Embedded Liquid Cooling of High-Power
Microelectronics Using Liquid Metal
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Abstract—L iquid metals have high thermal conductivities and
shows great potential in liquid cooling of high-power
microelectronics. This paper studies embedded liquid cooling
using liquid metal (eutectic GalnSn). A thermal test vehicle (TTV)
is fabricated for cooling performance analysis. It is deposited with
a heater and two resistance temperature detectors (RTDs) for
heating and temperature monitoring, and etched with embedded
micro-pin fins for cooling enhancement. The TTV is tested with
GaIlnSn and deionized water. Numerical simulations are
conducted using ANSYS Fluent and validated with test data. A
temperature discrepancy between tests and simulations in the inlet
area is found in GalnSn cooling. It is attributed to the poor wetting
in the inlet area (near RTD1) due to the large Laplace pressure of
GalnSn in the TTV. The finding suggests that in addition to
thermal properties, surface tension also needs to be considered
when designing and developing liquid metal micro-coolers. Our
simulation results show that GalnSn without fins shows better
cooling effect compared to deionized water with fins. Besides, for
the case of no fins, GalnSn cooling achieves much lower chip
temperature, higher heat transfer coefficient with a slightly lower
coefficient of performance compared to deionized water. It means
that the geometry of liquid metal micro-cooler can be greatly
simplified without compromising the cooling performance.
Further experimental studies are be conducted for verification.

Keywords—Iiquid metal cooling, embedded cooling, high-power
microelectronics

. INTRODUCTION

Following Moore’s Law of ICs or Moore’s Law of
Packaging, with the further development of microelectronics,
the thermal design power, and more importantly, the power
density of chips continues to increase [1-3]. Therefore, heat
dissipation becomes the key to further high-level integration of
microelectronics. Advanced and high-efficient cooling
technologies are demanded. Researchers proposed and
developed various kinds of cooling methods to maximize the
cooling capacity, such as jet impingement, micro-channels,
micro-pin fins, hierarchical manifold micro-channels, and two-
phase liquid cooling [4-11]. Two-phase liquid cooling
commonly encounters highly fluctuated chip temperature and
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system pressure [12-15], which may cause chip failure due to
the temporal over-heating. Complex micro- and nano- structures
in micro-cooler are commonly fabricated to enhance heat
transfer between the chip and the coolant (such as deionized
water and Novec-7300) as these conventional coolants have low
thermal conductivities. This generally comes with a price of
complex fabrication process and high flow resistance.

Liquid metals have much higher thermal conductivities
compared to conventional coolants (Table 1) and are widely used
in the cooling systems of solar energy, nuclear fusion, etc. [16-
18] They are also attracting attention from researchers in
microelectronics [19-20]. Many studies utilizing liquid metals or
liquid metal-based composites as thermal interface materials.
For example, Lin et al. [21] used liquid metal-based composites
as thermal interface material in a cell phone and achieved 5.9°C
temperature reduction compared to commercial silicon pad.
Some studies adopted liquid metals as coolant for heat
dissipation and achieved a lower thermal resistance compared to
water in power modules [22].

Table I Coolant physical properties at 25°C.

DI Water Novec 7300 Galnsn?
Density (kg/m°®) 997 166 6370
Thermal conductivity
(W/m.K) 0.6 0.062 24.9
Specific heat capacity
(J/kg.K) 4182 1140 390
Dynamic viscosity 0.89 118 53
(mPa.s) ' ' '
Electrical i
conductivity (S/m) 5.5x10 \ 24.9
Surface tension 0.072 0.015 0.605
(N/m) ’ ' '

& Eutectic alloy of Ga, In, and Sn (LMTG10B, alloykingdom).

Embedded liquid cooling has low thermal resistance and is a
promising cooling method for high-power microelectronics such



as 3D ICs. In our previous study, we experimentally investigated
embedded two-phase liquid cooling of deionized water [23-24].
In this study, we utilize liquid metal, eutectic GalnSn, as coolant
and analyzes its cooling performance in an embedded micro-
cooler. Experimental tests and analysis reveal that, unlike
deionized water, surface tension, in addition to the thermal
properties, is an important influencing factor in the design of
liquid metal micro-cooler. In addition, the simulation results
show that liquid metal achieves a much lower chip temperature
and works well without the micro-pin fins. This means that the
geometry of liquid metal micro-cooler can be greatly simplified
without compromising its cooling performance.

Il. METHODS

A thermal test vehicle (TTV) is designed and fabricated (Fig.
1). It consists of a silicon chip, a silicon cap, and a PCB. The
silicon chip and cap are of a footprint of 10 mm x 10 mm and a
height of 0.3 mm. The silicon chip has a titanium thin film heater
and two resistance temperature detectors (RTDs) deposited on
the front and micro-pin fins etched on the back. The electrical
resistances of heater and RTDs are 440 Q and 720 Q,
respectively. The staggered micro-pin fins are of diameter 100
pm, pitch 150 um, and height 220 um. The silicon cap is bonded
to the chip back, forming a micro-cooler with inlet and outlet on
the sidewalls. A PCB is designed, fabricated, and bonded to the
chip front to power the heater and collect chip temperatures from
RTDs. The detailed fabrication process can be referred from
[25].

