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T Introduction

Problem formulation

heat source

heat sink (T = 0)

? Dynamic behaviour

i
B 10
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T Introduction
Thermal engineering

EARLY DESIGN STAGES THERMAL SIMULATORS

rapid prototyping high accuracy may
i =72 be overkill
approximation time consumption?

for thermal behavior physical insight?

—
—

>

~  ANALYTICAL MODEL
easy to use

quick but accurate
estimation

Fixed-angle dynamic heat spreading model
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Introduction
Steady state fixed-angle models

David ‘77

Cooketal. ‘76
Balents ‘69 Dean ‘85 Guenin ‘03

- Fixed-angle dynamic heat spreading model
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Introduction
How does a fixed-angle model look like?

heat sink (T =0)

P . \
I '~ 7~ amic heat spreading model
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4

Introduction

Literature overview

REFERENCE | SPREADING | HEAT source | SYBITRATE
Balents ‘69 45° ] single
Cook ‘76 45° [ multi multi
David ‘77 45°,32.5° ] single

Holway ‘77 45° O multi
Zimmer‘81 32.5° L] single
Van Nie‘83 geo ] single
Dean ‘85 45° muilti ] single

Masana‘96 2= asss?n .% Ilai:r'Pei:ae Iddii?.

Guenin'03 45° ] single
i~
A
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Model definition
Fixed-angle heat spreading

substrate

heat sink (T =0)

* Fixed-angle dynamic heat spreading model
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Model definition
Electrothermal analogy

Vhigh ;
[

AV |z

AT

prev R =i next
layer kS layer
. [ 1——
o
— —__C=¢C,sd
ambient

% N Fixed-angle dynamic heat spreading model
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Model definition

Equivalent distributed network

elementary slice

1Q(2) % Q(z+Az)|

Pé — T(z)( I —C(Z)AZz 6‘(z+Az) —
I
Z

L 0 .
T b)) ! n ! z
0 y z+Az t's >
AX
Using phasor representation:
0 %
E dQ
5 z |-~ =]Jjuc(z) T(z _ 1 .
{[ =2 ||~ DT - e n
« ((:;I|T r(z)- Q(2) Alz)=(a+2z -tano)’
Z
UN%TEIT H



Model definition

Differential equation
dQ

_2tan¢
- gy = Jocl)- Te) d*T 20 dT B==
| dr > |2 T -yT(z)=0 .
—1(2)-Q2) dz® 1+o0z dz _joC,
L C|Z y_ k
Substitution: T(z)= ¥e) _, & ¥(z)=0
ubstitution: =1t oz dz? Y

T(z)=C. cosh(ﬁz)Jr . sinh(_ 1z)

1+ 02z 1+ 0z

L _1drT
Boundary conditions: Q(0)= 0) dx . .

=P , T(t,)=0

}

4
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Model definition

Thermal impedance

cosh( yz) . sinh( vz) joC, 2tan o

Tlz)=C, 1+ 0z +G 1+ 0z Vo %7,

- boundary conditions

- division by dissipated power P

- normalization ( — model applicable for any material!)

\
Z !(\6 — 7 X Z — S —
() 2hta o j&d - cotanh(a/ja’)) *Tkat T T
\_t.
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Exact calculations
Fundamental solution for 3D space

Green’s function:

G(F' f"): 47c1kR exp(— j(okC v R)

R=(x=xP +(y-y) +(@-2f

For distributed heat source:

superposition
oint source
Thoviz)= Jllpe " Bxy'2)

N\ Fixed-angle dynamic heat spreading model
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Exact calculations
Multiple reflection technique

|
2L =8
|
T=0 = o | E o
22 1 22
EEFLE
-4t | -2t | -ts allo +-4ts i
\ J +p
|
|
I i
|
|
|

a/2 a/2
Toource (X, ¥) = sz [HOG X!y, y)dx dy'| S8 7,

value
a2

-a/2
H=G(z-2'=0)+2 i( 1)"Gz-z'=2nt,) G = Green's function

n=1

il 16
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Exact calculations
Model validation

» calculation of sufficient number (N) of impedance

points over wide frequency range (logarithmic
distribution, 10 points per decade)

» error function:

4 Re(Zth)
==_ >
(i) S (i) ~|  TTUseeo
[ Zexact - Zmodel ((M 7= B = "'-eféd
e((b) — N (i) Z% \‘f‘

=1 Zexact -
A

(i _ point error = 5= x 100 [%]
= evaluated at i-th frequency
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e(Q) [%]

Results

Model validation: error curves

A=10.0

100 1

10

A =0.2
A=0.5 O [°]
0.1 '. : |
0 10 20 30 40 50 60 70 80
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Results
Optimal spreading angle

