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Microelectronic System Levels
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Compact Modeling Approaches

e Scale analysis

* Non-dimensionalization

* Thermal resistance modeling

e Combining asymptotic analytical solutions
e Development of bounds
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Thermal Resistance Modeling Example

Grease
Chip

Soldar
Ball

Substrate

R. C. Chu and R. E. Simons,
Thermal Management Concepts
in Microelectronic Packaging,
1984, pp. 193 - 214.
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Introduction

Numerical Models

¢ Nighly detailed results
Complex ¢ time consuming

Models "N ¢ Steep learning curve

solution detall
final design

Compact Models

Simple
M Models

Correlations

¢ quick, easy to use
e Constrained to limited
range of available data

preliminary design

>

cost
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Why Not Always Use Detailed Models?

» Detailed models have value because....
— predict local temperature distribution within packages
— allow designers to easily make parametric changes in model

— DELPHI has proposed that they be the starting point for the
creation of compact models

 However, detailed models also...

— reveal internal (often proprietory) construction details of
packages

— are computationally demanding due to large grid required

S. Shidore, Flomerics Inc.,

International Standards Committee Meeting, 1999.
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Compact Models

« Compact models seek to capture the thermal
behavior of the package accurately

— at pre-determined critical points (junction, case etc.)

— by using a reduced set of parameters to represent the
package

e These parameters need not have a one-to-one
correspondence with the package physical structure

S. Shidore, Flomerics Inc.,
International Standards Committee Meeting, 1999.
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What is (was) DELPHI?

* Project that proposed new methodologies for developing
component computational models

« Ultimate Goal: to enable manufacturers to supply
validated compact thermal models to end-users

* Results were:
— detailed model understanding of several package types

— 2 experimental systems (Double Cold Plate and Submerged
Double Jet Impingement) for validation

— compact model networks for several package types
— a methodology to tie these together

S. Shidore, Flomerics Inc.,
International Standards Committee Meeting, 1999.
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The DELPHI Methodology

Model Parameters

End User gets ...

Validate against
Experiments Create a :
(e.g. DCP, SDJI) Detailed Model

for a Wide Range
Network Topology of Boundary Conditions

v

Optimise Resistance Values h Compare Compact Model

Choose a Resistance# Run Detailed Model 38 Times

bv Minimizing Cost Function Results with Detailed Model
y 9 Results to Gauge Accuracy

Create Equivalent of Resistance
Network Model in User Tool I —~

S. Shidore, Flomerics Inc.,
International Standards Committee Meeting, 1999.
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Boundary Condition Independent Resistance
Networks

Coupling with
environment calculated
by (say) CFD program

T

Jjunction

Fesistors are environm entally independent

S. Shidore, Flomerics Inc.,
International Standards Committee Meeting, 1999.
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Network Topologies

(@ Junction
pd

Package Jungtion-to-Board
Resistance .
\ / p— ./_ Package
/ ‘\ Star Resistances

Junction

Shunt Resistances
Junction-to-Case (b)
Resistance

Two-Resistor

S. Shidore, Flomerics Inc.,
International Standards Committee Meeting, 1999. a) Star  b) Shunt
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The Compact Models

Top Top All resistor values in K/W Top Top
Inner 250 Quter
Top Top
Inner Outer
16.2
6.1 23
Junction Junction 136 53.6
Junction 10.2
71 15.9 Junction
72
124 427
BOttom BOttom Bottom Inner Bottom Outer BOttom Inner 350 BOttom ()Uter
Solder Ball Solder Ball
Standoff Standoff
(@ (b) Array Array
Two Resistor Models Star Model Shunt Model

a) 2-Point Cold Plate Test
b) DELPHI Optimized

S. Shidore, Flomerics Inc.,
International Standards Committee Meeting, 1999.
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OVERVIEW
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S. Shidore, Flomerics Inc.,
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Examples of Compact Models

 Total resistance of multilayered substrates (vias)
 Natural convection In vented enclosures
 Natural convection plate fin heat sink

e Compact heat exchangers
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Thermal Vias

 Analytical model for via networks

* Typical configuration of a 5-layer High Density
Interconnect

e 5 copper layers separated by 5 polyimide layers

E
;

¥ia Network

JINS
s
tSeizsEs
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Dimensions and Thermal Conductivities

Item Dimensions K
(um) (W/mK)
Die 5080 x 5080 x 25 150
Thermal Epoxy 5 (thickness) 3.8
Die Attach Pad 6350 x 6350 x 5 310
Planarizing Layer 5 (thickness) 0.19
HDI Dielectric, Polyimide Layers 5 (thickness) 0.19
HDI Conductive Layers, Via Pads 5 (thickness) 386
Vias 350.D.x281.D.x5 386
Ceramic Substrate 1016 (thickness) 30
Grease Layer 25 (thickness) 0.8
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Thermal Vias