A manifold is designed and fabricated to feed in and collect
coolant from the TTV. The manifold is CNC machined with
Torlon 5530, and assembled with the TTV using screws (Fig. 2).
The experimental setup is built for testing and characterization.
A MD scientific syringe pump is used to drive and control the
coolant flowrate.

(b)
Fig. 1 (a) Cross-sectional and (b) isometric views of TTV.

Syringe pump

()

Fig. 2 (a) The manifold, (b) coolant flow inside manifold, (c) TTV
assembled with the manifold, and (d) experimental setup.

Numerical simulations are performed using ANSYS
software. The geometric model is drawn in SpaceClaim, meshed
using Fluent Meshing, and computed with Fluent. Since it is
microscale, low fluid velocity, the energy equation is solved in
laminar flow regime. We refined the meshes until the simulation
results show negligible variations with further refinement
(<1%). The residuals of continuity and momentum equations are
set as 10, and that of energy equation set as 10, Different
coolants (deionized water and liquid metal) are adopted and
analyzed.

I11. RESULTS AND DISCUSSION

We used Eutectic alloy of Ga, In, and Sn, GalnSn
(LMTG10B, alloykingdom) as coolant and conducted cooling
tests. The inlet temperature is the room temperature 23°C. The
chip footprint is 10 mm x 10 mm.

Fig. 3 shows the cooling test results of RTD readings and
heater powers as time elapsed. The coolant flowrate is remained
constant. The heater power is increased step by step. As the
heater power increases, the chip temperatures increase. The chip
temperature gradient, indicated by the temperature difference
(RTD2 minus RTDZ1), also enlarges as heater power increases.

The simulation results of GalnSn are compared with the test
data as shown in Fig. 4(a). It shows that RTD2 matches with test
data, while RTD1 shows a difference. To explore the reason of
this discrepancy, we conducted tests using deionized water with
the experimental setup in [23-24]. The results show a good
agreement in both RTDs in deionized water. That means the
simulation models work well. The difference in RTD1 of
GalnSn should not be caused by the simulation model.
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Fig. 3 Cooling test results of GalnSn over time at the inlet velocity
of 0.04 m/s. (a) Chip temperatures at RTD1 and RTD2 and (b) chip

power.
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Fig. 4 Simulation model validations. (a) GalnSn and (b) deionized
water at the inlet velocity of 0.04 m/s and 0.23 m/s, respectively.

Table I shows that GalnSn has a much larger surface tension
compared to other coolants. Surface tension strongly affect flow
behavior in microscales. As shown in Fig. 5, coolant enters the
chip, expands to chip sides, flows through the micro-pin fins,
and exists the chip. In the RTD1 region, in addition to flow along
the mainstream direction, the coolant also flows through the
micro-pin fins towards the chip sidewall. In the RTD2 region,
the coolant already expands well in the chip with micro-pin fins
well covered. It generally flows along the mainstream direction
and exists at the outlet.

As coolant flows through micro-pin fins, it has to overcome
a barrier pressure termed as the Laplace pressure, due to the
surface tension. Given by the Young-Laplace equation,

AP = ! + ! 1
AV ()
where »y is the surface tension of coolant, R; and R, are the
principal radii of curvature of the liquid surface. Clearly, the
Laplace pressure is proportional to the surface tension, and
inversely proportional to the principal radii of curvature.

Liquid coolant passing through the micro-pin fins in this
study can be considered as liquid entering the gap between
micro-pin fins for simplicity (Fig. 6). The cross section is a (p x
h) rectangle, where p and h are pitch and height of micro-pin
fins, respectively. From Fig. 6(a), we know p = 2R;c0s6, h =
2R,c0s0, thus, (1) changes to,

1 1
AP = —2ycosf (E + E) 2
where @ is the contact angle.

Fig. 5 Schematic illustration of coolant flow expanding at inlet and
existing at outlet.
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Fig. 6 Schematic illustrations of (a) the surface tension effect and
(b) the Laplace pressure AP due to the surface tension as coolant
passes through micro-pin fins.

From (2), we can see that the Laplace pressure is determined
by the coolant surface tension (y), the fin geometry (p and h),
and the contact angle (affected by coolant and chip properties).
The surface tension of GalnSn is almost 9 times of that of water.
Besides, the contact angle of Ga-based liquid metal on silicon is
above 140°, while that of deionized water is 7° [26]. Based on
these contact angles and the surface tensions in Table I, we
found that the Laplace pressures of GalnSn and deionized water
are 10.4 kPa and -1.6 kPa, respectively. The Laplace pressure of
deionized water is negative due to its small contact angle, i.e.,
the good wettability on silicon surface. This good wettability
promotes water flow in the micro-cooler. It is evidenced by the
good agreement between the simulation and testing results of
RTD1 in deionized water cooling.

