Microelectronics Cooling
“An Overview”

J. Richard Culham

Microelectronics Heat Transfer Laboratory
Department of Mechanical Engineering
University of Waterloo

6/25/09 Microelectronics Heat Transfer Lab Page 1
University of Waterloo



Outline

* Motivation
 Thermal Networks
* Bulk properties
* Spreading/constriction
* Boundary heat transfer
 Joint/interface heat transfer

6/25/09 Microelectronics Heat Transfer Lab Page 2
University of Waterloo



Motivation ‘MHTL

« Heat loads typically follow transistor density

* 1965: Gordon Moore observed that transistor density on ICs
was doubling every 18 months and
predicted 1t would continue for the
foreseeable future

« After 45 years, Moore’s prediction
1s beginning to fail due to
thermal management
1ssues

_ material
e
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Thermal Resistance Network @mHTL
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Component Resistances

Joint
Material Q R=1/(hA,), where
Rpuik = L/KA, A hy=h,+h,
A,
T {h00}=125{3}0-95
m k ~[H
L
1 =
. Y+M
Spreading S~
P
s =7 KA. v Boundary
S
where v=1f(A,/A,, L, h, k) P hA,
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Effects of Scale

‘ MHTL

Case 1: k=20 W/mK, t=2 mm, r,=20 mm, r,= 2 mm, h = 20 W/m?K

scale by factor of 0.01 l
Case 2: k=20 W/mK, t=0.02 mm, r,= 0.2 mm, r,= 0.02 mm, h = 20 W/m?K

°C/W Order Case 1 Case 2
Ry L 0.08 8
Reortact L-2 14 1.4x10°
SR L-1(L-2) 9.2 922 (9x104)
Rboundary L2 40 4x10°
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File Edit View Favorites Tools Help nks » l"'
[ J ~
Bulk PrOp ertles Effective Conductivity of Multilayered
Substrates
» Effective conductivity Substrate
calculator based on Fourier Length () L 1100
. . Width s W |[100
SCI1CS analySIS Convective /1, 5
Coefficients :
/TT'))::KI hbat 5
« Up to 20 layers, pre- Tayen B
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. . .. 3 Other v ‘10 (1 0
relative source S1Z¢€, p0s1t10n
and edge conditions Heat Source L
Length mmm) LS 40 n
-. | g .
Width mmm) 144 S 140 t
Position mm) X |30 h
http://mhtlab.uwaterloo.ca/ (ower et comen) -~ X
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)
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Spreading Resistance MHTL

* General series solution for rectangular, multi-layered flux

tubes: “Influence of Geometry and Edge Cooling on Thermal Spreading
Resistance,” Muzychka, Y.S., Yovanovich, M.M. and Culham, J.R., AIAA

@00 ~ Spreading Resistance of Circular Source on Circular Disk with Edge Cooling | Journal Of Therm OphyS iCS and
Spreading Resistance of Rectangular Source on Rectangular Disk with Edge Cooling /@ l Heat TranSfeV VOZ 20 NO 2
) . ’ ° ’
Source Dimensions Substate Dimensions April_June’ 2 006’ pp' 24 7_255‘
2a [mm] 2b [mm] 2¢ [mm] 2d [mm]

. Circular and rectangular
substrates

. Single and multi-layers

. Finite, semi-infinite

Side Film Coefficient Thickness

hs [W/m?K] _timm] '
— ! and infinite flux tubes
. Circular, strip and rectangular
‘ sources
Number of Terms End Film Coefficient Thermal Conductivity I: * ISOﬂUX’ ParabO”C’ Equivalent
N e Wim2K] k [Wim K] Isothermal sources

L. Edge cooling

Number of Digits (3 /4] (Calculate ) ( Close Window ) i

Copyight ©2008 Nieroatectronics Hest Tranfer Laboratory e —
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Cooling Potential

Water jet impingement

FCIChip-scale heat sink

FC jetimpingement

FC spray cooling

Chip-scale cold plate

Integral module cold plate

Separable module cold plate

Air Cooling _

T T T T T T T T T T

0 50 100 150 200 250 300 350 400 450 500
Chip heat flux removal (chmz) @ 60°C Chip to inlet, AT
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Boundary Heat Transfer

 Extended surfaces

» Heat sinks: natural convection, forced convection
-

+ Cold plates: single phase liquid \KKKK |
A

—_—

* Two phase | I

e Micro-refrigeration

* Vapor chambers

» Heat pipes

* Hybrid systems ' : 'nl"W

e Peltier devices
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MHTL

inks

Heat S
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Modeling of Natural Convection ‘MHTL
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Model Validation
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Heat Sink Models

’3 Heat Sink Optimization: Plate Fin - Microsoft Internet Exlorll'

File Edit View Favorites Tools Help
“Back v # + @ [ & Qsearch EFavorites Phedia B| Dy S W~ H 9

Heat Sink Optimization: Plate Fin

Entropy generation minimization model

Instructions | Backeround |Input/Output iReferences

 select maximum working volume

Optimize Value ‘ Maximun Dimensions
« assign values to fixed parameters R L W
Length c 100 mm [100 100 50
Widh ~  [o0  zm o e i
* click calculate to determine optimum el T -
i 1 ”
value for free parameters e L ,,
Thickness C 2 mm ~— Fin Thickness
« can be up to 9 free parameters e b
Thermal Conductivity eight
Fin ¢ [180  Wmk ! J,_L_'
- determines true, simultaneous T BN s,
optimum value for all free parameters | ot « b w  noe e

