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Microchannel cooling isa promising technology for solving the three-dimensional
integrated circuit thermal problems. However, the relationship between the
microchannel cooling parameters and thermal behavior of the three dimensional
integrated circuit is complex and difficult to understand. In this paper, we perform
a detailed evaluation of the influence of the microchannel structure and the param-
eters of the cooling liquid on steady-state temperature profiles. The results pre-
sented in this paper are expected to aid in the devel opment of thermal design guide-
lines for three dimensional integrated circuit with microchannel cooling.
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Introduction

Three-dimensional integrated circuit (3D-1C) technology, emerging as apowerful tool
for satisfying the challenging integrated circuit packaging requirements, has received consider-
able attention in the semiconductor community [1-3]. By expanding the design space into the
third dimension, 3D-IC offer several advantages over the traditional microelectronic designs,
including reduced average wire length, wire delay, power consumption and footprint, etc. [4, 5].
Although theelectrical benefitsare proved to have great improvementsin stacked integrated cir-
cuit (1C) packages, as the package density increases, the heat quantity in each unit volume be-
comes higher, which will greatly increase the working temperature of the device. The problems
of heat dissipation are more serious and catching lots of attentions than those in the traditional
single | C package. Hence, thermal management for 3D-1C is becoming a major concern [6-8].

In recent years, the microchannel cooling technology is a promising technology for
solving the thermal problems of the 3D-IC [9,10]. However, the microchannel structure and the
parameters of the cooling liquid, which have amajor impact on the thermal behavior, are com-
plicated and hard to be well understood. In this paper, we characterize the influence of these pa-
rameters on the steady-state temperature profiles of the diesin 3D-IC. The results presented in
this paper are expected to offer help for the devel opment of thermal design guidelinesfor 3D-I1C
with microchannel cooling.
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The physical thermal model
The physical thermal model of the 3D-IC isshowninfig. 1, wherefig. 1(a) showsthe

3D-1C without the microchannel cooling, while fig. 1(b) shows the 3D-I1C with the integrated
microchannel cooling.
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Figure 1. The 3D-1C model

The 3D-1C are composed of multiple stacked dies interconnected using through-sili-
convias, whilethe number of devicesthat can beintegrated within the systemislimited as[8]:

aNGE _ gat 1)
tog
whereNg isthe number of gatesthat can beintegrated within asystemwith aclock periodt,y, g—
the average thermal conductance, AT — the temperature gradient between the dissipating ele-
ments and the ambient air, E — the energy dissipation, o — their activity rate. Heat flow in the
3D-ICisgoverned in acontrol volume of asolid that with the isotropic thermal conductivity by
the following equation [11]:

CVZ—I+(—kV2T):q 2

where C, is the volumetric specific heat of the material, T —the temperature of the control vol-
ume, k —the thermal conductivity of the material, g — the volumetric rate of generation of the
heat inside the volume. In the microchannel cooled 3D-1C, the energy conservation equation for
heat transfer in a control volume of the liquid can be written:

Cvz—-[+(—kV2T)+CVUVT =( (3)

When compared to eqg. (2), the previous equation contains an added term on the left
hand side, where u is the velocity of outflow of the fluid at the surface of the control volume.

Experimental results

Asshowninfig. 1, the 3D-1IC model that we useto study hasthree dies, which integratesfour
microchanndsin die-1. The microchannelshavethe same structure, wherethe height and width are 1.0
mm and 2.0 mm, respectively. The die-1, die-2, and die-3 that have the same thermal conductivity of
120 W/mK are assumed to be 10mm x 10mm x 3 mm, 10 mm x 10 mm x 2 mm, and 10 mm x
x 10 mm x 2 mm, repectively. The two bonding layersare both 10 mm by 10 mm by 0.5 mm with
the same thermal conductivity of 2 W/mK. Fromthetop view, theheat generations of the three dies
are shown in fig. 2, they are 1.0-10° W/m? (Postion: 1 mm<x <3 mm,1mm <y < 3mm, and 1
mm<z<3 mm), 2.0-10° W/m? (Position: 4mm<x<6mm,4mm<y<6mm,and45mm < <z <
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5.5 mm), 1.0-10° W/m? (Position: 7mm<x<9 |Die Die 2 Die 3 -
mm, 7 mm<y<9mm,and8mm<z<9mm), re-

spectively. At the bottom of the bottom-most die, 0

the convective heat transfer coefficient is set to be O

1000 W/n?K, whilethe other Sde surfacesare as-

sumed to be adiabatic. Figure 2. Heat generation distribution in each die
Case (1). The impact of the introduced from the top view
microchannels

In this case, we study the impact on temperature rise as the microchannels are intro-
duced in the 3D-IC. Figure 3(a) shows the temperature curves along the y-direction in the three
different dies of the 3D-IC that without microchannel cooling. When the microchannelsare in-
troduced, the temperature curveis plotted in fig. 3(b). Compared with fig. 3(a), wefind that the
temperature has about 24% decline when the microchannels are introduced.
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Figure 3. Influence of the microchannel cooling on temperaturerisein 3D-IC

Case (2). The structure of the microchannel Eass m— (1) ox 1
In this case, we change the structure of the ¢ | RI5x15 |
microchannels to find out the impact on the £
temperaturerise, that is, taking the surface areas gss ot
'_

of the microchannel as invariant while chang-
ing both the width and height of the
microchannel to be 1.5 mm. Asshowninfig. 4,
the temperature of the die-1 aong the y-direc-
tion decreases a little when the microchannel oy
structure is changed.
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Case (3). Velocity of the cooling liquid

In this case, we study the influence of the %7 2 4 6 8 10
cooling liquid velocity on temperature rise via Fosiiont along;y-dirsction [mid

increasing the velocity by 2 and 4, respectively.  Figure 4. Influence of the microchannel
Figure 5 shows the temperature curves of the  structureon temperaturerisein 3D-1C
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different velocities in die-2 along the y-direc-
Z 360.4}1) 5l

tion. It can be found that the temperature in-
creases as the velocity increases.

Conclusion

In this paper, we studied the influence of the
microchannel structure and the parameters of
the cooling liquid on thethermal behavior of the
3D-IC. We anayzed the impact of the
microchannel, the microchannel structure, and
the velocity of the cooling liquid on tempera-

I & 8 1o tureriseof 3D-IC. This paper isexpected to aid
Posttion along y-direction [mm] in devel oping temperature characterization and

Figure 5. Influence of velocity of the cooling ~ Prediction tools for 3D-IC with microchannel
liquid on temperaturerisein 3D-IC cooling. In addition, this paper may aso be

helpful in the characterization of various ther-

mal management strategies being proposed for 3D-1C with microchannel cooling.
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