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Wiy Liguid Metal Micro Heat Pipes (MHPs)
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Phase Change Heat Transfer

9ju00-sdewl/woo"sse.

High Heat Flux Ability Using Liquid Metals

Embedded Directly Under Electronics Heat Source

Good Si or Ceramic CTE Matching Abilities
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Introduction
Micro Heat Pipes (MHPs):

Concept was first introduced by in 1984

Cotter defined micro heat pipe as being “ the one in which the
mean curvature of the vapor-liquid interface is comparable in

magnitude to the reciprocal of the hydraulic radius of the total
flow channel”

The basic working mechanism is same as the heat pipes, the
factor being the of the “ ” structure

Characteristic small sizes, makes MHDPs for the
industry applications
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Viiiclo-heat Pipes in Si Heat Spreaders

Bnnels In an
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GaAs 0.05 W/mm-K
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127 pum Channel Pitch
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* DREI etch process performed in Auburn University micro-
machining laboratory

* Process 1s well characterized and very repeatable in a &
manufacturing environment s susuas Snrvessery
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Operational Limits for Water uHPs

10000 = ‘ :

~ Water

1000

100

viscous

/ T 11 [ 1] l IREET Sﬂnic
e —— \“‘\ i —startup

=

Q4 Limits [W]

hoiling

//,//’

AT

e -
i
/

0 20 40 60 80 100 120 140 160

Operating Temperatuer [°C]

3/10/2010 AUBURN VERSITY

COLLEGE OF ENGINEERING

001764

€20z Aenuer g0 uo 3senb Aq jpd- | zdm-0dp010Z/¥285922/09.100/0dA/010Z/4Pd-8]o1e/s80usI8ju0o-sdewl/woo ssaidus|je: ueipuaw;/:dpy woly papeojumoq



IMAPS Device Packaging Conference 2010

Boiling Limit Comparison
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The Liquid Metal Advantage

P

P
tal mHP-1
tal mHP-2

Lateral Gradient (°C) Over 5.5 mm

Power (W)*
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Norking Fluid Decision Tree
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DEVIIng Parameter — Critical Heat Flux
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Liguid Metal Working Fluids

= Liquid Metal MHPs Give Superior
Performance.

o B. Badran, et al., "Liquid-Metal Micro Heat Pipes,"
Proceedings of the 29th National Heat Transfer
[glllonference, August 8-11, 1993, HTD Vol. 236, pp. 71-85

= [ ooked at Mercury, Sodium, Potassium
8 Hg (-38.4 C) Good Candidate
o Na (978 C) T, . Too High
o K(63.7C) T, Too High

melt
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Benefits
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Higher Boiling Limit

udusye-uelpu

Higher Heat Transfer Performance - ref. [4]

-sdewi/woo ssa.

94U0D

Material Compatibility

Commercially Available
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Oiher Options Include Indium Based
Futectics...
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Low Liquidus Temperature

udusye-uelpu

High Surface Tension
Wets Si, 510,

9ju00-sdewl/woo"sse.

High Liquid Thermal Conductivity

Indalloy Liquidus Solidus Elemental Composition (% by Mass)
Number
°C °C

60 15.7 15.7 75.5 Ga/24.5 In

77 AS) 15.7 95 Ga/5 In

14 29.8 100 Ga

18 61.5 61.5 61.72 In/30.78 Bi/7.5 Cd

162 72 72 66.3 In/33.7 Bi

25 77.5 77.5 48.5 Bi/41.5 In/10 Cd

N6 Aq jpd-| zdm-0dpQ10Z/¥285922/09.100/0dA/010z/4pd-sjoiHe/ssous)
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And Gallium

= Ga

3/10/2010

Unknown transport properties
Performance is not predictable
No heritage from heat pipe literature

Higher freezing point (~30 °C)
Low vapor density and pressure
No known safety concerns

Easier for sealing due to solid state during
evacuation.
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geictors Affecting the Working of MHPs
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IV. Charge of the MHP:

udusye-uelpu

It is the of working fluid into the MHP

-sdewi/woo ssa.

94U0D

of MHPs were recorded fill ratios
rather than with high fill ratios 5]
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Heating
Element
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Testing of MHPs

and components of the MHP array die:

Thermocouple
placement
point
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Base di

Silicon

Channel
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Testing of MHPs
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Assembly Cross-Section Dimensions
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300 pm thick Si Lid

Indium Bonding W 25 100 um wide by 100

metallization Vi pum deep channels
\ .
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[ /
LULLUAL B LU LA

Deposited Liquid \—o 150 pm thick by

Metal 5mm wide by 10
mm long Si die
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uid Metal Filling Technique

Removable Glass Lid
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Diawing of Wafer Before Plating

I I
IF M
IF M
IF M
IF M I
IF M (il
i
(R el

metallizati
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] |

Contact wafer
area for
plating
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bross-sectional View Before In
Plating

- Wwtuln 10Qu 00p T1/Pt/Au
~ plating m metallizati
bage on
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Sloss-sectional View After 10pum
In Plating

100u 00u T1/Pt/Au
m metallizati
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Step 2: coat Ti/Pt/Pd with PR and
pattern Ti/Pt/Pd (wet etch
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SiE@p 4: Plating base metallization
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Die Assembly Procedure
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Etch wafer, saw and clean die

udusye-uelpu

Dip into melted metal bath

9ju00-sdewl/woo"sse.