50+
45 -
40 -
m model evaluation
- A<1: 5.86In(r)+40.4
30+ A>1: 46.45-6.048 -1

AL-]

0.1 02 0.5 : 7 5 10

e(d,pt) ranges between 0.8% and 5.4%

i 20
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Results
Thermal impedance plots (1)

Re(Zip) [-] Re(Zp) [-]
00 02 04 06 08 00 02 04 06 08 |

— 0.1 — 0.1

= 02 T 02

N 0.3+ N 0.3
E E

041 N s _
Re(Zh) [-] Re(Ztph) []
0 0 01 02 03 04 05 06 0 0 0.1 0.2 0.3 0.4 0.5

o -0.05T - -0.05-
ge— _01 L A= 0.5 —

< ' = -0.1+
?u '0-15 =4.04 ZE

g 024 j E -0.15+

-0.254 021

B exact calculation
— heat spreading model with ¢ = ¢, (A)
.
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Results
Thermal impedance plots (2)

Re(Zyn) [] Re(Zyh) [-]
o O 00501 0.1502 0.2503 03504 0O 004 008 012 016 02 024
-|'=- I...
N
E
-0.15- ~ ~
Re(Ziy) [-] Re(Zin) [-]

001 002 003 004 005

ImZy,) []

m exact calculation
— heat spreading medel with ¢ = ¢, (A)
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Results
Step response

10006 & - oo
P, ¢
power ||~ o
time g qg-
]
0 17 time
'
_R Po 7 .
P(f) = , §(f) + ionf T(t) = [, Z.. (f) P(f) exp(j2nft)df
B i T = PoZo
nJ 0
¥)- 1_1+2tano exp(jZn?'t) e 1+2)tan¢
=57 T j m Y .~ 2
0 f[Zk tan¢ + W cotanh( jf ﬂ t, = 2nC, t
L | k
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Results

Transient heating curves

T(t)[-]

A

1.E-07 1.E-06 1.E-05 'I.E:04 1.E

03 1.E-02 1.E-01 1.E+00

, il 24
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Results
Thermal rise time

B obtained from step response

1-0.687 X1
1+0.687 X%

- 0.069-0.071-

, il 25
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Results
Thermal rise time - denormalized
heat source 300um x 300um on silicon substrate

10ms —+
N
u
1ms =T ]
|
-
Y m n®
= 100 us + B
- ]
]
10 us &
Al -]
1 Us | | | | | |
0.1 0.2 0.5 1 2 5 10
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Results

Global recipe & case study

Si GaAs ALO3; Cu

k[W/mK] 160 50 22 380
C,[1051/m3K] 1.78 1.86 298 3.47
k/Cy[mm2/s] 90 27 7 110

ts[pm] rise time [ms]

50 0.020 0.068 0.246 0.017
100 0.068 0.226 0.821 0.055
150 0.130 0.433 1.575 0.106
300 0.352 1.175 4.277 0.288
500 0.669 2.231 8.125 0.548
1000 1.420 4.77 17.248 1.163

ts[um] thermal resistance [K/W]

50 2.9 9.3 21.2 1.2
100 4.8 15.3 34.9 2.0
150 6.0 19.2 43.6 2.5
300 7.7 24.7  56.0 3.2
500 8.5 272 619 3.6
1000 9.2 294  66.7 3.9

HEAT SOURCE 300um x 300pm

—
77 27
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T Anisotropic substrates
Why?

- Inherent property of certain materials
- Thermal engineering: preferential heat flow

W= =

heat sink chip heat spreader
semiconductor die

solder (TIM)
thermal spreader

substrate

% penon “ Fixed-angle dynamic heat spreading model
UNIVERSITEIT
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T Anisotropic substrates
Practical example

L
In plane vs B
carbon fibres L
direction

embedded in

Al or Cu mattrix ‘
- .o’.

Thermal Conductivity, (W/mK) 260 - 300 300 - 340 In-plane values
Thermal Conductivity, (W/mK) 180 - ZOV QZ{} - Zsy Through-thickness values
N N
© 2007 NovaPack Technologies — taken from Proc. IMAPS Workshop (31 Jan, La Rochelle)
i S
% I N\ Fixed-angle dynamic heat spreading model
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Anisotropic substrates
Mathematical treatment (1)

» 3D isotropic heat equation (phasor notation):
kV2T(x,y,z)- joC,T(x,y,z)=0

> if K, # K,
2T 2T 0T
k. —— +Kk k*— C,T=0
. 8x2+ g ay 0z’ Jo

» coordinate transformation: |z'=pz

2T | 0% 92T
k. — K,
Y ox? +Kay ay? +p ‘9z

—joC,T=0

» Now choose B such that B’k, =k,

31



Anisotropic substrates
Mathematical treatment (2)

