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ABSTRACT

A previously validated detailed model of a 119-pin Flip-Chip
Plastic Ball Grid Array (FC-PBGA) package was created and
validated against experimental data for natural convection and
forced convection environments. Next, two compact models
were derived, a two-resistor model (created using the JEDEC-
standard based computational approach), and a multi-resistor
model (created using the DELPHI optimization approach that
was boundary condition independent within engineering
accuracy). The compact models were placed in natura
convection and forced convection (velocities of 1 and 2 m/s)
environments with and without a heatsink. Based on the
agreement obtained between the detailed model and compact
model simulations, the accuracy and validity of the two
compact models was assessed. Of the two compact thermal
models considered, the Delphi multi-resistor model provided
the same predictive estimates (within 5%) as smulations
involving a detailed therma model of the package in natural
and forced convection environments both with and without
attached heatsinks. Some thermal modeling issues were
addressed with respect to implementation of compact thermal
models with attached heatsinks.

KEY WORDS: electronic package, component-level thermal
behavioral model; air cooling; plastic ball grid array; compact
model, thermal resistance

NOMENCLATURE
k Thermal conductivity, (W/[mK])
P Power, (W)
T Temperature, (°C)
Greek symbols
0 Thermal Resistance, (°C/W)
Subscripts
JA Junction-to-ambient
JC Junction-to-case
JB Junction-to-board
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INTRODUCTION

Creating validated therma models of electronic packages has
always been a challenge in the electronics industry. Existing
metrics such as junction-to-case therma resistance and
junction-to-ambient thermal resistance are sometimes useful
as figures of merit, but have proven to fail spectacularly in
many real environments (Dutta [1]). This is because these
measures typicaly are reported for ill-defined boundary
conditions, and are also by definition subject to large
variations depending on the environment.

In order to improve the ability of design engineers to model
electronic parts successfully, project DELPHI (Devel opment
of Physical models for an Integrated design environment) was
launched in 1993 by severa European end-users with the
specific aim of creating a methodology for the generation of
thermal models that would be independent of the
environmental boundary conditions (Rosten and Lasance [2]).

This project has produced an established methodology for
creation of two types of thermal models - a “detailed” model
(representing the package in sufficient geometric detail so as
to capture al relevant thermal paths accurately;
experimentally validated), and a “compact” model (a much
reduced model consisting of a thermal resistance network that
would dtill capture the therma behavior of the parts
accurately, and predict die-junction temperatures to a high
level of accuracy; validated against the detailed model)
(Rosten [3], Parry et al. [4]). A key advantage of a compact
model isin the fact that a coarse grid is sufficient to obtain an
accurate solution for its die-junction temperature. Thus, it
alows the end-user to obtain an accurate diejunction
temperature of several components simultaneously in a
complete system level analysis.

Networ k compact models

Network compact models can be classified according to their
connectivity. The simplest true network model is a Two-
resistance model (Figure 1). It consists of aresistance from the
junction to the board (junction-to-board resistance), and one
from junction to case (junction-to-case resistance). The appeal
of atwo-resistance model isits simplicity. It is not expected to
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Figure 1. Topology of a Two-Resistance Compact
M odel

be highly accurate, but can still offer a tremendous
improvement over traditional single resistance metrics (Joiner
and Adams|[5]).

The multi-resistance network model (Figure 2) exemplifies a
higher level of complexity. Instead of having just two surface
nodes, top and bottom, the multi-resistance model is able to
have a number of surface nodes by partitioning the top, bottom
aswell as the side surfaces of a package.

Objective

Previous studies on network therma resistance models
(Shidore and Lee [6]) involved over-molded, wire-bonded
Pastic Ball Grid Array (PBGA) packages. Good agreement
between compact thermal models, detailed models, and
measurements was obtained for natural and forced convection
environments. No studies exist which look at the application
of compact thermal resistance models with an attached
heatsink. For this study, a 119 pin Flip-Chip Plastic Ball Grid
Array (FC-PBGA) with adie size of 12.1 mm x 6.8 mm, and a
power dissipation of 2 Watts with attached pin-fin heatsink is
considered. Benchmark results for the detailed model of this
package have been reported in the stand-alone configuration
(no heatsink) (Adams and Ramakrishna [7]). Good agreement
between the detailed model simulations and experimental data
was obtained for natural and forced (1 and 2 m/s) convection
environments.