» solution procedure is applicable for
any thermodynamic system

Calculate Reset

Flow

6/25/09

Microelectronics Heat Transfer Lab
University of Waterloo

Page 15




Single Phase, Liquid Cooling ML

« Compact cold plates

for high heat flux
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Micro-refrigeration

Pressure drop (Pa)

Pressure drop vs channel width (const wall temp) Heat transfer coeficient (const wall temp)
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Figure 4-5: MHE Pressure Drop and Heat Transfer Coefficient vs. Channel Width (Channel
length 15 mm, depth 200 mm, flow 3.39x10° kg/s, T,u=59 °C)

—
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CAD model
(Solid Works)

Micro evaporator prototype ' CAM model
e e (Master Cam)
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Heat Pipes MHTL

Conventional Heat Pipe
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Figure 8: Typical Loop Heat Pipe
(Source: http://www.swales.com) PUIsatmg Heat Pipe
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Heat Pipes mHIL

Temperature Profile vs HP Length
D=5 mm, L=150 mm (Coolant 5°C)
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Vapor Chambers

Liquid
Turning lllustrations courtesy of Thermacore
. (| Heat Out Sy _
to Vapor and Advance Cooling Technologies

| ' . - http://www.1-act.com/

@ ‘ - http://www.thermacore.com/

S mm—

ey
Condenser Heat In ? ? ? Liquid Return
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Jet Impingement

lﬁ Rising vapour

Vapour Liquid
outlet T v inlet Spra§1/ ~ bubble
nozzie

Condenser

Bubbles entrained by
—  impinging droplets

__ Growing vapour
bubble

|

Processor
chip Substrate

Water jet impingement |

ciriiiiiiiil FCIChip-scale heat sink

_.—packaging
i FC jetimpingement | |
Electro- FC spray cooling
kinetlc plenum chamber — Chip-seale cold plate |

- pump

Integral module cold plate ]

4N
+—

Jet array

Separable module cold plate

Air Cooling _

0 50 100 150 200 250 300 350 400 450 500

Chip heat flux removal (chmz) @ 60°C Chip to inlet, AT
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Peltier Devices MHTL

0.25mm AIN
P-N
03mm | Cu | %%:gge
. Bond Bond

Bonds, barriers

&

semiconductor

legs .14mm | Bond Bond |

.03mm Cu Cu |
Base
0.25mm AIN Header
Not to Scale

* electric current driven through a Bismuth-Telluride junction
* heat absorbed at the cold junction and released at the hot junction

+ Electrical

power input o
Stage No. _ N T
(1) Q| |nflp
— T
— 1 Hot junction &) Qzl ;} 1P l;_Ta
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Embedded Semiconductor Cooling ‘MHTL

Heat Sink
Heat Spreader
TIM 2 SE Y T LTS e U S R B i R - €SS e A S Y B s 1)
o ok VG A S L — TIM1
Substrate Silicon Die

2.5 mmx 2.5 mm
100 wm thickness

Embedded TEC in Package
e Reduces effect of non-uniform heat transfer

e Cools hot spot by 5-15°C
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1D Thermal Model

eTEC creates temperature

Thot spot inversion, lowering junction
Hot spot,
coolilI:g { Heat transfer temperature

Heat
transfer
with eTEC
@
2
©
8 \
£
@
Tombi
ambient Rdie RTIM1 Rspreader RTIM2 Rsink
——/\/V °
P Thermal Resistance (K/W)
eTEC
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MHE Cover

TEC

TEC holder

Micro channels
(To be machined)

Hybrid
Systems
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Hybrid Systems MHTL
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Hybrid
Systems
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Thermal Contact Resistance:
Non-Conforming, Rough Surfaces MHTL

Objectives

* develop thermo-mechanical models for
predicting contact resistance in real
surfaces with microscopic roughness and
waviness

i i i
g Non-Conforming Non-Conforming Conforming
Overview Smooth Surfaces Rough Surfaces Rough Surfaces

&

Macro-contact Apparent
area contact area

* mechanical models combine the effects
of plastic deformation at the microscopic
level with elastic deformation at the
macroscopic level

..... °
oS ennes,

e :Oo:‘o 09, ‘...
=i X
o\.’:.:_ 00 »

Micro-contacts

CMAP Workshop on Thermal Issues

March 13, 2003



Thermal Interface Materials

« Two major categories

* Solid layer materials — polymers, graphite, metal foils

* Fluidic materials — thermal grease, T,
phase-change materials
e Current industry design practice Q </
« Select TIM based on manufacturer’s Re % % A
specifications hj; \/
« Limited experimental verification or analytical _k']JtL :% R
modeling =i =
. . Kk A
« TIM manufacturer’s specifications he FHe L 2
. . R02 = = Rgg
» Variety of measurement techniques %
* ASTM D5470 and variations Q
 Laser flash diffusivity tests LE
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Sample Thickness Measurements

 Thickness vs. load tests for E-Graf 1210

Stress Vs. Strain - E-Graf 1210

: AR

¢ Raw Data
—=— Averaged

Stress (MPa)

0 10 20 30 40 50 60
strain (%)
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Thermal Resistance Testing

Load

Thermal Interface Testing

* steady state test
Load Cell « prescribed interface pressure
* prescribed heat load
* measure temperature drop across the interface

Sprlng * measure heat load with flux meters
. * measure interface thickness with laser extensometer
Thrust Bearlng ck=(Qxt/I(Ax [T1-T2])
Cold Plate
. Upper Heat
- Flux Meter
. Roughened
T Joint Surfaces
: Lower Heat
o Flux Meter
Heater
Y74
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‘ MHTL

Questions?
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