K
» |IB= /k"y “anisotropy factor”

Ko VZT(X,Y,2')- joC,T(x,y,z')=0

» transformation of boundary conditions:

oT P oT P
My Te T TPy ta T=t,)=0
BZ azl . a2 Xy azl . a2
i .. Relate temperatures to
Multiply dissipated power (and appropriate location

hence temperatures) with f3

32




Anisotropic substrates

Model modification

» temperature distribution in an anisotropic

(k

«K;) substrate with thickness tg

B times the temperature in an isotropic
(k) substrate with thickness [ t..

» (! kee
» Hence:

0 factor B in Z,, : related to original source

Z' (L, 0)=B-Z,(Br,0) with 0'=0,,(Br)

T:"rise (7\‘) = T:r’ise (BQ\‘)

» (! Don't forget to reinterpret normalization values




Anisotropic substrates
Impact on steady state

» Ry = ot _ tsz : ! k = k., = constant
l+ot, ka® 1+2Atan¢ -4
R'v _ R _ 52 . 1+2ktan(¢opt(k))
"IR, R 1+ 2B\ tan(o,, (BA))

» intuitive expectations (based on 1-D viewpoint)

"k, is dominant,

“anistropic: B times temp.
pretend isotropic”

in isotropic substrate

K., but B times thicker”
th = |, _ R
B Ry +t, — g =P
i

34



resistance ratio R/Ric, [ - ]

Anisotropic substrates
R, @ constant k,.: results

|
| [ | |

0.9 1 1.1 1.2 1.3 1.4

Ky = Kyy Ky = kyy/2

150TROPIC] o

CONDUCTIVE
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T Anisotropic substrates
R, @ constant k,,: analysis

THIN SUBSTRATES o) THICK SUBSTRATES
B2 reasonable for R/R.,

R/ Riso =~ B

V)

bar shaped body with
approx. 1-D heat flow

- small contribution to Rth

. .(GEOMETRY) . NEGLIGIBLE CONTRIBUTION
- limited heat spreading
(SMALL ¢)
“large” surface (>> source)
tS
R k a2 k
_ ka® _ Ny _ 2 _ —
te o B R = B Rscaled pyr B Riso
R. k
ISO kxya2 zZ
TTT71 R
UNIVERSITEIT
G
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Anisotropic substrates

Impact on transient behaviour

» temperature distribution in an anisotropic

(ky,K,) substrate with thickness t,

@ he temperature in an isotropic

Ky substrate with thickness  t..

no influence on trise: time scale unaltered

nNJ

— 1 'rise (7\‘) = r{-r’ise (B}‘) t = e

k

—1.086
0.069—0.071. 1~ 0-687(B1) -
t. g2 1+0.687(B1) k =k, =
N N _ .7 ~1.086 constant
0.069-0.071. = 96874
1+0.687 -1

UNIVERSITEIT
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rise time ratio A/Aie [ -]

Anisotropic substrates
tise @ constant k,.: results

‘; 1.1 1.2 1.3 1 .I4
Ky = Kyy Ky = Kyy/2

150TROPIC] o
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Anisotropic substrates

tise @ constant k,,: analysis (1)

THIN SUBSTRATES: [3° reasonable for A/A,,

heat source

step response for 1-D heat flow

T=1- exp(— t/ requ,v)
s =R Coy = 0.369 115

equiv “equiv

k
heat sink (T = 0) trise o Tequw
é L | ( 036006
S equlv t _ K, o w [32
ambient Frs 0.369 (l:(vts E
Xy
BE 1

39
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Anisotropic substrates
tise @ constant k,,: analysis (2)

» OTHER CASES: physical explanation not
straightforward at all

» thermal diffusion characterized by whole spectrum of
time constants (even for 1-D heat flow)

» trouble:

— fitting with single exponential impossible if no
dominant time constant

— Cequiv NOt directly proportional to material volume

3 UNIVI

m
(¥2]

RSITEIT
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Conclusions

» dynamic fixed-angle heat spreading model

» extends numerous works for steady state

» frequency domain representation (Z,,) & step response
» error < 5% if appropriate spreading angle chosen

» simple expressions for ¢, & t.
» valid for wide range of thicknesses (A = 0.1 ... 10)

» can be applied for anisotropic materials

» effect of anisotropy quantified by B + physically explained

» allows quick yet accurate estimation of time-dependent
thermal behaviour

4
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