The results of this study allowed conclusions to be drawn
regarding the advantages and disadvantages of the 2-resistor
and DELPHI multi-resistor compact models. It should be
noted that the level of effort presented in this study is not
indicative of that level required by component vendors and
system-level design engineers who might incorporate compact
models into larger CFD models. Component vendors would
develop compact thermal models once from a detailed and
validated package therma model and publish the results in a
Component Data Sheet. Design engineers would take the
compact thermal model and implement it into their system-
level CFD model.

Figure 2. Typical Topology of a Multi-Resistor Compact
M odel

PACKAGE DESCRIPTION

119 Flip-chip Plastic-Ball-Grid-Array

The package to be analyzed is shown schematically in Figure
3. The IC is contained on a thermal test die of 6.8 mm x 12.1
mm x 0.73 mm size. Power dissipation on the test die is
provided by nearly uniformly distributed resistive elements
with a centrally located resistance temperature device (RTD)
for junction temperature measurement. For this study, the
package dissipated a total power of 2 W under steady-state
conditions. The die is mounted on an organic-laminate
substrate of 14 mm x 22 m x 1 mm size. The substrate to PWB
interconnection uses a fully populated 7x17 array of
Controlled Collapsed Chip Carrier Connection (C5) solder
joints on a 1.27 mm pitch. The PBGA package substrate
contains two signal layers and two internal power/ground
planes with 0.018 mm thickness and a 0.8 mm thick BT resin
core. C5 solder joints that are connected to either the ground
or power planes are centrally located in the array. The PBGA
C5 solder ball is eutectic 62/36/2 SnPbAg with a standoff of
0.4 mm. Controlled Collapse Chip Connection (C4), with
height of 0.098 mm, interconnect the underfilled die to the
substrate. The arrangement of the C4 interconnect is on the
active side of the die as shown in Figure 4. The arrangement is
‘H-shaped’ with the mgjority of the C4 located in the center of
the die and a single row of C4 located along the long sides of
the die.

The BGA packages are mounted on a 100 x 100 mm single-
(2s0p) and four-layer (2s2p) test boards. In the designation of
the test boards, the value before the “s” denotes the number of
signal planes while the number before the “p” designates the
number of power/ground planes. The test boards have overall
thickness of 1.57 mm. Internal copper power and ground
planes are 0.034 mm thick (1 oz. copper) and the top signal
layer is 0.075 mm thick (2 oz. Copper). The assembled test
boards are centrally located in the 1 cubic foot test section of a
wind tunnel which has dimensions 0.3048 mm x 0.3048 mm x
0.3048 mm. Measurements and simulations were conducted
for natural and forced convection environments. Air
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Figure 3. Schematic of system model geometry showing the PBGA package, PWB, and pin-fin heatsink

models (note detailed substrate and PWB stackup:).

temperature at the inlet to the wind tunnel is approximately 25
0,
C.

The heatsink is an extruded aluminum, crosscut, pin-fin
heatsink with a 4 x 7 array of fins. The heatsink material is
black anodized, aluminum alloy 1100 (k = 215 W/[m-K]) with
an assumed emissivity of 0.8. The overall dimensions of the
heatsink are 14.2 mm x 21.8 mm x 10.5 mm (height) with a
base thickness of 2.85 mm. Fin cross-sectional area was 1.41
mm x 1.96 mm. The heatsink was attached with a 0.05 mm
thick layer of thermal grease (k = 1 W/[m-K]).

Detailed M odel

The detailed model of the 119 FC-PBGA package was created
and benchmarked in a previous study (Adams and
Ramakrishna [7]). The assembly is horizontally-oriented with
respect to gravity in the wind tunnel (Figure 3). The CFD
model is implemented on commercidly available finite
volume software [8].

For this study, the heat sources are assumed to be 5 um thick
and with volumetric heat generation spread uniformly over the
active area of the total die. The effect of via in the substrate,
plated through holes in the PWB, and the C4/C5 solder balls
on package thermal performance are accounted through the
use of detailed local models for these features (Johnson et al.
[9]. The results of the local models are input to the system
CFD model in the form of effective thermal conductivity in
the appropriate regions and the details of the features, such as
via and C4/C5s, do not appear in the global model. The actual
stackup of the PBGA substrate and the PWB, which are shown
in Figure 3, areinput into the CFD model.

The 1.27 cm thick Plexiglas walls of the wind tunnel test
section are included in the CFD model. Adiabatic boundary
conditions are specified for the outside surfaces of the test
section walls. For forced convection cases, the inlet boundary
conditions provide for uniform velocity profile at ambient
temperature while the outlet is treated as a free surface. For
natural convection simulations, both inlet and outlet are
specified as free surfaces. Thermo-physical properties, listed
in Table I, are evaluated at 25 °C ambient temperature (Ref.
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Figure 4. Horizontal section through BGA package
showing layout of C4 solder bumpsand discrete devices
on the die.

