650 wm. Changing the ceramic plate thermal conduc- 367
tance from 50 W/K to 250 W/K does not affect the cooling power 368
density and the minimum cold side temperature. 369

Figures 5(a) and 5(b) show the variation of the maximum cool- 370
ing (difference between the minimum temperature at the cold side 371
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Fig. 4 Variation of the minimum T, (a) and the maximum CPD
(b) of the conventional TEC as a function of r,
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Fig. 5 Variation of the maximum cooling and the maximum
CPD for the conventional TEC ((a) and (b)) and for the 3D mi-
crorefrigerator ((¢) and (d)) as a function of the thermoelectric
layer thickness
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Fig. 6 Variation of the maximum cooling of the 3D SiGe mi-
crorefrigerator as a function of the thermoelectric layer thick-
ness for ZT=0.1 (a) and ZT=0.5 (b) of the active thermoelectric
layer. Hg is fixed to 10* W m=2 K",

and ambient temperature 7,=300 K), and the maximum CPD of
the conventional Bi,Te; thin film TEC as a function of the thick-
ness of the thermoelectric arms L,,. As expected, by decreasing
Ly, both the maximum cooling and the maximum CPD increase.
It is noteworthy to mention that by decreasing the length of the
thermoelectric arms L, the optimum current increases. Thus the
effect of the electrical contact resistances starts to be more signifi-
cant, and Joule heating due to these resistances starts to compete
with Peltier cooling at the interfaces. As a consequence of this
interplay, an optimum L, is generally found, for which the cool-
ing performance of the conventional TEC reaches its maximum.
We have not considered the effect of electrical contact resistances
in our simulation of the results of Figs. 5(a) and 5(b) for the TEC
and the value of r,. was kept r,.=0.

In Figs. 5(c) and 5(d), the variation of the maximum cooling
and the maximum CPD of the 3D SiGe microrefrigerator as a
function of the thermoelectric layer thickness are reported. It is
interesting to note the existence of an optimum thickness that
gives the best cooling performance of the device. The value of the
optimum thickness decreases by increasing the thermal load Qg
and/or the fluid heat transfer coefficient Hp. By increasing the
thermal load Qp, the value of the optimum thickness becomes
almost insensitive to the variation of the value of the heat transfer
coefficient of the fluid Hy. We can see also from Fig. 5(d) that the
CPD for a fixed Qp is almost insensitive to the variation of Hp.

To check out how the optimum thickness of the thermoelectric
layer is sensitive to other parameters of the 3D microrefrigerator,
we have done further simulations by changing the value of r,. at
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Fig. 7 Variation of the maximum CPD of the 3D SiGe microre-
frigerator as a function of the thermoelectric layer thickness for
ZT=0.1 (a) and ZT=0.5 (b) of the active thermoelectric layer. Hp
is fixed to 10* W m=2 K-".

the interface Metal/active layer and the value of the figure of merit
ZT of the active thermoelectric layer. The results of these simula-
tions are reported in Figs. 6 and 7.

Figures 6(a) and 6(b) show the variation of the maximum cool-
ing of the 3D SiGe microrefrigerator as a function of the thermo-
electric layer thickness for two different values of the figure of
merit of the active thermoelectric layer Z7'=0.1, which is the ac-
tual state of the art value for SiGe at room temperature, and ZT
=0.5. Three different values of r,. have been taken in this simu-
lation 7,,,=0, r,,,=10"7 Q cm? and r,;=10"° Q cm?. As we
can see in the figures, the position of the optimum thickness de-
pends in a complicated way on the values of ZT, r,., and Q.
More particularly, increasing ZT increases the maximum cooling
as it is expected but shifts up or down the position of the optimum
thickness depending on the value of Q. Here we assume Z7T of
the active layer is increased by decreasing its thermal conductiv-
ity. As a matter of fact, it was recently reported by Mingo et al.
[17] that the thermal conductivity of SiGe can be reduced even
below the alloy limit by incorporation of silicide and/or ger-
manide nanoparticles in the semiconductor matrix. According to
the theoretical predictions, this “nanoparticle-in-alloy” approach
will lead to a potential fivefold increase of the figure of merit ZT
of SiGe alloys at room temperature 300 K and 2.5 increase at 900
K.

On the other hand, increasing r,,. seems to shift up this position
and lower the maximum cooling.

The variation of the maximum CPD of the 3D SiGe microre-
frigerator as a function of the thermoelectric layer thickness is
reported in Figs. 7(a) and 7(b) for the same two different values of
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Fig. 8 Variation of the maximum cooling (a) and the maximum
CPD (b) of the 3D SiGe microrefrigerator as a function of the
thermoelectric layer thickness for different values of ZT and
the thermal load Q. Hr and r, are fixed to 10* W m=2 K-' and
107 Q cm?, respectively.

ZT=0.1 and ZT=0.5, and the same three different values of r,.. In

429

this case increasing r,. seems to shift down slightly the position of 430

the optimum thermoelectric layer thickness for the maximum
CPD.

The effect of the thermal load Qp on the position of the opti-
mum thickness of the thermoelectric layer is reported in Fig. 8 for
both the maximum cooling (a) and the maximum CPD (b) of the
3D microrefrigerator. Three different values of Qy are considered
in combination with two different values of the ZT of the active
thermoelectric SiGe layer as has been assumed in Figs. 6 and 7.
The values of Qy considered are Qy;=0, Qy,=300 W/cm?, and
013=700 W/cm?.

As we can see in Figs. 8, increasing Qp shifts down the value
of the optimum thickness of the active thermoelectric layer for the
maximum cooling. On the other hand, we see also that the cooling
capacity of the 3D microrefrigerator can still be effective even
with a thermal load of 700 W/cm? with a maximum cooling ap-
proaching 3 K and a maximum CPD approaching 400 W/cm? for
an active SiGe thermoelectric layer of Z7=0.1.

4 Summary

We have presented in this paper a comparison of the cooling
performances of the 3D SiGe-based microrefrigerator and a con-
ventional Bi,Tes thin film TEC in the presence of fluid flow. The
motivation of this work was to study the effect of the fluid tem-
perature 7 and heat transfer coefficient Hy on the cooling perfor-
mance of the thermoelectric devices. The study has shown that the
cooling performance of the 3D SiGe microrefrigerator is less af-

JUNE 2010, Vol. 132 / 1-7

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447

448

449
450
451
452
453
454
455



PROOF COPY [EP-09-1085] 011002JEP

456
457
458
459
460
461
462
463
464
465
466

467

468
469
470
471

472

473
474
475
476
477
478
479

fected by the variation of either T or Hr. On the other hand, the
cooling performance of the conventional TEC depends highly on
the values of these parameters. Furthermore, the impact of the
geometry of the thermoelectric devices on their cooling perfor-
mances has also been addressed. 3D SiGe microrefrigerators can
have a significant impact if the thermoelectric figure-of-merit, Z7,
could reach 0.5 for a material grown on silicon substrate. The
small size of the 3D microrefrigerator and its high cooling values
make it the potential candidate to be integrated into microchannels
in which it can be used to condense bubbles and thus improve the
performance of two-phase flow cooling systems.
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