However, the Laplace pressure of GalnSn acts as a flow
resistance, and its value is not insignificant in micro-fluid flow.
The coolant flow is driven by the pump along the mainstream
direction, thus, the Laplace pressure along this direction can be
overcome. However, when coolant expands and reaches RTD1
area, it needs to overcome the Laplace pressure towards the
sidewall (Fig. 5). As coolant driving pressure is mainly along the
channel, the pressure towards the sidewalls is not large. Hence,
coolant has difficulty to reach RTD1 area, which
correspondingly leads to a poor cooling and high temperature of
RTD1. ANSYS Fluent simulation does not consider the surface
tension effect. That means simulation considers full wetting for
both water and GalnSn. This is the reason for the well match of
water, but poor match of GalnSn at RTD1.

Hence, although GalnSn has a high thermal conductivity, the
high surface tension may compromise its cooling performance
if the micro-cooler is not properly designed by taking the surface
tension effect into consideration. The Laplace pressure can be
reduced by increasing the height and/or pitch of micro-pin fins.
We remove the micro-pin fins, i.e., making the pitch very large.,
to minimize the Laplace pressure of GalnSn. The Laplace

pressure of GalnSn reduces by 60%, to 4.3 kPa. It will easier for
a good wetting of GalnSn. If lyophilic substrates or coatings are
used for micro-cooler fabrication, the Laplace pressure can be
further reduced [27].

We conducted a numerical simulation and found that GalnSn
provides a much lower chip temperature compared to deionized
water under the same conditions (Fig. 7). The difference in
cooling effectiveness between TTVs with and without pin fins
is much smaller when using GalnSn as a coolant compared to
deionized water. Therefore, embedded micro-cooler can be
greatly simplified by using GalnSn as coolant. Furthermore, the
pressure drop of a TTV without pin fins is significantly lower
compared to that of a TTV with pin fins. Hence, the pumping
power is greatly reduced.
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Fig. 7 Temperature distributions of TTV bottom surface using (a)
deionized water with fins and (b) GalnSn without fins at heater
power of 42 W and coolant inlet velocity of 0.23 m/s; (¢) max chip
temperature vs. heat power under different conditions at coolant
inlet velocity of 0.46 m/s.

Fig. 8 and Fig. 9 shows the cooling performance of GalnSn
and deionized water, respectively, without micro-pin fins. We
can see that the chip temperature is up to 20°C lower in GalnSn
cooling. The pressure drop is higher in GalnSn cooling. But it is
not significant in micro-fluid flows. The heat transfer coefficient
is around 1.4x10° W/m?2.K, 4.2 times of that in deionized water
cooling. The coefficient of performance (COP) is slightly lower
compared to deionized water.
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Fig. 8 Cooling performance of GalnSn without micro-pin fins. (a)
Chip temperature RTD2 and pressure drop, and (b) heat transfer
coefficient hert and coefficient of performance COP vs. heater
power. The coolant inlet velocity is 0.93 m/s.

IV. CONCLUSION

This paper studies embedded liquid metal (GalnSn) cooling
of high-power microelectronics by experimental tests and
numerical simulations. The experimental tests revealed that a
part of the micro-cooler embedded micro-pin fins was not well
wetted by GalnSn due to its high surface tension. The analysis
on the surface tension effect suggests that the micro-cooler of
GalnSn cooling needs customized designs. It would be different
from the micro-coolers of conventional coolants (i.e., deionized
water, Novec 7300, etc.) as they have much lower surface
tensions. To reduces the Laplace pressure (pressure barrier)
caused by the high surface tension and large contact angle, we
remove the micro-pin fins and found the Laplace pressure is
decreased by 60%. The Laplace pressure can be further reduced
by using lyophilic substrates or coatings in the micro-cooler.

The numerical simulations showed that GalnSn without
micro-pin fins achieved a much lower chip temperature
compared to deionized water with micro-in fins thanks to its
high thermal conductivity. We also compared the cooling
performance of the on micro-coolers without micro-pin fins
using GalnSn and deionized water as coolants. The results
showed that GalnSn a much lower chip temperature, up to 20°C
smaller than that of deionized water. The heat transfer
coefficient is 4.2 times to that of deionized water. The pressure
drop is larger; however, the coefficient of performance is only
slightly lower. This suggests an overall better performance of
GalnSn.
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Fig. 9 Cooling performance deionized water without micro-pin
fins. (a) Chip temperature RTD2 and pressure, and (b) heat transfer
coefficient hert and coefficient of performance COP vs. heater
power. The coolant inlet velocity is 0.93 m/s.

This study revealed that the high thermal conductivity of
GalnSn greatly advances its cooling performance, however, its
high surface tension may be a compromising factor if the micro-
cooler is not customized well. Future experimental studies are to
be conducted to compare and verify the analysis and simulation,
and further facilitate our studies for embedded liquid cooling of
3D ICs (stacked multi-layer functional chips).
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