[10] & vendor supplied data sheets). They are assumed to be
independent of temperature. A linear fit to the thermal
conductivity of silicon as afunction of temperature is based on
the CINDAS database [11].

Radiative heat loss from the outside surfaces of the heatsink,
the top surfaces of the BGAs and the top and bottom surfaces
of the PWB to the wind tunnel walls is included in the model
as appropriate. Radiative losses between the package and the
PWB are assumed to be negligible due to the correspondingly
small view factors (near zero). View factors for the identified
surfaces are calculated by the CFD software. All radiative
surfaces are assumed to have an emissivity of 0.8. The die
surface is assumed to have an emissivity of 0.4.

A study using the PBGA package in natural convection was
conducted to determine grid size effects. Grid sizes of
40x63x75, 62x80x109, and a 69x91x117 were evaluated.
Junction-to-ambient temperature differences for each grid size
of 122.3 °C, 120.9 °C, and 120.7 °C, respectively, were
obtained. The 69x91x117 grid size (~750,000 cells), with
31x17x43 consumed by the package model, was used for the
benchmark study.



Tablel. Material Property Data

Material | k (W/(m-K)) Remarks

Silicon 117.5-0.42(T- | Lin.Func.of T
100)

copper 360

undexfill 0.6

62/36/2 50

SnPbAg

BT 0.35

Composite

Solder 0.25

Mask

C4/underfil 0.93 From submodel

I for PBGA

C5 0.3 From submodel

for PBGA

FR4 0.35

PTH in 0.8 From submodel

PWB for PWB

Substrate 0.6 From submodel

via for PBGA

Al Alloy 215

1100

Therma 1

Grease

Model Validation. Therma measurement information for
the stand-alone daisy chain 119 I/O PBGA test packages with
test die was previously reported [7] and is provided here for
continuity. Additional measurements were conducted for the
119 FC-PBGA with attached pin-fin heatsink described above.
M easurements were made per SEMI test method G38-87 with
test boards designed to a draft JEDEC specification.
Simulations for the purpose of validation were conducted for
the same conditions as those measured. Therma models were
constructed based on measured dimensions of the PBGA test
packages. Figure 5 shows typical temperature distributions in
a vertica plane through the centerline of the package for
forced convection at 1 m/s with attached heatsink. Results for
the PBGA packages are provided in Figure 6. Metrics used for
this benchmarking are the junction-to-ambient thermal
resistance (0;,) which is defined as the difference between the
die junction temperature and the ambient divided by the total
power dissipated in the die. Predictions of these thermal
parameters from simulations were typically within 10% of
those measured.

Creating the Compact M odels

Two topologies were considered for this study: a simple two-
resistor network, and a multi-resistor network.

Figure 5. Temperature and velocity vector distribution
in vertical planethrough the package centerline for the
case of 1 m/sfree stream velocity and 2 W power
dissipation from the die.

Two-Resistor Network Model. The two-resistor network
consists of a junction-to-case resistance and a junction-to-
board resistance (Figure 1). The ease of generation and
implementation is an attractive feature of a two-resistor model.
It is not expected to provide the highest accuracy, but its
performance is likely to be far better than traditional single
resistor metrics.

The two-resistor model derived for this study was generated
computationally, by simulating the JEDEC recommended
approaches for the junction-to-case and junction-to-board
resistances. In the case of the junction-to-board resistance a
computational model of the detailed package model placed in
a Ring Cold Plate apparatus (described in JEDEC Standard
JESD51-8 [12]) was used. Figure 7 shows the therma model
of the test setup. Isothermal boundary conditions were used
for the plate and the problem solved as a conduction-only
problem. For deriving the junction-to-case resistance, the
simulation placed the detailed model of the package flush at
its top surface with an isothermal cold plate block the same
size as the PWB. A 0.05 mm layer of thermal grease was
placed between the top of the package and the cold plate as
shown in Figure 8. Insulated boundary conditions were
assigned to all surfaces of the computational domain except
isothermal conditions for the cold plate. Results form these
simulations were a Junction-to-Case and Junction-to-Board
Thermal Resistance of 0.2 °C/W and 22.7 °C/W, respectively.
The final network obtained is shown in Figure 9.