Z:; {7 ,/7 ,—«*  configuration of the via island with

% _,;; o /s respect to the die and the die attach pad
SNBSS AT SN locations

; |_ ; /f 1

J |
. .
X “ Die Location
N A\ ‘h‘“‘é\“\éh ;\Y‘_F (5.080 mm SQ.)
&

| ' T Die Attach Pad

| ,/ I
. ] (6.350 5Q.)
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T 1}__}
s A7 T Via Island
— A — —
RN 4 .xﬁ<xx. vt RN . -

' 7 7 » provides the capability to compare the
effectiveness of thermal vias, thermal
wells and partial thermal wells

R _.Exs__ Q
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Thermal Vias

100 wm (Typ) 256 um (Typ)
Edge of Via Island

‘ o= JDpm Dia. Via
o -
 typical via layout within a

’%i @ @ @ single via layer

 Vias are staggered from one

@ @ @ layer to the next

* no vertical overlaps of vias
occur through the layers

Typical section view of a via layer
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Thermal Vias

 EEDE (Typ)
Edge of Vim Island

« plan view of a typical 4-layer via
network

L. 35 um Dla. Via
(Typ)

e numbers indicate the plane in which
the via layer is located

» each plane has a 60 degree axis shift
to avoid via overlap
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Compact Model: Thermal Vias

* Isolate basic unit cell
 Model as a circular disk with an isoflux boundary

P = 100 ym
Fikoh (Trp)

:] j"‘h-_h._\\_ jl}ia Attach Pad

(o
J

,.J\ N~ Unit Cell
o] o
‘“Tf

O

Die Attach Pad ! T ._-—"/' )I

o o ow 4th Via Pad
4th Via Pad

Modified Unit Cell
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Model Validation
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Natural Convection in Vented Enclosures

« Natural convection heat transfer for a parallel
array of circuit boards in a vented enclosure

* Flow restrictions at inlet, outlet
e Solve for each channel:
é-rﬂuid
U fiuid
Maxpoard

Q1,2 board

Microelectronics Heat Transfer Laboratory

Y . o
@ASME International University of Waterloo



Modeling Approach

« Laminar natural convection between parallel

plates o b b
o Assumptions: i it S
— 2D channel flow Qs || gravity
. e 1
— isoflux boundary o 1| a L
- 1 2
conditions < =
— adiabatic boundaries at XL,
OUterwa"S D_—Q_ Yy
W

— EMC screens at inlet, exit
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Composite Solution Procedure

Nu

- short, wide channels
- large heat flux -

ndependent boundary layers ]
- resembles isolated flat plate

Composite Solution

- long, narrow channels
- small heat flux

- boundary layers interact

- flow becomes fully-developed

| 5 = = z s el B = = & s el B & E
10" 10° 10° 10° 10°
Ra,
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Nusselt Number

Nu, :q—L:[(Nufd)_” +(Nuip)_n -

kK AT
Fully Developed J k Isolated Plate, Laminar
Channel Flow Boundary Layer Flow
m, T, o1

f

R gravity
L
y
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Mean Velocity

U
Fully Developed J Isolated Plate, Laminar
Channel Flow Boundary Layer Flow
| O
“Spopveones
i ¢%l $ restrictions
l buoyént §hear ﬁ
force oree buoyant
force

‘ inertia
force
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Model Validation

Q % open K Model Exp. Data
(W /7 side) ATpoard  ATfia  ATpoara AT fiuid
(°c) (°c) (°c) (c)
5.25 100 0 22.5 15.7 22.2 14.7
5.25 62.8 4.3 25.0 20.1 26.4 18.5
4.0 49.2 8.2 22.2 19.2 23.5 18.0
4.0 38.4 148  24.4 22.0 26.9 21.1
. ) —12.9mm |~
o Symmetrically heated, single channel commoac T
« EMC screens at inlet, outlet 0
<
Q 204 mm
—
‘Ta—ZOOC
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AlIr Cooled Electronic Heat Sinks

Plate Fin

R Specialty
Radial Fin ;|
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Microelectronics Heat Sink Application

Heat Generating Devices

'. Metallization
/“.II \ Substrate
] T,

¥
| dovies | ||]] L1l

| metallization b— d == k. — d - L
u . M /‘ subsirale 3

k

)
heat sink
1
Rm =

cooling medium

T,
Heat Sink

-
N S

Cooling Medium

M. M. Hussein et al., IEEE Semitherm
Symposium, 1991, pp. 117 - 122.
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Compact Model

NU:NUO+_ __1/2+NU1

1 1
+

Nu, Nus; + Nu,

(|
.