Remove photomask
a This step done before dipping for Hg channels

Pattern lid

8 top - thermal sensors

o bottom - channel metallization
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Board Design Fabricated Test Set Up

Power I/O
Solder Pad

Die Attach
Area

Power Leads
Power I/O

Solder Pad

Cooling ca
Crillable mounting

Excelien thermal unifor
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Platinum RTD Micro-Sensors
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Non-Production Feature
5 per MHP Die.

Used in Tandem with IR 4“”
Scope.

udusye-uelpu
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Each Sensor Calibrated
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Testing of MHPs

— Top face of calorimeter

— Temperature measuring point

Base of Calorimeter
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Test Results

Thermal resistance

Thermal Resistance = AT / Power

AT = Temperature difference between the evaporator and
condenser regions of the MHP

Power = Input power to the MHP
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Calcu_lation of Equivalent Thermal Conductivity Using the Silicon Equivalance Approach

IMAPS Device Packaging Conference 2010

Test Results

ethod - Silicon Equivalence Method

K silicon (W/im-K} Name Equation Slope (AT/AQ) R*2 Value |Silicon Equivalence| Equi.Thermal cond.{WW/m-K)
148 Empty MHP 1.3968x+0.1111 1.3968 0.9882 1 1458.0
Water filled MHP-1  |0.793x-0.2012 0.793 0.9987 1.76 260.7
Water filled MHP-2  |0.638x-0.0643 0.638 0.9987 219 3240
Silicon/Mercury-1 0.4689x+0.0895 0.4689 0.9836 2.98 440.9
Silicon/Mercury-2  [0.638x-0.0643 0.638 0.9987 219 324.0
Silicon/Mercury-3 0.6525%-0.105 0.6525 0.993 214 316.8
Silicon/Mercury-4 ~ |0.2329x+0.0678 0.2329 0.9956 6.00 +—— Ge7.6
Silicon/Mercury-5 0.246x+0.1009 0.246 0.9954 5.68 9404
Silicon/Mercury-6  |0.2618x+0.0882 0.2618 0.9898 5.34 789.6
Silicon/Mercury-7  |0.2824x+0.1128 0.2824 0.9963 4.95 732.0
Silicon/Mercury-8 0.2797x+0.0614 0.27597 0.9978 4.99 7391
Silicon/Mercury-9  |0.2742x+0.0413 0.2742 0.9978 5.09 7539
Silicon/Mercury-10  |0.259x+0.2169 0.259 0.9861 5.39 796.2
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Test Results

Second Method — Effective thermal conductivity
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Keff =[(Q/Amhp)]/[(T max—T min)/L]
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Where,
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Q = Input power
L = Length of the MHP
AMHP = Area of the MHP array
Tmax = Temperature at evaporator end for given Q

Tmin = Temperature at condenser end for given Q

@
T
)
>
9
®
@
)
=
Q
o
7
°
a
=
N
=]
=
=)
<4
w)
o
(]
2
S
S
=
]
)
4
N
N
[
I3}
©
N
£
N
o
=
=)
a
°
5]
=
S,
R
X
°
a
=3
o
<
Q
c
@
171
28
o
=)
o
@
[
)
>
c
9]
<
N
=]
IN]
w

AUBURN leIVERSITY
SAMUEL GINN
COLLEGE OF ENGINEERING

001793




IMAPS Device Packaging Conference 2010

Eguivalent Thermal Conductivity
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@oparison of Water uHP Performance
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Nguid Metal Filled uHP Performance
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The Liquid Metal Advantage
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Equivalent Thermal Conductivity
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Evaporator Temperature
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Test Results

Effective thermal conductivity vs. Power for various MHPs
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Test Results

Thermal resistance vs. Power
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MHPs
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Test Results

[=] Evaporator temperature vs. Power for various MHPs
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Test Results

= Temperature difference vs. Power for various MHPs
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Test Results

[=] Uncertainty Analysis
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Test Results

arison of average effective thermal conductivities for
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Test Results

\ancement factor : Improvement of the average effective
thermal conductivity a charged MHP over that of an empty MHP
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