The two-resistor model is implemented in the commercial
CFD tool by the means of a Block-and-Surface Resistance
arrangement (Figure 9). The Blocks are high conductivity
(isothermal) primitives that are present in order to:

1) represent the junction (and/or the case) nodes, and

2) provide the necessary “bulk” for the compact
model to represent flow blockage correctly.

Two Blocks are present in the model. The lower Block
represents the junction node. The upper Block represents the
case nodes. Surface Resistancesin FLOTHERM are attributes



%5 —h—eXp 252p
50 & — A— sSim2s2p
5N 20pPWB | oo

= O==sim 2s0p

o s CCIW)

Forced Air Flow (m/s)

35

30 4 - Attached Heatsink

o 1a CCIW)

Forced Air Flow (m/s)

Figure 6. Comparison of predicted Junction-to-
Ambient Thermal Resistance from detailed model
simulations of 119 FC-PBGA package with
measurements. Comparison both with and without
attached pin-fin heatsink.

that can be applied to any or al surfaces of a Block. Hence
they are used to represent the resistances in the model.

Using a single Block (lower Block) only is sufficient for the
resistance model to predict accurate die-junction temperatures.
However, the use of an additional upper Block has many
advantages:

1) It alows for the creation of a node specific to the
case zones. Hence, the case temperature can be
directly read off as the temperature of the upper Block,

2) It dlows the user to introduce a custom heat sink
attach material as an additional Plate on the top of the
upper Block, and

3) It aso alows the user to place radiation panels on
the case of the package.

The disadvantage of introducing an additional Block is the
increase in the number of grid cells associated with the
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to-Board Ther mal Resistance measurement set-up.
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Figure 9. Implementing the Two-Resistance M odel for
119 FC-PBGA in CFD

compact model. On the balance though, the advantages often
outweigh the disadvantages.

DELPHI Multi-Resistor Network Compact Model. A
multi-resistor network compact thermal model of the 119 FC-
PBGA was created using the methodology described by the
DELPHI project. The starting point for this approach is a
validated detailed model, the surface of which is partitioned
into several nodes. To begin with, the number, extent, and
placement of nodes on the surfaces of the detailed model of
the package needs to be selected. Accordingly, the detailed
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Figure 10. Delphi style, multi-resistance compact thermal model for the 119 FC-PBGA.

model was partitioned into four surface nodes: Top Inner, Top
Outer, Bottom Inner, and Bottom Outer. The contribution of
the sides was ignored. The node partitioning scheme is
depicted in Figure 10.

The extent for the Top Inner nodes was chosen to coincide
with the exposed surface of the die. The Top Outer node was
formed by the remaining portion of the upper surface of the
substrate. The Bottom Inner node was coincident with the
inner footprint of the solder ball array, whereas the Bottom
Outer node was defined as the remaining (exposed) portion of
the substrate bottom surface.

Next, the detailed model was solved for a pre-defined set of
boundary conditions that were representative of the entire
range of environments that a package could possibly be
exposed to (Lasance et a. [13]). A least-squares type
optimization was then done to fit a user specified network
such that the errors in the fluxes at the various nodes were
minimized. The die-junction temperature results were not used
to optimize the model, thus avoiding the undesirable approach
of using the parameter of interest itself (in this case the die-
junction temperature) in the optimization process.

It isimportant to note that the solder balls were excluded from
the detailed model used for the optimization process. This
meant that the thermal resistance due to the peripheral solder
ball array was added as a separate, external resistance to the
derived topology. Figure 10 shows the final DELPHI compact
model network obtained.

After the values of the thermal resistances in the optimized
network was calculated, a Block-and-Surface-Resistance
representation of this network was created within
FLOTHERM according to the general principles outlined

above and by Shidore and Kromann [14]. In this approach, the
compact model object is created from a number of cuboids.
Each cuboid represents a particular node in the network. The
resistors between the nodes are represented by surface
resistance vaues attached to the appropriate interfaces
between the cuboids.

DISCUSSION AND RESULTS

The methodology for the creation of compact thermal models
(Rosten [4]) involves the construction and validation of a
detailed therma model of the electronic package, the use of
this detailed model to create a compact thermal resistance
model, the trandation of this thermal resistance model into a
model useable by the thermal simulation software employed
by the analysis, and the comparison of thermal predictions
from the compact thermal model with those obtained from the
validated, detailed thermal model for the same system
environment. What is described here is the benchmarking of
the compact model with the detailed thermal model in the
same simulated environment. Simulations were conducted for
natural and forced convection (1 m/s and 2 m/s) both with and
without an attached pin-fin heatsink. The test board modeled
in the simulations was the single-layer (2s0p), low thermal
conductivity JEDEC-standard test boards. A detailed model of
the pin-fin heatsink was used in al smulations. The only
differencein all smulations was the package thermal model.