'

diffusion + channel flow  + external
boundary
layer flow
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Compact Modeling Procedure

Given: dimensions & temperature

3
gBATb Interior Surfaces
Find: Nuy vs. Ra - — EFi . fins: side walls
hb av . channel base
Kt
Lop—/ 4, 0
1 Exterior Surfaces
. fins: top, bottom, ends & tip
. base plate: top, bottom,
o ends and back
¥
.0
_¥

le— H— lt 3
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Exterior Surfaces

Diffusion

. lower Rayleigh numbers
II‘ . thick boundary layers

||~ Boundary Layer Flow

. higher Rayleigh numbers
. thin boundary layers f
N

V

i i )
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Diffusion Model

- _( ) ) 1+0.8688 (Lg,/DGI\/l)O'76
NUo =S 72 =8/a/ jate J1+2L3/Dgy
1.0< L1/|—2 <30

) L o
plate m
50<Ly/Ly<co

2zl

(ST/Z\) plate In(4 L1/ |—2)

L, L
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Parallel Plates Models

 Elenbaas, 1941

g
Nuy, =1 Rab[l—exp(—SSIRab)] g
24 ¥
e Churchill, 1977
Nuy, = [Nu_m + Nu_m] um
b=
fd dev. fd - fully developed _4 b %_
m=2 dev - developing flow
1
I\qud _ﬁRab G\/Z\ - body gravity function

NUgey :G\/K [F (Pr) [Ragl“ F (Pr) - Prandtl number function
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Interior Surfaces

Channel Flow

. Elenbaas model with
adjustment for end wall

. combined flow: developing
+ fully developed

Control Surface

. open surfaces with
energy migration

i i )
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Compact Model Limiting Cases

10° ¢

10°

Z

10° L
10*  10% 10° 102 10*

Gg@ ASME International
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10"
o 0o |
= 10° |
10*

107

Boundary layer limit

Cuboids

]

FuIIy-deve_Ioped limit
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Model Validation: Cube

10*
I LxW xH (mm)
| Chamberlain (1983) 43.2x43.2x43.2 O
| Stretton (1984) 38.1x38.138.1 A
| Model
2 10°
L g
e i
[ W K
10° 10" 10° 10* _ 10° 10° 10* 10°

Ra
l t)- 3 3
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Model Validation: Cuboid

10" ¢
| | Clemes (1990) O
Model
=
Z
10° F =
units in
mm 1
g
50.43 x 50.43
X 510.6
10_1 2 - T = 0 = T = 2 = 3 = 2 4 A5
10 10 10 10 10 10 10 10

Rab
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Model Validation: Vertical Plate

2
10°
T A
1 L
10" F L
o)
>
Z
0
10" F
LXxW xH (mm)
Karagiozis (1991) 150x170x9.54 O
Model I
Saunders (1936) 76x230x.00254 A
Model -
-3 -2 -1 0 1 2 3 4 5 6
10° 10° 10~ 10 10" 10 10 10 10" 10

_Ra,
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Model Validation: Parallel Plates

1
10" ¢ 0
- | Elenbaas (1942) [
Aihara (1973) A
Kennard (1941) <
Model
0
10"
- i
-
Z
-1
107 F
-2
10 -11 ol 11 21 31 41 5
10 10 10 10 10 10 10
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Model Validation: Plate Fin Heat Sinks

10°

H/b Karagiozis Model Van de Pol

& Tierney
// 0.75 A E—
, 1.19 —
/ 2.98 [ - =
10° 10° 10" 10° 10' 10 10° 10* 10° 10°

Mi ITab'HtT fer Laborat
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Automotive Heat Exchangers

.

A. Bejan, Heat Transfer,

* Forced convection, internal flow
. Solve for (AP,m)and (AT,Q)
« Requires fand jfor wide range of Re, Pr

© Microelectronics Heat Transfer Laboratory

Wiley, New York, 1993.
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System Geometry and Basic Cell

LoV

Top View Side View

Unit Cell for Compact Model
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Modeling Procedure

» Define system, sub-system and basic cell
» Derive force and energy balances for basic cell

e Develop models for three flow regimes:
— low Reynolds number (creeping) flow
— laminar flow
— turbulent flow

e Combine models using composite solution, valid for
full range of Re

 Quantify combination parameters using experimental
data

Microelectronics Heat Transfer Laboratory
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Modeling Approach

* Force balance
|:total = I:friction + I:drag + |:Iosses

f = =f(..)+Cp(..)+K(..)

T
1
2 PU

2
where ( ) =geometry from basic cell

* Energy balance

Qtotal = inns t Qwalls

. Nu : .
)= = Jiins(..) T Jwalls ()

Re Pr¥? | |
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Modeling Approach

* General form based on composite solution

=) )} )|

where:
Y = low Reynolds number model (creeping flow)
Yiam = laminar flow model
Yiyr = turbulent flow model

m, N = combination parameters v.s. muzychkaand M. M. Yovanovich, HTD-
Vol. 364-1, 1999, pp. 79-90.
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Model Validation

100 \ T T T 1T T T T T T T T 1Tl

Present Model

] Present Data

10 CPI#3 Turbulator

0.1

Error Bar +/- 20 %

0.01 | | llllll’ | [ ] lll’ | [ [ |1
1 10 100 1000

Re
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