Bare Package

Results for the stand-alone package are shown in Figure 11 for
al the thermal models considered. Performance of the 2-
resistor thermal model was consistent with the results obtained
by Joiner and Adams [5]. Junction-to-Ambient Thermal
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Figure 12. Comparison ot Junction-to-Ambient I hermal Resistance predictions from thermal
model simulations of 119 FC-PBGA with attached pin-fin heatsink.

resistance predictions from this model were within 20% of the
detailed thermal model on the single-layer test board. In
general, the 2-resistance thermal model under-predicted the
results of the detailed model with increasing forced air flow.
The probable reason for this trend is the effectively larger
surface area for radiative and convective heat transfer from the
top surface of the compact therma model compared to the
detailed model, as described by Joiner and Adams [5]. As
expected, the more complex Delphi thermal resistance model
provided better agreement with the detailed model compared
to the 2-resistor thermal model. Predictions from the Delphi
model were within 5% of the results from the detailed model.
The primary path for heat flow for this system configuration
was from the bottom of the package to the test board.

Package With Heatsink

Attaching the pin-fin heatsink shifted the primary heat flow
path from the bottom of the package to the top of the package

and into the heatsink. Detailed simulations showed that with
the heatsink, in natural convection, approximately 85% of the
total heat generated in the die was dissipated to the
environment through the heatsink. Junction-to-Ambient
Thermal Resistance predictions from the therma models are
shown in Figure 12. Predictions of Junction-to-Ambient
Thermal Resistance from the 2-resistance thermal model were
within ~20% of the detailed model and increased with the
value of the forced air flow. Interestingly, the 2-resistance
model over-predicted  Junction-to-Ambient  Thermal
Resistance in contrast to under-predicting thermal
performance in the stand-alone configuration.

Initial simulations with the Delphi thermal model for the
attached heatsink case provided results that were comparable
to those of the 2-resistance thermal model. This was to be
expected since the dominant path for heat transfer for this case
was from the die directly to the heatsink, through the top
surface. Thus, the thermal path was close to one-dimensional,



and was expected to be represented well by a single resistance.
For the two-resistance model, this resistance was the Junction-
to-Case Therma Resistance (which had the value of 0.2
°C/W). In the Delphi model, the heatflow is primarily through
the junction-to-top-inner node which also came out to have a
thermal resistance of 0.2 °C/W. Because of this, the main
contribution to the difference in the simulated and
experimental result for this case was not due to the nature of
the resistance topologies, but rather in the representations of
these networksin CFD.

Analysis of the detailed model results showed that in the case
with an attached heatsink under forced convection , there was
a significant amount of air flow between the heatsink and the
package substrate that was not accounted for by the compact
thermal models. At 2 m/s air free stream velocity, this air flow
was on the order of 0.8 m/s maximum velocity. To capture this
effect, the Delphi thermal model was reconfigured to allow the
top inner junction to extend above the base package by the
thickness of the die (0.075 mm). At 2 m/s forced air flow, this
construction captured the convective effect from the substrate
top surface and reduced the error between the detailed and
Delphi thermal model predictions from approximately 15% to
5%. The results shown in Figure 12 for the Delphi thermal
model include the modifications described here.

CONCLUSIONS

A detailled model of a 119 FC-PBGA with and without an
attached pin-fin heatsink was constructed and validated
against experiment. Agreement between the detailed model
and measurement data was within 10%. This detailed model
was then used to construct and benchmark the predictive
performance of a two-resistance compact thermal model and a
multi-resistance compact thermal model based on the Delphi
project methodology. The thermal models were simulated in a
numerical wind tunnel on a single-layer (1s0p) test board in
natural and forced convection environments both with and
without an attached pin-fin heatsink. In general, the Delphi
compact thermal model provided better predictive agreement
than the two-resistance therma model both with and without
heatsink and was typically within 5% of the predicted results
of the detailed thermal model. The simpler two-resistance
model provided predictions that ranged from a 2% to 20% of
the results from the detailed model.

Analysis of the detailed and compact model showed that, for
the case with a heatsink attached to the flip-chip PBGA
package under forced convection, it is important to preserve
the proper connectivity of the compact models to the CFD on
the package top surface in order to obtain an accurate solution.
This is because of the convective heat transfer from the
substrate region between the top of the package and the
heatsink, which may have a major impact on the heat transfer
from the package under forced air conditions with an attached
heatsink.
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